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Drought is one of the main extreme meteorological and hydrological phenomena
which influence both the functioning of ecosystems and many important sectors of human
economic activity. Throughout the world, various direct changes in meteorological and
climatic conditions, such as air temperature, humidity, and evapotranspiration can be ob-
served. They have a significant influence upon the shaping of the phenomenon of drought.
Land cover and land use can also be indirect factors influencing evapotranspiration as well
as, by the same token, the water balance in the water catchment area. They can also influ-
ence the course of the process of drought. The observed climate change, manifested mainly
by increases in temperature, in turn influences evapotranspiration, which may cause an
intensification in terms of both the degree and frequency of drought. Drought is related
to changes in the hydrological regime, and to the decrease in water resources. Its results
can be observed in various sectors, related—among others—to a demand for water for
people, agriculture (a vital issue in areas with large irrigation systems), and industry. It can
also prove problematic for water ecosystems. To reflect the aforementioned information,
reasonable drought risk management is indispensable. It can ease water-demand-related
problems in various sectors of human activity.

This book contains 11 chapters presenting some of the main lines of research con-
cerning the phenomenon of drought, with particular emphasis placed upon international
experiences in a few countries. The chapters constitute a collection of articles published in
a Special Issue of the MDPI journal Atmosphere, entitled Drought Risk Management to Reflect
Changing Meteorological Conditions, in 2021. The readers of this book wish to express their
appreciation for the excellent job and effort carried out by the MDPI editorial team, as well
as for the quality and scope of research presented by the 54 authors who contributed to the
success of this Special Issue.

This book presents original research on various problems linked with drought. The
first paper [1] presented the positive role of green roofs in the local climate. In the next
paper [2], data-driven techniques (artificial neural network (ANN), wavelet-based ANN
(WANN), radial function-based support vector machine (SVM-RF), linear function-based
SVM (SVM-LF), and multi-linear regression (MLR) models) for pan evaporation were
analyzed in an aspect role to input data on the accuracy estimation of this parameter. In
the next paper [3], the trend of dry and wet spells was analyzed at 150 rain gauges in the
period 1970–2018 in the Mediterranean region of North Africa. The influence of drought
on the ecosystem, mainly expressed by the carbon dioxide dynamic, was analyzed at
two Norway spruce forest sites representing two contrasting climatic conditions—a cold
and humid climate and a moderately warm and dry climate [4]. Additionally, large-scale
results of drought were described in this book. In [5], it was shown that extreme droughts
over North America are associated with a long warm and dry period of weather and
the development of moderate ridges over Central USA and over Eastern Europe and
Western Russia are driven by the occurrence of prolonged blocking episodes, as well as
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surface processes. Complex analysis of the meteorological and hydrological droughts
expressed by the Standardized Precipitation Index (SPI) and the Standardized Runoff
Index (SRI) in various time scales were presented in [6]. Drought can indirectly influence
habitat conditions in rivers by decreasing the refuge habitats needed by freshwater fish,
diminishing the fish abundance, and influencing the spatial and temporal variation in
the fish assemblage structure [7]. In [8], a technique for forecasting drought based on an
Autoregressive Integrated Moving Average that can be used as effective tool in drought
analyses was presented. The drought phenomenon is changing over time. As shown
in [9], in the Polish Carpathians in 1991–2020, the dry month frequency in the last decade
was much higher than in previous decades, especially in the cold half-year. In [10], new
techniques for measuring and monitoring clay soil caused by drought-rewetting cycles
were shown. Finally, [11] presented drought in one of the warmest years in Poland, 2019,
where there was a visible, strong variability of drought expressed as climatic water balance
(CWB) and the strong influence of drought on the agricultural sector was shown.

We hope this collection of articles will be useful for both scientists and practitioners
helping in drought risk management, in the context of the change in meteorological
conditions brought about by ongoing climate change.

Author Contributions: All four guest editors (A.W. and A.Z.-W.) contributed to this editorial. All
authors have read and agreed to the published version of the manuscript.

Funding: This editorial received no external funding.

Acknowledgments: The editors would like to thank the authors from countries all over the world
for their valuable contributions, the reviewers for their constructive comments and suggestions that
helped to improve the manuscripts, and Calvin Li from the editorial office for his excellent support
in processing and publishing this issue.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Köhler, M.; Kaiser, D. Green Roof Enhancement on Buildings of the University of Applied Sciences in Neubrandenburg (Germany)
in Times of Climate Change. Atmosphere 2021, 12, 382. [CrossRef]

2. Kumar, M.; Kumari, A.; Kumar, D.; Al-Ansari, N.; Ali, R.; Kumar, R.; Kumar, A.; Elbeltagi, A.; Kuriqi, A. The Superiority of
Data-Driven Techniques for Estimation of Daily Pan Evaporation. Atmosphere 2021, 12, 701. [CrossRef]
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Abstract: The reduction in evaporative surfaces in cities is one driver for longer and hotter summers.
Greening building surfaces can help to mitigate the loss of vegetated cover. Typical extensive green
roof structures, such as sedum-based solutions, survive in dry periods, but how can green roofs be
made to be more effective for the longer hot and dry periods to come? The research findings are based
on continuous vegetation analytics of typical extensive green roofs over the past 20 years. -Survival
of longer dry periods by fully adapted plants species with a focus on the fittest and best adapted
species. -Additional technical and treatment solutions to support greater water storage in the media
in dry periods and to support greater plant biomass/high biodiversity on the roofs by optimizing
growing media with fertilizer to achieve higher evapotranspiration (short: ET) values. The main
findings of this research: -The climate benefits of green roofs are associated with the quantity of
phytomass. Selecting the right growing media is critical. -Typical extensive green roof substrates
have poor nutrition levels. Fertilizer can significantly boost the ecological effects on CO2 fixation. -If
the goal of the green roof is a highly biodiverse green roof, micro-structures are the right solution.

Keywords: extensive green roofs; climate change; summer drought; urban vegetation; phytomass;
fertilizer; biodiversity; blue green infrastructure

1. Introduction

Drought is related to massive deforestation in many parts of the world [1]. The daily
new ground sealing around the world has not stopped, but new tree plantation initiatives
work against this trend to stop further drying out of our planet. Successful initiatives of
plantings are active in Australia, under the term of “land-care” [2]; Mongolia [3]; and the
current Green Wall movement [4] in North Africa. There is still a long way to go until
forest cover values, such as those that existed in central Europe 2000 years ago, of above
80% are reached, in contrast to today with about 30% forest cover [5]. The increasing
world population is one reason for deforestation [6]. Drought in cities is connected with
the low amount of evaporative green areas in cities [7,8]. The consequences are longer
hot and dry summer periods that cause a number of environmental and health problems
for residents. According to Kravcik et al. [9], evaporative surfaces are key instruments
to combat global warming in cities. Wherever it is possible, urban forestry should be
the first choice to enhance ecosystem services by planting trees, like the “trillion tree
initiative” [10]. However, the second best choice is to green building surfaces, which are
normally un-vegetated.

Green roofs and vegetated green facades are tools to support decentralized local
water cycles and are widely used to combat the urban heat island effect. The current
situation about green roofs shows that only a small amount of roofs are greened. Most
of them are shallow growing media with about a 10-cm depth. Today, there is a gap
between the potential greening of roofs and the number of projects that have currently been
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realized. Currently, the cities with the highest rates of roof top greenery are Singapore [11],
Chicago [12], and the German cities Stuttgart and Berlin [13]. The coverage rates of green
roofs are between 3% and 8%, while vertical green systems, also known as living walls
or green facades, are well below 1% green coverage of all buildings [14]. However, the
potential for roof greening is up to 50% of all buildings. Today, in the search for more
solutions in cities to deal with urban drought and provide more cooling strategies to
mitigate the increase in extreme high temperature values, green roofs can potentially
function as spaces to cool down urban surfaces.

Green roofs are instruments with many additional benefits, which are supported by
the structures of growing media, an extra drainage layer, and vegetation cover [15]. The
extra urban green space that becomes available for recreation and the greater biodiversity
are further positive reasons to invest in such technologies. Cristiano et al. [16] conducted
a literature review of the water–energy–food–ecosystem nexus, pointing out the multi-
ple benefits of green roofs in contributing to the sustainable development goals of the
United Nations.

The current situation in Germany is 15% coverage with intensive roof gardens and
about 85% coverage with extensive green roofs [13]. Extensive green roofs normally have
low rates of evapotranspiration in summer due to the low water storage capacity in the
typical 10-cm-thick layer of growing media. This report highlights some details of the
construction (growing media and retention layer) as well some treatments to optimize the
functionality of extensive green roofs in the future [17].

The thesis in this publication is the need to shift from extensive green roofs that
can survive long dry periods but that only have low evapotranspiration rates to semi-
intensive green roofs with better ecological performance that form part of the blue-green
infrastructure in cities [18]. Green roofs are underestimated in their potential to contribute
against climate change. Cock and Larson summarized 179 peer-reviewed surveys to
provide evidence of the multi-disciplinary ecological functionality. They concluded that
greater efficiency is possible with some updates in some roof construction details [19].

In a meta-study, Shafique et al. [20] analyzed the efficiency of CO2- sequestration
of green roofs. They found two effects: a direct effect, such as uptake via photosynthe-
sis, and an indirect effect, like extra insulation value for the building. Both have lower
heating/cooling demands as a positive consequence. Most of these surveys were based
on model calculation, and more local experimental works over longer periods are rec-
ommended. The thesis in this report is that more evaporation is connected with more
phytomass in general, and this can have positive effects on greater CO2 fixation; what kind
of effect will have this on the other aim of greater plant biodiversity?

The tests in this publication involved varying the types of growing media and
media depth:

-Is more evaporative phytomass produced on green roofs by selecting the right grow-
ing media and adapted plant species?

-Does irrigation or fertilization have positive effects? How do these treatments influ-
ence the goal of greater plant biodiversity on roofs? There are two theses: on the one hand,
more fertilizer support more phytomass, but what about the rare species: do they prefer
poor media? Is a lot of biomass counterproductive to biodiversity?

-How much better does thicker growing media for green roofs perform concerning
CO2 fixation as an indicator [21]? Today, solutions for more opportunities for CO2 fixation
are searched for.

2. Experiments

Two buildings of the University of Applied Sciences in Neubrandenburg were con-
structed as research and demonstration roofs. Building 2 of this campus complex was
opened in 1999 with a research green roof site of about 2000 m2 while building 3 opened
in 2001 with around 1000 m2 of green roof space. The details of the roofs can be seen on
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Google maps with the GPS Coordinates: Degree:Minutes:Seconds); see the sites: building
2: 53:33:23N 13:14:44E and building 3: 53: 33:15N 13:14:43E.

Preliminary reports presented the results of the continuous 20-year climate measure-
ments on these roofs. The evidence of the positive influence of the microclimate of the
vegetation layer is seen in a significant reduction in the surface temperature [22]. A fur-
ther paper explains how different retention layers can capture larger volumes of rain in a
comparison between conventional growing media and various retention layers. This also
contributes to greater and more sustained evapotranspiration to mitigate summer heat and
reduces run-off from the building. In the optimized cases, the run-off from a building with
a green roof can approach zero [23].

This paper presents the results for the increased efficiency of green roofs as a result of
the amount of phytomass produced as an indicator of greater storage of CO2, a measurable
variable in times of climate change. The plant performance on a typical 10-cm-thick layer
of growing media was compared to a thicker layer of 30 cm (see Figure 1a,b).

 

(a) 

 

(b) 

Figure 1. (a) Example of one of the 39 planter boxes with the 30-cm growing media. (b) One of the microhabitat structures
on the roof of building 2, the west part of the green roof. The semi-shade situation supports some endangered plants, such
as the grass Briza media, enabling it to survive on the extensive 10-cm roof media for 20 years.

Research design

In contrast to many other green roof research studies, the focus here was the long-term
performance of typical FLL-Standard [24] green roofs under real roof conditions. The
second aspect was a complete green roof not a small test installation. Easy accessibility and
the inclusion into teaching programs has allowed frequent observation of changes. The use
of market leader products, such as in the German FLL guidelines, which have existed since
1990, has helped to improve these technical standards. Additionally, some further growing
media and treatments, such as irrigation and fertilization, has helped to extend the existing
knowledge. At the beginning, in 1999, the basic aims were to achieve 60% vegetation cover
on a very shallow layer. In the last years, new upcoming questions were the enhancement
of biodiversity and CO2 fixation under hotter and dryer summer periods in central Europe.
The basic research design can be described on both buildings as follows:

-Building 2 had three commercial growing media, identified as Zi, Blä, and Op, with a
10-cm depth plus a drainage layer. The additional 26 planter boxes with a 30-cm-thick layer
of the extensive growing media from two main deliverers of green roof materials, ZinCo
and Optigruen with the abbreviation Zi and Op, were the test installations. These materials
followed the necessary requirements after [16], such as a granulometric distribution and
the minimum water holding capacity. The primary vegetation was similar, using grass
seeds and sedum cuttings.

5
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-Building 3 had the 10-cm growing media Op-2 (product name “Optima Tiefgarage
schwer”) and Ulo (expanded slate, grain size 2–11 mm, brand name “Thüringer Bläh-
schiefer”). The vegetation layer on top of the growing media was prefabricated turf mats
on the west, north, and south sides while the east side used both growing media with a
selection of sedum cuttings on top. An additional 13 planter boxes with a 30-cm media
depth of Op-2 were used, representing semi-intensive green roofs with some grass seeds
and some herbal plantings in the beginning.

Research methods

In the years up to 2010, the team investigated the floral and vegetative components
of the test plots using methods derived from the Braun-Blanquet methods [25]. On each
sub-plot of the roof, a complete species list was produced by noting the percentage of the
area covered by each vascular higher plant genus. Additional information included the
total coverage value of the indicator group of sedum and grasses.

The green roof turf mats on building 3 were a pre-grown professional turf layer with a
mixture of grasses and sedum species. Such industrially produced mats have been used in
many comparable projects throughout Germany. The plant species development is a role
model for many typical extensive green roofs. On building 3, one question examined how
these well-suited vegetation layers performed compared to green roofs started with sedum
cuttings only, as an alternative approach to provide a cheaper vegetation layer on flat roofs.
In the following text, the west, north, and south sides with turf mats are compared to the
east side with the sedum cuttings (see Figure 2a,b).

(a) (b) 

Figure 2. (a) Building 2, May 2001: The turf mats were placed on the north plots, as was done on the west and south plots.
The growing media can be seen in the background: light red Op, dark in the front: Ulo. (b) Sedum cutting area on the east
roof in August 2002: Right: Ulo, sedum developed slowly, left: Sedum and several spontaneously sown grasses covered the
Op successfully. Maintenance work on the weather station caused some open areas in the vegetation cover.

In contrast to this, a vegetation layer completely based on sedum cuttings and grass
seeds was constructed on building 2 in 1999.

