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Abstract: In this study, a comprehensive trend analysis was employed to study the spatiotemporal
changes in precipitation characteristics with an increased temperature, as well as over time. The
nonparametric Mann-Kendall test and the quantile regression methods were applied to detect the
plausible temporal trends in 11 extreme rainfall indices and three temperature indices employed in
this study. The results showed there was little evidence to suggest that increases in the maximum
of 3-h and 24-h precipitation at higher temperatures resulted in similar increases in the annual pre-
cipitation, with most stations throughout Iran showing drying features with higher temperatures.
Generally, most regions over Iran scaled negatively, implying a reduction in the annual precipita-
tion ranging from -2.64 to -0.44 mm/°C at higher temperatures. The linear tendencies of the maxi-
mum 24-h precipitation ranged from -0.4 to 0.23 mm/°C. The annual precipitation of the stations
located at Urmia Lake, Caspian Sea, and the Eastern Border Basins showed a decreasing trend (-3.70
to 1.11 mm/year), while the number of rainy days increased (—2.78 to 4.72), which showed the oc-
currence of lighter rainfall in these regions. The increasing trend in the maximum 24-h precipitation
over Western and Central Iran implied a higher probability of extreme precipitation with a higher
intensity. This study revealed that the shift in precipitation extremes shifted from fall to winter by
increasing the elevation, but these effects have no statistical significance in Iran.

Keywords: extreme precipitation; temperature warming; Mann-Kendall test; quantile regression;
Iran

1. Introduction

Climate extremes generally refer to the occurrence of climate variables above (below)
a certain threshold near the upper (lower) end of its observed range [1]. Extreme events
such as extreme precipitation can lead to substantial damage to agriculture, ecology, and
infrastructure, as the frequency and intensity of such extremes have increased during the
last two decades [2]. Global climate change causes significant changes in the main char-
acteristics of extreme precipitation due to higher evapotranspiration and water vapor
amounts in the atmosphere, with several implications for the global hydrological cycle
[3,4]. Given the central role of precipitation in the water cycle, the spatiotemporal analysis
of extreme precipitation is crucial to enhancing the resilience of socioecological systems
and their infrastructure under climate change [5]. The investigation of the main charac-
teristics of extreme precipitation, as well as its spatiotemporal change and trend, has re-
ceived growing attention in recent decades [6-22]. It is also notable that, except trends in
climate precipitation (variability), future climate change has raised the concern of the sci-
entific community. The most advanced tool for future climate projection is regional cli-
mate models (RCMs), and their spatial resolution highly affects their accuracy, especially
in areas with complex terrain, as depicted in recent studies [23].
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Global observations reported a worldwide increase in extreme precipitation [24,25].
The authors of [26] reported that the annual maximum precipitation increased by 65%
from 1951 to 1999 on a global scale. The intensity of the annual maximum daily precipita-
tion for nearly two-thirds of rain gauge stations worldwide increased from 1900 to 2009
[27]. Moreover, the intensity of sub-daily extreme rainfall is expected to increase during
the coming decades [28].

The spatiotemporal extent and destructive impacts of extreme weather events have
undergone tangible changes during the recent decades in arid and semi-arid regions such
as Iran. Given that climate and land use are the main drivers of flash flooding, most recent
floods can be attributed to changes in extreme precipitation and land cover over Iran.
Many studies have analyzed the precipitation trend for different spatial and temporal
scales over Iran [29-38]. However, a few studies have investigated the historical trend and
changes in extreme precipitation over Iran. The authors of [39] showed that there is a risk
of extreme rainfall for at least 20% of the areas across Iran, according to observed data
from 1982 to 2004. The investigation of extreme precipitation trends exhibited a strong
positive trend in the daily precipitation from 1951 to 2007 over Iran [1].

There is an agreement that extreme precipitation events are increasing over time. It
is generally expected that such increases translate to a general wetting feature. However,
increasing the extreme precipitation may not always lead to an increase in the total pre-
cipitation. A decrease in moderate rainfall and an increase in the length of dry periods can
offset the increased precipitation falling during heavy events. Global studies have indi-
cated that extreme precipitation is increasing in a warming world, while the sensitivity of
the annual precipitation to temperature showed significant variability due to the local cli-
mate during the last decades [40]. Due to the complexity of climate systems, spatiotem-
poral trends of precipitation features may be influenced by various regional and global
phenomena, especially temperature warming. The earlier studies were focused on the as-
sessment of historical variability and trends in extreme rainfall over time [41,42], while
investigations on the sensitivity of extreme precipitation and annual precipitation to
changes in temperature are generally lacking.

This study presented a comprehensive overview of the spatiotemporal changes in
precipitation characteristics (maximum and annual precipitation) with increased temper-
ature, as well as over time, contrasting the current literature to detect the historical varia-
bility and trends just over time. Eleven precipitation indices were analyzed to capture the
changes in pattern and different characteristics of extreme rainfall. The present study ad-
vanced the previous extreme precipitation analysis [33,38,43-46] by employing the non-
parametric Mann-Kendall test and the quantile regression (QR) methods to provide a
more comprehensive picture of extreme precipitation events over Iran. The QR method
helps us detect the plausible trends in probability distribution and different (especially
upper) quantiles of the observed time series. Toward this end, sub-daily data from syn-
optic weather stations in Iran were used from 1951 to 2019. This study aimed to: (i) inves-
tigate the spatiotemporal trends in precipitation features (maximum and annual precipi-
tation) and (ii) detect the sensitivity of the precipitation features (maximum and annual
precipitation) to temperature warming.

2. Data and Methods
2.1. Data Description

The hourly precipitation records for the study 1951-2019 period (January 1951-De-
cember 2019) from 26 synoptic meteorological stations were obtained from the Meteoro-
logical Organization of Iran (Figure 1 and Table 1). The period for available precipitation
data varied between 33 and 69 years from 1951 to 2019 for the selected stations (Figure 2).
The selected stations are well-distributed across Iran and six main basins, including the
Central Plateau Basin, the Persian Gulf and Oman Sea Basin, the Lake Urmia Basin, the
Caspian Sea Basin, the Eastern Border Basin, and the Qareqom Basin (Figure 1). Generally,
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Northern and Western Iran indicate the maximum annual precipitation, and Central and
Eastern Iran experience the lowest annual precipitation over Iran. The annual average
temperature increases by moving towards Central and Southern Iran, while the average
temperature decreases in the northern and western regions of Iran (Figure 1d).
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Figure 1. (a) Topographic map of Iran and the geographical locations of the selected stations, and
spatial distributions of (b) the maximum annual precipitation, (c) average annual precipitation, and
(d) average annual temperature over Iran.
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Table 1. Geographical characteristics and location of the selected stations.

