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Preface

The Special Issue of Atmosphere, Hydroclimate in a Changing World: Recent Trends, Current
Progress and Future Directions, has published fifteen papers discussing the influences of global
warming on hydroclimatic variables on both a regional and global scale. We thank all authors who
contributed to this Special Issue, the anonymous reviewers, and the editors, especially Villanelle
Wang, from Atmosphere, whose assistance made this Issue possible.

Global warming is imposing tremendous challenges upon human and otherwise biotic life on
Earth. A warmer atmosphere holds more moisture. The consensus is that the moisture transport by
the atmospheric circulation strengthens and makes already wet areas of moisture convergence wetter
and already dry areas of moisture divergence drier. Therefore, the tropics and mid-to-high latitudes
will get wetter and the subtropics will get drier. Without any change in the interannual variability
of hydroclimate, the change in the mean hydroclimate would equally increase drought risk in some
places and flood risk in others. Moreover, global warming will cause the interannual variability
of the hydroclimate to intensify, which will induce more droughts and floods. Furthermore, the
changing atmospheric circulation interaction with the land surface may cause storm track alterations
and may play an important role in shaping moisture redistribution. The authors contributions have
documented the precipitation trends in southeast of the US, the Nile River Basin Ethiopia, Iraq, the
Huai River Basin of northern China, and the Qilian Mountains of western China. The precipitation
predictability on both global and regional scales are also studied. The interaction among climate
systems in southeast Asia is also explicitly documented.

Because of the limitation of space, this Special Issue left many important aspects of hydroclimatic
changes unexamined. We hope we will have more opportunities in the future to include more studies

on this topic.

Haibo Liu
Editor

vii
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The sixth report of the Intergovernmental Panel on Climate Change (IPCC) has con-
firmed that human-induced climate change is already affecting many weather and climate
extremes in every region across the globe [1]. Increasing evidence of observed changes
in extremes such as heatwaves, heavy precipitation, droughts, and tropical cyclones have
emerged, and point to human influence. Under all emissions scenarios considered, global
surface temperature will continue to increase until at least the mid-century [1]. A warmer
atmosphere holds more moisture thus global warming leads to strengthening moisture
transport via atmospheric circulation and makes areas of moisture convergence wetter
and areas of moisture divergence drier [2,3]. Global warming also causes the interannual
variability in the hydroclimate to intensify, which induces more droughts and floods. These
changes are imposing tremendous challenges upon human lives and other lives on Earth.

Observations have shown that precipitation patterns are changing globally. While
some regions experience increased rainfall and more intense precipitation events, others
are facing prolonged dry spells and increased drought conditions [4,5]. These changes
have significant implications for water resources, agriculture, and ecosystems. Rising
temperatures have led to reductions in snowpack and accelerated the melting of glaciers in
many mountainous regions [6]. This affects the availability of water resources, especially
in regions that depend on snowmelt for freshwater supply and irrigation. There is a
growing body of evidence suggesting an increase in the frequency and intensity of extreme
hydroclimatic events such as hurricanes, floods, and heatwaves [1]. In some places, drought
conditions may extend well into the next few decades [7]. These events can have severe
societal and environmental consequences, and they are leading to extremes such as crop
failure, infrastructure damage, and even humanitarian crises.

It has become increasingly evident that present-day human activity is driving the
global warming that induces global climate change. In turn, a changing global climate
is impacting human lives. On one hand, we need to mitigate the level of warming; on
the other hand, we must adapt to the continued increase in global temperature and the
changing hydroclimate. We need to deepen our understanding of human-induced global
warming, natural variability, and the subsequent changes in the hydroclimate, includ-
ing extreme floods, droughts, and storms. This will enable a better prediction of these
events so that society can make more informed choices to accommodate our changing
physical environment.

This Special Issue of Atmosphere, “Hydroclimate in a Changing World: Recent Trends,
Current Progress and Future Directions”, is devoted to further understanding and better
predicting hydroclimatic changes across the globe. Many thanks to the enthusiastic authors
who have made contributions to this Special Issue and the many anonymous reviewers
and editors from the Editorial Office who have made this successful.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The ENSO impact on winter precipitation in the Southeast United States was analyzed from
the perspective of daily weather types (WTs). We calculated the dynamic contribution associated
with the change in frequency of the WTs and the thermodynamic contribution due to changes in
the spatial patterns of the environmental fields of the WTs. Six WTs were obtained using a k-means
clustering analysis of 850 hPa winds in reanalysis data from November to February of 1948-2022.
All the WTs can only persist for a few days. The most frequent winter weather type is WT1 (shallow
trough in Eastern U.S.), which can persist or likely transfer to WT4 (Mississippi River Valley ridge).
WT1 becomes less frequent in El Nifio years, while the frequency of WT4 does not change much.
WTs 2-6 correspond to a loop of eastward propagating waves with troughs and ridges in the mid-
latitude westerlies. Three WTs with a deep trough in the Southeast U.S., which are WT2 (east coast
trough), WT3 (off east coast trough) and WT6 (plains trough), become more frequent in El Nifio years.
The more frequent deep troughs (WTs 2, 3 and 6) and less frequent shallow trough (WT1) result in
above-normal precipitation in the coastal Southeast U.S. in the winter of El Nifio years. WT5 (off
coast Carolina High), with maximum precipitation extending from Mississippi Valley to the Great
Lakes, becomes less frequent in El Nifio years, which corresponds to the below-normal precipitation
from the Great Lakes to Upper Mississippi and Ohio River Valley in El Nifio years, and vice versa in
La Nina years. The relative contribution of the thermodynamic and dynamic contribution is location
dependent. On the east coast, the two contributions are similar in magnitude.

Keywords: El Nifio; winter weather types

1. Introduction

The influence of the El Nifio-Southern Oscillation (ENSO) on the U.S. climate is
strongest during the winter [1,2]. The problem is usually studied based on seasonal means,
such as the ENSO impact on the mean precipitation in December-February [3]. As we expe-
rience in everyday life, climate and its variability are actually manifested by daily weather.
Therefore, it is equally important to learn how the ENSO impacts daily weather. The problem
will be examined and quantified using a weather typing (WT) analysis in the Southeast
United States (SEUS) for the winter in the current study. A Similar method was applied in
a study on the impact of the ENSO in other places in the world, such as in the Northeast
US. [2,4] and in Southeast Asia [5-8], as well as on spring precipitation in the SEUS [9]. The
rationale for the WT analysis and reference therein can be found in Qian el al. [9].

From the large-scale point of view, winter WTs in the SEUS are closely related to the
North Atlantic Subtropical High (NASH) south of the Gulf coast (along about 30° N) and
westerly winds north of 30° N, as shown in the monthly climatology in Figure 1. However,
the monthly precipitation and 850 hPa circulation of the four months from November
to February look almost the same, especially in the deep winter months of December to
February, with the anticyclonic circulation of the NASH withdrawn further to the south.
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Winter rainfall is often produced by southwesterly flows ahead of a cold front that brings
moisture from the warmer Gulf of Mexico. The location of precipitation should depend
on the weather regime of the day, especially the longitude of the trough. However, the
ridges and troughs cannot be seen from the monthly or seasonal mean figures. As will be
seen shortly, the weather typing analysis brings up the dynamic view of these propagating
ridges and troughs. Cold air damming east of the Appalachian Mountains can also bring
cold weather to the south in the winter [10,11]. Geographically special for the east coast,
the strong temperature gradient between the warm Gulf Stream off the east coast and the
cold coastal land in the cold seasons also forms a baroclinic belt, which corresponds to
the quasi-stational east coast trough and storm track, as seen from the heavy precipitation
along the east coast in Figure 1. All these are important factors that affect winter weather in
the SEUS.

December

0.0 2.0 4.0 6.0 8.0 10.0

Figure 1. Monthly climatology of precipitation (shades, mm/day) and 850 hPa horizontal circulation
(arrows, m/s) in winter in the Southeast U.S. The mean winds are based on the NRP reanalysis of
1948-2022. The mean precipitation is based on the CMORPH (NOAA Climate Prediction Center-CPC
Morphing Technique) satellite estimated data for 1998-2020.

In the following, we will first describe the data and method briefly, then examine
the spatial pattern and frequency of the winds and precipitation of the WTs. Finally,
we will use the characteristics of the WTs to interpret the ENSO impact on precipitation
in the SEUS.

2. Data and Weather Typing Analysis
2.1. Data

Asin Qian et al. [7,9], the 850 hPa wind components of the NCEP-NCAR Reanalysis
Project-I (NRP) data [12], from 1 January 1948 to 28 February 2022, are used for the WT
analysis. To examine the precipitation pattern of each of the WTs, the satellite estimated
3-hourly precipitation data from CMORPH (NOAA Climate Prediction Center-CPC Mor-
phing Technique, 0.25° x 0.25°, 1998-2020, covering both land and sea) [13] were used
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to plot the precipitation maps. The CPC-unified gauge-based analysis of daily precipi-
tation over the contiguous United States (CONUS) at quarter-degree grids in 1948-2022
(https:/ /psl.noaa.gov/data/gridded /data.unified.daily.conus.html, accessed on 20 July
2022, covering only land area) is used for analyzing the ENSO impact on precipitation.

2.2. WT Analysis

The domain used for the WT analysis, 100-65° W and 20-45° N, is the same as was
used to analyze the WTs in the warm season in the SEUS [9]. In this paper, we analyze
November to February. We also extend the years of analysis by including all currently
available NRP data: 1948-2022.

As in Roller et al. [2] and Qian et al. [7,9], the classifiability index (CI) is calculated to
determine the optimum number of clusters for the dataset, with large CI indicating a better
separation between clusters. The optimum number of clusters (k) corresponds to the peak
in CI following the initial decrease. The daily weather in the SEUS in the winter can be best
represented by six clusters (k = 6) (Figure 2).

1948 Nov -2022 Feb, 100W-65W, 20-45N, 850hPa, ipropor=0.75, 200 iterations

100 \

Cl (percent)

%2 T~

2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 1B 19 20
k

Figure 2. The classifiability index (CI) of the k-means clustering analysis using 850 hPa zonal and
meridional wind component (u and v) in the Southeast U.S. and the surrounding region (100-65° W,
20-45° N) in the winter months (November-February) of 1948-2022; the optimum number for the
k-means analysis is k = 6.

3. Results
3.1. Winter Weather Types in the SEUS

The spatial distribution of the 850 hPa winds for the six WTs, along with the associated
mean precipitation of each, is shown in Figure 3 and a brief description is given in Table 1.
WT1 represents a broad and shallow trough over central-east US. WT2 is an east-coast
trough with precipitation ahead of the trough along the east coast from Florida to the
mid-Atlantic coast, but with maximum precipitation over the costal ocean along the Gulf
Stream. Behind the trough, northwesterly dry flow takes place over the Midwest and Great
Plains. The Gulf coast is also quite dry. WT3 is an off-east-coast trough with maximum
precipitation over the ocean, while the land in the Central and Eastern U.S. is dry. WT4
features a ridge over the Mississippi River Valley, with a trough and rainy area in the
Atlantic Ocean quite far away from the east coast. The east coast and the Great Lakes
area are dry. The southern Great Plains get some rainfall with moisture supplied by the
southerly flow from the Gulf coast. In WT5, a trough is over the western Great Plains,
with the southwesterly flow bringing forth moisture and precipitation over the Mississippi
River Valley. An anticyclone is centered off the east coast of the Carolinas. The east coast
is quite dry. In WT6, a deep trough is over the eastern Great Plains and the Mississippi
and Missouri river valleys. The strong southwesterly flow east of the trough transports
moisture from the Gulf of Mexico and dumps heavy precipitation in the Mississippi River
Valley and SEUS.
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NDJF Wind & Precipitation Field [mm/day]

Figure 3. The average precipitation (shade, mm/day) and 850 hPa winds (arrows) of the six WTs.
WTs 1-6 can be briefly described as Shallow Trough (ST), East Coast Trough (ECT), Off East Coast
Trough (OECT), Mississippi River Valley Ridge (MRVR), Western Plains Trough (WPT) and Plains
Trough (PT), respectively.

Table 1. Six weather types in the winter and their 850 hPa flow patterns.

Weather Type Description
WT1 Shallow trough (ST) over central-east US
WT2 East coast trough (ECT)
WT3 Off-east-coast trough (OECT)
WT4 Mississippi River Valley Ridge (MRVR)
WT5 Western plains trough (WPT)/Off coast Carolina high (OCCH)
WT6 Plains trough (PT)

Comparing the winter WTs to those WTs in March—October, given in [9], some WTs
are similar to or even identical to each other. For instance, the WT2 in Figure 3 here is quite
similar to the WT1 (ECT) in [9]. WT4 here in Figure 3 is almost identical to the WT2 (MRVR)
in Qian et al. [9], while WT6 here in Figure 3 is similar to the WT3 (PT) in Qian et al. [9]. It
is reasonable that some WTs in November—February may share similar features of the WTs
in the transitioning seasons of spring and fall, contained in the period of March—October in
Qian et al. [9].

WTS5 bears some similarity to the WT6 (Figure 3), but with a shallower trough in the
western Great Plains. WT5 is also somewhat similar to the warm season WT6 (Carolina
High, [9]), but the anticyclone center in the WT5 here is off the Carolina coast, while the
warm season WT6 has the Carolina High centered on the coast.

We cannot find similar warm season WTs similar to the winter WT1 and WTS3; therefore,
they are distinctively winter WTs. In the winter, with the contrast of cold continent and
warm ocean, the general circulation favors a quasi-stationary trough along the east coast
of the continents. This is manifested by the occurrence of a shallow trough in coastal land
(WT1) and a deep off-shore trough (WT3).

It is also worth noting that precipitation is heavy over the Great Lakes (near the
northern border of the domain in Figure 3), as compared to the surrounding lake shore
region, in WTs 5 and 6, in which southwesterly flow brings moisture toward the Great
Lake region. In the winter, surface temperature over the lakes should be warmer than that
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over the land. Therefore, moist air and the warm lake surface both work to increase the
conditional instability of the atmosphere, thus, enhancing precipitation over the lakes.

3.2. Frequency of the WTs

From 1 November to 28 February of 1948-2022 (120 days per year for 74 years, 8880
days in total), the percentages for the total number of days with WT 1-6 are 21.3%, 11.7%,
13.9%, 19.0%, 17.5% and 16.7%, respectively. The occurrence of the daily WTs through the
season is shown in Figure 4. All six WTs sporadically occur in the winter season, as can be
seen from the top panel in Figure 4. WT1, a distinctive winter WT, occurs quite frequently
in every month of the winter, especially in December and January; therefore, it is the most
frequent WT in the center of the winter. In the winter, westerly winds are the strongest
in the mid-latitude due to the strongest baroclinicity (Figure 1), which corresponds to the
quite zonal flow of WT1. WT2 (ECT), the least frequent winter WT, occurs slightly more in
January and early February. As mentioned before, the WT2 (ECT) here is similar to the WT1
(also ECT) in [9] that frequently occurs in March—April. Therefore, ECT is common in the
winter and spring in the SEUS. WT3 (OECT), the second least frequent winter WT, occurs
more in January and February. WT4 (MRVR, the second most frequent WT) occurs more
frequently in November (especially in the early part of the month) and least frequently in
January. A precipitation map of WT4 indicates that it corresponds to fair weather in most of
the SEUS, except for the southwest portion of the region. In other words, the fair weather
in late fall in the SEUS is due to frequent WT4 (MRVR). WT5 (WPT) is more frequent
in the first half of the winter (from mid-November to early January) with a contrast of
rainy weather west of the Appalachian and fair weather along the east coast. Finally, WT6
is less frequent before late November and then somewhat evenly distributed after that.
Comparing to the warm season WTs with a dominant summer WT (Florida High Zone that
occurs about 60% of days in July, see [9]), there is no single dominant WT in the winter.

111 1211 11 211 2/28
date

Figure 4. The daily weather types (WTs) in the winter of 1948-2022 (top). The 74-year averaged
frequency (percentage) of the 6 WTs from November 1 to February 28 (120 days/year); a 5-day
running average was conducted (bottom). Color: WT1 (pink), WT2 (purple), WT3 (light blue), WT4
(green), WT5 (yellow), WT6 (red).
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Figure 5 shows the persistence of the WTs. For all six WTs, over 50% of their respective
occurrences persist for only one day (and progress to other WTs the next day) and 20%
persist for 2 days, 5-10% persist for 3 days and very few can persist for 4-12 days. These are
short compared to the summer WTs that can persist for up to 20 days [9]. Winter weather
is mostly controlled by eastward propagating baroclinic waves and, therefore, they have
short persistence and fast transition/progression from one WT to another.

- qu. to Feb. Weather Type Persistence

70 4

@ ES @ @
1=} =) 1=} =}
L L

Percent of Persistent WT Events

n
=}

1 2 3 4 5 6-12
Number of Days of Persistence

Figure 5. Persistence of the 6 WTs presented by different color bars, respectively. The x-axis is the
length of consecutive days with the same WT. The last group of bars is the sums of persistent events
of 6 to 12 days.

The progression of the WTs is shown in Figure 6. WT1 significantly progresses to itself
(i.e., persistence, due to its nearly zonal flow) and also likely progresses to WT4 (shown by
red bars). Actually, persistence is statistically significant for every WT (red bar). Besides
persistence, the preferred progression loop is from WT2 (ECT) to WT3 (OECT), to WT4
(MRVR), to WT5 (WPT), to WT6 (PT) and then back to WT2. The circulation patterns of
WTs 2-6 (Figure 3) indicate that the above progression loop corresponds to the eastward
propagation of westerly waves.
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Figure 6. The progression of the WTs. The 95% confidence interval of the WT background frequency
(the occurrence of WT transition due to chance) is shown with black shading. Frequencies significantly
greater than the background frequency are shown with red bars; frequencies significantly less than
the background bars are shown with blue bars.
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We also checked the long-term trend in the 1948-2022 time series for the frequency of
each of the WTs in November to February (figure not shown) and did not find a significant
trend based on the Mann-Kendall test at the 95% significance level.

3.3. ENSO Impacts on Rainfall in the SEUS in the Winter

After analyzing the frequency and spatial pattern of the WTs, we can then use them to
interpret the ENSO impact on the winter precipitation in the SEUS. As can be seen from
Figure 1, the monthly climatology is similar among each month in deep winter months of
December to February (DJF); therefore, we will focus on DJE.

As conducted by Ohba and Sugimoto in [14] for the ENSO impact on precipitation
in Japan, we also quantified the dynamic and thermodynamic contributions of ENSO to
the winter precipitation in the SEUS. El Nifio and La Nifia have the opposite impact, but
may not be totally asymmetric, so we will check their impact separately. The anomalous
precipitation associated with El Nifio (denoted by En) can the written as:

- K K im (Cli
SP = pEn _ PClzm — Zi:l piEn iEn _ Zi:l piCIIMfCllm = 6Pyormo + 5den 1)

K = 6 is the number of the WTs; PE" and PC/" are the precipitation in El Nifio years
and the climatology (all year average), respectively; pt" and piC”m are the precipitation
of WT i (i = 1 to 6) in El Nifio years and climatology, respectively; f£" and fl.Clim are the
frequency of WT i in El Nifio years and climatology, respectively; and 6 Pye;mo and 0Py, are
the thermodynamic and dynamic contribution to the anomalous precipitation, respectively,
as follows:

K ) En + Clim
OPiermo = Zi:l(pz’;n _ piczzm)% )
K pE" + pClim )
5den = Zizl : 7 : (fiEn - iCllm) 3)

The 0 Pyjyep10 in (2) is resulted from the changes in the basic (environmental) field, such
as temperature and moisture. The 6Py, in (3) is caused by the changes in frequency of the
WTs. The thermodynamic and dynamic contribution to precipitation anomalies in La Nifia
(denoted by Ln) can be calculated similarly, by replacing En by Ln in (1) to (3).

Figure 7 shows the frequencies of the winter WTs in El Nifio, La Nifia and all years
in DJF (fF'm, fEn and fI", i = 1, 6). In El Nifo years, the frequencies of WTs 1 and 5
decrease, those of WTs 2, 3 and 6 increase and that of WT4 slightly increases.
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Figure 7. Frequencies of the WTs in all years (grey), El Nifio years (red) and La Nifa years (green) in

December—February of the ENSO years.

Every term in Equations (2) and (3) is calculated and shown in Figure 8. The ther-
modynamic contribution (Equation (2)) and dynamic contribution (Equation (3)) to the
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anomalous precipitation in El Nifio years are shown in the middle and right column of
Figure 8, respectively, and the sum of the thermodynamic and dynamic contributions by
each WT is shown in the left column. The total contribution of the six WTs is shown in the
bottom row.
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Figure 8. Precipitation anomalies in ElI Nifio years in December—February (panel (s)). Panels (a-r) are
the contribution of the WTs 1-6 to the anomalous precipitation. Left, middle and right panels are the
total, thermodynamic and dynamic contribution from each WT, respectively. Panels (t,u) are the sum
of thermodynamic and dynamic contribution for all WTs, respectively.

The dynamic contribution (Equation (3)) is approximately the precipitation pattern
shown in Figure 3 multiplied by the frequency difference between El Nifio years and all
years (red and gray bars) in Figure 7. The WTs with a shallow trough (WT1) or a trough
of more western location (WT5, WPT) are less frequent, producing negative dynamic
contributions from WT1 in the coastal plains and from WT5 in the Mississippi River Valley,
respectively (Figure 8c,0). The WTs with deep troughs and more eastern location (WTs 2, 3,
and 6) are more frequent in El Nifio years. Therefore, positive dynamic contribution is in
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Eastern US and Southern US in WT2 and WT6, respectively (Figure 8f,r). The precipitation
over land is very light in WT3 (Figure 3), so the dynamic contribution to precipitation from
WT3 is also very small (Figure 8i). The frequency difference of WT4 is small (Figure 7);
thus, the dynamic contribution to anomalous precipitation is small (Figure 8l). Summing
up dynamic contribution from all six WTs, the total dynamic contribution to the anomalous
precipitation (Figure 8u) features a dipolar pattern of a negative anomaly in the Mississippi
River valley versus a positive precipitation anomaly in the east coast states.

The thermodynamic contribution is quite different among the WTs. For each WT,
the thermodynamic contribution is also quite different from the corresponding dynamic
one. The thermodynamic contribution of WT1 is the negative precipitation anomaly west
of the Appalachian Mountain. Therefore, the total contribution of WT1 (Figure 8a) is
the southwest—northeast-oriented area of negative anomalous precipitation from the Gulf
coast to the Northeast U.S. The thermodynamic contribution of WT2, 3 and 4 is small,
except for some localized areas in Florida and Texas. The thermodynamic contribution
of WTS5 is positive anomalous precipitation in the Gulf coast and Mississippi River Valley
region (implying wetter air in El Nifio years, Figure 8n), with the opposite sign to the
dynamic contribution (Figure 8o). The latter is stronger than the former so that the total
contribution of WT5 is the negative anomalous precipitation, extending from northeast
Texas to southwest Pennsylvania (Figure 8m). The thermodynamic contribution of WT6 is
strong (Figure 8q), with positive anomaly in the Gulf and east coast and negative anomaly
in the Ohio River Valley. The combination of thermodynamic and dynamic contributions
makes the total contribution of WT6 (Figure 8p) with positive precipitation in all south
and east coastal states and negative precipitation anomaly within the Ohio River Valley.
The pattern of the total contribution of WT6 (Figure 8p) is quite similar to the total El Nifio
impact shown in Figure 8s, indicating that most of the precipitation anomaly is contributed
by WT6. WT2 increased the positive precipitation anomaly in the east coast, and WT1 and
WTS5 enhanced the negative precipitation anomaly in the Ohio River Valley.

The relative role of the thermodynamic and dynamic contribution to the precipitation
anomaly, in terms of percentage, is location dependent, as seen in Figure 8s—u. For some
places, such as Louisiana, the two contributions are opposite in sign. For the east coast,
the two contributions both increase precipitation with slightly stronger contribution from
the thermodynamic term. In the Gulf coast, the thermodynamic contribution dominates
over the dynamic one, especially in the area close to the coast. In the Ohio River valley,
both contributions are negative, therefore, reinforcing each other, but the thermodynamic
contribution looks stronger than the dynamic one.

The La Nifia impact on the precipitation in the SEUS is shown in Figure 9. The patterns
are quite similar to the El Nifio impact shown in Figure 8, but with opposite signs. However,
there are some asymmetries between the El Nifio and La Nifia impacts. For example, the
dynamic contribution of WT1 is smaller (Figure 9c), the thermodynamic contributions of
WTS5 seems weaker and less homogeneous (Figure 9n) and both the thermodynamic and
dynamic contribution of WT6 are weaker in La Nifia than those in El Nifio. The area of
positive precipitation anomaly in the Ohio River Valley is larger in La Nifia (Figure 9s) than
that in El Nifio (Figure 8s).

The current result is consistent with that of Nieto Ferreira et al. [15] who found stronger
mid-latitude cyclones and more intense precipitation over a large area in the SEUS during
El Nifio than La Nifia and normal years. In contrast, negative rainfall anomalies are found
in the east coast and Gulf coast areas in the SEUS in La Nifia years.
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Figure 9. Precipitation anomalies in La Nifia years in December—February (panel (s)). Panels (a-r)
are the contribution of the WTs 1-6 to the anomalous precipitation. Left, middle and right panels are
the total, thermodynamic and dynamic contribution from each WT, respectively. Panels (t,u) are the
sum of thermodynamic and dynamic contribution for all WTs, respectively.

4. Conclusions and Discussion

In order to link weather and climate variability associated with ENSO, we analyzed
daily WTs in the SEUS. Six winter weather types were obtained using k-means clustering
analysis of the NRP 850 hPa wind components in November to February of 1948-2022.
These six WTs have shorter persistence as compared to the summer WTs in [9]. This
is because winter weather is mostly controlled by fast propagating westerly waves. A
progression loop comprising WTs 2-6 corresponds to the transient westerly waves.

In our previous study, there were six WTs in the long period of eight months from
March to October [9]. Here, there are also six WTs in the short period of four months from
November to February. The stronger baroclinicity in the winter generates more fast-moving
WTs. In contrast, the quasi-stationary NASH produces long-lasting summer WTs.
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The frequency and spatial pattern of the WTs can be effectively used to understand the
ENSO impact on winter precipitation in the SEUS. We quantified the ENSO impact in terms
of dynamic and thermodynamic contribution to anomalous precipitation, respectively.
The dynamic contribution is due to the change in the frequencies of the WTs. There are
more frequent WTs of deep east coast trough types and plains trough type (WT2, 3 and 6)
and less shallow troughs (WT1) and western Plains troughs (WT5) in El Nifio years. The
more frequent east coast trough and plains trough produce above normal precipitation in
southeast coastal plains and Gulf coastal plains. The less frequent WT5 tends to reduce
rainfall from the Great Lakes southwestward, producing a negative precipitation anomaly
in the Central U.S., south of the Great Lakes. The thermodynamic contribution is from the
change in spatial pattern of environmental variables, such as temperature and humidity.
In the SEUS, the thermodynamic contribution is as strong as, and even slightly stronger
than, the dynamic contribution. Particularly, the thermodynamic term of WT6 makes the
largest contribution to the anomalous precipitation associated with El Nifio. In general, the
thermodynamic and dynamic contribution to the anomalous precipitation in La Nifia is
quite similar to those in El Nifio, but with the opposite sign. However, the influence from
WT6 in the La Nifa is weaker than that in the El Nifio.

Now that we have studied both warm season WTs in March to October [9] and winter
WTs in November to February in the current study, respectively, we obtained a quite
complete view of the WTs in the whole year. Of course, there are some overlapping WTs
between warm season and winter WTs, which may be related to the WTs in the transitioning
seasons. We studied the ENSO impact on precipitation from the perspective of the WTs in
spring [9] and winter, respectively. It may also be interesting to study the ENSO impacts
in the summer and fall using the WTs. Impacts of climate variability on other time scales,
such as the intra-seasonal Madden Julian Oscillation and the long-term trend of climate
change, also warrant further investigation.
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Abstract: Land use/land cover change and climate change have diverse impacts on the water
resources of river basins. This study investigated the trends of climate change and land use/land
cover change in the Nile River Basin. The climate trends were analyzed using the Mann-Kendall test,
Sen’s slope estimator test and an innovative trend analysis method. Land use/land cover (LULC)
change was examined using Landsat Thematic Mapper (TM) and Landsat Enhanced Thematic Mapper
(ETM+) with a resolution of 30 m during 2012-2022. The findings revealed that forestland and shrub
land area decreased by 5.18 and 2.39%, respectively. On the other hand, area of grassland, cropland,
settlements and water bodies increased by 1.56, 6.18, 0.05 and 0.11%, respectively. A significant
increasing trend in precipitation was observed at the Gondar (Z = 1.69) and Motta (Z = 0.93) stations.
However, the trend was decreasing at the Adet (Z = —0.32), Dangla (Z = —0.37) and Bahir Dar stations.
The trend in temperature increased at all stations. The significant changes in land use/land cover
may be caused by human-induced activities in the basin.

Keywords: climate trend; land use land cover; Nile River Basin; water resources

1. Introduction

Land use change and climate variability are two important factors that affect water
resources and freshwater ecosystems [1]. Currently, land use/land cover (LULC) change is
one of the major global environmental challenges to humanity. Land use/land cover change
(LULCC) can be driven by multiple forces: demographic trends, climate variability, national
policies, and macroeconomic activities which in turn have a significant impact on hydro-
logic systems both at basin and regional scales [2,3]. It significantly affects hydrological
response [4,5], ecosystem services [6] and climate processes. LULCC has become a global
concern [7] because of its diverse impacts on water resources [8-10]. The expansion of
agricultural land use causes significant changes in runoff and sediment load [11,12]. Land
use change can also lead to a significant change in groundwater recharge and base flow [13],
flood frequency [14], peak runoff [15] and total suspended sediment concentration and
can change the hydrological system of the region [16,17]. It has been one of the main
contributors to climate change [18]. On the other hand, climate change has also affected the
land use system through changes in agricultural productivity and forest ecosystem [19]
and leads to alteration of hydrological conditions of the watersheds [20-22].

Climate change, deforestation, forested wetland shrinkage and desertification have
also resulted in the spatiotemporal deterioration of vegetated ecosystems [23]. Many stud-
ies in Africa have revealed a decline in availability of water and agricultural productivity
within catchments as a result of changes in land use and land cover [24,25]. To understand
the impacts of land use/land cover change on water resources, it is essential to know
the historical effects in land use/land cover on the hydrological system [26]. Human
activities alter the hydrological systems of river basins mainly due to the expansion of
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cultivated lands and LULCC [2,23,27]. Such changes were not well understood by soci-
ety. For instance, conversion of forestland to cultivated land between 1985 and 2011 in
the Angereb watershed has increased the mean wet flow by 39% and reduced the dry
mean flow by 46% [2]. The spatial temporal variability of climate change, land use/land
cover change and management practice in the watershed are extremely challenging for
sustainable water resource management in the river catchment. Surface runoff is lower and
groundwater flow becomes higher in forestlands due to the infiltration of rainfall into deep
aquifers. However, surface runoff becomes higher in bare lands and groundwater flow is
lower [28,29]. Different studies have so far shown that LULC changes had adverse effects
on the water resources of river basins. For example, LULC changes induced by human
activities and rainfall variability have adversely affected the condition of water resources
in the Great Ruaha Sub-catchment of the Rufiji Basin [24], and decreased base flows due
to land modifications in the Upper Great Ruaha river basin [30]. Qiu et al. (2011) [31]
simulated the effects of the Conversion of Cropland to Forest and Grassland Program on
the catchment water budget in the Jinhe River using the SWAT model. The results showed
that LULC changes had adverse impacts on the water resources of the Jinhe river basin. The
increase in agricultural land activities is associated with transformation of the land use and
an increase in water abstraction for irrigation purposes as a result of an increase in surface
runoff following rainfall events. Land use change decreased the blue water and green water
flow of the Weihe River Basin [32]. The spatial distribution showed an uneven change. The
LULC changes in the Blue Nile River Basin, which occurred during the period of 1985 to
2015, increased the annual flow (2.2%), wet seasonal flow (4.6%), surface runoff (9.3%) and
water yield (2.4%). Conversely, the observed changes had reduced dry season flow (2.8%),
lateral flow (5.7%), groundwater flow (7.8%) and ET (0.3%) [33]. Human activities and
climate changes were the main driving factor for the reduction in discharge [34] and mean
annual stream flow in the middle reaches of the Yellow River basin [35].

Since land use change has a significant and profound effect on water quality and
quantity, there is an urgent need to understand the interaction between land use change,
hydrology and water resources management [36,37]. This calls for the need to understand
the extent to which alterations of the land use and land cover have impacted on water
availability in river sub-catchments.

The increasing demand for water abstractions by industries, households and irrigation
projects within the river basin has aggravated these problems. Thus, investigating the
correlation between land use/land cover change and hydrological systems plays a critical
role for the management of water resources in the river basin. These enable policy makers,
local government bodies and decision makers to formulate and implement effective and
appropriate response strategies to reduce the adverse impacts of land use/land cover
change on water resources. Hence, the aim of this study is to investigate the observed
impacts of LULCC on water resources in the Nile River Basin, Ethiopia. Furthermore, the
study investigated the trends in climate from 1980 to 2016.

2. Materials and Methods
2.1. Description of the Study Area

The Nile River Basin is the Nile’s largest tributary; the largest in terms of discharge
volume, and the second largest in terms of area in Ethiopia. Geographically, the Nile
River Basin is found in the northwestern part of Ethiopia which lies between 70°40’ N
and 120°51" N latitude, and 340°25" E and 390°49’ E longitude. It covers an area of
199,592.17 km? [36]. The basin drains much of the central, north—central and northwestern
Ethiopian Highlands. The basin is subdivided into 16 sub-basins based on major rivers
in the basin and its tributaries [38]. The topography of the Nile River Basin is extremely
complex, with elevations ranging from 435 m in the lowlands near the Sudan border to
4229 m in the basin’s upper section. The upper plateau near Lake Tana and the lower
elevations close to the Sudan border both have flat areas. Furthermore, the highland areas in
the eastern, northern, southeastern, and northeastern sub-basins are distinguished by high
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altitude, steep slope, hilly, gully, rugged terrain, troughs and mountainous landforms. As
far as LULC is concerned, agriculture, shrub land, and forest are the major LULC categories,
followed by water bodies, grassland, settlements, bare land and wetland [39]. Agriculture
is the dominant LULC class in the eastern, northern, northeastern, and southeastern sub-
basins. The forest LULC class is predominant in the western, southern, northwestern,
and southern central sub-basins. The climate of the basin varies from cool to hot due to
topographic variations, with large variations within a limited elevation range [40]. The
sub-basins are characterized by moderate to high annual mean temperature (25-30.3 °C)
and high annual rainfall (1083.4-2051.4 mm). The mean annual rainfall of this river basin
decreased from southwest (>2000 mm) to northeast (>789.34 mm) with a mean annual
temperature of 18.5 °C [41]. Lake Tana is the major water source of this river basin (Figure 1).
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Figure 1. Location map of Abay/Nile River Basin.

2.2. Data Sources
2.2.1. Land Cover Data Sources

The land cover satellite data of the study area were collected from the Ministry of
Energy and Water Resources of Ethiopia. The topographic map, soil map, ecological
landscape potential map, forest map, and vegetation map were chosen for accuracy testing
and validation. Landsat Thematic Mapper (TM) and Landsat Enhanced Thematic Mapper
(ETM+) with a resolution of 30 m from 2012 to 2022 were used for land cover classification.
The satellite data for land covers in the study area were obtained from the Global Land
covers dataset (GlobeLand30) product. Land cover change was investigated between the
years 2012 and 2022. The expanded classification system was adopted to capture the local
characteristics of the study area (Table 1).
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Table 1. Land cove types in Nile/ Abay River Basin.

Land Cover Types

Code Description

Land covered with trees, with vegetation cover over 30%, including deciduous

Forest land Fl and coniferous forests, and sparse woodland with cover 10-30%, etc.
Grass land Gl Land covered by natural grass with cover over 10%, etc.
Shrub land Sl Land covered by small shrubs, plants less than 30 cm height.
Land modified by human activities, including all kinds of habitation,
Settlement S residential, commercial, industrial, transportation facilities and interior urban
green zones, etc.
Water body Wb Water bodies in the land area, including rivers, .lakes, regervous, fish ponds,
lands covered by temporary snow, glaciers and icecaps, etc.
Crop land cl Land used for agriculture, horticulture and gardens, including paddy fields,

irrigated and dry farmland, vegetation and fruit gardens, etc.

2.2.2. Meteorological Data

Daily precipitation and temperature data from stations during the period of 1980-2016
were obtained from the National Meteorological Services Agency of Ethiopia (NMSA)
and National Oceanic and Atmospheric Administration’s (NOAA) National Climatic Data
Center. https://www.ncdc.noaa.gov/cdo-web/ accessed on 20 September 2023.

2.3. Methods
2.3.1. Analysis of Land Use/Land Cover Change

The overlaying operation was used to perform spatial analysis, which revealed how
land use and land cover changed over time and established a connection between the two.
A land cover transformation map was obtained and utilized for transformation matrix
analysis by intersecting the two land cover/land use maps (2012 and 2022). The magnitudes
of land cover shifts were calculated as [42].

A =TA(t;) — TA(t), )

CE = [CA/TA(t;)] % 100, ©)

where: TA = Total Area, CA = Changed Area, CE = Change Extent, and t; and t; are the
beginning and ending time at which the land cover studies were conducted, respectively.

The Kappa coefficient and error matrix are standard measures of the reliability and
accuracy of the maps produced. The Kappa statistics were determined in this study
using methods described in detail in previous studies [43,44]. The Kappa coefficient was
calculated using [45].

K = P(A) — P(E)/1— P(E) 3)
pa) = 41D, @

Al Bl A2 B2
®= (%) (5)+ (%) () ©
where: K is the Kappa coefficient, P(A) is the number of times the k raters agree, and P(E) is

the number of times the k raters are expected to agree only by chance [46]. A and D are
unchanged categories, Al and B1 are the subject’s categories, and N is the change in results.
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2.3.2. Mann-Kendall (MK) Test Method

Trend analysis is used to identify whether the observed values of a time series data
are increasing, decreasing, or show no trend. The non-parametric Mann-Kendall (MK)
test has been applied in most studies to detect trends in hydro-meteorological time series
since it does not require normally distributed data. This paper used the innovative trend
analysis method (ITAM) to detect the trends in rainfall and temperature time series data.
To evaluate the reliability of ITAM, the results were compared with the MK and Sen’s slope
estimator tests. The trends in rainfall time series data were assessed at 10%, 5% and 1% level
of significance using the MK, ITAM and Sen’s slope estimator methods. Significance was
considered at the 10% threshold. The Mann-Kendall test is a non-parametric statistical test
employed to detect monotonic trends in series of environmental, climate, and hydrological
data. The MK test has been used to detect the presence of monotonic (increasing or
decreasing) trends in the study area and whether the trend is statistically significant or
not. Since there are chances that outliers are present in the dataset, the non-parametric MK
test is useful because its statistic is based on the plus or minus signs, rather than on the
values of the random variables, and therefore, the trends determined are less affected by
the outliers [47]. Each data value is compared with all subsequent data values. If the data
value from a later time period is greater than a data value from earlier time period, the
statistic S is increased by 1. However, if the data value from a later time is less than a data
value from earlier time period, the statistic S is decreased by 1. The net sum result would
give the value of S.

The test statistics “S” is calculated by:

n—1 n
S = Z Z sgn(xj — x;) (6)

i=1 j=i+1
+1if (x] — xl-) >0

sgn(xj—x;) = ¢ 0if (xj —x;) =0 )
—1if (X] — xl-) <0

where x; and x; represent the data points at periods j and i, respectively. While the amount

of data series is larger than or equivalent to ten (1 > 10), the MK test is then categorized
by a standard distribution with the mean E(S) = 0 and variance Var(S), given as [48]:

E(S)=0 ®)
n(n—1)(2n+5) — Y k(t — 1) (2 +5)

18
The test’s Z statistic is obtained using approximation, as follows:

Var(S) = 9

=Lif s >0
Z={ 0,ifS=0 (10)
=lifs <0

where Z follows a normal distribution, a positive Z and a negative Z depict an upward and
downwards trend for the period, respectively.

2.3.3. Sen’s Slope Estimator Test

The magnitude of the trend is predicted by slope estimator methods. In general, the
slope Qi between any two values of a time series x can be estimated using the follow-
ing equations.
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The slope Q; between two data points is given by the equation [48]:

x]-—xk

Qi = i~k

fori=1,2,...N (11)

where x; and x; are data points at time j and (j > k), respectively.

2.3.4. Innovative Trend Analysis Method (ITAM)

The Innovative Trend Analysis Method has been used in many studies to analyze
hydro—-meteorological time series data, and its reliability has been compared with the
results of the MK method. In ITAM, the hydro-meteorological time series data are di-
vided into two halves and arranged in ascending order independently. Then, the two
halves are placed on a coordinate system, with (X;: i=1,2, 3, ... n/2) on the X-axis and
(Xj:j=n/2+1,n/2+2,... n)on the Y-axis. If the time series data on a scattered plot are
collected on the 1:1 (45°) straight line, it means there is no trend. It shows an increasing or
decreasing trend if the time series data points accumulate above or below the 1:1 straight
line, respectively. The magnitude of the trends in time series data can be estimated by
calculating the average difference between the values of X; and X;. The change in trend is
determined by the first half of the time series data points. Therefore, the trend indicator is
estimated by dividing the average difference from the straight line to the average of the
first half of the time series data points. The ITAM trend indicator is multiplied by 10 to
represent the same scale as the MK method and Sen’s slope estimator test at a 10% level of
significance.

The trend indicator is calculated as [48]:

_ 1y 100y = x)

= 12
¢ Ly (12)

n

where, ¢ = trend indicator, n = number of observations in the subseries, x; = data series in
the first half subseries class, Xj = data series in the second half subseries and y = mean of
data series in the first half subseries.

3. Results and Discussion
3.1. Analysis of Land Cover Change in the Nile River Basin

The 2012 and 2022 land use/land cover map of the Nile River Basin was generated
from Landsat TM and ETM+ imagery classification (Figure 2). The spatial distribution
of major LULC classes for 2012 and 2022 are presented in Table 2. The results show
that shrubland and forestland were significantly reduced by 2.39% and 5.49% (Table 2),
respectively. In a visual examination of land use maps, it was evident that from 2012 to
2022, the area under forest and shrub coverage diminished significantly in the study region.
Agriculture was the predominant land use type in the Nile River Basin, which covered
41.42% in 2012 and 47.60% in 2022 (Table 2). A significant expansion of cultivated land of
about 6.18% between 2012 and 2022 was observed, whereas the forest coverage diminished
between 2012 and 2022, which accounted for about 5.49%. This finding is supported by the
results of [49]. The reduction in water bodies and forestland area may be associated with
human activities surrounding the river basin [50].
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Figure 2. LULC in (a) 2012 and (b) 2022.

Table 2. Land use/land cover change detection in the Nile/Abay river basin during 2012 and 2022.

Initial Area 2012 Final Area 2022 Changing Status

No. Land Cover Types

Percent (%) Percent (%) Percent (%)
1 Forest land (F1) 37.05 31.56 —5.49
2 Grass Land (Gl) 2.18 3.74 1.56
3 Shrub land (SI) 17.53 15.14 —2.39
4 Settlement (S) 0.07 0.12 0.05
5 Water Body (Wb) 1.74 1.85 0.11
6 Crop land (CI) 41.42 47.60 6.18

3.2. Analysis of the Impacts of Land Cover Change on Water Resources

Due to anthropogenic activities and climate change, the water resources of the Nile
River Basin were significantly affected [51]. Furthermore, the dynamic changes in land
use/land cover in the Nile River Basin impacted the water resources. The change detection
results of the different LULC types from 2012 to 2022 are presented in Figure 3. The high
demand for cultivated land for crop production in the Nile River Basin devastated the
water resource potentials of the river basin. Land use/land cover changes have a great
influence on the rainfall runoff process. The cultivation of forests and the demand for more
agricultural land forced by urban development into settlements and infrastructure forms a
sealed surface, which adversely changes the partitioning of precipitation towards increasing
surface runoff and reduced ground water recharge [52-56]. The increase in surface runoff
due to built-up areas which have a high proportion of impervious surfaces decreases water
percolation and groundwater contribution to stream flow. This is supported by the results
obtained by [57], who studied the impacts of land use and land cover changes on flow
regimes of the Usangu wetland and the Great Ruaha River. His findings stated that the
change in the land use and land cover within the catchment caused an increase in runoff, a
decrease in base flow, an increase in sediment deposition on the bank of the river and a
decrease in the width of the river channel.
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Figure 3. Change in LULC types between 2012 and 2022.

3.3. Analysis of Climate Trends
3.3.1. Analysis of Trends of Precipitation

The findings showed that the annual precipitation shows a significant increasing trend
in Gondar (Z = 1.69), a sharp decreasing trend in Adet (Z = —0.32), a slightly decreasing
trend in Dangla (Z = —0.37), a significant increasing trend in Bahir Dar and a significant
increasing trend in Motta (Z = 0.93) (Figure 4). Significance levels at « =0.01, x =0.05, x = 0.1
were taken to detect the trends at all stations. The ITAM test showed an increasing trend in
Gondar and Motta and a decreasing trends in Adet, Bahir Dar and Dangla. The increase
and decrease in innovative trend analysis (ITAM) test values represent strong and weak
magnitudes, respectively. The variability in trends of precipitation across stations might be
due to human activities and climate change impacts [58-60]. The trend in precipitation seen
for each station could imply that the changes are more pronounced for certain locations
and less so for others. The trend results are depicted in Table 3.

Table 3. Trends for stations in the Nile River Basin.

S/No Name of Stations Z (MK) ¢ B Change (%)
1 Gondar 1.69 ** 0.54 1.84 ** 0.93
2 Adet —0.32 —0.79 3.50 2.20
3 Bahir Dar —0.07 * —23.51 1.80 * 1.36
4 Dangla —0.36 —0.39 1.26 1.27
5 Motta 0.93 *** 1.48 0.63 *** 0.79

* Trends at 0.1 significance level; ** trends at 0.05 significance level and *** trends at 0.01 significance level.

3.3.2. Analysis of Trends in Temperature

The results revealed that a statistically increasing trend was observed at Bahir Dar
(Z=2.63), Gonder (Z = 6.96) and Motta (Z = 4.58) stations. Even though there were
variations in trends of temperature in Adet and Dangila stations, the trends were not
statistically significant. From 1980 to 2016, the temperature increased by 0.5 °C, which
shows a change in the climate system in the Nile River Basin. In general, the trend in
temperature was increasing in all stations.
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Figure 4. Trends of precipitation in the Nile River Basin.

4. Discussion

A land use/land cover change detection analysis was conducted to assess the spatial
and temporal changes in land use/land cover (LULC) in Nile River Basin. The findings
of this study show that, as a results of anthropogenic activities and climate change, the
water resources of the Nile River Basin was significantly affected [61]. For example, the
water bodies were significantly reduced by 1.72% from 2003 to 2013. Of the total water
body coverage of the Nile River Basin, 5.49, 1.56, 2.39, 0.05 and 6.18% was converted into
forestland, grassland, shrub land, settlement and croplands, respectively. These changes
might be due to human activities and climate change in this region [62]. The intense human
activities have increased artificial surfaces and cultivated land [63]. Therefore, climate
change and human activity may produce a strong effect on vegetation and land cover in
this region. The impact of the climatic variability on agricultural production is further
aggravated by widespread soil degradation that has led to a reduction in the capacity of
soils to hold moisture.

The impacts of land use and land cover change investigated by different researchers
suggested that by increasing rainy season flow and decreasing dry period flow, the near
future climate scenario would exacerbate extreme flow. Conversion of cultivated land on
steep slopes into woodland, however, may reduce these intense flows. Under overlapping
projections of potential land use/land cover and climate change, stream flow responses
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will be intensified at the outlet of the Tana watershed. The study region is characterized by
maximum rainfall from June to August and little rainfall from March to May. There is inter-
annual variability of rainfall between the stations. Some researchers tried to investigate
the impacts of LULC changes on water resources. For example, Dibaba et al., (2020) [64]
assessed the separate and combined impacts of climate and LULC change in the Finchaa
catchment, and suggested that the changes in LULC led to an increase in surface runoff and
water yield and a decrease in groundwater, while the predicted climate change indicates
a decrease in the yield of surface runoff, groundwater and water yield. The combined
study of the effects of LULC and climate change is a scenario considered equivalent to
that of climate change. On the other hand, Berihun et al., (2019) [65] reported that, from
1982 to 2017, the observed LULC changes resulted in runoff increases ranging from 4% in
Kecha to 28.7% in Kasiry, though climate variability had no significant impact on estimated
runoff in terms of annual rainfall, while both LULC transition and climate variability had a
significant effect on estimated evapotranspiration. Furthermore, other studies investigating
the effects of historical climate and LULC change on the hydrology of the Nile River
Basin showed that the impact of climate change (16.86%) on catchment stream flow was
greater than that of land use/land cover change (7.25%), while the combined change effect
accounted for a 22.13% increase in flow. In general, this result shows that high flow is
more responsive to climate change, while land use/land cover change has shown a more
substantial impact on low flow. Legesse et al., (2003) [65] indicated that a 10% decrease in
rainfall resulted in a 30% decrease in the simulated hydrological response of the catchment,
whereas a 1.5 °C rise in air temperature would result in a reduction of about 15% in
the simulated discharge, while converting the current dominantly cultivated land in the
studied river basin to woodland would reduce the discharge at the outlet by about 8%
in south—central Ethiopia. When we see how the connection between human activities
and climate change affects water resources, both have adverse impacts. The reduction in
discharge causes challenges for global river ecosystems as a result of human activities and
climate change (frequent extreme weather problems) [66,67]. Direct human activities also
have an effect on variations in runoff [68]. They reduced the discharge of the Yellow River
basin by 73.4% and 82.5% in 1980-2000 and 2001-2014, respectively [69]. The hydrological
cycle of watersheds in both spatial and temporal changes is a complex process that is
widely influenced by climate change and human activities. The IPCC (2013) [15] report
indicated that climate change has led to changes in global precipitation patterns since the
20th century, which has changed the global hydrological process and directly affected the
spatial and temporal distribution of global water sources; thus, it can cause changes in
discharge [70]. Human activities, such as changes in land use/cover, dam construction
and urbanization, have an obvious impact on all aspects of the water cycle [46], which can
greatly change the spatiotemporal distribution of water resources. For example, Yuan et al.,
(2016) [68], reported that as a result of climate change, about 60.07-67.27% of the changes
were observed during the change period I (1981-2002) and change period II (2003-2010),
accounting for about 58.89-78.33% of changes due to human activities controlling stream
flow changes. Furthermore, research should be carried out to determine the cumulative
impact of land use/land cover and climate change on the Nile River Basin stream flow. This
and other factors draw the researcher’s attention to work on this subject. The hydrological
study on the land use and land cover changes within the Nile River catchment showed that
the flow characteristics have changed, with an increase in surface flow and reduction in
base flow.

As far as the trends in climate are concerned, a significant increasing trend was
observed at Gondar (Z = 1.69) and Motta (Z = 0.93) stations. However, a sharp decreasing
trend was observed at Adet (Z = —0.32) and Dangla (Z = —0.37) stations. The trends
in temperature were increasing at all stations. This result was in line with the global
average temperature, which has increased by 0.85 °C from 1880 to 2012, and this may even
accelerate in the near future [71]. The within-year and between-years variability in rainfall
over the Nile Basin is high, making over-reliance on rainfed supply systems risky [48]. The
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high potential evaporation values in the Nile region ranging from some 3000 mm/year in
northern Sudan to 1400 mm/year in the Ethiopian Highlands, and around 1100 mm/year
in the hills in Rwanda and Burundi, make the basin particularly vulnerable to drought
events. Drought risks are further amplified by the high variability of the rainfall between
seasons and years. This is manifested by uncertainty in the onset of rains, occasional
cessation of rainfall during the growing season, and consecutive years of below average
rainfall. It has marked adverse impacts on the productivity of rainfed agriculture, and
represents a serious constraint to rural development. However, the average temperature has
fluctuated significantly in the past decade [48]. This will lead to significant environmental
impacts. Gondar, Adet, and Bahir Dar stations exhibited a coefficient of variation of CV
> 0.1, except for Dangla and Motta stations. This result is generally consistent with other
studies, which reported increased precipitation and non-uniform precipitation changes.
The Mann-Kendall test, Innovative Trend Analysis Method and Sen’s slope estimator test
showed the decreasing and increasing trend of rainfall across the stations. However, there
was no statistically significant trend at the 95% level at any station. This result is also
supported by [47], which showed that the seasonal trend in most parts of the country was
decreased by 30% to 40%. This variation may influence regional climate systems as well as
the hydrological cycle.

5. Conclusions

In this study, the impacts of land use/land cover change on water resources in the
Nile River Basin were investigated. The trends in climate change were detected using
the MK, Sen’s slope estimator test and ITAM. The results showed that forestland and
shrublands were significantly reduced by 6.18% and 2.39%, respectively. As far as the
trends in precipitation are concerned, a significant increasing trend was observed at Gondar
(Z =1.69) and Motta (Z = 0.93) stations. However, a sharp decreasing trend was observed
at Adet (Z = —0.32) and Dangla (Z = —0.37) stations. The trends in temperature were
increasing at all stations. The change in trends in precipitation at each station could imply
the impacts of climate change on water resources. Thus, these could indicate that climate
change can affect the water resources of the river basin. Therefore, it can be concluded
that there is evidence of some changes in the trend of rainfall, which has impacted the
water resources of the Nile River Basin during the study period. Although further study is
needed, climate change and LULC changes could impact the availability of water resources
in river basins.
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Abstract: Local climates are responding to global warming differently, and the changes in rainstorms
in mountainous areas of Southwest China are of particular interest. This study, using monthly
NCEP/NCAR reanalysis and daily precipitation observation of 90 meteorological stations from
1961 to 2021, analyzed the temporal and spatial variation characteristics of rainstorms and floods
in Southwest China and their relationship with atmospheric circulations. The results led us to the
following five conclusions: (1) Rainstorms and floods in southwest China mainly occur from June to
August, during which time July has the most weather events, followed by August. (2) The southwest
of Guizhou province, the southern edge of Yunnan province, and regions from the east of the Sichuan
Basin to the north of Guizhou have experienced more rainstorms and floods, while the northwest
regions of Southwest China have had fewer. (3) Over the last 61 years, rainstorms and floods have
exhibited an overall rising trend, especially in the last 10 years. The year 2012 was an abrupt inflection
point in rainstorms and floods in Southwest China, from low to high frequency, while the correlation
coefficient between rainstorms and floods and the global surface temperature is above the 95%
significance level. (4) Rainstorms and floods exhibit changes at periods of 8 years, 16 years, and
31 years. (5) Rainstorms and floods show a good correlation with multiple variables, such as South
Asian high-pressure systems west of 90°E, the upper trough front, the northwest side of the western
Pacific subtropical high, and the convergence of warm and wet air in the middle and lower layers
with cold air on the ground.

Keywords: Southwest China; rainstorm and flood; spatial and temporal change; atmospheric
circulation

1. Introduction

Rainstorms and floods are among the most common and serious natural disasters [1].
Every year, there are rainstorms and floods of varying natures in the southwest of China,
and excessive precipitation is the major cause. In the rainy season, excessive precipitation
increases the soil moisture content and water level in the lakes and rivers, inducing water-
logging, mountain torrents, and debris flows, and even the bursting of riverbanks, which
causes damage to housing, traffic, and agriculture, as well as human life loss [2-7].

The research methods for floods can generally be divided into three categories. The
first is the historical flood case study [8-13], which analyzes historical floods in a specific
region. The second is the index system evaluation method [14-17], which evaluates regional
rainstorms and flood disasters through a fuzzy, comprehensive evaluation method. The
factors affecting regional floods include not only natural attributes such as topography,
landscape, and climate but also social attributes such as social economy, population com-
position, and flood control construction. The third category is the precipitation category
method [18-20], which takes the anomaly percentage of ten-day precipitation and monthly
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precipitation as the main index to measure the degree of flooding and waterlogging. Some
researchers also classify categories according to the daily precipitation observations of local
meteorological services. In addition, domestic studies have mainly focused on disaster
assessment [12-14], emergency management [4], and individual case analysis [21-24]. The
scope is usually the entirety of China or a single province; the Southwest region is rarely
treated as an independent region for analysis. Previous studies have used a single threshold
of 50 mm/day to quantify rainstorm flooding, which does not consider the accumulated
effects of less intense rainstorms and consequently underestimates damage. Furthermore,
these studies have been limited by the data period available, often having been conducted
many years ago. This paper offers updated research results on the rainstorms and floods in
Southwest China.

This paper focuses on the southwest region of China, including Yunnan, Guizhou,
and Sichuan provinces, as well as Chongqing Municipality, which is located on the eastern
slope of the Tibetan plateau. Affected by weather and climate systems, such as the plateau
circulation, the southwest monsoon, and inappropriate human activities, this region is
prone to serious floods and drought [21-24]. This study used the daily rainfall category
method to define the rainstorms and floods in the entire southwest region. A total of
90 weather stations with continuous data records since their establishment in 1961 were
selected for use in this study. We analyzed the temporal and spatial variation characteristics
of rainstorms and floods in Southwest China and their relationships with atmospheric
circulation. This plays a complementary role in related research, which is helpful for
disaster forecasting and prevention. The rest of the paper is organized as follows: Section 2
describes the method and data; Sections 3 and 4 present the results; and Section 5 offers
conclusions.

2. Materials and Methods

The monthly average geopotential height, specific humidity, and wind fields were
sourced from NCEP/NCAR reanalysis [25] at a resolution of 2.5° x 2.5°. The daily precipi-
tation was sourced from 90 surface meteorological observation stations in Southwest China
(Figure 1a).

4000+

Number

5°E 108° E 1I°E month
(b)

Figure 1. Distribution of the 90 surface meteorological observation stations (a) and the monthly

cumulative frequency of rainstorms and floods during the 1961-2021 period (b).

Feng and Luo [3] found that 95% of rainstorm and flooding disasters were flood
disasters caused by rainstorms in Southwest China. As short-term rainstorms are the main
cause of rainstorm and flood disasters, the daily precipitation in Southwest China (Sichuan,
Guizhou, Yunnan, and Chongging) was chosen to define and discuss the rainstorms
and floods.

According to previous studies on rainstorms and floods in Southwest China (Ye [18]
and Yu [26]), a rainstorm or flood disaster occurs when the daily rainfall is greater than
or equal to 50 mm or the cumulative rainfall is equal to or greater than 80 mm for three
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consecutive days in Sichuan and Chongqing. Guizhou and Yunnan are located on the
Yunnan-Guizhou plateau. For the entire southwest region, a rainstorm or flood is defined
as daily rainfall greater than or equal to 50 mm or cumulative rainfall greater than or equal
to 100 mm for three consecutive days. Using the above criteria, we plotted the cumulative
rainstorm and flood values from May to October of 1961-2021 for Southwest China. It is
shown that most rainstorms and floods occur in the summer (June to August) (Figure 1b),
and July has the most rainstorms and floods.