The test plots on building 3 were divided in half, with one half using the professional
Op growing medium (Optima-extensive media) and the other half Ulo (Ulopor—expanded
slate 2–11 mm sizes) growing medium. Op, similar to the Zi (Zinco growing media
on building 2), is a professional growing medium that satisfies all the growing media
requirements of FLL 2018 – Standard [24] in regard to the water retention capacity, grain
size distribution, and basic fertilizer. On building 2, the Blä substrate was used as a test.
This is simply crushed expanded clay as a recycled product with no additional nutrition,
merely being a supplement for extensive green roofs. The same applies to Ul (Ulopor).
This expanded slate has good performance in terms of its water retention capacity, but its
dark color means that it heats up considerably in summer, much more than the typical
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gravel layer of 16/32-mm stones. On the east side the vegetation reached the maximum
coverage of 80% on Op and 75% on Ulo in 2002, the second year. This was ultimately a
comparison between the different layers to learn more about the long-term performance of
the materials for improving the growing media mixtures and to use the results to contribute
to the updates of the FLL guideline [24].

Harvest on 10-cm media

In 2017, from the growing media test plot Zi, Blä, Op, Ulo, and Op-2, all above-ground
and root mass was harvested, with three replicates for each test plot. All phytomass
material was divided into the following groups: above-ground vascular plants shoots,
roots, mosses, and lichens. The material was dried to a constant weight. The total carbon
was 50% of the dry mass. The CO2 concentration was calculated by multiplying with 3.65
to provide a guide value [26–29].

Harvest on 30-cm media

On building 2, the 26 planter boxes on the roof terraces were used as phytomass test
plots. Using scissors, the above-ground phytomass was harvested in 2011, 2012, 2013, 2014,
2015, and 2017. The similar 13 boxes on building 3 were treated in the same way in 2013,
2014, 2015, and 2017. The oven-dried material allowed an initial estimate of the annual
growth rate on these materials.

Fertilizer and Irrigation

Since 2011, on building 3, subplots were established, as shown in Table 1, to investigate
the effects of additional irrigation and subplots of the same size were established to
investigate the effects of fertilizer use. These subplots were compared with ongoing
monitoring of the plant lists in the normal roof positions.

Table 1. The sizes of the 10-cm depth research subplots on building 3 from 2001; on each part of the
roofs, the following sized areas were selected for treatments with additional irrigation and fertilizer,
and the “normal” comparison plots for the four test plots (in m2).

Exposure Media 1: Ulo Media 2: Op-2

West 8 12
North shaded 6 6

North sun 6a 6
South 5.5 5.5
East 11 11

The different sizes are due to the roof construction.

Additional irrigation was applied once a year in May using 10 L/m2 tap water. The
fertilization subplots were fertilized with 10 g/m2 Kristalon 16-11-16 NPK plus MG on the
same day. Figure 3a shows the effect of the fertilizer on the eastern part of the roof and
Figure 3b gives an impression of the western part with the sedum mats. Sedum sexangulare
was stimulated to flower intensively while Allium schoenoprasum and Petrorhagia saxifraga
showed significantly better coverage and performance.

Statistics

For the statistics, SPSS_Vers.27 procedures, such as descriptive statistics, dependent
t-tests with two variables each, tests of significance, cluster analysis, and analysis of
variances (ANOVA), were completed using the datasets.
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(a) (b) 

Figure 3. (a) View to the eastern roof section, left: growing media Op, right: Ul-media. The line demarcating fertilizer
application in June 2020 can be clearly seen, about 4 weeks after the application. (b) Western roof area, the fertilized area on
the Op media is in the foreground while the Ulo section is in the background. The more intense blooming can be seen on
20 June 2020, four weeks after the fertilizer application.

3. Results

The effects of using different growing media, substrate depths, and fertilizers were
significant and are demonstrated in the following section by the statistical improvements.
The additional application of 10 L/m2 water had no impact on the vegetation and will not
be described in detail.

3.1. Cluster Analysis 2001–2020: Test Based on Plant Species Observation

The annual application of fertilizer affected the visual outcome as demonstrated in
Figure 2.

Test 1: Analysis of the first year on building 3 showed the development of the plant species
richness in the turf mats in Table 2. The results, supported by the cluster/correlation
analyses, are shown in Table 2, with the species mix on all turf mats with no additional
treatments being highly significantly similar with 0.896***, as demonstrated by the examples
of the turf mats on the Ulo-West and Op-West test plots. Both mats in the year 2020 were
also highly significant, with 0.963***.

Test 2: How did the growing media influence the number of species and the coverage
value? In general, this was demonstrated here by the north test plots in 2001. The Op
media in all cases showed higher species richness, as shown by way of the example in
Table 3, with 25 species on the Ulo medium and 29 species on the Op medium.

At all times in 2001 and 2020, the Op media showed higher coverage values. In
general, the number of observed species decreased over the past 20 years, but in contrast,
the fertilizer test plots showed higher coverage values in this time.

Table 2. Cluster analysis: correlation based on the number of species in 2001 and 2020 on the west
roof, 10-cm media. High significance between species in 2001 on both media (Ulo and Opti). Also
high significance in 2020 on both media. Time is more important than the different media.

Test Plots
Ulo_West

2001
Opti_West_

2001
Ulo_West

2020
Op_West

2020

Ulo_West_2001 1.000 0.896 *** 0.151 0.223
Ulo_West_2020 0.151 0.131 1.000 0.963 ***
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Table 3. Changes in the number of species from 2001 to 2020, 10-cm media.

Name Number of Species Coverage Value in %

Ulo_Norm_N_2001 25 88
Op_Norm_N_2001 29 94

Ulo_Norm_Shade 2020 27 94
Ulo_Fert_N_Shade_2020 14 98
Ulo_Norm_N_Sun_2020 15 81
Ulo_Fert_N_Sun_2020 13 96

In Table 4, the similarity is demonstrated by the Pearson index. Again, the similarity of
the mats on the north side in 2001 was highly significant. The species similarity remained
significant until 2020 in the shade on both test plots of “normal” and “fertilizer”. This is
demonstrated by the high grass coverage. In contrast to this, the south section differed,
with higher numbers of sedum species. Shade is a significant factor determining the plant
species mix.

Test 3: Species development of the cuttings, eastern exposure test plots.

Table 4. Correlation and significance (two-tailed) of the north test plots, 10-cm media, based on the number of similar plant
species, in a comparison between 2001 and 2020. High significance ** on the 5‰ level between both media Ulo and Op 2001,
it remain similar until 2020 on the shade plots. The sunny parts are significant different from these.

Name Criteria
Ulo_Norm_

N_
2001

Op_Norm_
N_

2001

Ulo_Norm_
N_Shade

2020

Ulo_Fert_
N__Shade_

2020

Ulo_Norm_
N_Sun_

2020

Ulo_Fert_
N_Sun

2001

Ulo_Norm_N_2001 Pearson correlation 1 0.948 ** 0.954 ** 0.957 ** 0.259 0.210
Sig. 0.000 0.000 0.000 0.471 0.617

Species 25 24 15 8 10 8

The dark material surface of Ulo has significantly higher temperatures during summer
than other comparable professional roof growing media. This limited the plant growth of
the seedlings and cuttings. Additionally, spontaneous plants found it difficult to establish
themselves in this first year. Table 5 show the low number of species in the first year, with
9 (Ulo) and 14 (Op) species and low coverage values of 9% and 14%. These low rates were
ultimately determined by the growth of Petrorhagia saxifraga on both east test plots, but
these plants only covered a small area. In addition, the sedum cuttings must first establish
themselves on the test plots. The vegetation on both areas needed a few years to achieve
the estimated coverage value of 60%.

Table 5. Changes in the number of species on the east area with sedum cuttings from 2001 to 2020,
10-cm media.

Name Number of Species Coverage Values in %

Ulo_Norm_East_2001 9 11
Ulo_Norm_East_2020 16 69

Ulo_Fert_East 2020 10 98
Op_Norm_East_2001 14 14
Op_Norm_East_2020 18 83
Op_Fert_East_2020 12 88

Like the other exposure, there were differences between the fertilized and normal
areas in terms of the plant species diversity. The effect of the fertilizer on all test plots is to
reduce the species richness while increasing the coverage values.

Table 6 shows the correlation on the seeded eastern plots. The differences in early
2001 between the plant mix on Ulo and Op indicate widely different development. This
was apparent in 2001, with very low vegetation coverage and fewer species compared to
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the turf mat on the other sites. For many years, the Ulo test plots in particular had low
performance values. Finally, all indicators in 2020 showed that in the long run, similar
development was achieved for both media.

Table 6. Correlation and significance (2-tailed) of east test plots, 10-cm media, based on the number of similar plant species,
in a comparison between 2001 and 2020. Significance here means: the fertilizer equalize differences between the different
vegetation stands also on the east plots.

Name Criteria
Ulo Norm

2001
Op Norm

2001
Ulo Norm

2020
Ulo Fert

2020
Op Norm

2020
Opt Fert

2020

Ulo
Norm
2001

Pearson correlation 1 −0.359 1 1 1 1

Sig. 0.342 1 1 1 1

Species 9 9 2 1 2 2
Ulo
Fert
2020

Pearson correlation 1 1 0.821 ** 1 0.862 * 0.869 *

Sig. 0.004 1 0.013 0.025
Species 1 2 10 10 7 6

1 There are not enough similar species for the correlation pairs, and significance expression cannot be calculated.

The hierarchical cluster in Figure 4 demonstrates the similarity of the eastern test
plots. From the perspective of plant species development, these seeded plots are valuable
observation areas. Considering the aim of achieving full coverage on the roof as soon as
possible, it is important to note here that this process took nearly 10 years. These aspects
must be evaluated in terms of the aims of green roofs and the risk of wind or water erosion
on green roof areas that are not fully covered.

 
Figure 4. Dendrogram of the similarities between the eastern test plots from 2001 to 2020.
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3.2. Phytomass in Relation to the Type of Media and the Media Depth

Test 4: focused on the phytomass on various growing media depths. The question is
whether a greater growing media depth supports a higher biomass with better performance,
e.g., in regard to CO2 fixation.

3.2.1. The 10-cm Plots

In 2017, phytomass was harvested from all representative parts from each of the
different roof orientations and exposures, with three replicates. Table 7 shows the dry
matter values for the fractional biomass analysis from the vascular higher plants, mosses,
and lichens. The total carbon is the sum of the shoots and roots together. All areas were
fully developed over more than 10 years. One visible difference was the spontaneous
growth of mosses and lichens, which represent a very special type of extensive green
roof. These roofs are located in a region in northeastern Germany with clean air, and the
composition of the vegetation on these roofs resembles that of typical poor sandy ground
conditions, as is typical in the surrounding Müritz National Park. These dry-adapted
lichens, mostly from the group of Cladonia, are endangered plants and are seldom found in
ground-level habitats. The green roof is a retreat area for these plants. They are susceptible
to foot traffic on dry roof conditions in summer. All values in Table 7 were calculated for
an area of 1 m2. In the calculation, the shoot and root phytomass of the vascular plants
were calculated. The annual growth rate decreased after the establishment of full coverage
with vegetation.

Table 7. Examples of the harvested dry phytomass in g/m2 with SD from various media with 10-cm depth. Calculation for
1 m2; analysis based on the mean of 3 harvesting plots each.

Exposure Zi 1 Blä 1 Opti 1 Ulo-N-Sun 1 Ulo-N-Shade 1 Op-N Sun

Vasc.plants 109 ± 6.5 183 ± 92 394 ± 145 243 ± 55 334 ± 88 411 ± 152
Mosses 1 ± 0.3 2 ± 0.5 487 ± 234 174 ± 135 846 ± 339 173 ± 94
Lichens 1448 ± 167 1080 ± 357 1 ± 0.3 444 ± 148 8 ± 7 721 ± 368
Roots 1319 ± 156 1456 ± 509 3301 ± 1740 2855 ± 993 3157 ± 305 2056 ± 415

Dry matter 3 2876 ± 43 2719 ± 597 4182 ± 1656 3717 ± 832 4345 ± 314 3362 ± 177
Total C 1438 ± 22 1359 ± 298 2091 ± 828 1859 ± 416 2173 ± 159 1681 ± 88

CO2 5249 ± 79 4961 ± 1090 7633 ± 3023 6784 ± 1518 7930 ± 579 6135 ± 322

Exposure Op-North Shade 1 Ulo-East 1 Op-East

Vasc.plants 417 ± 84 132 ± 48 461 ± 86
Mosses 534 ± 306 17 ± 16 201 ± 81
Lichens 5 ± 4 110 ± 37 229 ± 211
Roots 2940 ± 333 656 ± 166 3550 ± 965

Dry matter 3 3896 ± 302 915 ± 247 4442 ± 1001
Total C 1948 ± 151 458 ± 123 2221 ± 500

CO2 7110 ± 550 1670 ± 450 8106 ± 1826
1 Zi, Blä, Opti = on building 2, est. 1999, Op, Ulo: = on building 2, est. 2001. 3 Total dry organic matter in plants. Data from further plots
are available.

Table 8 shows the correlation between vascular plant phytomass and its importance
for CO2 fixation. Broadly speaking, the more phytomass, the greater the effects, whereas
mosses and lichens are counter-productive in that they suppress the growth of endan-
gered higher plant species in sites with low-nutrient media while only making a minimal
contribution to CO2 fixation.

Table 8. Correlation and significance of harvested plants, n = 27 samples.

Pearson Correlation CO2 Vasc. Higher Plants Mosses Lichens Roots

CO2 fixation 1.0 0.661 0.233 −0.220 0.952
Sign. CO2 1-tailed 0.000 −0.121 0.135 0.000 1
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The dependence of CO2 fixation on the phytomass follows a regression line as pre-
sented in Figure 5. More plants cover means higher CO2-fixation in general.

Figure 5. Regression—CO2 fixation dependent on the phytomass of the higher plants from the
27 samples. All numbers are in grams.

The better growth rate on the 10-cm media is related to the different growing media
used in these tests. Figure 6 shows the median values for CO2 fixed by the plants, which
varies considerably, with the lowest values of about 2000 g/m2 on the Ulo media compared
to average values of about 6000 g/m2. In isolated cases, values that are twice as high are
possible. If CO2 fixation is to be the primary aim of the roof, careful choice of the media
plus fertilizer is one solution. Calculating based on the approximately 8.5 million m2

new green roofs realized in Germany [13], this will result in carbon storage of between
17,000 and 51,000 t CO2/year after a few years.

Figure 6. Comparison of the CO2 fixation by the total phytomass (shoots and roots) of the vascular higher plants in g/m2

on the nine different growing media, 10-cm layer, 3 replicates each.
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3.2.2. The 30-cm Plots

These dry matter calculations were based on the 30-cm depth substrates, and the above-
ground phytomass was harvested as described in Section 2. The 3 groups of 13 planter
boxes were used in the following statistics. In the years between planting in 1999/2001
up to the first harvests in 2011 on building 2 and in 2013 on building 3, no harvesting
of the plants influenced the typical growth of these plots. Working on the principle that
extensive green roofs do not need maintenance, we allowed them to grow untouched
for the first 10 years. The decline in the appearance was the initial reason for starting
maintenance, which included mowing of the meadow. This means that the first years of
harvesting, 2011 and 2013, respectively, have higher values than the annual productivity in
the following years; see Table 9 with the standard deviation values.