No. Station Longitude (E) Latitude (N)  Altitude (m) River Basin
1 Ahvaz 48.7 31.3 225 Persian Gulf and Oman Sea
2 Arak 49.8 34.1 1702.8 Central Plateau
3 Bandar Abbas 56.4 27.2 9.8 Persian Gulf and Oman Sea
4 Bandar Anzali 49.5 37.5 -23.6 Caspian Sea
5 Birjand 59.3 329 1491.0 Central Plateau
6 Bushehr 50.8 28.9 8.4 Persian Gulf and Oman Sea
7 Isfahan 51.7 32.5 1550.4 Central Plateau
8 Gorgan 54.4 36.9 0.0 Caspian Sea
9 Hamedan 48.5 34.9 1740.8 Central Plateau
10 Ilam 46.4 33.6 1337.0 Persian Gulf and Oman Sea
11 Kerman 57.0 30.3 1754.0 Central Plateau
12 Kermanshah 47.2 34.4 1318.5 Persian Gulf and Oman Sea
13 Khorramabad 48.3 33.4 1147.8 Persian Gulf and Oman Sea
14 Mashhad 59.6 36.2 999.2 Qareqom
15 Urmia 45.1 37.7 1328.0 Lake Urmia
16 Qazvin 50.1 35.7 1279.1 Central Plateau
17 Sanandaj 47.0 35.3 1373.4 Persian Gulf and Oman Sea
18 Semnan 53.4 35.6 1127.0 Central Plateau
19 Shahrekord 50.8 32.3 2048.9 Persian Gulf and Oman Sea
20 Shiraz 52.6 29.6 1488.0 Central Plateau
21 Tabriz 46.2 38.1 1361.0 Lake Urmia
22 Tehran 51.3 35.7 1191.0 Central Plateau
23 Yasuj 51.6 30.7 1816.3 Persian Gulf and Oman Sea
24 Yazd 54.3 31.9 1230.2 Central Plateau
25 Zahedan 60.9 29.5 1370.0 Eastern Border
26 Zanjan 48.5 36.7 1659.4 Caspian Sea
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Figure 2. Study period of the precipitation data at each station.

2.2. Extreme Precipitation and Temperature Indices

In this study, 14 different indices were employed to study the patterns of extreme
rainfall and temperature over Iran (Table 2). These indices were applied to analyze the
trend of precipitation (Indices 1-11) and analyze the trend of temperature (Indices 12-14)
over time, as well as under increased temperature (Indices 1, 3, and 10), over the selected
stations.
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Table 2. The extreme rainfall indices used for the trend analysis and their definitions.

Indices Definition Unit
Index 1 The maximum 3-h precipitation mm
Index 2 The maximum 6-h precipitation mm
Index 3 The maximum 24-h precipitation mm
Index 4 The average 3-h precipitation mm
Index 5 The average 6-h precipitation mm
Index 6 The average 24-h precipitation mm
Index 7 The number of 3-h precipitation above 95% quantile number
Index 8 The average of extreme 3-h precipitation mm
Index 9 The ratio of the 3-h extreme precipitation to annual precipitation %
Index 10 The annual precipitation mm
Index 11 The number of wet days days
Index 12 The average annual temperature °C
Index 13 The maximum annual temperature °C
Index 14 The minimum annual temperature °C

2.3. Trend Analysis

In this study, the Mann-Kendall test and quantile regression method were applied to
detect the spatiotemporal trends in the defined extreme rainfall indices over Iran.

2.3.1. Mann-Kendall Test

The Mann-Kendall (MK) test is a rank-based nonparametric test for detecting a mon-
otonic trend in a time series. The method was originally proposed by [47], and the test—
statistic distribution was subsequently derived by [48]. Since the distributions of most hy-
drometeorological data are skewed, it is appropriate to use a nonparametric test such as
the Mann—Kendall test. In this study, we used the Mann-Kendall test to detect the trends
of extreme precipitation indices, as the test is more attractive and more powerful than
ordinary parametric trend tests for non-normally distributed series [49].

The Mann-Kendall test statistics (S) are computed as:

N-1 N
S:Zngn(xj—xl.) 1)
i=l j=i+l

where 7 is the number of data points, X; and x ; are the data values in time series i and

j (G > 1), respectively, and sgn (xj —X,) as the sign function is defined as:

-1 <0
sgn(@)=sgn (x;, -x;)=9 0 6=0 )
1 6>0

If n> 10, the variance is computed as:

n(n—1)2n+5) - iri (t, =12t +5)
18

©)

Var(s) =

Else, if n <10, the variance is computed as:

var(s) = n(n— 1;;211 +5) )
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where P is the number of tied groups, the summary sign (Z ) denotes the summation

over all tied groups and the number of data in the ith (tied) group. If the tied groups are
not available, this summation process is excluded from the equation. Then, the standard
Z value of the test statistics can be calculated as:

& S>0
+/var(s)
& S<0
+/var(s)

Positive values of Z indicate increasing trends, while negative Z values show decreas-
ing trends. Testing trends are performed at a specific a significance level. When

|Z | > Z,_,», the null hypothesis is rejected, and a significant trend exists in the time se-

ries. Z,_,,, is obtained from the standard normal distribution table. In this study, a sig-
nificance level & =0.05 was used. The null hypothesis of no trend is rejected if

|Z | >1.96 at the 5% significance level.

Reference [50] suggested a pre-whitening of the time series to eliminate the influence
of a serial correlation on the Mann—Kendall test. Possible statistically significant trends in
the sample data (X;,X,,...,X,) are examined using the following procedures:

Step 1: Compute the lag-1 serial correlation coefficient (r1). The lag-1 serial correlation
coefficient of the sample data xi can be computed as [51]:

DGR CHE

e DR (6)
*Z(xi_x)z
nig

where X is the mean of the sample data, and 7 is the sample size.
Step 2-1: If the calculated 7, is true in Equation (7) at & = 0.05, the Mann-Kendall
test can be used.

)

~1-z(1-%Hn -2 7 LW )
2 <r< 2

n—1 n—1

Step 2-2: If the calculated 7, is false in Equation (7), the data has a serial correlation

that must be corrected as follows:
First, Sen’s nonparametric trend estimator [52] is calculated as:

B = Median (%) (8)

where X; and X, are the data values at times j and k (j > k), respectively.

Then, the value of }; is calculated by using Equations (9)-(11):
X =x,—([*i) ©)

’

n(x) ¥ =X (10)

’

,_
yi_xt
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y, =y, +(B*i) (11)

Finally, the trend of y, is calculated by Equations (1)-(5).

2.3.2. Correlation Analysis

In this study, the Pearson’s correlation coefficient was used to examine the correla-
tion between the extreme precipitation indices (X) and the latitude, longitude, and latitude
of each station (Y):

2(xi—%)(yi—y)
=
VE@=0)2X(yi-¥)? (12)

where X and y are the mean values of x and y, respectively. The statistical significance
for the correlation coefficient was calculated using the Student’s -test at the 5% signifi-
cance level.

2.3.3. Quantile Regression
The quantile regression model can be defined by stating the traditional linear regres-
sion model as Equation (13):

y=a+bx+e¢ (13)

where y and X are dependent and independent variables, respectively; @ and b are

regression coefficients representing the intercept and linear slope, respectively; and € is
the random error term associated with the regression. Within the classical linear regres-
sion framework, the regression coefficients (7 and b) are estimated by the method of least

squares. Considering n pairs of observed data X; and X, this method minimizes the

sum of squared errors, i.e.,
N 2
min_(y, —a—bx,) (14)
i=1
The obtained y,'=a'+b'x,, where a’ and b’ denoted the estimated coefficients, is

the conditional mean of a given X;. If the regression coefficients 2 and b are estimated by

minimizing the sum of absolute deviations, which is given by Equation (15):
n
minZ|y[ —a —bx,.| (15)
i=1

the obtained »,' then becomes the conditional median. Equation (15) is a special case of

the quantile regression with 0.5 quantiles. The linear quantile regression model is the anal-
ogy to Equation (13), except that the regression coefficients are quantile-dependent. That
is,

y,=a, +qu+8q (16)

where g is a quantile ranging between 0 and 1, and a4 and b, are regression coefficients that
depend on the selected quantile () estimated by Equation (17) (minimizing the sum of
asymmetrically weighted absolute deviations):

min qui—aq—qui‘+ Z(l—q)‘yi—aq—qui (17)

i:y;2a,+byx; i:y;<a,+byx;

In this study, y denotes the rainfall indices, and x is the year of record or correspond-
ing temperature. Dissimilar to the linear regression model, the regression coefficients of
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linear quantile regression (a; and bs) in Equation (16) cannot be found analytically. The
slope by significantly different from zero is an indication of a linear trend at the gth quantile
of a rainfall index when the corresponding p-value is less than 0.05 [53].