First, we used the Mann—Kendall method [27] and moving ¢-test [27] to discuss the
time mutation points of rainstorms and floods, and we discussed its periodic variation
using wavelet analysis [27]. Then, we used EOF (analysis of eigenvectors and time co-
efficients) [27] to discuss the spatial distribution. Lastly, we calculated the correlation
coefficients between rainstorms and floods and atmospheric circulation to discuss the
dynamic mechanisms of rainstorms and floods.

2.1. Mann—Kendall Method

The Mann-Kendall method [27] is a non-parametric statistical test method that can
detect not only the trend change of a sequence but also the turning points in the sequence.
For a time series X1, X3, ... , Xn, Sk represents the cumulative count of the sample x; greater
than x; (1< j<i). Under the assumption of independence of random time series, we define
UF, as follows:

UFy =[Sk — E(Sy)l/+/var(Sy) k=1,2,...,n (1)

Here, UF; = 0, and E(Sy), var(Sy) are the mean and variance of the cumulative counts;
they are calculated as follows:
ESk) =n(n—1)/4 2

var(Sy) =n(n — 1)(2n + 5)/72 3)

Given the significance level &, U«x is a normal distribution. If | UF; | > U, it indicates
that there is an obvious trend change in the sequence. In the reverse order of time series
X, Xn, Xn—1, - - - , X1, we repeat the above process while ensuring that UBy = -UFy (k =n,
n—1,...,1), UBj= 0. We draw a graph of UBy and UF. If the two curves intersect,
and the intersection is between the critical boundary, then the time corresponding to the
intersection is the time at which the mutation begins.

2.2. Moving T-Test

The moving t-test [27] aims to test whether the mean values of two segments in
a climate sequence are significantly different. If the mean difference between the two
sequences exceeds a certain significance level, it can be considered that the mean has
undergone qualitative change and a trend change has occurred.

For a time series x with n samples, a certain point is artificially set as the reference
point, and the samples of the two sub-sequences before and after the reference point are n;
and ny, the mean value of the two sub-sequences is x; and Xy, and the variance is s; and s;,
respectively. We define the statistics as follows:

T=(x1 —x2)/(Sy/((1/m1) + (1/n2))) (4)

S= V/((n151? + M%7%) /(N1 4 My — 2)) %)

The expression follows the t distribution of freedom v =n; + n; — 2.

3. Spatial-Temporal Variation
3.1. Temporal Variation

Time series analysis (Figure 2a) shows that in the past 61 years, there has been a
significant upward trend in the number of rainstorms and floods, with a trend coefficient
of approximately 0.5. The year with the highest frequency (rainstorms and floods per
year) is 2016, followed by 2014 and 2020. The year with the lowest frequency is 1972. The
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polynomially fitted curves indicate that rainstorms and floods slightly increased from the
1960s to the 1980s, decreased in the 1990s, and then rapidly increased in the early 2000s.
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Figure 2. Trend analysis (thin solid line), polynomial fitting line (thick dashed line), linear trend line
(thick solid line) and the Global Land-Ocean Temperature Index (hollow line) (a) and the linear trend
of 850 hPa specific humidity (b) in the summer half-year during 1961-2021.

A linear correlation is found between the global Land—Ocean Temperature Index
(No_Smoothing, https:/ /climate.nasa.gov/vital-signs/global-temperature/, accessed on
10 March 2022) and the number of rainstorms and floods in Southwest China, which is
shown in Figure 2a. The Global Land—Ocean Temperature Index shows the change in
global surface temperature compared to the long-term average from 1951 to 1980. The
year 2020 ties with 2016 as the hottest year on record since recordkeeping began in 1880
(source: NASA /GISS). NASA'’s analyses generally match independent analyses prepared
by the Climatic Research Unit and the National Oceanic and Atmospheric Administration
(NOAA). During the same time period, there were a large number of rainstorms and floods
in Southwest China. In addition, the linear correlation coefficient of these two data sets
is 0.38, passing the 99% significance level. These results show a tight link between global
warming and the increase in rainstorms and floods in Southwest China.

Using NCEP/NCAR reanalysis, we calculated the linear trend of specific humidity
at 850 hPa for the summer half-year (May-October) from 1961 to 2021 (Figure 2b). The
local water vapor in the eastern part of Southwest China has shown a slight downward
trend, but the water vapor values in the upstream, the Bay of Bengal, the South China Sea,
and the Western Pacific have increased significantly. Increased water vapor is continuously
transported to Southwest China through water vapor channels, which is conducive to the
formation of rainstorms. This is clearly a case of atmospheric warming due to ocean areas
holding more water vapor, which is a result of global warming.

Table 1 shows the interdecadal anomaly of rainstorms and floods for the summer
half-year of 1961 to 2021. The interdecadal anomaly is positive in the 1980s and 2010s and
negative in the 1960s, 1970s, and 1990s to the early 2000s. The highest anomaly value is
20.9, obtained in the 2010s, indicating that the storm and flood frequency has increased
significantly in the last 10 years. The lowest anomaly value is —11.8, obtained in the 1970s.
This is consistent with the time series polynomial fitting analysis (Figure 2a).

Table 1. Interdecadal anomaly of the rainstorms and floods in summer half-year for 1961-2021.

Years Anomaly Percentage of Anomaly
1960-1969 -17 —0.8%
1970-1979 —11.8 —5.8%
1980-1989 17 0.8%
1990-1999 —4.8 —2.3%
20002009 —4.5 —2.1%
2010-2019 20.9 10.2%
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Figure 3a shows the results of the Mann—Kendall [27] analyses. There are three
intersections among the positive and negative series curves in the years 1965 and 2012,
indicating that these three years might be the climate change point. To verify the correctness,
the moving t-test [27] (Figure 3b) was used. The moving f-test exceeds the significance
interval of 95% reliability only from 2010 to 2014. As a result, the year 2012 was the
climate mutation point for rainstorms and floods, changing from low to high frequency in
Southwest China.

M-K number
M t-test number

-2

...... UF e B = Movingt { step=7)
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year year

(a) (b)

Figure 3. Mann-Kendall method (a) and moving t-test (b) analyses of rainstorms and floods in the

summer half-year of 1961-2021 (horizontal lines are 95% reliability critical value).

To check if there were any periodic characteristics in the occurrence of rainstorms and
floods in Southwest China, we applied wavelet analysis [27] to the observations. Figure 4a
shows that there was an interannual cycle of 5-10 years and interdecadal cycles of 15—
20 years and 30-35 years in rainstorms and floods. For example, the interannual 5-10-year
cycle shows there were downward trends before 1980, a gradually increasing trend from
1980 to early 1985, and a downward trend again from 1985 until around 1990. From the
wavelet variance diagram (Figure 4b), we can see that there exist three dominant time scales
with period ranges of around 8 years, 16 years, and 31 years in quasi-periodic oscillations.

The frequency parameter (year)

0.2 0.8 0.9 18 . 15 1.8 2.1 2.4 2.7
year variance

(a) (b)

Figure 4. The wavelet real part (a) and wavelet variance (b) of the rainstorms and floods in the
summer half-year of 1961-2021.

3.2. Spatial Variation

In the past 61 years, the high-incidence areas of rainstorms and floods have been
mainly in the east of the Sichuan Basin, to the north of Guizhou, southwest of Guizhou,
and the southern edge of Yunnan, while the low-incidence areas were in the northwest
region of Southwest China (Figure 5a).
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Figure 5. Spatial distribution of rainstorms and floods (a) and EOF (b) of 90 stations in the summer
half year of 1961-2021.

In the EOF decomposition of the 61-year monthly cumulative rainstorm and flood
time series of 90 stations, the variance contribution of the first four modes is 80.9%, with
the first mode representing 68.7%. Hence, the first mode is sufficient to describe the main
distribution characteristics, and its correlation analysis was performed (Figure 5b). The
spatial distribution map shows a few high-value centers in the eastern and southern parts
of the Sichuan Basin and Northern Yunnan, indicating that the inter-annual variation in
these areas is larger than in other areas. The time series (figure omitted) shows an obvious
upward trend, except for the 1990s, which is basically consistent with the time analysis
above.

4. Correlation between Flood and Atmospheric Circulation

Using averages over the Southwest China region (97.5-110.2° E, 21.2-34.2° N), we
analyzed the correlations between the southwest rainstorms and floods, and the NCEP
850 hPa wind speed, 500 hPa and 100 hPa height, and the sea level pressure. Then, the
years with high (low) rainstorm and flood values are defined as the years in which the
anomaly of rainstorms and floods in Southwest China is larger (smaller) than two times
the average number. The years with high rainstorm and flood values are 1967, 1968, 1974,
1979, 1983, 1984, 1991, 1998, 2002, 2007, 2014, 2015, 2016, 2017, 2020, and 2021; the years
with low rainstorm and flood values are 1962, 1970, 1972, 1975, 1976, 1992, 1994, 1997, 2005,
and 2006. The high/low rainstorm and flood years correspond well with the years with
high/low values for 850 hPa wind, 500 hPa and 100 hPa height, and sea level pressure.

Rainstorms and floods have a strong correlation with the 100 hPa (Figure 6a) and
500 hPa height (Figure 6b). The correlation coefficients are 0.43 and 0.36, respectively,
passing the significance levels of 99% and 95%. The correlation coefficient of rainstorms
and floods with the 850 hPa wind speed (Figure 6c) and sea level pressure field (Figure 6d)
is below the 90% confidence level. However, they still have a positive relationship.

4.1. Sea Level Pressure

In those years with a high frequency of rainstorms and floods (Figure 7a), the south-
west region and most of the middle and east of China were mainly affected by a uniformed
pressure field, and the area from the South China Sea to the Iranian Plateau was affected
by low pressure, with the center value of 1004 hPa. From Balkhash Lake to most of the
northwest of China, it was mainly controlled by high pressures. Two centers (1018 hPa
and 1019 hPa) were located, respectively, in Balkhash Lake-Northwest Xinjiang and South
Xinjiang—West Tibet. Additionally, the cold air moved eastward from the plateau to the
southwest of China through a northwesterly path and converged with the warm and wet
air, which was conducive to the formation of rainstorms and floods. In low rainstorm and
flood years, the high pressure over the Qinghai-Tibet Plateau was that in high rainstorm
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and flood years, and the central value was only 1006 hPa, so the influence of the cold air in

the southwest was weaker.
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Figure 6. Observed cumulative rainstorm and flood values (solid line), 100 hPa height (a) and
500 hPa height (b), 850 hPa wind speed (c) and sea level pressure field (d), in the summer half-year of

1961-2021 (dashed lines).
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Figure 7. The sea level pressure field of rainstorms and floods in high-value years (a), the correlation
coefficient (b) of rainstorms and floods and sea level pressure field in the summer half-year during
1961-2021. The shaded areas represent those where the correlation passes 90% (Green), 95% (Brown),
and 99% (Rose) significance levels.

Based on the distribution of correlation coefficients between rainstorms and floods
and the sea level pressure field (Figure 7b), there is a positive correlation distribution in
most areas of China. By contrast, it is negative in most areas of Japan, the Philippines, and
the Bay of Bengal.
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The difference in sea level pressure field in high- and low-value years (figure omitted)
and the distribution of correlation coefficients are consistent, indicating that when the
southwest region has more rainstorms and flood disasters in the summer half-year, the
pressure field at sea level is higher, and vice versa.

4.2. 850 hPa Wind Field

The weather systems in the lower atmosphere, carrying abundant water vapor, provide
sufficient power and water vapor for precipitation. Figure 2b shows the change in water
vapor. In years with a high number of rainstorms and flood events, the southerly airflow
in Southwest China was the strongest in the country (Figure 8a). There are three main
sources of water vapor. One bypasses the southern side of the Tibetan plateau. It flows
through the Bay of Bengal and then moves northward in a southwesterly path, mainly
affecting the central and western parts of Southwest China. One crosses the Indochina
Peninsula and then moves northward, mainly affecting the central and eastern parts of
Southwest China. The last one is the convergence of warm and humid air currents from the
Pacific Ocean and Indochina Peninsula through the South China Sea, which mainly affects
the central and eastern parts of Southwest China. At high latitudes, there is a general flat
westerly airflow, with weak cold air coming down from Northern Xinjiang. The airflow
meets the strong, warm, and humid airflow in Southwest China, which is conducive to
precipitation. In years with a low number of rainstorms and floods, the southerly airflow
affecting the southwest region is weaker than that in high-value years, especially regarding
the southwesterly airflow from the Bay of Bengal, so the water vapor and energy brought
by it are relatively weak.
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Figure 8. The 850 hPa wind field of rainstorms and floods in high-value years (a), the correlation
coefficient (b) of rainstorms and floods and 850 hPa wind field in the summer half-year of 1961-2021.

From the correlation coefficients of rainstorms and floods and the 850 hPa wind speed
(Figure 8b), the northwesterly air flowing southward from Eastern Mongolia and part of
the easterly airflow in the front of the anticyclonic south of Lake Baikal converged in the
central part of Inner Mongolia; then, the combined airflow moved southward to North
China and the Hetao region. In the left branch, the northeast airflow crossed the Qinling
Mountains and arrived at the Sichuan Basin and Chongqing, where it merged with the
northward warm and humid airflow from the South China Sea, the Bay of Bengal, and
the south side of the plateau. This was conducive to precipitation. In the middle path, the
weak northward air flowed directly southward from the middle reaches of the Yangtze
River to South China, which is related to the fact that the rainstorms and floods in Guizhou
are weaker than those in Eastern Sichuan and Chongqing. The right branch enters the sea
after passing through the East China region with the northwest airflow. We can see that the
stronger the northerly airflow over the Qinling Mountains, the more the precipitation. The
difference in the 850 hPa wind field in the years with a high and low number of rainstorms
and floods (Figure omitted) and the distribution of correlation coefficients are consistent.
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4.3. 500 hPa Height Field

In the years with a high rainstorm and flood frequency (Figure 9a), the westerly trough
is located near the eastern coast of Russia to the east coast of China at a 500 hPa height. The
southwest region is mainly affected by the westerly airflow in front of the plateau trough
near 80° E, ranging from 584 to 586 dagpm, and the western extending point of the Western
Pacific subtropical high at 586 dagpm is located near 20° N and 95° E. In addition, the ridge
is located on the southern edge of the southwest region, so it is beneficial to the transport of
warm and humid air from the southwest for precipitation. In low-value years, the Western
Pacific subtropical high is weaker, and its 586 dagpm is located at the South China sea, with
a smaller range. Therefore, the southwesterly airflow on the northwest side is weaker than
that in high-value years, and thus the rainfall is weaker.
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Figure 9. The 500 hPa height field of rainstorms and floods in high-value years (a), the correlation
coefficient (b) of rainstorms and floods, and 500 hPa height field in the summer half-year during
1961-2021. The shaded areas represent those where the correlation passes 90% (Green), 95% (Brown),
and 99% (Rose) significance levels.

From the correlation coefficients between rainstorms and floods and the 500 hPa height
field (Figure 9b), all of them are positively correlated in China, with a center in the eastern
southwest region. The difference in the 500 hPa height field in high- and low-value years
(Figure omitted) is consistent with the correlation coefficient distribution, indicating that
when the rainstorms and floods are strong, the potential height of 500 hPa significantly
increases in most areas of the country, and vice versa.

4.4. 100 hPa Height Field

In the years with high rainstorm and flood frequency (Figure 10a), the South Asian
high center in the upper troposphere is located around 25° N and 85° E, and its main body
is slightly to the left of the western type. The subtropical long-wave trough is located in
the northeastern region to the East China coast, and the southwestern region is located in
the right part of the South Asian high center, with a potential height of 16,660-16,720 gpm.
Combined with the east-south 588 line of 500 hPa, the rain belt is mostly in the Yangtze
River basin, so the southwestern area is most affected by it. In low-value years, the
central value of the southern pressure is lower (16,680 gpm), and the range is smaller. The
southwestern region is not surrounded by its central line at 16,680 gpm, so the influence is
weaker.

A positive correlation distribution was found in China from the correlation coefficient
between rainstorms and floods and the 100 hPa height field (Figure 10b). The majority
of areas between 10° N and 40° N were the centers of the positive correlation, and the
southwestern area was still in the center of the positive correlation and passed the 90%
reliability test. The difference in the 100 hPa height field in high- and low-value years
(figure omitted) is consistent with the correlation coefficient distribution, which indicates
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that when the potential height field increases to 100 hPa, the South Asian high is strong,
and the strong center is located in the east of the plateau, where the rainstorms and floods
are more frequent, and vice versa.
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Figure 10. The 100 hPa height field of rainstorms and floods in high-value years (a), the correlation

coefficient (b) of rainstorms and floods, and 100 hPa height field in the summer half-year during

1961-2021. The shaded areas represent those where the correlation passes 90% (Green), 95% (Brown),

and 99% (Rose) significance levels.

5. Conclusions

This paper discussed the temporal and spatial variation in rainstorms and floods in
Southwest China and its relationship with atmospheric circulation. The main results are as
follows:

)

@)

®)

@)

Rainstorms and floods in Southwest China mainly occur from June to August, among
which July has the highest number of rainstorms and floods, followed by August.
In addition, May and September also have considerable numbers of rainstorms and
floods;

In the past 61 years, the number of heavy rain events and floods has shown an overall
upward trend, and the interdecadal anomaly between the 1980s and the 2010s is
positive, especially in the 2010s. The correlation coefficient between rainstorms and
floods and the global surface temperature passes the 95% significance level. The year
2012 is the climate mutation point for rainstorms and floods, in which they change
from low to high values. There are 5-10 years in the interannual cycle and 16 years
and 31 years in the interdecadal cycle;

The high-incidence area of rainstorms and floods in Southwest China is mainly from
the east of the Sichuan Basin to the north of Guizhou, southwest of Guizhou and the
southern edge of Yunnan. The low-value areas are mainly in the northwest part of the
southwest region;

The rich water vapor conditions are as follows: the combination of the western type
of the South Asian high and the Western Pacific subtropical high; the influence of the
southwesterly airflow in front of the upper trough; the transport of the warm and
humid air in the middle; the lower layers; and the confluence of the cold air from the
northwesterly path. Therefore, the atmospheric circulation configuration is conducive
to precipitation, which can likely cause rainstorms and floods.
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G o W N

Abstract: A covariance decomposition method is applied to a monthly global precipitation dataset
to decompose the interannual variability in the seasonal mean time series into an unpredictable
component related to “weather noise” and to a potentially predictable component related to slowly
varying boundary forcing and low-frequency internal dynamics. The “potential predictability” is
then defined as the fraction of the total interannual variance accounted for by the latter component.
In tropical oceans (30° E-0° W, 30° S-30° N), the consensus is that the El Nino-Southern Oscillation
(ENSO, with 4-8 year cycles) is a dominant driver of the potentially predictable component, while the
Madden-Julian Oscillation (MJO, with 30-90 days cycles) is a dominant driver of the unpredictable
component. In this study, the consensus is verified by using the Nino3-4 SST index and a popular
MJO index. It is confirmed that Nino3-4 SST does indeed explain a significant part of the potential
predictable component, but only limited variability of the unpredictable component is explained by
the MJO index. This raises the question of whether the MJO is dominant in the variability of the
unpredictable component of the precipitation, or the current MJO indexes do not represent MJO
variability well.

Keywords: predictability; global; seasonal precipitation; ENSO; MJO

1. Introduction

The seasonal mean time series of meteorological variables are widely used for ana-
lyzing interannual climate variability and predictability. Studies of potential predictability
are usually based upon a decomposition of the seasonal variability into a part called the
“weather noise” variability, which is fundamentally unpredictable beyond a deterministic
time period, and another part assumed to be at least potentially predictable [1]. The poten-
tial predictability is measured as the fraction of the total variability accounted for by the
latter part. It helps us to identify regions where the potential for making skillful climate
forecasts is highest, as well as where climate noise dominates any signal. Such knowledge
is useful to investigate the roles of drivers of potentially predictable variability, such as
human-induced forcing, oceanic and slowly varying atmospheric states, soil moisture and
snow cover conditions, and the roles of stochastic meteorological processes generated
by typical weather events in modifying regional variability. They can also help provide
guidance as to where and when the issuance of climate forecasts may be most reasonable.

The measure of potential predictability is clearly sensitive to how the separation of
the variance is performed. Some may think that temporal filtering techniques could be
employed based on the assumption that weather noise operates mainly on timescales
much shorter than that of the potentially predictable variability [2]. However, weather
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events include not only high-frequency day-to-day fluctuations, but also intra-seasonal
fluctuations (such as MJO) which cannot be completely smoothed out by a seasonal mean
filter. The residuals through the seasonal mean filter give rise to chaotic, unpredictable
fluctuations in the seasonal mean time series. Therefore, it is not possible to completely
isolate the potentially predictable variability through temporal filtering.

In this paper, the methodology proposed by Zheng and Frederiksen [3] is applied to
analyze the potential predictability of a monthly global precipitation data. It was found
that for rainfall in tropical oceans, the main driver of predictable variability is ENSO,
while the unpredictable variability is related to MJO, but not as dominant as ENSO to the
predictable variability. Regions with significant potential predictability are also identified.
The methodology applied in this paper and other methodologies are reviewed.

The current paper begins with a description of the data and the estimation method
of the potential predictability in Section 2. Section 3 is devoted to applications to monthly
global precipitation data. The methodology applied in this paper and other methodologies
are reviewed in Section 4. A summary is presented in Section 5.

2. Data and Methods
2.1. Data

The data used in this study include monthly precipitation data (on a 2.5° x 2.5° grid)
from the Global Precipitation Climatology Project (GPCP), version 2.3 [4], for the period
1979—2020, which is a widely used global (land and ocean) precipitation dataset derived
from a mix of satellite estimates over oceans and land, and rain gauge measurements from
land and atolls. The GPCP is often used to study variations in precipitation at global
and regional scales (https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-
precipitation-climatology-project#:~:text=The%20GPCP%20monthly%?20dataset%?20is, with%
20some%20delay%20for%20processing) (accessed on 6 April 2023). The Nino3-4 index is
calculated from the HadISST1 SST as the average of SST anomalies over the region 5° N-5° S
and 170°-120° W. The MJO index used here is the outgoing longwave radiation-based MJO
index (OMI) (https:/ /www.psl.noaa.gov/mjo/mjoindex/) (accessed on 6 April 2023). The
OMI calculation is based on an empirical orthogonal function (EOF) analysis. The two com-
ponents of OMI, MJO-PC1 and MJO-PC2, are the projections of 20-96 days filtered outgoing
longwave radiation onto the first and the second daily spatial EOF patterns of 30-96 days
eastward filtered OLR. The OMI can successfully capture the convective component of the
MJO [5].

2.2. Identifying the Seasonal Predictable and Unpredictable Components

The (co-)variance decomposition method of Zheng and Frederiksen [3] is proposed for
deriving the spatial patterns of interannual variability in the seasonal mean fields related
to the variability of predictable and unpredictable components, based on monthly mean
data. First, the annual cycle is removed from the data by subtracting the multi-year mean
for each month. This serves to reduce the climate bias in the covariance estimation. Then, a
conceptual statistical model for a climate variable X, in month m (m =1, 2, 3 in a specific
season, e.g., June, July, August) and inyeary (y=1, ..., Y, where Y is the total number of
years) expressed as per the following regression form:

Xym =y + Eym 1)

where iy (interception) represents the seasonal “statistical population” mean in year y; and
€ym is the residual monthly departure of Xy, from . Then, the seasonal mean of a climate
variable in year y (X, = %Z%:l Xym) can be conceptually expressed as

Xyo = py + €yo 2)

where ¢/, = %Z?n:l eym is the seasonal mean of the monthly (also daily) residuals for y,,
that arises from intra-seasonal variability (¢y) and is not smoothed out by the seasonal
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mean filter. Since the weather system is chaotic, ¢y, is unlikely to be predictable beyond
one or two weeks, so ¢, is essentially unpredictable beyond the deterministic prediction
period and is referred to as the unpredictable component of X;,. On the other hand, the
interception iy is a constant through the season in y year and is more likely dominated
by the external forcing and slowly varying internal dynamics. Therefore, y,, is potentially
predictable beyond the deterministic prediction period and is referred to as the potentially
predictable component of Xy, [1]. It is very difficult to numerically separate i, from the
seasonal mean X, using filter techniques, because X, is already the best estimation of j,,
but subject to error &y,.

Let {X;m, y=1,...,Y;m=1,2, 3} be another climate variable in the form as Equation

(1), then, using the statistical technique based on the (co-)variance decomposition [4], the
interannual covariance of the unpredictable components can be calculated with monthly
data by using Equation (16) in Zheng and Frederiksen [3] as follows:

V(eyoreo) = 5(3+49)/9 ®)
where .
AD _
Ty @
¢ = min {0.1, max[(a + 2b)/(2a + 2b),0] } (5)
1,1y R I I
0= 5ly L [%n =X w2l [X) - }+Y21[ 12— X3 [Xj2 = Xjs ]} ©)
y:
and
z ! !/ 1 Y ! !
5 y g [Xy1 = Xy [Xyz - Xy3} + ?y; [Xy2 = Xy3] [Xyl - XyZ} } @)

The interannual covariance of the predictable components V (yy, y’y) can be calculated

4 (Vy/ ,u/y> =V (Xyo/ X;o) -V <5yo/ Slyo) 8

where V (Xyo, X ! ) represents the total interannual covariance and can be estimated directly

as

from seasonal mean variables X, and X!

yor 1€,

V(X0 X,0) = ;i ©)

The R-code for calculating the unpredictable covariance of Equation (3) is included in
Appendix A. The x? test and student’s t-test, used to judge the significance of the interan-
nual covariances of the predictable and unpredictable components, i.e., Equations (3) and (8)
respectively, are documented in the Appendix of Ying et al. ([6]; their Equations (10)—(14)).

The potential predictability is defined as the ratio of the predictable variance against
the total variance, i.e.,

V (y, py) 'V (Xyo, Xyo) (10)

The significant test procedure for the potential predictability is documented in Equation (8)
of Zheng et al. [7].
Define the standardised predictable and unpredictable covariances for the X, with

Xyo as
V(i) 74/ (i) (11)

43



Atmosphere 2023, 14, 695

and

V(s’yo,eyo) /1/ V(e’yo,e’yo) (12)

respectively. It can be proved that the square of Equation (11) (Equation (12)) is the
variance of the predictable (unpredictable) component of X, explained by the predictable
(unpredictable) component of X;o (see Appendix B for proof). Therefore, the fraction of the
predictable (unpredictable) component of X, explained by the predictable (unpredictable)
component of X7, is the square of predictable (unpredictable) correlation.

_ 2
V2 (Hy' .”/y) _ V(Vyf ng) N corz(yy, i) (13)
V(my, P‘y)V(P‘ly/ #3’/) _\/V(yy, yy)V(y]’/, y’y) '
and _ 2
& (eyo’ glyo) - v (Eyo, 8/ya) 2cor? (eyo, €)) (14)
R o s | I

Moreover, if another climate variable X;O is statistically independent of Xj,, then the
fraction of the predictable (unpredictable) component of X, explained by the predictable
(unpredictable) components of X;o and Xy, is the sum of those for Xj, and Xy, respectively.

3. Results

In principle, predictable variability is driven by the slowly varying external forcing
and slowly varying internal dynamics which are stable within a season, while unpredictable
variability is driven by the internal dynamics dominated by intra-seasonal variability with
cycles larger than 10 days. In this section, the impacts of ENSO and MJO on the predictable
and unpredictable variabilities of global precipitation, especially on tropical oceans, are
studied.

3.1. El Nino-Southern Oscillation

In this study, the Nino3-4 index is used to represent the ENSO. The potential pre-
dictability of the index is more than 0.9 for all seasons indicating that the predictable
variability is dominant. Therefore, any global precipitation related to ENSO is also likely to
be highly predictable.

Figure 1 shows that the variability in the predictable component of precipitation is
largest in the tropics in all seasons, especially in DJE. There is a clear seasonal cycle, with the
largest predictable variability in DJF and the smallest variability in JJA. This coincides with
the seasonal cycle of ENSO, which is also the strongest in DJF and the weakest in JJA. In the
peak season DJF, the center of the largest predictable variability is in the Nino3-4 region
(5° N-5° S, 170° W-120° W). This may be due to the fact that in the La Nina phase, the
cold equatorial water upwells in the Nino3-4 region, associated with a strong trade wind
passing through the Nino3-4 region, resulting in it being the driest; while in the El Nino
phase, the sea surface temperature in the Nino3-4 region is the warmest, resulting in a
large amount of convective cloud that leads to significant positive rainfall anomalies in
the Nino3-4 region. All these facts indicate that ENSO is a likely dominant driver of the
predictable variability of tropical precipitation. To further verify this point, the standardized
predictable covariances for the Nino3-4 index with global precipitation, in all four seasons,
are shown in Figure 2. Regardless of their signs, the spatial patterns and strength of their
absolute values are very similar to those of the predictable component variability (Figure 1)
in tropical oceans (30° E-0° W, 30° S-30° N). This is confirmed by the fact that the pattern
correlations between the predictable component standard deviations (Figure 1) and the
absolute values of the standardized predictable covariances for GPCP precipitation with
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Nino3-4 SST (Figure 2) in the tropical oceans are 0.79, 0.82, 0.89 and 0.92 in MAM, JJA,
SON and DJF, respectively. The corresponding means of the fraction of the predictable
precipitation variances explained by the predictable component of Nino3-4 SST (the square
of Equation (10)) over the tropical oceans are 0.24, 0.41, 0.59, 0.56, respectively. In SON and
DJF when ENSOQ is stronger and unlikely to change phase, the correlations and explained
predictable variances are more significant than those in MAM and JJA. Although the ENSO
variability in MAM is stronger than that in JJA, the correlation and the explained predictable
variance are less significant than those in JJA. This coincides with the fact that ENSO is
more likely to change phase in MAM (especially in April) than in JJA.
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Figure 1. Predictable component standard deviation of GPCP precipitation (mm/day).
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Figure 2. Standardized predictable covariances for GPCP precipitation with Nino3-4 SST.
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3.2. Madden-Julian Oscillation

The Madden-Julian Oscillation (MJO) is a tropical weather system originating in the
Indian Ocean that propagates eastward around the global tropics with a cycle on the order
of 30-90 days [8]. The MJO indices MJO-PC1 and MJO-PC2 are the projections of 20-96 days
filtered OLR [5], the seasonal potential predictability of the MJO-PC1 and MJO-PC2 are
virtual zero. Thus, the MJO is more likely to be a driver of the unpredictable variability of
tropical precipitation. Therefore, any global precipitation related to the two MJO indices is
also likely to be highly unpredictable on a seasonal time scale.

The MJO consists of two parts; one that has strong convective rainfall (wet) and the
other with suppressed rainfall (dry). The dry part of the MJO always precedes the wet part
(dry in the east, wet in the west). There are less clouds in the dry part, which induces strong
solar heating reaching the ocean surface underneath. The accumulation of the heating on
the ocean surface causes warmer SST, which in turn causes upward movement of the air.
This results in convection (wet part) moving eastward, and hence the east propagation of
the MJO. The MJO has wide ranging impacts on the patterns of tropical and extratropical
precipitation, atmospheric circulation, and surface temperature around the global tropics
and subtropics.

We compare the seasonal cycles of the MJO described by Zhang and Dong [8] with the
unpredictable variability of precipitation (Figure 3) and the standardized unpredictable
covariance for the MJO index with global precipitation (Figure 4) in tropical oceans. Zhang
and Dong [8] confirmed that the primary peak season is in boreal winter (December—March),
during which MJO signals are mainly confined to the Indian Ocean and western Pacific
Ocean, and reach their maxima in the South Pacific convergence zone. Similarly, Figure 2d
shows that the primary peak season of unpredictable variability is in DJF with the most sig-
nificant variability near the equatorial Indian Ocean (with standard deviation 1.5 mm/day)
and western Pacific Oceans, especially in the South Pacific convergence zone (with standard
deviation 2.0 mm/day). Figure 3a shows the unpredictable variability in MAM with a
similar pattern to DJFE, but with less variability. This coincides with the fact that March also
belongs to the MJO peak season. This is also the case for the standardized unpredictable
covariances for GPCP precipitation with MJO index (Figure 4d) in the tropical ocean, but
with much weaker strength (with standard deviation 0.8-1.0 mm/day in the Indian Ocean
and 0.6-1.0 mm/day in the South Pacific convergence zone).
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Figure 3. Unpredictable component standard deviation of GPCP precipitation (mm/day).
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Figure 4. Standardized unpredictable covariances for GPCP precipitation with MJO index.

Zhang and Dong [8] further confirmed that the secondary peak season of the MJO
is boreal summer (June-September), during which the strongest MJO occurs north of the
equator from the Bay of Bengal to the South China Sea. Another separated region of
strong MJO signals is located in the eastern Pacific warm pool off the Central American
coast. Similarly, Figure 3b shows that the unpredictable variability in JJA also has a
secondary peak north of the equator from the Bay of Bengal to the South China Sea (with
standard deviation 1.5 mm/day) and a second center in the eastern Pacific warm pool
off the Central American coast (with standard deviation 1.0 mm/day). This is also the
case for the standardized unpredictable covariance for the global precipitations with the
MJO index (Figure 4b) for which JJA also has a secondary peak north of the equator
from the Bay of Bengal to the South China Sea, but with much weaker strength (with
standard deviation 0.8-1.0 mm/day). There is also a second center in the eastern Pacific
warm pool off the Central American coast, but with weaker strength (with standard
deviation 0.8 mm/day). Figure 3c shows the unpredictable variability in SON with a
similar pattern to that of JJA, but with less variability (Figure 3c), and this is also the
case for the standardized unpredictable covariance for the MJO index with tropical ocean
precipitations. This coincides with the fact that September also belongs to the second peak
season of MJO.

Zhang and Dong [8] suggested that for the broad tropical region, the seasonality
in the MJO is featured by a latitudinal migration across the equator between two peak
seasons. In particular, MJO signals in the eastern Pacific (Maloney and Kiehl [9]) appear to
be much stronger during boreal summer than winter. Such migration can be clearly seen
for its unpredictable variability. In JJA and SON (Figure 3b,c), the 1.0 mm/day contour
of the unpredictable standard deviation reaches north of Japan close to 50° N, while in
DJF it draws back to north of the Philippines about 15 N. Similarly, in DJF and MAM
(Figure 3a,d), the 1.0 mm/day contours reach north of New Zealand close to 30° S, while in
JJA it draws back to north of Australia about 10 S. However, these are not obvious in the
standardized unpredictable covariance for the MJO index with global precipitation. The
pattern correlations between the unpredictable component variability (Figure 3) and the
standardized unpredictable covariance of the precipitations with the MJO index (Figure 4)
in tropical oceans are 0.79, 0.79, 0.77 and 0.84 in MAM, JJA, SON and DJEF, respectively. The
corresponding explained unpredictable variances by MJO-PC1 and MJO-PC2 are around
0.065 for all the seasons.
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3.3. Potential Predictability

The spatial patterns of the potential predictability in the four seasons are shown in
Figure 5. In tropical oceans, they are more similar to the predictable variability (Figure 1)
than the unpredictable variability (Figure 2). In particular, the potential predictability
along the tropical Pacific is lowest in JJA (Figure 5b) associated with the lowest predictable
variability (Figure 1b). Potential predictability is highest in DJF (Figure 5d) associated with
the highest predictable variability (Figure 4d). Predictability along the tropical Atlantic is
the highest in MAM and lowest in SON (Figure 1a,c), which is consistent with the potential
predictability (Figure 5a,c).
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Figure 5. Seasonal potential predictability of GPCP precipitation.

The potential predictability of precipitations in the subtropics may also be related
to ENSO. For example, the JJA and DJF precipitation of New Zealand has potential pre-
dictability around 0.3 (Figure 5b,d). Zheng and Frederiksen [10] further extended the
decomposition methodology from the variability of single time series to the covariability of
multivariate time series and established a statistical prediction scheme based on the predic-
tion of EOFs of the covariance matrix of the predictable components. They showed that the
predictability is closely related to Nino3 SST, but also related to the tropical Indian Ocean
SST, the local NZ SST and the southern annular mode, with the cross-validated explained
variance about 20%. For another example, the potential predictability of the eastern Asian
summer monsoon rainfall [the seasonal mean rainfall in the region 5-50° N, 100-140° E in
June-July-August which includes the Meiyu belt from Southern Japan through the Yangzi
River catchment] is around 0.3 (Figure 5b). By using the methodology of Zheng and Fred-
eriksen [10], Yin et al. [11] demonstrated that the predictability is not only related to the
ENSO decay and developing phases, but also to seven other predictors from the Pacific,
Atlantic and Indian Oceans, making the cross-validated explained variance more than 0.25,
which reaches about 80% of the potential predictability.

Figure 5 also shows that there are some areas with significant potential predictability
in some seasons, for example, the western Mediterranean centered in northern Egypt in
JJA (Figure 5b) and northern Mexico in DJF (Figure 5d). To our knowledge, no study
similar to Zheng and Frederiksen [10] has been carried out for precipitation in these regions.
However, the potential predictability study in the current paper at least provides clues as
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to where the precipitation is more likely to be predicted and suggests that the statistical
prediction scheme proposed by Zheng and Frederiksen [10] is worth attempting.

4. Discussions on Methodology

In earlier studies, daily time series were used to estimate the unpredictable weather
noise component. A critical step is to separate the potentially predictable variability from
daily data. For continuous metrological variables, such as temperature and pressure, Mad-
den [1] applied a frequency domain approach where the potentially predictable variability
was removed by a Fourier transform on daily time series for all seasons. Shukla [12]
and Trenberth [13] applied an alternative time domain approach by assuming day-to-day
weather variability is red noise, and the potentially predictability component was partially
removed by a non-parametric approach in estimating the variability of the weather noise
component. The red noise constraint was further relaxed as colored noise, and the influence
of the potentially predictable component was completely removed by the application of the
first order difference operator (Zheng [14]) or modeled as a variance parameter (Jones [15])
or multi-year mean parameters (Delsole and Feng [16]). However, daily rainfall data are
intermittent and therefore the methodologies for daily continuous metrological data are
no longer suitable. Madden et al. [17] applied the chain-dependent model (Katz [18])
to estimate weather noise variability, but for the daily precipitation observations, the fit-
ted parameters are dependent on the predictable components (e.g., Katz and Zheng [19];
Zheng et al. [20]) and therefore the model is over simplified. Feng and Houser [21] mod-
eled the daily precipitation as Gaussian auto-regressive processes described by Delsole
and Feng [16], but the daily precipitation may not be Gaussian, especially if there are
considerable dry days in small areas.

Zheng et al. [7] developed a method for estimating the weather noise component only,
using monthly mean time series based on the likelihood estimation assuming the monthly
means of the weather noise components are Gaussian. They demonstrated, by simulation,
that the estimations of the weather noise component are comparable to those using daily
continuous meteorological data. Zheng and Frederiksen [3] extended the methodology of
Zheng et al. [7] for estimating the covariability of the potentially predictable components
based on the moment estimation with a relaxed Gaussian assumption. Since the Gaussian
assumption on the monthly mean of the unpredictable component is no longer required,
the methodology can, in principle, be applied to precipitation data.

In this paper, the methodology of Zheng and Frederiksen [3] was applied to analyze
the potential predictability of the GPCP precipitation. There are a number of advantages
of the methodology applied in this study over all the previous methodologies using daily
data. Monthly data are more available than daily data. This methodology can be applied
to estimate the covariability of the predictable (unpredictable) components between two
climate variables, which allows for the influence of one climate variable on another to be
estimated, as shown in this study. Moreover, it can be used to estimate the covariance
matrix of predictable (unpredictable) components of a climate field to which the singular
value decomposition analysis can be applied on the estimated component covariance
matrices. Such an approach was successfully applied to the seasonal prediction of New
Zealand rainfall (Zheng and Frederiksen [10]) and east Asia summer monsoon rainfall
(Ying et al. [11]). The successful predictions indicate that the estimation method based on
monthly rainfall data is reliable. Other existing methods can only be applied to estimate
the potential predictability of a single climate variable, but not the covariability between
two climate variables.

By using monthly data, fewer statistical assumptions are required compared with
methodologies using daily data. The only assumption is that the variance of e, is invariant
for month m, while the estimations using daily data depend on a variety of stationary
assumptions and parameterizations which can lead to quite different results. For example,
comparing the estimated potential predictabilities estimated in this paper (Figure 5) and
those using the methodology of Delsole and Feng [16] for the GPCP data (see Figure 1 of
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Feng and Houser [21]), although there is much higher predictability for the South Pole
in their study, a higher predictability at the North Pole during JJA in our study is not
shown in their study. Furthermore, the potential predictability of the eastern Asia summer
monsoon rainfall is 30% using our method, while it is nearly zero in their study. Using our
method, Ying et al. [11] developed a seasonal prediction scheme with a 0.25 cross-validated
explained predictability for the eastern Asia summer monsoon rainfall.

5. Discussion and Conclusions

The covariance decomposition method proposed by Zheng and Frederiksen [3] was
applied to the monthly GPCP precipitation data. The variances of the precipitation seasonal
means for the four seasons were decomposed into potentially predictable components
driven by slowly varying boundary forcing and low-frequency internal dynamics, and
the unpredictable component related to day-to-day weather variability. It was suggested
that ENSO (represented by Nino3-4 SST) contributes more than half of the predictable
variability in SON and DJF when strong and unlikely to change phase. Although ENSO in
JJA is weaker than ENSO in MAM,, it contributes about 40% of the predictable variability
in JJA compared with about 25% in MAM. This could be due to the fact that ENSO in
MAM is more likely to change phase, especially in April. The seasonal distribution of
the variability in the unpredictable component of GPCP precipitation is similar to that of
the MJO described by Zhang and Dong [8], though less than 7% of the variability in the
unpredictable component of GPCP precipitations was explained by the MJO index. This
raises the question as to whether the current MJO indexes represent MJO variability well,
or the MJO may not be so dominant in the variability of the unpredictable component
of seasonal precipitation compared to ENSO and, therefore, this subject is worth further
investigation.
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Appendix A

R-code for calculating the unpredictable covariance of Equation (4)
Cov.wmr=function(x1, x2) #x1,x2: Y by 3 matrix of the two monthly data sets
{

m <- dim(x1) [1]

X1 <-x1[, 1:2] — x1[, 2:3]

X2 <-x2[, 1:2] — x2[, 2:3]

a <- (sum(X1[, 1] * X2[, 1]) + sum(X1[, 2] * X2[, 2]))/2/m

b <- (sum(X1[, 1] * X2[, 2]) + sum(X1[, 2] * X2[, 1]))/2/m

alpha <- min(0.1, max((a + 2 *b)/(a + b)/2, 0))

sigma <- a/(1-alpha)/2

(sigma * (3 + 4 * alpha))/9

}
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Appendix B

Proof of the variance of jy (eyo) explained by puy, (€},,)-

We only prove for predictable component; proof for unpredictable component is
similar.

Suppose the numerical values of j, and y;, exist, and jy can be regressed by i, as

Hy = b]/t/y—f—é‘y

where b is the regression coefficient and §y is the regression error. Since ¢, and ],t’y are
statistically independent, then

V (o) = bV (s )
so the regression coefficient b can be estimated as
b= V(uy/ V’y) / V(u’y, ﬂ’y)
therefore, the variance of yy explained by y’y is
1% (b;/y, by’y) =p*V (;4;, y'y> =V? (yy, V;) /V (y’y y’y)

Although the numerical values of y, and pt’y cannot be obtained, V' (y,, ],t’y ) can be
estimated using Equation (3).
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Abstract: This study explores the spatio-temporal distribution and trends on monthly, seasonal,
and annual scales of rainfall in the central Punjab districts of Punjab province in Pakistan by using
observation and satellite data products. The daily observed data was acquired from the Pakistan
Metrological Department (PMD) between 1983 and 2020, along with one reanalysis, namely the
Climate Hazard Infrared Group Precipitation Station (CHIRPS) and one satellite-based daily Pre-
cipitation Estimation from Remotely Sensed Information Using Artificial Neural Networks climate
data record (PERSIANN-CDR) using the Google Earth Engine (GEE) web-based API platform to
investigate the spatio-temporal fluctuations and inter-annual variability of rainfall in the study
domain. Several statistical indices were employed to check the data similarity between observed
and remotely sensed data products and applied to each district. Moreover, non-parametric tech-
niques, i.e., Mann-Kendall (MK) and Sen’s slope estimator were applied to measure the long-term
spatio-temporal trends. Remotely sensed data products reveal 422.50 mm (CHIRPS) and 571.08 mm
(PERSIANN-CDR) mean annual rainfall in central Punjab. Maximum mean rainfall was witnessed
during the monsoon season (70.5%), followed by pre-monsoon (15.2%) and winter (10.2%). Monthly
exploration divulges that maximum mean rainfall was noticed in July (26.5%), and the minimum
was in November (0.84%). The district-wise rainfall estimation shows maximum rainfall in Sialkot
(931.4 mm) and minimum in Pakpattan (289.2 mm). Phase-wise analysis of annual, seasonal, and
monthly trends demonstrated a sharp decreasing trend in Phase-1, averaging 3.4 mm/decade and an
increasing tendency in Phase-2, averaging 9.1 mm/decade. Maximum seasonal rainfall decreased in
phase-1 and increased Phase-2 during monsoon season, averaging 2.1 and 4.7 mm/decade, whereas
monthly investigation showed similar phase-wise tendencies in July (1.1 mm/decade) and August
(2.3 mm/decade). In addition, as district-wise analyses of annual, seasonal, and monthly trends in
the last four decades reveal, the maximum declined trend was in Sialkot (18.5 mm /decade), whereas
other districts witnessed an overall increasing trend throughout the years. Out of them, Gujrat district
experienced the maximum increasing trend in annual terns (50.81 mm/decade), and Faisalabad
(25.45 mm/decade) witnessed this during the monsoon season. The uneven variability and trends
have had a crucial imprint on the local environment, mainly in the primary activities.

Keywords: rainfall change; CHIRPS; PERSIANN-CDR; descriptive statistics; non-parametric trends;
Google Earth Engine; central Punjab
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1. Introduction

Rainfall is a key component and also a significant contributor to the global energy and
water cycle for determining the overall hydro-meteorology of any region [1,2]. Rainfall
has a various range of impressions on human civilization, agricultural applications [3], re-
gional biodiversity [4], vegetation distribution and growth, local water supply, hydropower
projects [5], and the inclusive geo-ecological equilibrium of a particular region [6]. In past
decades, global rainfall pattern, distribution and trends have unfortunately witnessed an
irregular nature, which resulted in drought [7], immense flooding [8], large-scale cloud
burst, and significant damage in terms of property and infrastructure [9]. It is supposed that
alterations in rainfall patterns would be linked to global temperature rises [10]. Recent stud-
ies suggested a declining annual trend over central Asia in the last few decades [2], whereas
Banerjee et al. [11] reported a slightly increasing trend in annual, seasonal, and monthly
rainfall over the north-west Himalayan region from 2000 to 2022. Moreover, additional stud-
ies have also reported an increasing trend of annual rainfall in the Hindu Kush Himalayan
Region [12], while Zhang et al. 2014 [13] found a slightly decreasing tendency of annual and
seasonal rainfall in China’s Yellow River Basin. Several current studies in Pakistan found
uneven rainfall patterns from 1980 to 2020, where Nawaz et al. [14] noticed an increasing
rainfall trend in Punjab province using numerous remotely sensed gridded datasets. On
the other hand, Nawaz et al. [15] observed an uneven distribution of trends in Punjab
province with increased air temperature in the last 50 years. They further examined the
dependency of elevation on rainfall trends and found higher elevation regions experienced
decreased amounts of rainfall with increased air temperature, whereas lower elevation
regions witnessed increased rainfall. Various other studies have been performed to estimate
rainfall distribution and trends in Pakistan and noticed an overall increased trend at annual
and seasonal scales in the last four decades [2,16,17]. Ullah et al. [2] reported a declined
trend in winter and post-monsoon periods and an increased trend during monsoon periods,
pre-monsoon periods, and winter, averaging 0.9 mm/decade from 1980 to 2016. Pakistan
is a highly agriculture-dependent country, and Punjab province is the largest agricultural
region [14], covering 100% of the nation’s annual food demand. It is a well-established fact
that rainfall is very crucial for agricultural productivity and irrigation. Thus, it is identically
important to study the rainfall dynamics and their long-term variability in Punjab province,
Pakistan. During the last four decades, this region has witnessed uneven alterations of
rainfall dynamics and allied agricultural productivity. Decreased rainfall after the 1980s had
critically impacted on agricultural production, which further coped with abrupt changes
after 2002 [14,15]. The central Punjab region is mostly dominated by the monsoonal rainfall
(>70%) [2,16,18], whereas moisture coming from the Bay of Bengal gradually transfers
towards the central Punjab region because of the low-pressure zone at the Pamir region due
to high temperatures [2,16]. Additionally, winter rainfall in the central Punjab region mainly
occurred due to the western disturbances, the presence of jet streams, and the returning
monsoon [2]. Ullah et al. [2] reported significant changes in seasonal rainfall, where abrupt
decline alteration was reported during the pre-monsoon and winter season before 2000; af-
terward, a slight increased tendency has been reported using 53 rainfall stations. However,
the availability of station-based observed data is very limited throughout Pakistan as well
as in Punjab province, so relying on high-resolution remotely sensed data is the best option
to cope with the station data scarcity [19,20]. Various satellite observations are obtainable,
such as Multi-satellite Precipitation Analysis (TMPA) [21], Tropical Rainfall Measuring Mis-
sion (TRMM) [22], Climate Prediction Centre MORPHing product (CMORH) [23], Climate
Hazard Group Infrared Precipitation with Stations (CHIRPS) [24], Multi-source Weighted-
Ensemble Precipitation (MSWEP) [25], the Precipitation Estimation from Remotely Sensed
Information using Artificial Neural Network (PERSIANN-CDR) [26], Global Precipitation
Measurement (GPM), and the Asian Precipitation-Highly-Resolved Observational Data
Integration Towards Evaluation (APHRODITE) [27]. A few recent studies were carried out
in India and Pakistan on the performance checking of gridded datasets using numerous
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statistical applications and found that CHIRPS and PERSIANN-CDR datasets properly
capture the rainfall events as compared to station data [2,6,11,14,15].

By considering the seasonality, variability, long-term trends, and distribution of rainfall
in the highest food production region in the country, this exploration aims to study the
spatio-temporal and inter-decadal dynamics in the last 38 years of rainfall in 19 districts of
central Punjab province.

The objectives of this study are described as follows:

1.  Collect, calculate, and analyze the CHIRPS and PERSIANN-CDR gridded rainfall
products with surface observatories data from PMD of a chosen region;

2. Map seasonal, annual, and monthly rainfall variability and trends with suitable
performance analysis with in situ data;

3.  Determine long-term inter-decadal district-wise distribution and trends of rainfall
on monthly, seasonal, and annual scales for the period of 1983-2020 by using non-
parametric tests.

2. Study Area

With a total area of 205,344 sq. km, Punjab is the most populous and second largest
province in Pakistan after Baluchistan, with geographical coordinates of 31.17° N and
72.70° E (Figure 1). From the total area of Punjab province, the 19 districts of central Punjab
consist of 68,577 sq. km, which is 33.39% of the total. Of 110.01 million people live in Punjab
province, and 63.67 million live in 19 districts of central Punjab, which is 58% of the total.
Due to canal irrigation and rainfall, especially in summer, a significant part of agricultural
products is produced in central Punjab [28-30]. In Punjab province, central Punjab districts
produced 45% of wheat, 69% of corn, and 83% of rice in 2019-2020. Climatologically,
this area is located in the subtropical dry region, having mean annual temperature ranges
between 16.3 °C to 29.3 °C. Rainfall of this region varies from south—central to north-eastern,
whereas it reaches its maximum during the monsoon season (50-75%) [31]. The monsoon
system provides the majority of rainfall, filling yearly agricultural needs in the central
Punjab region [32]. Recent increased frequency of unpredictable occurrences of rainfall
impacted rice, maize, wheat, sugarcane, and cotton production along with other minor
crops, such as millet, vegetables, and tree fruits, including citrus and mango in the central
Punjab districts, including Nankana Sahib, Sialkot, Gujranwala, Hafizabad, Sheikhupura,
and Sargodha [33]. This region is fairly vulnerable to climate change because of the large
variety and intense events that occur during the summer and winter monsoon precipitation
seasons [34-38]. Spatial and temporal evaluation of the GPPs (gridded satellite precipitation
products) is vital to examine in-depth hydro-meteorological scenarios across the study
region, where observed data are inadequate.
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Figure 1. (a) Location of central Punjab, Pakistan; (b) Districts of central Punjab region; (c) Digital
elevation model of central Punjab with PMD metrological observatories; (d) District-wise land use
and land cover pattern of central Punjab.
3. Materials and Methods
3.1. Observed Data
Daily rainfall surface observatory data of three selected stations were obtained from
the Climate Data Processing Centre (CPCD) of the Pakistan Meteorological Department
(PMD) for the period of 38 years (1983-2020) (Table 1). Station-observed data is already
quality-controlled and has been situated at the same place for the last four decades by PMD
(except in Sargodha where PMD handed over the task to the Pakistan Air Force in 2016) for
calculating long-term variability [2,14]. Therefore, our prime considerations to select the
data were (i) recent time and long-term data availability, and (ii) fewer data gaps, as seen
in Table 1.
Table 1. Data utilized to examine the rainfall distribution and trends in central Punjab.
Station-Observed Data (Collected from PMD)
. . N . Available
Latitude Longitude Elevation (in m) Period Observation (in %)
Lahore 31°33' N 74°20' E 214.00 1983-2020 100
Stations Faisalabad 31°26' N 73°08' E 185.6 1983-2020 99.99
Sialkot 32°31'N 74°32' E 255.1 1983-2020 99.99
Gridded Data (Downloaded from Google Earth Engine Platform)
Data Type Source Year Spatial Resolution
CHIRPS UCSB/CHG 1983-2020 0.05°
PERSIANN-CDR NOAA/NCDC  1983-2020 0.25°
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3.2. Remotely Sensed Data

Two different sources of precipitation datasets were obtained and used; one was
the CHIRPS, and the second was the PERSIANN-CDR satellite-based data. Both were
extracted through the Google Earth Engine (GEE) web-based remote sensing platform
for the period of 1983-2020 (Table 1). The CHIRPS data is a combination of in situ, satel-
lite and global precipitation prediction system (https://www.chc.ucsb.edu, accessed at
10 November 2022), which was taken from the Climate Hazard Group website with the
help of GEE [6]. The PERSIANN-CDR dataset is available via the NOAA National Cen-
ters for Environmental Information (NCEI) program (https://www.ncdc.noaa.gov/cdr,
accessed at 10 November 2022) and was also taken from GEE via the CHRS data portal
(http://chrsdata.eng.uci.edu, accessed at 10 November 2022) [39].

3.3. Data Processing and Statistical Application

Monthly, seasonal, and annual gridded rainfall products were assimilated from the
GEE platform through the use of the ‘ee.ImageCollection” algorithm and complete request of
filter command (ee Filter.calendarRange) for the study period (1983-2020) for this research.
Subsequently, the “clip” function was used to limit the study region and to extract the
actual data as per the study domain. For matching similar spatial information with station
data, the nearest point-pixel rainfall values of the gridded dataset were derived in GEE
in accordance with station locations using GEE algorithms (the code can be found at
Banerjee et al.) [6]. Afterward, pixel-based long-term spatio-temporal trends for gridded
data sets were achieved in GEE by the use of the ‘ee.Reducer.senSlope’ algorithm. The
gridded daily rainfall records were then aggregated to seasonal totals, namely pre-monsoon,
monsoon, post-monsoon, and winter, and also on annual scale. As per recommendations
by the Pakistan Meteorological Department (PMD), the season was considered in the
following way: winter = January and February; pre-monsoon = March, April, and May;
monsoon = June, July, August, and September; post-monsoon = October, November, and
December [36,40,41]. To calculate the long-term trend, the serial auto-correlation technique
has been employed to check the data similarity of a particular time-series, and then non-
parametric techniques i.e., Mann-Kendall (MK) and Sen’s slope estimator were applied to
check the statistical significance and actual amount of alteration throughout the decades
for two distinctive phases (1983-2001 and 2002-2022) at the 95% significance level [6,11],
as per the status of long-term rainfall distribution and observed abrupt changes after 2001
due to the remarkable presence of the EL Nino (1998) and subsequent rapid increase in
temperature and decreased rainfall pattern throughout the country [40]. Previous studies
in this region also highlighted changing pattern of rainfall after 2002, so that we divide
the entire study period into two phases to investigate inter-decal rainfall variability and
trends (Figure S1) [14,15,40]. All of the significance tests and trend calculations at annual,
seasonal, and monthly scales were performed using the GEE web-based API platform and
MATLAB programming language.

The observed rainfall of three stations in central Punjab on a daily scale were obtained
from the PMD archive for the period of 1983 to 2020. The missing values of possible stations
were filled by taking long-term daily averages [6]. Observed rainfall records in a region,
such as central Punjab, are scarce and unobtainable, because most of the rainfall data
stations were established after 2004, so accessing long-term observed empirical data is still
a big challenge for the research community. To ensure that high-quality satellite rainfall
data concerning the station-observed data could be used for further investigation, several
descriptive statistics were then applied to check data distribution and the relative perfor-
mance of the gridded datasets. The statistical indices include (a) bias, (b) multiplicative
bias (MBias), (c) relative bias (RBias), (d) mean error (ME), (e) mean absolute error (MAE),
(f) root mean square error (RMSE), and (g) correlation coefficient (CC). To measure the
uncertainty and assess the level of inaccuracy in an averaging of large-scale estimates, the
following approaches were used: (i) cumulative distribution frequency (CDF) and (j) the
Taylor diagram; all of the mathematical equations can be found in Banerjee et al. [6].
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4. Results
4.1. The Outcome from Descriptive Statistics

Descriptive statistics revealed a blend of under- (PERSIANN-CRD) and over-estimation
(CHIRPS) (Table 2) of rainfall counts as per the observed data. The ME value showed that
both CHIRPS (—0.19 mm) and PERSIANN-CDR (—0.12 mm) slightly underestimate the
daily rainfall at the Lahore and Sialkot stations, while at the Faisalabad station CHIRPS
(—0.11 mm) closely underestimated the rainfall, and PERSIANN-CDR (0.08 mm) overes-
timated the rainfall (Table 2) at daily scales. The lower value of RMSE at three stations
indicates a good spatial association between in situ and remotely sensed data products.
The MAE value of both datasets is in the range of 1.64 mm to 2.82 mm, which indicates that
gridded data is finely fitted with observed data with the least mean absolute error. A very
small or negligible parentage spatial bias for three stations was observed through CHIRPS
(0.23 mm to 0.28 mm) and PERSIANN-CDR (—0.1 to 0.155 mm) data. The low values of
MBias (—0.61 to —1.5) indicate the less systematic errors within the datasets. The correlation
coefficient (CC) and linear regression for both the gridded and station data showed a strong
association (Figure 2) in terms of monthly rainfall distribution. The association of CHIRPS
(r = 0.78) is relatively better as compared to PERSIANN-CDR (r = 0.76). The maximum
correlation coefficient value was noticed at the Lahore station, followed by Faisalabad and
Sialkot (Table 2). Additionally, the cumulative distribution frequency (CDF) graph shows
the spatial distribution for average monthly rainfall (Figure 2e), which presents that more
than 90% of mean monthly rainfall is evenly distributed among CHIRPS, PERSIANN-CDR,
and surface observatories.
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Figure 2. (a—c) show the relationship between the observed and gridded data (r2), (d) bias, (e) RMSE,
and (f) the CDF of gridded data with corresponding observatories from 1983-2020.