Table 9. Examples of the harvested dry aboveground phytomass in g/m2 and SD from the
30-cm-depth planter boxes, calculated as dry matter/m2.

Year Media N x-Mean SD

2011 Op 13 385 72
Zi 13 196 44

2012 Op 13 291 113
Zi 13 34 14

2013 Op 13 168 35
Zi 13 70 26

Op-2 13 344 233
2014 Op 13 429 76

Zi 13 206 50
Op-2 13 131 58

2015 Op 13 399 85
Zi 13 220 50

Op-2 13 209 57
2017 Op 13 476 118

Zi 13 223 80
Op-2 13 95 45

The 13 boxes with the same growing media should have similar growth rates, but
as can be seen in Figure 7, the values for the phytomass vary widely. These variations
are caused by several factors but are ultimately due to impacts by the users of the roof.
The extensive roof growing media is poor media with no additional fertilizer. The annual
aboveground productivity on this 30-cm media is between 100 and 400 g/m2. The boxes on
the Op media on building 2 showed the best rates. The annual productivity of the dry mass
ranges between 100 and 400 g/m2. The 8.5 million m2 of new green roofs in Germany [13]
will result in fixation of between 1551 and 6205 t CO2/year.

3.3. Effect of Irrigation and Fertilization on Vegetation Cover and Biodiversity

In 2011, on building 3, plots were marked to create fixed areas for annual irrigation
and fertilization and to compare these areas with the normal situation without any extra
treatments (see Table 1).

The test questions that were to be answered with this survey were:
In the vegetation analysis, the data were interpreted as follows. Specifically, these

are the coverage values for the vascular plants, the total number of species, as well as the
comparison of coverage values for all sedum species. The sedum coverage is an indicator
of typical extensive green roofs. The coverage of all grasses together is an indicator for the
shady parts of the north side and particularly the section of the roof shaded by the elevated
part of building 3.

It was observed that the performance of sedum in general decreased after the
first 10 years due to a lack of fertilization and irrigation. The number of plant species
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decreased on all test plots. In the following dependent paired t-test procedures, only the
observations for 2011–2020 are interpreted.

 

Figure 7. Aboveground annual harvested phytomass on the 30-cm boxes. Each of the three test plots represent 13 replicates
at each date. The Op and Zi boxes are on building 2, and Op_2 is on building 3. All data refer to dry matter.

3.3.1. Eastern Test Plots

The eastern part of the roof with the initial plantings of sedum cuttings developed
differently at all times compared to the other the test areas on the west, north, and south
sides with the turf mats. In 2011, all test plots achieved the minimum value of 60%. Table 10
shows the changes in the normal areas; Ulo values were lower than the Op values. The
effect of fertilizer is greater on the very poor Ulo media compared to the better performing
Op media.

Table 10. Greening with sedum cuttings, n = 9 years, from 2011 to 2020. The coverage and number of
species of the test plots with fertilizer (Fert.) and without (Norm.) for the eastern exposure. Mean
value, standard deviation, and kurtosis. The negative kurtosis value indicates that the distribution is
characterized by weaker marginal areas than the normal distribution.

Criteria East Test Plots x-Mean SD Kurtosis

Cover Ulo_Norm 1 71.6 11.1 −1.9
Cover Ulo_Fert 1 90.2 6.5 −1.1
Cover Op_Norm 1 90.1 7.9 −1.9
Cover Op_Fert 1 92.3 6.2 −0.2

Species Ulo_Norm 1 14 4.2 −0.2
Species Ulo_Fert 1 8 1.5 −1.1
Species Op_Norm 1 17 2.7 0.99
Species Op_Fert 1 10 2.4 −1.2

Cover Sedum Ulo_Norm 1 25.5 8.5 −1.2
Cover Sedum Ulo_Fert 1 42.6 5.4 −1.1
Cover Sedum Op_Norm 1 32.6 11.9 −1.5
Cover Sedum Op_Fert 1 40 25 −1.1

1 Ulo = Ulopor media, Op = Optima media, Fert = Fertilizer, Norm = normal without fertilizer, East = Eastern
section of the research roof.
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The sedum coverage values increased on both media. The number of plant species
decreased with the use of fertilizer.

The following Table 11 shows the statistics for the pairwise interpretation. In general,
if the T value is not 0, the significance is high. On both media (Ulo, Op), the fertilizer
significantly and positively impacted the vegetation cover. In addition, the decrease in the
number of species was significant. The sedum coverage was only significantly enhanced
on the Ulo test plot. On Op, the sedum coverage was not significantly more extensive
because of the fertilizer but they bloomed better, as can be seen in Figure 2a.

Table 11. Greening with sedum cuttings, n=9 years, from 2011 to 2020 (df 8), coverage and number of
species for the test plots with fertilizer (Fert.) and without (Norm.) of the eastern position. Pairwise T
and the level 1‰ of significance differences between fertilized and non-fertilized plots in relation to
cover values on Ulo. The minus symbols in relation to the Sedum cover; a reduction of these plants
in relation to other plants.

Criteria East Test Plots—Pairs Mean T df
Significance

(2-Sided)

Cover Ulo_Fert 1 – Op_Fert 1 −2.7 −0.89 8 0.401
Cover Ulo_Fert 1 – Ulo_Norm 1 18.7 3.55 8 0.008 ***
Cover Op_Norm 1 – Op_Fert 1 −2.1 −1.04 8 0.33

Species Ulo_Fert 1 – Op_Fert 1 −1.8 −2.1 8 0.07
Species Ulo_Norm 1 – Ulo_Fert 1 6 5.0 8 0.001 ***
Species Op_Norm 1 –Op_Fert 1 8 7.7 8 0.000 ***

Cover Sedum Ulo_Fert 1 – Op_Fert 1 2.6 0.32 8 0.76
Cover Sedum Ulo_Norm 1 – Ulo_Fert 1 −17 −4.4 8 0.002 ***
Cover Sedum Op_Norm 1 – Op_Fert 1 −7 −1.6 8 0.146

1 Ulo = Ulopor media, Op = Optima media, Fert = Fertilizer, Norm = normal without fertilizer, East = Eastern
section of the research roof.

3.3.2. Western test plots

The turf mat layout followed the same model as the eastern test plot. The basic mean
values are shown in Table 12. The differences between the fertilized and non-fertilized
sections on the Ulo test plots is less dramatic, with an 11% difference compared to the
eastern test plot with the cuttings with a difference of 21%. This difference is significant, as
can be seen in Table 13. The reduction in the number of species is also significant for both
media, as Ulo dropped from 20 to 12 and Op dropped from 27 to 16, as both tables show.
Again, the sedum coverage was significantly influenced by fertilizer usage but only on the
Ulo media did it result in a significant change in the coverage value.

Table 12. Greening with vegetation mats, n = 9 years, from 2011 to 2020. The coverage and number
of species for the test plots with fertilizer (Fert.) and without (Norm.) for the western position. Mean
value, standard deviation, and kurtosis.

Criteria West Test Plots x-Mean SD Kurtosis

Cover Ulo_Norm 1 85.1 6.77 0.09
Cover Ulo_Fert 1 96.4 4.6 5.7
Cover Op_Norm 1 92.6 3.6 0.94
Cover Op_Fert 1 98.1 0.93 3.3

Species Ulo_Norm 1 20 4.6 −1.6
Species Ulo_Fert 1 12 1.7 −1.6
Species Op_Norm 1 27 3.6 −0.72
Species Op_Fert 1 16 2.4 0.72

Cover Sedum Ulo_Norm 1 49.9 2.6 2.6
Cover Sedum Ulo_Fert 1 62.4 17.0 −1.3
Cover Sedum Op_Norm 1 50.3 5.6 −2.1
Cover Sedum Op_Fert 1 58.8 10.9 1.9

1 Ulo = Ulopor media, Op = Optima media, Fert = Fertilizer, Norm = normal without fertilizer, West = Western
section of the research roof.
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Table 13. Greening with turf mats, n = 9 years, from 2011 to 2020 (df 8), coverage and number of
species for the test plots with fertilizer (Fert.) and without (Norm) of the western position. Pairwise
t-test and the different level of significance. The significance indicate the effects of fertilizer on the
cover values, negative sign, indicate reduction of the values over the years.

Criteria West Test Plots Pairs Mean T df
Significance

(2-Sided)

Cover Ulo_Norm 1 – Op_Norm 1 −7.4 −2.79 8 0.024 *
Cover Ulo_Fert 1 – Ulo_Norm 1 11.3 7.21 8 0.000 ***
Cover Ulo_Fert 1 – Op_Fert 1 −1.67 −5.53 8 0.35
Cover Op_Fert 1 – Op_Norm 1 5.6 4.86 8 0.001 ***

Species Ulo_Fert 1 – Op_Fert 1 −4.2 −4.81 8 0.001 ***
Species Ulo_Fert 1 - – Ulo_Norm 1 −8.78 −4.25 8 0.003 ***
Species Op_Fert 1 – Op_Norm 1 −11.4 −8.27 8 0.000 ***
Species Ulo_Norm 1 – Op_Norm 1 −6.89 −8.04 8 0.000 ***

Cover Sedum Ulo_Norm 1 –Ulo_Fert 1 −12.56 −2.31 8 0.050 *
Cover Sedum Ulo_Fert 1 – Op_Fert 1 3.67 0.734 8 0.484
Cover Sedum Op_Norm 1 – Op_Fert 1 −8.44 −1.81 8 0.11

1 Ulo = Ulopor, Op = Optima, Fert = Fertilizer, Norm = normal without fertilizer, West = Western section of
the roof.

3.3.3. Northern Test Plots

In the first years of this study, the northern test plots differed between the very shady
areas near the building “North_Shade” and those areas further away from the building with
full sun, described here as “North Sun”. This full-sun area differed from the southern test
plots due to the additional heat reflected from the elevated building parts, with remarkably
fewer grasses inside and a high dominance of the sedum cover. Table 14 shows that all
north areas showed coverage values of above 90%. Consequently, the influence of the
fertilizer was not significant in any case, as can be seen in Table 15 in the comparison of
both Ulo Norm-Fertilizer pairs. Again, the reduction in the number of the plant species
was significant for both growing media.

Table 14. Greening with vegetation mats, n = 9 years, from 2011 to 2020. Coverage and number of
species for the test plots with fertilizer (Fert.) and without (Norm.) of the northern position; mean
value, standard deviation, and kurtosis. Shade: in the shade of an elevated section of the roof.

Criteria North Test Plots x-Mean SD Kurtosis

Cover Ulo_Norm_Shade 1 91.3 3.24 0.78
Cover Ulo_Fert_Shade 1 91.7 3.67 0.404
Cover Op_Norm_Shade 1 94.3 3.27 −1.68
Cover Op_Fert_Shade 1 98.2 1.19 0.77

Species Ulo_Norm_Shade 1 27 3.53 0.71
Species Ulo_Fert_Shade 1 16 3.74 −0.11
Species Op_Norm_Shade 1 24 2.74 2.2
Species Op_Fert_Shade 1 16 2.6 0.05
Cover Ulo_Norm_Sun 1 91.3 3.24 0.786
Cover Ulo_Fert_Sun 1 90.1 5.01 0.14
Cover Op_Norm_Sun 1 94.6 2.1 3.0
Cover Op_Fert_Sun 1 97.6 1.24 1.52

Species Ulo_Norm_Sun 1 15 1.1 0.02
Species Ulo_Fert_Sun 1 11 1.33 −1.97
Species Op_Norm_Sun 1 11 0.53 −2.57
Species Op_Fert_Sun 1 11 0..53 −2.57

1 Ulo = Ulopor, Op = Optima, Fert = Fertilizer, Norm = normal without fertilizer, N = Northern section of the roof.

3.3.4. Southern Test Plots

The southern section of the roof is much smaller than the northern section. It gets
full sun all day plus the reflection from the metal façade of the elevated section of the
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building engineering area on the roof. This section of the roof also has an integrated air
conditioning outlet that blows hot dry air over the southern green roof. The combination
of these factors simulates extreme summer drying conditions for the green roof cover. The
great performance of all the sedums growing here is remarkable. These succulents not only
survive, but they also perform exceptionally well in these hot dry conditions. On the other
hand, nearly all grasses are completely gone on this exposure.

The mean values of the southern plots are summarized in Table 16. With and without
fertilizer, the coverage values are all above 90% and in general are the best of the test
plots analyzed here. The sedum coverage values are above 70%, and with fertilizer they
reach values above 80%. Again, the number of species decreased with the use of fertilizer.
Table 17 presents the level of significance for these paired tests with the fertilizer test plots.

Table 15. Greening with turf mats, n = 9 years, from 2011 to 2020 (df 8), coverage and number of
species for the test plots with fertilizer (Fert.) and without (Normal) of the northern position: North
Shade: in the shade of an elevated section of the building. Sun_N: North, outside this shade. Pairwise
t-test and the level of significance. Example explanation line 1 of Table 15: The minus sign in category
“means” symbols lower cover values of the first element of the pair. As example: Athough Ulo and
Op were fertilized, over the time, Ulo has all the times lower cover values than Op on the highest
level of 1‰ level.

Criteria North Test Plot Pairs Mean T df
Significance

(2-Sided)

Cover Ulo_Fert_Shade 1 –Op_Fert_Shade 1 −6.6 −4.8 8 0.001 ***
Cover Ulo_Fert_Shade 1 – Ulo_Norm_Shade 1 0.33 1.1 8 0.347
Cover Op_Fert_Shade 1 – Op_Norm_Shade 1 3.89 3.0 8 0.017 **
Cover Ulo_Fert_Sun 1 – Op_Fert_Sun 1 −7.4 −4.40 8 0.002 ***
Cover Ulo_Fert_Sun 1 – Ulo_Norm_Sun 1 −1.2 −0.53 8 0.61
Cover Op_Fert_Sun 1 – Op_Norm_Sun 1 3.00 3.84 8 0.005 ***

Species Ulo_Norm_Sun 1 – Ulo_Fert_Sun 1 3.8 6.34 8 0.000 ***
Species Op_Norm_Sun 1 – Op_Fert_Sun 1 −0.11 −0.55 8 0.594
Species Ulo_Norm_Shade 1 –Ulo_Fert_Shade 1 10.78 7.07 8 0.000 ***
Species Ulo_Norm_Shade 1 – Op_Norm_Shade 1 3.11 3.18 8 0.013 **
Species Op_Norm_Shade 1 –Op_Fert_Shade 1 7.67 5.84 8 0.000 ***
Species Ulo_Norm_Sun 1 – Ulo_Fert_Sun 1 3.78 6.34 8 0.000 ***
Species Ulo_Norm_Sun 1 – Op_Norm_Shade 1 3.78 9.43 8 0.000 ***
Species Op_Norm_Sun 1 – Op_Fert_Sun 1 −0.11 0.56 8 0.594

1 Ulo = Ulopor, Op = Optima, Fert = Fertilizer, Norm = normal without fertilizer, N = Northern section of the roof.

Table 16. Greening with vegetation mats, n = 9 years, from 2011 to 2020. Coverage and number of
species, and the coverage of sedum only for the test plots with fertilizer (Fert.) and without (Norm.)
for the southern position; mean value, standard deviation, and kurtosis.