The QR method was applied here to investigate the temporal trend in different quan-
tiles of the historical time series of Indices 1-11. This method was also used to detect the
sensitivity of extreme precipitation (Indices 1 and 3) and annual precipitation (Index 10)

in different percentiles to temperature warming.

3. Results and Discussion
3.1. Spatiotemporal Precipitation Trend by the Mann—Kendall Test

According to Table 3 and Figure 3, The maximum 3-h and 6-h precipitations (Indices
1 and 2) exhibited a decreasing trend in all stations (15 statistically significant p < 0.05),
except Isfahan and Gorgan. There was a clear upward trend in the annual maximum 24-
h precipitation for 10 stations, including Kermanshah (p > 0.05), Khorramabad (p < 0.05),
Yasuj (p > 0.05), Isfahan (p > 0.05), Hamadan (p > 0.05), Qazvin (p > 0.05), Semnan (p > 0.05),
Tehran (p > 0.05), Urmia (p > 0.05), and Gorgan (p < 0.05) Stations; this tendency was more
accentuated in Western and Central Iran (Figure 3). These upward trends have increased
the risk of flash flooding in Isfahan and Gorgan Stations, as well as the mentioned stations
located in the Central Plateau Basins, which should be also known as the susceptible area
to flash flooding in Iran. Likewise, other studies confirmed similar tendencies in 24-h pre-
cipitation over Western Iran and Isfahan, Qazvin, Semnan, Tehran, and Gorgan Stations
[34,37]. The Gorgan Station results are consistent with [54], who reported that the maxi-
mum daily precipitation has an increasing trend, while [38,55] showed a negative trend
at this station. Moreover, the research of [56] indicated an insignificant increasing trend
in precipitation in Southwestern Iran.

At the other stations, a negative trend was recognized for the annual maximum 24-h
precipitation (statistically significant at Kerman, Bandar Anzali, and Zahedan Stations),
showing the lower levels of flash flood risk (Table 3). In this regard, our results are con-
sistent with [38,57,58].

Figure 3 shows that the average 3-h precipitation (Index 4) and the average 6-h pre-
cipitation (Index 5) decreased within the study period for all stations in the Persian Gulf,
the Central Plateau River, Urmia Lake, Caspian Sea, Eastern Border River, and Qareqom
Basins.

Except for Isfahan and Hamedan, the 3-h precipitation above the 95% quantile (Index
7) followed a decreasing trend at most Northern and Western Iran stations, including Ur-
mia Lake, Caspian Sea, and the Eastern Border River Basins (Figure 3). These negative
trends were statistically significant (p < 0.05) at stations in the northern region of Iran, as
well as at Arak, Kerman, Shiraz, and Zahedan Stations.

A decreasing trend was detected in the average of the extreme 3-h precipitation (In-
dex 8) at 23 stations (13 stations statistically significant). Regarding this index, an increas-
ing trend was observed for Isfahan and Gorgan Stations, indicating that these regions
have the potential for flash floods. The ratio of the 3-h extreme precipitation to annual
precipitation (Index 9) had a decreasing trend at 25 stations (18 stations with a statistically
significant (p < 0.05) trend), while Hamedan Station experienced a statistically insignifi-
cant (p > 0.05) increasing trend.

The decreasing trends in the annual precipitation (Index 10) were observed at 19 sta-
tions (5 stations with a statistically significant p < 0.05 trend). The annual precipitation
increased during the study period at Kermanshah, Shahrekord, Isfahan, Hamedan,
Qazvin, and Tehran Stations. However, Index 10 has a significant negative (p < 0.05) trend
in Sanandaj, Kerman, Tabriz, Gorgan, and Zahedan Stations.
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Figure 3. Spatiotemporal trend of the selected extreme precipitation and temperature indices over
Iran.

These results of the total annual precipitation are concomitant with the studies by
[59-61], which reported a decreasing trend in Western and Northwestern Iran. The au-
thors of [38] also reported a decreasing trend in precipitation in 60% of stations located in
Western Iran during the 1966-2005 period.

The results showed a decreasing trend in the total annual precipitation of Bandar
Abbas, Khorramabad, Sanandaj, Arak, Birjand, Semnan, Shiraz, and Yazd and the stations
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located at Urmia Lake and the Caspian Sea, as well as the Eastern Border Basins, while
the number of rainy days had an increasing trend, which showed the occurrence of lighter
rainfall in these regions. Our results are consistent with [61], who reported that the pre-
cipitation indices have a decreasing trend in the majority of the stations over Iran. Gener-
ally, the results indicated that it is plausible for flooding even in areas where drier condi-
tions and decreasing annual rainfall trends have been experienced during recent decades,
which agrees with [62]. The increasing trend in the number of rainy days (Index 11) was
detected at 20 stations (10 stations with statistically significant (p < 0.05) trends). However,
six stations showed decreasing trends (two stations with significant (p < 0.05) trends) in
Index 11. Generally, the western stations showed a steeper trend slope in Index 11. Ac-
cording to [59-61], Northwestern and Western Iran showed a sharply decreasing trend in
the wet days’ index (Index 11), which complied with our results. The annual precipitation
experienced an increasing trend at Isfahan and Qazvin Stations, while the number of rainy
days had a decreasing trend, leading to the high risk of heavy rainfall at these stations.

3.2. Spatiotemporal Temperature Trend by Mann-Kendall Test

The average temperature (Index 12) exhibited an increasing trend in all stations (19
statistically significant p < 0.05), except Khorramabad, Shahrekord, and Urmia. The de-
creasing trends in the maximum annual temperature (Index 13) were observed at Birjand,
Kermanshah, Khorramabad, and Shahrekord Stations, while only Kermanshah Station in-
dicated a statistically significant trend. The annual minimum temperature (Index 14) had
a positive trend in all stations (eight stations with a statistically significant (p <0.05) trend),
except Bandar Abbas, Birjand, Gorgan, Ilam, Khorramabad, Urmia, and Zahedan Stations.
Generally, the stations located in the central, northern, and southern regions of Iran face
an increase in temperature, while this trend was reversed in Western and Northwestern
Iran.

Our results are consistent with [63,64], who reported increasing tendencies of the
temperature in the majority of the stations over Iran.

3.3. Maximum Daily Precipitation Analysis

The annual maximum 24-h precipitation series showed an increasing tendency in
Western and Central Iran, while there was no general pattern over Iran. The IPCC report
confirmed that extreme precipitation differs from annual precipitation due to considera-
ble geographical differences in events’ frequency, timing, and magnitude [65].
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Table 3. Results of the Mann-Kendall test for the studied extreme rainfall indices. Blue and red numbers denote those statistically significant at the
0.05 critical level downward and upward trends.