4.2. Phase-Wise Annual, Seasonal and Monthly Distribution of Rainfall in Central Punjab
(CHIRPS, PERSIANN-CDR)

Phase-wise annual, seasonal, and monthly distribution of rainfall in central Punjab
have been determined using CHIRPS and PERSIANN-CDR (Figure 3) datasets. The mean
annual investigation as per the CHIRPS data shows comparatively inferior rainfall in
Phase-1 (385.8 mm) compared to Phase-2 (459.2 mm), whereas PERSIANN-CDR reveals
relatively higher rainfall in the last four decades (Figure S2). The seasonal average of two
distinctive phases shows that the maximum rainfall is during monsoon season (70.5%),
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followed by pre-monsoon (12.5%), and winter (9.6%) (Figure 3a,b). In addition to this, the
mean monthly investigation exhibits maximum rainfall in July, August, and September,
followed by January and February (Figure 3c,d).

Table 2. Statistical indices to examine the similarity amid satellite data (CHIRPS and PERSIANN-
CDR) and observed datasets.

Station Data ME (mm) RMSE (mm) MAE (mm) Bias(mm) MBias(mm) RBias (%) CC
CHIRPS —0.19 10.01 2.77 0.29 —1.31 0.00 0.78
Lahore
PERSIANN-CDR —0.12 9.55 2.83 0.15 —1.57 0.00 0.76
CHIRPS —0.11 6.34 1.64 0.23 —0.62 0.00 0.62
Faisalabad
PERSIANN-CDR 0.08 6.57 1.88 —0.10 —1.29 —0.00 0.63
CHIRPS —0.09 1.99 1.18 —0.21 0.88 0.00 0.74
Sialkot
PERSIANN-CDR 0.13 2.12 2.97 0.29 1.15 0.00 0.73
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Figure 3. Phase-wise distribution of rainfall with error bars in central Punjab (from 1983-2001 and
2002-2020). (a) Mean annual and seasonal rainfall of CHIRPS; (b) mean annual and seasonal rainfall of
PERSIAN-CDR; (c) mean monthly rainfall of CHIRPS; (d) mean monthly rainfall of PERSIANN-CDR.

Out of the two phases, maximum rainfall is observed in Phase-2, whereas dispersal of
the PERSIANN-CDR exhibits relatively higher rainfall as compared to the CHIRPS data
(Figure 3a—d).

4.3. District-Wise Distributions of Annual, Seasonal, and Monthly Rainfall (CHIRPS,
PERSIANN-CDR)

District-wise distribution of mean annual, seasonal, and monthly rainfall has been
carried out using CHIRPS and PERSIANN-CDR datasets for 38 years (1983-2020) in central
Punjab (Figure 4). Maximum mean annual rainfall was experienced in Sialkot (904.2 mm),
followed by Narowal (860.36 mm), and Gujrat (840.9 mm) as per the CHIRPS data, whereas
PERSIANN-CDR data show the maximum rainfall as being in the Sialkot (958.46 mm),
Narowal (912.9 mm), and Gujrat (898.78 mm) districts (Figure S2). Concurrently, the
seasonal assessment reveals that maximum rainfall occurs in Sialkot (702.40 mm), followed
by Narowal (656.7 mm), and Gujrat (618.00 mm), with the CHIRPS dataset during monsoon
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season (71.24% out of the total rainfall in central Punjab) (Table 3). Moreover, PERSIANN-
CDR shows maximum rainfall during the same season in Sialkot (690.5 mm), Narowal
(670.48 mm), and Gujrat (608.7 mm) districts (Figure 4a,b). Apart from the monsoon season,
the pre-monsoon and winter seasons also received a significant amount of rain throughout
the years; CHIRPS shows maximum rainfall in Gujrat (95.6 mm), followed by Sargodha
(88.18 mm), and Narowal (87.4 mm) during the pre-monsoon season (14.74% out of the
total rainfall in central Punjab), while PERSIANN-CDR highlights the maximum, albeit
lower, rainfall as compared to CHIRPS in Gujrat (151.9 mm), Mandi Bahauddin (135.7 mm),
and Sialkot (133.9 mm) (Figure 4c,d). Furthermore, maximum rainfall during winter season
(9.96% out of the total rainfall in central Punjab) as per CHIRPS occurs in Gujrat (89.5 mm),
Narowal (88.2 mm), and Sialkot (74.5 mm), where similar distribution pattern has been
noticed in PERSIANN-CDR also. Furthermore, monthly exploration reveals maximum
rainfall in June (43.6 mm), July (123.1 mm), August (109.9 mm), and September (56.7 mm)
in CHIRPS data, while PERSIANN-CDR exhibits maximum rainfall in June (56.3 mm), July
(151.9 mm), August (128.4 mm) and September (59.5 mm) (Figure 4e,f).
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Figure 4. Spatial distribution of mean seasonal and annual rainfall. The upper panel shows
(a) CHIRPS, and the lower panel displays (b) PERSTANN-CDR. Middle and lower portions show
district-wise distribution of annual, seasonal, and monthly rainfall (1983-2020). (c) Mean annual
and seasonal rainfall of CHIRPS; (d) mean annual and seasonal rainfall of PERSIAN-CDR; (e) mean
monthly rainfall of CHIRPS; (f) mean monthly rainfall of PERSTANN-CDR.

60



61

81'69 GG Le 86'18¢ €4°001 ¥¥'6459 09'6 118 €86 0489 GCIel  6Leel  ¥C8S  G09C 6Lee 8TV LE0Y 08'8¢ 0¢0z—200c AAd
WA /e LL°86€ 1¢°68 Y4299 LLTT VA% 6601 STLy 0C¥el  0CT991  TClS  68°CC PPHIE  86F¢ 99°LC 8661 100z-€861 NNVISHAd
06'6¥ 19°61 90°LCE <L'99 61'65F ¥0'L ore 9¢'q 10'89 901 106Gl crev  8F'Sl  ¢0'l¢ 1¢0¢ 16'8¢ 6€'1¢ 0¢0g—200¢ SNMIED
18'9¢ o el ¥¢'a8¢ €209 £8'G8¢ 19°2 181 €y i 7966  890IL  g¥ec  €4Cl  Lg€l yIve 0c6l 1921 100C—€861

UM :JMMMME UOOSUOJA! :oM.M.MoE [ENUUY JIqUIAdJ( JIqUIBAON I13qopQ Jqudidag jsndny  Anf aun( Aely udy  yorey Areniqay  Arenuef porrdg ejeq

(0202—€86T) S19sejep pappLId woly qefun [erusd Ul [[ejurel Jo UonnqLysIp A[Jjuoul pue ‘[euosess ‘[enuue astm-aseyJ °¢ a[qeL

09 ‘71 “€20T 24aydsouizy



Atmosphere 2023, 14, 60

Monthly scale investigation revealed that maximum rainfall was noticed in June to
September, averaging 19.5% of the total (Figure 4e,f), whereas December and January also
experience remarkable rainfall throughout the years.

4.4. Phase-Wise Annual, Seasonal, and Monthly Trends of Rainfall in Central Punjab (CHIRPS,
PERSIANN-CDR)

Phase-wise annual, seasonal, and monthly trends and also percentage change in rain-
fall in central Punjab using CHIRPS and PERSIANN-CDR datasets have been achieved
(Figure 5). Both distinctive phases show a versatile temporal tendency, where Phase-1,
annually detecting a statistically insignificant decreasing trend in both datasets, is an av-
erage of 5%/decade. Moreover, Phase-2 experiences a statistically significant increasing
tendency in both datasets, around 19%/decade (Figure S2). Seasonal investigation ex-
hibits an overall insignificant decreasing trend, averaging 14.3%/decade, except during
post-monsoon season (—4.2%/decade) and winter (0.49 mm/decade). On the other hand,
Phase-2 witnessed an overall statistically significant increasing trend in both the datasets,
averaging 10.5 mm/decade (Figure 5a,b). Maximum seasonal trends occurred during
monsoon season, followed by pre-monsoon and winter seasons (Figure 5a). Additionally,
monthly exploration exhibits the uneven distribution of trend, where CHIRPS observed
a maximum statistically significant reduction in Phase-1 in March (—28.5%/decade), fol-
lowed by September, February, and December (Figure S2). Along with this, CHIRPS data
during Phase-2 experienced an overall increasing trend, where the maximum statistically
significant tendencies were observed in July (37.4%/decade) and April (13.3%/decade)
(Figure 5e,f). However, PERSIANN-CDR witnessed relatively higher statistically sig-
nificant changes in the month of April (31.4%/decade) and slightly lesser ones in June
(26.8%/decade), as compared to CHIRPS data (Table S1).
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Figure 5. Phase-wise trends and mean percentage change in rainfall in central Punjab through
CHIRPS and PERSIANN-CDR (1983-2001 and 2002-2020). (a) Trends on annual and seasonal scales;
(b) trends on a monthly scale; (c) percentage mean annual and seasonal change in CHIRPS from
Phase-1 to Phase-2; (d) percentage mean annual and seasonal change in PERSIAN-CDR from Phase-1
to Phase-2; (e) percentage mean monthly change in CHIRPS from Phase-1 to Phase-2; (f) percentage
mean monthly change in PERSIANN-CDR from Phase-1 to Phase-2.
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4.5. District-Wise Trend of Annual, Seasonal and Monthly Rainfall (CHIRPS, PERSIANN-CDR)

The present study further investigates the district-wise rainfall trend of two grid-
ded datasets for the last four decades. Out of 19 districts, CHIRPS showed a max-
imum annual statistically significant trend in Gujrat (50.8 mm/decade), followed by
Narowal (47.9 mm/decade), Mandi Bahauddin (41.7 mm), Sarghoda (39.5 mm), and Sialkot
(37.2 mm/decade) (Table S2). Contrary to this, PERSTANN-CDR demonstrated a relatively
low tendency, where the maximum trend was observed in Chiniot (29.5 mm/decade). Sea-
sonal investigation illustrates a significant increase during monsoon season in both datasets,
where Gujrat witnessed a higher increasing trend (29.4 mm/decade) (Figure 6a,b). However,
PERSIANN-CDR showed a moderately low seasonal tendency during the monsoon period,
where maximum changes were noticed in Jhang (23.5 mm/decade) (Table S3). Additionally,
pre-monsoon and winter seasons also experienced a statistically significant increasing trend
throughout the years. Maximum changes were observed in Chiniot (10.2 mm/decade),
followed by Faisalabad (10.1 mm/decade) and Toba Tek Singh (9.6 mm/decade), during
pre-monsoon season. On the other hand, Gujrat witnessed the maximum changes during
the winter season (11.8 mm/decade), followed by Sialkot (9.9 mm/decade), and Narowal
(9.4 mm/decade).
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Figure 6. Spatial distribution of magnitude of trends in annual and seasonal rainfall. Top panel
showing (a) statistical significance level of CHIRPS, (b) statistical significance level of PERSIANN-CDR,
(c) magnitude of trend of CHIRPS, (d) magnitude of trend of PERSIANN-CDR, (e) annual and seasonal
trends of CHIRPS and PERSIANN-CDR, and (f) monthly trends of CHIRPS and PERSIANN-CDR.
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In addition, the study further explores long-term monthly alteration using both the
gridded datasets. Maximum significant increasing changes were noticed in Gujrat district
in September (9.6 mm/decade), June (8.9 mm/decade), and July (7.3 mm/decade) based
on CHIRPS data. On the other hand, PERSIANN-CDR showed maximum alteration in
Kasur district (13.1 mm/decade), trailed by Nankana Sahib (12.4 mm/decade), and Okara
(10.6 mm/decade) in September.

5. Discussion

In places where in-situ data is scarce, the use of remotely sensed rainfall data is
critical for assimilation, estimation, and forecasting, as well as enhancing model simulation
performance to well understand the land-atmosphere interactions [42,43]. In this study, we
intensively examined the performance of gridded datasets using two surface observatories
by employing several statistical indices and found more than 90% similar rainfall counts in
the last 38 years (1983-2020). Investigations of monthly, seasonal (winter, pre-monsoon,
monsoon, and post-monsoon), and annual distribution, and trends of rainfall, using non-
parametric statistical techniques revealed 9.59 mm/decade to 50.81 mm/decade increase in
rainfall annually in central Punjab districts in the last 38 years at the 95% confidence level.

5.1. Validation of Gridded Data in Comparison to In-Situ Data (1983-2020)

There have always been concerns regarding the availability of long-term climate data,
especially due to the missing surface observatory data in crucial regions, such as central
Punjab in Pakistan. Due to unreachability, long-term observation stations are an exception
and, hence, we relied on remotely sensed and reanalysis products to estimate uncertainties
that cannot be handled with station rainfall data. Reanalysis (CHIRPS) and satellite-derived
(PERSIANN-CDR) rainfall outputs can be compared and statistically assessed in terms of
relative performance versus limited observational data using the GEE cloud computing
capability. So far, limited research has been conducted for the validity of the CHIRPS and
PERSIANN-CDR in Pakistan against the in situ data, but none so far provide deep insight
at a regional level, such as central Punjab [19,44].

Because of the presence of cold clouds, ice, and snow, satellite products are inadequate
in their capability to predict rainfall in mountainous locations [45]. The CHIRPS sometimes
under- or overestimates in situ data in different parts of the world [46,47]. On a daily
scale, CHIRPS performance was noted as being subpar; however, it was better evaluated
across West Africa on a monthly, seasonal, and annual scale [48]. The dissimilarity is due
to orographic features, different climate zones, and composite surface topography [47,49].
The performance of the CHIRPS was found to be satisfactory over the upper Blue Nile
basin in Ethiopia and over the Central Andes of Argentina [50,51]. The CHIRPS performs
relatively well in India and China as compared to other products [6,52]. In our study,
however, CHIRPS slightly underestimates the rainfall in both stations, but it has ample
capability to count rainfall as compared to observed data. A very low bias, Mbias, Rbias,
and high CC is found. The accuracy of CHIRPS is established in Pakistan at monthly and
seasonal scales in different climate zones [44]. Another study of CHIRPS in Pakistan found
similar results [19].

The PERSIANN-CDR consistently overestimates the rainfall as compared to other
rainfall satellite products and in situ data [18,53-55]. It underestimates the rainfall on a
daily scale and overestimates on a seasonal and annual scale. The inability of infrared-
based retrievals to accurately predict rainfall in PERSIANN-CDR may be the cause of
overestimation [56,57]. However, the accuracy of PERSIANN-CDR is established in drought
and rainfall studies with low error and bias [58-60]. Growing number of literatures have
examined the effectiveness of the PERSIANN-CDR daily rainfall product in recent years
to capture rainfall counts in different parts of the world and estimated its effectiveness in
terms of long-term capturing and performance for hydrological modeling [61-63]. In our
study, the PERSIANN-CDR underestimates the rainfall at Lahore station and overestimated
it at Faisalabad station. However, the accuracy of the PERSIANN-CDR is established with
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high CC, and with low bias and ME. Similar findings are reported in the literature in
Pakistan [44].

Our analysis also demonstrates the authenticity of two gridded data sets, with CHIRPS
showing better agreement with observatory rainfall than PERSTANN-CDR. Similar tem-
poral trends and patterns are seen in the monthly, yearly, and seasonal distributions from
1983 to 2020 from the two observatories (Figure 7).
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Figure 7. Taylor diagram exhibiting spatial association between station data and satellite data sets.

5.2. Variability and Trends in Rainfall

The comparison of the spatio-temporal distribution and trends of rainfall between the
CHIRPS and PERSIANN-CDR (district-wise) datasets across central Punjab from 1983 to
2020 on a monthly, seasonal, and yearly scale was achieved. Both the datasets showed heavy
rainfall in central Punjab during the monsoon season (70.5%), followed by pre-monsoon
(15.2%) and winter (10.2%). The heavy monsoonal rainfall occurred due to uneven distribu-
tion of pressure gradients in the Pamir region and the Bay of Bengal, which brings sufficient
moisture and rainfall throughout the months [11,16,64,65]. Additionally, the pre-monsoon
and winter rainfall occurred due to the presence of western disturbances originating from
the Mediterranean Sea and bringing more moisture towards southwest regions because
of a highly intensified upper air westerly Jetstream [17,18,66]. Less rainfall during the
post-monsoon season is a result of an early end of the monsoon season, but the convective
systems control rainfall during that season [67,68]. The variability in connective systems can
increase or decrease the rainfall in the post-monsoon season. Similar findings are reported
in the literature [2,19,69]. District-wise investigation suggests that Sargodha and Faisalabad
have experienced a statistically significant increasing trend in the monsoon season due to
vast temperature fluctuations, land—ocean interactions, and sufficient moisture from the
Arabian Sea and the Bay of Bengal.

Moreover, Narowal and Sialkot have witnessed a decreased tendency throughout
the years, which can be attributed by the intense global atmospheric circulation patterns
i.e., the El Nifio—southern oscillation (ENSO), the Atlantic multi-decadal oscillation (AMO),
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inter-decadal Pacific oscillation (IPO), and urbanization and climate change [16,65,70].
Another study also found similar results in that region [70].

Additionally, anthropogenic activities, such as industrial growth, infrastructural activ-
ities, urbanization, and global increasing air temperature are also liable [38]. In Phase-2,
annually, rainfall increased by 19%, which can be ascribed to the increasing tendency
towards extreme events and huge temperature gradients, resulting in rapid land-ocean
interactions [11,71,72].

5.3. Environmental and Socio-Economic Impacts of Rainfall Changes

Alterations in annual, seasonal, and monthly rainfall have had a critical impact on
environment setup, particularly in rain-fed regions, such as central Punjab. Increased
inconsistency in rainfall during the summer monsoon season, rising temperatures in arable
parts, and severe water stress (such as floods and droughts) all agglomerate to have a
negative impression on agricultural practices and productivity [73,74].

5.3.1. Effects of Decreasing Rainfall (Phase-1: 1983-2001)

Long-term trend analysis of central Punjab from 1983 to 2001 (Phase-1) witnessed
declining rainfall (averaging 3.4 mm/decade), which resulted in a deterioration of agri-
cultural productivity, averaging 6-18% [75]. Seasonal rainfall in this time phase also
experienced a decreasing trend, averaging 0.09 mm/decade. This can be attributed to the
El Nino-southern Oscillation (ENSO), the Atlantic multi-decadal oscillation (AMO), the
inter-decadal Pacific oscillation (IPO), as well as urbanization and climate change [76-79].

Insufficient rainfall also resulted in less productivity of good quality cotton [80],
which further caused fluctuations in the local economy [81]. Adequate rainfall during the
wheat growing season also resulted from less production and growing, which troubled
the country’s food supply [82]. Massive reductions in livestock due to decreasing patterns
of rainfall in central Punjab districts have been reported, which leads to poverty in rural
areas [83]. Nevertheless, approximately 3 million people were impacted by the severe
drought that occurred from 1998 to 2002, which also affected the national economy overall,
and ecology and the agricultural industry in particular [84-86]. Recent studies have
reported that the severe drought between 2000 and 2001 had an undesirable impact on
the green sector’s growth rate (—2.6%) as equated to subsequent years [87]. This declining
pattern of rainfall also impacted the national water availability (a 51% reduction) and
lessened river discharge from 162 billion m? to 109 billion m?, which triggered a lowering
GDP growth to 4.7% instead of the preliminary objective of 5.2% [88,89], as a significant
proportion of population throughout the years directly or indirectly depended on water
supply and allied primary activities. In rain-fed area, such as central districts of Punjab
province, farm households are surrounded by uncertainty, which causes a reduction in
livestock yield due to decreasing patterns of rainfall. It also increases the challenges of
water availability and leads to poverty in rural areas [83]. More than 3 million people were
impacted by the drought from 1998 to 2002, which also crippled the national economy [84].
Thus, it significantly affected the ecology and the agricultural industry [85,86]. In Pakistan,
the severe drought between 2000 and 2001 harmed the green sector’s growth rate (—2.6%),
as compared to 2001 to 2002 [87]. Pakistan had a 51% increase in water shortage from the
previous year, decreasing water flows in main rivers to 109 billion m3 from 162 billion m?,
and lowering GDP growth to 4.7% instead of the preliminary objective of 5.2% [88,89]. As a
result, a significant portion of the population’s food security and way of life was seriously
impacted, along with agricultural and animal productivity.

5.3.2. Effects of Increasing Rainfall (Phase-II: 2002-2020)

An annual increasing trend has been observed in Phase-2, according to CHIRPS
data, by 10.01 mm/decade, whereas PERSIANN-CDR shows a relatively lower trend
(7.94 mm/decade), which has adverse effects on the local economy, mainly in primary ac-
tivities. This increased effect of rainfall meaningfully impacted on agricultural productivity
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in central Punjab [90]. Recent growing investigators have looked into the enlarged impacts
of rainfall on harvest and yield variation and found a decreased tendency from 5% to 15%
throughout September and October in rice yield in the districts of Lahore, Gujranwala,
and Sheikhupura due to unnecessary heavy rainfall on mature crops [88,89]. Increased
rainfall also resulted in floods in Punjab, mainly in the Dera Ghazi Khan, Rajanpur, and
Rahim Yar Khan districts in 2010 and 2011, which had a massive impact on local primary
production [91]. Contrary to this, a heavy increase in rainfall during the monsoon season
(4.5 mm/decade in Phase-2) occasioned enormous infrastructure and property loss and
also damaged about 150,000 tons of upright settled wheat crops.

6. Summary and Conclusions

The foremost intention of this study was to examine the spatio-temporal long-term
phase-wise distributions and trends of annual, seasonal, and monthly rainfall in the central
Punjab region, Pakistan, by using both observed and gridded (CHIRPS and PERSIANN-
CDR) datasets. Several descriptive statistics and non-parametric statistical trend estimations
were utilized to check the data performance and durable alterations by employing advanced
web-based cloud platform computing (GEE) and MATLAB programming language. The
key findings can be summarized as follows.

1.  The present study initially dealt with the performance checking of remotely sensed
gridded datasets (CHIRPS and PERSIANN-CDR) using station-observed data by em-
ploying numerous statistical indices and found CHIRPS has a higher spatio-temporal
association with station-observed data (r? = 0.76) than PERSIANN-CDR (r? = 0.63),
along with comparatively low bias and RMSE;

2. Long-term annual, seasonal, and monthly distribution of this study highlights maxi-
mum rainfall in Sialkot (904.24 mm), followed by the Narowal (860.36 mm) and Gujrat
(840.99 mm) districts. In seasonal and monthly scales, monsoon season contributes
71.24% of rainfall, whereas highest rainfall observed in the month of July (26.79%). In
addition, out of the 19 districts, the maximum annual statistically significant increas-
ing trend was noticed in Gujrat (50.8 mm/decade), whereas seasonal dynamics show
that the maximum increased during the monsoon season in Jhang (23.5 mm/decade).
Furthermore, the maximum monthly change was observed in Gujrat district in the
month of September (9.6 mm/decade);

3. The present study intensively investigated phase-wise long-term alteration in central
Punjab and found a statistically decreasing trend in Phase-1 (3.5 mm/decade) and
increasing in Phase-2 (7.5 mm/decade). Maximum seasonal changes were noticed
during the monsoon season. Furthermore, the maximum statistically significant
tendency was observed in July (3.3 mm/decade) and April (1.0 mm/decade) in
Phase-2, whereas Phase-1 witnessed a statistically significant reduction in March
(0.9 mm/decade);

4. This uneven nature of inter-annual long-term rainfall has had a crucial imprint on the
local infrastructure and property as well as primary activities (mainly agriculture).
Less rainfall in Phase-1 critically accelerated remarkable loss in agricultural produc-
tivity pf 4.7%, whereas the increased rainfall scenario in Phase-2 resulted in massive
loss of mature standing crops of about 150,000 tons and damage to property due to
unpredicted floods;

5. The foremost lacuna of this study is the availability of maximum ground rainfall
records; however, only three observational stations were available as per the study
period (1983-2020). That is why relying on remotely sensed data is identically signifi-
cant in this case to exhibit overall spatial variations throughout the study domain. To
achieve this aim, the applications and usefulness of a cloud computing system, such
as GEE, is more efficient to gather a large quantity of datasets in a single platform
with higher computational capacity.
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and monthly rainfall in central Punjab districts (1983-2020); Table S2: District-wise annual, seasonal,
and monthly trends of rainfall of gridded datasets (mm/decade, 1983-2020); Table S3: Phase-wise
annual, seasonal, and monthly trends of rainfall in central Punjab (CHIRPS, PERSIANN-CDR).
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Abstract: Water vapor (WV) is a vital basis of water and energy cycles and varies with space and
time. When researching the variations of moisture in the atmosphere, it is intuitive to think about the
total WV of the atmosphere column, precipitable water (PW). It is an element that needs high-altitude
observations. A surface quantity, surface WV pressure (SVP), has a close relationship to PW because of
the internal physical linkage between them. The stability of their linkage at climatic scales is verified
using monthly mean data from 1979 to 2021, while studies before mainly focused on daily and annual
cycles in local areas. The consistency of their variations is checked with three reanalysis datasets from
three angles, the interannual variations, the long-term trends, and the empirical orthogonal function
(EOF) modes. Results show that the interannual correlation of SVP and PW can reach a level that is
quite high and are significant in most areas, and the weak correlation mainly exists over low-latitude
oceans. The long-term trends, as well as the first EOF modes of these two quantities, also show that
their variations are consistent, with spatial correlation coefficients between the long-term trends of
two variables that are generally over 0.6, but specific differences appearing in some regions including
the Tropical Indian Ocean and Middle Africa. With the correspondence of PW and SVP, the variations
of total column WV can be indicated by surface elements. The correspondence is also meaningful
for the analysis of the co-variation in total column vapor and temperature. For example, we could
research the relations between SVP and air temperature, and they can reflect the co-variance of total
column vapor and near-surface air temperature, which can avoid analyzing the relation between
column-integrated moisture content and surface air temperature directly.

Keywords: precipitable water; surface water vapor pressure; consistency; interannual and long-term trend

1. Introduction

As a component in the global water and energy cycles, atmospheric WV is also
an important part of climate variability and change [1-3]. WV is the material basis of
precipitation, and the latent heat released by precipitation is a part of the energy cycle and
can drive atmospheric circulation anomalies [4,5]. The circulation may, in turn, transport
WYV, and change the spatiotemporal distribution of the WV [6]. As the most abundant
greenhouse gas in the atmosphere, WV also affects the atmospheric radiation processes [7].

PW, a conventional quantity of humidity, is the column-integrated WV amount in
the atmosphere [8]. In a regional air column, the WV evaporated from the surface, along
with the WV converged from the surroundings, is used to increase the PW. When the air
saturates, at least at certain levels, precipitation may be produced. In the past, acquirement
of PW data nearly always relied on radiosonde observations [9,10]. Because of the high costs
of radiosonde and the sparsity of observation stations, studies about empirical equations
between PW and surface elements appeared. A surface quantity, SVP, has been stressed
that has a close statistical linkage to PW [11-14]. This linkage can also be explained from a
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physical aspect. In essence, SVP can be regarded as the force exerted by the total moisture
in the air column [15], in analogy with the surface pressure to the total mass of the air
column. From another point of view, WV content is maximal at the near-surface level
and decreases with altitude because of the existence of gravity. Hence, the SVP can well
represent the column WYV content [16,17]. Due to the lack of upper-air detections, the
empirical relations between PW and SVP were utilized to estimate the PW with surface
observations in local areas, especially during the early stage of this methodology when there
were just a few sounding observations [18-21]. Some advanced methods can currently be
used to obtain PW data, such as ground-based radar observations, satellite retrievals [22,23],
global position system (GPS) observations [24,25], model outputs, and the reanalysis [26,27].
Because of the high spatial and temporal resolution of remote sensing products, which
could be 1 h and 30 km, they can help to fill the gaps between radiosonde locations and
launch times. However, the retrieval effects except for microwave-based products are often
not very useful in cloudy areas [22,23]. The ground-based GPS data have a higher temporal
resolution, which is about 5 min [25], but the network is not so dense, and the duration
is relatively short. Except for a few elements such as precipitation, the reanalysis datasets
universally have decent accuracy in broad areas, with the support of the accumulations of
vast amounts of historical observations, advanced modeling, and data assimilation systems.
They have been applied in studies on the hydrological fields and their effects have been
verified [8].

Because of the appearance of these measuring methods, perhaps the demands of
calculating PW with surface elements are not as imperious as earlier. However, analyzing
the relationship between them is still meaningful. It is easy to understand that over areas
with few instructions, such as oceans, the SVP can be calculated with PW retrieved by
satellite remote sensing.

Numerous studies have proven the quasi-linear relation between SVP and PW from
the statistical aspect, and there are empirical equations in local areas [19,21,28,29]. Due to
the appearance of progressive observation methods such as satellite remote sensing, the
PW data can be used to estimate the values of SVP in reverse in the areas where it is hard to
establish observation stations [20]. Previous studies are mainly concentrated on daily and
annual cycles in local areas when analyzing the relationship between PW and SVP. Their
relationship at interannual scales was researched in a few studies, but most of them still
focused on the linkage in local areas. In daily or seasonal variations, the radiation processes
vary dramatically, so following the temperature, PW, and SVP both have obvious variations,
and it may be easy to vary consistently for them. When analyzing the interannual or long-
term variations, the amplitudes may be much smaller. The questions researched here are
whether the consistency is reliable at climatical scales, and where the consistency is not
good. Hence, the consistency of interannual and long-term variations of monthly mean PW
and SVP are examined globally.

Under global warming, atmospheric moisture is often linked to tropospheric tem-
perature or surface air temperature through Clausius—Clapeyron Equation [30-34]. Many
researchers studied the interannual and long-term variations of WV as well as its rela-
tionship with temperature, using PW or SVP [3,35-38]. Globally, the WV follows the
temperature closely in line with the Clausius—-Clapeyron Equation. However, it is more
exhausted when researching the variation in local areas [39]. The PW in some areas has de-
creasing trends, such as in Australia from 1957-2016 [37]. As for the interannual variation in
WYV, Hao and Lu [39] studied the response of SVP to surface air temperature and found that
the response of SVP to temperature is in close line with the Clausius—Clapeyron Equation at
high latitudes. Shi et al. [40] studied the relationship between upper troposphere humidity
and PW. Some studies also researched the linkage between PW and surface air tempera-
ture and re-established the PW during periods that lack high-altitude observations [41,42].
Wang et al. [8] found that there is a close linkage between the first EOF mode of PW and
the Nifio-3.4 index. As introduced before, the surface quantity which can directly reflect
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the PW is SVP. Because of the physical relation between SVP and surface air temperature,
there is also a tight linkage between PW and the latter.

The long-term and interannual variations of total WV in the atmosphere can be
reflected by SVP if the variations of the two quantities are consistent. When studying
the response of WV to temperature, it is more suitable to use SVP than PW because the
quantities that are all at the surface level can be used. It can avoid the problems brought
by linking the column-integrated moisture with surface-level temperature or integrating
the intensive quantities. With the linkage between PW and SVP, the response of SVP to the
temperature studied in [39] can be extended to that of PW to a certain degree, while the
response of SVP to surface temperature is studied in another part of our work.

Consulting the internal physical relation between PW and SVP, their linkage may be
stable when the atmosphere is in hydrostatic equilibrium because the vertical movements
can break the direct relationship between mass and pressure of the fluid. In the areas
where the convection is active, the monthly averages of vertical motions are strong and
precipitation amounts are large. The climatic value of PW and SVP are both larger than in
other areas, but the linear correlation between monthly mean PW and SVP are probably
weaker. Hence, in some areas, it could be hard to establish an efficient empirical equation
between PW and SVP, and these areas could be found in the study.

The linkage between PW and SVP is analyzed from three angles concurrently. The
interannual correlation and long-term trends of them are examined globally. Different from
the daily or annual cycles, the interannual and long-term variations of these two physical
variables may be much smaller. Hence, whether the linkage between them is still stable
and where their linkage is not so good when analyzing their interannual and long-term
variations are the questions that we tried to answer. To further verify the consistency of their
variations, the first EOF modes of PW and SVP are shown and compared as well. To further
verify the credibility of the results, three reanalysis datasets from different institutions are
used. Due achieve this, we may mainly focus on the common points among the three
datasets in the analysis.

The datasets together with the methods adopted are presented in Section 2. The
consistency of interannual variations and long-term trends of PW and SVP are shown in
Sections 3.1 and 3.2. The EOF leading modes and time series are compared in Section 3.3.
Section 4 shows the summary and discussion.

2. Data and Method
2.1. Data

Except for a few elements such as precipitation, the reanalysis datasets universally
own decent accuracy in broad areas, with the support of the accumulations of vast amounts
of historical observations, advanced modeling, and data assimilation systems. They have
been applied in studies on the hydrological fields and their effects have been verified [8].
With the aim of the global scale study and ensuring the credibility of the results, three
reanalysis datasets from different institutions are used, the European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5), Japanese 55-year Reanalysis
(JRA55), and the National Centers for Environmental Prediction and the Department of
Energy (NCEP-DOE) Reanalysis-2 (NCEP2).

The ERAS [43], provided by the ECMWE, is the fifth-generation ECMWEF atmospheric
reanalysis of the global climate covering the period from January 1950 to the present. ERA5
is produced by the Copernicus Climate Change Service (C3S) at ECMWE. The data cover
the Earth on a 30 km grid and resolve the atmosphere using 137 levels from the surface up
to a height of 80 km. The NCEP2 project performs data assimilation using past data from
1979 through the previous year [44].

Spanning from 1958 to present, JRA-55 is the longest third-generation reanalysis that
uses the full observing system. Compared to the previous generation Japanese Meteoro-
logical Agency (JMA) reanalysis (JRA-25), JRA-55 uses a more advanced data assimilation
scheme, increased model resolution, a new variational bias correction for satellite data,
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and several additional observational data sources [45]. Horizontal resolutions of the three
datasets are all 2.5° x 2.5° in latitude and longitude.

The quantities used include the monthly mean PW, the 2 m temperature, and the
2 m dewpoint temperature from 1979 to 2021, which are directly downloaded from the
servers. The SVP and saturated SVP are calculated with the modified Tetens formula [46],
then the relative humidity can be obtained. As for the quantities at pressure levels, the
moisture-related quantity directly given by ERA5 and JRAS55 is specific humidity and that
given by NCEP2 is relative humidity. Utilizing one of them with temperature which can be
downloaded from the server, the other one can be figured out. The specific processes are
illustrated below. With the temperature data, the saturated WV pressure can be calculated
firstly as mentioned before. Then, with the relative humidity, the WV pressure can be
archived. Finally, the specific humidity q can be obtained with the approximate empirical
equation q = e(e/p), where e is WV pressure and p is the pressure. The ratio of dry and
wet gas constant ¢ is taken as 0.622 here. To analyze the profiles, the vertical velocity at
pressure levels is also used and directly downloaded. There are 12 isobaric levels from
1000 hPa to 100 hPa in all three datasets used in the paper. The specific levels can be seen
in the plots that show vertical profiles. Because the surface levels of the chosen land areas
are general over 1000 hPa, the lowest level shown in land areas is 925 hPa. To intuitively
show the variables downloaded and calculated, they are listed in Table 1.

Table 1. The variables directly downloaded from the servers. The variables that need calculation are
in brackets, and the variable in each pair of brackets is calculated with the corresponding variable out

of the brackets.

Datasets Single Level Variables Pressure Level Variables

Ell{{::s 2m temperature (saturated SVP) vertical velocity specific humidity

J 2m dewp01'nt’ temperature (SVP) temperature (saturated SVP)

NCEP2 precipitable water relative humidity (specific humidity)
2.2. Method

2.2.1. Mann—Kendall Test and Sen’s Slope Estimator

There are some ways to estimate the trends of hydrological and meteorological el-
ements, including parametric and non-parametric methods [47]. Analysis of long-term
trends includes the confirmation of increasing or decreasing slopes and significance test-
ing [48]. Mann-Kendall test was formulated by Mann [49] as a non-parametric test for
trend detection, and the test statistic distribution was given by Kendall [50] for testing
non-linear trends and turning points. It is an excellent non-parametric method and is
preferred by many researchers [51]. It is used for trend analysis, as it eliminates the effect
of serial dependence on auto-correlated data which modifies the variance of datasets [52].
The MK test is used to test the significance of long-term trends of PW and SVP.

Sen’s slope estimation, also a non-parametric method, gives the magnitude of the
trend [53]. Another advantage of Sen’s slope is that it is not affected by outliers and single
data errors in the dataset [54].

The slopes of the long-term trends are calculated with the Theil-Sen slope estimator,
and it is also a non-parametric method [53]. In this model, the slope values reflect the
increasing and decreasing magnitudes of variables. The long-term trends of PW and SVP
at each grid are calculated with this method to examine their consistency.

2.2.2. Empirical Orthogonal Function (EOF) Analysis

In climate research, EOF analysis is often used to study possible spatial modes of
variability and how they change with time. In statistics, EOF analysis is known as Principal
Component Analysis (PCA) [55]. As such, EOF analysis is sometimes classified as a
multivariate statistical technique. A field is partitioned into mathematically orthogonal
modes which can be called EOF spatial modes, or patterns. Typically, the EOFs are found by
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computing the eigenvalues and eigenvectors of a spatially weighted anomaly co-variance
matrix of a field. The derived eigenvectors just vary with spatial modes. Each of the
eigenvectors is an EOF pattern. The derived eigenvalues provide a measure of the percent
variance explained by each mode. The time series (principal components) of each spatial
pattern are determined by projecting the derived eigenvectors onto the spatially weighted
anomalies. This will result in the amplitude of each mode over the period of record. Each
pair of spatial patterns and time series can represent the spatial-temporal varying features
of the variable.

By construction, the EOF patterns and the principal components are independent.
Two factors inhibit physical interpretation of EOFs. One is the orthogonality constraint and
the other is that the derived patterns may be domain-dependent. Physical systems are not
necessarily orthogonal and if the patterns depend on the region used, they may not exist if
the domain changes. Still, even with these shortcomings, classical EOF analysis has proved
to be useful.

To make sure the EOF modes of PW and SVP are distinguished from the noise signal,
the Monte Carlo technique [56] is used to test the significance of the first three modes.

2.2.3. The Theoretical Linkage between PW and SVP

PW is the total WV amount in the atmosphere column and can be expressed as
the integration of the WV from the surface to the tropopause. Under the condition of
hydrostatic equilibrium, the equation can be transferred to the isobaric coordinate form.
The o-coordinate o = p/ps is employed and specific humidity is expressed with WV
pressure as q = e(e/p). As shown by Lu [17], the PW can be written as

e 1
w:,/ edine )
0

In equations, the PW is denoted as W. The vapor pressure e normally reaches its
maximum at surface level, then decreases with the altitude [57]. Vapor pressure can be
seen as a function of o approximately and expressed as e = Ec™. In the formula, SVP is
denoted as E, and m is a constant in a specific area. Then, the relationship between PW and
SVP can be expressed as W = k-E, and k is expressed as k = ¢/(gm) in the formula, where g
is gravitational acceleration and m is the constant described before. As a result, W has a
close linkage with surface vapor pressure E.

From another point of view, SVP is produced by the gravity of total WV in the air
column and their linkage is the same as the relationship between surface pressure and the
total quality of the column air mass. Hence, if the atmosphere is in hydrostatic equilibrium,
there will be a linear linkage between PW and SVP.

3. Results
3.1. The Consistency of Interannual Variations

Figure 1 shows the maps of interannual correlation coefficients of monthly mean PW
and SVP calculated with the ERA5 dataset. (The long-term trends are removed before
calculating the correlation coefficient. Results obtained with JRA55 and NCEP2 are shown
in Figures S1 and S2 in the Supplementary Materials). Three datasets all show that the
coefficients in most areas are positive and can pass the 0.05 significance level, except in
July. Just a few areas cannot pass the significance test and they are almost all in low-
latitude regions. As illustrated before, the stratification of the tropical atmosphere is less
stable, and the more frequent convection there probably breaks the linear relationship
between PW and SVP. The linear correlation is especially strong in some areas, such as the
Antarctic, Australia, Eurasian Continents, and the Southern Ocean. The distributions of
strong correlation areas (SCAs) are similar among the three datasets.
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Figure 1. Maps of correlation coefficients of PW and SVP (the dataset used is ERA5). The correlation
coefficients in shaded areas cannot pass the 0.05 significance level. Blue and red squares are strong
and weak correlation areas, respectively, selected to show the vertical profiles.

Comparing the results calculated with different datasets, the weak correlation areas
(WCAs) accordant among three datasets in all four months include the Maritime Continent,
coasts of the Tropical Atlantic, the north coast of the Indian Ocean, and the east coast
of the Southeast Pacific. There also exist differences among different datasets. Overall,
insignificant correlation areas of NCEP2 and JRAS55 are larger than those of ERAS. In JRA55,
there are more WCAs in the Arctic in July. In NCEP2, there are more WCAs in the North
Pacific in July and east Equatorial Pacific in July and October.

As for temporal variations, insignificant correlation areas in July are much larger
than those in other months. The correlation coefficients at high latitudes in January, April,
and October are large and can reach the 0.05 significance level. Differently, there exist
some WCAs at mid-to-high latitudes in the Northern Hemisphere in July. It is plausible
that this pattern is also relevant to stronger convection in these areas in Boreal Summer.
Synthetically, the distribution of weak correlation areas, to some degree, is similar to the
position and shape of the Inter Tropical Convergence Zone (ITCZ), with relatively larger
areas in the West Pacific and the Indian Ocean and integrally more northward locations.
The narrow belt distribution over other tropical oceans of the weak correlations is also
slightly similar to the features of ITCZ.

When analyzing the monthly mean values, the areas with stronger convection could
have stronger upward motion and a larger amount of precipitation. As mentioned, the
linear relation between PW and SVP will be strong in hydrostatic equilibrium. In areas
with strong and frequent convection, the interannual variation in vertical motion may also
be stronger compared to the stable areas. The fluctuation of vertical movements will break
the physical relation between quality and pressure. Hence, the weaker correlation areas
in Figure 1 over oceans are probably associated with strong convection, and this is simply
checked in the next section.

Results of the three datasets uniformly show that PW and SVP are strongly correlated
in most extratropical areas and prove their strong linear relationship. The spatial patterns of
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(a)

correlation coefficients in extratropical areas are also concurrent among the three datasets,
except for the weaker correlation in the Arctic in July obtained with JRA55.

The curves of normalized PW and SVP in red and blue squares in Figure 1,
Figures S1 and S2 are also examined, but not shown in the main text (results are shown
in Figures S3-56 in the Supplementary Material). The variations of PW and SVP in SCAs
can be quite consistent both on land and over the ocean. As for those in WCAs, on land, it
seems that the variations of two variables are relatively more consistent before 1997, but
this phenomenon cannot be seen over the oceans. Whether it is due to the data quality or
other signals of the atmosphere variability needs further analysis.

To preliminarily analyze the reasons for the weak correlation in some areas, the
vertical profiles of specific humidity and vertical velocity are exhibited. On land, the weak
correlation area is in North Africa in places such as the Sahara. The vertical lapse rates are
larger and more like exponential curves in SCAs (Figure 2). Due to the extreme drought
in the WCAs, the WV differences between middle and low levels are relatively small
compared with the SCAs. Hence, the influence of humidity at middle levels is relatively
larger. Additionally, the standard deviation at middle levels is larger than that at low levels
in WCAs, while the condition is reversed in the SCAs. The large ratio of fluctuations at
middle levels to those at low levels can break the linear relation between PW and SVP
because a large part of PW variation is at middle levels.

ERAS5 (b) JRAS5 (c) NCEP2
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Figure 2. The vertical profiles of specific humidity in strong and weak correlation continental areas.
(unit: g-kgfl). The shaded areas are the range of one standard deviation. (a) ERA5 datasets, (b) JRA55
datasets, and (c) NCEP2 datasets. The specific areas chosen are squared in Figure 1, Figures S1 and S2,
correspondingly (Figures S1 and S2 are in the Supplementary Materials). Because the land surface
pressure is around 940 hPa, the lowest level shown is 925 hPa).

Over the oceans, the specific humidity in the WCAs is more than that in the SCAs
from the lower to upper troposphere (Figure 3). However, the lapse rate seems larger in
the SCAs below 700 hPa. The standard deviation at middle levels is larger than that at low
levels both in strong and correlation areas. The fluctuations at low levels in the WCAs are
nearly zero, and it is hard for SVP, with almost no variation, to reflect the variation in PW.
The small fluctuations there may be caused by the frequent convection, and the surface air
is nearly saturated all the time. The convection also makes the air at middle levels own
more WV.
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Figure 3. The contents are similar to Figure 2, but the areas squared are oceanic areas. (a) ERA5
datasets, (b) JRA55 datasets, and (c¢) NCEP2 datasets.
To further verify the convection conditions, Figures 4 and 5 exhibit the profiles of
vertical velocity in the WCAs and SCAs. There are weak upward motions in the continental
SCAs and relatively strong downward motions in the continental WCAs. There is not a
consensus on the ratios of fluctuations in SCAs to that in WCAs among the three datasets.
The stronger vertical movement is more likely to break the linear relation between PW and
SVP under a drought environment over land. Because the differences between fluctuations
of vertical movements in WCAs and SCAs are not so large, the fluctuations of vertical
movements seem to play a less important role there.
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Figure 4. The vertical profiles of vertical velocity in strong and weak correlation continental areas.
(unit: Pa-s~1). The shaded areas are the range of one standard deviation. (a) ERA5 datasets, (b) JRA55
datasets, and (c) NCEP2 datasets. The specific areas chosen are squared in Figure 1, Figures S1 and S2,
correspondingly. Because the land surface pressure is around 940 hPa, the lowest level shown is
925 hPa).
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Figure 5. The contents are similar to Figure 4, but the areas squared are oceanic areas. (a) ERA5
datasets, (b) JRA55 datasets, and (c) NCEP2 datasets.

As for the oceanic areas, there are weak downward movements in the SCAs and
relatively stronger upward movements in the WCAs. The fluctuations in the WCAs are
also larger than that in the SCAs. The convection with strong upward motion is probably
one of the main reasons for the weaker correlation in some oceanic areas. The unstable
upward movements with large interannual variability may also have some effects.

3.2. Consistency of Long-Term Trends

Figure 6 shows the maps of long-term trends of PW and SVP for four months calculated
with the ERAS dataset (results of JRA55 and NCEP2 are shown in Figures S7 and S8 in the
Supplementary Materials). In ERA5, focusing on the regions with significant trends, SVP
and PW have concurrent distributions, such as the negative trends in the Southeast Pacific
and the positive trends in the Northwest and Southwest Pacific. However, the trends of
SVP in some oceanic areas are stronger than those of PW, including the South Pacific and
North Atlantic, where the areas with significant trends of SVP are larger. In North Asia, the
areas with significant trends of SVP are also larger than those of PW in April and October,
while the situation is inverse in North Africa and the Northwest Pacific in July.

In the result calculated with JRA5, the trends of SVP and PW are a little less consistent
than those in the result of ERA5. The phenomenon in Asia is similar, with SVP having
significant trends in larger areas, and the differences between the trends of SVP and PW are
larger than those of ERA5. However, in the Indian Ocean and Tropical Pacific, the trends of
PW are stronger than those of SVP. The trend directions in most areas are consistent, except
in some areas of Australia in January and the middle Tropical Pacific in July and October.

In NCEP2, the trends of SVP are weaker than those of PW on oceans, such as the
Southeast Pacific in all four months and the Northwest Pacific in July. In North Eurasia
and the Arctic, the trends of SVP are stronger. Trends of the two quantities in the North
Atlantic and North America are relatively consistent, but the decreases in SVP on the east
coast of South America are not so obvious as that of PW. In Africa and the middle Indian
Ocean, there are contradictions between the trends of the two variables.
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Figure 6. The long-term trends of PW (the left column, unit: kg:m~2/10 yr) and SVP (the right
column, unit: hPa/10 yr) in four months calculated with the ERA5 dataset. The rows from top to
bottom correspond to January, April, July, and October, respectively. Trends in the shaded areas can
reach the 0.05 significance level.

The ERA5 and JRAB5 datasets both show that in most areas, the trend directions of
PW and SVP are identical. The NCEP2 has more areas with contradictory trends of these
two variables, including Middle Africa, the Indian Ocean, and the Tropical Atlantic. In
all, the trend directions of PW and SVP are consistent in most areas, except in Middle
Africa, the Indian Ocean, and the Tropical Atlantic. However, the trend intensities of these
two variables are not so consistent.

Similar features can be seen among the three datasets. The areas with large slopes
mainly exist at mid-to-low latitudes. There are also some areas with biggish discrepancies
among the three datasets, such as some parts of Africa. There appears a positive-negative-
positive pattern in the meridional direction. The result obtained with ERA5 exhibits a
nearly reverse distribution in these areas in spring.

The distributions of trends also have temporal variations. In Australia, for example,
the trends there in summer and other seasons are disparate. In some regions with the same
year-round signs of slopes, the absolute values are larger in summer and weaker in winter.
The absolute values of the slopes in polar areas are not large, but trends in most parts of
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these places can reach the 0.05 significance level, due to the climate of low air temperature
and little vapor there.

To exhibit the consistency of long-term trends of PW and SVP intuitively, the scatter
plots are shown in Figure 7. Every other grid is selected in meridional and zonal directions
to draw the scatter plot and create the linear regression, because too many points will affect
the exhibition effect if all the grids are used. The trends of the two variables are strongly
correlated, with the correlation coefficients over 0.6 in all four months in ERA5. The lowest
correlation coefficient is 0.49, which is in January calculated with JRA55. From the slope
values of the linear regression, it can be seen that the trends of PW are generally weaker
than those of SVP, but there are also some grids where the trends of PW are stronger.

The curves of global areal-weighted averaged PW, SVP, and surface air tempera-
ture are shown in Figure 8 (results calculated with JRA55 and NCEP2 datasets are in
Figures S9 and S10 in the Supplementary Materials). The trends of three quantities can
pass the 0.01 significance level using the MK test in all four months. It can be seen that the
normalized PW and SVP overlap in quite a few parts of 43 years. Even in the rest periods,
the two curves are almost parallel, and the only relatively large difference exists in October
in the result of NCEP2. Hence, the global mean PW and SVP have consistent long-term
trends and interannual variations, which is to say, the interannual and long-term variations
of global mean SVP can well reflect those of PW.

Under greenhouse warming, the global mean SVP and PW both have significant
increasing trends. From this point, results calculated with three sets of data can reach an
agreement, and the trends of SVP and PW both amplify in July and October. However,
when comparing the slope values of SVP and PW, there are still some differences among
different datasets. Their trends are not so consistent as temperature.

Overall, from the angle of spatial distributions, three datasets all exhibit a feature
that the trends of SVP are stronger than those of PW in North Eurasia. The increasing
(decreasing) trends of PW can be decomposed into two parts. The first one is the increasing
(decreasing) evaporation, and the other is the column-integrated vapor convergence (di-
vergence). With the comparison of PW and SVP trends in North Asia, it can be concluded
that the upward motions may be weakened there. It is plausible that the increasing trends
of SVP there are mainly contributed by the increased water capacity of air and surface
evaporation, but the vapor transport at higher levels may be weakened along with the
weakened circulation. Eventually, the trends of PW are not so obvious as SVP in these areas.

In the Oceanic Continents and Tropical West Pacific, JRA55 and NCEP2 both show
that the trends of PW are stronger than those of SVP. It can be concluded that the upward
movements may be reinforced there. The stronger upward motion transports more vapor
to the middle layers and the atmosphere is not in hydrostatic equilibrium. The global
mean SVP and PW have consistent interannual variations and increasing trends in all
three datasets.

3.3. The Consistency of the First Leading EOF Modes

To further confirm the reliability of the relationship between SVP and PW, the first
EOF patterns (EOF 1) of PW and SVP are shown and compared. Figure 9 shows EOF 1 of
PW and SVP obtained with the ERA5 dataset (results obtained with JRA55 and NCEP2
are shown in Figures 511 and 512 in the Supplementary Materials). With the Monte Carlo
technique, the first three EOFs can be significantly distinguished from the noise. The
0.05 significance level needs the explained variances of the first three modes beyond 2.70%,
2.66%, and 2.65% respectively, with the spatial-temporal resolution (73 x 144 grids and
43 years) used here. There exist ENSO-like patterns, the inverse deviations in Northwest
and Mid-to-East Pacific, in all four months, accordant with the result in [8,37]. However,
what is mostly important is the similarity of patterns and time series of the two quantities.
The result of ERA5 shows that the spatial patterns of the two quantities are quite similar.
Relatively more differences exist in the negative value parts of the Tropical Pacific and the
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Indian Ocean in April. The pattern of SVP in the Pacific is more eastern compared with
those of PW in July and October.
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Figure 7. Scatter plots of PW and SVP trends at grids in four months. Each dot is a grid. The columns
from left to right correspond to ERA5, JRA55, and NCEP2. The rows from top to bottom correspond
to four months. The black line is the linear regression line of PW and SVP. The grey line is the y = x
line. R is the spatial correlation coefficient of PW and SVP. The equation in the right bottom corner is
the regression equation.
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Figure 8. The time series of normalized global areal-weighted averages of 2 m temperature (T), PW
(W), and SVP (E) in January (a), April (b), July (c), and October (d) calculated with ERA5 datasets.
The four numbers at the top-right of subgraphs are the correlation coefficient between PW and SVP
and Sen’s slope value of three elements (T, W, and E in sequence; units: K/10 yr, kg»m_2 /10 yr, and
hPa/10 yr), separately.
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Figure 9. The first EOF (EOF1) modes of PW (left) and SVP (right) calculated with ERAS5. The rows
from top to bottom correspond to January, April, July, and October, respectively. The percentages at
the top-right of subgraphs are fractional mode variances corresponding to PW and SVP. The numbers
at the upper-left corners of graphs in the right column are spatial correlation coefficients of the first
modes of PW and SVP.
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The result calculated with JRA55 is similar, while the little divergences between PW
and SVP are also over the Tropical Pacific in April and July. What needs attention is that
there is a great distinction between the first modes of these two variables in April. After
verification, it is confirmed that EOF 1 of PW corresponds well with EOF 2 of SVP. Hence,
EOF 1 of SVP in April is replaced by EOF 2 in the result of JRA55.

The differences between spatial patterns of PW and SVP are relatively larger in the
result of NCEP2. The distinctions of patterns are obvious in April, July, and October. The
negative values of SVP on oceans are visibly weak. Especially in October, not only the is
the intensity of the negative center in the Tropical Pacific not so coherent, but there are
also some contradictions in the Middle East and Southeast Africa. The spatial correlation
coefficient in October is just 0.37, which is much lower than those in other months.

EOF 2 and EOF 3 of the two variables are also compared, and they also correspond
well (results are shown in Figures 513-518 in the Supplementary Materials). The spatial
correlation coefficients of the patterns are generally over 0.5 for EOF 2 except in October
calculated with NCEP2 (the correlation coefficient is —0.34 and can pass the 0.01 significance
level), and those for EOF 3 are generally over 0.4. EOF 3 of PW and SVP calculated with
ERADS is relatively less coherent in January and April, with the spatial correlation coefficient
of the patterns being —0.32 and —0.29, respectively. However, because of the long sequence
(73 x 144), the correlation coefficients can still pass the 0.01 significance level. Similar to the
condition in April in the result of JRA55, EOF 3 of PW is more consistent with EOF 4 of SVP
in January in ERA55. Hence, the subgraph of SVP in January in Figure 516 is EOF 4 of it.

As a whole, EOF 1 of PW and SVP obtained with ERA5 and JRA55 datasets is more
coherent than that obtained with NCEP2. Even in NCEP2, spatial correlation coefficients of
PW and SVP can pass the 0.01 significance level and are larger than 0.66 in January, April,
and July. The first three leading modes all show good coherences between PW and SVP.
Even the lowest spatial correlation coefficient between the EOF patterns of two variables
can still pass the 0.01 significance level.

Corresponding to the consistency of spatial patterns, the time series of SVP and PW
obtained with ERA5 almost overlaps in many periods (Figure 10; results calculated with
JRAS55 and NCEP2 are shown in Figures 519 and S20 in the Supplementary Materials; The
time series of EOF 2 and EOF 3 calculated with three dataset are shown in Figures 521-526
in the Supplementary Materials). The correlation coefficients of the SVP and PW time series
are generally over 0.8. As for the NCEP2, the time series with the largest discrepancies exist
in October, with a 0.52 correlation coefficient. In October, the time series of SVP is stable
with an increasing trend, while the PW is fluctuating.

The time series of EOF 2 and EOF 3 are also examined. The absolute values of
correlation coefficients of the corresponding time series are generally over 0.7, and the
lowest value is 0.44, which is obtained with the time series of EOF 3 in January calculated
with the ERA5 dataset. Corresponding to the relative less consistency of EOF 3 in January
and April calculated with ERAS5, the time series of EOF 3 in these two months is also
less coherent.

Combining the spatial patterns and time series synthetically, the first three EOF leading
modes and time series of PW and SVP can correspond well in ERA5 and JRA55. Most
contractors exist in the Tropical Indian Ocean and the Tropical Atlantic. Most of the
differences in the Pacific are intensity differences. The consistency of the EOF modes of PW
and SVP in results further proves the close relationship between them in interannual and
long-term variations. It is a complement to the statistical basis of using the variations of
SVP to represent those of PW, or the reverse.
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Figure 10. The principal component time series (PCs) of EOF 1 of PW and SVP was calculated with
the ERA5 dataset (scaled to unit variance). The numbers at the top-right of subgraphs are correlation
coefficients of two curves.

4. Summary and Discussion

Because of the deficiency of high-altitude observations and the internal physical
relation of PW and SVP, the linkage between them has been researched for some decades.
The time scales mainly researched are the daily and annual cycles. Whether the linkage
is reliable everywhere at interannual and long-term variations is examined in this paper.
With the examination, we can reveal the areas where it is difficult to obtain an efficient
empirical equation between PW and SVP and the regions where the variations of SVP and
PW can well reflect each other.

Results show that the interannual variations of monthly mean PW and SVP are strongly
correlated in most areas, with correlation coefficients generally over 0.8. Correlations at
high latitudes are stronger than those at low latitudes, and correlations in winter are
stronger than those in summer. The insignificant correlations just exist over tropical oceans
and some high-altitude areas in the Northern Hemisphere in Boreal Summer.

The vertical profiles of specific humidity and vertical velocity in weak and strong
correlation regions are compared to figure out the reasons for the weaker correlations. Over
the ocean, the weak correlation could be mainly due to the unstable and strong convection.
On land, the weak correlation is associated with the extreme drought near the surface.
Under the drought conditions, the downward motions in these areas probably break the
linear relationship. There is only a little moisture, so the effects of vertical movements are
relatively more destructive.