Criteria South Test Plots x-Mean SD Kurtosis

Cover Ulo_Norm 1 92.9 2.4 −2.1
Cover Ulo_Fert 1 98.1 1.69 −1.73
Cover Op_Norm 1 93.7 2.45 −1.14
Cover Op_Fert 1 96.9 3.2 1.5

Species Ulo_Norm 1 13 1.7 −0.008
Species Ulo_Fert 1 9 2.1 −1.91
Species Op_Norm 1 12 1.1 −1.14
Species Op_Fert 1 9 2.12 −1.91

Cover Sedum Ulo_Norm 1 74 5.28 −1.08
Cover Sedum Ulo_Fert 1 80 5.5 −1.23
Cover Sedum Op_Norm 1 72 8.12 1.4
Cover Sedum Op_Fert 1 81 18.4 −0.54

1 Ulo = Ulopor, Op = Optima, Fert = Fertilizer, Norm = normal without fertilizer, South = Southern section of
the roof.
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Table 17. Greening with turf mats, n=9 years, from 2011 to 2020 (df 8), coverage and number of
species for the test plots with fertilizer (Fert.) and without (Norm.) of the southern position. Pairwise
t-test and the level of significance. As explanation e.g. in line 1; also the south plots has a profit in
cover value by the fertilizer, in this case on the 2‰-level. On the other hand, the fertilizer reduces the
number of species. The Sedum cover is not significant influenced by the fertilizer.

Criteria South Test Plot Pairs Mean T df
Significance

(2-Sided)

Cover Ulo_Fert 1 – Ulo_Norm 1 5.22 −4.5 8 0.002 ***
Cover Ulo_Fert 1 – Op_Fert 1 1.22 1.4 8 0.194
Cover Op_Norm 1 – Op_Fert 1 −3.22 −3.4 8 0.009 ***

Species Ulo_Norm 1 – Ulo_Fert 1 4.0 7.24 8 0.000 ***
Species Ulo_Norm 1 – Op_Norm 1 0.89 1.512 8 0.169
Species Op_Norm 1 – Op_Fert 1 1.22 2.82 8 0.023 *

Cover Sedum Ulo_Norm 1 –Ulo_Fert 1 5.67 −3.44 8 0.009 ***
Cover Sedum Ulo_Fert 1 – Op_Fert 1 −1.11 −0.191 8 0.853
Cover Sedum Op_Norm 1 – Op_Fert 1 −8.89 −1.53 8 0.164

1 Ulo = Ulopor, Op = Optima, Fert = Fertilizer, Norm = normal without fertilizer, South = Southern section of
the roof.

4. Discussion

Effective solutions are needed to stop the increase in average temperatures around
the globe and to reach the targets in the Paris climate agreement in the next few years [30].
On the macro-scale, as explained in Fang et al. [31], for the landmass of China, drought,
temperature, and global warming are significantly connected to the existing vegetation
cover. Many studies have shown that cities around the world are in general drier than their
surroundings, as can be seen from examples from China [32] and 70 cities in Europe [33].
In the search for solutions on a city-wide scale, it is apparent that any decentralized
greenery improves the nearby living environment of its citizens [34]. Global warming
is a multi-factorial issue with an energy–water nexus. Evapotranspiration is one main
energetic factor, while CO2 is the accepted lead indicator from a political perspective to
measure success in tackling climate change. However, not all factors can be explained
by successful CO2 reduction. Green roofs in general and detailed technical solutions to
improve the performance of green roofs as described in this publication are methods
to adapt to and mitigate climate change. On a brighter note, energetic and chemical
procedures are connected and need more holistic solutions.

The economic lockdowns during the COVID-19 pandemic were reported to lead to a
7% reduction in CO2 emissions in late 2020 and the start of 2021 [35]. Additional lockdowns
are economically difficult and not considered acceptable for longer periods. More extensive
and decentralized methods have to be considered. More CO2 fixation is required, and
green roofs can contribute to this. Their impact is the step from no green roof to a green
roof with relatively stable values of a total amount of about 6 kg/m2 as demonstrated
in this survey. This value results from the total phytomass of shoots and roots of plants
after a number of years of establishment, in this case 17 years. If we take this value as
a baseline, extensive green roofs in Germany will result in about 51,000 t/CO2 fixation
per year with about 8,500,000 m2 of new green roofs every year. If this annual amount
needs to be increased, higher vegetation values could be achieved with a thicker layer of
growing media combined with annual fertilization. This survey showed annual growth
rates on 30-cm media of about 100 to 600 g/m2 dry matter each year. However, this implied
some maintenance of some form, such as mowing of the annual growth. Several earlier
surveys measured the CO2 sequestration of green roofs. Our results correspond to the wide
range of sequestration values observed, which usually only focus on the aboveground
material, mostly sedum [36], with variation between 64 and 381 g/m2 x years. Grasses
in general perform better, as can be seen in a study from Japan [21] for Cynodon dactylon
with sequestration of 2.5 kg CO2/m2*year (fertilized and optimally irrigated roof modules)
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and Sedum aizoon (non-irrigated test plot of 1.2 kg CO2/m2*year). The green roof rates are
comparable to typical dry meadow habitats on the ground.

The CO2 fixation is an energetic procedure to tackle global warming. Finally, the size,
quality, and distribution of the green roofs are important factors to have countable effects
on the city scale [37].

Climate change is resulting in longer dry periods and lower humidity. Green roofs offer
a range of benefits as demonstrated by several research projects over the last 20 years [38,39].
These reviews reveal that not all the results are comparable because the methods vary
widely and most of the research was conducted over short time frames.

This 20-year survey confirmed that not all results could be achieved by a single roof
project. What is important is the right selection of plant species, such as that shown
in Table 18, which will help to achieve full vegetation coverage with many positive
ecological effects.

Table 18. Preferred plant mixtures on the various roof spots of this survey.

Test Plots North-Shade West_East-North-Sun
South—Extreme Dry

Hot Conditions

Plant preferences Grasses Mix of various life forms Sedum in many variation

Which plants are perfectly adapted to the expected climate changes? This survey was
based on test plots with turf mats containing a generalized plant species mix. The test plots
studied ranged from shade to extreme full sun, with some additional stress caused by high
levels of solar reflection, air conditioner exhaust air outlets, and water stress.

An additional important factor is correctly choosing the right substrate. The test
plot for this experiment shows that the type of growing medium is always critical for
the biodiversity development over the years [40]. In most cases, highly biodiverse green
roofs remain highly biodiverse over the years and support a wide range of species of
birds and invertebrates [41]. As seen with this green roof research in Neubrandenburg, a
significant quantity of mosses and lichens grow on very poor media. They can make up to
a quarter of the total phytomass, resulting in up to 1.5 L/m2 *day evapotranspiration [42].
On the one hand, the abundant presence of mosses and lichens characterizes areas with
low pollution levels while also providing additional CO2 fixation. On the other hand, the
massive growth of mosses and lichens displaces the typical or endangered higher plants
that would otherwise be expected here [43].

Semi-intensive roof construction supports a wider range of plant species, such as
dry-adapted prairie plants, with higher phytomass production and ultimately higher CO2
fixation [44]. The increasing number of urban agriculture sites may also be a solution
for productive roof systems with massive phytomass production. Apart from the typical
productive roof substrates, the competitiveness of hydroponic substrates, which have been
used with increasing success in intensive green roofing, has improved in recent years [45].
The phytomass and species richness of typical extensive green roofs are comparable to
dry meadows in a low mountain range [46]. Similar findings coming from North Amer-
ica, where more CO2 could be fixed by a green roof and intensive roof gardens can be
the choice [47].

This survey also shows that over a time frame of 20 years, the number of plant
species significantly decreases. If this is to be avoided, some maintenance work is helpful.
Additional conclusions that can be drawn from this work are:

-If a biodiverse roof is the target, variation in the growing media and media depth
and additional micro niches are necessary. The research design on this roof focused on
replicated research plots for statistically comparable sites.

-The study provided information about the benefits of turf mats compared to
sedum cuttings.
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Table 19 compares the benefits of both methods, revealing that turf mats fulfill all
requirements from the beginning, but they are more expensive. The effort for the initial
maintenance is quite similar. The differences are apparent in the better CO2 fixation.

Table 19. Turf mat benefits compared to sedum cuttings as the primary vegetation cover, with results
from this survey.

Test Plots Turf Mats Sedum Cuttings

Investment High Low
Energy effort High Low

Maintenance duties Irrigation first year Irrigation first year
Vegetation coverage 60% Immediately After 2–3 years
Plant biodiversity, Year 1 25–29 9–14
Plant biodiversity, Year 20 15–27 16–18

CO2 fixation High Low

Fertilizer supports plant growth and plant performance in general [48] but not the
local biodiversity. One single extra irrigation of 10 L/m2 in early summer days had no
significant effect on the plant performance of these dry-resistant herbs. In contrast to
this, Du et al. [49] recommended emergency irrigation if shrubs are on green roofs. In
times of increasing drought, the selection of the right plant species becomes an important
issue. Lists with drought-tolerant plants have to be done on the regional levels, and the
details in the microhabitat design support significant biodiversity [50]. Additionally, the
focus on biological plant traits can help to develop an understanding regarding which
species can be selected better in future times of climate change conditions [51]. In our
survey, the importance of lichens of the genus Cladonia are highlighted as an important
easy-to-care plant group and low-pollution condition, as they are in Neubrandenburg, a
similar observation to a green roof working group in Canada [52]. Under the conditions of
drought and climate change, prairie plants from North America become an alternative to
be established in extensive green roofs under drought conditions for Central Europe [53].
Finally, the acceptance of successful growing weeds has to be accepted in natural concepts,
and in many cases they can survive under extreme climatic conditions [54]. The need for
local and regional biodiversity green roofs should be anchored in the related norms or
guidelines in future [55].

Removing forest vegetation around the planet has significantly increased water short-
ages [56]. Heavier rainfall is also a consequence of the removal of vegetation in many
places. This survey shows that minimal additional water has no influence on typical green
roofs. Graduated tests of rain intensity and duration show the typical behavior, with
extensive green roofs able to easily handle rain up to 30 L/m2 [57], with the right extra
drainage elements below providing support [23]. Green roofs are effective in all climate
zones around the world [58]. Green roofs work like a dewfall sink in cities. In comparison
to typical bitumen roofs, green roofs capture the morning dew, which helps adapted plants
to survive and is also a decentralized contribution against drought in cities [59].

Green roof technology has reached the international politics against global warming.
They have become elements of the renovation strategy for building stocks and the EU
biodiversity strategy 2030 [60]. The results presented here can contribute to ensuring more
effective green roofs as part of the future wave of renovation [61] to successfully handle the
coming climate challenges. Our current knowledge of green roofs reveals opportunities to
construct new quality green spaces, which can be equivalent to vegetated spaces on the
ground in terms of functionality and usability [62].

As recommendations for future research, this survey has shown that there is a need
for more detailed research with more variations in growing media and structures to ensure
that green roof spaces are more effective instruments of green infrastructure or systems for
ecosystem services [63]. Edible cities are one of the new ecosystem services to which green
roof spaces can contribute to in the future [64].
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In addition, it is essential that methods between research institutions are aligned so
that results can be more easily compared [65]. More long-term ecosystem studies can
ensure better understanding of the variation in the integrated biological solutions. As
a result of global warming and the adaptation of plants to growing on artificial urban
surfaces, these systems react dynamically, unlike technical solutions that remain static.

5. Conclusions

This study modified the typical extensive green roof with a 10-cm media depth and
low maintenance in the directions of deeper growing media with 30 cm. Further treatments
were fertilization and irrigation. The aim was to enhance the CO2 fixation of the roof
vegetation. However, what are the effects on vegetation cover and biodiversity? The
summarized conclusions of these couple of years:

-Green roofs perform better if maintenance, such as extra fertilizer, are applied.
-Deeper media can capture more water, have higher vegetation cover, and finally more

CO2 fixation.
-On the other hand, the biodiversity decreases by higher fertilizer rates. If biodiversity

is the main target of the green roof project, more habitat niches and media variation are
recommended as results from this research to achieve this.

Green roofs can be established in higher quantities in all cities around the world.
Although the best citizen/green roof values today exist in Stuttgart/Germany with
4 m2/citizen [13], and much more is possible if more regulation in legal plans is fixed.

Green roofs are one element in the strategies against global warming and can bring
back a contact to man-made nature to citizens.

Typical extensive roof vegetation is well adapted to meet future climate change chal-
lenges, but detailed planning can help to develop green roofs to meet more specific aims,
such as:

-Climate-adaptive roofs with higher plant biomass.
-Biodiverse green roofs with many micro-niches for high plant species richness.
-Green roofs as elements of blue-green infrastructure with optimized water

storage capacity.
-Green roofs for urban agriculture with humus media and/or hydroponic plant

growth systems.
Green roofs are a small but visible factor bringing more evaporation surfaces into the

anthropogenic urban desert and into the struggle against the drought.
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Abstract: In the present study, estimating pan evaporation (Epan) was evaluated based on different
input parameters: maximum and minimum temperatures, relative humidity, wind speed, and bright
sunshine hours. The techniques used for estimating Epan were the artificial neural network (ANN),
wavelet-based ANN (WANN), radial function-based support vector machine (SVM-RF), linear
function-based SVM (SVM-LF), and multi-linear regression (MLR) models. The proposed models
were trained and tested in three different scenarios (Scenario 1, Scenario 2, and Scenario 3) utilizing
different percentages of data points. Scenario 1 includes 60%: 40%, Scenario 2 includes 70%: 30%,
and Scenario 3 includes 80%: 20% accounting for the training and testing dataset, respectively. The
various statistical tools such as Pearson’s correlation coefficient (PCC), root mean square error (RMSE),
Nash–Sutcliffe efficiency (NSE), and Willmott Index (WI) were used to evaluate the performance
of the models. The graphical representation, such as a line diagram, scatter plot, and the Taylor
diagram, were also used to evaluate the proposed model’s performance. The model results showed
that the SVM-RF model’s performance is superior to other proposed models in all three scenarios.
The most accurate values of PCC, RMSE, NSE, and WI were found to be 0.607, 1.349, 0.183, and
0.749, respectively, for the SVM-RF model during Scenario 1 (60%: 40% training: testing) among
all scenarios. This showed that with an increase in the sample set for training, the testing data
would show a less accurate modeled result. Thus, the evolved models produce comparatively better
outcomes and foster decision-making for water managers and planners.