Basin Stations Index1 Index2 Index3 Index4 Index5 Index6 Index7 Index8 Index9 Index10 Index11
Ahvaz -1.163 -0.86 -0.178 -5.63 -5.64 -0.664 -2.46 -0.326 -2.82 -0.628 4.397
2 Bandar Abas -1.531 -1.44 -0.419 -3.67 -3.67 -0.616 -1.855 -1.383 -2.399 -0.627 3.857
u: . Bushehr -0.666 -1.28 -0.387 -2.81 -2.81 -0.563 -0.899 -0.418 -0.697 -1.224 -2.616
8 X Ilam -0.847 -1.32 -0.565 -2.31 -2.31 -0.830 -0.328 -0.771 -0.415 -0.474 -1.202
_g g Kermanshah -2.181 -1.2 1.27 -6.01 -6.01 0.108 -1.977 -0.927 -4.42 0.025 1.425
g (% Khorramabad —2.458 -1.67 2.048 —6.34 -6.34 -0.927 -2.735 -1.466 -3.636 -0.751 0.098
% Sanandaj -4.394 -3.1 -0.361 -6 -6 -3.310 -3.419 -4.108 -3.989 -2.889 0.641
= Shahrekord -4.235 24 -0.476 -5.15 -5.16 0.549 -1.591 -4.942 -5.023 0.753 4.438
Yasuj -1.195 -0.76 0.387 -2.09 -2.06 -0.852 -0.265 -0.418 -0.232 -1.348 -0.637
Arak -3.503 -3.1 -1.140 -5.55 -5.08 -1.636 -2.847 -2.923 -3.702 -1.285 2.634
Birjand -3.083 -2.3 -1.411 -5.28 -5.23 -1.111 -1.796 -2.37 —2.689 -1.058 0.799
= Isfahan 0.312 0.74 1.892 -3.71 -3.71 1.31 0.561 0.355 -0.338 1.11 -2.78
% Hamedan -1.455 -1.32 1.275 -3.26 -3.26 0 1.313 -0.233 0.355 0.354 1.144
= Kerman -2.478 -34 -2.095 -6.96 -6.95 -3.361 -4.208 -2.964 -3.762 -3.289 -0.845
E Qazvin -2.414 -1.92 0.666 -5.08 -5.07 0.653 -1.063 —2.453 -4.188 0.777 -0.473
?) Semnan -0.0874 -0.26 1.820 -3.62 -3.61 0 -0.118 -0.705 -0.508 -0.716 0.029
v Shiraz -5.822 -5.1 -1.583 =5.70 -5.70 -1.253 -4.023 -3.773 —6.442 -1.273 1.861
Tehran -1.504 -1.73 0.658 -5.24 -5.25 0.419 -1.796 -2.14 -3.299 0.57 2.176
Yazd -1.444 -1.37 -0.349 -4.06 -4.06 -0.397 -1.107 -1.49 -1.906 -0.153 4.723
Urmia Lake Urmia -2.138 -0.99 1.135 -5.75 -5.57 -1.238 -3.053 -1.575 -4.822 -1.212 0.466
Tabriz -4.108 -3.4 -1.705 -5.79 -5.78 -3.308 -3.605 -3.5 -4.113 -2.543 2.436
= Bandar Anzali -3.926 -3.7 -2.160 -7.25 -7.26 -2.056 -3.828 -4.133 -5.023 -1.818 2.529
é* § Gorgan 0.556 0.86 2.123 -5.48 -5.48 -3.431 -4.097 0.606 —2.478 -3.701 2.982
S Zanjan -2.763 -2.9 -0.912 -5.57 -5.57 —-0.888 —2.540 -2.69 -3.572 -0.379 3.885
Eastern border Zahedan -3.789 -3.6 —2.551 -7 -7 —2.989 -4.716 -3.64 —4.784 —2.853 2.805
Qareqom Mashhad -3.925 -2.7 -0.886 -6.34 -6.34 -0.16 -0.90 -3.73 -2.988 -0.16 0.819
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In Western Iran (Isfahan, Yasuj, Hamedan, and Kermanshah Stations), annual the
maximum 24-h precipitation was more frequent during March, November, and February
(Figure 4). However, the annual maximum 24-h precipitation was in Central Iran (Tehran,
Qazvin, and Semnan Stations).
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Figure 4. Heat map of the timing and depth of the annual maximum daily precipitation.
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Precipitation occurs mainly during February and March. At Gorgan and Urmia Sta-
tions, the annual maximum 24-h precipitation had the most frequency during November
and April, respectively. However, there is no single dominant season, and the occurrence
of an extreme event can arrive at any time of the year at Hamedan Station. The recent
peaks of the annual maximum 24-h precipitation of Gorgan, Kermanshah, Khorramabad,
and Yasuj Stations mainly occur in March. Increasing the elevation means annual maxi-
mum 24-h precipitation occurs from the fall season (November) to the winter season (Feb-
ruary and March).

In agreement with similar studies over the globe, our investigation revealed that the
annual maximum daily precipitation trend over Iran is complex. For example, the upward
trends in extreme precipitation were detected in the USA, China, Australia, Canada, Nor-
way, Mexico, and Poland [66], where no clear trend was experienced in the regions such
as Brazil and Ethiopia [67,68].

3.4. Quantile Regression Results
3.4.1. Temporal Precipitation Trend Analysis

Quantile regression was here applied to study the temporal change in the defined
indices based on the different quantiles for the data distribution. The slopes of the 10th,
25th, 50th, 75th, and 90th quantile regression lines have been estimated for the indices to
investigate the trends and changes in extreme rainfall over Iran (Table 4).

The maximum 3-h precipitation (Index 1) exhibited a decreasing trend at 24 out of 26
stations (13 statistically significant trends (p < 0.05)), and two stations showed an increas-
ing trend (p > 0.05) for the slope of the 50th quantile regression line, while the Mann-—
Kendall method had a decreasing trend at 24 out of 26 stations (15 statistically significant
(p < 0.05) trends). The maximum 6-h precipitation (Index 2) exhibited a decreasing trend
at 17 stations (two statistically significant trends (p < 0.05)), while 7 stations showed an
increasing trend (one statistically significant trend (p <0.05)) for the slope of the 25th quan-
tile regression line, which was inconsistent with the results of the Mann-Kendall test.

There was an increasing trend in the maximum 24-h precipitation (Index 3) at Ker-
manshah, Khorramabad, Isfahan, Qazvin, Semnan, and Gorgan Stations in all quantile
regression lines, indicating the possibility of flooding, which was similar to the results of
the Mann-Kendall method. In all quantile regression lines, there was a decreasing trend
in Index 3 at Kerman, Zanjan, Zahedan, and Mashhad Stations, and floods are unlikely.
The average 3-h precipitation (Index 4) and the average 6-h precipitation (Index 5) exhib-
ited a decreasing trend at most stations in the 50th and 75th quantiles, which was gener-
ally similar to the results of the Mann-Kendall method. The average 24-h precipitation
(Index 6) had a decreasing trend at 14 stations (2 statistically significant (p < 0.05)), as well
as an increasing trend at 10 stations on the slope of the 10th and 25th quantile regression
lines, which were inconsistent with those of the Mann-Kendall method.