The long-term trends of SVP and PW are also analyzed. In a large number of areas
besides some areas of the Tropical Indian Ocean and Middle Africa, the long-term trends
of SVP can well reflect those of PW. Three datasets exhibit a common characteristic that
the trends of SVP in North Eurasia are stronger than those of PW. The trends of SVP in
high-latitude areas of Eurasia are stronger than those of PW, indicating that the upward
movements are attenuated, and evaporation is enhanced along with warming. The vapor
convergence at high levels may be weaker along with the weakening of circulations.
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As a whole, the variations of SVP and PW are consistent in vast areas, especially in
ERA5. At the interannual scale, the variation in PW can be reflected by that of SVP in
most extratropical areas except in July. It is feasible to use the interannual variation in SVP
to reflect that of PW in extratropical areas except in July, but researchers must be careful
when performing this in the Tropical West Pacific and the Tropical Atlantic. In these areas,
it should be relatively hard to establish an effective empirical equation between PW and
SVP. On the long-term scale, the trend direction of PW can be well reflected by that of SVP,
except in the Tropical Indian Ocean east to Africa and the Tropical Atlantic east to South
America. The weaker correlations are mainly caused by the vertical movements which can
cause the large fluctuation of specific humidity at middle levels and adjust the profiles of
specific humidity, while it also means that the atmosphere is not in hydrostatic equilibrium.

The close linkage between SVP and PW is an extension of another study by us [39].
The response of SVP to surface temperature is studied in another part of our work. With
the linkage between PW and SVP, the response characteristics of column WV content can
be reflected by those of SVP. In addition, it provides a brief description of where the PW
can be well regressed with SVP, or the other way around. Because the specific values of
trends, interannual correlation coefficients, and EOF modes differ among different datasets,
some areas with large discrepancies need more accurate observations to be verified, such as
the Indian Ocean and the east coast of South America. Perhaps using SVP at several grids
to estimate PW (or in reverse order) or using several surface variables to estimate PW will
achieve a better effect. It is worth trying, and it may be suitable to combine some neural
network methods.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13091350/s1, Figure S1: Maps of correlation coefficients of
PW and SVP (The dataset used is JRA55). The correlation coefficients in shaded areas cannot pass
the 0.05 significance level. Blue and red squares are strong and weak correlation areas respectively
selected to show the vertical profiles, Figure S2: Maps of correlation coefficients of PW and SVP (The
dataset used is NCEP2). The correlation coefficients in shaded areas cannot pass the 0.05 significance
level. Blue and red squares are strong and weak correlation areas respectively selected to show
the vertical profiles, Figure S3: The curves of normalized PW and SVP in strong correlation areas
on land (blue squares in January in Figure 1, Figure S1, and Figure S2), Figure S4: The curves of
normalized PW and SVP in weak correlation areas on land (red squares in January in Figure 1,
Figure S1, and Figure S2), Figure S5: The curves of normalized PW and SVP in strong correlation
areas over the oceans (blue squares in July in Figure 1, Figure S1, and Figure S2), Figure S6: The
curves of normalized PW and SVP in weak correlation areas (red squares in July in Figures 1-3)
over the oceans, Figure S7: The long-term trends of PW (the left column, unit: kg-m~2/10 yr) and
SVP (the right column, unit: hPa/10 yr) in four months calculated with the JRA55 dataset. The
rows from top to bottom respond to January, April, July, and October respectively. Trends in the
shaded areas can reach the 0.05 significance level, Figure S8: The long-term trends of PW (the left
column, unit: kg~m*2 /10 yr) and SVP (the right column, unit: hPa/10 yr) in four months calculated
with the NCEP2 dataset. The rows from top to bottom respond to January, April, July, and October
respectively. Trends in the shaded areas can reach the 0.05 significance level, Figure S9: The time
series of normalized global areal-weighted averages of 2 m temperature (T), PW (W), and SVP (E) in
January (a), April (b), July (c), and October (d) calculated with JRA55 datasets. The four numbers at
the top-right of subgraphs are the correlation coefficient between PW and SVP and Sen’s slope value
of three elements (T, W, and E in sequence; units: K/10 yr, 1<g~r1f2 /10 yr, and hPa/10 yr), separately,
Figure S10: The time series of normalized global areal-weighted averages of 2 m temperature (T), PW
(W), and SVP (E) in January (a), April (b), July (c), and October (d) calculated with NCEP2 datasets.
The four numbers at the top-right of subgraphs are the correlation coefficient between PW and SVP
and Sen’s slope value of three elements (T, W, and E in sequence; units: K/10 yr, kg»m_2 /10 yr, and
hPa/10 yr), separately, Figure S11: The first EOF modes of PW (left) and SVP (right) calculated with
JRAS55. (The rows from top to bottom correspond to January, April, July, and October respectively.
The percentages at the top-right of subgraphs are fractional mode variances corresponding to PW
and SVP. The numbers at the upper-left corners of graphs in the right column are spatial correlation
coefficients of the first modes of PW and SVP), Figure S12: The first EOF modes of PW (left) and SVP
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(right) calculated with NCEP2. (The rows from top to bottom correspond to January, April, July, and
October respectively. The percentages at the top-right of subgraphs are fractional mode variances
corresponding to PW and SVP. The numbers at the upper-left corners of graphs in the right column
are spatial correlation coefficients of the first modes of PW and SVP), Figure 513: The second EOF
modes of PW (left) and SVP (right) calculated with ERA5. (The rows from top to bottom correspond
to January, April, July, and October respectively. The percentages at the top-right of subgraphs are
fractional mode variances corresponding to PW and SVP. The numbers at the upper-left corners of
graphs in the right column are spatial correlation coefficients of the first modes of PW and SVP)),
Figure S14: The second EOF modes of PW (left) and SVP (right) calculated with JRA55. (The rows
from top to bottom correspond to January, April, July, and October respectively. The percentages at
the top-right of subgraphs are fractional mode variances corresponding to PW and SVP. The numbers
at the upper-left corners of graphs in the right column are spatial correlation coefficients of the first
modes of PW and SVP.,), Figure 515: The second EOF modes of PW (left) and SVP (right) calculated
with ncep2. (The rows from top to bottom correspond to January, April, July, and October respectively.
The percentages at the top-right of subgraphs are fractional mode variances corresponding to PW
and SVP. The numbers at the upper-left corners of graphs in the right column are spatial correlation
coefficients of the first modes of PW and SVP.), Figure S16: The third EOF modes of PW (left) and
SVP (right) calculated with ERA5. (The rows from top to bottom correspond to January, April, July,
and October respectively. The percentages at the top-right of subgraphs are fractional mode variances
corresponding to PW and SVP. The numbers at the upper-left corners of graphs in the right column
are spatial correlation coefficients of the first modes of PW and SVP.,), Figure S17: The third EOF
modes of PW (left) and SVP (right) calculated with JRA55. (The rows from top to bottom correspond
to January, April, July, and October respectively. The percentages at the top-right of subgraphs are
fractional mode variances corresponding to PW and SVP. The numbers at the upper-left corners of
graphs in the right column are spatial correlation coefficients of the first modes of PW and SVP.).,
Figure S18: The third EOF modes of PW (left) and SVP (right) calculated with NCEP2. (The rows
from top to bottom correspond to January, April, July, and October respectively. The percentages
at the top-right of subgraphs are fractional mode variances corresponding to PW and SVP. The
numbers at the upper-left corners of graphs in the right column are spatial correlation coefficients
of the first modes of PW and SVP.), Figure 519: The principal components of EOF 1 of PW and SVP
were calculated with the JRA55 dataset (scaled to unit variance). The numbers at the top-right of
subgraphs are correlation coefficients of two curves, Figure S20: The principal components of EOF
1 of PW and SVP were calculated with the NCEP2 dataset (scaled to unit variance). The numbers
at the top-right of subgraphs are correlation coefficients of two curves, Figure S21: The principal
components of EOF 2 of PW and SVP were calculated with the ERA5 dataset (scaled to unit variance).
The numbers at the top-right of subgraphs are correlation coefficients of two curves, Figure 522: The
principal components of EOF 2 of PW and SVP were calculated with the JRA55 dataset (scaled to unit
variance). The numbers at the top-right of subgraphs are correlation coefficients of two curves, Figure
523: The principal components of EOF 2 of PW and SVP were calculated with the NCEP2 dataset
(scaled to unit variance). The numbers at the top-right of subgraphs are correlation coefficients of
two curves, Figure S24: The principal components of EOF 3 of PW and SVP were calculated with the
ERADJ dataset (scaled to unit variance). The numbers at the top-right of subgraphs are correlation
coefficients of two curves, Figure S25: The principal components of EOF 3 of PW and SVP were
calculated with the JRA55 dataset (scaled to unit variance). The numbers at the top-right of subgraphs
are correlation coefficients of two curves, Figure S26: The principal components of EOF 3 of PW and
SVP were calculated with the NCEP2 dataset (scaled to unit variance). The numbers at the top-right
of subgraphs are correlation coefficients of two curves.
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Abstract: This study examines the variations in groundwater levels from the perspectives of the
dynamic layers soil moisture (SM), normalized difference vegetation index (VI), temperature (TE),
and rainfall (RA), along with static layers lithology and geomorphology. Using a Bayesian Ensemble
Algorithm, the trend changes are examined at 385 sites in Kerala for the years 1996 to 2016 and
for the months January, April, August, and November. An inference in terms of area under the
probability curve for positive, zero, and negative trend was used to deduce the changes. Positive or
negative changes were noticed at 19, 32, 26, and 18 locations, in that order. These well sites will be
the subject of additional dynamic and static layer investigation. According to the study, additional
similar trends were seen in SM during January and April, in TE during August, and in TE and VI
during November. According to the monthly order, the matching percentages were 63.2%, 59.4%,
76.9%, and 66.7%. An innovative index named SMVITERA that uses dynamic layers has been created
using the aforementioned variables. The average proportion of groundwater levels that follow index
trends is greater. The findings of the study can assist agronomists, hydrologists, environmentalists,

and industrialists in decision making for groundwater resources.

Keywords: groundwater levels; rainfall; temperature; Mann—-Kendall test; Bayesian Ensemble Algorithm

1. Introduction

The whole life cycle of flora and fauna is impacted by hydrological and climatological
changes. The combined impact is a new field of study known as hydro-climatology. All the
elements of the environment are components of the water cycle, which must constantly be
in balance. Life on Earth needs water to survive and be sustained, and the largest freshwater
source is groundwater. In India, more than 80% of the country’s needs for drinking water
and 60% of its agricultural needs are met by groundwater. In the southernmost state of
India, Kerala, freshwater resources are reported to be abundant. As Kerala customarily has
a well for each house, the number of groundwater extraction wells has continued to grow
throughout time [1]. The idea of determining the causes of oscillations in the groundwater
table has arisen as a result of water shortages. Aquifers in Kerala have water depths that
range from 0 to 40 mbgl. After the monsoon season, the ground water levels in most areas
will be less than 5 mbgl, and subsequently, as a result of extraction, they will fall between
5 and 10 mbgl [2].

The groundwater level analysis initiates an immediate decision-making process for
sustainable water management [3]. This can be done with both spatial and temporal
scales [4]. Various advancements in the study of groundwater levels include groundwater
storage [5,6], potential [7], resource development [8], sustainability [9], usage and man-
agement [10], trend analysis [11], and impact on agriculture and the economy [12]. The
spatial variability helps the authorities understand the risks of using groundwater [13].
The trend analysis helps to identify the long-term decrease or increase in the levels. The
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majority of the changes seen in hydro-climatological investigations are dynamic and non-
linear. In contrast, most studies have applied linear trend analysis approaches to these
data sets. Mann—Kendall tests, which are also non-parametric, are widely used in the
trend analysis of the groundwater level in a particular region, plain, or aquifer all over
the globe. To summarize, a monotonic increasing or decreasing linear trend is applied
to possibly nonlinear data. The studies related to the groundwater level trend analyses
performed all over the globe include those conducted in the city of Jinan in China [14], the
northwest part of Uzbekistan [15], the Tabriz plain of Iran [16], the Bacchiglione basin of
Italy [17], the Yogyakarta—Sleman basin of Indonesia [18], the KwaZulu-Natal province
of South Africa [19], and semi-arid Chile [20]. The trend analysis of groundwater levels
carried out by researchers for different parts of India include variations in the depth of the
groundwater level in the Kaithal district of Haryana state [21] and the Lower Bhavani River
basin in Tamil Nadu [22]; quantification of the groundwater level trends of Gujarat [23],
Punjab [24], and the semi-arid region of Telangana [25]; and groundwater variability analy-
sis with rainfall of Jharkhand state [26]. Mann—Kendall tests are used not only for trend
analysis of groundwater, but also for precipitation analysis [27,28], deposition data [29],
and rainfall [30]. Modified versions of the Mann—Kendall trend test have emerged over the
years. Kumar et al. [31] used four variations of Mann-Kendall in determining groundwater
level trends. Recent studies have also used the innovative trend analysis method that
determines the linear trend using the first and second half of the datasets [32-34].

In addition, several nonlinear approaches have been devised to overcome the limita-
tions of the earlier linear methods. One such method is a Bayesian Ensemble algorithm
called the Bayesian Estimator of Abrupt change, Seasonal change and Trend (BEAST). The
primary concept is to segment the data set into seasonal signal, trend signal, and noise. The
Mann-Kendall trend has been applied in a number of groundwater trend analyses, while
BEAST has been applied only in a handful of studies. BEAST has several advantages over
linear trend analysis methods. It forgoes the single best model concept and embraces all
competing models based on Bayesian model averaging. It is a flexible tool to determine
abrupt changes, cyclic variations, and nonlinear trends, and it explains how likely the
detected changes are true. It is applicable to all real-valued time series datasets. These
benefits make it the best method to determine the water table fluctuations. The relevant
fields that have applied the BEAST method include remote sensing [35], hydrology [36],
hydraulic engineering [37], atmospheric sciences [38], and climate sciences [39]. To the best
of our knowledge, BEAST has not been applied to groundwater levels with the considered
parameters and an index.

On a primary note, the studies so far have compared the groundwater level trends
with respect to rainfall [40]. This is because rainfall acts as a natural recharge. However, in a
global analysis and when analyzing a whole state as a domain, like Kerala, it is not sufficient
to study just rainfall trends. Due to the rapid increase in the population, urbanization,
and industrialization, along with many other developmental activities, the groundwater
resources are vulnerable to depletion and quality degradation throughout the state of
Kerala [41]. The other dynamic parameters under consideration are temperature, soil mois-
ture, and normalized difference vegetation index (NDVI). The temperature is an indicator
of climate change and helps to understand the water fluctuation from a climatological
perspective [42]. Soil moisture plays a significant role in the hydrological cycle and tends to
influence the groundwater recharge [43]. Rajesh et al. [44] used NDVI to deduce groundwa-
ter storage. Various indices are used to explain the characteristics of the groundwater level,
such as the standard groundwater level index [45] and the standardized depth to water
level index [46]. Presently, all the indices have been created using the levels themselves and
inferences such as drought [47,48] are deduced. Studies thus far have not tried to create
an index using the influential variables, which take in all the importance and contribu-
tion. With the complexity in hydraulic changes, this index can be used to determine the
underlying groundwater level changes. The coefficients for the index are obtained from the
Analytical Hierarchy Process (AHP). It is a commonly used multi-criteria decision-making
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technique that strengthens the decision-making process by verifying consistencies [49]. The
applications include reinforcement of hydropower strategy [50], comparison of judgment
scales [51], potential survey of photovoltaic power plants [52], and investigation of lean-
green implementation practices [53]. This is first of its kind to implement AHP for creating
a dynamic layer index in determining groundwater fluctuations.

The objective of the study is to analyze the Kerala groundwater level trends using
BEAST in order to explain these trend changes with respect to the climatological variables
of rainfall and temperature, as well as two other dynamic layers, namely soil moisture
and the normalized difference vegetation index. Soil moisture is important because the
rainfall needs to penetrate through the soil layer to recharge the source, while VI helps to
support water retention. Apart from individual analysis, an index named SMVITERA has
been developed and investigated. A final explanation is also obtained from the static layers
of lithology and geomorphology. The BEAST aggregates the entire better model, and as
a result, the computational part is highly mathematical. The applied studies so far have
used the outputs from the model to explain trend changes. In this study, we have deduced
a percentage of probability with which the trend could be positive, negative, or zero to
explain a comparative level of certainty or significance. The manuscript has been arranged
into 5 sections. Section 1 is the Introduction, Section 2 explains the Materials and Methods,
Section 3 is the Results, Section 4 details the Discussion, and Section 5 is the Conclusions.

2. Materials and Methods

This section explains the datasets and the methodologies used to carry out this study.
The datasets include the primary analysis of groundwater levels and the dynamic and
static layers analyzed, whereas the methods include the AHP, Mann-Kendall, and BEAST.

2.1. Study Area and Datasets

The study is conducted in Kerala, which serves as a gateway to the Indian Monsoon.
The Arabian Sea to the west, the state of Karnataka to the north, the state of Tamil Nadu
to the east, and the Indian Ocean to the south form the borders of Kerala. Kerala, spread
over 38,863 km?, lies between the latitudes 8" 17/24” N to 12° 47/42” N and between
the longitudes 74 51'46” E to 77" 24/42" E. Kerala is famed for its natural beauty and
backwaters, and the state is home to about 35.33 million people. The state has about
120-140 rainy days, with an average rainfall of about 2923 mm annually and a tropical
climate with the seasons Summer (March-May), South-West monsoon (June-September),
North-East monsoon (October-November), and Winter (December-February). The mean
maximum temperature is 33 °C in March-April and 28.5 °C in July [54]. Kerala has 44 rivers,
which annually yield about 70,300 mm? of water. Even with a copious amount of rainfall,
water stress is experienced in different parts of the state during various seasons. The
state is split into 14 districts: Kasaragod, Kozhikode, Kannur, Wayanad, Malappuram,
Palakkad, Thrissur, Ernakulam, Alappuzha, Idukki, Kottayam, Pathanamthitta, Kollam,
and Thiruvananthapuram.

The Central Groundwater Board (CGWB) maintains observation wells around the
state to monitor groundwater levels. Meters below ground level (mbgl) are measured four
times a year—January, April, August, and November (JAAN)—symbolizing the Winter,
Pre-monsoon, Monsoon, and Post-monsoon seasons, respectively. These levels are freely
accessible from the India Water Resources Information System (WRIS) (https:/ /indiawris.
gov.ins, accessed on 12 January 2022). The wells having at least 90% of the data from 1996
to 2016 during the JAAN months were chosen as suitable research locations, resulting
in 385 well locations across the state (Figure 1). The studied well distributions are 41 in
Malappuram, 40 in Palakkad, 37 in Thrissur, 34 in Ernakulam, 32 in Thiruvananthapuram,
30 in Kozhikode, 28 in Kollam, 23 in Kannur, 23 in Pathanamthitta, 22 in Alappuzha, 22 in
Kottayam, 21 in Wayanad, 20 in Kasaragod, and 12 in Idukki.
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Figure 1. Kerala Map with the studied well locations on a base map of elevation.

2.2. Variable Pre-Processing

The groundwater level characteristics are analyzed with the help of the dynamic layers,
namely, Soil Moisture (SM), Normalized Difference Vegetation Index (VI), Temperature
(TE), and Rainfall (RA). SMVITERA, an index based on all these layers, has been developed
to improvise a combined relationship.

2.2.1. Dynamic Layers

The Global Monthly Soil moisture (in millimeters) from NOAA-NCEP-CPC-GMSM
is available as GeoTIFF at the IRI digital library maintained by the International Research
Institute of Climate and Society, Columbia Climate School (http:/ /iridl.ldeo.columbia.edu/
SOURCES/.NOAA/.NCEP/.CPC/, accessed on 28 January 2022). Soil moisture is assessed
by a one-layer hydrologic model [55], which uses observed precipitation and temperature
as inputs and computes the soil moisture, evaporation, and runoff [56]. The monthly raster
files are downloaded for north latitudes 8° N to 13° N and east longitudes 74° E to 78° E,
having a spatial resolution of 0.5" x 0.5~ during the years 1996 to 2016 and in the JAAN
months. In the Geographic Information System (GIS) environment, the grid point values
are extracted and interpolated with the Inverse Distance Weighted (IDW) technique. IDW
is calculated using the equation [57]:

N
Z(sy) = ; MiZs,)

where N is the number of sampling points, A; is the weightage of each sample point, Sy
represents the set of sampling points in the neighborhood of S;, Zg, ) is the prediction at Sy,
and Zg,) is the measured value at S;.

The Normalized Difference Vegetation Index (VI) is an indicator of the greenness of
biomes on the Earth’s surface and is essential to monitoring the changes in the ecosystem.
The inputs are reprocessed data from SPOT-VEGETATION and PROBA-V missions [58-61].

The formula used is:
REFyir — REFg

NDVI =
REF,iy + REFreq
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where REF,;, and REF,,; are the spectral reflectance measured in near-infrared and red
wavebands. The NetCDF NDVI files are downloaded from Copernicus Global Land
Services on a scale of 10 days and 1 km resolution. Three raster images are used and
averaged using Cell statistics in GIS to obtain monthly NDVI for the years from 1999 to
2016 and in the JAAN months. Focusing on the Kerala region, it is observed that there are
missing values in a few regions. As a result, a model was built in ArcMap that takes these
raster layers, converts them into point shapefiles, and then interpolates them using IDW
interpolation. Likewise, all the raster layers are created for the considered months.

The climatological data sets on daily rainfall with a spatial resolution of
0.25" x 0.25° [62], and maximum and minimum temperatures of 1" x 1° spatial resolu-
tion [63], are downloaded from the India Meteorological Department (IMD) for the years
1996 to 2016 and in the JAAN months. The mean of the maximum and minimum tem-
peratures will be the average temperature. These layers are then linearly interpolated to
0.25" x 0.25". Using the GIS environment, all of these gridded datasets are finally interpo-
lated using the IDW technique and the associated values for the 385 locations, the 21 years
(1996 to 2016), and the JAAN months are retrieved.

2.2.2. SMVITERA Index

Each dynamic layer has its own relevance and importance regarding its water holding
capacity. Moreover, their positive influence need not always result in an increase in water
availability. It is difficult to analyze the variables and their influences separately, and
doing so might not yield expected results as well. Here, an approach has been made to
create an index based on the above-discussed dynamic layers. The index has been named
after combining the layers of Soil Moisture, the normalized difference Vegetation Index,
Temperature, and RAinfall to explain the effect in one instance. The formula takes the form:

SMIVITERA = aSM + bVI 4 cTE + dRA D)

Using the Analytical Hierarchical Process (AHP), the coefficients a, b, c and d are
determined as signed normalized weights depending on the influence on water recharge.
Depending on how they relate to groundwater recharge, the coefficients are given appro-
priate signs. The index’s trend analysis aids in pinpointing the combined result and the
better one more precisely.

2.2.3. Static Layers

To understand the hydro variability, which assists in determining the land setting
under each analyzed place, the static layers of the lithology and geomorphology are
examined. The features of a single rock unit found in the Earth’s crust are the subject of the
subfield of lithology in Earth sciences. Geomorphology is the study of landforms, including
their formation, shapes, and underlying deposits. Bhukosh (https:/ /bhukosh.gsi.gov.in/
Bhukosh/Public, accessed on 20 February 2022), a portal and gateway to all geoscientific
data of the Geological Survey of India (GSI), is where the lithology and geomorphology of
the state of Kerala are found.

2.3. Methods
2.3.1. Analytical Hierarchical Process (AHP)

The Analytical Hierarchical Process (AHP) [64] is applied to obtain the index coef-
ficients, which form a Pairwise Comparison Matrix (PCM). The PCM matrix must be
normalized by dividing with the column sum. The weight vector is the average of the
total, and then multiplying it by 100 gives the normalized weightage of each variable layer.
The consistency of the PCM is found with the help of the Principal Eigenvalue (Ax),
Consistency Index (CI), and Consistency Ratio (CR). Multiply PCM by the Weight vector
(W) to obtain the product matrix (M). Now, divide each of the cells in M by the row value of
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W to get the Consistency Vector Matrix (CVM), whose average is the Principal Eigenvalue.
The Consistency Index is obtained using the equation:

- Amax — 1
The Consistency Ratio (CR) is calculated using the equation:
CI
CR = i (©)]

where RI denotes the consistency indices for randomly produced reciprocal matrices [65].
The inconsistency is acceptable if CR is less than or equal to 0.1.

2.3.2. Mann—-Kendall Trend Test

The Mann—-Kendall [66,67] test is a non-parametric test to identify trends, in which all
data is compared to all subsequent data. The null hypothesis states that there is no trend
and the alternate hypothesis states that there exists an increasing or decreasing trend in
the time series. Let x1, x, X3, ..., x; be a time series of length n. The Mann—Kendall test
Statistic S is calculated using,

n—=1 n
S=Y Y sign(x;—x)
k=1 j=k+1

where,
1 lf Xj— X > 0
sign(xj—x) =< 0 if xj—x =0
-1 lf Xj— X < 0
The statistic is normally distributed with mean and variance E(S) = 0 and V(S) =

8
& ln(n—1)2n—5) — ¥ t,(tp —1)(2t, +5) |, where g is the number of tied groups and
p=1

tp is the number of data points in the p th group. If there are no tied groups, the variance
becomes,
n(n—1)(2n—>5)

18

The normalized test statistic Z in the Mann-Kendall test is,

V(s) =

_5-1 if $>0

[VAR(S)|2

z={ 0 if $=0
—SH_if §<0
VAR(S)2

Considering a significance level «, the null hypothesis is rejected if the absolute value
of Z is greater than the table value of Z; 4. Once the null hypothesis is rejected, the time
series exhibits a rise or fall.

The magnitude of the trends is obtained using the Theil-Sens approach [68-70], where

"f‘i‘"] foralli < .

j—1

the slope B is given by, p = median[

2.3.3. Bayesian Estimator of Abrupt Change, Seasonal Change, and Trend (BEAST)

BEAST is the Bayesian Ensemble Algorithm used to analyze the time series and the
change points [71]. The method was initially developed to study satellite time series data
and can be applied to any time series that satisfies the assumptions [72]. The model pre-
supposes that a time series can be divided into four components: the seasonal component
modeled using a harmonic function, a background component modeled using a piecewise
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linear regression function, a certain number of possible change points for both of the com-
ponents, and a certain amount of random noise. The search is for a relationship between
the n points of time t and the corresponding data y, combined as time series D = {y;, t; }
fori=1,2,...,n via a statistical decomposition model §(t) = f(t). The model treats the
time series y; = y(#;) as a composite of the seasonal 5(.) and trend T(.) components, abrupt
changes, and the noise, formulated as follows:

Yyi = S(ti, @5) + T(t,’, @T) +&; 4)

5(.) and T(.) represent the seasonal and trend signals. The noise captures the data that
is not explained by these signals ¢;, which is assumed to follow Gaussian with a magnitude
of 0. The general linear models are adopted to parameterize signals S(.) and T(.) [73,74].
The abrupt changes in the signals are implicitly encrypted in the parameters @5 and O,
respectively.

A piecewise harmonic model is used to approximate the seasonal signal S(t) with
respect to p knots. These p knots divide the time series with starting time ¢y = ty and
ending time ¢, 1 = t, into p + 1 intervals, such as [Go, &1], [€1,82], ... , [Gp,p+1]- For each
of the p + 1 intervals, denoted by [Gk, i1 1], for k =0,. .., p, the model takes the form:

Ly

2mtlt 27t
S(t) = in| —— b — )|, f <t< ,k=0,...,p.
(t) I_Zl{ak,ﬁm( P ) + k,1005< P )] or §x <t < Crt1 p
where P is the period of the seasonal signal, L is the harmonic order for the k-th segment,
ax is the parameter for the sine function, and by is the parameter for the cosine function.
The seasonal harmonic curve is specified by the following set of parameters:

Os = {p} U{8}i=r,...p U {Litk=0,.p Y L@kt bt b i,

A piecewise linear function is used to model the trend signal T(t) with respect to
m knots. These m knots divide the time series with starting time 19 = fp and ending
time 7,11 = t, into m + 1 intervals, such as [1, 11}, [71, 2], - -+, [Tm, Tmt1)- The trend
changepoints denoted by 7; need not be same as the seasonal changepoint ;. For each of
the m + 1 intervals, denoted by [T]-, T]-Jrﬂ ,forj=0,...,m, the model is a line segment of
the form:
T(t) =aj+bit, fort; <t <74, j=0,...,m

where a; and b; are the coefficients. The linear trend curve is specified by the following set
of parameters:

Or = {m} U {Tj}jzl,...,m U {aj, b]'}jzo,...,m

The parameters @7 and ©g are reclassified into two groups, M and B;. The group
M refers to the model structure that includes the number and timings of the seasonal and
trend changepoints and the seasonal harmonic order.

M = {m} U {I}}jzl,...,m U {P} U {gk}kzl,...,p U {Lk}k:(),...,p

The group By comprises the segment specific coefficient parameters and is used to
determine the exact shapes of the seasonal and trend curves.

Pm = {a;, bj}j:O,...,m U {uk,lrbk,l}k:O,...,p;l:L...,Lk

Thus, Equation (4) becomes the following;:

y(ti) = xm(ti)Bm +&i (5)

Here, xp((t;) and B are the dependent variables and associated coefficients.
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In Bayesian modeling, for the time series D = {y;, t;} fori = 1,2,...,n, the goal is
to find the posterior probability distribution p (B, 0%, M |D). Using Baye’s theorem, the
posterior is the product of the likelihood and a prior model:

p(Buo?, M|D) o p(D]pa 0% M) (B M) ©

n
The likelihood being Gaussian is p(D|Ba, 0%, M) = TT N (vi; xm(t;)Bm, 0?) and the
i=1

prior distribution is 7(Bp, 0%, M) = 7(Bm, 0| M)m(M). Firstly, for 7(Bp,0?|M), a
normal-inverse Gamma distribution is considered and an extra vague dispersion hyper
parameter v is incorporated to reflect our vague knowledge of ;. Secondly, for the prior
(M), the number of changepoints are assumed to be non-negative numbers, which is
equally probably a prior. Thus, the posterior model Equation (6) becomes:

M)-n(M)

p(ﬁM,O‘Z,V,M‘D) o ﬁN(yi;xM(ti)ﬁM,az)ﬂ/g (,BM,O’Z,V
i

The posterior distribution p(Ba, 0%, v, M| D) encodes all the essential information for
understanding the ecosystem dynamics. As this is analytically intractable, Markov Chain
Monte Carlo (MCMC) sampling is used to generate a realization of random samples for the
posterior inference. A hybrid sampler that embeds a reverse jump (R]) MCMC sampling
into a Gibbs sampling framework is used. More details about the R]-MCMC can be found
in Zhao et al. [75].

2.4. Challenges and Betterness

The Mann-Kendall and Bayesian Ensemble Algorithm are assessed through various
circumstances and conditions, and the following inferences are obtained:

e Mann-Kendall is a linear, nonparametric trend test often applicable to a monotonic
moving dataset. As the real datasets on hydro climatological factors exhibit vibrant
and non-cyclic changes, fitting a linear trend is not apt. The Bayesian algorithm
overcomes this challenge by finding piecewise linearly fitted trends.

e  The Mann-Kendall trend test fits a single trend line to the datasets. The interpretation
of time series solely depends on the models being utilized and finding the optimal
models is never easy. BEAST offers the single best model approach and adopts the
concept of embracing all the models using the Bayesian model averaging scheme,
which is always better.

e  Sen’s slope technique produces an overall slope for the Mann-Kendall test. BEAST
provides the slope at each time series point of the data sets. Additionally, the Bayesian
process may be used to determine how likely an event is to occur.

e The data point is removed from computations using the Mann—-Kendall test if there
are any missing values. Consequently, the trend analysis only considers non-NaN or
non-missing variables, while the final fitted trend in BEAST will be continuous even
when missing values are provided, eliminating the repercussions of missing values
and discontinuity in the outcome.

e Mann-Kendall is highly sensitive to outliers, while the sensitivity is comparatively
less for the Bayesian approach. BEAST studies the nature of the whole dataset rather
than focusing on the end points.

2.5. Inference and Modulation

An advantage of Mann—Kendall over BEAST is that the significance level can be stated
for the increasing or decreasing trend. To solve this, we used the implications from the
percentage areas of positive, zero, and negative slope from the output to conclude which is
greater. The method varies from traditional trend analysis in that it yields findings that
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take into account the likelihood of the slope. In other words, it is possible to determine the
probability that the slope will be positive, zero, or negative at each time series point.

The BEAST has five major components. The first component is the piecewise linear
trend along with the change point detected, the second component is the probability of the
trend change point occurrence over the considered time, the third component is the order of
the time-varying polynomial needed to approximate the fitted trend, the fourth component
is the probabilities of the trend, and the fifth component is the error. Let the probability
time series of the positive slope be denoted as p(x), negative slope be denoted as n(x),
and zero slope be denoted as z(x), fori = 1,..., N. The area A under these probabilities is
calculated using the trapezoidal method, formulated as:

: _ N
A= /ubf(x)dx ~ bZNa Yo (f(xn) + f(xnp1))

n=1

The percentage area will be PA = ﬁ % 100.

The percentage area under each of the probability curves supplies information regard-
ing the overall slope of the fitted trend. The greater percentage areas are taken into account
to explain the nature of trend. These percentages are used instead of the significance level
to convey the confidence of getting a particular trend. The piecewise linear trend helps to
identify the deflection in slope at each location. Deducing an overall slope sign is explained
in relation to the greatest percentage, while the slope is obtained by linearly fitting the time
series trend data sets.

3. Results and Discussion

This section deals with the trend results obtained using BEAST over the datasets of
groundwater levels, rainfall, temperature, soil moisture, NDVI, and SMVITERA index. The
trends of these variables are compared with the groundwater level trends to obtain feasible
interpretations about the influences occurring in the context of the considered years. The
groundwater level trends are explained using the dynamic layers and the introduced index,
as well as the static layers.

3.1. SMVITERA Index Formulation

The index acts as an integrated variable of the studied dynamics. The initial layer
weights are assigned using Satty’s scale, on a scale of 1 to 9. The value 1 implies equal
significance, 3 indicates moderate relevance, 5 indicates strong importance, 7 indicates
extremely strong importance, and 9 indicates extreme importance. The intermediate
numbers 2, 4, 6, and 8 correspond to the intermediate effects. The weights are set based
on the variable relevance and contribution to the water holding capacity. The vegetation
index is assigned weight 8, moisture is assigned 7, rainfall is assigned 4, and temperature is
assigned 2. The Pairwise Comparison Matrix (PCM) is shown in Table 1, and the normalized
PCM and the final matrices are shown in Table 2.

Table 1. Pairwise comparison matrix for the variable layers.

Thematic Layer Assigned Weight VI SM RA TE
VI 8 8/8 8/7 8/4 8/2
SM 7 7/8 7/7 7/4 7/2
RA 4 4/8 4/7 4/4 4/2
TE 2 2/8 2/7 2/4 2/2
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Table 2. Normalized pairwise comparison matrix and the final matrices.

Consistency Vector

Thematic Layer VI SM RA TE Total Weight Vector (W) Weightage Product Matrix Matrix (CVM)
VI 8/8 8/7 8/4 8/2 1.52 0.38 38 1.52 3.998
SM 7/8 7/7 7/4 7/2 133 0.33 33 1.33 4.006
RA 4/8 4/7 4/4 4/2 0.76 0.19 19 0.76 3.998
TE 2/8 2/7 2/4 2/2 0.38 0.10 10 0.38 4.015

It is obtained that the normalized weights are 38 to normalized difference vegetation
index, 33 to soil moisture, 19 to rainfall, and 10 to temperature. The Principal Eigenvalue is:

3998 +4.006 +3.998 +4.015  16.017

max = 4 n = 4.00425

The Consistency Index for n = 4 is calculated as follows:

_4.00425 -4  0.00425

= 4-1 3

= 0.0014167

For n = 4, Rl is 0.89. The Consistency Ratio (CR) is calculated as:

~0.0014167

CR = 0.89 ~ 0.001592

Since the obtained CR is much less than the threshold value, the PCM exhibits a high
level of consistency.

The variables soil moisture and temperature are inversely proportional to groundwater
levels. As a result, these layers are assigned negative signs in calculating the SMIVITERA
index for 1999 to 2016.

SMIVITERA = —335M +- 38VI — 10TE + 19RA

3.2. General Characteristics of Variables

The analysis is on 385 well locations over Kerala state during January, April, Au-
gust, and November. Groundwater levels aid in determining how much freshwater is
available for consumption. It also helps in analyzing the past, tracking the present, and
forecasting the future. For the years from 1996 to 2016, the average groundwater level was
0.63 to 23.48 mbgl in January, 0.82 to 24.11 mbgl in April, 0.35 to 22.03 mbgl in August, and
0.36 to 22.81 mbgl in November. The depth to water level can be used to calculate inverse
water availability. For instance, the depth to water level being 2 mbgl and 5 mbgl indicates
that the well with a recorded water level of 2 mbgl contains more water than the well
with a water level of 5 mbgl. The variables analyzed to groundwater levels include a
combination of dynamic and static layers. The dynamic variables are Soil Moisture (SM),
Normalized Difference Vegetation Index (VI), Rainfall (RA), Temperature (TE), and a devel-
oped Groundwater Index (SMVITERA) based on the former dynamic layers. Lithology (LI)
and geomorphology (GM) are the static factors investigated.

Rainfall and temperature are climatological factors that influence groundwater levels.
Rainfall is the natural source of recharge to groundwater, but as the temperatures rises,
more water is needed for all living things to consume. However, increased rainfall may
not necessarily result in increased recharge since the other variables influence the site. The
daily average rainfall for January, April, August, and November are evaluated. The daily
rainfall values range from 0 to 0.37 mm during January, 0 to 3.986 mm during April, 0 to
26.753 mm during August, and 0 to 5.66 mm during November. It is observed that the
summer Or pre-monsoon season receives more average rainfall than the winter season.
Temperature ranges are comparably narrower. Temperatures vary from 20.55 to 26.34 °C
in January, 23.18 to 29.05 °C in April, 20.52 to 27.43 °C in August, and 20.94 to 26.53 °C in
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November. Temperature ranges are highest in April due to summer and lowest in January
due to winter. The average groundwater levels, rainfall, and temperature for the years
from 1996 to 2016 during the JAAN months is shown in Figure 2.

The soil characteristics, such as its moisture content, help to determine the water
permeability of the soil. As surface moisture increases, the water condenses on the Earth
surface and does not contribute to the underlying groundwater. During the months of
January, April, August, and November, it is observed that the soil moisture varies from
98.04 to 148.27 mm, 60.59 to 111.54 mm, 109.78 to 238.78 mm, and 132.33 to 203.89 mm,
respectively. Owing to the monsoon, soil moisture levels are highest in August and lowest
in April due to the summer season. The normalized difference vegetation index is in the
range of 0 to 1. The closer the index is to 1, the greater the content of greenery in the region.
The observed ranges are 0.37 to 0.83 in January, 0.29 to 0.8 in April, 0.28 to 0.75 in August,
and 0.37 to 0.82 in November. With the help of all these values of dynamic layers, the
SMVITERA index is calculated. The obtained index value lies in the range —5097.24 to
—3368.55 in January, —3957.95 to —2216.27 in April, —8031.24 to —3426.74 in August, and
—6864.86 to —4436.84 in November. The average soil moisture, NDVI, and SMVITERA
index during the JAAN months are shown in Figure 3.

Over the state of Kerala, 77 divisions of lithological formations are found (Figure 4).
Most of the state is covered by Acid to Intermediate Charnockite and the least by Terri
Sand. The lithological formations of the studied 385 locations are of 27 categories: Acid
to intermediate charnockite, Biotite gneiss, Clay, Clayey sand, Diorite, Gabbro, Gar-
biosill gneiss+graphite+kyanite, Garnet gneiss, Garnet biotite gneiss, Garnet sillimanite
gneiss+graphite+cordierite, Granite, Granite gneiss, Grey fine sand, Hornblende biotite
gneiss, Hornblende biotite syenite, Laterite, Mica Schist, Mylonite, Pyroxene granulite,
Quartzite, Sand (active channel as well), Sandstone, Sericite schist, Talc tremolite actinolite,
schist, and Terri Sand. A total of 18 geomorphological formations are found in the state
of Kerala (Figure 5). Most of the state is covered by Pediment Pediplain Complex and
Highly Dissected Hills and Valleys. Over the 385 well locations that have been studied, the
formations found are Alluvial plain, Coastal plain, Dam and Reservoir, Deltaic plain, Flood
plain, Low dissected plateau, Pediment pediplain complex, Waterbody—river, and also
highly, moderately, and low dissected hills and valleys.

3.3. Groundwater Level Trend Analysis

The BEAST is performed over the 385 sites and individually for the JAAN months.
The time series has 21 time points and spans the years 1996 to 2016. The groundwater level
dataset is fitted with a piecewise linear trend even in the presence of missing values using
BEAST. At each of the 21 time points, the slope of this fitted trend is also determined. The
sites having the percentage areas greater in the positive or negative slope are chosen as the
locations for further analysis. This positivity or negativity is also verified by linearly mod-
elling the trend data points. Over the studied 385 locations, a combination of probabilities
is obtained. During the month of January, the Well number 1 (Konnakuzhi-iii) situated in
the Ernakulam district showed the greater probability of groundwater level trend to be
zero (Figure 6a). That is, the green area indicating zero slope dominates in the graph. The
percentage areas were 7.9% for positive slope, 58.7% for zero slope, and 33.4% for negative
slope. The linear modelling showed the slope to be —0.0068, approximately zero, and the
negative slope contribution is visible as the second highest percentage as well. Another
example is during the month of April on the well number 170 (Kottanadu) situated in
Pathanamthitta district, which showed the areas of green and blue approximately to be the
same (Figure 6b). This means that there exists an approximately equal probability for the
slope to be zero and negative. The percentage areas were obtained as 12.1% for positive
slope, 43.3% for zero slope, and 44.6% for negative slope. We are typically interested in
the well locations where the probability for negative or positive is the highest over each
site. One such example is well location 20 (Pattambi) situated at Palakkad district, which
has a greater percentage for positive slope during the month of April (Figure 7a), and well
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location 32 (Poonkulam) in Thiruvananthapuram district, which has a greater percentage
for negative slope during the month of August (Figure 7b). The percentage areas are around
63.9% and 79.9%. The linearly modelled slopes are 0.0634 and —0.246.
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Figure 2. The average groundwater levels, rainfall, and temperature for the years 1996 to 2016 during
(a) January, (b) April, (c) August, and (d) November.
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Figure 3. The average Soil Moisture, NDVI, and SMVITERA index during (a) January, (b) April,

(c) August, and (d) November.
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Figure 4. Kerala lithology map with legend subdivisions.

In the month of January, 19 locations resulted in comparatively positive or negative
slope probability percentage areas. The locations are Poonkulam, Pambadi, Minangadi,
Vayyakara, Angadimogar, Rajapuram, Cherthalai, Tachinganedam, Malipuram, Tenkara,
Kuvapalli, Kayamkulam, Idukki, Parassala, Maruthamala, Vandiperiyar, Poonthura, Kuttat-
tukulam, and Kottapuram?. The district-wise distribution is four in Thiruvananthapuram;
three in Ernakulam; two each in Alappuzha, Idukki, Kasaragod, and Kottayam; and one
each in Kannur, Malappuram, Palakkad, and Wayanad. Out of these, 10 locations have
negative groundwater level trend, while nine wells have positive groundwater level trend.
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Kottapuram?2 location and the slope obtained through linear modeling is —0.0512.
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Figure 5. Kerala geomorphology map with legend subdivisions.

During the month of April, a total of 32 locations had greater percentages for slope to
be positive or negative. The well location names are Chamravattom, Pattambi, Quilandy,
Mavoor-ii, Mudikode, Vayyakara, Edavai, Thirunavaya, Ramantalai, Irikkur, Kottakkal,
Chelakod, Thiruvallur, Cherthalai, Kottanadu, Chengamanad, Kayamkulam, Parassala,
Shoranur, Mulankunnathukavu, Angamalil, Bandadka, Manattana, Pukkundu, Paral, At-
tingal, Palghat, Muligadde, Maruthamala, Mavoor-I, Murukumpuzha (R1), and
Pathanamthitta. The district-wise well distribution is two each in Alappuzha, Ernakulam,
Kasaragod, Pathanamthitta, and Thrissur; three in Palakkad; four in Kozhikode; and five
each in Kannur, Malappuram, and Thiruvananthapuram. Out of these, 7 locations showed
positive trend and 25 locations showed negative trends. The area under the probabilities of
positive trend varies from 46.1% to 92.9%, while the area under the probabilities of negative
trend varies from 42.5% to 81.3%. The greatest percentage for negative trend is observed
in the Mavoor-I location and the linear model showed the slope to be 0.0622, whereas the
greatest percentage for positive trend is observed in the Thirunavaya location and the slope
obtained through linear modeling is —0.0512.
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Figure 6. BEAST plot specifically for well locations (a) Konnakuzhi-iii and (b) Kottanadu.
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Figure 7. BEAST plot specifically for well locations (a) Pattambi and (b) Poonkulam.
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In the month of August, a total of 26 wells showed trend changes. The locations are
Kakkayam, Alwaye, Tholanur, Poonkulam, Pudukayam, Irikkur, Aruvikara, Mattanur,
Perambra, Trichur, Akkal, Devarkoil, Lakkidi, Tenkara, Vellamunda, Kannavam, Varkala,
Muliyar, Angamalil, Manattana, Cherukunnu, Attingal, Puthenchira, Elanthur, Vallom1,
and Chakkarakkale. The positive trend locations count to 20 and negative trend locations
count to 6. The month of August represents the monsoon season in Kerala, and the
results show positive groundwater level trends in most of the well locations. The possible
explanation is that the amount of water getting recharged has reduced, or over-exploitation
has occurred. The percentages of area obtained lies in the range 48.9% to 83.7% for negative
slope and 46.6% to 92.1% for positive slope.

The post monsoon season is indicated by the month of November. Eighteen wells
showed positive or negative groundwater level trends over the studied 385 locations.
The wells are Ponnanil, Tholanur, Poonkulam, Pudukayam, Arukutti, Angadimogar,
Nedumudi (pupalli), Malipuram, Tenkara, Vellamunda, Kuvapalli, Manamangalam, Mav-
inakatta, Malampuzha, Ailara, Elappara, Murukumpuzha (R1), and Chadayamangalam].
Out of these locations, 5 wells showed negative trend and 13 wells showed positive trend.
The percentages of area obtained lies in the range 47.1% to 50.7% for negative slope and
48.6% to 86.1% for positive slope. It is observed that the percentage that indicates a declining
trend of depth to water level is less during the month of November.

From the positive trend, the inference is that the depth to groundwater levels is
increasing and, as a result, the water availability is decreasing. Thus, a track on positive
trend wells provides a balance to the water table. The focus locations 19, 32, 26, and 19
during the respective JAAN months is shown in Figure 8. The red-colored locations denote
positive trend and the blue-colored location denote negative trend.

3.4. Dynamic Layers Trend Analysis

The key elements in determining climatological changes and the scenario of global
warming are temperature and rainfall. Soil moisture and normalized difference vegetation
index are the indicators that help to bind the water beneath the Earth surface. Using the
possible groundwater level trend sites 19-32-26-18, the BEAST is run for the dynamic layer
dataset received over the JAAN months.

3.4.1. Climatological Factors

Increased precipitation should potentially result in more water being available. That
is, the upward trend in rainfall should be followed by a downward trend in groundwater
levels. As for temperature, the upward tendency should translate into an upward trend in
groundwater levels. The rainfall trend results for the 19-32-26-18 well locations are shown
in Figure 9. Blue triangles indicate the increasing trend in rainfall, while red triangles
indicate the decreasing trend in rainfall. The results of the rainfall trend for the month of
January showed a positive trend in nine well locations, a negative trend in nine locations,
and a zero trend in the Cherthalai location. Most of the increasing trends are found towards
the southern part of Kerala, while the decreasing trend is scattered over the region. During
the month of April, the increase in rainfall trends resulted to 14 positive trends, 17 negative
trends, and a zero trend at the Kottanadu well location. It is observed that more than half
of the wells had an increasing rainfall trend during April. The converse is the situation
during the monsoon month of August, which can be viewed as an impact of climate change.
A total of 17 negative trend and 9 positive trend rainfall locations were observed during
August. Only the Ponnanil well location showed a negative rainfall trend in November,
while the remaining 17 wells showed an increase. The rainfall trends provide a rough idea
of the recharge option available.
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Figure 8. The positive (red) and negative (blue) groundwater level trend locations 19-32-26-18 under
focus of study during (a) January, (b) April, (c¢) August, and (d) November.
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Figure 9. The positive (blue), zero (green) and negative (red) rainfall trend of locations 19-32-26-18
during (a) January, (b) April, (c) August, and (d) November.

Temperature is an influential parameter to humidity and rainfall. Over the feasible
locations of 19-32-26-18, an increasing temperature trend is observed in the majority of the
wells. The temperature trend results are shown in Figure 10. Red triangles denote increasing
temperature and reverse influence to groundwater levels. The blue triangle represents
decreasing temperature, which is helpful in increasing water quantity. Out of 18 locations
during the month of November, only the Ailara well location showed a decreasing trend
in temperature. The results validate the global warming scenario experienced over recent
decades.
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Figure 10. The positive (red) and negative (blue) temperature trend of locations 19-32-26-18 during
(a) January, (b) April, (c) August, and (d) November.

3.4.2. Soil Moisture and NDVI

The soil moisture has an inverse relation with the allowance of water getting recharged
below the Earth’s surface. As the moisture content increases, the water gets trapped on
the Earth’s surface and is not able to pass through. The soil moisture trend results on
19-32-26-18 locations are shown in Figure 11. During the month of January, 3 well locations—
namely Angadimogar, Tachinganedam, and Kuvapalli and Idukki—showed increasing
trends, while the remaining 16 wells showed decreasing soil moisture trends. In month
of April, 18 wells showed negative trends and 14 wells exhibited decreasing trends in soil
moisture. A greater number of positive trends were observed in the month of August,
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which correspond to 15 well locations. However, in the month of November, the majority of
the wells had decreasing trends, while the Kuvapalli, Malampuzha, and Elappara locations
showed increasing trends. In short, a lower number of locations had negative trends in
January and November.
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Figure 11. The positive (red) and negative (blue) soil moisture trend of locations 19-32-26-18 during
(a) January, (b) April, (c) August, and (d) November.

The normalized difference vegetation index has direct influence on groundwater
levels. In the month of January, three well locations—namely Poonkulam, Rajapuram, and
Maruthamala—showed decreasing trends in NDVI. These wells are located in the northern
and southern parts of Kerala. The remaining 16 wells have increasing trends for NDVL
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Similarly, a greater number of wells have positive trends in April and August as well. This
amounts to 20 wells in April and 21 wells in August with positive NDVI trends, while
12 wells in April showed negative trends. The wells Akkal, Kannavam, Muliyar, Angamalil,
and Elanthur exhibited decreasing NDVI trends during the month of August. In the month
of November, nine wells each showed negative and positive trends. The NDVI trend
results on 19-32-26-18 locations are shown in Figure 12. Blue triangles indicate increasing
trends and thereby contributes to increasing water quantity, while red triangles indicate
the decreasing NDVI trends and hence decreases in the possibility of water recharge.
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Figure 12. The positive (blue) and negative (red) normalized difference vegetation index trend of
locations 19-32-26-18 during (a) January, (b) April, (c) August, and (d) November.
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3.5. Dynamic Layer Trend in Accordance with Groundwater Level

Out of the dynamic variables considered, rainfall and NDVI have a direct influence
on the water holding capacity, while temperature and soil moisture have an inverse rela-
tionship. That is, if there is an increasing trend of rainfall, the groundwater level in that
particular location is expected to increase, considering all of the other dynamics are already
apt. The case is similar for NDVI: the increasing trend should contribute to increasing
water availability. In terms of positive and negative trends, a positive trend in rainfall or
NDVI will help to create a negative trend in groundwater levels. When the relationship
is viewed from the inversely related variables, namely temperature and soil moisture,
the positive trend should result in a positive trend in the groundwater levels. If these
conditions are met, then in those locations, the changes in water levels could be explained
by the dynamic layers and can be termed as matching locations. If the conditions are not
met, these non-matching well locations need to be studied in detail with the help of the
static layers to understand the structure beneath the surface. Table 3 shows the number
of matching and non-matching well locations using the trends compared. The matching
locations have been further identified from increasing and decreasing trend, respectively. A
plot of the groundwater level for the month of January versus each of the dynamic variables
of a random well is shown in Figure 13. From the double plot it can be observed that it is
difficult to conclude a single statement or inference.

Table 3. Trend matching (M) and non-matching (NM) sites of dynamic layers and index with respect
to the groundwater level trend.

Month RA TE SM VI Index
M NM M NM M NM M NM M NM
Jan 645 8 0+9 9 349 7 1+8 10 9+4 6
Apr 11+4 17 0+7 25 15+4 13 15+2 15 20+1 11
Aug 1+12 13 0+20 6 0+10 16 5+4 17 1+13 12
Nov 4+0 14 0+12 6 5+3 10 4+8 6 5+2 11

The rainfall trend showed matching in 11, 15, 13, and 4 locations, respectively, in the
JAAN months, which equate to approximately 57.9%, 46.9%, 50%, and 22.2%, respectively.
In the case of temperature, more matching percentages were obtained in the months
of August and November. The number of matching wells is 9, 7, 20, and 12, which is
47.4%, 21.9%, 76.9%, and 66.4% of the considered wells in month order. The soil moisture
percentage matching is the highest with 12 wells, which is approximately 63.2% of wells in
January, and the lowest with 10 wells, which is approximately 38.5% of wells in August.
The month of April has 59.4% of matching wells in April and 44.4% of matching wells in
November for soil moisture. The NDVI matching percentages are 17.4%, 53.1%, 34.6%, and
66.7%, in the order of months. In January and April, the greatest matching percentage is
for soil moisture, while for the month of August, the temperature matching percentage
is higher. The month of November has shown the greatest matching percentages using
temperature and NDVI. The variable-wise average matching equates to 44.25% for rainfall,
53.225% for temperature, 51.375% for soil moisture, and 50.45% for NDVI.
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Figure 13. The January month groundwater levels of Poonkulam well location verses (a) Rainfall,
(b) Temperature, (c) Soil Moisture, and (d) NDVI.

3.6. SMVITERA Index

Each of the dynamic layer trends analyzed with respect to the groundwater level trends
could not yield greater matching percentages. This proves the complexity in determining
the root cause for the increase or decrease in water level trends. An index has been
developed that integrates all the dynamic layer advantages and disadvantages with regards
to water-holding capacity. The index is then treated as a combined variable layer and BEAST
is run on the obtained datasets. The trend results are shown in Figure 14, where blue
triangles represent the increase in the index values and red triangles indicate the decrease
in index values. In the month of January, the Angadimogar, Tachinganedam, Tenkara,
Kuvapalli, and Parassala well locations showed negative trends in the index, while the
remaining 13 wells showed increasing trends. Also in the month of April, 6 well locations—
namely Thirunavaya, Ramantalai, Chelakod, Manattana, Paral, and Muligadde—showed
decreasing trends, while 26 wells exhibited positive trends for the index. The month of
August has 8 well locations with negative trends and 18 well locations with positive trends.
The majority of the wells showed positive trends in November, while only two wells,
Kuvapalli and Malampuzha, showed negative trends.

116



Atmosphere 2022, 13, 1961

= 75°0'0" E 76°0'0" E 77°0'0" E 75°0'0" E 76°0'0" E 77°0'0" E =z
= 1 1 1 1 1 1 N
o o
o™ = o
g s
© ©
— —
=z z
o o
o =l
g s
o™ o~
- -~
=z =z
=3 o
o™ ™o
s s
= =
=z =z
=3 o
o =l
§ 5
=} =)
- -
= b=
o =
=3 =]
5 s
o )
=z z
= o
S - ==
«© ©
1 1 1 1 1 I

= 1 1 1 ] ] z
O = - f
o o
2 ™

e
z 4
oS- S =
g §
o o
=z =z
2] o
S - - ] -3
5 s
- -
=z =4
S - —_— =
g §
o o
- -
z z
o - o
=) =)
§ S
o o
=z 4
o - - ©
o =]
s §
o I %

1 | ) | I
75°00" E 76°00" E 77°00" E 75°00" E 76°0'0" E 77°00" E

Figure 14. The positive (blue) and negative (red) SMVITERA index trend of locations 19-32-26-18
during (a) January, (b) April, (c) August, and (d) November.

The matching percentages with the groundwater levels were also verified. That is, if
the index value is increasing, the water availability is increasing, or more accurately the
depth to water levels is decreasing. In short, the positive index trend and negative ground-
water level trend are a match, and the negative index trend and positive groundwater level
trend are a match. In the order of the months, 13, 21, 14, and 7 wells revealed matching and
the percentages are 68.4%, 65.6%, 53.9%, and 38.9%. The non-matching well numbers are 6,
11,12, and 11. The average matching for the index is approximately 56.7%, which is greater
than all of the dynamic layer matching percentages individually considered. This proves
that index is a better indicator to explain the level changes.
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3.7. Static Layers Analysis

The lithological and geomorphological structures of the non-matching wells by the
SMVITERA index is extensively studied. In the month of January, six non-matching have
the Quartzite, Sand, Gar-Bio-Sill Gneiss + Graphite + Kyanite, Terri Sand, and Acid to
Intermediate Charnockite as the lithology formations. Quartzite is a non-foliated metamor-
phic rock and does not contribute much to transfer of water. Gneiss is a foliated rock and
contributes to water storage and recharge, while sand is highly permeable. Charnockite,
being highly non-porous, does not allow water to pass through, and as a result does not
help in groundwater recharge. The geomorphological formations are Pediment Pediplain
Complex and Coastal Plain, which are promising areas of water availability. Considering
all of these, the locations of over-exploitation were observed as Cherthalai, Maruthamala,
and Poonthura during January.

Eleven wells showed non-matching of groundwater levels with the index. The litho-
logical formation in these wells is Laterite, Clay, Acid to Intermediate Charnockite, Sand,
Granite, Garnet Gneiss, Hornblende-Biotite Gneiss, Granite Gneiss, and Terri Sand. The
geomorphological formations are Pediment Pediplain Complex, Coastal Plain, and Low
Dissected Plateau, which are promising areas of water availability. The identified drying
wells are Cherthalai, Shoranur, Angamalil, Palghat, and Murukumpuzha (R1) during April.
Similarly, Pudukayam, Perambra, Tenkara, Kannavam, Muliyar, and Vallom1 wells are
found to be overly exploited during the month of August as the lithological and geomor-
phological formations still have sufficient permeability. The over-exploited wells during the
month of November were observed to be Tholanur, Pudukayam, Tenkara, Manamangalam,
Ailara, Murukumpuzha (R1), and Chadayamangalam].