Keywords: pan evaporation; ANN; WANN; SVM-RF; SVM-LF; Pusa station

1. Introduction

Estimating pan evaporation (PE) is essential for monitoring, surveying, and manag-
ing water resources. In many arid and semi-arid regions, water resources are scarce and
seriously endangered by overexploitation. Therefore, the precise estimation of evapora-
tion becomes imperative for the planning, managing, and scheduling irrigation practices.
Evaporation happens if there is an occurrence of vapor pressure differential between two
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surfaces, i.e., water and air. The most general and essential meteorological parameters that
influence the rate of evaporation are relative humidity, temperature, solar radiation, the
deficit of vapor pressure, and wind speed. Thus, for the estimation of evaporation losses,
these parameters should be considered for the precise planning and managing of different
water supplies [1,2].

In the global hydrological cycle, the evaporation stage is defined as transforming
water from a liquid to a vapor state [3]. In recent decades, evaporation losses have in-
creased significantly, especially in semi-arid and arid regions [4,5]. Many factors, such as
water budgeting, irrigation water management, hydrology, agronomy, and water supply
management require a reliable evaporation rate estimation. The water budgeting factor
has been modeled on estimates and the responses of cropping water to varying weather
conditions. The daily evaporation of the pan (Epan) was considered a significant parameter.
It was widely used as an index of lake and reservoir evaporation, evapotranspiration, and
irrigation [6].

It is usually calculated in one of two ways, either (a) directly with pan evaporime-
ters or (b) indirectly with analytical and semi-empirical models dependent on climatic
variables [7,8]. However, the calculation has proved sensitive to multiple sources of error,
including strong wind circulation, pan visibility, and water depth measurement in the
pan, for various reasons, including physical activity in and around the pan, water litter,
and pan construction material and pan height. It can also be a repetitive, costly, and time-
consuming process to estimate monthly pan evaporation (EPm) using direct measurement.
As a result, in the hydrological field, the introduction of robust and reliable intelligent
models is necessary for precise estimation [9–14].

Several researchers have used meteorological variables to forecast Epan values, as
reported by [15–18]. Since evaporation is a non-linear, stochastic, and complex operation, a
reliable formula to represent all the physical processes involved is difficult to obtain [19].
In recent years, most researchers have commonly acknowledged the use of artificial in-
telligence techniques, such as artificial neural networks (ANNs), adaptive neuro-fuzzy
inference method (ANFIS), and genetic programming (G.P.) in hydrological parameter
estimation [15,20–22]. In estimating Epan, Sudheer et al. [23] used an ANN. They found
that the ANN worked better than the other traditional approach. For modeling western
Turkey’s daily pan evaporation, Keskin et al. [24] used a fuzzy approach. To estimate
regular Epan, Keskin and Terzi [25] developed multi-layer perceptron (MLP) models. They
found that the ANN model showed significantly better performance than the traditional
system. Tan et al. [26] applied the ANN methodology to model hourly and daily open water
evaporation rates. In regular Epan modeling, Kisi and Çobaner [27] used three distinct ANN
methods, namely, the MLP, radial base neural network (RBNN), and generalized regression
neural network (GRNN). They found that the MLP and RBNN performed much better
than GRNN. In a hot and dry climate, Piri et al. [28] have applied the ANN model to esti-
mate daily Epan. Evaporation estimation methods discussed by Moghaddamnia et al. [19]
were implemented based on ANN and ANFIS. The ANN and ANFIS techniques’ findings
were considered superior to those of the analytical formulas. The fuzzy sets and ANFIS
were used for regular modeling of Epan by Keskin et al. [29] and found that the ANFIS
method could be more efficiently used than fuzzy sets in modeling the evaporation process.
Dogan et al. [30] used the approach of ANFIS for the calculation of evaporation of the pan
from the Yuvacik Dam reservoir, Turkey. Tabari et al. [31] looked at the potential of ANN
and multivariate non-linear regression techniques to model normal pan evaporation. Their
findings concluded that the ANN performed better than non-linear regression. Using linear
genetic programming techniques, Guven and Kişi [20] modeled regular pan evaporation by
gene-expression programming (GEP), multi-layer perceptrons (MLP), radial basis neural
networks (RBNN), generalized regression neural networks (GRNN), and Stephens–Stewart
(SS) models. Two distinct evapotranspiration models have been used and found that
the subtractive clustering (SC) model of ANFIS produces reasonable accuracy with less
computational amounts than the ANFIS-GP ANN models [32].
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A modern universal learning machine proposed by Vapnik (1995) [33] is the support
vector machine (SVM), which is applied to both regression [30,34] and pattern recognition.
An SVM uses a kernel mapping device to map the input space data to a high-dimensional
feature space where the problem is linearly separable. An SVM’s decision function relates to
the number of support vectors (S.V.s) and their weights and the kernel chosen a priori, called
the kernel [1,21]. Several kinds of kernels are Gaussian and polynomial kernels that may
be used [10]. Moreover, artificial neural networks (ANN), wavelet-based artificial neural
networks (WANN), support vector machine (SVM) were applied at different combinations
of input variables by [23]. Their results showed that ANN, which contains three variables
of air temperatures and solar radiation, produces root mean square error (RMSE) of 0.701,
mean absolute error (MAE) of 0.525, correlation coefficient (R) of 0.990, and Nash–Sutcliffe
efficiency (NSE) of 0.977 had better performances in comparison with WANN and SVR.

In principle, wavelet decomposition emerges as an efficient approximation instru-
ment [18]; that is to say, a set of bases can approximate the random wavelet functions. To
approximate Epan, researchers used ANN, WANN, radial function-based support vector
machine (SVM-RF), linear function-based support vector machine (SVM-LF), and multi-
linear regression (MLR) models of climatic variables.

There have been many studies on the estimation of Epan based on weather variables
using data-driven methods. However, the estimation of Epan based on lag-time weather
variables, which can be obtained easily, is not standard. After testing different accept-
able combinations as input variables, the same inputs were used in artificial intelligence
processes. In the proposed study, the main objective is to (1) model Epan using ANN,
WANN, SVM-RF, SVM-LF, and MLR models under different scenarios and (2) to select the
best-developed model and scenario in Epan estimation based on statistical metrics. The
document’s format is as follows. Section 2 contains the study’s materials and methods:
Section 3 gives the statistical indexes and methodological properties. The models’ applica-
bility to evaporation prediction and the results are discussed in Section 4. The conclusion
is found in Section 5.

2. Materials and Methods

2.1. Study Area and Data Collection

Pusa is located in the Samastipur district of Bihar state, with latitude 25◦46′ N and
86◦10′ E. The location map of the study area is shown in Figure 1. Pusa lies 53 m above
mean sea level in a hot sub-humid agro-ecological region in the middle of the Gangetic
plain. The study area is located near the Burhi Ganadak river, a tributary of the Ganges
river. The study area is famous for the Dr. Rajendra Prasad Central Agricultural University,
a backbone of the study area’s development. The average rainfall for Pusa is 1270 mm, of
which 80% of the total rain falls during the monsoon season. The study area is fully covered
by the area of the southwest monsoon, which starts in June and eases off in September.
The maximum temperature varies from 32 to 38 ◦C during May and June. The minimum
temperature varies from 6 to 9 ◦C during December and January. The main crops grown in
the study area are wheat, maize, paddy, green gram, lentil, potato, and brinjal.

Meteorological data of the study area were gathered from the official “Dr. RPCAU”
website (https://www.rpcau.ac.in, accessed on 13 April 2021), Pusa, Bihar. This included
maximum and minimum temperatures (Tmax and Tmin, ◦C), relative humidity (RH-1,
percent) at 7 a.m. and at 2 p.m. (RH-2, percent), wind speed (WS, km/h), bright sunshine
hours (SSH, h) and daily pan evaporation (EPan, mm). For modeling pan evaporation,
five years daily data set between the month 1 June to 30 September means that a total of
610 datasets have been used as input. The same is used for output [35].

Figure 2 displays the climate parameters determined in a box-and-whisker plot be-
tween June 2013 and September 2017 (i.e., five-year duration), indicating minimum, first
quartile, median, third quartile, and maximum values.
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Figure 1. Location map of the study area.

 
Figure 2. Box-and-whisker plot of climatic parameters in the study area.

The box-and-whisker plot shows that the relative humidity, measured at 7 a.m. and 2 p.m.,
respectively, demonstrates the highest variability among other meteorological parameters.

2.2. Statistical Analysis

Table 1 presents the statistical analysis of maximum and minimum temperatures (Tmax
and Tmin, ◦C), relative humidity (RH-1, percent) at 7 a.m. and at 2 p.m. (RH-2, percent),
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wind speed (WS, km/h), bright sunshine hours (SSH, h) and daily pan evaporation (EPan,
mm). The statistical analysis includes mean, median, minimum, maximum, standard
deviation (Std. Dev.), kurtosis, and skewness values from 2013 to 2017. The given data is
moderate to highly skewed; due to this problem, there has been a considerable negative
effect on model performance. The standard deviation for the datasets shows that the
values that are farther from zero mean that the variability in the data is higher. Hence, the
variation of data from the mean value is higher. The statistical characteristics from the
kurtosis values depict the platykurtic and leptokurtic nature of the climatic parameters,
where kurtosis values are less than or greater than 3.

Table 1. Statistical constraints of climatic parameters from 2013 to 2017 in the study area.

Statistical Parameters Mean Median Minimum Maximum Std. Dev. Kurtosis Skewness

Tmax (◦C) 33.58 33.80 23.40 42.70 2.43 1.30 −0.11
Tmin (◦C) 25.87 26.00 21.40 29.60 1.31 0.37 −0.51
RH-1 (%) 88.42 89.00 55.00 98.00 5.39 4.27 −1.33
RH-2 (%) 68.83 68.00 23.00 97.00 12.17 0.65 −0.22

WS (km/h) 6.03 5.70 1.20 16.70 2.63 0.82 0.85
SSH (h) 5.36 5.55 0.00 12.70 3.50 −1.20 −0.02

EPan (mm) 3.85 3.70 0.00 13.00 1.67 2.34 0.89

Table 2 depicts the inter-correlation between climatic variables at the given station.
Thus, it can be observed that all climate parameters have a significant association with the
EPan at a significance level of 5%.

Table 2. Intercorrelation values between climatic parameters in the study area.

Climatic Variable Tmax Tmin RH-1 RH-2 WS SSH EPan

Tmax 1.00
Tmin 0.32 1.00
RH-1 −0.43 −0.29 1.00
RH-2 −0.51 −0.15 0.48 1.00
WS −0.07 0.02 −0.19 0.00 1.00
SSH 0.68 0.28 −0.42 −0.51 0.05 1.00
EPan 0.58 0.11 −0.30 −0.34 0.19 0.51 1.00

2.3. Data-Driven Techniques Used
2.3.1. Artificial Neural Network

The ANN methodology is a tool used to replicate the problem-solving mechanism
of the human brain. ANNs are incredibly robust at modeling and simulating linear and
non-linear systems. The ANN’s feed-forward back-propagation techniques were highly
emphasized among ANNs because their lower level of difficulty in the present study were
also used [36,37]. ANN consists of the input layer, output layer, and hidden layers between
the input and output layers. Each node within a layer is connected to all the following layer
nodes. Only those nodes within one layer are connected to the following layer nodes [29].
Each neuron receives processes and sends the signal to make functional relationships
between future and past events. These layers are attached with the interconnected weight
Wij and Wjk between the layers of neurons. The typical structure using input variables is
shown in Figure 3.

For this analysis, only one hidden layer network was used since it was considered
dynamic enough to forecast meteorological variables. There are some transfer functions
required to create an artificial neural network neuron. Transfer functions are needed to
establish the input–output relationship for each neuron layer. In this analysis, Levenberg–
Marquardt was used to train the model. A hyperbolic tangent sigmoid transfer function
was used to measure a layer’s output from its net input. The neural network learns
by changing the connection weights between the neurons. By using a suitable learning
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algorithm, the connection weights are altered using the training data set. The number of
hidden layers is typically determined by trial and error. A comprehensive ANN overview
is available [25,38,39].

 
Figure 3. Three-layered structure of the artificial neural network.

2.3.2. Wavelet Artificial Neural Network (WANN)

The wavelet analysis (WA) offers a spectral analysis dependent on the time that
explains processes and their relationships in time-frequency space by breaking down
time series [40]. WA is an effective method of time-frequency processing, with more
benefits than Fourier analysis [41]. WA is an improvement over the Fourier transformation
variant used to detect time functionality in data [40]. Wavelet transformation analysis,
breaking down time series into essential functions at different frequencies, improves the
potential of a predictive model by gathering sufficient information from different resolution
levels [25]. There is excellent literature on wavelet transforming theory [42,43]; we will
not go into it in depth here. It is vital to choose the base function carefully (called the
mother wavelet). The essential functions are generated by translation and dilation [44]. In
general, the discrete wavelength transformation (DWT) has been used preferentially in
data decomposition, as compared to continuous wavelet transformation (CWT), because
CWT is time-consuming [3,18].

The present used the DWT method for daily EPan (mm) estimation. DWT decomposes
the original input time series data of Tmax, Tmin, RH-1, RH-2, WS, and SSH into different
frequencies (Figure 4), adapted from Rajaee [44].

This analysis used three stages of the Haar à trous decomposition algorithm using
Equations (1) and (2):

Cr(t) = ∑+∞
l=0 h(l)Cr−1(t + 2r) (r = 1, 2, 3, . . . , n) (1)

Wr(t) = Cr−1(t)− Cr(t) (r = 1, 2, 3, . . . , n) (2)

where h(l) is the discrete low-pass filter, Cr(t) and Wr(t) (r = 1, 2, 3, . . . ., n) are scale
coefficient and wavelet coefficient at the resolution level. Two sets of filters, including
low and high passes, are employed by DWT to decompose the main time series. It is
discontinuous and resembles a step feature that is ideal for certain time series of abrupt
transitions. The abovementioned wave types were evaluated, and finally, the measured
monthly time series, H, were decomposed into multi-frequency time series including details
(HD1; HD2; . . . ; HDn) and approximation (Ha) by optimum DWT (Qasem et al., 2019).
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Figure 4. Schematic representation of WANN.

The obtained decomposed frequency values function as an ANN input. Hybridizing
the decomposed input time series data of Tmax, Tmin, RH-1, RH-2, WS, and SSH with ANN
results in a wavelet artificial neural network (WANN) [42]. Three levels of the Haar à trous
decomposition algorithm were used in this study. For the model’s training, the Levenberg–
Marquardt algorithm was used. The hyperbolic tangent sigmoid transfer function was also
used to measure a layer’s output from its net input.

2.3.3. Support Vector Machine

The support vector machine (SVM) was developed by [33] for classification and
regression procedures. The fundamental concept of an SVM is to add a kernel function,
map the input data by non-linear mapping into a high-dimensional function space, and
then perform a linear regression in the feature space [45]. SVM is a modern classifier
focused on two principles (Figure 5) adapted from Lin et al. [46]. First, data transformation
into a high-dimensional space can render complicated problems easier, utilizing linear
discriminate functions. Secondly, SVM is inspired by the training principle and uses only
specific inputs nearest to the decision region since they have the most detail regarding
classification [47].

Figure 5. SVM Layout.