Similar to the Mann—Kendall test, there was no significant trend in the average 24-h
precipitation (Index 6) of the stations located in the Persian Gulf and the Central Plateau
River Basins, except Sanandaj and Kerman Stations, based on the 10th, 25th, 50th, and 75th
quantiles. The amount of 3-h precipitation above the 95% quantile (Index 7) exhibited a
decreasing trend at 18 out of 26 stations (10 statistically significant (p < 0.05)), and 3 sta-
tions showed an increasing trend (1 statistically significant (p < 0.05)) for the 25th quantile
regression line.

The average of extreme 3-h precipitation (Index 8) followed a significant (p < 0.05)
negative trend at Sanandaj, Shahrekord, Arak, Shiraz, Bandar Anzali, Zanjan, and Mash-
had Stations, leading to a lower risk of a flash floods, which was consistent with the
Mann-Kendall test. There was a decreasing trend in the annual precipitation (Index 10) in
Kerman, Tabriz, Bandar Anzali, and Gorgan in all quantile regression lines, which was
similar to the results of the Mann-Kendall method. The results showed an increasing
trend in the number of wet days (Index 11) at 17 stations (8 stations with a statistically
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significant (p < 0.05) trend) and a decreasing trend for 5 stations (2 stations with statisti-
cally significant (p < 0.05) trends) in the slope of the 50th quantile regression line.

Generally, the results of the Mann-Kendall test had the highest and lowest con-
sistency levels with the slopes of the 50th and 90th quantile regression lines results, re-
spectively. The results of the Mann—Kendall method for Indices 1, 4, 5, and 9 were similar
to the 50th percentile results of the quantile regression method (100% similarity). By using
the Mann—Kendall and the quantile regression methods, the maximum 3-h precipitation
(Index 1) and the maximum 6-h precipitation (Index 2) showed a decreasing trend at most
stations, and these indicators were increasing at Gorgan and Isfahan Stations. Indicators
4 and 5 indicated a decreasing trend at the most stations by both methods. The average
24-h precipitation (Index 6) and the amount of 3-h precipitation above the 95% quantile
(Index 7) exhibited an increasing trend at Isfahan Station. An increasing trend in Index 6
for Ahvaz, Isfahan, and Gorgan Stations revealed that these regions are at a high risk for
flash floods. The annual precipitation increased during the study period at Shahrekord,
Isfahan, Hamedan, Qazvin, and Tehran Stations, which showed the movement of these
stations towards the wetter pattern in both methods. The total annual precipitation had
an increasing trend at Isfahan and Qazvin Stations, while the number of rainy days had a
decreasing tendency, which showed the high risk of heavy rain at these stations. The pre-
cipitation indices had a decreasing trend in the majority of the stations over Iran.

The estimated quantile regression lines could be used to detect plausible changes in
the selected precipitation extremes indices over Iran. According to Figure 5, the quantile
regression line for the percentile above 70% was ascending for the maximum 3-h and 6-h
precipitations (Indices 1 and 2) at Gorgan Station. In accordance with the results of the
Mann-Kendall method, there was a possibility of flash flooding at this station. At Ker-
manshah, Khorramabad, Isfahan, Hamedan, Qazvin, Semnan, and Urmia Stations, quan-
titative regression lines for percentiles above 70% (one-third of the data) were ascending
for the maximum 3-h precipitation (Index 1). Therefore, these regions should be consid-
ered as susceptible areas to flash flooding.
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Figure 5. The quantile regression coefficients for extreme rainfall indices.
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3.4.2. Precipitation Assessment with Increased Temperature

Quantile regression was used here to investigate whether the annual precipitation
temperature sensitivity exhibited similar patterns as extreme precipitation temperature
sensitivity over Iran (Table 5). The annual precipitation (Index 10) in all stations except
Gorgan, Urmia, and Khorramabad Stations decreased under rising temperatures. We
found that the maximum 3-h precipitation temperature sensitivity was positive through-
out the analyses. In contrast, the annual precipitation temperature sensitivity was nega-
tive in Bandar Abbas; Sanandaj; Shahrekord; Urmia; Bandar Anzali; Gorgan; Ilam (90th
quantile); Kermanshah (90th quantile); Isfahan (90th quantile); Zahedan (90th quantile);
Hamedan (50th, 75th, and 90th quantiles); and Zanjan (75th and 90th quantiles), implying
that, while the rising temperature has led to an increase in the incident precipitation, a
decrease in the total was observed (Table 5). Our results indicated an increase in the 3-h
precipitation at higher temperatures only in Ahvaz, Bushehr, Mashhad, Tabriz, Shiraz,
Tehran, Kerman, and Qazvin (mostly located in arid Central Iran) corresponded to in-
creases in the annual precipitation.

The results also indicated that the maximum 24-h precipitation temperature sensitiv-
ity was positive while the annual precipitation temperature sensitivity was negative in
Bandar Abbas; Birjand; Sanandaj; Shahrekord; Isfahan; Qazvin; Urmia; Ilam (90th quan-
tile); Kermanshah (90th quantile); Ahvaz (90th quantile); Khorramabad (90th quantile);
Gorgan (10th, 25th, and 50th quantiles); and Hamedan (25th, 50th, and 75th quantiles),
suggesting that the maximum precipitation in the daily time scale may not correspond to
the annual precipitation. The lack of correspondence between the extreme precipitation
and annual precipitation suggested that the sensitivity of extreme precipitation to tem-
perature was not a good indicator of the interannual variability in annual precipitation in
arid and semiarid regions, such as most parts of Iran. The only exception was for the sta-
tions such as Mashhad, Zanjan, Zahedan, Bushehr, and Kermanshah, where evidence of
positive maximum precipitation and negative annual precipitation scaling was found
only at the most extreme (90th) percentile.

The results showed that an increase in the 24-h precipitation at higher temperatures
only in Semnan, Yazd, Tabriz, Shiraz, Tehran, and Kerman (located in arid Central Iran)
corresponds to annual precipitation increments.

Generally, extreme precipitation events have become more common since the 1950s
in many regions of Iran. Western Iran has witnessed the strongest increases in heavy pre-
cipitation events with the temperature rise. An increased temperature enhances the water
vapor capacity in the air by 7 percent per degree of warming. As observed in different
regions such as Iran, an atmosphere with more moisture can produce more intense pre-
cipitation events. However, increases in extreme precipitation have not led to an increase
in total precipitation in most parts of Iran. The overall results indicated little evidence
(only in Central Iran with an arid climate) that increases in extreme rainfall events at
higher temperatures resulted in similar increases in the annual precipitation, with most
regions throughout Iran showing decreased annual precipitation with higher tempera-
tures.
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Table 4. The quantile regression coefficients for selected percentiles (x1072). Blue and red numbers denote statistical significance at the 0.05 critical

level downward and upwards trends.