4. Discussions

It is seldom easy to explain an inference from the variations in groundwater levels.
The greatest depth to groundwater level may be a result of the area’s decreased water
storage capacity or over-exploitation. The underlying problem must be investigated in
order to identify whether a well is drying up and whether this has changed the water
table. This study is carried out to determine the relationship between the groundwater
levels, which also experience dynamic changes over the years and considered months, and
the dynamic variables of surface factors, such as soil moisture and normalized difference
vegetation index, and climatological factors, such as temperature and rainfall. This work
has used the Bayesian Ensemble algorithm to determine trends rather than usual trend
analysis techniques, such as the Mann—Kendall trend test and its modified variants or
innovative trend analysis method. This work shows that groundwater level patterns can
be very effectively described by BEAST, even though the applied method has not yet been
employed to ascertain level trends.

Studies examining trends in groundwater levels over Kerala are few and far between.
For the years 2008 to 2013, Sajeena and Kurien examined the groundwater hydrograph for
the Kadalundi river basin, Malappuram district, and Kerala [76]. The water table generally
rose from June to September and fell from October to May, according to observations. The
findings showed that groundwater levels in the Kottakkal, Marakkara, and Tanur localities
are unrelated to rainfall. Tachinganedam, Mudikode, and Kottakkal are the points where
our study and the Kadalundi river basin converge. The depth of the groundwater at the
Tachinganedam well location increased in January, while the depth of the groundwater
at the latter well locations decreased in April. The results of the comparative study are
consistent with the Tachinganedam well site, and it’s possible that throughout the subse-
quent years, the features of the remaining wells have altered. The water table has risen
although rainfall has been trending downward in the Kottakkal well location. This is un-
correlated as there is an obvious trend mismatch. According to the groundwater potential
assessment study by Jayasankar and Babu, the districts of Kannur, Wayanad, and Idukki
have critical water resource quantities for the decades 1989 to 1999 and 1999 to 2009 [77].
The intersection wells in our study are Idukki, Vandiperiyar, and Elappara from Idukki
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district; Minangadi, Lakkidi, and Vellamuda from Wayand district; and Vayyakara, Ra-
mantalai, Irikkur, Pukkundu, Manattana, Mattanur, Kannavam, and Chakkarakkale from
Kannur district. Groundwater levels decreased in the Idukki, Vandiperiyar, Minangadi,
and Vayyakara well locations in January. The depth to groundwater levels also decreased
in April at the well locations in Vayyakara, Ramantalai, Irikkur, Pukkundu, and Manattana.
The Lakkidi well location showed a declining trend in August, whereas the well locations
in Vellamuda, Irikkur, Manattana, Mattanur, Kannavam, and Chakkarakkale showed an
upward trend. Elappara and Vellamuda displayed a growing trend in the month of Novem-
ber. According to the report, the majority of well locations experienced a decrease in the
water table in August and November, but experienced an increase in January and April.
While the situation has marginally improved during the winter and pre-monsoon seasons,
the trends are still being followed in the monsoon and post-monsoon seasons. Due to the
location-based methodology used in this study, there is some inconsistency in the overall
district or state comparisons.

The study by Jagadeesh and Anupama over the Bharathapuzha river basin is to
determine rainfall trend analysis using the Mann-Kendall test [78]. The four rain gauge
stations looked at were Eruthempathy, Thrithala, and the Malampuzha dam. Except
at the Eruthempathy location, the study’s results showed a downward trend in rainfall
during the northeast monsoon. Our study location coincides with the Malampuzha well,
where we have seen increasing rainfall trends. In Kerala state, there were no discernible
rainfall patterns during the annual, autumn, spring, summer, or winter according to Jaman
et al. [79]. When Sai and Joseph used the Mann-Kendall trend test to assess the rainfall
trends in the Pattambi region, they found negative Z values in the months of January, June,
July, August, and November [80]. According to our investigation, April saw a favorable
trend in rainfall at the Pattambi well location, which was consistent with previous findings.
The Vamanapuram river basin’s rainfall patterns from 1984 to 2013 were examined by
Berma and John [81]. For the months of January, February, May, and August, negative Z
values were found. The Maruthamala and Attingal wells in our study are located in the
basin. Maruthamala displayed an upward trend in January, whereas Attingal displayed
a descending trend in August. Attingal exhibited a declining trend in April, whereas
Maruthamala showed an upward trend. The month of August coincides with the findings
of our study.

Nearly all of the well locations analyzed for this study had rising trends in average
temperatures. Similar results were seen in other studies that covered the state of Kerala.
Anjali and Roshni [82] attempted to relate changes in Kerala’s forest cover to rainfall
and land surface temperature (LST) using satellite data. Between 2000 and 2019, the
minimum and maximum LST significantly increased as a result of the Mann-Kendall
trend. The patterns of climate change over Kerala’s Bharathapuzha river basin since 1900
were examined by George and Athira [83]. Both the monthly average temperature and the
monthly lowest temperature showed a consistent long-term upward trend. Using the Mann—
Kendall trend test, Varughese et al. [84] examined historical patterns in climate change
over the same basin from 1951 to 2013. Mean, maximum, and minimum temperature
trends all indicated a noticeable rise over time. Subash and Sikka [85] looked into India’s
temperature and rainfall trends. The findings indicated an upward trend in the yearly
maximum temperature. Over 15 basins in India, Jain and Kumar examined the temperature
and rainfall patterns. The findings showed that temperatures were on the rise at the
majority of the stations in southern India. The trend analysis of the mean maximum
and mean minimum temperature over 13 observatories in Kerala state was conducted by
Kabbilawsh et al. [86]. While the mean lowest temperature over Alappuzha indicated a
declining trend, the Mann-Kendall test revealed an increase in nine places.

There aren’t many studies on NDVI and soil moisture trends over Kerala and India.
Bhimala et al. [87] examined the soil moisture, rainfall, and land use and cover data in India.
South and northwest India both experienced an increase in soil moisture. Parida et. al. [88]
investigated the greening and browning trends of the vegetation in India. The study
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References

came to the conclusion that the southern peninsula’s vegetation and croplands were no
longer greening. Chakraborty et al. [89] used NDVI to evaluate the changes in seasonal
greenness across different forest types in India. In tropical moist deciduous forests, the
most significant negative changes were discovered.

The acquired results are consistent with the majority of studies, but some locations
show different results. This can be explained by the possibility that trends have shifted
over unaccounted years.

5. Conclusions

The most popular trend analysis on hydro-climatological variables is the linear and
non-parametric Mann-Kendall trend test. The question of the existence of monotonic
linearity have prompted to apply other methods like the Bayesian Ensemble Algorithm to
the recent researches. This study has used the Bayesian method to examine the variations
in groundwater levels over 385 wells across Kerala state during the JAAN months for
21 years from 1996 to 2016. The variations were obtained using an inference in the form
of the percentage area under the probability curve for the trend changes to be positive,
zero, and negative. The results showed variations in groundwater levels in 19, 26, 32, and
18 well sites. From the viewpoint of climatological variables, such as temperature and
rainfall, as well as surface characteristics, such as soil moisture and normalized differential
vegetation index, the groundwater levels had to be studied in detail. The matching trend
percentages in terms of the relationship with the variables are identified. These matching
trend percentages account to about 63.2% by Soil Moisture during January, 59.4% by Soil
Moisture in April, 76.9% by Temperature in August, and 66.7% equally by Temperature
and Normalized Difference Vegetation Index in November. It is observed that there was
no reliance on a specific variable or a particular month in the trend analysis of these
dynamic layers in connection to changes in groundwater level. This prompted the creation
of the SMVITERA index, which is based on these dynamic factors. The developed index
has a higher average proportion of roughly 56.7% matching, according to analysis of the
matching percentages of each layer individually and collectively. The individual average
matching percentages were observed to be 44.25% for Rainfall, 53.23% for Temperature,
51.38% for Soil Moisture, and 50.45% for Normalized Difference Vegetation Index. The static
properties of the non-matching well locations were investigated. The site has been deemed
overexploited if the lithological and geomorphologic properties continue to influence the
amount of water while the trend result is positive. Identification and maintenance of these
places are required in a predicted-to-be water-scarce Earth.
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Abstract: Drought is the main meteorological disaster that affects the yield and quality of spring
maize on the Loess Plateau. This study used data of the spring maize growth period, relative soil
humidity, and yield at 18 agricultural meteorological observation stations on the Loess Plateau from
1997 to 2013 to determine the drought category based on the yield reduction rate. Through the drought
index according to the conformity rate of category standard and individual case verification, a refined
suitability drought index of spring maize on the Loess Plateau was constructed, and the spatial
distribution characteristics of drought in different growth stages of spring maize were analyzed. The
results showed the following: (1) The number of days in the whole growth period of spring maize
in all regions of the Loess Plateau has been extended. The average sowing date of spring maize in
the northwest region of the Loess Plateau was 9 April, and that in the east and central regions was
26 April. In terms of spatial distribution, each growth period was gradually delayed from west to
east. (2) The correlation between relative soil humidity and yield of spring maize at the jointing stage
and heading stage was the best, followed by the milky stage and mature stage, and the relative soil
humidity at the sowing stage and emergence stage had little effect on the yield. (3) According to
the national drought category standard “Drought Category of Spring Maize in the North”, based
on the data of yield reduction rate, the drought index of spring maize on the Loess Plateau was
refined by region and growth stage. The drought category index values of spring maize in different
growth stages and regions changed according to the revised drought category standard, with 71.4%
of the sites in the sowing seedling stage and 85.7% of the sites in the seedling jointing stage, and the
revised drought category was more severe than the national drought category standard, while at
57.1% of the sites in the jointing and tasseling stages and 71.4% in the tasseling and milking stages,
the revised drought category was less severe than the national drought category standard. (4) Based
on the revised refined drought index for spring maize on the Loess Plateau, the spatial distribution of
drought occurrence frequency across different growth stages of spring maize on the Loess Plateau
was analyzed. The frequency of drought occurrence during the seeding and emergence stages was
25-75%. With the change in growth stages, the high-value area of drought occurrence frequency
gradually moved northward, and the overall frequency of drought occurrence decreased. For the
milky mature stage, the frequency of drought occurrence in a few regions was around 42%, and the
drought frequency in most regions was between 8% and 33%.

Keywords: Loess Plateau; spring maize; relative soil moisture; drought index

1. Introduction

The Loess Plateau, a climate-change-sensitive area and drought-prone zone in China,
has been severely affected by drought, which has impacted the development of local
agricultural production [1]. Maize is the main grain crop on the Loess Plateau, which has
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important significance for ensuring food security on the Loess Plateau [2]. Previous research
results have shown that drought can lead to maize plant dwarfing, hindered growth and
development, deteriorated ear traits, and ultimately, a significant decrease in economic yield
and biomass [3]. Since the 1990s, the annual precipitation on the Loess Plateau has shown
a significant decrease, with droughts becoming increasingly frequent [4], the frequency
and degree of droughts increasing and deepening [5-7], and the impact of drought on
maize intensifying [8,9]. Therefore, timely and objective monitoring of the spatiotemporal
distribution characteristics of maize drought on the Loess Plateau, analyzing the impact of
climate change on it, has important practical significance for improving maize’s disaster
prevention and reduction capabilities.

Objectively and effectively monitoring and estimating maize drought and accurately
reflecting the degree, scope, and duration of maize drought require appropriate and ac-
curate maize drought indicators [10-14]. Relative soil humidity can directly reflect the
available water status of maize and has a good correlation with yield [15], which is a key
factor affecting the growth, development, and yield of maize. In addition, during the
analyzed period, the relative soil humidity observation stations of the China Meteorological
Administration Agricultural Meteorological Observatory were widely distributed, and the
time series of the observation data was long. Therefore, this study selected relative soil
humidity as a monitoring indicator, which could better reflect the degree of maize drought
on the Loess Plateau [16].

Although the “China Meteorological Administration’s Northern Spring Maize Drought
Rating” (QX/T 259-2015) [17] stipulates the standard of relative soil humidity drought
rating in different growth periods of maize (Table 1), the standard does not take regional
differences into account, and the same maize drought index values were used in different
regions. The application of this standard to study the spatiotemporal distribution charac-
teristics of spring maize drought on the Loess Plateau was not sufficiently precise. In order
to more accurately monitor and evaluate the impact of climate change on spring maize
drought on the Loess Plateau and analyze the spatiotemporal distribution characteristics
of spring maize drought on the Loess Plateau, this study used 18 representative spring
maize agricultural meteorological observation stations on the Loess Plateau from 1997
to 2013 to observe the growth period and yield of spring maize, manually observing the
moisture content (relative soil humidity) data of maize every ten days and determining
the drought level based on the yield reduction rate. We revised Table 1 “Drought Levels
of Spring Maize in the North (QX/T 259-2015)” by region and growth period to construct
a new refined drought index for the relative soil humidity of spring maize on the Loess
Plateau and, based on this, study the impact of climate change on spring maize drought on
the Loess Plateau.

Table 1. Relative soil humidity drought category standard for maize at different growth stages.

Relative Soil Moisture at Different Developmental Stages (%)

Drought : s
Categories Sowing- Seedling- Jointing- Tasseling- Milking-
Seedling Jointing Tasseling Milking Maturing
Drought-free R > 65 R > 60 R>70 R>75 R>65
Light 55<R<65 50<R<60 60<R<70 65<R<75 55<R<65
drought
Moderate 45 _p .55  40<R<50 50<R<60 55<R<65 45<R<55
drought
Severe 35<R<45 30<R<40 40<R<50 45<R<55 35<R<45
drought
Extreme R <35 R < 30 R <40 R <45 R <35
drought
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2. Materials and Methods
2.1. Study Area

Considering the main planting areas of spring maize, the Loess Plateau in this study

spanned Shaanxi Province, Shanxi Province, Ningxia, the middle east of Gansu Province,

and

the east of Qinghai Province. Due to its wide coverage and obvious differences in crop

growth periods in different regions, the study area was divided into three regions based on
China’s agricultural natural division, referred to as the northwest Loess Plateau (Zone I),
the central region of the Loess Plateau (Zone II), and the eastern region of the Loess Plateau
(Zone 1III) (Figure 1).
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Figure 1. Regional division of the Loess Plateau and distribution map of agrometeorological stations.

2.2.
@

@)

®G)

Data

Relative soil humidity data were extracted from the China Meteorological Data Net-
work (http://data.cma.cn/, accessed on 12 August 2023). In this study, 18 spring
maize agrometeorological observation stations (Minhe, Pingluo, Yongning, Shapotou,
Xifeng, Xunyi, Yuyang, Baota, Shuozhou, Fanshi, Xinfu, Shilou, Xiyang, Taigu, Jiexiu,
Xixian, Changzhi, and Jincheng) from 1997 to 2013 were selected, and relative soil
humidity data with depths of 10, 20, and 50 cm were collected. The soil moisture
data were observed by an agrometeorological observation station according to the
“Specifications for Agrometeorological Observation” of the China Meteorological
Administration, which satisfied the requirements of this study.

Data of the growth period (seeding, seedling emergence, jointing, tasseling, milking,
and ripening) of 18 spring maize agrometeorological observation stations from 1997
to 2013 were sourced from the China Meteorological Data Network.

Production data were collected from the “Decadal Data Set of China’s Crop Yield
Data” and collated by the China Meteorological Administration, then extracted from
the China Meteorological Data Network, including the actual production data of
16 spring maize agricultural meteorological observation stations (ibid., Shapotou and
Xunyi) from 1997 to 2013. There were 272 spring maize data samples in total (sample
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number = 17 years X 16 sites); however, after excluding some missing data, the final
number of valid samples involved in the analysis was 190.

(4) The agrometeorological drought disaster data were obtained from the statistical results
of some documents and the “China Agrometeorological Disaster Data Set” collected
and sorted by the China Meteorological Administration and obtained by the China
Meteorological Data Network. In this study, a drought disaster record of the data
set at each agrometeorological observation station on the Loess Plateau region was
defined as a drought event. Drought disaster data for the stations and years not
recorded in the data set were supplemented by consulting relevant documents.

2.3. Research Methods
2.3.1. Relative Humidity of Soil (R)

The relative humidity of the soil (R) was calculated according to Equation (1).

Wg

R= -] x100% (1)
fe

where R is the relative humidity (%) of the soil, Wy is the soil weight water content (g/g),

and fc is the soil field water capacity (g/g).

2.3.2. Correlation Analysis

In this study, the Pearson correlation coefficient between the relative soil humidity
and the production of spring maize in each ten-day growth period was calculated to reveal
the influence of relative soil humidity on production in different development periods. The
correlation was calculated according to Equation (2).

Cov(a,b)

(@ b) = Varla|Var[b]

2
where y(a, b) is the correlation coefficient of a and b, Cov(a, b) is the covariance of a and
b, Var|[a] is the variance of a, Var[b] is the variance of b, and the value range of correlation

coefficient vy is [—1, 1]; if v > 0O, it means that there is a positive correlation between the
two variables.

2.3.3. Yield Reduction Rate

The difference between the annual actual output and the trend output was the negative
value of the percentage of the trend output (%). Many methods can be used to calculate the
production reduction rate. If the data skip a long time, the trend production method could
be used. Generally, this method is more accurate. If the span of the data is short (less than
15 years) and the trend production cannot be calculated, the average method could be used.

(1) Trend production method [18]
Trend production was calculated according to Equation (3).

Y_vy,
Y}

W=— % 100%(Y < Y;) 3)

where W is the production reduction rate, Y is the actual production, and Y; is the
trend mean.

(2) Mean method [19]
Trend production was calculated according to Equation (4).

Y-Y
Y}

W= — x IOO%(Y < Y) @)
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where W is the production reduction trend, Y is the actual production, and Y is the
average production.

Light drought refers to a reduction of less than 10%, moderate drought refers to a 10%
< W < 20% reduction, severe drought refers to a 20% < W < 30% reduction, and extreme
drought refers to a >30% reduction.

2.3.4. Frequency of Drought

The drought frequency was calculated according to Equation (5). If the total number
of years of crop planting was N at a certain site, i, and the number of years of drought
in a certain growth period was n, then the frequency of drought occurrence, F;, could be
expressed as:

n
Fi = 5 % 100% (5)

2.3.5. Comparison with National Standards

In the verification process, the new drought classification results were compared
with the national standards. The comparing results were divided into three categories,
namely, compliance (where the drought level of the two treatments was consistent), basic
compliance (where the difference between the two treatments was one level), and non-
conformance (where the difference between two treatments was greater than two levels).
Using the statistics of the three categories, the percentage of the number of time periods
that agreed over the total number of time periods was the compliance rate.

3. The Impact of Climate Change on the Growth Period of Spring Maize in the Loess Plateau
3.1. Temporal Changes in Key Growth Periods of Spring Maize on the Loess Plateau

The changes in the growth period of spring maize have altered the length of its
nutritional and reproductive growth periods, resulting in changes in the water and heat
conditions experienced by spring maize during the important stage of yield formation.
This study used data of the spring maize growth period observed by 18 agricultural
meteorological stations on the Loess Plateau from 1997 to 2013, and average values of the
spring maize growth period in three regions of the Loess Plateau from 1997 to 2013 were
calculated using the partitioning method depicted in Figure 1.

As shown in Figure 2, the multi-year average sowing date of spring maize in Zone
Ir was 9 April. The earliest was 2 April and the latest was 28 April. The average maturity
date was 15 September, the earliest was 7 September, and the latest was 28 September. The
number of days in the whole growth period (seeding—maturity period) was the shortest in
2013: 144 days. The longest period, in 2010, was 173 days. The number of days in the whole
growth period tended to be longer. There were different degrees of delay from sowing to
maturity. It can be seen in Figure 2b that the multi-year average sowing date of spring
maize in Zone II of the Loess Plateau was 26 April, the earliest was 18 April, and the latest
was 5 May. The average maturity date was 10 September, the earliest was 2 September, and
the latest was 23 September. The number of days in the whole reproductive period was
the shortest in 2002, 127 days. The longest year in 2009 was 147 days. The number of days
in the whole growth period showed a trend of lengthening, and the inter-annual changes
in the growth period in Zone II and Zone I was similar, with a trend of postponing from
the sowing period to the mature period of spring maize. Figure 2c shows that the annual
average sowing date of spring maize in Zone III of the Loess Plateau was 26 April, the
earliest was 20 April, and the latest was 2 May. The average maturity date was September
18, the earliest was September 11, and the latest was 28 September. The number of days in
the whole reproductive period was the shortest in 2001, 139 days, while the longest was
2013: 156 days. The sowing date, tasseling date, and ripening date exhibited a tendency to
delay, and the emergence, jointing, and milk ripening dates were becoming earlier, although
the trend was not significant. Figure 2d shows that the average sowing date of spring maize
in the whole region was 24 April, the earliest was 17 April, while the latest was 28 April.
The multi-year average maturity date was 16 September, the earliest was 11 September,
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and the latest was 23 September. The shortest maturity in the whole reproductive period
was 142 days, and the longest was 150 days.
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Figure 2. Temporal variation in spring maize growth periods on the Loess Plateau.
3.2. Spatial Distribution of Key Growth Periods of Spring Maize on the Loess Plateau
Figure 3 shows the spatial distribution of the average value (1997-2013) of the Julian
date of sowing, emergence, jointing, tasseling, maturity, and the whole growth periods of
spring maize on the Loess Plateau.
M
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Figure 3. Spatial distribution of daily sequence averages of critical fertility stages of spring maize on
the Loess Plateau.
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Figure 3 shows that the sowing period of spring maize was gradually postponed from
west to east, with Ningxia and Qinghai concentrated in early April, Gansu and central
Shaanxi mainly in mid-to-late April, and Shanxi and northern Shaanxi mainly in late April
to early May. The emergence period also showed a delay in the east-west direction, i.e., the
emergence period gradually became later from west to east, and the emergence date was
mainly from late April to early May. The jointing period of spring maize was postponed
from west to east in mid-June to early July. The jointing period of spring maize in Shanxi
and Shaanxi was generally later, mainly distributed in late June to early July. The tasseling
stage and jointing stage demonstrated the same pattern, gradually becoming later from
west to east, concentrated in mid-to-late July. The maturity period was mainly from early
to late September. The number of days during the entire growth period was the shortest
in the central region of the Loess Plateau (less than 140 days), the longest in the western
region (155-170 days), and the longest in the eastern region.

4. Effects of Relative Soil Humidity on Spring Maize Production

The whole growth period of maize can be divided into the vegetative growth stage
(seeding stage—jointing stage), transitional stage (jointing stage—tasseling stage), and repro-
ductive growth stage (tasseling stage-mature stage). The results showed that the water
demand for maize growth at the seedling stage is low. If drought occurs at the vegetative
growth stage, the conditions will be better at the later stage, and the crops will exhibit
characteristics of recovering or compensating for these effects, which would have a minor
impact on the growth of spring maize. If drought occurs in the reproductive growth stage
of maize, after the jointing stage, especially in the early stage of reproductive growth, even
if the water conditions improve in the later stage, it will have a considerable impact on the
growth of maize: the harvest could even fail [19,20]. We determine the key growth period
of spring maize by analyzing the relationship between relative soil humidity and yield of
spring maize in different periods on the Loess Plateau.

Due to the long duration of each growth period of maize, in order to more accurately
determine the key period for the effects of relative soil humidity on the growth and devel-
opment of maize, this study analyzed the correlation between the relative soil humidity
and yield in the whole growth period of maize. Figure 4 shows the correlation coefficient
between relative soil humidity and the production of spring maize in different growth
stages on the Loess Plateau. Figure 4 shows that the relationship between relative soil
humidity and production was the best in May, late June, early July, and September. The
relative soil humidity at each depth passed the 0.05 significance test, and the relative soil
humidity at each depth in early July and early September passed the 0.01 significance test.
In addition, the relative humidity of 50 cm soil passed the 0.05 significance test in mid-
and late July, and the relationship between the relative humidity of 10 cm and 20 cm soil
and production passed the 0.01 significance test in late August. From the growth period
perspective, the relationship between relative soil humidity and production at each depth
from jointing stage to mature stage passed the 0.05 significance test, and the soil depth at
jointing stage and heading stage passed the 0.01 significance test. The results showed that
the relative humidity of soil at the jointing and heading stages of spring maize had the
best correlation with yield, which was superior to the relative humidity at other growth
stages, followed by the milky and mature stages, and the relative humidity of soil at the
sowing and seedling stages had little impact on the yield. According to previous research
results [20,21], tasseling-milking is the reproductive growth stage of maize and the key
period of maize growth and development, which was similar to the results of this study.
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Figure 4. Correlation coefficients between relative soil humidity and yield at different fertility stages
of spring maize on the Loess Plateau.

5. Construction of Refined Drought Indicators for Spring Maize at Different Growth
Stages on the Loess Plateau

5.1. Revision of Refined Drought Indicator of Spring Maize at Different Growth Stages

Table 1 details the “Drought Grade of Northern Spring Maize (QX/T259-2015) " [22]
issued by the China Meteorological Administration, which presents the standards of relative
soil humidity drought grades in different growth periods of maize; the standard of maize
in all growth periods was the same in all regions. The standard of relative soil humidity
drought grade in different growth periods of maize was correlated to the region and local,
in order to make the standard of drought grade of spring maize on the Loess Plateau more
accurate. Refined revisions needed to be made based on drought and disaster data from
various regions and maize yield reduction rates. This study used the actual observation
data of relative soil humidity, maize yield, and drought disasters from 16 spring maize
agricultural meteorological observation stations on the Loess Plateau from 1997 to 2013 to
analyze the impact of relative soil humidity on maize growth, development, and yield year
by year. The standard compliance rate of relative soil humidity on drought disaster record
data was tested, and the drought grade index of relative soil humidity at different growth
stages of maize at this station was revised. The results are shown in Table 2. The relative
soil humidity data of spring maize used in the study showed that the average relative
humidity was 0-20 cm during the sowing emergence period, and the average relative soil
humidity was 0-50 cm during other growth periods [21].

Table 2. Drought rating criteria for relative soil humidity at different fertility stages of maize.

. Drought Relative Soil Humidity at Different Stages (%)
Station Categories
Sowing-Seedling Seedling-Jointing Jointing-Tasseling Tasseling-Milking Milking-Maturing

Drought-free R>70 R >80 R>70 R>75 R>70
Light drought 60<R <70 70 <R <80 60<R <70 65 <R <75 60<R <70
Minhe l\gfgjé;tf 40<R <60 60<R <70 50 <R < 60 55<R <65 50 <R < 60
Severe drought 30<R <40 50 <R <60 40<R <50 45<R <55 40 <R <50

Extreme drought R <30 R <50 R <40 R <45 R <40

Drought-free R>70 R>75 R>60 R>70 R>75
Light drought 60<R <70 65 <R <75 50 <R <60 60 <R <70 60<R <75
Pingluo l\gggjéitf 40 <R < 60 55 <R < 65 40 <R < 50 40 <R <60 40 <R < 60
Severe drought 30 <R <40 45 <R <55 35 <R <40 30 <R <40 30<R <40

Extreme drought R <30 R <45 R<35 R <30 R <30
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Table 2. Cont.

Stati Drought Relative Soil Humidity at Different Stages (%)
ation Categories . . . - Y . . e P .
Sowing-Seedling  Seedling-Jointing Jointing-Tasseling Tasseling-Milking ~ Milking-Maturing
Drought-free R>60 R>60 R>50 R>50 R>60
Light drought 53 <R <60 50<R <60 40<R <50 40<R <50 55<R <60
Suozhou l\gfgjéitf 45 <R <53 40<R<50 35 <R < 40 35 <R < 40 40 <R <55
Severe drought 40<R <45 30<R <40 30<R <35 30<R <35 35<R <40
Extreme drought R <40 R <30 R <30 R <30 R<35
Drought-free R>65 R > 65 R>60 R>70 R>65
Light drought 60 <R <65 60 <R <65 50<R <60 60<R <70 55<R <65
Baota l\g;’gjéitf 40 <R < 60 50 <R < 60 40 <R < 50 40 <R <60 45 <R < 55
Severe drought 35<R <40 45 <R <50 35<R <40 30<R <40 35<R <45
Extreme drought R<35 R <45 R<35 R <30 R<35
Drought-free R>62 R>65 R>59 R >58 R>68
Light drought 60 <R <62 62 <R <65 57 <R <59 55 <R <58 65 <R <68
Fanshi l\g;’gjéitte 55 <R < 60 60 <R < 62 50 <R < 57 50 <R < 55 60 <R < 65
Severe drought 40<R <55 45 <R <60 45 <R <50 45 <R <50 50 <R <60
Extreme drought R <40 R <45 R <45 R <45 R <50
Drought-free R>63 R > 65 R>70 R>75 R>75
Light drought 55 <R <63 60 <R <65 68 <R <70 65 <R <75 70<R <75
Xiyang I‘g;’gjé%tte 45 <R <55 55 <R < 50 55 <R < 68 55 <R < 65 60 <R <70
Severe drought 40<R <45 50<R <55 45<R <55 45 <R <55 50<R <60
Extreme drought R <40 R <50 R<45 R <45 R <50
Drought-free R>65 R > 65 R>60 R >55 R>60
Light drought 60 <R <65 55 <R <65 55 <R <60 50<R <55 56 <R <60
Xifeng I‘g;’gj;tf 55 <R < 60 50 <R <55 50 <R <55 45<R <50 53 <R < 56
Severe drought 45<R <55 45 <R <50 45 <R <50 40<R <45 50<R <53
Extreme drought R <45 R <45 R <45 R <40 R <50

Due to the complex of reasons for the annual yield reduction, the maize yield reduction
rate was calculated year by year for each station, and the relative soil humidity during the
maize growth period was also calculated. According to the annual drought disaster records
of each agricultural meteorological observation station on the Loess Plateau recorded
in the Ten-day Data Set of China’s Agrometeorological Disasters collected and collated
by the China Meteorological Administration (a drought disaster record is defined as a
drought event, and the drought disaster data of stations and years not recorded in the data
set are supplemented by consulting the relevant literature), it was determined whether
drought occurred in a certain year. The reduction in maize production that year was
identified as a result of drought. Although there may be some errors in reductions in maize
production caused by drought in dry years, as well as other factors, it could generally be
considered in agricultural meteorological research that this reduction in maize production
was caused by drought.

Due to the change in relative soil humidity observation method, the time period of
relative soil humidity recorded by the agrometeorological observation stations in the China
Meteorological Data Network was restricted within the years 1997-2013. It was reasonable
and effective to determine the drought index of spring maize refinement suitability on the
Loess Plateau with a time span of 17 years. The change in relative soil humidity was slow,
and the ten-day data were reasonable and effective.

According to the relative soil humidity and production data of 18 spring maize agrom-
eteorological observation stations on the Loess Plateau from 1997 to 2013, the production
reduction rate of maize was calculated year by year. Although the yield of maize in
12 stations decreased, the relative soil humidity in each growth period of maize did not
meet the drought category standards of relative soil humidity in different growth periods
of maize specified in the Drought Category of Spring Maize in the North (QX/T 259-
2015). It could be considered that the maize production reductions were not caused by
drought [23]. There were seven stations (Minhe, Pingluo, Shuozhou, Baota, Fanshi, Xiyang,
and Xifeng) at which the maize yield reduction rate corresponded to the drought standards
of relative soil humidity. The Drought Category of Spring Maize in North China (QX/T

133



Atmosphere 2023, 14, 1481

259-2015) was revised by combining the yield reduction rate and the drought disaster data
on the Loess Plateau.

According to the statistics of relative soil humidity and production data of 18 spring
maize agrometeorological observation stations on the Loess Plateau from 1997 to 2013,
the production reduction rate of maize was calculated year by year [24]. Although the
production of maize in 12 stations decreased, the relative soil humidity in each growth
period of maize did not meet the drought category standard of relative soil humidity in
different growth periods of maize specified in the Drought Category of Spring Maize in
the North (QX/T 259-2015). It could be considered that the maize production reductions
were not caused by drought. There were seven stations (Minhe, Pingluo, Shuozhou, Baota,
Fanshi, Xiyang, and Xifeng) at which the maize yield reduction rate corresponded to the
drought standard of relative soil humidity. The Drought Category of Spring Maize in North
China (QX/T 259-2015) was subsequently revised by combining the production reduction
rate and the drought disaster data on the Loess Plateau.

The indexes of drought-free and light drought in the seed—seedling stage and milk-maturing
stage after revision in Pingluo increased by 5-10% compared with the original national
standard value, and the indexes of moderate drought, severe drought, and extreme drought
decreased by 5% compared with the original national standard value. The drought indexes
of emergence and jointing increased by 5% compared with the original national standard
values. The drought indexes of jointing—tasseling and tasseling—milking decreased by
5-10% compared with the original national standard values. Compared with the origi-
nal national standard value, the indicators of drought-free, light drought, and moderate
drought in Shuozhou decreased by 2-5%, and the indicators of severe drought and extreme
drought increased by 5%. The drought indexes of jointing—tasseling and tasseling—milking
decreased by 10-25% compared with the original national standard values. The drought in-
dexes of the seedling—jointing stage and milk-maturing stage were the same as the national
standard. The drought indexes in the periods of sowing—emergence, jointing—tasseling,
and tasseling—milking in Baota decreased by 5-15% compared with the original national
standard. The drought index in the period from seedling emergence to jointing increased
by 5-15% compared with the original national standard value. The drought index of the
milk-ripening period was the same as the national standard. The drought indexes of
the seed—seedling stage, jointing—tasseling stage, and tasseling—milking stage in Fanshi
decreased by 3-17% compared with the original national standard values. The drought
indexes of the seedling—jointing stage and the milk—-maturing stage increased by 3-15%
compared with the original national standard values. Compared with the original national
standard values, the indexes of drought-free and light drought in the seed-seedling stage
and milk-maturing stage in Xiyang decreased by 2-15%, and the indexes of moderate
drought, severe drought, and extreme drought increased by 5-15%. The drought indexes of
the seedling—jointing stage and jointing-tasseling stage increased by 3-20% compared with
the original national standard value. The drought index in the period from tasseling to milk-
ing was the same as the national standard. The drought indexes of the Xifeng seed—seedling
stage and the seed—jointing stage increased by 10-25% compared with the original national
standard value. The drought indexes of the jointing—tasseling stage, tasseling—milking
stage, and milking-ripening stage decreased by 3-20% compared with the original national
standard values.

In summary: (1) the drought standard value of relative soil humidity had increased by
3-25% at 71.4% of the stations in the seed—seedling stage and at 85.7% of the stations in the
seed—jointing stage, which indicates that the national standard index of this growth period
underestimates the drought category and the disaster degree of drought; (2) the drought
standard value of relative soil humidity had decreased by 3-25% at 27.1% of the sites in the
jointing—tasseling stage and at 71.4% sites in the tasseling-milking stage, indicating that the
national standard index of this growth period overestimates the disaster degree of drought.
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5.2. Reclassification of the Drought Index of Spring Maize on the Loess Plateau

Using the yield reduction rate and drought disaster data, we validated the revised
relative soil humidity drought category standard for spring maize at different growth
stages at seven stations (Minhe, Pingluo, Xifeng, Baota, Shuozhou, Fanshi, and Xiyang).
The validation period of this study was 1997-2013, a total of 17 years, and each year was
divided into five fertility stages, a total of 85 periods. During the validation process, the
compliance was divided into three types, namely, compliance (where the drought level
of the two is the same), basic compliance (where the difference between the two is one
level), and non-conformance (where the difference between the two is two levels or more).
Through the statistics of the three cases, the percentage of time periods satisfying the three
cases in the total number of time periods was obtained; then, the changes in percentages
before and after category correction were compared (Figure 5).
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Figure 5. Compliance rate of drought-level criteria for soil moisture at different growth periods of
maize on the Loess Plateau (%).

Figure 5 shows that the compliance degree of the relative soil humidity suitability
index after correction had been significantly improved, and the compliance rate of each
station category had increased by 8.2-20%, with Pingluo and Fanshi exhibiting the most
obvious improvement in the compliance rate. Non-conformance rates of each station
decreased by varying degrees, among which the rate of non-compliance at Shuozhou
decreased the most, reaching 21.7%, and the rate of non-compliance at Fanshi decreased
the least, by only 6.3%. After correction of the index category, the proportion of actual
drought at the seven stations in line with the calculated results was significantly increased,
while the proportion of non-conformity was significantly decreased. This showed that the
revised category was more suitable for the study areas and could be used as the drought
grading for studying the different growth stages of spring maize on the Loess Plateau.

5.3. Individual Validation of the Drought Index

Taking Shuozhou, Shanxi Province, as an example, the drought disaster data showed
that moderate drought occurred in spring corn in July 2005, light drought occurred in
spring maize in August 2008, and severe drought occurred in spring maize in 2010. The
drought was judged using the revised relative soil humidity drought category standard,
as shown in Table 3, and the drought degree of the corresponding growth period in the
drought month was reduced, which was more in line with the actual drought situation.
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Table 3. Drought disaster data and relative soil humidity drought level determination in Shuozhou
(before/after revision).

Actual Drought Conditions Jointing-Tasseling Tasseling-Milking

Extreme
July 2005, Moderate Drought Drought/Severe Drought
. Extreme
August 2008, Light Drought Drought/Light Drought
Extreme

July 2010, Severe Drought Drought/Severe Drought

6. Spatial Distribution of Spring Maize Drought Frequency on the Loess Plateau

According to the revised drought category standard of relative soil humidity of spring
maize at different growth stages in different regions of the Loess Plateau, the occurrence
frequencies of drought and above-drought events in 18 stations from 1997 to 2013 were
calculated, and spatial distribution maps of the frequency of drought occurrence in different
growth stages of spring maize on the Loess Plateau was obtained (Figure 6).
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Figure 6. Spatial distribution of drought frequency in different growth stages of spring maize in the
Loess Plateau.

Figure 6 shows that drought in the emergence period mainly occurred in central and
southern Shaanxi, northern Shanxi, central and eastern Gansu, and some regions of Qinghai
Province, with a frequency of 25-75%. The maximum drought frequency was 75%, which
occurred in pagodas. Figure 6b indicates that drought in the emergence and jointing stage
mainly occurred in central Shaanxi, northeastern Shanxi, central and eastern Gansu, and
some regions of Qinghai Province, with the drought frequency reaching 10-53%. The
maximum drought frequency occurred in Xifeng: approximately 53%.

Figure 6c shows that the high-frequency drought area in the jointing-tasseling period
was concentrated in the eastern part of the Loess Plateau, with a frequency of 20-41%,
and drought occurred in other areas at a frequency below 20%, characterized by higher
frequency in the east and lower frequency in the west. Figure 6d shows that drought in
the period from tasseling to milking mainly occurred in central Shaanxi, eastern Shanxi,
and most of Gansu, with a frequency of 6-41%. The maximum drought frequency occurred
in Xi County: approximately 41%. Figure 6e shows that the high drought frequency in
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the milky and mature period occurred in the northeast of the Loess Plateau; the drought
frequency in Xiyang and Changzhi was about 42%; and the drought frequency in other
regions was 8-33%, occupying a large area of the Loess Plateau. The overall characteristics
of high drought frequency in the northeast and low drought frequency in the central and
western regions were presented. With the change in growth period, the area of high drought
frequency gradually moved northward, the overall drought frequency decreased, and the
degree of drought decreased. Ningxia Province did not exhibit obvious drought in each
growth period; the overall occurrence frequency of each growth period was high in the east
and low in the west.

7. Conclusions

We used the relative soil humidity and yield data at stations on the Loess Plateau for
spring maize growth periods from 1997 to 2013 to refine the drought categories based on
the yield reduction rate. The findings are as follows:

(1) The multi-year average sowing date of spring maize on the Loess Plateau in Zone I
was 9 April, whereas that in Zone II and Zone IIl was 26 April. The growth period of
spring maize was mainly delayed—the delaying trend of the tasseling and maturity
period was significant—and the number of days the whole growth period of spring
maize lasted was prolonged. In terms of spatial distribution characteristics, it was
shown that the east-west direction of each growth period was delayed, and gradually
become later from west to east.

(2) The relative soil humidity in May and September had a significant impact on the yield
of spring maize. The soil depths in the jointing and heading stages of spring maize
before and after July passed the 0.01 significance test; the relative soil humidity in the
jointing and heading stages of spring maize exhibited the best correlation with the
yield, which was superior to the relative humidity in other growth stages, followed
by the milky and mature stages; and the relative soil humidity in the sowing and
seedling stages had a minor impact on the yield.

(3) Based on the yield reduction rate of spring maize on the Loess Plateau, the original
national drought standard was revised, and the drought categories of the relative
soil humidity of spring maize were derived. The results showed that the relative soil
humidity index of spring maize in each growth period increased or decreased by
different degrees at each station, and the category at each station fluctuated within
25% compared with the national standard. Through the verification of the compliance
rate of the drought index category standard and individual cases, it was shown that
the relative soil humidity drought category classification standard of each station
determined in this study can better indicate the severity of agricultural drought on
the Loess Plateau. After correction, the compliance rate of the relative soil humidity
suitability index was significantly improved, and the compliance rate of each station
category was increased by 8.2-20%, with the most obvious changes in the compliance
rate at Pingluo and Fanshi. Non-conformance rates of each station decreased by vary-
ing degrees, and the rate of non-conformance of the category at Shuozhou decreased
the most, reaching 21.7%. The revised category was more suitable for the study area,
and could be used for grading spring maize drought in different growth stages on the
Loess Plateau.

(4) The drought frequency on the Loess Plateau was determined using the revised stan-
dard of relative soil humidity drought categories of spring maize. The results showed
that moderate drought, severe drought, and extreme drought in the sowing and
seedling stage of spring maize on the Loess Plateau from 1997 to 2013 mainly occurred
in central and southern Shaanxi, northern Shanxi, central and eastern Gansu, and
parts of Qinghai. The drought frequency was 25-75%, and the maximum drought
frequency occurred in the pagoda of Gansu, which was 75%. With the change in
the growth period of spring maize, the area with high drought frequency gradu-
ally moved northward, the drought frequency decreased overall, and the degree of
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drought decreased. The drought frequency in most regions during the milk-ripening
period was less than 20%; the drought frequency in Xiyang and Changzhi in Shanxi
Province was about 42%.

8. Discussion

Liu Qingging [21] used the standardized precipitation evapotranspiration index (SPEI)
and soil moisture deficit index (SMDI) to analyze the spatial-temporal evolution of agricul-
tural drought and meteorological drought during the spring/summer maize growth period
in Northeast, Northwest, and North China. The research results indicate that there was a
certain degree of similarity in the spatiotemporal variation patterns of agricultural drought
and meteorological drought during the maize growth period in different regions, but there
were certain differences. Therefore, this study addressed the response law of yield-related
factors of maize on the Loess Plateau to drought, analyzed the impact of meteorological
and agricultural drought on maize growth and yield during the maize growth period,
determined the key months and time scales of drought’s impact on maize growth and
yield, and selected the drought indicators that were most suitable for reflecting maize yield
response and corrected them, which has practical application and promotion significance.

Yan C. et al. (2023) calculated the standardized precipitation evapotranspiration index
(SPEI) of maize growth periods at different scales based on measured meteorological data
from 32 meteorological stations in Shaanxi Province from 1971 to 2020. They analyzed
the spatiotemporal characteristics of drought in different maize growth periods and the
impact of drought on the meteorological yield of maize [25]. Research has shown that
the meteorological yield of maize is closely related to dry and wet conditions during the
flowering period; the maize yield in most regions of Shaanxi Province was considerably
affected by the dry and wet conditions throughout the entire growth period. Zhang X. F.
(2022) utilized the daily climate data of 156 meteorological stations in dry farming areas
of northern China from 1961 to 2018 and spring maize growth period data from 1991 to
2013, to divide the dryland area in northern China into four sub-areas according to their
aridity index. Based on the crop water deficit index (CWDI), the temporal and spatial char-
acteristics of spring maize drought in the dryland area of northern China were revealed by
analyzing water supply and demand, inter-annual variation in CWDI, drought station ratio,
and frequency. The results showed that in terms of spatial distribution, drought grade and
frequency showed an obvious east-west distribution [26]. This demonstrated that exploring
the temporal and frequency domain correlation between maize meteorological yield and
drought indicators in different regions, and finally quantifying the relationship between
dry and wet conditions and yield through regression analysis, could effectively provide a
reference basis for ensuring disaster prevention and reducing agricultural production in
the research area, as well as optimizing irrigation decision-making.
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Abstract: The change in raindrop spectrum characteristics is an important factor affecting the accuracy
of estimations of precipitation. The in-depth study of raindrop spectrum characteristics is of great
interest for understanding precipitation process and improving quantitative radar precipitation
estimation. In this paper, the raindrop size distributions at Longli (57913), Puding (57808) and Luodian
(57916) stations in Guizhou were analyzed from the perspective of precipitation microphysical
characteristics. The results showed that the raindrop size distribution was different among different
regions. The correlation coefficients of the mass-weighted average diameter for the rain intensities at
these three stations were 46.89%, 49.51%, and 47.03%, respectively, which were slightly lower than
the normal correlation coefficients of the average volume diameter for the rain intensities: 67.80%,
71.28%, and 71.46%, respectively. Based on the data from the Guiyang weather radar, raindrop
spectrometer, and automatic rain gauge, the dynamic Z-I relationship method and the LSTM neural
network method were used to estimate precipitation. The correlation coefficients of the dynamic Z-I
relationship method and the LSTM neural network method at the three stations studied were 0.8432,
0.7763, and 0.8658 and 0.8745, 0.9125, and 0.8676, respectively. Regarding the process of stratiform
cloud precipitation, the correlation coefficients of the dynamic Z-I relationship method and LSTM
neural network method at the three stations were 0.6933, 0.0902, and 0.1409 and 0.7114, 0.4984, and
0.4902, respectively. In the estimation of cumulative precipitation for 45 days from 1 July to 16 August
2020, the relative errors of the neural network estimation at the three stations were —4.25%, —11.35%,
and —8.68% and the relative errors of the dynamic Z-I relationship estimation were —2.68%, —7.41%,
and —21.23%, respectively. The final relative error of the neural network was slightly worse than
that of the dynamic Z-I relationship in the cumulative precipitation estimations of Longli station and
Puding station, but the overall correlation coefficients of the LSTM neural network method were
better than those of the dynamic Z-I relationship method.

Keywords: raindrop spectrum; radar; dynamic Z-I; LSTM neural network; precipitation estimation

1. Introduction

Raindrop spectrum analysis is an important part of cloud precipitation physics.
Through the analysis of the raindrop spectrum, the accuracy of radar quantitative es-
timations of precipitation can be further improved. The accuracy of precipitation is of great
significance for predicting and preventing flood disasters; for forecasting hydrological wa-
ter resource systems, agricultural crop production, and ecological environmental changes;
and for providing decision-making support for the work of agricultural and water con-
servancy and other relevant departments, as well as for the formulation of corresponding
policy measures. As a device for directly detecting the ground raindrop spectrum, many
scholars have studied the distribution characteristics of the raindrop spectrum. Huang
et al. [1] classified the raindrop spectrum data of Anxi in Fujian Province from 2017 to
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2020 based on the precipitation season and type. The results showed that the raindrop
spectrum’s spectral width and number concentrations in summer are the highest in the
precipitation season. The raindrop spectrum of stratiform clouds is narrower than that of
convective clouds in their precipitation types. The average particle size is smaller and the
number and concentration are lower. Chakravarty et al. [2] statistically analyzed the parti-
cle distribution characteristics before, during, and after the monsoon in Pune, India. The
results showed that the strong updraft affected convective precipitation after the monsoon
period, which reduced the small particle size and increased the average particle diame-
ter. In order to study the influences of underlying surface, precipitation type, and other
factors on the characteristics of the raindrop spectrum, Zhao et al. [3] analyzed the parts
of the raindrop spectrum in the summer of 2017-2018 in mountainous and plain areas of
Beijing. The results showed that the particle size of the peak concentration of the raindrop
spectrum in mountainous regions is larger, and convective cloud precipitation has a larger
mass-weighted average diameter and spectral width than stratiform cloud precipitation.
Zhang et al. [4] analyzed the raindrop size distribution and microphysical characteristics
of different precipitation types in summer at the southern foot of the Qilian Mountains. It
was concluded that the number, concentration, average diameter, and maximum diameter
of convective cloud precipitation are higher than those of stratiform cloud precipitation.
The GAMMA distribution was closer to the actual raindrop size distribution. Chen [5]
used the machine learning method to establish a convolutional neural network model with
which to identify the type of precipitation based on the base data of the ground-based
raindrop spectrometer. The model was distinguished by extracting the characteristics of
particle size, particle velocity, and number density distribution in the raindrop spectrum
distribution image. Compared with the traditional measurement method, the accuracy rate
was improved by 11.87%.

With the deepening of the research on the raindrop spectrum, many scholars have
applied raindrop spectrometer data to radar quantitative precipitation estimation in order to
improve the accuracy of precipitation estimation. Jing et al. [6] used the observation data of
large-area heavy precipitation processes, collected with the ground raindrop spectrometer
and S-band weather radar in Guangzhou, to analyze and correct the deviation between the
aerial reflectance observed by radar and the ground reflectance obtained with the raindrop
spectrometer. The results showed that the relative error of precipitation estimated with the
raindrop spectrometer combined with the weather radar method was 25% higher than that
of the traditional Z-I relationship method. Liu et al. [7] used a ground raindrop spectrometer
combined with dual-polarization weather radar data for precipitation inversion research.
In the analysis of inversion results, it was found that the inversion effect was related to
the mass-weighted average diameter of the precipitation process and the size range of
precipitation intensity. Zhang et al. [8] used the raindrop spectrometer network method
and the traditional radar quantitative estimation method to estimate precipitation. The
results showed that the two methods have a better estimation effect on stratiform cloud
precipitation, and the raindrop spectrometer network method is more accurate. Zhou
et al. [9] analyzed the characteristics of the raindrop spectrum in the stratocumulus mixed
cloud precipitation process using the raindrop spectrometer’s observation data. The results
showed that the precipitation intensity mainly depends on the maximum raindrop diameter.
It is also positively correlated with the raindrop concentration, but has little relationship
with the average diameter. The fitting parameters of I' distribution provide the exact
change trend with time, and the fluctuation of each appropriate parameter during the
heavy precipitation period is slow. The values remain at the same level.

Meteorological data have the characteristics of solid periodicity, space-time, uncer-
tainty, and high attribute correlation, the variability of which make it challenging to analyze
and process meteorological data by conventional methods (Peng Yuzhong et al. [10]). In
recent years, with the continuous development of machine learning technology, researchers
are increasingly applying it to natural science. Machine learning is an artificial intelligence
algorithm different from traditional prediction methods. Because the machine learning
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model has strong expression and fitting ability, it is especially suitable for solving nonlinear
problems. Kang et al. [11] used nine input variables in order to construct a short-term
long memory (LSTM) model. They refined the selected meteorological variables, according
to the relative importance of the input variables, to reconstruct the LSTM model. The
LSTM model of the final selected input variable was used to predict precipitation, and the
performance was compared with other classical statistical and machine learning algorithms.
The results show that LSTM is suitable for precipitation prediction. Shen et al. [12] used
long-term and short-term memory networks in order to predict precipitation. The results
showed that the prediction capability of the LSTM network is better than those of the
stepwise regression, BP neural network, and model output methods. The LSTM network
has a specific prediction ability for the overall precipitation situation. Tang et al. [13] used
the LSTM method to predict short-term rainfall, and collected debris flow data and daily
cumulative rainfall data. The statistical classification method was used to delineate the
precipitation warning threshold of debris flow, and the predicted value and point were
compared. The results showed that the threshold warning accuracy of rainfall-induced de-
bris flow exceeds 90%, and the error of LSTM-predicted rainfall results is less than 1.5 mm.
Liu et al. [14] used a long short-term memory neural network (LSTM) to predict monthly
precipitation on the Qinghai-Tibet Plateau. The results showed that the spatial range of R2
> 0.6 in the LSTM model was much larger than that in the traditional model, and the RMSE
value of LSTM prediction was lower than that of other models under different prediction
lengths. Chen et al. [15] used the LSTM neural network in order to construct a monthly
precipitation prediction model. They compared the precipitation prediction accuracy based
on LSTM and random forest (RF) models under different covariates. The results show that
the LSTM model has higher accuracy when using climatic factors (C) and historical precipi-
tation data (H) as input variables than under single-input C and H variables. Compared
with the RF model, the LSTM-based precipitation prediction model has higher prediction
performance. Yashon O. Ouma et al. [16] applied the LSTM neural network and wavelet
neural network (WNN) in the spatiotemporal prediction of precipitation and runoff time
series trends in hydrological basins. The results showed that LSTM performed better than
WNN. Yang et al. [17] predicted precipitation with reasonable accuracy by establishing a
coupling model with the ensemble empirical mode decomposition and long short-term
memory neural network (LSTM).

Firstly, this paper analyzes the characteristics of Longli (57913), Puding (57808), and
Luodian (57916) stations in Guizhou, and finds the diameter parameter with a strong corre-
lation with precipitation intensity to pave the way for precipitation estimation. Thereafter,
based on the multi-source data from the Guiyang weather radar, raindrop spectrometer,
and automatic rain gauge, the precipitation is estimated using the LSTM neural network
method and the dynamic Z-I method.

2. Data and Quality Control
2.1. Data Sources
2.1.1. Weather Radar Data

The weather radar data comes from Guiyang CINRAD/CD new generation Doppler
weather radar in Guizhou Province, China. The station number is Z9851, located at
(106.7264° E, 26.5903° N), with an altitude of 1255.7 m, a reflectivity factor distance resolu-
tion of 250 m, and a maximum detection distance of 250 km. The radar volume scanning
mode of this department is VCP21; that is, one body scan can scan 9 elevation angles in
6 min, and the elevation angles are 0.5°, 1.5°,2.4°, 3.4°, 4.3°, 6.0°, 9.9°, 14.6°, and 19.5°.

2.1.2. Raindrop Spectrometer and Rain Gauge Data

The raindrop spectrometers used in this paper are all OTT-Parsivel laser raindrop
spectrometers, which detect the particle size and particle velocity by measuring the width
and time of the laser beam with a wavelength of 650 mm, through the plane of 30 mm wide
and 180 mm long. The rain gauge data used are from the tipping bucket rain gauge of
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the automatic meteorological observation station in Guizhou Province, and the detection
accuracy is 0.1 mm. In order to ensure the spatial position coincidence of the raindrop
spectrometer and rain gauge, the data from the two instruments used in this paper are
from the same meteorological station. The detection time resolutions of the raindrop
spectrometer and of the rain gauge are set to 1 min, which ensures the time matching of the
two data.Table 1 lists the basic site information.

Table 1. Basic information of raindrop spectrum stations.

Station Number Station Name Geogra.phlcal Distance from Radar
Coordinates
57913 Longli 106.98° E, 26.45° N 30.21 km
57808 Puding 105.74° E, 26.31° N 99.95 km
57916 Luodian 106.76° E, 25.43° N 129.03 km

2.2. Data Quality Control
2.2.1. Data Quality Control of Raindrop Spectrometer

Firstly, the gross error is eliminated. The research shows that raindrop particles more
than 6 mm in nature are extremely rare, so this part is destroyed. Subsequently, in order to
ensure the stability of the droplet spectrum measurement, the data in which the number of
detected raindrops is less than 10 in a single sample are removed as noise. Finally, according
to the local D-V relationship, the errors of particle overlap and raindrop spectrometer rain
cover splashing particles are eliminated.

ATLA D et al. [18] (1973) found that the final velocity formula of precipitation particles
under ideal windless conditions is as follows:

v=0,x <0.03mm
v =4.323 x (x —0.03) ,0.03 mm < x < 0.6 mm 1)
v =9.65—10.3 x e 0%, x > 0.6 mm

In the formula, x is the particle diameter, whose unit is mm; v represents the final
velocity of the particle, whose unit is m/s.

By counting different types of precipitation samples, the D-V curve of local precipi-
tation particles is fitted, representing the particle size and particle velocity characteristics
of regional precipitation. Referring to the data method proposed by Kruger et al. [19] to
eliminate the excessive dispersion of velocity sampling, the threshold is set to eliminate
the particles in the interval with significant deviation from the reference curve, and the
precipitation particles can be retained.

2.2.2. Weather Radar Data Quality Control

Weather radar will detect both meteorological and non-meteorological echoes in the
detection process. For some isolated echoes, or thin line-shaped echoes caused by birds,
insects, aircraft, etc., speckle filtering can be used to eliminate them. The formula is as follows:

Px = N/Ntotal (2)

In the formula, Ny, is the total number of distance libraries contained in the 5 x 5 grid
centered on the X-th distance library, N is the number of libraries with radar reflectivity
values in Nyy,, and Py is the percentage of radar reflectivity in the grid. When Py is less
than a certain threshold (default 75% in this paper), the X-distance library calibrated in the
radar base data is regarded as the non-meteorological echo being eliminated.

However, it is difficult to eliminate large-scale ground clutter in some areas close to
the radar using speckle filtering alone. For this part of the clutter, texture filtering is needed
to eliminate it. Firstly, the horizontal texture feature parameter T,py is calculated. The
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horizontal texture feature parameter T ;57 can describe the smoothness of adjacent distance
and radial data in the same elevation layer. The formula is as follows:

N Np

Tisz =3, (Zij— Zij+1)*/ (N4 x Np) 3)
i=1i=1

In the formula, Z; is the radar reflectivity intensity, whose unit is dBZ; i and j are the
distance library serial number and the azimuth serial number in the reflectivity library,
respectively. N4 and N are the numbers of calculation libraries centered on the calibration
distance library in distance and azimuth, respectively.

The vertical texture feature parameter V ;57 can describe the continuity of the echo
in the adjacent elevation layers of the same distance library. The V57 of the calibrated
distance library can be calculated using the following formula:

Vapz = (Zi — Ziy1)/ (Hiz1 — Hy) 4)

In the formula, Z; and Z;, 1 are the radar reflectivity intensity of the upper elevation
angle of the calibration range library and the calibration range library, respectively, and
their unit is dBZ. H; and H;,1 correspond to the elevation angles of the upper layer of the
calibration distance bank and the calibration distance bank, respectively.

The horizontal texture features can distinguish stratiform cloud precipitation echo and
convective cloud echo, but cannot distinguish precipitation echo and non-precipitation echo.
The vertical texture features can distinguish non-precipitation echo and stratiform cloud
echo, but cannot distinguish non-precipitation echo and convective cloud echo. Therefore, it
is necessary to combine the two. The non-precipitation echo formula is as follows:

©)

Vagz > 20dB/km
Tipz > 10dB?

It can be seen from Figure 1 that the ground clutter in the area near the radar is effectively
suppressed, and some sporadic echoes at the edge of the precipitation echo are also eliminated.
After quality control, a complete precipitation echo area can still be obtained.

70 65 60 55 50 45 40 35 30 25 20 15 10 5 O -5 -10

Figure 1. Quality control effect diagram of weather radar base data (a) before quality control and
(b) after quality control.
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3. Calculation and Characteristic Analysis of Raindrop Spectrum Parameters
3.1. Calculation of Raindrop Spectrum Parameters
3.1.1. Number Density

The particle number density N(D) represents the total number of raindrop particles

per unit volume, and its unit is m~3m~!. The calculation formula is as follows:
32 32 1
N(D) = _— 6
(D) ;];AXATXV]- ©)

In Equation (6), n;; represents the number of particles in the i-th particle diameter and

the j-th particle velocity; A is the sampling base area of raindrop spectrometer 5400 mm?;
AT is the sampling time of 60 s; V; is the sampling particle velocity in m/s.