We assume a non-linear function f (x) is given by:

f (x) = wTΦ(xi) + b (3)
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where w is the weight vector, b is the bias, and Φ(xi) is the high dimensional feature space,
linearly mapped from the input space x. Equation (3) can be transformed into higher
dimensions and gives final expression as:

f (x) = ∑m
i=1

(
α+i − α−i

)
K
(

xi, xj
)
+ b; (4)

where, α+i ,α−i are Lagrangian multipliers which are used to eliminate some primal variables,
and the term K

(
xi, xj

)
is the kernel function. The derivation and excellent literature about

SVM can be obtained from [48]. The study’s kernel function was a linear function (LF) and
radial function (RF).

• Linear kernel function (LF): the most basic form of kernel function is written as:

K
(

xi, xj
)
=

(
xi, xj

)
(5)

• Radial basis function (RBF): a mapping of RBF is identically represented as Gaussian
bell shapes:

K
(

xi, xj
)
= exp

(
−γ|∣∣xi − xj

∣∣|2) (6)

where γ is the Gaussian RBF kernel parameter width; the RBF is widely used among
all the kernel functions in the SVM technique.

The efficiency of the SVR technique depends on the environment for an ε-insensitive
loss function of three training parameters (kernel, C, γ, and ε). However, the values
of C and ε influence the complexity of the final model for every specific type of kernel.
The ε value measures the number of support vectors (SV) used for predictions. The best
value of ε intuitively results in fewer supporting vectors, leading to less complicated
regression estimates. However, C’s value is the trade-off between model complexity and
the degree of deviations permitted within the optimization formulation. Therefore, a more
considerable value of C undermines model complexity [49]. The selection of optimum
values for these training parameters (C and ε) guaranteeing fewer complex models is an
active research area.

2.3.4. Multiple Linear Regression (MLR)

A linear regression analysis in which more than one independent variable is involved
is called MLR. The advantage of MLR is that it is simple, showing how dependent variables
interact with independent variables. The overall model of the MLR is:

y = c0 + c1x1 + c2x2 + . . . + cnxn (7)

where y is the dependent variable, and x1, x2, . . . , xn are independent variables, c1, c2, . . . ,
cn are regression coefficients, and c0 is intercepted. These values are the local behavior
calculated using the least square rule or other regression [27].

2.4. Modeling Methodology

In the present study, the daily pan evaporation (EPan) was estimated based on different
input climatic variables (Tmax, Tmin, RH-1, RH-2, W.S., and S.S.H.). The five different
techniques used for estimation were the artificial neural network (ANN), wavelet-based
artificial neural network (WANN), radial function-based support vector machine (SVM-RF),
linear function-based support vector machine (SVM-LF), and multi-linear regression (MLR)
models. The climatic parameters were collected from 2013 to 2017 and split into three
different scenarios, based on the percentage of training and testing datasets for model
development (Table 3).
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Table 3. Different scenarios of training and testing datasets used in this study.

Scenarios Training Data Length (%) Testing Data Length (%)

Scenario 1 60% (2013–2015) 40% (2016–2017)
Scenario 2 70% 30%
Scenario 3 80% (2013–2016) 20% (2017)

Scenario 1 contains 60% (2013–2015) data for training and 40% (2016–2017) data for
testing. Scenario 2 contains 70% data for training and 30% data for testing from 2016.
Scenario 3 contains 80% (2013–2016) data for training and 20% (2017) data for testing. The
training datasets were used for calibration purposes, while the testing dataset was used for
validation purposes.

The results of the applied models in three different scenarios were evaluated through
different performance evaluators described in Section 2.5.

2.5. Performance Evaluation Criteria

There were four criteria used to measure the performance of the scenarios mentioned
above, quantitatively evaluated using root mean square error (RMSE), Nash–Sutcliffe
Efficiency (NSE), Pearson’s correlation coefficient (PCC), and Willmott index (W.I.), and
qualitatively evaluated through graphical interpretation (time-series plot, scatter plot,
and Taylor diagram). The RMSE range is zero to infinity (0 < RMSE < ∞); the lower the
RMSE, the better the model’s performance. The NSE ranges from minus infinity to one
(−∞ < NSE < 1). NSE below zero (NSE < 0) indicates that the observed mean only as strong
as the average, whereas negative values suggest that the observed mean a more robust
indicator than the average [48]. The PCC is also known as the correlation coefficient and is
used to calculate the degree of collinearity between observed and estimated values. The
PCC varies from minus one to plus one (−1 < PCC < 1) [39]. The WI is also known as the
index of agreement. The WI ranges from zero to one (0 < WI < 1); approximately 1 is ideal
agreement/fit [3]. The most accurate models were selected based on the highest values of
PCC, NSE, and WI, while showing the lowest values of RMSE among all developed models.

RMSE =

√√√√∑N
i=1

(
Epobs,i − Ep pre,i

)2

N
; (8)

NSE = 1 −
⎡
⎣∑N

i=1 (Epobs,i − Ep pre,i)
2

∑N
i=1 (Epobs,i − Epobs,i)

2

⎤
⎦; (9)

PCC =
∑N

i=1 (Epobs,i − Epobs,i)(Ep pre,i − Ep pre,i)√
∑N

i=1

(
Epobs,i − Epobs,i

)2
∑N

i=1

(
Ep pre,i − Ep pre,i

)2
; (10)

WI = 1 −
∑N

i=1

(
Epobs,i − Ep pre,i

)2

∑N
i=1

(∣∣∣Ep pre,i − Epobs,i

∣∣∣+∣∣∣Epobs,i − Epobs,i

∣∣∣)2 . (11)

where Epobs,i, Ep pre,i observed and predicted pan evaporation values on the ith day.

Epobs,i, Ep pre,i are average of observed and predicted values, respectively.

3. Results

3.1. Quantitative and Qualitative Evaluation of Results

This section deals with quantitative and qualitative results obtained for the developed
models. ANN and WANN trials were conducted depending on the different number of
neurons in hidden layers. In contrast, SVM-LF and SVM-RF trials were performed by
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taking several values of SVM-g, SVM-c, and SVM-e parameters. These were represented in
Tables 4–6 as a structure for the model.

3.2. Comparison of Training and Testing Datasets for Scenario 1

The training results obtained by ANN, Wavelet, and SVM have been shown in Table 4.
As depicted in Table 4, for three developed ANN models, namely ANN-1, ANN-2, and
ANN-3, ANN-1 has the highest PCC value of 0.832, the lowest RMSE value of 0.993, the
highest NSE value of 0.685, and the highest WI value of 0.904.

Similarly, for the developed WANN model, WANN-1 has shown better performance,
with a PCC value of 0.773. Furthermore, the WANN model also has the lowest RMSE value
of 1.123, the highest NSE value of 0.597, and the highest WI value of 0.860. Furthermore,
among developed SVM-RF and SVM-LF models, SVM-RF-3 has shown better performance
than other developed models. The SVM-RF-3 model has the highest PCC value of 0.857;
it has the lowest RMSE value of 0.956, the highest NSE value of 0.708, and the highest
WI value of 0.895 during training datasets. The value of PCC, RMSE, NSE, and WI for
MLR techniques was 0.695, 1.274, 0.483, and 0.800. Thus, it can be stated that SVM-RF
has modeled the Epan most efficiently of all the machine learning algorithms developed
for training.

Table 4. Results for ANN, WANN, SVM-RF, SVM-LF, and M.L.R. during the training and testing
period for Scenario 1 (60–40: Training–Testing).

Model Structure Dataset PCC RMSE NSE WI

ANN-1 6-5-1
Training 0.832 0.993 0.685 0.904
Testing 0.589 1.387 0.136 0.708

ANN-2 6-8-1
Training 0.739 1.254 0.498 0.840
Testing 0.585 1.486 0.010 0.732

ANN-3 6-12-1
Training 0.769 1.157 0.573 0.846
Testing 0.531 1.529 −0.048 0.705

WANN-1 24-6-1
Training 0.773 1.123 0.597 0.860
Testing 0.505 1.394 0.129 0.676

WANN-2 24-11-1
Training 0.694 1.286 0.472 0.813
Testing 0.428 1.491 0.003 0.614

WANN-3 24-16-1
Training 0.634 1.502 0.281 0.766
Testing 0.477 1.643 −0.211 0.681

SVM-RF-1 c = 1, ε = 0.001, γ = 0.16
Training 0.777 1.122 0.599 0.856
Testing 0.595 1.369 0.159 0.746

SVM-RF-2 c = 1, ε = 0.01, γ = 0.16
Training 0.794 1.088 0.622 0.864
Testing 0.604 1.344 0.190 0.749

SVM-RF-3 c = 1, ε = 0.1, γ = 0.16
Training 0.857 0.956 0.708 0.895
Testing 0.607 1.349 0.183 0.749

SVM-LF-1 c = 1, ε = 0.1, γ = 0.5
Training 0.687 1.297 0.463 0.804
Testing 0.592 1.406 0.113 0.731

SVM-LF-2 c = 1, ε = 0.1, γ = 0.8
Training 0.687 1.297 0.463 0.804
Testing 0.592 1.406 0.113 0.731

SVM-LF-3 c = 1, ε = 0.1, γ = 0.16
Training 0.687 1.297 0.463 0.807
Testing 0.592 1.406 0.113 0.731

MLR
Training 0.695 1.274 0.483 0.800
Testing 0.587 1.345 0.188 0.725

Among developed ANN models, ANN-1 has the highest PCC value of 0.589; it has the
lowest RMSE value of 1.387 and the highest NSE value of 0.136. Similarly, for the WANN
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model, WANN-1 has shown better performance with a PCC value of 0.505, the lowest
RMSE value of 1.394, the highest NSE value of 0.129, and a WI value of 0.676.

Furthermore, among developed SVM-RF and SVM-LF models, SVM-RF-3 has shown
better performance than other developed models. The SVM-RF-3 model has the highest
PCC value of 0.607, RMSE value of 1.349, NSE value of 0.183, and the highest WI value
of 0.749 training datasets. The values of PCC, RMSE, NSE, and WI for MLR techniques
were 0.587, 1.345, 0.188, and 0.725, respectively. The scatter plot and line diagram for the
testing data set has been shown in Figure 6. From the line diagram, it can be observed that
the obtained results were under-predicted for all models. The scatter plot shows that the
highest value of the determination (R2) coefficients was obtained for the SVM-RF model.
Thus, it can be suggested that SVM-RF has modeled the Epan most efficiently among all the
machine learning algorithms developed for testing.

3.3. Comparison of Training and Testing Datasets for Scenario 2

In Scenario 2, 70% of the entire data set has been used for training, and the rest of the
data has been used for testing the developed model. The training results obtained by ANN,
Wavelet, and SVM have been shown in Table 5.

As shown in Table 5, among three developed ANN models, the ANN-1 has the highest
PCC value of 0.760, the lowest RMSE value of 1.180, the highest NSE value of 0.577, and
the highest WI value of 0.854. Similarly, for the WANN model, WANN-2 has shown better
performance with a PCC value of 0.725, a lowest RMSE value of 1.264, a highest NSE value
of 0.515, and a highest WI value of 0.831. Furthermore, among developed SVM-RF and
SVM-LF models, SVM-RF-3 has shown better performance than other developed models.
The SVM-RF-3 model has the highest PCC value of 0.812, the lowest RMSE value of 1.262,
the highest NSE value of 0.650, and the highest WI value of 0.714 during training datasets.
The values of PCC, RMSE, NSE, and WI for MLR techniques were 0.693, 1.308, 0.481, and
0.799, respectively, during training processes. Thus, it can be stated that SVM-RF has
modeled the Epan most efficiently among all the machine-learning algorithms developed
for training.

Figure 6. Cont.
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Figure 6. Line and scatter plot between observed and predicted data at Scenario 1 for (a) ANN, (b) WANN (c) SVM-RF,
(d) SVM-LF, and (e) MLR for the study area.

For Scenario 2, where 30% of the data set has been used for testing, model ANN-1 has
the highest PCC value of 0.547, the lowest RMSE value of 1.222, the highest NSE value of
0.046, and a WI value of 0.704 among ANN models. Similarly, WANN-1 has shown better
performance, with a PCC value of 0.457, the lowest RMSE value of 1.252, the highest NSE
value of −0.002, and the highest WI value of 0.639 WANN models. Furthermore, SVM-RF-3
has shown better performance as compared to other developed models among SVM-RF
and SVM-LF models. The SVM-RF-3 model has the highest PCC value of 0.568, the lowest
RMSE value of 1.262, and the highest WI value of 0.714 during training datasets. The values
of PCC, RMSE, NSE, and WI for MLR techniques were 0.531, 1.262, −0.017, and 0.700,
respectively. The scatter plot and line diagram for testing have been shown in Figure 7. It
can be seen from the line diagram that the obtained results were under-predicted for all
models. The scatter plot showed that the highest value of the coefficient of determination
(R2) was obtained for SVM-RF models of 0.3221. Thus, it can be shown that SVM-RF has
modeled the Epan most efficiently among all the machine learning algorithms developed
for testing.
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Figure 7. Line and scatter plots between observed and predicted data at Scenario 2 for (a) ANN, (b) WANN (c) SVM-RF,
(d) SVM-LF, and (e) MLR, for the study area.
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Table 5. Results for ANN, WANN, SVM-RF, SVM-LF, and MLR during training and testing period
for Scenario 2 (70–30: Training–Testing).

Model Structure Dataset PCC RMSE NSE WI

ANN-1 6-1-1
Training 0.760 1.180 0.577 0.854
Testing 0.547 1.222 0.046 0.704

ANN-2 6-4-1
Training 0.749 1.209 0.557 0.842
Testing 0.535 1.333 −0.135 0.691

ANN-3 6-10-1
Training 0.716 1.278 0.504 0.824
Testing 0.546 1.235 0.026 0.727

WANN-1 24-1-1
Training 0.672 1.344 0.452 0.781
Testing 0.439 1.316 −0.106 0.602

WANN-2 24-6-1
Training 0.725 1.264 0.515 0.831
Testing 0.457 1.252 −0.002 0.639

WANN-3 24-9-1
Training 0.716 1.281 0.502 0.802
Testing 0.413 1.275 −0.039 0.604

SVM-RF-1 c = 1, ε = 0.001, γ = 0.16
Training 0.764 1.178 0.579 0.847
Testing 0.560 1.285 −0.055 0.704

SVM-RF-2 c = 1, ε = 0.01, γ = 0.16
Training 0.765 1.177 0.579 0.848
Testing 0.561 1.286 −0.056 0.705

SVM-RF-3 c = 1, ε = 0.1, γ = 0.16
Training 0.812 1.073 0.650 0.875
Testing 0.568 1.262 −0.018 0.714

SVM-LF-1 c = 1, ε = 0.1, γ = 0.9
Training 0.689 1.326 0.466 0.805
Testing 0.539 1.356 −0.175 0.696

SVM-LF-2 c = 1, ε = 0.01, γ = 0.16
Training 0.688 1.330 0.463 0.807
Testing 0.542 1.360 −0.182 0.700

SVM-LF-3 c = 1, ε = 0.1, γ = 0.16
Training 0.689 1.326 0.466 0.805
Testing 0.539 1.356 −0.175 0.696

MLR
Training 0.693 1.308 0.481 0.799
Testing 0.531 1.262 −0.017 0.700

3.4. Comparison of Training and Testing Datasets for Scenario 3

In Scenario 3, 80% of the total dataset was used for training periods, while the rest,
20%, was used to test the models. The training results obtained by ANN, wavelet analysis,
and SVM have been shown in Table 6.