Stations Index 1 Index 2 Index 3 Index 4
Quantile Re. 0.10 0.25 0.50 0.75 0.90 0.10 0.25 0.5 0.75 0.9 0.1 0.25 0.5 0.75 0.9 0.1 0.25 0.5 0.75 0.9
Ahvaz -10.53 -541 -645 -25.81 -13.04 -1556 -392 0.00 -27.86 -2091 -6.67 0.00 0.00 -25 11.4 -0.18 -0.16 -0.35 -048 -0.67
Bandar Abas 0.71 -7.69 -125 -32 11.11 -5.26 -10.53 -25 224 2778 1.05 -435 -11.11 -435 555 -0.11 -021 -0.26 -0.37 -0.34
Bushehr -44.44 -46.15 -2759 -132 -46.15 1.04 -34.78 -404 -21.7 -935 -1852 1.75 244 -50.56 -105 -0.44 -04 -045 -0.76 0.03
Ilam -18.18 -20 -827 =033 277 -15 -1852 -42.1 2.82 175 -56.67 -41.18 0.00 95 74.5 -0.54 -0.53 -0.67 -0.6 -0.78
Kermanshah -5.26 0.00 -16.67 -18.42 -1321 -937 294 -227 -182 -16 14.81 16.38 3.18 0.00 9.34 -0.3 -028 -0.44 -0.88 -1.19
Khorramabad -3.45 -12.12 -15.63 -17.19 11 -10 -18.64 -135 -8.75 119 8.33 7.31 392 2727 492 -0.54 -0.56 -0.71 -1.04 -1.04
Sanandaj -13.64 -25 -26.1 -30.6 -375 106 -275 =23 -232 -235 004 -637 -735 -256 17.3 -0.3 -0.64 -09 -1.18 -0.11
Shahrekord -5.56 -9.09 -19.1 -27.3 -34.04 -122 -13.64 -178 -263 -229 -1.14 0.62 -926 222 2.82 -0.19 -029 -0.38 -0.59 -0.74
Yasuyj -1429 -263 -21.05 0.00 -29.03 -16 =20 -375 -6.86 16.13 -10 3.47 4.16 5.11 5.5 -0.73 -1.01 -0.87 -04 -0.67
Arak -5.26 —22.7 -2439 -344 -30.15 23.02 1463 -19.1 -244 -38.6 -18.75 -189 -741 6.67 -5.08 -0.3 -0.49 -053 -0.84 -0.73
Birjand -4 -6.9 -154 -13.89 -2222 -652 -769 -10.8 121 -222 -582 -7.89 -741 16.67 -114 -0.8 -022 -03 -0.36 -0.39
Esfahan 6.25 0.00 299 -345 -0.22 2 3.57 4.35 556 556 7.27 392 1613 1356 224 -0.06 -0.07 -0.16 -0.24 -0.24
Hamedan 29 6.67 -0.17 -455 166 29.09 1358 -345 -25 2.01 26.2 1.39 16.8 -2.78 5.88 0.00 -0.04 -0.35 -0.67 -0.41
Kerman -455 -444 -6.67 -15 -16.67 0.00 -11.11 -19 -26 -27 =158 -3.7 -10 -18.72 -15 -0.09 -025 -029 -035 -04
Qazvin 0.65 -4 -11.11 -14.29 -14.81 -488 -348 -6.67 -15 =20 1045 545 7.14 0.03 8.62 -0.23 -0.23 -046 -051 -0.6
Semnan 3.7 0.00 -2.44 -10 5.56 5 4.35 2.42 3.57 6.38 3.23 9.55 0.00 1432 189 -0.12 -0.09 -0.13 -0.32 -047
Shiraz -179 -234 -333 -468 -473 -1458 -25 —41 74 -100 191 -1431 -9.14 -2955 -75 -0.32 -026 -0.51 -0.73 -1
Tehran 000 244 -69 -645 -455 0.00 -1.03 -7.81 -24 -16 6.38 3.33 289 =538 0.00 -0.16 -0.21 -028 -0.39 -0.52
Yazd -4 -4.17 -6.12 -7.69 -14.29 -3 —4.84 -4 -14 =127 208 -3.11 0.69 0.00 -11.2 -0.04 -0.06 -0.08 -0.14 -0.18
Urmia 000 -152 -9.09 -69 -10 -12.64 -727 0.00 -556 2 -428 -196 17.39 1331 215 -0.49 -0.52 -0.57 -0.63 -0.59
Tabriz -9.7 -11.1 -1364 -163 -21.8 -12.12 -11.11 -14.7 -10.7 -16.2 -526 -12.94 -6.67 -5.16 12 -0.38 -0.47 -049 -0.56 -0.76
Bandar Anzali —29.27 -31.29 -52.63 -145 242 -27.78 —-46.15 -96 -161 12.65 -11.86 -13.33 -19.57 -87.76 12.6 -1.99 -2.48 272 -339 -4.59
Gorgan 4 3.57 2.63 8.7 3.39 2727 833 8.16 2.63 294 2593 2211 26.67 2727 181 -0.27 -0.67 -1.13 -132 -1.6
Zanjan -952 769 -147 -13.04 -1719 -465 -1087 -16 -148 -245 -4.06 -8.78 -7.67 -174 -14.2 -0.25 -0.37 -054 -0.68 -0.78
Zahedan -10.53 -13.3 -17.6 -20.41 -20.45 -10.87 -14 26 -17.6 -134 -13.54 -13.33 -11.22 -16.64 -17.6 -0.13 -0.17 -0.18 -0.25 -0.25
Mashhad -10.26 -13.1 -15 -16.7 =184 -10.26 -11.82 -12.7 =20 -224  0.00 -6.86 -3.17 -10.34 -8.33 -0.29 -0.21 -036 -0.39 -0.48
Stations Index 5 Index 6 Index 7 Index 8
Quantile Re. 0.1 0.25 0.5 0.75 0.9 0.1 0.25 0.5 0.75 0.9 0.1 0.25 0.5 0.75 0.9 0.1 0.25 0.5 0.75 0.9
Ahvaz 035 -031 -0.69 -097 -1.28 0.07 002 -0.09 -0.15 -021 -1.89 -38 52 238 0.25 -1.47 259 311 714 811
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Bandar Abas -0.21 -042 -052 -0.73 -0.67 -0.06 -027 -0.02 004 -027 0.00 -227 -213 -1.79 0.00 2.17 -3.1 -1.9 -13.77 3.12
Bushehr -088 -08 -09 -153 007 -097 -044 0.04 -037 -02 37 714 -476 -0.12 0.00 -4.17 1.3 0.7 2561 10.51
Ilam -1.09 -1.06 -135 -0.12 -156 -091 -0.68 -1.04 -1.6 0.12 0.00 029 000 -7.14 -6.12 -1.98 -3.6 -0.69 127 1.66
Kermanshah -0.62 -0.56 -0.88 -1.76 -2.39 0.31 024 -03 -05 -0.85 0.00 -204 -263 -69 -14 -1.15 -3.52 007 -07 -229
Khorramabad -1.08 -1.13 -1.42 -2.09 -207 -0.06 -027 -032 -046 0.11 -56 -6.7 -476 -513 -5.71 7.1 -3.45 -3.19 081 -1.69
Sanandaj -0.61 -128 -0.18 -236 -022 013 -057 -057 -123 -099 0.00 -9.7 -11 -15 =125 -6.8 -74 83 -89 -12
Shahrekord -0.39 -059 -0.76 -1.18 -1.48 0.13 0.16 0.16 -0.02 -0.09 0.00 0.00 -3.77 -834 -6.67 -3.49 =77 =93 -12 -15
Yasuj -146 202 -174 -081 -135 -156 -212 -0.16 -066 0.17 -588 -10 0.00 0.00 1.49 3.06 =357 -196 -4.48 -14.25
Arak -059 -099 -1.07 -1.68 -147 -0.05 0.21 038 -0.09 -0.18 -417 -498 -6.67 -5.77 -9.84 -3.75 -4.02 -643 96 -598
Birjand -0.15 -043 -059 -0.72 -0.78 -0.07 -0.05 -0.01 -0.01 -022 0.00 -1.69 -2.86 -5.13 -5.08 -2.19 -3.03 -279 -572 -4.04
Esfahan -0.12 -013 -0.3 048 -048 0.15 0.15 007 013 0.08 1.92 0.00 0.00 1.75  0.00 1.15 0.00 0.00 -1.75 -2.98
Hamedan 000 -008 -0.7 -135 -082 032 -0.15 -025 -0.62 043 6.25 115  5.56 769 0.55 5 1.02 -2.69 -6.67 -7.5
Kerman -0.18 -05 -058 -0.7 -0.8 -022 -02 -024 -032 -043 204 -52 47 57 -11 -0.89 -1.19 -111 =227 =273
Qazvin -046 -047 -092 -1.02 -1.2 0.21 04 0.02 -008 -05 286 000 -833 -3.23 -14.63 -2.31 -5.1 -2.66 -0.38 2.38
Semnan -024 -0.17 -027 -064 -093 0.01 0.11 -0.03 -0.06 -034 1.96 0.00 227 -333 -4.17 0.67 -1.73  0.99 -5 -3.74
Shiraz -0.65 -052 -1.02 -1.45 -2 -048 016 -03 04 -136 -43 -408 -6.7 7.1 -16 -7.5 -6.5 -11 -14 227
Tehran -0.32 041 -056 -0.78 -1.05 0.1 0.06  0.07 0.1 -031 -1.72 000 -462 -7.84 96 -1.27 247 228 -1.78 -4.62
Yazd -0.08 -0.13 -0.17 -028 -036 0.01 -0.02 0.00 -005 0.1 000 -172 000 -2.7 0.00 -1.48 -2.04 -254 -395 37
Urmia -099 -104 -1.15 -127 -119 -034 -0.09 -039 -0.3 0.1 -10 -9.1 -8.7 -8 -3.28 -2.31 -5.1 =266 -0.38 238
Tabriz -0.76 -095 -097 -112 -153 -027 -025 -033 -029 -062 -56 -71 =727 =571 -121 -1.8 -297 =256 -3.99 -3.09
Bandar Anzali -3.97 -495 -544 -6.78 -9.19 -0.07 -0.05 -0.19 -0.01 -022 -526 -851 -19 -143 -15.22 -10 -12 -14 -28 27
Gorgan -054 -134 -226 -263 -032 -023 -076 -048 -0.82 -1.12 0.00 -833 -11 -12  -15.6 2.52 1.68 42 -165 0.36
Zanjan -05 -0.73 -1.07 -137 -155 0.07 006 -0.07 -02 -051 -513 -541 -476 -9.76 -14.3 -2.5 -3.11 -4 -2.59 -3.49
Zahedan -0.27 -034 -036 -051 -0.51 -0.14 -0.21 -0.2 -0.14 -0.31 -4.1 -4.1 -4.5 -5.4 -34 -2.08 -1.6 -478 -641 -6.67
Mashhad -0.58 -042 -0.73 -0.78 -0.97 0.00 0.07 -0.12 -0.11 -0.17 -2.04 -323 -0.00 -1.52 -0.00 -3.51 -43 43 256 -545
Stations Index 9 Index 10 Index 11
Quantile Re.  -0.3 -04 -04 -022 -04 523 -113 -553 -547 -61  32.69 50 349 385 251
Ahvaz 0.00 -0.7 -041 -029 -0.05 =212 -21.7 -6.69 402 -999 1154 17.1 15.6 20 15.25