3.1.2. Precipitation Intensity

The precipitation intensity is the amount of precipitation per unit of time, and the unit
is mm/h. The calculation formula was proposed by Pruppacher and Klett [20] as follows:

I=—2) D}V(Di)N(D;) @)

In Equation (7), D; represents the diameter of the sampled particle, and N(D;) is the
number of particles at the current particle diameter and particle velocity.

3.1.3. Mean Diameter

The average diameter is the sum of the diameters of all raindrops divided by the total
number of raindrops. The formula is as follows:

32
L N(Dj)D;
D= ®
,glN(Di)

3.1.4. Mass-Weighted Average Diameter

The mass-weighted average diameter is the average diameter of the weighted mass of
all particles in the unit volume relative to the total mass of the particles. The unit is mm.
The calculation formula is as follows:

32
Y. N(D;)D}
Dy =" — )
Y. N(D;)D?
i=1

3.1.5. VMD

The average volume diameter represents the diameter of the equivalent raindrop
whose volume is equal to the average raindrop volume. Its unit is mm. The calculation

formula is as follows:
1
32 513
'21 N(D;)D;
— l:
Dy= | (10)
¥ N(Dy)

i=1
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V/ (m/s)

3.1.6. M-P Distribution and GAMMA Distribution

Marshall and Palmer [21] first proposed the M-P distribution. They found that the
exponential function can be used to describe the distribution of raindrop size distribution,
and established the following formula:

N(D) = Ny x exp(—AD) (11)

In Equation (11), the unit of the particle number density parameter Ny is mm~'m~3,
and the unit of the particle size parameter A is mm ™.

It can be seen from previous studies that the M-P distribution formula is simple and
easy to calculate. Still, when describing the small-particle-size and large-particle-size
regions, there is an inevitable error between the actual observation data. To illustrate the
raindrop size distribution more accurately, Ulbrich [22] proposed a method based on the
M-P distribution to regard the raindrop size distribution as the GAMMA distribution. This
method can correct the distribution pattern in the regions with small particle size or large
particle size. At this time, the raindrop spectrum description function changes from the
original two-parameter exponential function to the three-parameter function form. The
formula is as follows:

N(D) = Ny x D" x exp(—AD) (12)

The shape factor u in Equation (12) is a dimensionless parameter. When u > 0, the
function curve bends upward. When y < 0, the function curve bends downward. When
u =0, the formula becomes an M-P distribution.

3.2. Analysis of Raindrop Spectrum Characteristics

In Figure 2, the horizontal axis is the particle diameter, the vertical axis represents the
final velocity of the particle, and different particle number densities are distinguished by
color. It can be seen from the average distribution of particles from March to August 2020 in
the figure that the corresponding particle size terminal velocities and particle distribution
patterns of the three stations are similar, and they are concentrated in the small-particle-size
area. The difference is that the particle concentration from the Longli (57913) station, in the
range of 1-1.5 mm, is more dispersed than those of the other two stations, and the spectrum
width of the Luodian (57916) station is wider than those of the other two stations.

57913 particle distribution 9 57808 particle distribution - 57916 particle distribution
a
(a) o] o (©)
84 8
40.0 = H‘w, 0 = 40.0
30.0 < 30.0 ~ 30.0
1200 | £ ¢ 1200 6 20.0
10.0 > 10.0 > 10.0
5.0 44 50 4 5.0
3.0 3.0 3.0
1.0 1.0 1.0
21 2
0.1 V0.1 0.1
0 0
3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

Figure 2. Particle distribution map: (a) Longli (57913) station, (b) Puding (57808) station, and
(c) Luodian (57916) station.

Figure 3 shows the particle number density distribution corresponding to each particle
size in the average raindrop spectrum. The horizontal axis represents the particle size,
and the vertical axis represents the particle number density. The fitting coefficients of the
three-site M-P distribution and the GAMMA distribution are shown in Table 2.
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Figure 3. Average raindrop size distribution, M-P distribution, and GAMMA distribution fitting:
(a) Longli (57913) station, (b) Puding (57808) station, and (c) Luodian (57916) station.

Table 2. Mean raindrop spectrum M-P distribution fitting parameters.

Station Name Station Number Ny A Correlation Coefficient
Longli (57913) 85.5219 —1.1507 83.52%
Puding (57808) 84.5301 —1.0243 85.25%
Luodian (57916) 69.1213 —0.9158 81.69%

The correlation coefficient parameters in Tables 2 and 3 show that the GAMMA
distribution’s fitting effect is significantly more potent than that of the M-P distribution.
The three-parameter GAMMA distribution is more flexible than the two-parameter M-P
distribution, which can depict more curve details. At the same time, the natural raindrop
spectrum of the three stations is unimodal, resulting in a significant error between the
M-P distribution and the actual value in the small-particle-size area. When the GAMMA
distribution fits the unimodal particle spectrum, the steeper the curve on both sides of
the peak, the larger the y and A values needed. Still, this would cause a great Ny value
to reduce the error between the peak value of the fitting curve and the actual value. It
would also lead to underestimation in the large-particle-size (D > 1 mm) area, where the
slope of the actual value curve is relatively moderate, and the M-P distribution in the large
particle-size-area performs better.

Table 3. GAMMA distribution fitting parameters of average raindrop size distribution.

Station Name Station

Number Ny u A Correlation Coefficient
Longli(57913) 1,177,999.13 6.0209 11.1092 95.65%
Puding(57808) 154,920.62 5.1694 8.6301 95.84%
Luodian(57916) 62,872.31 4.3027 7.7396 94.82%

The average diameter, mass-weighted average diameter, and average volume diameter
are used as parameters that can reflect the characteristics of the particle spectrum. Finding
the parameters with the highest consistency with rainfall intensity lays the foundation
for estimating precipitation later. The correlation coefficient between each diameter and
rainfall intensity is shown in Table 4.

The data used in Table 4 are the precipitation data of three stations, taken from March
to August 2020. To ensure the quality of the sample, the samples with rainfall intensity of
less than 1 mm/h are eliminated. The data in the table show that the correlation coefficient
between the average diameter and rainfall intensity is the lowest, and the correlation
between the average volume diameter and rainfall intensity is the highest. Figure 4 selects
a heavy precipitation process in order to find the area where the mass-weighted average
diameter and the average volume diameter differ.
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Table 4. Correlation coefficients between diameter and rainfall intensity.

Station Name Station

between Average Diameter

Correlation Coefficient

Correlation Coefficient between Mass Weighted

Correlation Coefficient between
Average Volume Diameter and

Number . . Average Diameter and . .
and Rainfall Intensity Rainfall Intensity Rainfall Intensity
Longli (57913) 25.04% 46.89% 67.80%
Puding (57808) 28.45% 49.51% 71.28%
Luodian (57916) 18.13% 47.03% 71.46%
T T T
A B precipitation intensity
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Figure 4. Changes in mass-weighted average diameter and average volume diameter with precipita-
tion intensity.

Figure 4 shows a heavy precipitation process on 28 June. The horizontal axis represents
the precipitation process time, the left axis represents the precipitation intensity, and the
right axis represents the particle diameter of the mass-weighted average diameter and the
average volume diameter. The precipitation intensity value of this process shows a bimodal
distribution. It can be seen that, when the precipitation intensity is not high early, late, and
between the two peaks of precipitation, the curves of the mass-weighted average diameter
and average volume diameter almost coincide, which are in good agreement with the
precipitation intensity value. However, the performance of the average volume diameter in
the heavy precipitationarea is better than that of the mass-weighted average diameter. The
correlation coefficients between the mass-weighted average diameter and average volume
diameter, and the precipitation intensity were 54.84% and 69.15%, respectively.

4. Precipitation Estimation Method and Result Analysis
4.1. Precipitation Estimation Method
4.1.1. Dynamic Z-I Relationships

The dynamic Z-I relationship method is based on the Z = alP index relationship, and the
fast real-time updated radar-automatic rainfall station data adjust the a and b coefficients
in the relationship. Different Z-I relationships can be used to estimate precipitation with
the change in the precipitation process. This method uses the weather radar detection data
and the automatic rainfall station data from the previous hour to calculate the optimal
parameters of the current Z-I relationship. It uses this relationship to estimate the recent
precipitation. Firstly, the value range of the a and b coefficients is determined. Wang
et al. [23] pointed out in their study that the value range of a is 16-1200, and that of b is
1-2.87. In order to save calculation time, when calculating the optimal coefficient, 60 a
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values are taken, from 16 to 1200 with an interval of 20, and 38 b values are taken, from 1 to
2.87 with an interval of 0.05, to calculate 60 x 38 groups of Z=amlbn(m=1,2,... ...,
59,60,n=1,2,....,37, 38), and simultaneously calculate 60 x 38 discriminant functions,
CTF2 (Zhang Peichang et al. [24]), as follows.

CTF2 = min{Z((Hi —G)?+ (H; — Gi))} (13)

In Equation (13), Hi is the inversion precipitation of the Z-I relationship, G; is the pre-
cipitation measured at the automatic rainfall station, and i is the sequence of the automatic
rainfall station. The Z-I relationship with the lowest CTF2 value is the optimal one to apply
to radar echo estimation precipitation.

4.1.2. Neural Network Method

Considering the temporal characteristics of precipitation, this paper uses the LSTM
neural network to build and train the model. In terms of data, Guiyang weather radar data,
raindrop spectrometer, and the automatic rain gauge data from Longli (57913), Puding
(57808), and Luodian (57916) automatic weather stations were used. The data overview is
shown in Table 5.

Table 5. Data Overview.

Data State Start Time Deadline Sample Size
Raindrop spectrometer, train 15 April 2019 0:00 17 July 2019 23:58 19297
weather radar, 3 March 2020 0:04 30 June 2020 23:57 ’
automatic rain gauge inspection 1 July 2020 0:03 16 August 2020 06:05 12,126

The construction of the data set is significant for using the neural network to estimate
precipitation. The closer the relationship between the input eigenvalues and the calibration
values to be output, the more accurate the final training results. The calibration value to
be estimated in this paper is precipitation. Therefore, the reflectivity data in the weather
radar, as well as the particle diameter, particle falling speed, and particle number density
parameters in the inversion formula of the raindrop spectrum precipitation intensity were
selected as the input eigenvalues of the neural network. Considering the distance between
the raindrop spectrum station and the radar station, and drawing on experience in the
process of model debugging, select 1-3 lamination scan data as feature value input, as
shown in Table 6.

Table 6. Estimated neural network input overview.

Eigenvalue Estimated Value

Radar reflectivity intensity (1-3 layers)
Inversion of particle number density with
raindrop spectrometer
Average particle velocity inversion with A rain gauge measures precipitation
raindrop spectrometer
Raindrop spectrometer inversion average
volume diameter

When establishing the neural network input data set, the time sliding construction
is used to enrich the data set, and the input diagram of the estimated data set is shown
in Figure 5.
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Figure 5. Estimate network and benchmark network input diagram.

As shown in Figure 5, the X input of the estimation network keeps the ten sample
sizes unchanged and slides on the time axis in turn. The Y input maintains the time
corresponding to the last sample of the X input—that is, using the data from the previous
hour to estimate the current time’s precipitation.

The basic structure of the neural network is shown in Figure 6.

R

Estimate the network

Input sequence

LSTM(96)

Dropout(0.5)

Dense(1)

- A

-

Figure 6. The basic structure diagram of the estimated neural network.

The data are first entered into the LSTM layer for temporal feature extraction, and
then the dropout layer is used to increase the network’s generalization ability. Finally, the
predicted value is output in the BP layer of a single neuron.

In this paper, according to the method of dividing convective clouds and stratiform
clouds proposed by Tokay et al. [25], two representative precipitation processes and 45-day
cumulative precipitation were selected to estimate rainfall using the dynamic Z-I method
and neural network method, respectively. The data were used to compare the effects of
the Longli (57913), Puding (57808), and Luodian (57916) automatic weather stations. The
station information is shown in the table.
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In terms of the estimation accuracy evaluation index, correlation coefficient (Cor),
mean relative error (MRE), mean absolute error (MAE), and root mean square error (RMSE)
are used. The calculation formula is as follows:

(Rest( ) @) (Rreal(i) - Rreal)
Cor = —! (14)

\/ﬁll (Rest(i) - @)Z(Rreal(i) - Rreal)2

It

‘RL’SI‘(I Rreul( )l 0
MRE = x 100~ (15)
n; real(l) 0

MAE = ZlRest reul( )| (16)

RMSE = \/ 2 (Rest (i) — Ryear (i))? (17)

The correlation coefficient can compare the linear correlation between the two se-
quences. The higher the correlation is, the closer the correlation coefficient is to 1. The
average absolute error is the average value of the fundamental error, which can reflect the
positive and negative offset parts of the error. The average relative error is the average
value of the absolute error percentage to the actual value, representing the measurement
results’ reliability. The root means the square error is the square root of the mean fair sum
of the deviation between the observed value and the actual value, and is used to measure
the divergence between the observed value and the actual value. It is more sensitive to
singular values.

4.2. Analysis of Precipitation Estimation Results

Firstly, a convective cloud precipitation process occurring on 18 July 2020 was selected
for analysis. The weather development process is as follows.

As shown in Figure 7, at 5:57 on 18 July 2020, an unmistakable echo appeared near
the junction of Bijie, Zunyi, and Luzhou in Sichuan Province, in the northwest direction
from Guiyang. The maximum combined reflectivity reached 53.2 dBZ, and the echo
continued to develop and move southeastward. At about 8:00 BST, a strong echo band
appeared over the junction of southwest Anshun and southwest Guizhou in the southwest
of Guiyang, and quickly moved to the northeast. From Figure 7d, it can be seen that the
echo gradually evolved into a northeast-southwest squall line echo. At this time, the lower
atmosphere in southern Guizhou showed a strong wind field convergence phenomenon.
At 14:00, with the continuous development of the weather phenomenon, the squall line the
squall line gradually gradually weakens and tends to die, but the rear part of the squall
line still maintains a high reflectivity intensity. The echo area covered most of southern
Guizhou, and the two independent echoes were connected and began to merge, affecting
the region. At 18:00, the echo over the Qiannan area dissipated, but the precipitation cloud
was continuously transported from the solid southeast wind to the Qiannan area. Within
a few hours, the echo area slowly moved southward, the precipitation echo was evenly
distributed, and the intensity remained unchanged with short-term strong wind. Until
5 o’clock on 19 July 2020, the precipitation area continued to dissipate.

The convective cloud precipitation estimated with the neural network method and
dynamic Z-I relationship method is shown in Figure 8.
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Figure 7. Radar echo of precipitation process on 18 July 2020: (a) 07/18 05:57, (b) 07/18 08:54,
(c) 07/18 10:30, (d) 07/18 12:12, (e) 07/18 15:15, (f) 07/18 18:02, (g) 07/18 22:25, (h) 07/19 01:19, and

(i) 07/19 05:01.

(a)

= rain gauge

=== neural network
=== Dynamic ZI relation |

(b)

T T T
rain gauge

neural network
Dynamic ZI relation

(c)

T
= rain gauge
ww neural network | |
== Dynamic ZI| relation

I 2.0 2.0 I
25
£ £ £
g 2.0 § 1.5 E 1.5
] 3 £
E 18 g 1.0 E 1.0
1.0
PO Y |\ I ' | PN T 0.5 0.5
o0 E‘(M |7I|9 19:33 21:48 23:58 OZ,W &0 16:14 18:29 20?43 22:58 01:14 03:§ o0 19:01 21:15 Z3i36 01:52 04:07 06:21
07/18 07/18 07/18 'Imeo7/|a 07/18 07/19 07/18 07/18 07/18 ﬁme07/13 07/19 07/19 07/18 07/18 07/18 ﬁme\'ﬂ/‘? 07/19 07/19
Figure 8. Rainfall estimation of convective cloud precipitation process: (a) Longli (57913) station,
(b) Puding (57808) station, and (c) Luodian (57916) station.
The real-time estimation of the rainfall evaluation index is shown in Table 7.
Table 7. Evaluation index of rainfall estimation in convective cloud precipitation process.
Site Estimating Method Real-Time Correlation MRE MAE RMSE
Coefficient
. Dynamic Z-1 0.8432 0.5046 0.1462 0.2745
Longli (57913) Neural network 0.8745 0.4646 0.1228 0.2454
. Dynamic Z-1 0.7763 0.8039 0.1324 0.2962
Puding (57808) Neural network 0.9125 0.7628 0.0935 0.1884
. Dynamic Z-1 0.8658 0.7799 0.1357 0.3379
Luodian (57916) Neural network 0.8676 0.7986 0.1372 0.3412
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From the fitting curve in Figure 8 and the data in Table 7, it can be seen that the neural
network method outperforms the dynamic Z-I relationship method at all three stations
in terms of real-time correlation coefficients. For MRE, MAE, and RMSE, the error of the
neural network method in the Longli (57913) and Puding (57808) stations is smaller than
that of the dynamic Z-I relationship method, and slightly higher than that of the dynamic
Z-1 relationship method at Luodian (57916) station. Dynamic Z-I relationship: The Z-I
relationship is corrected using the first ten body sweep data and raingauge data. When the
automatic rain gauge does not detect precipitation information, the Z-I relationship is set
Z =16 x I'. Only a tiny intensity of radar reflectivity can invert a certain precipitation
intensity. The advantage of this setting is that it can make up for the residual error from
the tipping bucket of the automatic rain gauge to a certain extent. Still, it is limited to
the quality of the radar data and the automatic rain gauge data. If the radar detection
echo is shorter before the precipitation data, it will prevent the precipitation from being
overestimated. The neural network method is less effective at estimating the precipitation
start period, and there is a specific lag phenomenon. This is because the neural network
needs to learn from rich samples in order to establish the model, including precipitation
samples, non-precipitation samples, and some samples with mismatched precipitation
information. Therefore, for the neural network to determine the precipitation start time,
the input sample needs to contain a sufficient amount of precipitation samples, so it will
affect the determination of the precipitation start time. When the precipitation intensity in
the latter part of the precipitation is large and the precipitation is continuous, the actual
precipitation can be accurately reflected regardless of the neural network or the dynamic Z-I
relationship. The dynamic Z-I relationship and the neural network method can accurately
describe the convective cloud precipitation process, independent of the distance from the
station to the radar.

Secondly, a continuous stratiform cloud precipitation process on 19 July 2020 was
selected for analysis. The weather process is as follows.

As shown in Figure 9, at 12:00 on 19 July, scattered echoes appeared and developed
slowly over the junction of southern Guizhou, Guangxi, and Yunnan. During this period,
the wind force in Guizhou was low, and the wind field was relatively stable. At 17:00, the
echo development gradually covered the target site. At this time, under the influence of
slight southeast wind, the echo development accelerated but remained stable, and the space
did not change much. The echo gradually attenuated and dissipated by 0:00 on 20 July.
Then, a slight southerly wind carried a large area of echoes and continued to affect the
southern part of Guizhou until the end of the weather process at 13:00 on 20 July. From
the radar echo map, the weather phenomenon has low precipitation intensity and a simple
process. The echo is not seen in the second and third layers of the radar volume scan, it
indicating that the development of precipitation clouds is thin, and the wind direction and
wind speed are relatively stable during the entire duration of precipitation, and there is no
apparent convergence phenomenon.

The convective cloud precipitation estimated with the neural network method and
dynamic Z-I relationship method is shown in Figure 10.

Table 8 shows the real-time rainfall estimation evaluation indicators.

Table 8. Rainfall estimation and evaluation index of the stratiform cloud precipitation process.

Real-Time Correlation

Site Estimating Method Coefficient MRE MAE RMSE

. Dynamic Z-I 0.6933 0.8068 0.0267 0.0479
Longli (57913) Neural network 0.7114 0.8008 0.0401 0.1047

. Dynamic Z-I 0.0902 0.9794 0.0704 0.1721
Puding (57808) Neural network 0.4984 0.8771 0.0564 0.1416
. Dynamic Z-1 0.1409 0.9396 0.0880 0.1445
Luodian (57916) Neural network 0.4902 0.8409 0.1183 0.3211
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Figure 9. Radar echo of precipitation process on 19 July 2020: (a) 07/19 12:01, (b) 07/19 15:09,
(c) 07/19 20:39, (d) 07/19 22:22, (e) 07/20 00:43, (£) 07/20 05:12, (g) 07/20 08:04, (h) 07/20 12:50,
(i) 07/19 15:10.
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Figure 10. Estimated precipitation of stratiform cloud precipitation process: (a) Longli (57913) station,
(b) Puding (57808) station, and (c) Luodian (57916) station.

It can be seen from the data shown in Table 8 that, except for the similar results
obtained using the two methods at Longli (57913) station, which is close to the radar station,
the neural network method is far better than the dynamic Z-I method in the precipitation
estimation of the other two stations. Still, the overall estimation effect is far less than the
convective cloud process estimation. Figure 10b,c show that the dynamic Z-I relationship
method does not invert precipitation on the time series estimated at the Puding (57808) and
Luodian (57916) stations. From the weather background, it can be seen that the precipitation
process is weak, and the clouds are thin. Examining the radar base data, it is found that
the two stations far from the radar station can detect very little echo information, which
directly affects the estimation effect of the dynamic Z-I relationship. The neural network
method uses multi-source data from radar and a raindrop spectrometer for estimation.
Compared with the single-source data, the dependence is reduced, and the estimation
effect is improved compared with the dynamic Z-I relationship method. However, due
to the lack of precipitation information detected during the stratiform cloud precipitation
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process and the frequent interruption of precipitation, the estimation effect still needs to be
significantly different from that of convective cloud precipitation.

Finally, the neural network and the dynamic Z-I methods were used to estimate the
total precipitation of the three stations for 45 days from 1 July 2020, to 16 August 2020,
respectively. Calculating cumulative rainfall in an area can reflect the applicability of the
estimation method and the universality of different types of precipitation. The cumulative
precipitation of rain gauges at the Longli (57913), Puding (57808), and Luodian (57916)
stations during the selected period were 340.0 mm, 312.0 mm, and 264.6 mm, respectively.
The results are shown in Figure 11.
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Figure 11. Comparison of estimated cumulative rainfall: (a) Longli (57913) station, (b) Puding (57808)
station, and (c) Luodian (57916) station.

Table 9 lists the estimated cumulative rainfall evaluation indexes of the three stations.

Table 9. Estimated cumulative rainfall evaluation index.

. Estimating Correlation .

Site Method Coefficient MRE MAE RMSE Relative Error
. Dynamic Z-1 0.9951 0.0816 19.4211 22.0374 —2.68%
Longli 37913)  \joural network 0.9998 0.0526 10.3156 10.5963 —4.25%
. Dynamic Z-1 0.9938 0.0986 93672 11.4746 —7.41%
Puding (57808) (¢ ral network 0.9992 0.0911 14.3672 16.8846 ~11.35%
. Dynamic Z-I 0.9862 0.1542 26.6712 32.5039 —21.23%
Luodian (57916)  \1o ol network 0.9996 0.1122 16.4154 17.3465 —8.68%

From the precipitation measured with the rain gauge, the rainfall estimated using the
neural network, and the precipitation estimated using the dynamic Z-I relationship shown
in Figure 11, along with the comprehensive evaluation index, it can be seen that the rainfall
estimates made using the dynamic Z-I relationship method and the neural network method
have a firm consistency with the measured rainfall. Still, the dynamic Z-I relationship is
reflected in some weak precipitation processes, but the dynamic Z-I relationship did not
reflect satisfactory effects in some weak precipitation processes, such as Puding (57808);
the dynamic Z-I relationship of multiple inefficient precipitation processes after August in
Luodian (57916) station also shows apparent underestimation, and a weak precipitation
process on July 10 was overestimated. By examining the base data and radar echo map on
10 July, it is found that the radar detected a strong echo lasting about one hour before the
automatic rainfall station detected the precipitation. Because the dynamic Z-I relationship
was Z = 16 x I'® when the rainfall data of the rainfall station is 0, the strong echo in the
period of 0 times the rainfall station data caused the weak precipitation process to be
overestimated. The relative errors of Longli (57913), Puding (57808) and Luodian (57916)
stations using dynamic Z-I relationships to estimate cumulative precipitation were —2.68%,
—7.41% and —21.23%, respectively, and the relative errors estimated by neural networks
were —4.25%, —11.35% and —8.68%. With regards to the cumulative precipitation of the
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Longli and Puding stations, the final relative error of the neural network is slightly worse
than that of the dynamic Z-I relationship. Still, the neural network is better than the dynamic
Z-1 relationship in terms of the correlation coefficient index. Combined with Figure 11a, it
can be found that the dynamic Z-I relationship shows a certain underestimation in several
heavy precipitation processes. Still, it shows apparent overestimation in several weak
precipitation processes in August, and finally offers a small cumulative error and low
correlation coefficient. From Figure 11c, it can be obtained that dynamic Z-I is affected
by the quality of radar detection data, and the estimation effect of stratomorph cloud
precipitation is poor at a distance from the radar station, which is directly reflected in the
cumulative precipitation error of —21.23% at Luodian (57916) station.

5. Conclusions

In this paper, the characteristics of the raindrop spectra of Longli (57913), Puding
(57808), and Luodian (57916) stations in Guizhou Province were analyzed to find the
diameter parameters with a strong correlation with rainfall intensity. Thereafter, the multi-
source data from weather radar, raindrop spectrometer, and surface rain gauge in Guiyang,
Guizhou Province, were used to estimate precipitation. The conclusions are as follows:

(1) After analyzing the raindrop spectral distribution at Longli, Puding, and Luodian
stations, it was found that the peak value and spectral width of particle distribution at
Luodian (57916) station were different from those of the other two stations, indicating that
the raindrop spectral distribution was further between different regions. The correlation
coefficients of the three sites, as fitted using the M-P distribution, were 83.52%, 85.25%, and
81.69%, respectively. The correlation coefficients provided using the GAMMA distribution
were 95.65%, 95.84%, and 94.82%, indicating that the fitting effect of the GAMMA distribu-
tion was better. The correlation coefficients between the mass-weighted average diameter
of the three stations and the rainfall intensity were 46.89%, 49.51%, and 47.03%, respectively,
slightly lower than the 67.80%, 71.28%, and 71.46% of the mass-weighted average diameter.
Using a heavy rainfall example, it was found that the two diameters had the same fitting
effect on the rainfall intensity at low rainfall intensity. Still, the average volume diameter
was more sensitive at heavy rainfall intensity.

(2) Based on the three-source data from the Guiyang weather radar, Parsivel raindrop
spectrometer, and automatic rain gauge, the neural network and dynamic Z-I relationship
methods were used to estimate the precipitation. In the process of convective cloud
precipitation, the correlation coefficients of the neural network method and the dynamic Z-I
relationship method at the three stations were 0.8745, 0.9125, and 0.8676 and 0.8432, 0.7763,
and 0.8658, respectively. This shows that the dynamic Z-I relationship and the LSTM neural
network method are both consistent with the measured rainfall of the automatic rain gauge.

(3) In stratiform cloud precipitation, the correlation coefficients of the neural network
and dynamic Z-I relationship methods at the three stations were 0.7114, 0.4984, and 0.4902
and 0.6933, 0.0902, and 0.1409, respectively. The dynamic Z-I relationship method is greatly
affected by weather radar detection data. At stations where the echo development is
thin and far away from the weather radar, the weather radar cannot stably provide high-
quality detection data. Currently, the neural network method using multi-source data has
more advantages.

(4) Based on the three-source data from the Guiyang weather radar, Parsivel raindrop
spectrometer, and automatic rain gauge, the neural network method and the dynamic
Z-1 relationship method were used to estimate the total precipitation of the three stations
for 45 days. In the comparison of cumulative estimated rainfall, it was found that there
is a strong consistency between the dynamic Z-I relationship method and the neural
network method to estimate precipitation and the measured precipitation. The relative
errors of the three sites using neural network estimation were —4.25%, —11.35%, and
—8.68%, respectively. The relative errors of the cumulative precipitation estimated using
the dynamic Z-I relationship were —2.68%, —7.41%, and —21.23%, respectively. The final
comparable mistake of the neural network in the cumulative precipitation of the Longli
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and Puding stations was slightly worse than that of the dynamic Z-I relationship. Still, the
correlation coefficient between the precipitation estimated using the neural network and
the real value remained higher than that of the dynamic Z-I relationship.
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Abstract: The South China Sea (SCS) summer monsoon (SCSSM) and Western North Pacific tropical
cyclones (TCs) are both tropical systems that interact with each other on multiple scales. This
study examines the differences in TCs activity characteristics between anomalous strong and weak
SCSSM years, and explores the possible mechanisms behind these differences through the coupling
relationship between tropical atmospheric circulation and oceanic surface conditions. Results show
that the destructiveness of TCs over the Western North Pacific is stronger during weak SCSSM years
than in strong years, whereas the opposite occurs for TCs over the SCS. The interaction between
the tropical Indo-Pacific ocean and atmosphere plays a key role in the relationship between SCSSM
intensity and TCs activity. In strong (weak) SCSSM years, the sea surface temperature anomaly (SSTA)
in the tropical Pacific Ocean tends to correspond to a La Nifia-like (El Nifio-like) distribution, whereas
the tropical Indian Ocean shows an Indian Ocean dipole-negative (positive) phase distribution.
Moreover, Walker circulations in both the Indian and Pacific Oceans are coupled during these years,
which creates a seesaw-like relationship in the conditions for TCs formation between the SCS and the
Western Pacific Ocean. During weak SCSSM years, the formation and activity of TCs over the SCS are
suppressed due to the weakened water vapor transport caused by abnormal easterly winds from the
eastern Indian Ocean to the southern SCS. Meanwhile, the higher SSTA in the Western Pacific Ocean
enhances the TCs activity. In strong SCSSM years, the enhanced monsoon drives a stronger monsoon
trough, improving the convective environment over the SCS, whereas in contrast, the Western Pacific
Ocean is covered by colder water, resulting in poorer conditions for TCs genesis.

Keywords: cyclones power dissipation index (PDI); monsoon trough; El Nifio southern oscillation
(ENSO); Indian Ocean dipole (IOD); Walker circulation

1. Introduction

The South China Sea (SCS) is located at the center of the Asian—Australian monsoon
system, connecting the East Asian, South Asian, and Western North Pacific monsoon
regions. The South China Sea summer monsoon (SCSSM) is an important component of
the Asian monsoon [1,2] and profoundly affects the climates of East and Southeast Asia [3].
The Western North Pacific (WNP) is the most active area for tropical cyclones (TCs) in
the world, with approximately 30 TCs generated each year [4,5], of which approximately
ten TCs are generated in, or active in the SCS [6]. The SCSSM and WNP TCs are parts of
the tropical system, and the main weather systems causing significant rainfall processes
along the coast of South China in the pre- and post-flood periods, respectively. They bring
heavy precipitation to the coastal areas of South China and are profoundly related to
their economic activities and agricultural production. In years of active monsoons, strong
convection is frequent along the coast, often with strong and destructive weather processes,
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causing catastrophic impacts on society, the environment, and ecology. Understanding how
these two tropical systems interact can improve the climate prediction of monsoons and
TCs, which is important for disaster prevention and mitigation in coastal areas.

Previous studies have shown that approximately 70-80% of TCs are generated in
monsoon troughs or are directly related to monsoon circulation [7,8], and the presence
of thermodynamic and dynamic conditions in monsoon troughs that are favorable for
tropical cyclone generation reveals an important relationship between monsoons and TCs.
Numerous studies have shown that on interannual and seasonal scales, significant cor-
relations exist between the frequency of TC occurrence in the WNP and the East Asian
summer monsoon (EASM) [9-11], the Western North Pacific monsoon (WNPM) [12,13],
and the South Asian monsoon (SAM) [14]. These monsoon systems influence the envi-
ronment of TCs generation through monsoon troughs, subtropical high-level jet streams,
and subtropical high or teleconnection wave trains, which in turn affect the frequency
of TCs genesis [15,16]. On the interdecadal scale, TCs and monsoon troughs are also re-
lated [17-19]. Huangfu et al. [20] found that the weakening and westward extension of the
Western Pacific monsoon trough after the late 1990s could explain the interdecadal decrease
in the number of TCs generated over the WNP.

Recently, the interaction between the SCSSM and TCs over the SCS has received in-
creasing attention. Huangfu et al. [21] and Hu et al. [22] found that the onset date and
the withdrawal date of SCSSM are both correlated with the number of TCs over the WNP.
Wang et al. [23] found that seasonal-scale monsoon characteristics largely determine the dis-
tribution of TCs over the SCS. Chen et al. [15] found that the onset of the SCSSM coincided
with the onset of the typhoon season in the WNP and generalized the circulation pattern of
the SCSSM before the season. Wang and Chen [24] found a significant relationship between
SCSSM onset and landfalling TCs frequency in China. These suggest that interactions exist
between SCSSM and TCs. However, one more question remains to be answered: how do
TCs activities differ in different SCSSM intensity backgrounds, and by what mechanisms
are they connected?

In this study, we reveal the different activity characteristics of TCs over WNP between
the strong and weak SCSSM years. The remainder of this paper is organized as follows.
Section 2 introduces the data and the methods used in this study. The different statistical
characteristics and spatial patterns of the TCs in the strong and weak SCSSM anomalous
backgrounds are illustrated in Section 3. Section 4 explains the mechanisms of the coupling
relationship through tropical ocean—atmosphere interactions. At the end of the paper, a
conclusion and a discussion are given in Section 5.

2. Data and Methods
2.1. Data

The atmospheric reanalysis data used in this study are from the ERA5 monthly av-
eraged data of the European Centre for Medium-Range Weather Forecasts (ECMWE),
including the U-component of wind, V-component of wind, vertical velocity, relative vor-
ticity, total column water vapor (TCWYV), with a 0.25° latitude x 0.25° longitude spa-
tial resolution [25]. Sea surface temperature (SST) data were obtained from the Met
Office Hadley Centre Sea Ice and Sea Surface Temperature dataset, HadISST1, with a
1° latitude x 1° longitude horizontal resolution [26]. To calculate the intensity of the SC-
SSM, a Monthly Outgoing Longwave Radiation (OLR) dataset from the National Oceanic
and Atmospheric Administration (NOAA), with a 2.5° latitude x 2.5° longitude horizontal
resolution [27-29], was utilized. All of the above monthly data cover the period 1979-2020
(42 years).

The best-track data used in this study were obtained from the Joint Typhoon Warning
Center (JTWC), archived in the International Best Track Archive for Climate Stewardship
(IBTrACS) v04r00 [30]. Our focus was on TCs that occurred during the TC season, which
runs from May to December [23], and had intensities of at least 25 knots (kts), excluding
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non-TC systems. Hereafter, we refer to these TCs as WNPTC, which are generated over the
WNP basin (105°-180° E, 0°-50° N).

For the purposes of this study, we also independently analyzed TCs that were active
over the SCS region (5°-20° N, 105°-120° E) during their lifetimes, which we refer to as
SCSTC. These were a subset of the WNPTC that we studied (Figure 1).
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Figure 1. Diagram of the Western North Pacific (WNP) basin (orange box, 0°-50° N, 105°-180° E)
and the South China Sea (SCS) region (red box, 5°-20° N, 105°-120° E).

2.2. Methods
2.2.1. Indices for TCs Activity

In this study, the total cyclone power dissipation index (PDI) is utilized to examine the
destructive potential of TCs [31]. For each TC season, the PDI is calculated as follows:

N
PDI =Y / V3 dt (1)
i=170

where V4 is the maximum sustained surface wind speed every 6 h [32], 7; indicates the
lifetime of each TC, and N is the TCs count in every TC season. The larger the PDI, the
stronger the combined TC activity and the greater the destructiveness.

To examine the spatial pattern of the PDI, this study also calculates the regional PDI,
which is defined in the same way as the PDI, except that the research area is gridded into
2° x 2° grid points, and the PDI within each grid point is calculated as the Regional PDI.
The Regional PDI depends mainly on the intensity and track density of TCs entering the
grid point [33].

To compare the maximum wind speeds during the lifetimes of TCs within different
TC seasons, this work used the average Lifetime Maximum Intensity (LMI) [34] as follows:

1 N
LMI = — Z(Vsmax)i (2)
N i=1

where Vi, is the maximum sustained surface wind speed during the lifetime of each
TC [34]. In addition, the research also counts the frequency of TCs genesis, average lifetime,
and average generation location as indicators of TCs activity.
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2.2.2. Criteria for SCSSM Intensity and Anomalous Years

Current studies of climate variability in the South China Sea lack a consensus method
for defining summer monsoon intensity. Most of the existing methods are calculated from
either dynamic (e.g., zonal wind difference, vorticity, or divergence) or thermodynamic
elements (e.g., precipitation, equivalent potential temperature, or OLR) [35-39]. In this
study, the SCSSM index refers to the definition of Wu and Liang [40]. By combining
dynamic and thermodynamic parameters, the southwest wind, and the OLR, the intensity
of SCSSM (Ispy) is characterized as follows:

Vsw — Vsw B OLR — OLR
5sz ‘SOLR

Ispm = Ivsw + ok = ®)
where [y, is the standardized southwest wind index and Iy is the standardized OLR
index. Specifically, Vsw = % (1 + ) is a projection of the monthly average 850 hPa winds
in the southwest direction over the SCS (Figure 1); OLR is the average OLR value over the
month. Vsw and OLR are multi-year means over the month, and dy,, and o are the
standard deviations of Vsw and OLR, respectively. Physically, the intensity of the SCSSM
can be indicated by the magnitude of the 850 hPa southwest wind and the intensity of
convection. The stronger (weaker) the southwest wind, and the smaller (larger) the OLR
value, indicating stronger (weaker) convection and stronger (weaker) SCSSM.

Based on the multi-year average monthly Isy seasonal circulation curve (Figure 2),
the Isps from May to October is typically greater than zero. Therefore, to obtain the annual
Isp1, we calculated the average value of the monthly Isy; from May to October for each year.
This time period coincides with the months of onset and withdrawal of SCSSM identified
in previous studies [2,41]. The resulting annual Is); was normalized and detrended, and
used as a year-by-year time series of the SCSSM intensity index (Figure 3). In this study,
a standard deviation of one is used as the criterion to identify years with anomalously
strong or weak SCSSM activity. Based on this criterion, eight years were identified as
anomalously strong (1984, 1985, 1999, 2000, 2009, 2012, 2013, and 2016), whereas eight years
were identified as anomalously weak (1982, 1983, 1987, 1993, 1997, 2004, 2015, and 2019)
during the period 1979-2020. The remaining years were categorized as neutral.

Monsoon Index

3 4 5 6 7 8 9 10 11 12
Months

Figure 2. Seasonal circulation curves of the SCSSM intensity index (Isys, black curve), southwest wind
index (Iyg,, orange curve), and the OLR index (I, blue curve) for each month of the multi-year
average. The boxes and whiskers are the monthly Isys of multi-year ranges.
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Figure 3. Time series of SCSSM intensity index (Isys) from 1979-2020. The red columns represent
years with SCSSM activity exceeding one standard deviation, indicating anomalously strong years.
The blue columns represent years with SCSSM activity below negative one standard deviation,
indicating anomalously weak years.

In addition, to filter out high-frequency variations in the spatial distribution, a spatial
9-point filter was applied [33].

3. Characteristics of TCs activity in SCSSM Anomalous Years

To investigate the differences in TCs activity during SCSSM anomalous years, we con-
ducted composite analyses of the annual frequency, intensity, lifetime, destructive potential,
and spatial patterns of TCs activity for the anomalously strong and weak years, respectively.

3.1. General Indicators

The statistical characteristics of the general indicators of WNPTC and SCSTC activity
during the strong and weak SCSSM years, respectively, are shown in Table 1. The frequency
of WNPTC during the TC season is not significantly different between the strong and weak
years, which both deviated from the neutral years within 5%. However, the frequency
of SCSTC in the weak years is only 8.75, which is 2.21 (~20.2%) less than the neutral
years, and 2.75 (~23.9%) less than the strong years. The LMI is used to examine the
intensity characteristics of the TCs. In both WNPTC and SCSTC, the LMI in the weak
years is significantly higher than that in strong years, and the differences between them are
6.07m/s (16.0%) and 5.16 m/s (14.6%) over WNP and SCS, respectively. During the SCSSM
strong years, in both WNPTC and SCSTC, lifetimes are significantly shorter than neutral
years, by 0.8 days (12.6%) and 0.4 days (7.3%), respectively. The weak years displayed
significantly longer lifetimes, by 0.94 days (14.8%) and 1.2 days (21.8%), respectively. As
expected, the differences in TCs lifetimes between the strong and weak years are significant
at approximately 31% in both the WNP and SCS.

To characterize the destructive potential of TCs, we also examined the cyclone power
dissipation index (PDI) in the two types of anomalous SCSSM years. For WNP, the PDI
is lower in the strong years and higher in the weak years, with a significant difference of
38.4% between these two types. For SCS, we calculated the PDI of SCSTC in the entire
WNP and in only the SCS, respectively. The results of both areas influenced by SCSSM are
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consistent, being stronger in the strong years and weaker in the weak years, although the
differences are not significant.

The above results indicate that there are notable differences in TCs activity between
anomalously strong and weak SCSSM years. TCs occur more frequently during strong
SCSSM years, but have weaker maximum intensities and shorter lifetimes compared to
weak SCSSM years. These findings hold true for both WNPTC and SCSTC, with the most
significant differences observed in lifetimes. However, the destructive potentials of WNPTC
and SCSTC exhibit opposite patterns in strong and weak SCSSM years. Specifically, the PDI
is lower for WNPTC but higher for SCSTC during strong years, indicating that TCs activity
is more concentrated in the SCS, whereas the opposite is true during weak years. Spatial
pattern analysis is used to further explore the underlying reasons for these differences.

Table 1. Statistical characteristics of indicators for TC activity in SCSSM anomalous years.

Tvoe Index Neutral Strong Weak Difference Values
yp SCSSM SCSSM SCSSM Percent (%) 7

Count (N) 27.50 28.88 26.50 8.2 0.16
LMI (m/s) 39.22 37.92 43.99 ~16.0* 0.02
WNFTC Lifetime (d) 6.37 5.57 731 ~313* <0.01
PDI (10" m3/s2) 7.48 6.71 9.28 —384* 0.05
Count (N) 10.96 11.50 8.75 23.9* 0.04
LMI (m/s) 35.31 35.30 40.46 —14.6* 0.08
SCSTC Lifetime (d) 5.51 5.11 6.71 —31.4* 0.02
PDI in WNP (10! m3/s?) 1.91 1.99 1.76 11.2 0.67
PDI in SCS (101 m3/s2) 0.71 0.75 0.61 19.3 0.32

Note: An asterisk (*) indicates statistical significance at the 90% confidence level.

3.2. Spatial Patterns of TCs Activity

Firstly, we analyze the locations of TCs genesis and the range of their activity. As
shown in Figure 4, during SCSSM strong years, TCs generally generate close to the East
Asian continental coast, with the average location of cyclone genesis at 16.2° N, 135.8° E,
and a higher frequency of TCs genesis over the SCS region, which confirms the findings in
Section 3.1. On the other hand, during weak years, the latitudinal spread of TCs genesis
widens, with the average genesis location shifting closer to the tropical Central Pacific at
13.4° N, 142.6° E, whereas fewer and weaker TCs generate around the East Asian coast. The
average TCs genesis location shows a significant difference between the strong and weak
years. Additionally, it is noticeable that the low latitude region, located east of 150° E and
south of 15° N (green box), only generates 2.5 TCs per year during strong years, compared
to 7.4 TCs per year in weak years, which represents a nearly threefold difference, indicating
an unfavorable environment for TCs genesis in strong years, but a favorable one in weak
years. Possible mechanisms will be described in Section 4.1.

To reveal spatial differences in TCs activity between the two types of SCSSM anoma-
lous years, we calculated the TCs track density, average intensity (represented by the grid
point average TCs maximum wind speed), and regional PDI for strong and weak years, re-
spectively. The spatial distributions of the differences between them are shown in Figure 5.
From the distribution of TCs track density differences (Figure 5a), it is evident that the TCs
track densities along the Asian continental coast in strong SCSSM years are higher than
those in weak years, especially in the northern SCS off the coast of Southern China, whereas
those over the broad sea area east of the Philippines are significantly lower. The amount
of TCs activity close to the continent responds to the SCSSM just opposite the broad sea
area east of the Philippines. A similar pattern exists in the different distributions of TCs
average intensity (Figure 5b), with TCs in the northern SCS being significantly stronger in
the strong years, while being weaker over most areas of the WNP and southern Japan.
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Figure 4. Genesis locations and activity ranges of TCs. Curves represent the TCs tracks, dots the
TCs genesis locations, and cyclone symbols the TCs average genesis positions over WNP during
TC season. The colors red and blue are used to distinguish between strong and weak SCSSM years,
respectively. Within the green box, the number of TCs genesis per year in strong and weak SCSSM
years differs by nearly three times.

The regional PDI spatial pattern (Figure 5c) can be well summarized as an integrated
result of track density and average intensity characteristics, which can effectively represent
the destructive potential of TCs in different areas. In weak SCSSM years, TCs are generated
close to the tropical Central Pacific, and there are more and stronger TCs activities in the
east of 130° E, resulting in significantly higher regional PDI. After the development of
these TCs over the warm-pool region, they hit the Philippine coast with violent intensities.
However, since TCs moved into the SCS, owing to the weak SCSSM, deep convection is
weaker than that in strong years, and cyclone intensity gradually weakened, resulting in
low regional PDI in the SCS.

In strong SCSSM years, the conditions are reversed and the opposite occurs. In these
years, the East Asian continent, especially the southern coast of China, is required to defend
against TCs that generate and intensify near the shore.
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Figure 5. Nine-point-filtered spatial distribution differences (strong SCSSM years minus weak SCSSM
years) of (a) TCs track density, (b) average intensity, and (c) regional PDI over WNP basin during TC
season. Dots mark areas statistically significant at the 90% confidence level.

4. Possible Mechanisms
4.1. Monsoon Trough

Previous studies have shown that the location of the Monsoon Trough (MT) has a
controlling effect on the activity distribution of WNPTC [20,42,43]. Wu et al. [18] found
that more TCs were generated in the WNP when the MT extended eastward. To verify
the relationship between SCSSM intensity and monsoon trough pattern over the WNP,
this study conducted a regression analysis on the 850 hPa circulation and OLR in WNP
during the period from May to December based on the annual Isy;. In both the strong
and weak years, two MTs in the SCS and the Philippine Sea regions can be distinguished
(as shown in Figure 6a,b). Compared to the weak years, the position of the SCS MT does
not differ significantly in the strong years, but the intensity difference is remarkable, with
stronger southwest winds and more intense convective activity. On the other hand, the
intensity and pattern of the Philippine Sea MT undergo significant changes between the
strong and weak years. In strong years, the Philippine Sea MT extends only to 140° E, with
energy concentrated near the Philippine Islands due to the supplement of strong southwest
moisture input from the SCS and the Western Pacific region, forming a block-shaped low
OLR area. In the weak years of the SCSSM, the MT can extend eastward to nearly 155° E,
at a lower latitude, with a more scattered distribution of low OLR values, and closer to the
tropical central Pacific.
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Figure 6. An 850 hPa horizontal wind field (streamline) and OLR (shade) during TC season (May
to December) in (a) SCSSM strong years and (b) SCSSM weak years, respectively, regressed against
the annual Isp;. The regression elements have statistical significance at the 90% confidence level.
The MT is denoted by a purple, thick-dashed line. The solid red dots represent the locations of TC
genesis. The blue boxes represent four sub-regions: Area I (i.e., SCS, 3°-25° N, 105°-120° E), Area
I (15°-25° N, 120°-150° E), Area III (3°-15° N, 120°-150° E), and Area IV (3°-15° N, 150°-180° E).
The bar charts (c) show the number of TCs genesis per year in each area during TC season, in which
strong SCSSM years are in red and weak SCSSM years are in blue, with yellow shading indicating
that the differences are significant at 90% confidence level.

As shown in Figure 6, based on the range of MT activity and TC genesis, four sub-
regions are divided in the WNP: Area I (i.e., SCS, 3°-25° N, 105°-120° E), Area II (15°-25° N,
120°-150° E), Area III (3°-15° N, 120°-150° E), and Area IV (3°-15° N, 150°-180° E). The
positions of TC genesis are closely related to the position of MT, and the number of TC
genesis in the four regions differs significantly between the strong and weak years. In
the SCSSM strong years, the SCS is affected by a stronger MT, resulting in a significantly
higher number of TCs being generated. The same happens in Area II, the northern part
of the Philippine Sea, where the number of TCs in strong years is more than twice as
much as that in weak years, which is related to the northward MT. Conversely, in weak
years, TCs tend to be generated at a lower latitude, in Areas III and IV. Especially in
Area IV, during the weak years, the anomalous eastward expansion of MT results in more
TCs generation, in contrast to the strong years. These composited patterns are consistent
with previous studies. The MT is a background field for the growth of synoptic-scale
wave disturbances [44], and it provides an environment for the enhancement of convective
activity and TCs genesis [18-20], and thus anomalous MT activities controlling the variation
in the frequency of TC formation in different regions.
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4.2. Subtropical High

Climatologically, the MT over the Western Pacific extends along the southwestern
edge of the subtropical high, which is well coupled with multi-scale systems including
ENSO [45-47]. Before discussing the larger-scale ocean—atmosphere system, we examine
the distribution of the Western Pacific subtropical high (WPSH) in anomalous SCSSM years.
The patterns of the WPSH during TC season in the anomalous SCSSM years are shown
in Figure 7. The WPSH intensity in strong SCSSM years is weak, the ridge latitude is
northward, and the westward extension of the ridge point is eastward, which is in obvious
contrast to the strong WPSH in the weak years, making it a contributor to the difference in
destructive potential. The difference in ridge latitude is the most significant during the peak
of the monsoon (JJA) (Figure 7b). In strong years, the WPSH ridge is northward, whereas
the SCS MT and the convection over the northern part of the Philippine Sea are strong,
which favors TC genesis over the SCS and Area II. On the contrary, in the weak years, when
the WPSH ridge is southward, the TC formation condition of Area II turns worse due to
the suppression of convection by the WPSH, so it can well explain the difference of Area II
between the strong and weak years.
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Figure 7. (a) The patterns (unit: gpm) and (b) the ridge latitudes of Western Pacific subtropical high
(WPSH) at 500 hPa over the WNP basin during TC season (May to December), in which strong
SCSSM years are in red and weak SCSSM years are in blue, with yellow shading in (b) indicating that
the differences are significant at 90% confidence level.

168



Atmosphere 2023, 14, 645

45°N A

The interannual variation of WPSH is modulated by tropical ocean and atmosphere
interaction [48]. In order to understand the relationship between WPSH, SCSSM, and TCs
activity, we need to turn our attention to a larger scale of the tropical Indo-Pacific Ocean.

4.3. Interaction of Tropical Indo-Pacific Ocean—Atmosphere System

The above analysis shows that the SCSSM intensity is coupled with the MT and the
WPSH, which indicates that its interannual variability is not only a response to regional
synoptic-scale changes. As a central system in the Asian—Australian monsoon region, the
anomalies of the SCSSM are closely responsive to the large-scale tropical Indo-Pacific ocean—
atmosphere system [49]. Studies have shown that there is a robust relationship between
monsoon and sea surface temperature (SST) [23,50,51]. In terms of the SST anomaly (SSTA)
during the TC season (May to December), the tropical Indo-Pacific Ocean shows tripolar
distributions in anomalous SCSSM years (Figure 8), with a negative—positive-negative
pattern in strong years and a positive-negative—positive pattern in weak years. In strong
(weak) years, the Indian Ocean has an Indian Ocean Dipole (IOD) negative (positive) phase
distribution, whereas the Central-Eastern Pacific Ocean has a La Nifia-like (El Nifio-like)
pattern, and the Western Pacific warm-pool region is a large area of positive (negative)
SSTA. This distribution further confirms the coupling relationship between the intensity of
the SCSSM and Indo-Pacific pattern [52,53], such as El Nifio-Southern Oscillation (ENSO)
or IOD.
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Figure 8. Distribution of SSTA differences (strong years minus weak years) in the tropical Indo-Pacific
Ocean during TC season (May to December) in anomalous SCSSM years. Dots mark areas that are
statistically significant at the 90% confidence level.

Numerous studies have described the activity of the WNPTC response to
ENSO [23,54-60]: in El Nifio years, there are more TCs in the eastern part of the WNDP, and
the TCs in El Nifio years are stronger and longer-lived than in La Nifia years. In addition to
the influence of ENSO, the impact of the Indian Ocean mode on WNPTC has been empha-
sized in recent years. Zhan et al. [51] revealed that the influence of the East Indian Ocean
SSTA on WNPTC has been significantly enhanced since the late 1970s. Zhou et al. [61]
discovered a significant negative correlation between the number of TCs landfalling in
China and the IOD. Liu et al. [62] proposed two joint modes of the Indo-Pacific SSTA,
and the oscillations between them could reveal the interdecadal variation in the genesis
frequency of WNPTC.

Furthermore, tropical Indo-Pacific SSTA exerts a critical influence on the WPSH [63].
Previous studies have highlighted the impact of tropical SSTA on WPSH and demonstrated
that El Nifio is a key source of its variability [48,63,64]. Additionally, some mechanisms
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related to the Indian Ocean and the Maritime Continent are also important contributors to
the WPSH variability [65-68].

Therefore, through the action of WPSH, the tropical Indo-Pacific SSTA controls the
spatial and temporal extent of TC activity and modulates the East Asian atmospheric
circulation (including SCSSM), and plays a key role as a mediator in the strong relationship
between the SCSSM and WNPTC.

As shown in Figure 9, the tripolar SSTA distribution leads to two anomalous Walker
cells [69]. In strong (weak) SCSSM years, WPSH abnormally weakens (strengthens), and the
Western Pacific is an anomalous ascending branch (descending branch) closely connected
with the anomalous descending branches (ascending branches) over the Indian Ocean and
Central-Eastern Pacific [66]. This means that in anomalous SCSSM years, the tropical Indo-
Pacific air-sea systems are stably coupled. By combining the distributions of atmospheric
circulation and related physical variables, the factors responsible for the differences in
WNPTC activity in anomalous SCSSM years could be further understood.
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Figure 9. Vertical section differences (strong years minus weak years) of equatorial (average of
5° 5-5° N) vertical velocity (shade) and latitudinal circulation (arrow) over the tropical Indo-Pacific
Ocean during TC season (May to December) in anomalous SCSSM years. Shaded areas are statistically
significant at the 90% confidence level.

In strong SCSSM years, anomalous eastward winds occur over the tropical Indian
Ocean and anomalous westward winds occur over the tropical Pacific Ocean at the lower
level, whereas the opposite is true at the upper level (Figure 10a,b), forming two Walker
cells in their respective basins. They constitute a latitudinal wind anomalous convergence
zone near the Western Pacific warm pool region (90-150° E), which also corresponds to
the upward vertical motion anomalous zone (Figure 10c). This upward zone essentially
controls the SCS to the Philippine Sea, which, together with the improved water vapor
input from the SCSSM (Figure 10e), favors more TCs active in the region. Moreover,
SCS is a zone of positive relative vorticity (Figure 10d), indicating active convection and
enhanced monsoon trough, which also favors the generation and activity of the SCSTC.
However, the opposite is true in the eastern part of WNP, with negative relative vorticity
anomalies, anomalous downward vertical motion, and low water vapor, indicating that
the dynamic and thermodynamic conditions are unfavorable for the generation of TCs in
this region. Therefore, this pattern explains the seesaw relationship between the spatial
activity characteristics of TCs over the SCS and the eastern part of WNP during the SCSSM
anomaly years, as shown in Figure 5.
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Shaded areas in (a,b) and dotted areas in (c—e) are statistically significant at the 90% confidence level.

5. Conclusions and Discussion
5.1. Conclusions

In this study, we investigate differences in TCs activity indicators between strong and
weak anomalous SCSSM years and explore potential mechanisms that explain these differ-
ences. Our analysis highlights the impact of the tropical Indo-Pacific ocean—atmosphere
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interaction on the relationship between SCSSM intensity and TCs activity. Here are the
main points of the study:

1.

Downdraft
MOV W Nmaly

Anomalously strong (weak) SCSSM years are associated with weak (strong) maximum
intensities and short (long) lifetimes of WNPTC. SCSTC are more (less) frequent
during strong (weak) SCSSM years.

During strong years, TCs are more frequent and powerful along the coast of East
Asia, especially in Southern China. In weak years, TCs tend to reach their lifetime
maximum intensities in the Philippine Sea, but after moving to coastal areas, their
intensities decay more rapidly, and the threat to the East Asian continent is not as
significant as in strong years.

A coupled status exists between the SCSSM and the tropical Indo-Pacific Ocean. Dur-
ing anomalously strong (weak) SCSSM years, the tropical Pacific Ocean SSTA tends to
correspond to a La Nifia-like (El Nifio-like) distribution, whereas the tropical Indian
Ocean shows an IOD-negative (positive) phase distribution, indicating a coupled
relationship between the SCSSM and the tropical Indo-Pacific Ocean. Moreover, the
Walker circulations in both the Indian and Pacific Oceans are coupled during these
anomalous years.

During weak SCSSM years (Figure 11b), the tropical anomalous wind field corre-
sponding to the SSTA distribution leads to a latitudinal wind anomaly divergence
zone over the Western Pacific Ocean. The Western Pacific Ocean is dominated by a
strong subtropical high, and anomalous easterly winds in the eastern Indian Ocean
weaken moisture transport and reduce convective activity over the SCS. These condi-
tions are unfavorable for SCSTC genesis and activity. At the same time, the Pacific
Ocean east of 150° E has a positive SSTA, and both dynamic and thermodynamic
conditions are favorable for the generation and development of TCs, so a high PDI
zone appears in this region.