As depicted from Table 6, for developed ANN models, model ANN-3 has the highest
PCC value of 0.520; it has an RMSE value of 1.333 and a W.I. value of 0.688. Similarly, for
the WANN model, WANN-1 has shown better performance with a PCC value of 0.725, the
lowest RMSE value of 1.213, the highest NSE value of 0.519, and the highest WI value of
0.812. Further, SVM-RF-3 has shown better performance compared to other developed
models. The SVM-RF-3 model has the highest PCC value of 0.893, the lowest RMSE value
of 0.858, the highest NSE value of 0.760, and the highest WI value of 0.913 during training
datasets. The values of PCC, RMSE, NSE, and WI for MLR techniques were 0.688, 1.269,
0.474, and 0.795, respectively. Thus, it can be depicted that SVM-RF has modeled the Epan
most efficiently among all the machine learning algorithms developed for training.

For testing datasets, for developed ANN models, ANN-3 has the highest PCC value
of 0.520, an RMSE value of 1.333, and the highest W.I. value of 0.688. Similarly, for the
WANN model, WANN-1 has shown better performance with a PCC value of 0.467, an
RMSE value of 1.447, and WI value of 0.639. Furthermore, among developed SVM-RF and
SVM-LF models, SVM-RF-1 has shown better performance than other developed models.
The SVM-RF-1 model has the highest PCC value of 0.528, the lowest RMSE value of 1.411,
and the highest WI value of 0.665 during the testing of datasets.
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Table 6. Results for ANN, WANN, SVM-RF, SVM-LF, and M.L.R. during the training and testing
period for Scenario 3 (80–20: Training–Testing).

Model Structure Dataset PCC RMSE NSE WI

ANN-1 6-1-1
Training 0.701 1.250 0.490 0.809
Testing 0.512 1.321 −0.152 0.681

ANN-2 6-9-1
Training 0.764 1.136 0.578 0.847
Testing 0.514 1.260 −0.049 0.695

ANN-3 6-13-1
Training 0.789 1.079 0.620 0.879
Testing 0.520 1.333 −0.172 0.688

WANN-1 24-2-1
Training 0.725 1.213 0.519 0.812
Testing 0.467 1.447 −0.382 0.608

WANN-2 24-7-1
Training 0.693 1.267 0.476 0.813
Testing 0.369 1.434 −0.357 0.586

WANN-3 24-11-1
Training 0.721 1.221 0.513 0.812
Testing 0.439 1.334 −0.175 0.603

SVM-RF-1 c = 1, ε = 0.001, γ = 0.16
Training 0.768 1.128 0.584 0.849
Testing 0.527 1.415 −0.322 0.660

SVM-RF-2 c = 1, ε = 0.1, γ = 0.2
Training 0.850 0.951 0.705 0.894
Testing 0.526 1.413 −0.318 0.664

SVM-RF-3 c = 1, ε = 0.1, γ = 0.16
Training 0.893 0.858 0.760 0.913
Testing 0.528 1.411 −0.315 0.665

SVM-LF-1 c = 1, ε = 0.1, γ = 0.3
Training 0.684 1.286 0.460 0.802
Testing 0.496 1.453 −0.394 0.658

SVM-LF-2 c = 1, ε = 0.1, γ = 0.6
Training 0.684 1.286 0.460 0.802
Testing 0.496 1.453 −0.394 0.658

SVM-LF-3 c = 1, ε = 0.001, γ = 0.16
Training 0.683 1.286 0.460 0.803
Testing 0.490 1.465 −0.417 0.654

MLR
Training 0.688 1.269 0.474 0.795
Testing 0.506 1.363 −0.227 0.665

The values of PCC, RMSE, NSE, and WI for MLR techniques were 0.506, 1.363, −0.227,
and 0.665. The scatter plot and line diagram for testing have been shown in Figure 8.
From the line diagram, it has been observed that obtained results were under-predicted
and over-predicted for all models. The scatter plot showed that the highest value of the
coefficient of determination (R2) was obtained for SVM-RF models of 0.2791. Thus, it can
be seen that SVM-RF has modeled the daily Epan most efficiently among all the machine
learning algorithms developed for testing.

The comparative results of training and testing data results have been shown in
Table 7. This table could suggest that training and testing data using the SVM-RF model,
Epan, can be modeled more accurately than ANN and WANN.

The performance of models from best to lowest is SVM > ANN > MLR > WANN
for all three scenarios. Table 7 also showed that the WANN model performed poorly
compared to other models. This is because wavelet transformation does not reveal the
hidden information present in the primary time-series data through different sub-series. It
is also observed that, with an increase in the sample set for training, the testing data will
show a less accurate modeled result.
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Figure 8. Line and scatter plot between observed and predicted data at scenario 3 for (a) ANN, (b) WANN (c) SVM-RF,
(d) SVM-LF, and (e) MLR, for the study area.
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The comparative result of all three scenarios of all developed models has also been
shown through Taylor’s diagram [50] in Figure 9a–c, which acquires information based on
correlation coefficient, standard deviation, and root mean square difference [27]. Figure 9a–c
indicates that the SVM-RF model predictions in all three scenarios are very close to the
daily values of Epan, which are tending more toward observed point values at abscissa.
The performance-based correlation coefficient, standard deviation, and root mean square
difference are also superior compared to others. Therefore, the SVM-RF model with Tmax,
Tmin, RH-1, RH-2, WS, and SSH climate variables can be used for daily Epan estimation at
the Pusa station.

(a) (b) 

 
(c) 

Figure 9. Taylor diagrams of ANN, WANN, SVM-RF, SVM-LF, and MLR corresponding to (a) Scenario 1, (b) Scenario 2, (c)
Scenario 3 during the testing period at the study site.
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Table 7. Results for best ANN, WANN, SVM-RF, and MLR during the training and testing period for
all scenarios.

Scenario Model Dataset PCC RMSE NSE WI

1

ANN-1 Training 0.832 0.993 0.685 0.904
Testing 0.589 1.387 0.136 0.708

WANN-1 Training 0.773 1.123 0.597 0.860
Testing 0.505 1.394 0.129 0.676

SVM-RF-3 Training 0.857 0.956 0.708 0.895
Testing 0.607 1.349 0.183 0.749

MLR Training 0.695 1.274 0.483 0.800
Testing 0.587 1.345 0.188 0.725

2

ANN-1 Training 0.760 1.180 0.577 0.854
Testing 0.547 1.222 0.046 0.704

WANN-2 Training 0.725 1.264 0.515 0.831
Testing 0.457 1.252 −0.002 0.639

SVM-RF-3 Training 0.812 1.073 0.650 0.875
Testing 0.568 1.262 −0.018 0.714

MLR Training 0.693 1.308 0.481 0.799
Testing 0.531 1.262 −0.017 0.700

3

ANN-3 Training 0.789 1.079 0.620 0.879
Testing 0.520 1.333 −0.172 0.688

WANN-1 Training 0.725 1.213 0.519 0.812
Testing 0.467 1.447 −0.382 0.608

SVM-RF-3 Training 0.893 0.858 0.760 0.913
Testing 0.528 1.411 −0.315 0.665

MLR Training 0.688 1.269 0.474 0.795
Testing 0.506 1.363 −0.227 0.665

4. Discussion

Our results as obtained are similar to the results of [17,39]. They modeled pan evap-
oration and found that the ANN and SVR models achieved high correlation coefficients
ranging from 0.81 to 0.90. In addition, our findings are in agreement with Cobaner [15],
who observed that the ANN model with Bayesian Regularization (BR) and algorithm dur-
ing training, validation, and testing generated 0.76, 0.67, and 0.72, respectively. Applying
Levenberg–Marquardt (LM) algorithm, the corresponding values were 0.77, 0.69, and 0.71,
respectively. Furthermore, for SVR, this model’s findings are close to those of Tezel and
Buyukyildiz [51]. They concluded that the SVR gave high correlations, ranging from 0.86
to 0.90, for evaporation forecasting. Moreover, the results obtained with SVR are in line
with Pammar and Deka [52]. They stated that the correlation coefficients and RMSE ranged
from 0.79 to 0.84 and from 0.90 to 1.03 under the different kernels. The values of RMSE
conducted by Alizamir et al. [17] were 0.836 and 0.882 for ANN 4-6-6-1 and 1.028 and
1.106 for MLR models through the training and testing period. Their results found that
ANN’s evaporation estimation was better than the estimation through MLR and agreed
with the present study results. The ANN model of pan evaporation, with all available
variables as inputs, proposed by Rahimi Khoob [21] was the most accurate, delivering an
R2 of 0.717 and an RMSE of 1.11 mm independent evaluation data set, which correlates
with our outcomes. As reported by Keskin and Terzi [25], the R2 values of the ANN 3,
6, 1, ANN 6, 2, 1, and ANN 7, 2, 1 model equaling 0.770, 0.787, and 0.788 for modeling
Epan are also acceptable and agree with our results. These developed models produced a
more acceptable outcome than Kim et al. [53]. The latter stated that the ANN and MLR
generated R2 values ranging from 0.69 to 0.74 and from 0.61 to 0.64. The RMSE for these
models varied from 1.38 to 1.48 and from 1.56 to 1.60, respectively. However, all developed
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models in this manuscript could not capture the variability of extreme values present in
the input and output parameters at the given study location. The models’ efficiency might
be improved if the extreme values are removed. This is one of the limitations of the study
outlined in this paper.

5. Conclusions

Evaporation processes are strongly non-linear and stochastic phenomena affected by
relative humidity, temperature, vapor pressure deficit, and wind speed. In the present
study, daily pan evaporation (Epan) estimation was evaluated using ANN, WANN, SVM-
RF, SVM-LF, and MLR models. The input climatic variables for the estimation of daily Epan
were: maximum and minimum temperatures (Tmax and Tmin), relative humidity (RH-1 and
RH-2), wind speed (W.S.), and bright sunshine hours (SSH). The free availability of these
meteorological parameters for other stations in Bihar, India, is a significant concern and
limitation of this research. The proposed models were trained and tested in three separate
scenarios, i.e., Scenario 1, Scenario 2, and Scenario 3, utilizing different percentages of
data points. The models above were evaluated using statistical tools, namely, PCC, RMSE,
NSE, and WI, through visual inspection using a line diagram, scatter plot, and Taylor
diagram. Research results evidenced the SVM-RF model’s ability to estimate daily Epan,
integrating all weather details like Tmax, Tmin, RH-1, RH-2, WS, and SSH The SVM-RF
model’s dominance was found at Pusa station for all scenarios investigated. It is also
clear that, with an increase in the sample set for training, the testing data will show a less
accurate modeled result. Since the Pusa dataset has many extreme values, the developed
model could not capture extreme values very efficiently; this is one of the limitations of this
paper. Overall, the current research outcome showed the SVM-RF model’s viability as a
newly established data-intelligent method to simulate pan evaporation in the Indian area. It
can be extended to many water resource engineering applications. It is also recommended
that SVM-RF models can be applied under the same climatic conditions and the availability
of the same meteorological parameters.
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Abstract: The Mediterranean Basin, located in a transition zone between the temperate and rainy
climate of central Europe and the arid climate of North Africa, is considered a major hotspot of climate
change, subject to water scarcity and drought. In this work, dry and wet spells have been analyzed
in the Wadi Cheliff basin (Algeria) by means of annual precipitation observed at 150 rain gauges in
the period 1970–2018. In particular, the characteristics of dry and wet spells (frequency, duration,
severity, and intensity) have been evaluated by means of the run theory applied to the 12-month
standardized precipitation index (SPI) values. Moreover, in order to detect possible tendencies in the
SPI values, a trend analysis has been performed by means of two non-parametric tests, the Theil–Sen
and Mann–Kendall test. The results indicated similar values of frequency, severity, duration, and
intensity between the dry and the wet spells, although wet events showed higher values in the
extreme. Moreover, the results of the trend analysis evidenced a different behavior between the
northern side of the basin, characterized by a negative trend in the 12-month SPI values, and the
southern side, in which positive trends were detected.

Keywords: drought; SPI; run theory; Sen’s estimator; Mann–Kendall; Wadi Cheliff Basin

1. Introduction

Drought, similar to floods, is a dangerous natural hazard that can affect almost every
region of the world at any time. Its genesis and course depend on many factors, both natural
and those resulting from human pressure. Unlike floods, drought develops gradually and
exhibits a high temporal inertia, so its symptoms are often underestimated and mistakenly
perceived as less of a threat to humans compared to other natural disasters. Long-term
droughts affect all sectors of the economy and, as a result, society as a whole. Drought
is mainly related to a rainfall deficit leading to a decrease in water supplies affecting
the flora and fauna of a given region [1,2]. Meteorological drought is characterized by a
deficit of precipitation, an elevated temperature, and low humidity. These anomalies then
propagate to impact the surface water and groundwater sources, ecosystems, and human
activities. The impact of drought on society, the environment, and the economy depends
on its duration and spatial extent. Water stress or water deficit caused by drought has a
substantial influence on low production in major agricultural crops [3,4].

The extent of the water deficit on the land surface can be quantified by various
indices based on meteorological variables. These include the Palmer Drought Severity
Index (PDSI), the Crop Moisture Index (CMI), the Surface Water Supply Index (SWSI),
the Rainfall Anomaly Index (RAI), the Standardized Precipitation Index (SPI), and the
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Standardized Precipitation Evapotranspiration Index (SPEI) [5,6]. The World Meteoro-
logical Organization has recommended that the standardized precipitation index (SPI)
developed by McKee et al. [7] is used as a universal meteorological drought index because
of its standardized form and the lower requirement of available data that is needed [8–11].
For example, a study described by Ekewzuo and Ezeh [12] and performed in West Africa
used a 3-month SPI and showed that the most exposed area to extreme drought conditions
occurs over the northern Sahel domain though the frequency of occurrence is very low.

In general, climate change has worsened the extremes of high temperature and both
low and high precipitation, and thus has increased the risk of drought [13,14]. For example,
Vilaj et al. [15] reported that the SPI reveals an increasing occurrence of droughts in Kerala,
India, caused by a decreasing trend of extreme precipitation indexes and an increasing trend
of extreme temperature indexes. Algeria is a good example of the worrying manifestations
of climate change. As Hadour et al. [16] reported for the RCP8.5 scenario, a decrease in
winter rains for the 2039, 2069, and 2099 horizons is projected, while the temperatures
will increase. To help with water management under this increasing risk of drought,
spatially detailed long-term meteorological data are needed. These data can inform an
analysis of the tendency of meteorological drought indicators and better represent their
spatiotemporal complexity. The western part of Algeria has experienced several droughts
over the last century [16–18]. Drought effects within the country are modulated by the
high heterogeneity of the spatial distribution of the rainfall [19].