Bandar Abas -0.68 -0.89 -045 0.14 038 -115 342 -188 -291 -719 -29.1 -231 -38 -33.3 -46.1
Bushehr -0.04 021 -016 -0.02 -0.06 2124 -246 30.07 4293 4152 -274 -444 -269 -815 -6.45
Ilam -001 -02 -03 -024 -0.13 8798 7897 -134 -316 -437 31.82 10.81 455 24.53 20
Kermanshah -03 -0.18 -03 -03 -025 1688 553 -89.8 21.16 4132 746 -1.69 1429 -11.1 -455
Khorramabad -0.19 -03 -05 -04 -05 1392 -168 -195 -428 -160 175 1053 125 0.00 294
Sanandaj -012 -03 -04 -05 06 4558 8134 47.83 -6 2292 435 538 36.8 5 37.3
Shahrekord -0.04 -0.24 -023 0.34 0.2 -392 306 4212 -844 -619 3684 0.00 -9.09 -409 -133
Yasuj -05 -03 -04 -04 -041 984 -751 -151 -894 -188 325 31 364 435 27.27
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Arak -005 -03 -03 -05 -04 -267 -787 -543 -305 11.16 714 833 0.00 -545 -9.62
Birjand 023 0.08 -005 0.08 -0.14 5051 4829 26.05 28.89 34.04 -10.6 -741 17 2.46 —42
Esfahan 0.4 032 015 -024 -0.15 10.07 1284 -31.2 188 80.63 23.65 31.25 455 31.25 44.44

Hamedan -027 -04 -03 -04 -05 -333 -74 -835 -90.3 -155 0.00 6.9 -87 -103 -29.7
Kerman -017 -02 -03 -04 -04 7821 13.07 589 14.84 42 357 =227 000 -244 -11.1
Qazvin 007 -0.08 -0.03 -024 -019 203 3951 -122 -232 11.65 000 -6.67 0.00 4.55 -15
Semnan -06 -07 -05 -08 -07 -16.6 4261 1231 -144 -492 2051 241 1324 588 13.79

Shiraz -0.06 -011 -04 -04 -03 3957 39.82 2532 3333 -822 2581 1538 21.05 2273 9.76
Tehran 000 -031 -05 -031 -0.09 588 2076 -21 385 -299 306 347 293 2727 1842
Yazd -04 -03 -03 -03 -005 -113 -36.6 -149 -110 36.56 20.83 6.67 1224 347 -164
Urmia -02 -03 -03 -02 -014 -97 -911 -127 -106 -161 34.1 39.2 13.79 18.87 225
Tabriz -02 -03 -04 -05 -04 -212 -21.8 -606 -519 -128 1818 24.07 348 27.8 593
Bandar Anzali 026 -0.11 -03 -016 -03 -842 287 -176 -219 -384 714 31.82 472 351 6.44
Gorgan -05 -05 -03 023 -04 3023 3448 -028 -924 -187 5094 55.6  55.8 5 55.6
Zanjan -08 -08 -07 -06 06 158  -76. -79 =702 -87.6 226 1471 204 22,6 263

Zahedan -037 -03 -02 -019 -0.3 397 2443 -421 -415 1736 235 3.54 4 444 -6.9
Mashhad -03 04 04 -022 04 523 -113 553 -547 -61 32.69 50 349 385 251
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Table 5. The quantile regression coefficients of the precipitation and temprature for the selected
percentiles (x1072). Blue and red numbers denote statistical significance at the 0.05 critical level
downward and upwards trends.