During strong SCSSM years (Figure 11a), the enhanced summer monsoon drives the
enhanced SCS monsoon trough, which directly improves the convective environment
over here. The positive vorticity anomaly in this region is favorable to TCs activity
with high PDI. In contrast, the eastern part of the warm-pool region is covered by cold
water and has worse conditions for TCs genesis, thus presenting a low PDL
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Figure 11. Mechanism diagram of the tropical Indo-Pacific ocean-atmosphere system and TCs activity

characteristics in (a) strong and (b) weak SCSSM years.
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5.2. Discussion

Although previous studies have investigated the impact of tropical oceans on WNPTC
activity, there has been relatively little consideration of the role of the SCSSM. In this
study, we have identified differences in WNPTC activity under different SCSSM intensity
backgrounds, and have explained the relationship between the two through the coupled
response of the Indo-Pacific SSTA pattern. This has improved our understanding of the
influence of tropical ocean—atmosphere interactions, and emphasizes the crucial role of the
SCSSM as an important signal amount. Although the Indo-Pacific system can explain the
main co-variation between the SCSSM and WNPTC, the non-linearity of their connections
makes it difficult to examine their direct relationship when controlling for Indo-Pacific
SSTA effects. This is a limitation of our study, and we plan to validate the direct interaction
between the two in a coupled ocean—-atmosphere model in future research. With climate
change causing uneven warming rates across ocean basins, it is possible that the relationship
between SCSSM and TCs may also change [70]. Additionally, recent trends of TCs shifting
towards land raise the question of whether the influence of the SCSSM on cyclones has
increased [71]. These questions will be addressed in future research.
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Abstract: Analyzing trends in flood magnitude changes, and their underlying causes, under climate
change, is a key challenge for the effective management of water resources in arid and semi-arid
regions, particularly for inland rivers originating in the Qilian Mountains (QMs). Sen’s slope esti-
mator and the Mann-Kendall test were used to investigate the spatial and temporal trends in flood
magnitude, based on the annual maximum peak discharge (AMPD) and Peaks Over Threshold
magnitude (POT3M) flood series, of twelve typical rivers, from 1970 to 2021. The results showed that,
in the AMPD series, 42% of the rivers had significantly decreasing trends, while 8% had significantly
increasing trends; in the POT3M series, 25% of the rivers had significantly decreasing trends, while 8%
had significantly increasing trends. The regional differences in the QMs from east to west were that,
rivers in the eastern region (e.g., Gulang, Zamu, and Xiying rivers) showed significantly decreasing
trends in the AMPD and POT3M series; most rivers in the central region had non-significant trends,
while the Shule river in the western region showed a significantly increasing trend. Temperatures
and precipitation showed a fluctuating increasing trend after 1987, which were the main factors
contributing to the change in flood magnitude trends of the AMPD and POT3M flood series in the
QMs. Regional differences in precipitation, precipitation intensity, and the ratio of glacial meltwater
in the eastern, central and western regions, resulted in the differences in flood magnitude trends
between the east and west.

Keywords: trends and variability; flood magnitude; climate change; Qilian Mountains

1. Introduction

River flooding is one of the most concerning natural disaster issues. According to the
United Nations Office for Disaster Risk Reduction, floods have been the most frequent
of all recorded natural disasters worldwide, accounting for 43% of all disasters, with
global average annual losses estimated at USD 104 billion [1]. It is estimated that the
losses are likely to increase in the future, with climate change, economic acceleration,
and urbanization development [2,3]. The IPCC [4] has shown that climate change is
already an undeniable phenomenon and that the occurrence of extreme flood events is also
associated with rising temperatures, heavy precipitation, and an accelerated hydrological
cycle at global and regional scales [5-7]. Catastrophic floods, primarily associated with
climate change, have also attracted public attention, and have been the focus of much
research [8-11]. Many recent flood events around the world have led to growing concern
that flood disasters are becoming more frequent and severe [5,12-14].

The flood variability induced by extreme climate change, has become a very focal
area of research in the past two decades. Many studies worldwide have focused their
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attention on the issue of fluvial flooding, mainly on the impact of changes in magnitude,
frequency, and timing of flood events on a regional, continental, or global scale [5-7,12-14].
Recent studies have shown that not only has the changing climate shifted the timing of
flooding in Europe, but the increased precipitation in autumn and winter has also led to
increased flooding in the northwest, while decreased precipitation, warmer temperatures,
and increased evapotranspiration have led to decreased flooding in the southeast [6,7].
Significant trends in flood magnitudes were found in the time series based on the annual
maximum and Peaks Over Threshold, in Canada [14]. The trend of increasing magnitude
and extent of floods is due to the correlation among the magnitude, extent of precipitation,
soil moisture, and the shift in flood generation processes [15]. Some studies have shown
that more frequent heavy precipitation and increased moisture in the catchment area, in
the context of climate change, are expected to result in a greater risk of flooding in the
future [11,16,17].

In China, a nationwide characterization of flood hazards, based on a dataset of 1120 hy-
drographic stations, has been presented [18], and changes in flood characteristics in the
Yangtze and Pearl River basins in southern China have also been studied [19,20]. Some
studies have also been carried out in arid and semi-arid regions of northwest China, such as
the increase in the magnitude of floods in the Tarim River basin after the 1990s, especially
in the case of high-latitude rivers [21]. Typical basins in the Tien Shan Mountains, such as
the Tuoshikan River and the Kumalak River, have shown a significant increase in flood
magnitude in response to climate change over the last 50 years [22,23]. The QMs, which
are located in northwest China, are the origin of inland rivers in the Hexi Corridor, and
an important region for the economic development of the Belt and Road Initiative. The
Hexi Corridor, which is a typical arid and semi-arid area in northwest China, is divided
into three sub-basins from east to west, namely the Shiyang River basin (S§YRB), the Hei
River basin (HRB), and the Shule River basin (SLRB) [24]. Wang et al. [25] have analyzed
the trends in the frequency of floods in the QMs using the flood series of twelve rivers
from 1970-2019, and the results show that the frequency of floods, mainly small floods
in summer, is increasing, and medium and large floods are generally decreasing. There
are differences between the eastern and western regions, with decreases in the east and
increases in the west. However, temperature and precipitation in the northwest region
have been increasing since 1987 [26,27], and the trend in flood magnitude of the 12 major
rivers in the QMs is still unknown. The impact of climate change on river flood magnitude
remains an important issue, due to the complex changes in precipitation, topography, and
the hydrological cycle.

In this study, the impact of meteorological variables on the variability in flood mag-
nitude in the QMs was comprehensively assessed, through flood information and meteo-
rological data. The main objectives of this paper are (1) to assess the characteristics of the
variability in AMPD and POT3M magnitude series at temporal scales, for twelve rivers
in the QMs; (2) to identify regional differences in AMPD and POT3M magnitude series
from east to west; and (3) to explore the causes of flood magnitude variability, including
the analysis of meteorological variables in the QMs. Regional differences in precipita-
tion, topography, and the hydrologic cycle have led to complex changes in increasing and
decreasing flood magnitudes. Analyzing and exploring the changes in flood magnitude
characteristics over the historical period is not only necessary for the scientific management
of water resources, but also important for the social development and safety of people’s
property, in the middle and lower reaches. This finding will raise new concerns about the
changes in flood magnitude in the QMs, northwest China, under climate change.

2. Materials and Methods
2.1. Study Area

The QMs, whose geographical boundary is approximately 93.4°-103.4° E and 35.8°—
40.0° N, are located in northwest China, and consist of several parallel mountains and
broad valleys (Figure 1). The elevation ranges from below 3000 m to above 5000 m, with
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most peaks exceeding 4000 m [28]. There are large vertical differences in climate. Alpine
areas are mainly subject to the coupling zone of three atmospheric circulation systems:
westerly flow, the East Asian monsoon, and the Tibetan Plateau monsoon, and mean annual
precipitation is 301.9 mm [29,30]. The northern part of the Qilian Mountains is the Hexi
Corridor, which is geographically located between 92.4°-104.2° E and 37.3°42.3° N, with
a total area of 2.15 x 10° km?. The Hexi Corridor is a typical arid and semi-arid region in
northwest China (Figure 1). The region is located in a narrow corridor extending from the
east to the west, for more than 1000 km, and from the south to the north for 100-200 km [24].
The Hexi Corridor is the most important passage from northern China to Central Asia, and
is an important part of the historical Silk Road. In this study, twelve rivers, which originate
from the northern slopes of the QMs and end at the northern oasis of the Hexi Corridor,
were selected as the study subject, and divided into three sub-basins from east to west.

94°0I'0'E 96°q'0"E 98°q'0"E 100’9'0"5 102°P‘O'E 104”?‘0'E 106"‘0‘0'E

N
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Figure 1. Location of the study area. (a—c) Denote Gulang, Zamu, and Xiying rivers in SYRB,
(d—i) denote Babao, Hei, Dazhuma, Liyuan, Hongshui, and Taolai rivers in HRB, (j-1) denote Shiyou,
Shule, and Dang rivers in SLRB, respectively. (1-5) Denote Wushaoling, Menyuan, Qilian, Yeniugou
and Tuole meteorological stations, respectively.

2.2. Data

The dataset for this study includes meteorological data and historical flood discharges
from 1970 to 2021. The discharge data were selected for analysis from twelve rivers
originating from the QMs (Figure 1, Table 1), the upstream areas of which are mostly
located in the high-altitude mountainous regions of the QMs, with little disturbance from
human activities and no hydraulic projects, such as reservoirs and dykes. Peak flood
discharges were collected from the Hydrological Yearbook of the People’s Republic of
China. Meteorological data were obtained from the National Meteorological Center of
China’s Meteorological Administration. All flood data and meteorological data have been
subjected to strict quality control (e.g., extreme value test), reasonableness checks, and
a standard normal homogeneity test [31-33], and missing meteorological data for individual
years have been interpolated with a gap-filling method, after correlation check analysis [34].
The general information on the hydrological stations is shown in Table 1, and the basic
information on the meteorological stations is shown in Table 2.
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Table 1. Basic information on hydrological stations/catchments.

River Basin Code River Name  Discharge Station = Longitude Latitude Altitude (m)  Data Series
a Gulang Gulang 102°52 37°27' 2072 1970-2021
SYRB b Zamu Zamusi 102034’ 37°42' 2010 1970-2021
c Xiying Jiutiaoling 102°03’ 37°52/ 2270 1970-2021
d Babao Qilian 100°14/ 38°12/ 2710 1970-2021
e Hei Zhamashike 99°59/ 38°14/ 2810 1970-2021
f Dazhuma Wafangcheng 100°31' 38°29/ 2440 1970-2021
HRB g Liyuan Sunan 99°38/ 38°51/ 2264 1970-2021
h Hongshui Xindi 98°25' 39°34/ 1880 1970-2021
i Taolai Jiayuguan 98°16/ 39°45 1695 1970-2021
SLRB j Shiyou Yumen 97°33' 39°47 2300 1970-2021
k Shule Changmabao 96°51’ 39°49 2080 1970-2021
1 Danghe Dangchengwan 94°53/ 39°30/ 2176 1970-2021

Table 2. Basic information on meteorological stations in the QMs.

Code  Meteorological Station  Longitude  Latitude Altitude (m)  Data Series
1 Wushaoling 102052/ 37°12' 3045 1970-2021
2 Menyuan 101°37’ 37°23/ 2850 1970-2021
3 Qilian 100°15’ 38°11 2787 1970-2021
4 Yeniugou 99°35/ 38°25/ 3320 1970-2021
5 Tuole 98°25' 38°48' 3367 1970-2021

The continuously recorded AMPD and POT3M flood series were derived from hy-
drological stations originating from twelve rivers (i.e., three rivers in SYRB, six rivers
in HRB, and three rivers in SLRB). Daily temperature and precipitation data from five
meteorological stations were selected to analyze trends.

2.3. Methods
2.3.1. Determination of Flood Independence in the POT3M Flood Series

In this study, the POT3M sampling method was also used to supplement the AMPD
sampling, with information such as flood magnitude, and this method has a good appli-
cation in inland river basins in arid regions. The independence of the flood peak was
determined by Lang et al. [35].

{ D >5+10g(A) 1)
Quin < 3min(Q1,Q2)

where D denotes the flood duration between the two flood peaks; A denotes the catchment
area in km?; and Q; and Q, denote the magnitude of the two flood flows in m3/s, respectively.

2.3.2. Test Methods for Trend and Abrupt Change Analysis

The non-parametric method is well suited to detecting trends and significance lev-
els in hydrometeorological time series. In this study, the Sen’s slope estimator [36] and
the Mann-Kendall test (M-K test) [37,38], which are widely used to identify trends in
hydrometeorological variables, were employed to explore trends in the flood and climate
variables [39-42].

Sen’s slope estimator is as follows.

Lo X Xk .
ﬁ:medzan(],_k) j>k )
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where the f symbol indicates whether a trend is positive or negative, while its value reflects
the magnitude of the steepness of the trend, and x; and x; are the data values at times j and
k(G > k).

Additionally, The MK test statistic S, is calculated as:

n—-1 n
S=1). ) sgn(x(j)—x(i)) €)

i=1 j=i+1
where
0 if x(j)—=x(i)=0 4)
-1 if x(j)—x(i) <0
A positive (negative) value of S indicates an increasing (decreasing) trend. When n > 8,

the statistic S is approximately normally distributed, and its mean E(S) and variance Var(S)
are identified as follows:

1 if x(j)—x()>0
sgn(x(j) —x(i)) = {

E(S)=0 ®)
Var(S) = % ln(n —1)(2n+5) — i L(t—1)(2t; +5) 6)
i=1
@;}(S) if $>0
Z=40 if S=0 (7)

S+1 ;
\/#(S) if $<0

where 7 is the number of data points; m is the number of tied groups, and t; denotes the
number of ties of extent i. The null hypothesis is rejected if the absolute value of Z is greater
than the theoretical value Z;_, /,, where « is the statistical significance level. In this study,
all trend results were evaluated at 90%, 95%, and 99% significance levels, respectively.

The sequential Mann-Kendall (SQ-MK) [43,44] test constructs the order series of the
time series X.

k
Sk = Zi:l i (k:2/3/ ,Tl) (8)
where 7 is the length of the time series X.
n= {5 T =12 ©

Assuming that the time series X is random, define the statistic:

_ [sk — E(sk)]
U= e

where UF; = 0, E(sx) and Var(sy) are the mean and variance of sy, and x1, xp,-- -, X, are

independent of each other, when they have the same continuous distribution, which can be
deduced from the following equation:

k=1,2,--,n) (10)

E(s) = @ 2<k<n) (11)
n(n—1)(2n +5)
72
where UF is the standard normal distribution, which is the sequence calculated for the

order of the time series X (x1, xp, -+, Xy).
The inverse order of the time series X (x,, x,_1, -+, x1) is used to calculate the

statistic UB, for the inverse series of the time series X.

Var(sy) = (2<k<n) (12)
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In this paper, given a significance level of & = 0.05 (95% significance level), then the
critical value Uy g5 = +1.96, and the two statistic series curves of UF and UB, and the two
straight lines of £1.96, are plotted on a single graph. If UF and UB intersect between the
critical values, then the intersection point corresponds to the time at which the mutation of
time series X begins.

2.3.3. Meteorological Variables

Six temperature and precipitation indices were employed to analyze the meteorological
variables and to explore the changes in temperature and precipitation (Table 3).

Table 3. Definitions of the six temperature and precipitation indices used in this study.

Abbreviations Meteorological Indices Unit
AMT Annual mean temperature °C
TXX Annual maximum value of daily maximum temperature °C
TXN Annual minimum value of daily maximum temperature °C
P1 Maximum daily precipitation in 1 year mm
P3 3-day mean maximum precipitation in 1 year mm
P7 7-day mean maximum precipitation in 1 year mm
3. Results

3.1. Flood Independence Analysis

Flood independence analysis is a prerequisite for determining trends in the AMPD and
POT3M flood series. In order to make the assumption of independence of the sampled flood
peaks reasonable, the flood independence criterion method proposed by Lang et al. [35]
was used, while the POT3M sampling method, applied in the arid and semi-arid regions of
northwest China, was considered [21,23]. For the AMPD and POT3M flood series of the
12 rivers in the study, all sampled flood peaks comply with the two conditions of the flood
independence criterion method, in terms of duration, D, and intermediate minimum flow,
Omin, and thus flood independence was valid.

3.2. Trends in AMPD Series

The AMPD series of twelve rivers in the QMs were tested using Sen’s slope estimator
and the M—K test, and the results are shown in Figure 2 and Table 4. Five rivers exhibited
significantly decreasing trends, while one river showed a significantly increasing trend, and
six rivers had non-significant trends. In SYRB (a—c rivers), Gulang, Zamu, and Xiying rivers
showed decreasing trends in AMPD at 99%, 95%, and 95% significance levels, respectively.
In HRB (d-i rivers), five rivers (Babao, Hei, Liyuan, Hongshui, and Taolai rivers) showed
non-significant trends, while Dazhuma River showed a decreasing trend, at the significance
level of 99%. However, in SLRB (j-1 rivers), Shiyou River showed a decreasing trend at the
significance level of 90% and Shule River exhibited an increasing trend at the significance
level of 99%, while Dang River had a non-significant trend. The trend line of AMPD for the
twelve rivers is shown in Figure 2, where the evolutionary trend in historical floods can
be seen. Although the AMPD trends are different among the eastern, central, and western
parts of the QMs, most of the rivers presented obvious decreasing trends from 1970 to 2021,
especially in the eastern and central regions.
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Figure 2. Trends of AMPD for 12 representative rivers in the QM region, northwest China.
(a—c) Gulang, Zamu, and Xiying rivers in SYRB, (d-i) Babao, Hei, Dazhuma, Liyuan, Hongshui,

and Taolai rivers in HRB, (j-1) Shiyou, Shule, and Dang rivers in SLRB, respectively.

Table 4. Results of trend analysis of AMPD and POT3M series, in the QM region, northwest China.

g;‘s’le:l Code AMPD Series z’[n‘:;j:) Value 5y ran Series ‘T/:fle:l‘:gs)
a Z(~3.71)5(0.01) 27 Z(-2.59)S(0.01), 5
SYRB b Z(—2.04)5(0.05)) 101 Z(—1.04) NS 55
c 7(~2.28)S(0.05)] 129 Z(~2.35)S(0.05), 79
d Z(0.11) NS 143 Z(—0.14) NS 75
e 7(0.54) NS 314 7(0.61) NS 158
kB f Z(-2.37)S(0.01)] 43 Z(~0.17) NS 16
g 7(0.49) NS 99 Z(—0.49) NS 56
h 7(0.58) NS 145 Z(—0.01) NS 69
i 7(0.72) NS 171 7(0.25) NS 121
i 7(-133)5(0.1)) 34 Z(-1.61)S(0.1)) 13
SLRB K 7(3.44)S(0.01)+ 338 7(3.14)S(0.01)F 251
1 7(0.73) NS 90 7(0.77) NS 39

In Table 4, the M—K test for the AMPD and POT3M series detected trends at 90%, 95%, and 99% significance
levels, respectively; S means statistically significant at the significance level shown in parentheses; NS means
not significant; “1” and “]” mean increasing and decreasing trend. (a-1) Denote: Gulang, Zamu, Xiying, Babao,
Hei, Dazhuma, Liyuan, Hongshui, Taolai, Shiyou, Shule, and Dang rivers, respectively. The corresponding
hydrological stations for the (a-l) rivers are Gulang, Zamusi, Jiutiaoling, Qilian, Zhamashike, Wafangcheng,
Sunan, Xindi, Jiayuguan, Yumen, Changmabao, and Dangchengwan, respectively.
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3.3. Abrupt Behavior for Changes in AMPD Series

The twelve rivers, that originate at high-altitude in the QMs, are mainly recharged
by precipitation, snow, and glacial meltwater and have specific, typical flood generation
mechanisms. Heavy precipitation and the melting of snow and ice water, due to increased
temperatures, are the main factors in flood generation. As a result, the magnitude of
floods has fluctuated over the 50 years of observation, but the structure is stable. The
results of the SQ-MK test for twelve representative rivers are shown in Figure 3. Six of the
twelve rivers exceeded the critical value of 1.96, for which « = 0.05 in the significance test.
Thus, the AMPD series showed abrupt changes. Among them, in the eastern region of
QMs, the SQ-MK test values of the Gulang and Xiying rivers continued to decrease and
break the critical values during the period 1970-2021, but the SQ-MK test values of the
Zamu River fluctuated steadily. In the central region, the change points of the Babao and
Dazhuma rivers occurred in 1989 and 2020, with the significance level of 95%. However,
the Hei, Liyuan, Hongshui, and Taolai rivers all showed stable fluctuation from 1970 to
2021, without breaking the critical values. In the western region of the QMs, the SQ-MK
test values of the Shiyou, Shule, and Dang rivers behaved differently. Shiyou River showed
an increasing trend from 1970 to 1984 and broke the critical value in 1983, followed by
a continuous decreasing trend from 1985-2021. Though it had a decreasing trend from
1970 to 1986, Shule River showed a continuously increasing trend after 1987, bypassing
the critical value of 1.96, to a value of 3.47. From 1970 to 2021, Dang River did not break
through the critical value and presented a slightly increasing trend. In Figure 3, most of the
change points can be seen after the mid-1990s, whereas significant trends occurred in SYRB
(a and ¢), HRB (f), and SLRB (k).
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Figure 3. Trends of SQ-MK test in AMPD for 12 representative rivers in the QM region, northwest China.
(a—c) Denote Gulang, Zamu, and Xiying rivers in SYRB, (d—i) denote Babao, Hei, Dazhuma, Liyuan,
Hongshui, and Taolai rivers in HRB, (j-1) denote Shiyou, Shule, and Dang rivers in SLRB, respectively.
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3.4. Trends in POT3M Flood Series

Twelve rivers in the QMs were selected to calculate the trends of the POT3M flood se-
ries and the statistical results are presented in Figure 4 and Table 4. Significantly increasing
and decreasing trends of the POT3M series were detected at 90%, 95%, and 99% significance
levels, respectively. The results demonstrate that Shule River in SLRB displayed a signif-
icantly increasing trend, at the significance level of 99%, while the Gulang and Xiying
rivers in SYRB, and Shiyou River in SLRB showed decreasing trends, at the significance
levels of 99%, 95%, and 90%, respectively. It should be noted again, that non-significant
trends were found in the Zamu, Babao, Hei, Dazhuma, Liyuan, Hongshui, Taolai, and
Dang rivers. Compared to the AMPD series, more reliable conclusions could be drawn
from these series, because samplings of the POT3M series provided more flood information.
By comparing the trends of the POT3M series and AMPD series in Table 4 in parallel,
the trends of increasing and decreasing are consistent for most of the rivers, with some
differences in the Zamu and Dazhuma rivers, which are mainly caused by the different

flood information of the sample selection.

(=

2150 (@SYRB M Gulang 2 150 (b)SYRB [ Zamu 2 150 (c)SYRB M Xiying
g 10-year smoothing curve E 10-year smoothing curve g 10-year smoothing curve
2 1004 v =-033x + 665 2 100+ v =-038x+774 2 1004 ¥ =-0.55x+1102
§ R2 =0.104, p < 0.01 § R2 =0.041,p>0.1 g R2 =0.111, p < 0.05
S 50 s S 50
2n 20 =n
s s ]
-= . = -=
2 0 2 2 04
= = =
- - -
g B g
& =50 - & =50+ v - - =504 v - -
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
2 300 (dHRB [ Babao 2430 (eHRB M Hei Z % (HHRB [ Dazhuma
E 10-year smoothing curve g 10-year smoothing curve g 10-year smoothing curve
Z 200 y =-0.25x + 489 23001 y=038x-761 2 604 »y=-0.09x+174
§ R% =0.007,p > 0.1 E R% =0.006,p > 0.1 § R? =0.009, p > 0.1
S 1004 S 1504 S 304
& & g
< < <
= = =
2 01 z 0 =t L % 045
= =l =l
-z - -
g g 3
& -100 & -150 a =30
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
2 150 (2HRB [ Liyuan 2 180 (mHRB I Hongshui 2200 ()HRB [ Taolai
E 10-year smoothing curve E 10-year smoothing curve E 10-year smoothing curve
2 100+ ¥y =-024x +471 2 1201 ¥ =-0.09x + 189 2 100+ »=0.08x-163
E R? =0.013,p > 0.1 E R? =0.001,p > 0.1 E R? =6.5554p > 0.1
=] =4 =4 AL
S 504 S 601 SRR P = N G CNEN SSE— &
=4 = =
2 = £
2 2 2
5 5 5
- =~ -4
S S S
-9 a -9

=3
(=]

=50+ -60 -200
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
2300 ()SLRB M Shiyou 2 450 (k)SLRB M Shule Z 150 ()SLRB [ Dang
g — 10-year smoothing curve g — 10-year smoothing curve g — 10-year smoothing curve
2 200 ¥ =-0.89x +1776 23004 y=228x-4559 2 1004 y=054x-1082
§ R? =0.092, p < 0.1 g R? =0.164, p < 0.01 g R? =0.046, p > 0.1
;D 100+ q:jb 150+ g“jn 50+
s s 3
= - = =
2 0 2 0 z 0
S S S
4 - 4
B B 3
. -100 a -150 a 504 T r r
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
Year Year Year

Figure 4. Trends of POT3M flood series for 12 representative rivers in the QM region, northwest China.
(a—c) Denote Gulang, Zamu, and Xiying rivers in SYRB, (d-i) denote Babao, Hei, Dazhuma, Liyuan,
Hongshui, and Taolai rivers in HRB, (j-1) denote Shiyou, Shule, and Dang rivers in SLRB, respectively.
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3.5. Trends of Flood Magnitude in the Eastern, Central, and Western Regions

According to the regional comparative analysis of the different flood series from the
flood observation dataset, the flood magnitude trends for twelve rivers in the QMs are
both increasing and decreasing in the eastern, central, and western regions, as shown in
Figure 5 and Table 4. In the eastern SYRB (a—c rivers), the results of the AMPD and POT3M
series showed an overall decreasing trend from 1970 to 2021, with different significance
levels. In the central HRB (d-i rivers), there were minor differences in the trends of the
AMPD and POT3M series. In the trend in the AMPD series, five of the six rivers were non-
significant trends, except for the Dazhuma River, which exhibited a decreasing trend at the
significance level of 99%. However, in the trend in the POT3M series, all six rivers showed
non-significant trends. Among the western SLRB (j-1 rivers), Shiyou River displayed
a decreasing trend, at the significance level of 90%, in both the AMPD and POT3M series,
Shule River showed an increasing trend at the significance level of 99% in both the AMPD
and POT3M series, whereas Dang River had a non-significant trend during the period of
1970-2021.

AMPD
series

POT3M
series

Figure 5. Trends in AMPD and POT3M flood series for 12 representative rivers in the QM region,
northwest China. (a—c) Denote Gulang, Zamu, and Xiying rivers in SYRB, (d-i) denote Babao, Hei,
Dazhuma, Liyuan, Hongshui, and Taolai rivers in HRB, (j-1) denote Shiyou, Shule, and Dang rivers
in SLRB, respectively. A big arrow indicates a statistically increasing trend (red) and decreasing trend
(black), at the significance level of 99%, a medium arrow indicates a statistically increasing trend (red)
and decreasing trend (black), at the significance level of 95%, a small arrow indicates a statistically
increasing trend (red) and decreasing trend (black), at the significance level of 90%. No marked
symbol at stations represents a non-significant trend.

4. Discussion
4.1. Attribution of Climate Change to Variability in Flood Magnitude

The results of this study indicate that the flood magnitude of the QMs changed
significantly from east to west during the period 1970-2021. The linear trends of the AMPD
and POT3M series show a decreasing trend in flood magnitude for SYRB in the east (e.g.,
Gulang, Zamu, and Xiying rivers), a slight fluctuation for six rivers in HRB in the central
part, and an increasing trend, with larger values, for SLRB in the west (e.g., Shule River).
The AMPD and POT3M series differ slightly, in that the AMPD series shows more rivers
with a decreasing trend (e.g., Zamu and Dazhuma rivers), as shown in Figures 2, 4 and 5,
and Table 4. A recent study has shown that climate change in the Qilian Mountains region
has led to variations in the frequency of floods of different levels, with a decrease in SYRB
in the east, a slight fluctuation in HRB in the center, and an increase in SLRB in the west,
and the main factors causing those changes in flood frequency in the QMs are heavy
rainfall, abnormal warming, and accelerated glacial melting [25]. Even changes in river
discharge in arid and semi-arid regions of northwest China are associated with climate
change [21-23,45]. In the past decades, e.g., Shi, et al. [27] have confirmed that the climate
of arid and semi-arid regions in northwest China changed from warm-dry to warm-wet
during 1961-2003, and Chen, et al. [26] also found an increasing trend in temperature and
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precipitation in arid northwest China during 1960-2015, and precipitation started to rise
sharply after 1987. Climate change may cause high temperatures and heavy precipitation,
which in turn lead to changes in flooding [46—48].

Twelve rivers, originating in the high-altitude mountainous regions of the QMs, have
a special and typical flooding mechanism, mainly influenced by heavy precipitation and
the melting of snow and ice water, due to rising temperatures. Owing to the complex
topography of the QMs, the high altitude, and the inconvenient access, only five national
meteorological stations are located at high-altitude in the mountains, while the rest of
the meteorological stations are located in the piedmont and oasis plain areas. In this
study, five meteorological stations in high-altitude mountainous areas, were selected to
calculate trends using daily precipitation and temperature data for the period 1970-2021.
To better explore the meteorological factors affecting the variation in flood magnitude in the
QMs, temperature and precipitation trends at five meteorological stations were analyzed,
by defining six temperature and precipitation indices (Figures 6 and 7). Over the past
52 years, temperature and precipitation in SYRB, HRB, and SLRB have generally increased
to different degrees (Figures 6 and 7). Although the only five meteorological stations in
the high-altitude mountainous regions do not correspond to analyzing the temperature
and precipitation change patterns of the twelve rivers one by one, it can be found that the
trend varies from region to region. In terms of the causes of variation in flood magnitude
generated in the twelve rivers, it is mainly influenced by temperature, heavy precipitation,
substratum, and topography, but in high-altitude areas of the QMs, heavy precipitation
is the main factor causing the variation in flood magnitude. According to the analysis of
the data from five meteorological stations, temperature and precipitation have generally
increased at different rates in SYRB, HRB, and SLRB over the past 52 years (Figures 6 and 7),
however, the magnitudes of the AMPD and POT3M series have increased or decreased
in different rivers (e.g., Gulang, Zamu, Xiying, Dazhuma, Shiyou, and Shule rivers), the
possible causes are the regional differences of heavy precipitation in the upper reaches of
the rivers, which are responsible for the changes in flood magnitude.

Among high-latitude rivers in northwest and southwest China, similar results of
increasing and decreasing trends in the magnitude of river floods due to climate change,
dominated by changes in temperature and precipitation, have been obtained in the Tien
Shan Mountains, Aksu, Tarim, and Lancang-Mekong river basins [21-23,49]. In Central
Asia, climate change is leading to an increased risk of flooding and landslides, and the
likelihood of glacial lake outburst flooding is expected to increase with rising temperatures
and an increase in the number of glacial lakes [50]. Similar studies can be compared in
Europe, increases and decreases in temperature, evaporation, and precipitation in different
regions have led to increased flooding in the northwest and decreased flooding in the south
and east. Flood magnitude trends in different regions of Europe range from an increase of
11% to a decrease of 23%, per decade [6]. Even in Canada and North America, the trend
of increasing and decreasing flood magnitude in different regions over the past decades
has been identified by researchers [14]. Despite the spatial heterogeneity of the observed
records of temperature, precipitation, and flooding in different regions, it is reasonable that
the variation in flood magnitudes in the high-altitude mountains of the QMs found in our
study, is mainly attributed to climate change.
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Figure 6. Temporal variations in temperature indices at meteorological stations in the QM region.
The stations are, WSL: Wushaoling; MY: Menyuan; QL: Qilian; YNG: Yeniugou; TL: Tuole. (a—c) WSL;
(d—f) MY; (g-i) QL; (j-1) YNG; (m-o) TL. Definitions of these temperature indices are given in Table 3.

188



Atmosphere 2023,

14, 557

Pl (mm)

P1 (mm)

P1 (mm)

P1 (mm)

P1 (mm)

60 (a)WSL I Precipitation 60 (b)WSL [l Precipitation 60 (c)WSL Il Precipitation
y=0.107x - 185 y=0.067x -109 y =0.048x - 78
404 R? =0.063 40 R? =0.042 40 R? =0.048
B g
E E
i | M ST I | =
20 =241 ~

0- 0- 0
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
60 60 60

(MY I Precipitation (e MY I Precipitation (HMY I Precipitation
y =0.131x — 229 y=0.073x-119 y=0.038x - 55
40 R? =0.055] 404 R? =0.051 401 R? =0.034
=} £
£ £
Y N T =
204 = 204 =

0- 0- 0
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020

60 —— 60 —— 60— ——
(g)QL I Precipitation (h)QL I Precipitation (1)QL Il Precipitation
¥ = 0.144x - 262 y =0.093x — 165 y=0.071x - 123
40 R? =0.091 40 R%=0.118 40 R? =0.163

P3 (mm)
P7 (mm)

2041 TN 204

0- 0- 0
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020

60— — 60 — 60 —
()YNG Il Precipitation (k)YNG I Precipitation (HYNG Il Precipitation
y=0.068x -111 y=0.048x - 74 y =0.049x - 79

40 R? =0.029 40 R? =0.031 40 R? =0.062
) g
E E

"""" £ =
20/ 20004k W Ll kil 20

0- 0- 0-
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
60 60 60

(m)TL Il Precipitation (n)TL Il Precipitation (0)TL Il Precipitation
y=0.075x - 125 y =0.088x — 157 y =0.068x - 120
40 R? =0.041 404 R? =0.116 404 R? =0.141

P3 (mm)
P7 (mm)

204 204 204

0- 0- 0-
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020

Year Year Year

Figure 7. Temporal variations in precipitation indices at meteorological stations in the QM region.
The stations are, WSL: Wushaoling; MY: Menyuan; QL: Qilian; YNG: Yeniugou; TL: Tuole. (a—c) WSL;
(d—£) MY; (g-i) QL; (j-1) YNG; (m-o) TL. Definitions of these precipitation indices are given in Table 3.

4.2. Regional Differences in the Evolution of Flood Magnitude

The long-term variability in the AMPD and POT3M flood series highlights the re-
gional differences in understanding the evolution of flood magnitude in the QMs. Anal-
ysis of the datasets shows a clear regional pattern of flooding trends across the QMs
(Figures 2, 4 and 5), with a decreasing trend in SYRB in the east, a slight fluctuation for
six rivers in HRB in the central part, and an increasing trend with larger values in SLRB
in the west (e.g., Shule River). In arid and semi-arid regions, for the twelve inland rivers
originating in the QMs, regional variations in flood magnitudes are mainly caused by heavy
precipitation, abnormal warming, and accelerated glacial melting. Regional differences in
precipitation and precipitation intensity, river catchment, underlying surface, and topogra-
phy are the main drivers of flood magnitude variability. Nevertheless, the climate shows
great variability with altitude, and most precipitation events in mountainous regions are
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influenced by three main sources of water vapor; namely, the East Asian monsoon, the
Tibetan Plateau monsoon, and the westerly circulation [29]. The SYRB in the east, HRB
in the center, and SLRB in the west are mainly influenced by the combination of the East
Asian monsoon, the Tibetan Plateau monsoon, and the westerly circulation, respectively.
The enhanced westerly circulation and increased water vapor, are the main factors leading
to the increased precipitation in the QMs [30,51]. Different climate types result in different
regional precipitation and precipitation intensities, causing differences in flood magni-
tude trends in the eastern, central, and western regions. In addition, due to the different
glacier coverage areas and reserves in the eastern, central and western regions of the QMs,
(Table 5), the eastern part is the smallest, the central part is larger, and the western part is
the largest. The glaciers in the east are retreating rapidly, while the central and western
regions are retreating more slowly in turn [52]. Due to the differences in glacier area and
glacial meltwater ratios in the upper reaches of the twelve rivers in three sub-basins, the
three rivers in the eastern SYRB have the smallest glacial meltwater ratios, whereas the
three rivers in the western SLRB have the largest (Table 5) [53,54]. Differences in precipita-
tion and the proportion of glacial meltwater, due to temperature increases in the east and
west regions are the main reasons for the spatial patterns of flood magnitude variation in
those three main regions (Figures 2, 4 and 5).

Table 5. Glacier area and percentage of glacier meltwater runoff in this study [25,54].

River Basin River Name Gla(clifliz? rea Glacll{aal t?(/)lil/tot;vater Periods
Gulang - - 1960s-2010s
SYRB Zamu 3.75 1.3 1960s-2010s
Xiying 19.77 5.3 1960s-2010s
Babao - - 1960s-2010s
Hei 58.90 2.7 1960s-2010s
Dazhuma 5.94 114 1960s-2010s
HRB Liyuan 16.28 7.1 1960s-2010s
Hongshui 125.62 44.0 1960s-2010s
Taolai 137.89 17.2 1960s-2010s
Shiyou 6.38 19.3 1960s-2010s
SLRB Shule 469.52 42.2 1960s-2010s
Danghe 233.83 46.8 1960s-2010s

The trend comparison of the AMPD and POT3M series, shows that in the eastern
part of the QMs, three rivers (e.g., Gulang, Zamu, and Xiying rivers) showed an overall
decreasing trend, at the significance level of 99% or 95%. In the central region, most
of the rivers showed non-significant trends, except for minor differences in individual
rivers. For example, in the AMPD series, Dazhuma River exhibited a decreasing trend at
the significance level of 99%. In the western region, Shule River displayed a significant
increasing trend at the significance level of 99%, whereas Shiyou River was decreasing at
the significance level of 90%, and Dang River had a non-significant trend. Similar results
for regional differences in flood magnitude trends can also be found for the Tien Shan
Mountains, and Aksu and Tarim rivers, in northwest China, as well as in Europe and North
America [6,14,21-23].

5. Conclusions

In this study, flood events of twelve inland rivers in the QMs, northwest China, were
examined, using Sen’s slope estimator and the M—K test, for the continuously recorded
AMPD and POT3M flood series, from 1970 to 2021. Through analyzing the trends, abrupt
changes, and causes of flood magnitude changes, the main findings can be summarized
as follows:

1. The evolution of the flood magnitude of the twelve rivers originating in the QMs
over the last 52 years, has been mainly influenced by the gradual increase in temperature
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and precipitation. The main factors causing abrupt changes in flood magnitude are heavy
precipitation events and anomalous warming.

2. The trend analysis of the AMPD and POT3M magnitude series of the twelve rivers,
for the period of 1970-2021, shows that the spatial distribution of flood magnitude changes
is different. The AMPD and POT3M series show a decreasing trend in SYRB in the east
(e.g., Gulang, Zamu, and Xiying rivers), a slight fluctuation for six rivers in HRB in the
central region, and an increasing trend, with larger significance values, in SLRB in the west
(e.g., Shule River), especially since 1987.

In the future, research on the formation process of flood events in arid and semi-
arid regions should be strengthened, including elements such as meteorological variables
related to flood frequency, the timing of flood peak occurrence, and flood magnitude. These
findings can suggest solutions for water resources management and influence decisions for
adaptation to climate change.
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Abstract: Land-use/land-cover change and climate change have changed the spatial-temporal
distribution of water resources. The Huai River Basin shows the spatial and temporal changes of
climate from 1960 to 2016 and land-use/land-cover changes from 1995 to 2014. Thus, this study
aims to investigate climate change, land use, and vegetation evolution in the Upper Huai River
Basin. The Mann—Kendall test (MK), Innovative Trend Analysis Method (ITAM), and Sen’s slope
estimator test were used to detect climate change trends. The land-use/land-cover change was
also examined using a transformation matrix and Normalized Difference Vegetation Index (NDVI).
The results of this study revealed that precipitation has shown a slightly decreasing trend during
the past 56 years. However, the air temperature has increased by 1.2 °C. The artificial and natural
vegetation and wetland were decreased by 12,097 km?, 3207 km?, and 641 km?, respectively. On
the other hand, resident construction land and artificial water bodies increased by 2277 km? and
3691 km?, respectively. This indicates that the land cover has significantly changed during the past
30 years. The findings of this study will have implications for predicting the water resources safety
and eco-environment of The Huai River Basin. The spatial distribution showed an uneven change in
the Huai River Basin. Together, we suggested that the variability of water resources availability in the
Huai River Basin was mainly attributed to climate variability, while land use change plays a key role
in the sub-basins, which experienced dramatic changes in land use.

Keywords: climate change; land cover/land use; vegetation; NDVI; Huai River Basin

1. Introduction

Climate change has a significant influence on vegetation and water resources in river
basins across the globe [1-3]. The production of large amounts of greenhouse gases will
exacerbate global temperature rise [4]. Land-use/land-cover (LULC) change is linked with
climate change because of its diverse environmental impacts [5]. It is also an important
driving force of environmental changes across all spatial and temporal scales. LULC change
contributes significantly to earth atmosphere interactions, forest fragmentations, and loss
of biodiversity [6]. It is also one of the factors contributing to climate change. However, the
disorderly expansion of urban construction land and the massive loss of ecological land
has restricted the sustainable development of the overall ecological environment [4].

In the past decades, water resource shortages have become increasingly severe in
many parts of the world, associated with the impacts of climate variability and population
expansion. To study the impacts of climate change, the Haui River Basin is a suitable area.
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Climate variables include precipitation, sunshine hours, air temperature, cloudiness, pres-
sure, rainfall/snow, and wind velocity humidity. These metrological variables interrelate
directly or indirectly and significantly influence the environment and living entities [6-8].
Land surface temperature is an imperative ecological factor, and its warming tendency
affects the topsoil [9].

The rate of biochemical and plant growth is significantly influenced by soil tempera-
ture [6]. Temperature and precipitation influences other variables that have a direct impact
on vegetation growth during the concurrent year [10]. Climate change can greatly affect
land cover by altering vegetation [5-9]. Changes in vegetation cover alter the strength of
the sink and may turn it into a source of green house gasses as a result of land processses
such as deforestation [11]. The most used vegetation quantity index derived from remote-
sensing resources is the normalized difference vegetation index (NDVI) [11]. The NDVI is
a compelling index for monitoring vegetation, soil, and water [1,12].

Land-use/land-cover change (LUCC) is the major content of research on world climate
and environmental change [13]. It has a huge impact on resources, environment, biodi-
versity, artificial water environment changes, and economic and social development [14].
Land-use change serves as the ideal starting point for coupled systems about human-—
environment research in land systems, and the core content of the LUCC dynamic change
process has gradually become the focus of scholars. In the past, land-use investigation has
merely recognized various land-use scales and structures, however, this method is unable
to detect the evolution of the different vegetation types. Lousia employed the TM imagery
to analyze land-use/land-cover changes between 1990 to 2004 in Manica province, Mozam-
bique. Ma Xiaoxue et al. [9] explicitly analyzed the characteristics and driving mechanism
of land use of the Qinhuai river basin; they proposed the main driving mechanisms of land
use in this basin were climate change, economic development, population growth, and the
improvement of people’s living standards [15]. Wang Xiulan and Zhang Jin et al. orga-
nized relevant methods to research the impacts of change of different land use/cover; they
presented the meaning and significance of these models of land resources quantity change,
land-use degree change, and land demand forecast in the study of land-use change [16-18].

Changes in land cover may occur as a result of the shift in vegetation cover. The
determination of land-use and land-cover change is a potent tool for comprehending
and evaluating the crucial connection between socioeconomic activities and natural pro-
cesses [19]. Specifically, it is essential to examine the changes in the different land use/land
cover in naturally sensitive areas [20]. The arid and semi-arid regions of central Asia are the
most sensitive areas to climate change [21-23]. The Huai River Basin could be the largest
demonstrative of these regions [24,25]. Climate change has a significant impact on the Huai
River, with water quality being the most sensitive parameter [26]. In recent decades, water
resources shortages have become increasingly severe in many parts of the world, associated
with the impacts of climate variability and population expansion. Additionally, changes in
hydrological cycles may attribute to the change in climate and land uses [27].

The Huai River Basin is spatially all-embracing, with prominent environmental gra-
dients principally determined by temperature and precipitation on wide-ranging scales.
Hence, the Huai River Basin is an ideal place to observe the changing aspects of landscape
structures and biological communities [21]. Changes in the hydroclimate can also alter
lake conditions, land cover, and vegetation cover [22-29]. The main aim of the study is to
investigate spatiotemporal trends of climate changes during 1960 to 2016 and examine the
vegetation change as well as land-use/land-cover changes during 1985 to 2014 in the Huai
River Basin. The main objectives of this are (i) to identify historical climatic trends with
land use change, (ii) to determine the extent to which observed trends in land-use/cover
change can be reproduced, and (iii) to determine the extent to which trends in vegetation
cover change in the region under study.
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2. Study Area

The study basin is found between 111°56' E~109°15" E and 30°57’ N~37°50' N with
area coverage of 207 x 105 km [24]. The mean annual precipitation and temperature of the
basin is 883 mm and 11~16 °C, respectively. The average annual surface evaporation is
between 600~1500 mm [23]. The basin is known to experience water shortages (Figure 1).
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Figure 1. Location map of the Huai River Basin and drainage.

3. Data Source

3.1. Meteorological Data

Climate data were gathered for this study from six distinct representatives meteoro-
logical and water gauge stations located throughout the Huai River Basin (Table 1). The
duration of the study was from 1960 to 2016. The basic information of the representative
stations are presented in (Table 1).

Table 1. List of representative Meteorological stations” information.

Annual Annual
Stations Altitude (m)  Latitude (N) Longitude 1\./[e.an . Mean
(E) Precipitation = Temperature

(mm) O

Xiangcheng 149.1 32.383333 113.416667 1124.69 15.37
Zhumadian 82.7 33.533333 114.016667 953.42 15.12
Gushi 429 32.163333 115.616667” 1064.62 15.64
Fuyang 60.5 31.733333 116.516667 910.07 15.34
Xinyang 68.1 31.413333 116.316667” 839.09 15.52
Xichong 71.5 31.563333 114.116667 1089.32 15.77
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3.2. Data on Land Cover

For validation, the topographic map, the soil map, the ecological landscape potential
map, the forest map, and the vegetation map were selected. From 1982 to 2014, Landsat
Thematic Mapper (TM) and Landsat Enhanced Thematic Mapper (ETM+) maps with a
30 m resolution were used to classify land cover. The National Geomatics Center of China
in 2014 described the Global Land covers dataset (GlobeLand30) product, from which the
study area’s satellite data for land covers were derived. The name, code, and definition of
land cover classification are presented in Table 2. Over the past 30 years, the land cover
spatial pattern data were interpreted using all Landsat TM and ETM + images downloaded
from USGS (http:/ /landsat.usgs.gov/ accessed on 1 September 2019).

Table 2. Gray scale value and vegetation coverage equivalent distribution table.

. Gray Scale Value The Percentage of Vegetation Coverage
Rating Division Vegetation Cover Land-Use/Landcover Type Evaluation
Level 1 191~255 ~60% Forest land, dense shrub land, and Excellent

shrub land.
Potential degraded land, good
Level 2 156~190 30%~60% farmland, high coverage grassland, Good
and forest land.
Level 3 139~155 15%-~30% Grassland, the middle plain has Medium
fixed sand, and beach.
Level 4 128~138 5%~15% Forest land, desert grassland, and Subalternation
scattered vegetation.
Level 5 below 128 below 5% Artificial water areas, desert, Inferior

residential areas, etc.

3.3. Vegetation Data

The MODIS NDVI product (MOD13Q1), which was obtained from NASA’s land pro-
cesses distributed active archive center, served as the source for the normalized difference
vegetation index (NDVI) data. The MODIS surface reflectance values from the red band
(610-680 nm) and the near-infrared band (780-890 nm) was used to calculate the NDVI
after they were adjusted for molecular scattering, ozone absorption, and aerosols [30].
The MOD13 Q1 products, which include 12 scientific data sets with a 16-day temporal
sampling period and a spatial resolution of 250 m x 250 m, were derived from the most
recent version.

4. Methods
4.1. Climate Variable Analysis
4.1.1. Innovative Trend Analysis Method (ITAM)

ITAM divides dataseries into two equivalent sub-series and categorizes them in in-
creasing order [6,15,31-34]. The X-axis (x_iii=1,2,3,...,n/2) and the Y-axis (x_j;j=n/2
+1,n/2 + 2, ..., n) were then used to arrange the two sections on a coordinate system.
There is no trend if time-series data are collected on a scattered plot along a 1:1 (45°) straight
line. When data points accumulate above the 1:1 straight line, the trend is upward, and
when data points accumulate below it, the trend is downward. The difference in mean
values between x I and x j might reflect how far a data series is trending (Figure 2).
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Figure 2. Paradigmatic illustrations of the ITA method.

4.1.2. Mann-Kendall (M-K) Test Method

The Mann—-Kendall (M-K) test is used to detect the trends of time series data [2,35].
The test statistics “S” is equated as follows:

n=1 n
S=3Y Y sgn(xj—x) 1)

i=1 j=i+1

+1if (x]'—xi) >0

sgn(xj — x;) = { 0if (xj—x;) =0 )
—1if (xj—xi) <0

where x; and x; represents the data points in periods j and i. While the amount of data
series is larger than or equivalent to 10 (n > 10), the M-K test is then categorized by a
standard distribution with the mean E(S) = 0 and variance Var(S), which is given as
follows [35]:

E(S) =0 .
Var(S) = n(n—1)(2n+5) — 2112;:1 te(te — 1) (2t +5) @

where m is the number of the tied groups in the time series, and t; is the number of ties
in the kth tied group. From this the test, the Z statistics is obtained using approximation
as follows:

ssLifs >0
Z={ 0, ifS=0 (5)
st if S <0
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4.1.3. Sen’s Slope Estimator Test
The slope Q; between two data points is given by the equation [2,35].

x]-—xk

Qi = =k

, fori=1,2,...N 6)

where x; and x are data points at time j and (j > k), respectively.

; n are a number
of time periods. However, if there are many data in each year, then N < w ; n total
number of observations [36]. The N values of slope estimator are arranged from smallest

to biggest. Then, the median of slope (f3) is computed as follows:

When there is only single datum in each time, then N = @

_ {Q[(N+ 1)/2] when N is odd )
p= Q[(N/2)+Q(N+2)/(2)/(2)] when N is even

4.2. Analysis of Land Use and Land Cover

The overlaying operation was used to perform spatial analysis, which revealed how
land use and land cover changed over time and established a connection between the two.
A land cover transformation map was obtained and utilized for transformation matrix
analysis by intersecting the two land cover/land use maps (1985 and 2014). The magnitudes
of land cover shifts were calculated as [12].

CA =TA(ty) — TA(h), ®)

CE = [CA/TA(t) ] * 100, )

where: t_1 and t_2 represent the beginning and end, while TA, CA, and CE represent the
total area, changed area, and extent of change, respectively. The Kappa coefficient (Kappa)
was also calculated. The agreement between user-assigned ratings and the predefined
producer ratings is measured by kappa. The difference between the amount of agreement
that is present (the “observed” agreement) and the amount of agreement that would be
expected to be present by chance alone (the “expected” agreement) is the basis of the
calculation [37].

K = P(A) — P(E)/1 - P(E) (10)
p(ay=4ED), a1

o-(@)@-EE w

where K is the Kappa coefficient, P(A) is the number of times the K raters agree, and is the
number of times the K rates are expected to agree only by chance, A and D are unchanged
categories, Al and Bl are subject’s categories, and N is the change of results. ArcGIS
10.2 and the land-use transfer matrix were used to investigate a comprehensive land-use
dynamics degree [38] of the Huai River Basin.

Y, VLU,

Lc==t
LU T

x 100% (13)
where LC is the total land-use dynamic degree, Lui is the type of area, Lui—j is the total
value of an area in land-use type I to ], and T is the amount of time that has passed since
the last monitoring. LC is the land-use dynamic change rate when T is set for years.

We can generate five groups of transfer matrixes for various land-use types using five

years of land-use data—1985-1990, 1990-2000, 2000-2005, 2005-2014, and 1985-2014—to
comprehend the basin’s transfer situation.
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4.3. Vegetation Analysis

One of the most widely used vegetation indices of plant biomass and activity is the
normalized difference vegetation index (NDVI) which is used to denote a shift in an area’s
vegetative greenness [1,39].

(NIR — RED)

NDVI = =R+ RED) ’

(14)
where the electromagnetic spectrum’s near-infrared (NIR) and red (RED) channels cor-
respond to bands 2 and 1 of the MODIS (MOD13Q1) product, respectively. We used a
linear regression model based on MODIS data to spread GIMMS data until 2014 due to the
different spatial resolutions of GIMMS and MODIS. In addition, we utilized the same time
data to check outspread data. Afterward, the NDVI average correlation coefficient reached
greater than 90% in the Huai River Basin. The land-use type and the NDVI gray-scale value
were additionally examined (Table 1) to determine vegetation coverage evolution tendency.

5. Results and Discussions
5.1. Trends of Observed Climate Changes

In the study region, positive and negative tendencies are present by the M—K test
estimator, and annual mean precipitation, and display temporal variations (Figure 3). This
is in good agreement with studies and annotations from various parts of China [8,24].
Since precipitation tends to decrease across the study basin, the anticipated decrease in
precipitation determination will probably result in a decrease in water accessibility in the
years to come [8].

)/r Methodology

Statistical
analysis

:

MK test

ITAM
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Figure 3. Spatially distribution land-use/land-cover map of the Huaihe River Basin.
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The hydrological series and the supply of water resources for ecological units and
society can be disrupted by a decrease in precipitation during the wet season [40]. The
summer is the most precipitous time of year in the study area, contributing nearly 49.3%
of the total precipitation, indicating a high intensity of precipitation and snowfall. Addi-
tionally, stream flow is at its best during this time of year. The squat rainy season, which
begins in December and lasts through February (winter), accounts for approximately 7.3%
of the total precipitation. Winter is more susceptible to the occurrence of persistent drought
events, as revealed by the consequences of light precipitation concentration [30]. In China,
a variety of trend exploration studies have been piloted at various spatiotemporal mea-
sures, yielding a wide range of results with various trend test parameters. Although they
discovered a statistically significant upward trend in temperature, the situation regarding
precipitation varied.

The rise in temperature is amongst the indices of global climate transformation. Glob-
ally, mean air temperature has increased by 0.85 °C from 1880 onwards, which is expected
to move along in the near future [4,5,7,40]. The global large inland water bodies tempera-
ture has been promptly heating ever since 1980, at the rate of 0.05 £ 0.012 °C/year and by
the maximum rate of 0.1 £ 0.011 °C/year [41]. An abrupt upward trend of average annual
air temperature was detected in the upper reaches of the Huai River Basin via 1.2 °C or
0.021 °C/year during the deliberated chronological period from 1960 to 2016 (Figure 4b). It
is nearly twice as fast as the global average heating rate (0.012 °C/year) [42]. The basin’s
average annual temperature was found to be 15.5 °C. From 1990 onwards, a significant rise
in temperature was observed.
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Figure 4. (a) Trends of annual temperature. (b) Trends of annual precipitation.

The cumulative upward trend of air temperature could be the outcome of global
warming, which is due to the “built-up heat island”, greenhouse influence, and long-
standing climate inconsistency [6-9]. In the present study, the temperature during the
summer season was higher. Similarly, Gu et al. [43]. found a higher magnitude of air
temperature with an increasing trend in the summer seasons, which was superior to the
other periods (Figure 5).
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Figure 5. Mean annual precipitation and temperature of the Huai River Basin (1960-2016).

The M-K trend detection test result discovered that the annual mean temperatures
have been considerably increasing throughout the period. The general increment in mean
annual temperature in the study region then is principally indorsed to a rise in the minimum
temperature. Increased temperatures in winter and spring will affect the precipitation phase
and, as a consequence, the snow /precipitation ratio and the volume of water stored in snow
cover will be changed. Therefore, the hydrology of rivers in the Northern Hemisphere is
sensitive to climate change [44].

5.2. Change Detection and Classification of Land Cover

We may be able to comprehend the synoptic temporal change in the study area’s land
cover types through the use of satellite data, which can make concurrent, synoptic, and
repetitive annotations [45].

A maximum-likelihood classifier and the classification scheme in Table 2, have made
five classification maps of the Huai River Basin. With substantial precision, the study region
landscape was classified into 65 land-use classes (Figure 6).

In the present study, the artificial and natural vegetation, as well as the wetland,
showed a decreasing trend of 12,097 km?, 3207 km?, and 641 km?, respectively, during the
period 1985-2014. Meanwhile, the area of resident construction land and artificial water
showed an increasing trend by 2277 km? and 3691 km?, respectively. However, the other
areas only displayed a small change (Figure 7).

It should be noted that the artificial water bodies experienced the majority of the
area’s greatest changes and urban land during the past 30 years. The dynamic degree
was 9.2% and 6.4%, respectively. The area for wetland artificial vegetation and natural
vegetation was diminished, and the shifting ratio was inferior. From the comprehensive
land-use dynamic degree of the whole study years, the degree of intervention to land use by
human activities was prevalent from 2005-2014. The dynamic degree is approximately 0.5%
from 1985-2014, which implies that about 4.5% of the land use type has been transformed
throughout this period every year (Table 3). In the course of the early 21st century, the
population of the Huai River Basin had a high rate of growth; throughout this phase, the
per capita possession of land resources was small, which caused a shift in land use to some
extent (Figure 7).
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Figure 6. Study area map of land-use type by spatial transformation variation.
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Figure 7. Land-use/land-cover transformations from 1985 to 2014.

Table 3. Land-use/land-cover dynamics of the Huai River Basin from 1985 to 2014 (%).

Land-Use/Cover Type 1985-1990 1990-2000 2000-2005 2005-2014 1985-2014
Artificial Vegetation (AV) —0.56 0.16 0.21 —1.04 —1.32
Natural Vegetation (NV) 0.16 0.05 —1.09 —1.28 —2.38
Artificial water area (AW) 3.03 2.94 4.54 2.78 9.15

Wetland (W) —0.71 0.31 -1.15 0.23 —1.44
Resident construction land (RCL) 3.45 0.76 —2.13 7.04 6.41
Others (O) 2.18 -1.57 —7.47 11.55 0.21
(LC) Comprehensive land-use 0.44 014 033 057 0.46

dynamic degree

RCL and AW bodies are formed from more than one third of artificial vegetation. More
than 30% of Nevada is converted into additional land uses, such as empty land and sand.
The leading causes for the alterations are hasty population growth, urbanization, ecological
deterioration, and high intensity of socio-economic activities in the study area [46].

Natural factors are yet another significant cause of land-cover shift. The components of
the land cover, for instance, may be impacted directly or indirectly by the effects of climate
change. The overall pattern of regional vegetation was characterized by the shifting of
various forest types, whereas the distribution of forest boundaries may not have changed as
clearly [25]. When the climate changes rapidly, fast-growing pioneer communities expand
rapidly and require a significant amount of migration distance. As a result, it is essential to
define the size of changes in land cover (Table 4).

Table 4. The Huai River Basin’s land-use and land-cover transformation matrix from 1985 to 2014
(in percent).

Land Use Type AV NV AW w RCL Others
Natural Vegetation 7.44 91.82 0.208 0.264 0.202 0.065
Artificial Vegetation 93.541 2.269 0.121 0.447 3.588 0.034
Artificial water area 31.086 6.071 42.135 15.643 5.03 0.035
Wetland 8.222 1.434 2.195 87.362 0.775 0.012
Resident construction land 45.984 1.682 0.299 0.305 51.668 0.062
Others 11.843 36.978 0.055 0.079 4.709 46.337
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5.3. NDVI

MODIS vegetation indices produced on 16-day intervals and at multiple spatial resolu-
tions provide consistent spatial and temporal comparisons of vegetation canopy greenness,
a composite property of leaf area, chlorophyll, and canopy structure. Two vegetation indices
were derived from atmospherically corrected reflectance in the red, near-infrared, and blue
wave bands—the normalized difference vegetation index (NDVI). The strength of global
NDVI data is their high temporal information content [1,47]. The common compositing
time of 8-14 days provides at least 25-30 global NDVI datasets per year [2]. This ensures
consistency with the historical and climate applications of NOAA’s AVHRR NDVI time
series record, reducing variations in the canopy and soil and increasing sensitivity in dense
vegetation conditions. The two products better describe the global range of states and
processes of vegetation [47]. As a result, the NDVI was used to determine the vegetation

cover (Figure 8).
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Figure 8. NDVI—the spatial distribution map of the Huai River Basin vegetation.
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The pixel’s NDVI values ranged from —1 to 1. The highest NDVI values were greater
than 0.6, indicating the healthiest or richest vegetation. The normalized difference vegeta-
tion index had a significant difference in the study region. This is due to the prevalence of
sufficient precipitation during the period from 1985 onwards. Contrarily, during 2000, the
vegetation coverage had significantly declined, and the percentage of preeminent coverage
area accounted for only about 8.7% of the study region. This was principally because the
total mean annual precipitation significantly declined [44]. For the period from 2005-2014,
the area of preeminent vegetation coverage declined by 30%; on the other hand, the area
of lower vegetation coverage NDVI < 0.4 increased by about 75%. The major reason for
the vegetation boost was the prevalence of adequate precipitation throughout the summer
season [44], and to some extent, harsh climatic circumstances were reduced during this
period that generated advantageous situations for vegetation growth. On the contrary,
urbanization leads to a scattered configuration of vegetation coverage in the study region.