Stations Index 1 Index 3 Index 10
Quantile Re. 0.1 0.25 0.5 0.75 0.9 0.1 0.25 0.5 0.75 0.9 01 025 05 0.75 0.9
Ahvaz -1.08 -0.833 -3.076 -0.625 -0.6 0.408 0454 -1.42 -1.66 1.47 -5.01 -11.89-14.10 -27.90 -28.66
Bandar Abas 1.57 2.173 1 4.70 384 371 212 1.81 55 8.48 -0.212-0.218 -0.067 0.04 -0.99
Bushehr -0.333 -1.39 -1.02 -2.11 -1.2 020 254 -315 -222 1.66 -1.15 0.0342 -0.187 -291 -7.19
Ilam -1 —2.38 2.7 -2.08 2157 -452 -3.33 -2.21 -3 23.75 -9.61 -50.93 -69.99 -14.81 26.34
Kermanshah 3.3 x10¢ -9 -11  -49x107 4 -11 -6.66 -7.01 -5 3 -30.42-20.62 -43.5 -54.5 -76.1
Khorramabad -25 -10 2.5 -39.9 -5 -175 -5 12.5 -40 45 -20.11-15.73 5 21.81 -7.51
Sanandaj 0.322 0.6 0.833 1.8 05 097 17 227 278 3.72  27.95 -10.36 -24.6 -20.94 -47.7
Shahrekord 2.5 1.36 1.76 0.6 -1 2,66 228 1.25 1.2 142 -1.83 -31.1 -35.31 -56.15 -22.58
Yasuj -1.66 -1.5 0.937 -5.7x10° -4 -1.07 1.56 1.87 483 -10.2 -141.1 -179 -58.91 -68.16 -71.39
Arak -0.625 -0.769 1.052 2.619 08 -15-2x107 14 0.25 3e-7 0.09 -0.75 -0.151 -0.894 -1.87
Birjand 0.669 0.357 0.357 -2.03x10% -1 1.6 0.833 0466 0.56 1.25 -0.267-0.078 -0.543 -0.305 0.111
Esfahan 1 14x107 -1.5 -0.62 26x107 1 1.11 -0.93 0.933 0.66 -7.90 -23.3 -16.52 -24.62 -18.33
Hamedan -0.62 —9.4x101152x10%  0.41 076 -1.8 2 1.66 1.25 -3.33 —46.05-25.78 -7.087 -15.54 4.86
Kerman -0.045 -0.044 -0.067 -15 -0.16 025 -057 -0.25 -1x107 -0.71 -12.55 -16.8 -15.5 -18.94 -9.37
Qazvin -045 -15x107 -0.434 -0.909 -2 -1.73 045 6x1072x10% 0.83 -20.25-10.79 -17.9 -40.27 —48
Semnan 0.357 -1.29x1071.5x1038 -2 -142 -1 -0.87 -1.55 -3 -0.33 -8.28 -23.63 -26.2 -27.76 -31.39
Shiraz -1.42 -1 -3.84 -7.94 -9.5 116 -321 -375 -82 -14  -3.13 -13.44 -41.6 -45.39 -87.3
Tehran -1x107 -25x107 -1.53 -1.5 -428 -05 -0.15 -1.15 -3.33 -525 13.38 -8.11 -21.8 -20.39 -16.25
Yazd -2.8x108  0.434 0.384 -0.5 -0.714 1 122 -0.15 -0.57 -21 -3.59 -5.40 -5.92 -8.99 24
Urmia -1x108 2.6x107 1.33 1.66 5.5 2.5 1.5 0.38 0.28 3.67 -2411 -9 056 -12.42 5.41
Tabriz -0.937 -0.294 -0.416 -0.555 -1.8 -078 -05 -025 -094 -166 -332 -214 =27 -26.95 -12.80
Bandar Anzali -102.64 -145.7 -196.3  -263.78 -395.18 0.285 0.909 1.38 7.5 125 -102.6 -145 -196 -263.7 -395
Gorgan 33.58 4444 1.94 -12.04 -46.76 125 127 0.454 -1 1.2x1038 3358 44.44 194 -12.04 -46.7
Zanjan -14.90 -16.71 -18.66 —24.46 -19.91 -048 -0.227 -0.52 0.626 1 -14.90-16.71 -18.66 -24.46 -19.91
Zahedan —-4.89 -8.98 -10.35 -13.66 -11.53 -1 -05 -1.66 -1 1.66 -4.89 -8.98 -10.35 -13.66 -11.53
Mashhad -2.27 -5.54 -11.66 -13.32 -26.35 -0.66 -037 -1.11 -15 -2.62 227 -5.54 -11.66 -13.32 -26.35

4. Conclusions

The present study was designed to understand the spatial and temporal trends in
precipitation extremes over Iran. Eleven indices were employed to analyze the spatiotem-
poral characteristics of extreme rainfall and three indices for temperature changes during
the 1951-2019 period. The Mann-Kendall test and quantile regression method were ap-
plied to detect the trend of these indices.

The study region is characterized by many complexities related to geography and
topography, where the combination of their effects causes high spatiotemporal variability,
making weather forecasting difficult. The annual maximum daily precipitation mostly oc-
curs during late winter in Western and Central Iran. However, there is no dominant sea-
son for extreme rainfall occurrence in the other parts of Iran. The upward trends in the
frequency and intensity of extreme precipitation have increased the risk of extreme pre-
cipitation and flooding events in Iran’s central, western, and northern areas. Additionally,
the temperature has increased in most regions of Iran, especially in the central, northern,
and southern regions of Iran. Therefore, proper regional and national actions should be
taken to cope with the threat of more frequent climate extremes in these regions.

The annual precipitations of the stations located at Urmia Lake, the Caspian Sea, and
the Eastern Border Basins have a decreasing trend, while the number of rainy days has an
increasing trend, which shows the occurrence of lighter rainfall in these regions. Addi-
tionally, by increasing the elevation, the annual maximum 24-h precipitation occurs from
the fall season to winter (especially late winter). The present study shows an increase in
extreme precipitation in the central and western parts of Iran, even in areas where the
average annual rainfall has a downward trend. However, our study reveals that not only
does the trend of the extreme rainfall depend on global and regional settings, but also, it

Water 2022, 14, 3465. https://doi.org/10.3390/w14213465

www.mdpi.com/journal/water



Water 2022, 14, 3465 20 of 23

is highly influenced by the local geographical characteristics. The changes in precipitation
extremes over Iran are affected by elevation changes, especially in spatial changes, but
these effects have no statistical significance. Therefore, further work needs to be carried
out to address this issue.

The application of quantile regression for extreme precipitation of the 90th percentile
indicated little evidence to suggest the general positive scaling of the maximum 3-h and
24-h of precipitation over Iran, and a slight rise was replicated in the annual precipitation.
In fact, most regions over Iran scaled negatively, implying a reduction in the annual pre-
cipitation at higher temperatures. If such historical sensitivities are continued in the fu-
ture, it would be expected that only the most extreme precipitation would increase, while
the annual precipitation would decrease in a large part of Iran.

Supplementary Materials: The following are available online at https://www.mdpi.com/arti-
cle/10.3390/w14213452/s1, S1: Spatiotemporal analysis of extreme precipitation; S2: Temporal trend
analysis of temperature; Table S1: Correlations between extreme precipitation indices and the posi-
tions of stations (no statistically significant at a level of 0.05; and Table S2: The quantile regression
coefficients for temperature indices for selected percentiles (x102). Blue and red numbers denote
statistically significant at 0.05 critical level downward and upwards trends. References [69-73] are
cited in Supplementary Materials.
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