Temperature and precipitation may influence the dynamics of vegetation in the Huai
River Basin. Changes in the global carbon and hydrology cycle, as well as feedback on
climate change, could be caused by vegetation dynamics [25]. One of the factors that alter
the ecosystem, water system circulation, and surface water supply balance is the cover of
vegetation. There may be a number of factors connected to the change in the Huai River’s
vegetation cover. This indicates a significant degree of climate change throughout the basin
due to the coincidence of overlaps with climatic variations of the current weather. It is
obvious that cultivated land areas are growing bigger and areas of vegetation are becoming
smaller. This suggests that human activity may have altered the river basin’s land cover.

5.4. Implication of Climate Change over Land Cover/Use of Huai River Basin

In the Huai Basin, precipitation has decreased significantly over the past 56 years. The
basin’s temperature has varied by approximately 1.2 °C over the same period (Figure 9). The
most changed parts of the land covers in the Huai River Basin are the artificial vegetation,
natural vegetation, and wetland, which showed a decrease of 12,098, 3028, and 640 km?,
respectively. This could be due to the increasing temperature and an overall decline
pattern of precipitation in the study basin. On the other hand, the rest of the other land
transformation type is related to human activities.

-1480.5 km*

Land cover
1080.4km’ Hee 1989

-192.8km” &

Figure 9. The changes in land cover from 1985 to 2014 are depicted in the diagram. Gains and losses
are indicated by arrows. Herein: Pink is a result of human activity, red is a result of temperature rise,
yellow is a result of humans and nature, and blue is a result of other natural factors.
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In this region, climate change may alter the land cover [48]. Large mountains and river
basins have different levels of vegetation cover. This demonstrates that the mountain and
river valley vegetation cover changed between 1985 and 2014 [49]. Additionally, the 2007
average annual temperature overlap was the highest (Figure 10). This is a result of shifting
land cover as a result of intense human activity and global warming. Along the river valley,
there is also a large amount of agricultural land. In addition, extensive human activity
in the region has altered the vegetation cover of the Huai River Basin (Figure 10). The
vegetation cover in the river basin will change if there are many people working there [49].
Artificial surfaces and cultivated land have increased as a result of intense human activity.
Thus, this region’s vegetation and land cover may be significantly affected by climate
change and human activity.
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Figure 10. Correlation between precipitation and temperature.

6. Conclusions

We assessed the Huai River Basin’s climate changes between 1960 and 2016, land use
and land cover, and vegetation between 1985 and 2014 using remote sensing, classification
of land use and land cover, and detection of vegetation.

The study area’s precipitation slightly changed between 1960 and 2016. On the other
hand, the temperature often went up by 1.2 °C, leading to a significant increase over the
past 40 years in the semi-arid central Asian region.

Artificial vegetation, natural vegetation, and wetland changed the most in the Huai
River Basin with a decreasing trend. Construction land for homes significantly increased.
The Huai River Basin’s land cover and land use have changed slightly over time, both in
quantity and quality.

There was a clear shift in the vegetation cover in the river basin and mountainous
regions. Between 1985 and 2014, the vegetation cover and land cover changed significantly.
In the study area, these changes coincide with the process of climate change and human
activity. Furthermore, the increase in run-off may also have a wider implication for increas-
ing soil erosion and sedimentation. Thus, curving the trends of LULC towards increasing
vegetation cover is very important to reduce wet season flow and surface run-off. Therefore,
the concerned entities should take appropriates measures for the sustainable management
of land as well as water resources.

Scientific research on the causes of land-cover change and its potential effects on the hy-
drological and ecological systems of the Huai River Basin is essential in the near future. Due
to the limitation of data, this study only considers six stations for this analysis. Therefore,
detail study should be conducted in the future by considering more sample stations.
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Abstract: Under the background of climate warming, the occurrence of extreme events upstream
of the Yellow River Basin has increased significantly. Extreme precipitation tends to be even more
intense, and occurs more frequently. The impacts of various extreme weather and climate events
in the basin have become increasingly complex, which is increasingly difficult to cope with and
affects the basin’s long-term stability and ecological security. Based on the daily precipitation data
of 33 meteorological stations in the upper reaches of the Yellow River Basin from 1961 to 2021, this
paper analyzes the characteristics of rainstorm intensity. Moreover, combined with the simulation
results of 10 global climate models of the Coupled Model Intercomparison Project (CMIP6) and the
social and economic prediction data from SSPs, it analyzes the possible changes of rainstorm disaster
risk in the upper reaches of the Yellow River Basin in the 21st century, under the three emission
scenarios of SSP126, SSP245, and SSP370. The results show that the precipitation in the upstream
area of the Yellow River Basin is increasing at a rate of 8.1 mm per 10 years, and the number of
rainstorm processes and their indicators is increasing, which indicates an increase in the extremeness
of precipitation; the rainstorm process intensity index shows an increasing trend, especially in the
northeast region with a concentrated population and economy, where the rainstorm process intensity
index is high; it is estimated that the number of rainstorm days in low-, medium-, and high-risk
scenarios will increase, which leads to an increase in the social risk by at least 60% by around 2050
(2036-2065); with the increasing disaster risk, the population exposure to rainstorm disasters is also
on the rise. If no measures are taken, the population exposure will increase to 7.316 million people
per day by around 2050, increasing by more than double, especially in the northeast. This study
shows that, with the increasing rainstorm disaster risk and population exposure in the upper reaches
of the Yellow River Basin, relevant measures need to be taken to ensure the safety of people’s lives
and property.
Keywords: rainstorm process; rainstorm intensity; risk estimation and mapping; CMIP6;
risk prediction

1. Introduction

Under the background of climate warming, the frequency, intensity, and duration of
extreme climate events are increasing, which will magnify and exacerbate the risk of future
climate disasters [1-3] and have huge impacts on human life, agricultural production, and
the social economy;, etc. [4,5]. According to statistics, in the past 30 years, 86% of the world’s
major natural disasters, 59% of deaths, 84% of economic losses, and 91% of insurance
losses were caused by meteorological and derived disasters. China has become one of the
world’s most seriously affected countries by meteorological disasters [6], where the disasters
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account for more than 70% of natural disasters in recent years [7]. It is estimated that the
possibility of flooding, high temperatures, and other disaster risks in China in the future
will also be further increased [8]. On the regional and global scales, precipitation changes
are more localized than temperature changes. Therefore, extreme precipitation usually
shows high regional complexity and spatial-temporal variation [9]. Local heavy rainfall is
more likely to lead to severe meteorological disasters. For example, the “7.21” torrential
rain in Beijing in 2012 [10], the extremely heavy rain in North China from 19 to 20 July in
2016 [11], the extremely heavy rain in Hubei Province from 18 to 20 July in 2016 [12], the
“5.7” extremely heavy rain in Guangzhou in 2017 [13], and the “7.20” extremely heavy
rain in Zhengzhou in 2021 [14] all caused severe floods and their derivative disasters, high
casualties, and economic and property losses. Therefore, analyzing the characteristics of
rainstorm disasters and predicting their future risks is very meaningful.

Human-induced global warming has increased the frequency, intensity and number
of heavy precipitation events worldwide. As the atmosphere warmes, it contains more
moisture, which means more rain during storms [15,16]. Climate change research advances
have helped improve predictions of hydrologic extremes, with potentially severe implica-
tions for human societies and natural landscapes. The impact of precipitation is mainly
reflected by the overall changes in the precipitation amount, intensity, spatial and temporal
distribution, and the increase in extreme precipitation events, the most direct impact of
which is the change in the intensity of precipitation erosion forces and the occurrence of
extreme precipitation due to the changes in precipitation [17-20]. At the same time, the
increased uncertainty of extreme precipitation and the influence of human activities lead
to certain types of extreme precipitation patterns that can cause significant stress on river
hydrology, and thus increase the risk of regional flood control [21,22].

In the rainstorm hazard census, the intensity of the rainstorm process is usually
calculated to assess the risk level of the rainstorm process. Scholars have conducted
related studies. Wang et al. established a comprehensive intensity assessment model
and classification criteria for precipitation processes in four rainstorm-hazard-sensitive
areas in China using three indicators: rainfall intensity, coverage area, and duration [23].
Zou et al. selected four indicators of maximum daily rainfall, maximum process rainfall,
and rainstorm extent and duration, and constructed a comprehensive intensity assessment
model of the regional rainstorm process and the comprehensive intensity classification
criteria in Fujian Province [24]. Han et al. established a comprehensive rainstorm disaster
assessment index for Liaoning Province, based on the average amount of rainfall, rainfall
intensity extremes, and coverage size [25]. Moderate rain, heavy rain, and rainstorm events
are estimated to increase significantly nationwide at the end of the 21st century [26]. The
population exposure to extreme precipitation in China is also expected to increase by nearly
22% [27], aggravating the potential risk of disasters caused by rainstorms [28-31]. Adequate
measures need to be taken in advance [32].

Existing studies have analyzed the runoff characteristics, precipitation characteristics,
and their causes of formation in the Yellow River Basin [33-35]. However, few have
concentrated on the characteristics of rainstorm intensity in the basin and the direction of
future risk estimation. Currently, the Coupled Model Intercomparison Project is at a sixth
stage (CMIP6), and has improved resolution, physical processes, and parameterization [36].
Moreover, compared with CMIP5, CMIP6 can enable the simulation results to be closer
to the observations [37,38]. Based on CMIP6, studies have simulated and predicted the
future temperature in the upper reaches of the Yellow River. This paper aims to solve
the following key questions, by analyzing the characteristics of rainstorm intensity and
estimating the future risk in the upper reaches of the Yellow River Basin: (1) Are the
extremes of precipitation in the upper reaches of the Yellow River Basin increasing? How
about their distribution? (2) Under the background of climate change, what about the
future rainstorm disaster risk in the upper reaches of the Yellow River Basin? Where is the
highest risk?
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2. Data and Methods
2.1. Study Area

Qinghai Province is located in northwestern China, between latitude 31°36'-39°19’ north
and longitude 89°35'-103°04’ east, as the headstream and mainstream area of the Yellow
River; it has a drainage area of 152,300 km? (accounting for 21% of the Yellow River
Basin), a drainage length of 1983 km (taking up 31% of the Yellow River), and the annual
runoff out of the province accounts for 49.2% of the total flow of the Yellow River [39].
It impacts the sustainable development and utilization of water resources in the Yellow
River Basin. The upper reaches of the Yellow River Basin are the population and economic
agglomeration area of Qinghai Province, as well as the high precipitation and rainstorm-
disaster-prone areas. For example, the flash flood disaster in Datong on 18 August 2022
caused heavy casualties and economic and property losses. Extreme rainstorms and the
complex geographical environment are the main reasons for the frequent occurrence of
rainstorm disasters in the upper reaches of the Yellow River Basin.

The upstream area of the Yellow River Basin is the source and mainstream area of the
Yellow River, and the part of its watershed overlapping with the administrative region of
Qinghai Province is located in the eastern part of Qinghai Province (Figure 1). The area of this
region is 277,800 km?, with a total population of 5,252,100, and a GDP of 226.44 billion CNY as
of the end of 2019, accounting for 39.9%, 86.4%, and 76.3% of the province, respectively. The
region is a significant ecological security barrier and a core area for high-quality development.
The environmental quality in the study area significantly impacts the Sanjiangyuan Basin’s
ecological functions, the north and south slopes of the Qilian Mountains, and the arid eastern
mountains. The upper reaches of the Yellow River Basin belong to the highland continental
climate, with a low temperature and low precipitation. The annual average temperature is
—3.8~9.5°C, which is high in the east and low in the south and north; annual precipitation is
256.7~742.0 mm, with more in the south and less in the north; annual rainstorm days last
9~69 days, with a greater number in the north and lower in the south. The distribution of
rainstorm days is similar to the distribution of the annual average temperature, which is
different from the distribution of the annual precipitation.
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Figure 1. Map of the location of the upper Yellow River Basin.

2.2. Data Sources

The meteorological data were obtained from the Qinghai Meteorological Information
Center, including the daily precipitation observations from 33 national meteorological
observation stations (including national benchmark stations, basic stations, and general
stations). The time that the meteorological data was obtained was selected from 1961 to
2021, and all data were subjected to strict quality control (Figure 2). The mean values in the
paper are adopted from the standard climatic mean (mean values for 1991-2020).
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Figure 2. Data quality control flow chart.

The simulations from 10 climate models in the CMIP6 project were selected through
the availability of daily precipitation for the historical run and future scenario runs
(i.e., SSP1-2.6, SSP2-4.5, and SSP5-8.5) [40]. The multimodal ensemble mean (MME) method
can effectively reduce the uncertainty of the simulations and presents the spatial pattern of
precipitation extremes, which has been verified in numerous studies [41,42]. Only the first
simulation member (rlilp1fl) of each model is adopted. We resample all outputs of the
10 models to a common 0.25 x 0.25 resolution by using bilinear interpolation and only the
data in the upper reaches of the Yellow River Basin.

Shared Socioeconomic Pathways (SSPs) are coupled with representative concentration
pathways (RCPs), often applied to future project scenarios of socioeconomic
development [43]. The projected population datasets are available at Socioeconomic Data
and Applications Center (SEDAC), with ten-year intervals of 2010-2100 and a precision of
1 km on global land [44]. SSP1, SSP2, and SSP5 scenarios were selected to present popula-
tion changes corresponding to low-, moderate-, and high-emission scenarios (i.e., RCP2.6,
RCP4.5, and RCP8.5), respectively.

2.3. Methods

Since the rainfall in Qinghai province is small, the standard of rainstorm disaster is
reached when the daily rainfall reaches >25 mm [45]. Therefore, in this paper, the rainfall
process with >10 mm rainfall at a single station lasting >1 day and reaching >25 mm
rainfall occurring during the process is called the rainstorm process.

The weighted comprehensive evaluation method is used to calculate the intensity
of the rainstorm process [46]. It integrates the degree of influence of each indicator on
the overall object. The effects of each specific indicator are combined and a quantitative
indicator is used to focus on the degree of influence of the overall evaluation object. The
calculation process begins with the normalization of each evaluation indicator [47]. Nor-
malization is transforming a quantified value into a dimensionless value, which eliminates
the quantified differences of each indicator. The calculation formula is:

Rij = Rimin

ij — 5/
Rimax - Rimin

X )
where Xi]' is the normalized value of the ith indicator at site j; Ri]' is the 7th indicator
value at site j; R, and Ry, are the minimum and maximum values of the ith indicator
value, respectively.

In this study, the maximum daily rainfall of the rainstorm process, the accumulated
rainfall of the process, and the duration of the process are selected as the index factors
for calculating the intensity of the rainstorm process. The intensity index of the rainstorm
process is obtained by weighted summation. The calculation formula is:

IR=AXx R24pre + B X Rpre +Cx Rdayr @
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where IR is the intensity index of the rainstorm process, Rogpre is the process daily maximum
rainfall, Rpre is the process cumulative rainfall, and Rday is the process duration days. A, B,
and C are the weight coefficients of each index, which are determined by the information
entropy assignment method. This method is based on the actual data of each sample used
to find the optimal weights, avoiding artificial influencing factors; therefore, the index
weights given are more objective and thus have higher reproducibility and credibility. The
specific calculation method is described in reference [48].

A linear trend equation, a significance t-test [49], and the Yue-Pilon [50] method were
used in performing the statistical analysis. The linear trend equation is:

X;=a-+bxt. 3)

The climate variable of a sample size is denoted by x;, the corresponding event is
denoted by t;, a univariate linear regression is created between x; and t;, a is the regression
constant, and b is the regression coefficient.

3. Characteristics of the Intensity Change of the Rainstorm Process
3.1. Precipitation Variation Characteristics

From 1961 to 2021, the annual average precipitation upstream of the Yellow River Basin
was 330.5 mm, with an overall increase of 8.1 mm/10a(years abbreviated as a). In terms of
chronological changes, the annual precipitation fluctuated greatly in the early 1960s, and
did not change significantly from the late 1960s to the 1990s. Moreover, the 1990s was the
period with the lowest annual precipitation, which was only 308.8 mm. At the beginning
of the 21st century, the annual precipitation began to increase significantly. Since the 2010s,
it has been the period with the highest annual precipitation, reaching 346.2 mm. The
year with the highest annual precipitation was 2018, which reached 429.4 mm (Figure 3a).
From the perspective of spatial distribution, the annual precipitation in Minhe, Henan,
and Huzhu, showed a decreasing trend, while the annual precipitation in the rest of the
regions mainly increased, with an increase of 2.3~22.1 mm/10a. Additionally, the middle
Yellow River Basin is the region with the most significant annual precipitation increase,
with Guinan having the most significant increase, reaching 22.1 mm/10a (Figure 3b).
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Figure 3. Variation curve (a) and spatial distribution of variability (b) of annual precipitation in the

Annual precipitation (mm)

upstream of Yellow River Basin from 1961 to 2021.

3.2. Index Characteristics of the Rainstorm Process

From 1961 to 2021, the annual average number of a rainstorm upstream of the Yellow
River Basin was 35.5 stations, showing an overall increasing trend, with an increase of
2.3 stations/10a. The number of rainstorms was relatively few from the 1960s to the 1980s,
and began to increase in the 1990s. The period of the 2010s had the heaviest precipitation
processes, with an average of 39.2 stations per year, of which the highest frequency was in
2018, with 77 stations (Figure 4a).
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Figure 4. Variation curves of the number of rainstorm processes (a), maximum daily precipitation
(b), accumulated precipitation (c), and duration of precipitation (d) in the upstream of Yellow River
Basin from 1961 to 2021.

During the rainstorm, the average daily maximum precipitation, cumulative precip-
itation, and duration of precipitation were 34.4 mm, 64.7 mm, and 2 days, respectively,
therefore all show an increasing trend. The maximum daily precipitation showed a trend
of first decreasing and then increasing, with a minimum in the 1980s, and it continued
to increase, reaching a maximum in the 1910s (Figure 4b). The accumulated precipitation
fluctuated, and the minimum and maximum values also appeared in the 1980s and after the
21st century (Figure 4c), respectively. Except for the high value in the 1970s, the duration of
precipitation showed a steady upward trend in other years (Figure 4d). Judging from the
changes of various indices, not only the number of rainstorm processes in the upstream of
Yellow River Basin increased, but also the various indices of the rainstorm processes showed
an increasing trend, indicating that the extremeness of precipitation was also increasing.

From the perspective of spatial distribution, rainstorms tended to occur more in the
east and less in the west. The number of rainstorms in Xining, Huangzhong, Datong, and
Huzhu in the northeastern basin, and Henan in the southeast are all over 50. Huangzhong
had the most frequent precipitation events, reaching a total of 69 times, which occurred
more than 2 times a year on average (Figure 5a). The distribution trend of the average
daily maximum precipitation during the rainfall process is generally consistent with the
distribution trend of the number of rainfall processes. The high-value areas are mainly
distributed in Datong, Xining, Minhe, Huzhu, and Huang in the northeast of the Yellow
River Basin. In the high-value area, Datong had the largest average daily precipitation,
with a value of 41.3 mm (Figure 5b). The distribution characteristics of the accumulated
precipitation and the duration of the precipitation process are essentially the same, and
the overall distribution trend is high in the north and south and low in the middle ar-
eas. Among them, the high-value areas of accumulated precipitation include Gangcha,
Datong, Menyuan, Tianjun, and Huzhu, and the accumulated precipitation is above
45 mm. Furthermore, there are two high-value areas in the southeast, Henan and Ji-
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(a) Number of rainstorm processes (b) Daily maximum precipitation N
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uzhi (Figure 5c). The duration of the rainstorm process lasts longer in the high-value
southern regions, including in Jiuzhi, Qingshuihe, Maqin, Qumalai, Dari, Henan, Zeku,
and Guinan, among other places. The northern high-value areas include Datong, Qilian,
Menyuan, Gangcha, Haiyan, and Tianjun, and the average duration of precipitation is more
than 1.5 days (Figure 5d). Henan County is the region with the largest average accumulated
precipitation and the longest duration of precipitation, with values of 52.5 mm and 2 d,
respectively. The maximum historical daily precipitation was 119.9 mm in Datong in 2013,
the maximum accumulated precipitation was 154.3 mm in Henan County in 2016, and the
maximum duration of the process was 6 days in Jiuzhi in 1979.
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Figure 5. Spatial distribution of the number of heavy precipitation processes (a), daily maximum
precipitation (b), accumulated precipitation (c), and duration of precipitation (d) in the upstream of
Yellow River Basin from 1961 to 2021.

3.3. Intensity Characteristics of the Rainstorm Process

The intensity index of the rainstorm process is calculated according to Formula (2),
and the larger the value, the higher the possibility of causing disasters. From 1961 to 2021,
the intensity index of the rainstorm process upstream of the Yellow River Basin showed
an overall increasing trend. From the perspective of chronological changes, it began to
increase slowly after experiencing the high-value stage of the rainstorm process intensity
index in the 1970s. The increasing trend after the 215t century is the most obvious, and it is
the period with the highest intensity of the rainstorm process. In terms of years, 2018 was
the year with the largest rainstorm process intensity index (Figure 6a). In terms of spatial
distribution, there are two high-value centers of the rainstorm process intensity index in the
northern and southern parts of the Yellow River Basin. Among them, the high-value and
middle-value areas in the north include eight areas: Datong, Gangcha, Huzhu, Menyuan,
Xining, Huangzhong, Tianjun, and Minhe. The high-value centers in the south include
Henan and Jiuzhi. The rainstorm process intensity index was low in the northwestern
Yellow River Basin and most areas of the source of the Yellow River (Figure 6b). From the
spatial distribution of the intensity index of the rainstorm process, it can be seen that most
of the administrative regions where the high-value areas are located are the areas with the

216



Atmosphere 2022, 13, 2082

0.8
0.6
0.4
0.2

0

— IR

\

y=0.0011x + 0.4624 e High

most concentrated economy and population in Qinghai Province, which makes the region
more vulnerable to rainstorm disasters.

N

-=-- Chronological average - Linear trend
IR W "‘ E

R%=10.0083

8

.

V\/

[\/\/\/\
\

iy

A
T .

3

da

1961

1971

o bl B SR

'

1981 1991 2001 2011 2021

Year

(a) (b)

Figure 6. Changes in the risk level of rainstorm disasters under different climatic conditions in the
upstream of the Yellow River Basin. (a) overall trend (b) spatial distribution.

4. Future Climate Risk Estimation for Rainstorm Disasters
4.1. Estimated Number of Days of Rainstorms in Future Scenarios

The number of days of a rainstorm upstream of the Yellow River Basin during the
base period (1991-2020) is 1.1 d. The model estimation indicates that the frequency of
rainstorms upstream of Yellow River Basin increases significantly in future scenarios,
leading to increasing levels of combined climate risk. Even with the most stringent of
carbon reduction measures in the future (the SSP126 scenario), the number of rainstorm
days in the upstream of Yellow River Basin is expected to rise to 1.5 d by around 2050
(2036—2065), leading to a 60% increase in the socioeconomic risk index. In the medium-
emission scenario (SSP245), the number of rainstorm days will rise to 1.6 days in around
2050, leading to a 67% increase in the socioeconomic risk index. If fossil fuels continue to be
used as the main energy source (the SSP370 scenario), the number of rainstorm days in the
upstream of Yellow River Basin will rise to 1.8 days in around 2050, leading to a doubling
of the socioeconomic risk index from the historical base period (Figure omitted).

In terms of administrative districts, Xining, Datong, Huangzhong, Huzhu, and Henan
County have the highest number of rainstorm days, and the historical base period
(1991-2020) has reached more than 1.5 days per year. Under the future low- and medium-
emission scenarios, it is expected to rise to more than 2.4 days around 2050, which is
the most dramatic response to climate warming within the upstream Yellow River Basin
(Figure 7a,b). Under the high-emission scenario, the number of days of rainstorm in
Huangzhong is expected to exceed 3 days (Figure 7c,d).

4.2. Population Exposure Risk Estimation for Future Scenarios

The overlay of the predicted results by the number of rainstorm days and population
shows that the population exposure in upstream of the Yellow River Basin during the
historical base period is 3.833 million people per day (mpd), among which, Datong, Huzhu,
and Huangzhong have the highest population exposure with 0.652 mpd, 0.574 mpd and
0.526 mpd. Under the low-emission scenario, it is expected that the population exposure
to rainstorm hazards in the upstream of the Yellow River Basin will rise to 5.613 mpd
around 2050, which is an increase of 46%, with Datong, Huzhu, and Xining all reaching
over 0.526 mpd (Figure 8a). Under the medium-emission scenario, the population exposure
to rainstorm hazards in the source of the Yellow River is expected to rise to 6.036 mpd
around 2050, and the three county-level units with the highest exposure are expected to
be Xining (0.956 mpd), Datong (0.919 mpd), and Huzhu (0.871 mpd) (Figure 8b). If no
emission reduction measures are taken and the current carbon emission intensity continues,
the population exposure will rise to 7.316 mpd around 2050, among which, the population
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exposure of rainstorm disasters in the Datong, Xining, and Huzhu counties (districts) will
exceed one million people per day (Figure 8c). In particular, the population exposure of the
rainstorm disaster in Datong will increase by 0.314 mpd; compared with the low-emission
scenario, the values for Huzhu and Huangzhong both increase by more than 0.2 mpd
(Figure 8d).
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Figure 7. Spatial distribution of rainstorm days around 2050 (2036-2065) in the upstream of Yellow
River Basin in future scenarios: (a) low-emission scenario SSP126, (b) medium-emission scenario
SSP245, (c) high-emission scenario SSP370, (d) the difference in rainstorm days between high- and
low-emission scenarios.
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Figure 8. Spatial distribution of population exposure to rainstorm disasters upstream of the Yel-
low River Basin at around 2050 (2036-2065) in future scenarios: (a) low-discharge scenario SSP126,

(b) medium-discharge scenario sSSP245, (c) high-discharge scenario SSP370, (d) difference in popula-
tion exposure between high- and low-discharge scenarios.
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5. Discussion and Conclusions

This study analyzed the rainstorm intensity characteristics based on the daily rainfall
data of 33 meteorological stations upstream of the Yellow River Basin from 1961 to 2021. The
simulation results of 10 global climate models of CMIP6 and the socioeconomic prediction
data of SSPs were used to analyze the possible changes of rainstorm hazard risk in the
upstream of the Yellow River Basin region in the 21st century in three emission scenarios
(SSP126, SSP245, and SSP370). The conclusions are as follows:

1. From 1961 to 2021, rainfall upstream of the Yellow River Basin showed an overall
increasing trend, with an increased rate of 8.1 mm/10a. In the 21st century, the rising
annual rainfall trend is becoming particularly significant. The maximum daily rainfall,
accumulated rainfall, and the number of days of duration during rainstorms all show
a rising trend, and the extremity of rainfall increases;

2. From 1961 to 2021, the intensity index of the rainstorm process showed an increasing
trend. The increase has become pronounced since the beginning of the 21st century,
which is the period with the highest value of the intensity index of the rainstorm
process. Most of the administrative districts where the high-value areas are located
are the most economically and population-concentrated areas in Qinghai Province.
The risk of rainstorm disasters and possible damages will also increase;

3.  The low-, medium-, and high- emission scenarios are all expected to show an in-
creasing trend in the number of rainstorm days by around 2050 (2036-2065). Among
them, the low-emission scenario will lead to at least a 60% increase in social risk. The
medium-emission scenario will lead to a 67% increase in the socioeconomic risk index.
In contrast, the high-emission scenario will lead to a doubling of the socioeconomic
risk index from the historical base period.

4. As the hazards increase, the population exposure to the rainstorm hazards will also
rise. If no measures are taken, the population exposure will rise to 7.316 million per
day around 2050. This has more than doubled compared to the base period, with the
increase being particularly significant in the northeast.

In the background of global warming, rainfall upstream of the Yellow River Basin is
increasing. At the same time, the extremes of precipitation are increasing. The increasing
trend is particularly evident in the northeastern basin areas where the population and
economy are more concentrated, further increasing the risk of rainstorm disasters. The
CMIP6 model’s prediction of the future rainstorm hazard risk in the watershed suggests that
the social risk due to rainstorm hazards will increase under all three future low-, medium-,
and high-emission scenarios, with even the low-emission scenario leading to a 60% increase
in risk. The population’s exposure to rainstorm hazards will also tend to increase, and
the significant area of increase will also be in the northeastern part of the basin. The risk
situation for future rainstorm events in the region is critical. There is an urgent need to
incorporate climate adaptation strategies into future urban development to better respond
to the climate risks associated with extreme rainfall events. The results from this research
are consistent with the research results of Su and Sun et al. [51,52]. At the same time, the
increased risk of rainstorm hazards may pose new challenges to economic sustainability.
It may increase urban-rural migration and thus affect the geospatial distribution of social
exposure, which needs to be considered in local climate risk management. In future
urban construction, we can take different defensive measures according to the pattern
and impact of rainstorm disasters, such as improving urban flood control and drainage
standards, building sponge cities, raising public awareness, increasing extreme rainstorm
warnings, and purchasing urban flood insurance, in order to better cope with the climate
risks associated with extreme rainstorm events.

In this paper, the storm process and its indicators were analyzed, and its intensity
was calculated. However, in this study, only meteorological elements were considered in
analyzing the impact of heavy rainfall in the upper reaches of the Yellow River, and the
considerations of topography, water systems, and other disaster-generating environments
were missing. In addition, the 33 meteorological observation stations are relatively few
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compared to the extent of the upper Yellow River area, and do not provide a good charac-
terization of the spatial distribution. In future studies, additional data could be introduced
to create a composite index that describes the multidimensional characteristics of climate
extremes (e.g., the peak intensity and duration).
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Abstract: This paper presents an analysis of the annual precipitation observed by a network of 30 rain
gauges in Iraq over a 65-year period (1941-2005). The simulated precipitation from 18 climate models
in the CMIP5 project is investigated over the same area and time window. The Mann-Kendall test is
used to assess the strength and the significance of the trends (if any) in both the simulations and the
observations. Several exploratory techniques are used to identify the similarity (or disagreement) in
the probability distributions that are fitted to both datasets. While the results show that large biases
exist in the projected rainfall data compared with the observation, a clear agreement is also observed
between the observed and modelled annual precipitation time series with respect to the direction of
the trends of annual precipitation over the period.

Keywords: precipitation; trend analysis; Iraq; climate projection; CMIP5

1. Introduction

Studying precipitation trends is an essential step in assessing the impact of climate
change on hydrological processes. A substantial change in the amount of precipitation can
lead to severe conditions of flooding and droughts. It is also important to examine such
trends for water resource planning since water demand may be affected; thus, strategies
and operations for the water supply need to be adjusted accordingly.

While the trend of recorded observations of hydro-meteorological variables, such
as precipitation, has been widely studied using long-term observation datasets, e.g., [1],
scenario-based climate projections are still a preferred source for most studies on the
future trends of climate change. More recently, the Fifth Climate Model Inter-comparison
Project CMIP5 [2] published a rich set of climate simulations produced by several key
metrological centres in the world, which offers an updated and improved (in both accuracy
and resolution) collection of outputs of climate models for many downstream impact
studies, e.g., [3-6].

The post-industrial period, particularly the 20th century, has been the focus of many
studies on the trend of hydro-climatic variables. Generally, these studies aimed to establish
a link between the so-called anthropogenic greenhouse effect and the change in climate, as
indicated by the key variables. Moreover, the baseline period was chosen by many studies
as observation records became abundant. The studied areas range from global to regional
scales. To name just a few: New et al. [7] showed that, in the 20th century, precipitation
has significantly changed in various parts of the world, and Griggs and Noguer [8] and
Xu et al. [9] pointed out that the average annual rainfall considerably increased by 7-12%
in the high and middle latitudes in the northern hemisphere during the 20th century.

Several statistical techniques have also been employed to detect the trend and the shift
of climatological variables, as reported in Martinez et al. [10]. There are two main families
of methods for determining trends, parametric and non-parametric, with non-parametric
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methods being preferred over parametric ones, as the former is less likely to be affected by
the outliers and does not assume a predefined distribution for datasets or homogeneity [11].
The statistical test of Mann—-Kendall, i.e., the MK test [12,13], has often been utilized to
evaluate the trends of rainfall [14,15].

Most studies have been carried out on the trend of observed hydro-meteorological
variables; few are focused on the trend analysis of simulated variables such as precipitation
projection from climate models. Rather, many studies make use of “snapshots” from climate
projections to indicate the difference (hence change) between the projected value of the
variable in question and its current values, without revealing the process or temporal trend
associated with such change.

On the other hand, researchers tend to use projected, scenario-defined variables from
climate model simulations, notably, precipitation, to drive other models for impact studies.
Errors or biases in these simulated variables have been widely recognized in this type of
application. While sophisticated bias correction methods have also been developed to cope
with this situation, little attention has been paid to the trend of those simulated variables
either with or without bias correction. It is very plausible that an overall quantity-fit
projection after bias correction may not be able to reproduce the trend revealed by the
observations; to some extent, this would be more of a concern in projection-driven climate
impact studies.

Trend analysis of precipitation data on the regional and global scales has been studied
by many researchers all over the world. Readers can refer to Palomino-Lemus et al. [16],
Sharmila et al. [17] and Palizdan et al. [18]. Global climate models are broadly utilized to
create current and project future climate conditions [19,20]. This is essential to investigate
and evaluate the models” performance in simulating precipitation to develop adaptation
strategies to reduce uncertainties in projecting precipitation in the future [21].

The Coupled Model Intercomparison Project Phase 5 (CMIP5) comprises more com-
prehensive global climate models than its predecessors, enabling researchers to address
many research questions [22]. The assessment methods for different models” performance
have progressed from traditional qualitative methods to quantitative methods [23]. Some
research has assessed models based on some traditional statistical methods, such as spatial
correlation coefficients [24], linear trend analysis [20] and standard deviation [25].

Several climate studies that primarily used GCMs to estimate the future of the earth’s
climate system indicated changes in the climate from the regional scale [26,27] to global
scale [28,29]. Deng et al. [30] evaluated nine CMIP5 datasets under different RCP future
scenarios for the projections of summer and spring precipitation for the period of 2013-2050
over the Yangtze River basin in China. The precipitation projections revealed significant
positive linear trends of spring precipitation under the RCP2.6 and RCP8.5 scenarios, while
summer precipitation is shown to be undergoing an inter-annual change. Mehran et al. [31]
used volumetric hit index (VHI) analysis with 34 CMIP5 GCMs to reproduce observed pre-
cipitation across the globe. The GCMs showed good agreement with the observed monthly
time series. However, reproducing the observed precipitation over some subcontinental
and arid regions was problematic. Their finding proves the allegation that GCMs have
weaknesses when it comes to the representation of observed precipitation on small spatial
scales and short temporal scales, e.g., [27].

Nikiema et al. [32] compared and evaluated the multi-model ensembles of CMIP5 and
CORDEX and found that while CORDEX failed to outperform the temperature simulated
by the CMIP5 ensembles, it considerably enhanced the simulation of historical summer
precipitation and provided a more realistic fine-scale features tied to land use and local
topography. Long-range correlation (LRC) is an effective way to evaluate CMIP5 models’
performance in global precipitation and has been employed in many aspects of climate
systems, such as precipitation [33] and air temperature [34].

The above studies have contributed immensely to the assessment of the performance
of GCMs and RCMs in reproducing the observed climatology of various regions, but very
few focus on places with limited observed climate data, such as Iraq. Therefore, assessing
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the performances of several GCMs from CMIP5 over Iraq will contribute significantly to
the efforts in climate modelling over the region.

The study presented in this paper takes a different approach from those used by many
previous studies in trend analysis. It first investigates the observed precipitation in Iraq
over a 65-year period (1941-2005); this is then compared with the modelled precipitation
from an array of 18 climate models from the latest CMIP5 projects. Both the spatial and
temporal distribution trends are studied alongside a bias correction procedure applied to
the modelled data. Further, several exploratory statistical techniques are used to check the
similarity between the observed and modelled precipitation.

2. Materials and Methods
2.1. Study Area

Located within the southwest of the continent of Asia, Iraq shares land borders with
Turkey in the north, Kuwait and Saudi Arabia in the south, Iran in the east and Syria and
Jordan in the west (Figure 1). Iraq comprises a total area of 437,065 km?. The climate is
mainly described as a semi-arid, subtropical, and continental type; meanwhile, the north
and northeast parts have a Mediterranean climate [35]. Iraq has a rainy season in cold
months, from December to February, excluding the north area of the country, where the
seasonal precipitation takes place from November to April.

Turkey

@ Rain gauges
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e High : 3450

-Low 0

Jordan
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0 50100 200 300

Saudi Arabia
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Figure 1. Elevation map of Iraq with climatic zones.

The yearly precipitation in Iraq is estimated to be 216 mm countrywide on average;
regionally, it has a range of less than 100 mm over the southern region to 1200 mm in the
northeast of the country [35]. Summer in Iraq is hot and dry to extremely hot with a shade
temperature of over 43 °C that falls at night to 26 °C. Winter is cold, with a day temperature
of about 16 °C, dropping at night to 2 °C [36]. According to the FAO [35], Iraq can be
divided into four agroecological zones:

(1) Semi-arid and arid zones with a Mediterranean climate (zone 1 in Figure 1): The
annual precipitation varies between 700 and 1000 mm and occurs between October
and April. The country has cold and rainy winters, while summers are hot and dry;
they are even torrid up to quite high altitudes. This zone mainly covers the north of
the country. This is the only region in Iraq that receives a considerable amount of
precipitation.

(2) Steppes with winter rainfall of 200400 mm annually (zone 2 in Figure 1): Summers are
extremely hot, and winters are cold. In the cold season of the year, some depressions
can pass that carry moderate precipitation.

(3) The desert zone/northwest of Mesopotamia (zone 3 in Figure 1) has a high tempera-
ture in summer and less than 200 mm of yearly rainfall.
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(4) The irrigated area which covers the region between the Euphrates and Tigris rivers
(zone 4 in Figure 1). This region has a desert or semi-desert climate, with mild winters
and extremely hot summers.

The land elevation decreases from the northeast mountainous parts near the Iranian
and Turkish borders (3450 m) to the desert regions in the south and west near the Syrian
and Saudi Arabian borders (a few meters above sea level).

2.2. Precipitation Data

Due to the limited and restricted availability of data, only monthly precipitation
data from 30 rain gauges over the period of 1941-2005 are obtained from the General
Organization of Meteorology and Seismic Monitoring in Iraq, and these are illustrated
in Figure 1 alongside a summary presented in Table 1. The gaps due to missing data are
filled using the inverse distance weighted interpolation method (IDW). The annual average
precipitation over the study area is then interpolated over the country, ranging from 92 to
376 mm, as shown in Figure 2.

Table 1. Iraqi rain gauge stations used in this study.

Station Station ID Lat. Lon. Altitude (m) Station Station ID Lat. Lon. Altitude (m)
Sinjar Ry 36.32° 41.83° 583 Diwaniya Rig 31.95°  44.95° 20
Telaefer R, 36.37° 42.48° 373 Ramadi Ry 33.45°  43.32° 48
Najaf R3 31.95° 44.32° 53 Tuz Rig 34.88°  44.65° 220
Qaim Ry 34.38° 41.02° 178 Samaraa Ry 34.18°  43.88° 75
Anah Rs 34.37° 41.95° 175 Amara Ry 31.83° 47.17° 9
Nukheb Rq 32.03° 42.28° 305 Mosul Ry 36.31°  43.15° 223
Hai Ry 32.13° 46.03° 17 Rutba Ry, 33.03°  40.28° 222
Semawa Rg 31.27° 45.27° 11 Tikrit Ry 34.57°  43.70° 107
Heet Rg 33.63° 42.75° 58 Biji Roy 34.90° 43.53° 116
Rabiah Ry 36.80° 42.10° 382 Haditha Rys 34.13° 42.35° 108
Hella Riqp 32.45° 44.45° 27 Fao Ryg 29.98°  48.50° 1
Baghdad Ry 33.30° 44.40° 32 Khanagin Ryy 34.21° 45.23° 202
Nasiriya Ry3 31.02° 46.23° 5 Basra Rog 30.50° 47.83° 2
Kut Ryg 32.49° 45.75° 21 AlC?hl;rbi Ry 32.46°  46.68° 13
Kirkuk Ris 35.47° 44.35° 331 Karbalaa Rs3 32.61° 44.01° 29

Average precipitation (mm/year)

N 92-124.3

[124.3-163.3
[1163.3-222.5
B 222 5-278.2
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Figure 2. Average annual precipitation over Iraq from 1941 to 2005.
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The statistical summary of the annual precipitation is illustrated in Figure 3 for zones
2, 3 and 4. The annual precipitation over zone 2 ranges from 35 to 700 mm with an
average of circa 300 mm for the period of 1941-2005, whereas for zone 3 and 4, the range is
3-347 mm/year with an average of around 127 mm/year.
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Figure 3. Box plot of observed annual precipitation in Iraq.

Areal precipitation is obtained using the Thiessen polygon method based on the 30 rain
gauges, illustrated in Figure 4. Additionally, the box plot of the average precipitation in Iraq
for 7 decadal periods is examined as follows: 1941-1950, 1951-1960, 1961-1970, 1971-1980,
1981-1990, 1991-2000 and 2001-2005. The box plot in Figure 5 is used to investigate the
annual and seasonal patterns: winter (combination of December, January and February
(DJF)), spring (sum of March, April and May (MAM)) and autumn (sum of September,
October and November (SON)) of average precipitation obtained from 30 stations, as
defined previously. Apparently, the pattern of precipitation differs at several temporal
bands and between seasons, as shown in Figure 5.

The Coupled Model Inter-Comparison Phase Five (CMIP5) experiments consist of
several numerical climate simulation models with various constraints, such as land use

changes, environmental pollution, and volcanic emissions. CMIP5 [2] is divided into two
major components:

(1) Long-term experiments (century and longer); and
(2) Near-term experiments (decadal prediction).
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There are 28 meteorological centres around the world that supply CMIP5 climate
model outputs with different settings of near- and extended-future scenarios and different
groups of spatial and temporal resolutions. In this paper, 18 models from the CMIP5 project
that can produce long-term scenarios are used. There are four main future scenarios when
considering the climate data: RCPs 2.6, RCPs 4.5, RCPs 6.0, and RCPs 8.5 [2]. Detailed
information on the CMIP5 models used in this study is described in Table 2.
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Figure 4. Thiessen polygon for calculating the areal precipitation in Iraq.
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Figure 5. Box plots of average precipitation in Iraq for different temporal bands for 1941-2005.
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Table 2. The CMIP5 monthly models used in this study.

Model Institution Spatial Resolution (Lat. X Long.)
MRI-CGCM3 Meteorological Research Institute, Japan (MRI) 1.125° x 1.125°
MIROCS National Institute for Environmental Studies and Japan 1'40 x 1'40
MIROC-ESM Agency for Marine-Earth Science and Technology (MIROC) 17" %28
MIROC-ESM-CHEN gency 8y 1.7° x 2.8°
CCSM4 National Center for Atmospheric Research, USA (NCAR) 0.94° x 1.25°
BCC-CSM1.1 Beijing Climate Centre, China Meteorological 2.7° x 2.8°
BCC-CSM1.1-m Administration (BCC) 2.7° x 2.8°
Commonwealth Scientific and Industrial Research o o
CSIRO-MK3-6-0 Organization (CSIRO), Australia (CSIRO-QCCCE) 1.86% x 1.87
IPSL-CM5A-LR . . . 1.89° x 3.75°
IPSL-CM5A-MR Institute Pierre-Simon Laplace, France (IPSL) 1.26° x 2.5°

HadGEM2-ES
HadGEM2-AO
GISS-E2-H
GISS-E2-R
NorESM1-M
NorESM1-ME
GFDL-ESM2G
GFDL-ESM2M

1.25° x 1.875°

Met Office Hadley Centre, UK (MOHC) 125° % 1.875°

National Aeronautics and Space Administration Goddard 2° x 2.5°
Institute for Space Studies (NASA-GISS) 2° x 2.5°
. . 1.9° x 2.5°
Norwegian Climate Centre (NCC) 19° » 250

NOAA Geophysical Fluid Dynamics Laboratory, USA 2.5° x 2°
(NOAA-GFDL) 2.5° x 2°

2.3. The Goodness-of-Fit Tests (GOFs)

In this paper, three statistical GOF tests are used to evaluate the selected CMIP5 model
simulations for comparison with the observed precipitation based on monthly time series
for the period of 1941-2005. The criteria used for the evaluation include:

e  Mean error (ME), which can be calculated as follows:

LY (por — o) 1)
i=1

ME =

where p,  is the observed rainfall at time f and ps; is the simulated rainfall at time .
e  Mean absolute error (MAE):

1 n
MAE = n Z|Ps,t — Pot| )
i=1

e  Root mean square error (RMSE), which can be calculated as:

1 n
RMSE = [~} (pst = pos)’ ®)
i=1

e  Correlation coefficient (r): This index measures the linear relationship between two
time series with a range between —1 and 1, where —1 indicates a perfect negative
correction, 0 no correlation at all and 1 a perfect positive correlation. It can be calculated
as follows:

r = Z?:l (port — %) (psrt — @) (4)
T 2190 1 2102
L [(pos = Po)| Bl [ (pos — 70)°]

2.4. Fitting of Probability Distributions

It is imperative to know the underlining distributions of both observations and simu-
lated data. This serves two purposes:

(1) To check if the two datasets are statistically consistent; and
(2) To identify any changes in the probability distribution of simulated data for the future.
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The skewness—kurtosis graph, also known as the Cullen and Frey graph technique, is
applied to select the most suitable distribution type to fit the dataset before the data are
fitted with the chosen distribution types. Information on this method is provided in [37].
It gives the choice of the best fit for an unknown distribution according to the kurtosis
and skewness levels. It utilizes predefined distributions such as normal and lognormal to
achieve a moment fitting. It can also show the maximum likelihood of data and evaluate
the goodness of fit (GOF).

In this technique, the x-axis is the square of skewness, and the y-axis is kurtosis. The
input data model is represented as a solid circle in this study, as demonstrated in the
sections. Several symbols illustrate different types of distribution. If the skewness and
kurtosis of the observation circle and the known distribution symbol are similar, it means
the observation and the modelled data might have the same or even a similar distribution.

In this study, 8 predefined probability distributions are considered, including beta,
uniform, exponential, gamma, normal, logistic, log-normal and Weibull distributions. The
R statistical package “fitdistrplus” [38] is employed to conduct the analysis for both the
observed rainfall and selected CMIP5 models.

2.5. Bias Correction

A bias correction based on quantile mapping is applied to the CMIP5 models that
have the best fit using the goodness-of-fit criteria mentioned in Section 2.3. Studies such as
Maraun [39] and Eden et al. [40] found that climate projection simulations from GCMs often
come with a substantial number of uncertainties as well as biases and errors. Undoubtedly,
the confidence in the direct use of GCM simulations has been adversely affected, such that
no reliable conclusions can be drawn using uncorrected GCM simulation data. However,
sophisticated bias and error correction of GCMs data have gone beyond the scope of this
paper. The simple quantile mapping [41] technique is used to adjust the climate data over
the baseline period.

Quantile mapping is a bias correction technique through which the modelled vari-
able is adjusted through equating the cumulative distribution function CDFs of both the
observation and simulated dataset. To achieve this, the following transform function is
implemented:

Kmp = Eyy {Eup [Xmp(t)]} ®)

where F, ), and F,, ), are cumulative distribution functions of both the observed and the
simulated time series, and X, (t) is the modelled variable at time (t). Typically, the quantile
mapping algorithm will be presented through quantile-quantile (Q-Q) plot (e.g., dotty plot
between empirical quantile of simulated and observed data if the CDF (simulated data)
and inverse CDF (observed data) are empirically projected from the data.

Like other statistical bias correction approaches, the quantile mapping method pre-
sumes that climate models’ biases are stationary. Further information about this method
can be found in Maraun et al. [41]. The quantile mapping technique divides the cumulative
distribution function data into discrete portions, and an individual quantile mapping is
implemented as a correction into each segment, resulting in a better-fitted transfer function.

2.6. Mann—Kendall Trend Test (MK)

The non-parametric trend test, Mann-Kendall [12,13], has been extensively used in
hydrology and climatology studies to investigate significance slope or trend since it is
simple and robust. Let X = (x1, x5, x3 ..., x,,) be the time series dataset; the Mann-Kendall
statistics S can be computed as follows:

n—1

S =
i

g

Z sgn(x]- — x;) (6)
1j—it1
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where
+1 lf (x] — x,-) >0
sgn(xj—xi)—{ 0if (xj—x;) =0 )
-1 if (x] — x,-) <0

The variance for the Mann- Kendall trend test can be calculated as follows:
1
Varg = 8 [ni(ni — 1)(21’[1‘ +5)— Z tip (tip — 1) (Ztl‘p + 5) (8)
1

where:

n;: is the number of data points;
gi: is the number of tied groups for the i month;
tip: is the number of data in the p'" group for the i’ month.

S—1
ifS>0
v Vars if
Z= 0ifS=0 )

S+1 .
T if $<0
It is revealed that, when following the null hypothesis (no trend) Hy, S will follow a
normal distribution and thus can be used to test the hypothesis with a confidence level
of 1 — «/2. The overall projected trend of slope 3, which is the Theil-Sen slope [42,43],
is calculated as the measured dataset Y over time X. The individual slope estimator is
calculated as follows:

g
X — X;

Qi (10)

The Mann-Kendall trend test will be carried out using R statistical package rkt [44].

3. Results
3.1. Statistical Comparison between Observed and Modelled Precipitation

The skewness—kurtosis graph (Cullen and Frey plot) technique is employed to check
whether the average areal rainfall of observations and CMIP5 models are drawn from the
same family of theoretical distribution. The monthly time series for the observations and
the 18 models of CMIP5 are evaluated against eight theoretical distributions. As can be
seen in Figure 6, the observed rainfall lies within the region of beta distribution. Further
assessment of the observed rainfall against the beta distribution is conducted using the
Q-Q plot, p-p plot, empirical and theoretical PDFs and CDFs. The results show that the
observation fits well to the beta distribution seen in Figure 7, as indicated by the parameters
of both the observed data and the bootstrapped data (i.e., via resampling the observed
data), being situated well within the shaded area representing the beta distribution. This is
further confirmed by Figure 7, which shows an overall good fit of the beta distribution to
the observation dataset.

The 18 model-simulated precipitations are evaluated based on their ME, MAE, RMSE,
correlation coefficient (r) and fitting of theoretical distribution for the monthly areal aver-
age rainfall of Iraq, as illustrated in Table 3. The comparison reveals that the bcc-csm1-1,
bce-csm1-1-m, CCSM4, MIROC5 and MRI-CGCM3 models have a relatively better repre-
sentation of rainfall than the other models.
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Figure 6. The Cullen and Frey graph of areal average monthly precipitation for the observations.
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Figure 7. The goodness of fit of the observed areal average monthly precipitation in Iraq using beta
distribution.
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Table 3. GOFs of CMIP5 monthly areal average rainfall models against observed data.

Fit Theoretical

Model Distribution MAE R ME RMSE
bce-csm1-1 Beta 12.8 0.38 —2.7 19.36
bce-csm1-1-m Beta 9.98 0.48 4.86 16.54
CCsMm4 Beta 12.19 0.34 0.39 18.69
CESM1-CAM5 — 12.02 0.25 5.28 18.89
CSIRO-Mk3-6-0 — 10.34 0.41 6.01 17.41
GFDL-ESM2M —_ 12.97 0.17 6.77 20.65
GISS-E2-H — 13.49 0.38 -3.75 19.75
GISS-E2-R Beta 14.82 0.28 —4.95 222
HadGEM2-AO —_ 14.46 0.41 —6.97 25.11
HadGEM2-ES — 12.41 04 —-2.71 20.74
IPSL-CM5A-LR —_ 10.82 0.39 4.75 18.27
IPSL-CM5A-MR —_ 10.76 0.41 6.96 17.96
MIROC5 Beta 11.49 0.42 0.35 16.96
MIROC-ESM Beta 14.59 0.3 —4.11 20.44
MIROC-ESM-CHEM Beta 14.25 0.37 —4.41 20.19
MRI-CGCM3 Beta 12.35 0.33 0.07 18.8
NorESM1-M — 12.03 0.3 1.87 18.39
NorESM1-ME —_ 12.03 0.3 1.92 18.39

The areal average of the cumulative rainfall of the observed data and simulated
outputs of CMIP5 is shown in Figure 8. The comparison reveals that MRI-CGCM3, CCM4
and MIROCS5 have better qualitative estimation than the others, as illustrated in Figure 8,
and the statistical comparison in Table 3 also supports this.
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Figure 8. Cumulative areal average of observed and modelled precipitation in Iraq.
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The quantile mapping bias correction is applied to the monthly rainfall time series of
the five selected models, bcc-csm-1-1, bee-csm-1-1-m, CCM4, MIROC5 and MRI-CGCM3.
Model simulations at the locations of the 30 rain gauges are corrected against the observed
time series. The corrected model simulations are then used to produce the areal average
time series. The density plots of the areal average of the corrected modelled precipitation
and the observations reveal a general good agreement between the simulated and observed
precipitation in terms of the shapes and the parameters, as shown in Figure 9. However, it
is interesting to see that the mode and the skewness of the observed data are not captured
well by the modelled data, which may be due to the bias correction applied.

. bee-csm1-1 CCsM4
Average_Rain
- bce-csm1-1-m CGCM3

MIROCS

Observed

0.0075+

ity

0.0050 1

dens|

0.0025 1

0.0000 1

100 200 300
precipitation

bce-csm1-1 1724 175.0354 47.50496
bcc-csm1-1-m 1761 175.3169 49.75659
CCsm4 1717 177.8185 66.21259
CGCM3 1746 174.8262 49.27791
MIROCS 177.7 175.6477 52.22638
Observed 163.9 171.8523 47.68269

Figure 9. Density plots of the areal average of observed and modelled monthly precipitation in Iraq
after bias correction.

3.2. Trend Analysis of Precipitation

The trend of annual precipitation is evaluated using the Mann-Kendall test for the
observed rainfall and the five selected models. The comparison is carried out both in a
point-by-point fashion (as demonstrated in Figures 10-13) and for the areal average of
the study area (Figure 14). The point-by-point trend comparison at 30 locations shows
that some models, e.g., bcc-csm-1-1, bee-csm-1-1-m and CCM4, demonstrate the same
trend direction (decreasing trend) at 19 locations, as revealed in Figure 10. Meanwhile,
the MIROC5 model reveals the same trend direction (mix of positive and negative trends)
at eight locations, and the MRI-CGCM3 model shows the same trend direction at eight
locations, as shown in Figure 10.

The trends over various zones of the study area are also compared. The spatial
distribution of the annual trend is revealed in Figure 11, where the modelled rainfall trends
have a different pattern from the observed one. It is also clear from the same figure that
there are mixed trends over the study area with a range of (—1.2-0.84) mm/year. Models
such as MIROC 5 (Figure 11e) and MRI-CGCM3 (Figure 11f) reveal approximately the
same range; however, the spatial distribution is different from that of the observed dataset.
The other models (e.g., bcc-csm-1-1, bee-csm-1-1 m and CCM4 models) exhibit trends of
decreasing precipitation over the study area.
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+ Upward trend

Figure 10. Spatial variation in upward and downward annual rainfall trend using Mann—-Kendall
test for (a) observed precipitation, (b) bec-csm-1-1 model, (¢) bec-csm-1-1-m model, (d) CCM4 model,
(e) MIROC5 model and (f) MRI-CGCM3 model.

Figure 12 shows the comparison of the Mann-Kendal tests of zone 2 for the observed
precipitation and the five selected models of CMIP5; it can be concluded that most of the
modelled time series are able to demonstrate the same trend direction. In the meantime, for
zones 3 and 4, four out of the five selected models produce the same trend direction, as
illustrated in Figure 13.

Furthermore, the trend of the average areal precipitation (Figure 14) shows that most
models (bcc-csm-1-1, bee-csm-1-1-m, CCM4 and MIROC5) demonstrate the same trend of
decreasing rainfall as that seen for the observed rainfall, except the MRI-CGCM3 model,
which shows the opposite trend (positive).
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0 220 440 880

Figure 11. Spatial distribution of rainfall trend (mm/year) for (a) observed precipitation, (b) bcc-
csm-1-1 model, (c) bec-csm-1-1-m model, (d) CCM4 model, (e) MIROCS5 model and (f) MRI-CGCM3
model (circular dots represent significant trend).
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Figure 12. Linear trends of annual rainfall for the observed and simulated time series using the
Mann-Kendall trend test for the median condition in zone 2.
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Figure 13. Linear trends of annual rainfall for the observed and simulated time series using the
Mann-Kendall trend test for the median condition in zones 3 and 4.
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Figure 14. Linear trends of areal average annual rainfall for the observed and simulated time series
using the Mann-Kendall trend test.

4. Conclusions

In this paper, the focus was set on investigating the annual trend of precipitation over
Iraq. The monthly precipitation of 30 rain gauges stations over 65 years, as well as the
18 models from the CMIP5 project with different spatial resolutions, have been collected and
used to represent the typical projected climate data in this study. A non-parametric trend
test, the Mann-Kendall method, is implemented to test the trends in both datasets, followed
by another analysis of the underlying probability distributions. The point-by-point annual
rainfall trend comparison reveals that some models (bcc-csm-1-1, bece-csm-1-1-m and CCM4)
are able to capture the trend direction (decreasing trend) at 19 locations. While the MIROC5
model reveals the same trend direction at only eight locations, the MRI-CGCM3 model
shows the same trend direction at eight locations. It can be reasonably concluded from the
findings that the projected precipitation shows substantial bias and low correlation with
the observed data.

However, an agreement is also seen between the observed and modelled annual
precipitation time series with respect to the direction of the trends (positive or negative).
Furthermore, the preliminary analysis reveals that the observed data can be fitted well with
a beta-type probability distribution. For the modelled precipitation, 8 out of 18 models were
able to be fitted using the same type of distribution. It may as well be worth waiting until
the resolution of climate models progresses even further to the catchment scale to reduce
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this scale gap so as to make the climate change impact study more reliable. Nevertheless, the
findings of this study cast doubt over the practice of directly using projected precipitation
for the study of climate change impact on hydrological processes.
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