The variability of precipitation and thus the variability of the drought intensity is
linked with many physical mechanisms. For example, in the Iberian Peninsula, Vicente-
Serrano et al. [20] linked the increasing drought tendency with greater atmospheric evapo-
rative demand associated with temperature rises. Markonis et al. [21] showed that drier
conditions over the Mediterranean are in accordance with a recent north–south polarization
of drought patterns over Europe. Parry et al. [22] analyzed three major pan-European
droughts in the second half of the twentieth century through synoptic conditions and
large-scale circulation patterns, emphasizing that each major drought episode had its
own unique spatiotemporal signature. Studies performed by Littman [23] evidenced the
influence of the phase pace of the NAO (North Atlantic Oscillation) teleconnection pattern
on the precipitation and temperature variability in Turkey. Kingston et al. [24] found that
the combination of the NAO and the EA/WR circulation patterns was the most important
driver of drought that the European land area was experiencing on a monthly time scale.
López-Moreno and Vicente-Serrano [25] found opposing NAO–SPI relationships between
northern and southern Europe. Precipitation and drought are also linked to sea surface
temperature (SST) anomalies [26,27].

The Wadi Cheliff is the longest river in Algeria and plays a vital role in its socio-
economic development. The Wadi originates from the Saharan Atlas, near Aflou in the
mountains of the Jebel Amour, and has a length of approximately 750 km, flowing into
the Mediterranean Sea. Accordingly, the present paper shows the results from an analysis
of meteorological drought performed on a large number of (150) rainfall stations with
long-term precipitation records, which is a unique contribution for the Wadi Cheliff basin.

The aim of the paper is the spatiotemporal analysis of the Standardized Precipitation
Index (SPI) variability on the Wadi Cheliff basin in the period 1970–2018. Run theory has
been applied on the 12-month SPI series and some characteristics of the drought and wet
spells have been identified. Additionally, trends of annual 12-month SPI are shown.

2. Materials and Methods

2.1. Study Area and Data

The Wadi Cheliff Basin (WCB) covers an area of 43,750 km2 and lies between 00◦07′44′′ E
and 03◦31′07′′ E and between 33◦53′13′′ N and 36◦26′34′′ N (Figure 1). The topography of
the basin is complex and rugged. The altitude varies from −4 m to 1969 m.
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Figure 1. Location of the study area and of the selected 150 rain gauges on an elevation map, along with the distribution of
the average annual precipitation evaluated from the 150 rain gauges with a spline interpolation.

Climatically, the basin is arid and semi-arid. The mean annual temperature decreases
gradually from the north to south as the elevation increases going upstream [28]. The
mean annual precipitation recorded at different stations (1970–2018) ranged from 161 mm
to 662 mm, 80% of which fell between November and March. For this study, datasets of
several rainfall stations (Figure 1) with long-term annual precipitation records from 1970 to
2018 across the WCB were taken from the National Agency of the Water Resources (ANRH).
However, the period of the records for these stations varies and some have missing records.
To improve the data quality, only the observing stations with data series accounting for
70% or more of the overall period were chosen for our study. After excluding the stations
with too many missing values, the double mass curve technique was used to analyze the
remaining missing data. The data was subjected to quality control and data gap filling
using the linear regression method. The period of study was chosen as 1970–2018, which is
as long as possible based on the availability of recorded data for the majority of the stations
in the region [29].

2.2. The Standardized Precipitation Index (SPI)

The SPI is an index by which we can evaluate wet and the dry spells for any region
in the world. According to McKee et al. [7], drought has a beginning date, an end date, a
drought intensity and a drought magnitude. The SPI quantifies the intensity of a drought
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or wet spell and is mathematically based on the cumulative probability of the precipitation
amount recorded at each station.

A period of observation at one meteorological station was used to determine the
parameters of scaling and the forms of precipitation probability density function:

g(x) =
1

βαΓ(α)
xα−1e−x/β for x > 0 (1)

where α and β are the shape and scale parameters respectively, x is the precipitation
amount and Γ(α) is the gamma function. The gamma function is defined as follows:

Γ(α) =
∫ ∞

0
yα−1e−ydy. (2)

The shape and scale parameters can be estimated using the approximation of Thom [30]:

α =
1

4A

(
1 +

√
1 +

4A
3

)
, (3)

and
β =

x
α

, (4)

with

A = ln(x)− ∑ ln(x)
n

, (5)

where x is the mean value of the precipitation quantity; n is the precipitation measurement
number; x is the quantity of the precipitation in a sequence of data.

The acquired parameters were further applied to determine the cumulative probability
of a certain precipitation for a specific time period in a time scale of all the recorded
precipitation. The cumulative probability can be presented as:

G(x) =
∫ x

0
g(x)dx =

1
βαΓ(α)

∫ x

0
xα−1e−x/βdx, (6)

Since the gamma distribution is undefined for a rainfall amount x = 0, in order to take
into account the zero values that occur in a sample set, a modified cumulative distribution
function (CDF) must be considered.

H(x) = q + (1 − q)G(x), (7)

with G(x) the CDF and q the probability of zero precipitation, given by the ratio between
the number of zeros in the rainfall series (m) and the number of observations (n).

The calculation of the SPI is presented on the basis of the following equation [31,32]

SPI =

⎧⎨
⎩

−
(

t − c0+c1t+c2t2

1+d1t+d2t2+d3t3

)
0 < H(x) ≤ 0.5

+
(

t − c0+c1t+c2t2

1+d1t+d2t2+d3t3

)
0.5 < H(x) ≤ 1.0

, (8)

where t is determined as:

t =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

√
ln
(

1
(H(x))2

)
0 < H(x) ≤ 0.5√

ln
(

1
(1−H(x))2

)
0.5 < H(x) ≤ 1.0

, (9)

and c0, c1, c2, d1, d2 and d3 are coefficients whose values are:
c0 = 2.515517, c1 = 0.802853, c2 = 0.010328
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d1 = 1.432788, d2 = 0.189269 d3 = 0.001308
According to the criteria of McKee et al. [7], severe and extreme droughts correspond

to categories of negative SPI (below-average precipitation amount), as shown in Table 1.

Table 1. Climate classification according to the SPI values.

SPI Value Class Probability (%)

SPI ≥ 2.00 Extremely wet 2.3
1.50 ≤ SPI < 2.00 Severely wet 4.4
1.00 ≤ SPI < 1.50 Moderately wet 9.2
0.00 ≤ SPI < 1.00 Mildly wet 34.1
−1.00 ≤ SPI < 0.00 Mild drought 34.1
−1.50 ≤ SPI < −1.00 Moderate drought 9.2
−2.00 ≤ SPI < −1.50 Severe drought 4.4

SPI < −2.00 Extreme drought 2.3

2.3. Run Theory

The run theory proposed by Yevjevich [33] refers to the occurrence of consecutive
comparable conditions, such as wet or dry periods, allowing the characterization of each
spell by assessing some characteristics such as duration, frequency, severity, and intensity.
Figure 2 shows an example of the run theory for a fixed threshold.

Figure 2. Example of drought characteristics evaluated using the run theory for a given threshold
level [34].

A “run” is defined as an interval in which the values are all above (positive run) or
below (negative run) the threshold [33]. Once the runs, and thus the dry (SPI below the
threshold) or wet (SPI over the threshold) spells, have been identified, it is possible to
extract some characteristics. The percentage of dry or wet spells over the study period
constitute the dry (DF) and wet (WF) frequencies. The dry and wet durations (DD and
WD) are the time period lengths in which SPI values are constantly below or above the
threshold. Durations can be expressed in weeks, months, years or any other time period.
The average drought and wet durations (ADD and AWD) are the ratio between the sum of
the durations of all the drought and wet spells and the number of drought and wet spells
(ND and NW). The cumulated drought and wet values during each spell represent the
drought and wet severities (DS and WS). The average drought and wet severities (ADS and
AWS) are the ratio between the sum of the DS and WS of all the spells and ND and NW,
respectively. The drought and wet intensities (DI and WI) were evaluated, for each event,
as the ratio between the DS and DD and the WS and WD, respectively, thus the average
drought and wet intensities (ADI and AWI) are the ratios between the sum of the DI and
WI of all the spells and ND and NW, respectively.
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In this study, drought and wet periods were evaluated considering the SPI thresholds
of −1 and 1, respectively. Moreover, duration, severity, and intensity were estimated using
the run theory applied to the 12-month SPI series, and thus DD and WD are expressed in
years. This methodology has been applied in past studies performed for several areas of
the world [35].

2.4. Theil–Sen Estimator

Considering that precipitation is often non normally distributed, the Theil–Sen estimator
is generally considered more powerful than the linear regression methods in trend magnitude
evaluation, because it is not subject to the influence of extreme values [36]. Given x1, x2, . . . ,
xn precipitation observations at times t1, t2, . . . , tn (with t1 < t2 < . . . < tn), for each N pairs
of observations xj and xi taken at times tj and ti, the gradient Qk can be calculated as:

Qk =
xj − xi

tj − ti
for k = 1, . . . , N, (10)

with 1 < i < j < n and tj > ti.
The estimate of the trend in the data series x1, x2, . . . , xn can then be calculated as the

median Qmed of the N values of Qk, ranked from the smallest to the largest:

Qmed =

{
Q[(N+1)/2]i f Nisodd

Q[N/2]+Q[(N+2)/2]
2 i f Niseven

(11)

The Qmed sign reveals the trend behavior, while its value indicates the magnitude of
the trend.

2.5. Mann–Kendall Test

As regards the MK test [37,38], in order to evaluate the trend significance, the statistic
S based on the rank sums is calculated as:

S = ∑n−1
i=1 ∑n

j=i+1 sgn
(
xj − xi

)
where sgn

(
xj − xi

)
=

⎧⎨
⎩

1 if
(

xj − xi
)
> 0

0 if
(

xj − xi
)
= 0

−1 if
(

xj − xi
)
< 0

(12)

In which xj and xi are the observations taken at times j and i (with j > i), respectively,
and n is the dimension of the series.

Under the null hypothesis H0, the distribution of S is symmetrical and is normal in
the limit as n becomes large, with zero mean and variance:

Var(S) =
[
n(n − 1)(2n + 5)− ∑m

i=1 tii(i − 1)(2i + 5)
]
/18 (13)

in which ti indicates the number of ties with extend i.
Given the variance of S, it is possible to evaluate the standardized statistic ZMK as:

ZMK =

⎧⎪⎪⎨
⎪⎪⎩

S−1√
Var(S)

for S > 0

0for S = 0
S+1√
Var(S)

for S < 0
(14)

By applying a two-tailed test, for a specified significance level α, the significance of
the trend can be evaluated.

3. Results

Figure 3 shows the boxplots with the main statistics of DF, WF, ADD, AWD, ADS,
AWS, ADI, and AWI. Generally, similar values were evaluated between the dry and the
wet spells although higher frequencies and durations of wet events were detected in the
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minimum and in the maximum values across the 150 stations. In fact, as regards the
frequency, the DF ranged between 0 and almost 23% while the WF ranged between 8.3 and
25%. Similarly, considering the duration, ADD and AWD showed almost the same median,
but maximum values of 3 and 4 years were obtained for ADD and AWD, respectively. This
behavior has been confirmed also for the severity and the intensity, with AWS and AWI
showing minimum and maximum values higher than the ones obtained for ADS and ADI.
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Figure 3. Characterization through boxplots of frequency (%), average duration (in years), average severity, and average
intensity (year−1). The top and the bottom of the boxes are the third and the second quartiles, respectively; the band inside
the box is the median and the ends of the whiskers represent the minimum and maximum of all of the data.

Figure 4 shows the spatial distribution of DF, ADD, ADS and ADI. With respect to the
dry frequency, the highest values largely involved the northern side of the basin, although
in one station on the southern side a DF value higher than 20% was detected. Conversely,
the southern side of the basin, which is the area with the highest elevation in which few
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rain gauges are located, was characterized by the lowest values of DF, and two rain gauges
did not show any dry event (Figure 4a).

 

Figure 4. Spatial distribution of the (a) dry frequency in %, (b) average dry duration in years, (c) average dry severity and
(d) average dry intensity in year−1.

The average dry duration did not present any noteworthy spatial behavior. In fact,
the lowest values (≈1 year) were distributed across the basin, while the highest ones
(>2.5 years) were localized in the central part of the basin, but without any clear connection
with orography (Figure 4b).

A spatial behavior similar to ADD was detected for ADS (Figure 4c). Indeed, from the
spatial distribution of the average dry severity it is not possible to identify definite areas
characterized by the highest values (>3.5 year), which were spread across the central part
of the basin.

Finally, the spatial distribution of the average dry intensity evidenced some differences
between the northern and the southern side of the basin (Figure 4d). In fact, the ADI values
showed a distribution quite similar to the one obtained for the DF values, with intensities
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lower than 1.2 localized in the southeastern part of the basin, especially in the stations
characterized by the highest elevations.

Figure 5 is similar to Figure 4 but for the wet events and, thus, it shows the spatial
distribution of WF, AWD, AWS, and AWI.

 

Figure 5. Spatial distribution of the (a) wet frequency in %, (b) average wet duration in years, (c) average wet severity and
(d) average wet intensity in year−1.

Regarding the frequency of the wet events, values higher than 20% were detected in
several areas of the basin, without any particular geographical difference and without any
connection with the orography (Figure 5a). Similarly, the average wet duration did not
show any significant spatial behavior with the lowest values (<1.5 years) distributed across
the basin and only two stations showed AWD values higher than 3 years (Figure 5b).

Differently from DF and ADD, the spatial distributions of the average wet severity and
intensity evidenced some differences between the northern and the southern side of the
basin (Figure 5c,d). In fact, for both AWS and AWI the highest values were localized in the
southern part of the basin, especially in the stations characterized by the highest elevations.
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In order to detect the temporal evolution of drought in the period 1970–2018, the
12-month SPI series were tested for trends through the Theil–Sen estimator and the Mann–
Kendall test. As a result, for a SL = 95%, 26 out of 150 stations (i.e., 39%) showed a negative
trend while an opposite behavior was detected in 13 out of 150 stations (i.e., 19.5%).
Spatially, the negative trend mainly involved the northern areas of the basin, with a
maximum decrease of more than −0.3/10 years (Figure 6). On the contrary, a positive
trend was evidenced in the southern part of the basin reaching values between 0.2 and
0.3/10 years.

 
Figure 6. Spatial results of the trend analysis performed on the SPI values. The trend magnitude has been evaluated with
the Theil–Sen estimator; the statistical significance of the trends, with a SL = 95%, has been assessed with the Mann–Kendall
test. Colored points indicate significant trends.

Finally, with the aim to assess the drought response to the global circulation variability,
a correlation analysis between the SPI values and the NAO was computed for each station.
As a result, a clear link between drought and the NAO was evidenced. In particular,
negative correlation values (<−0.4) mainly involved the northern areas of the basin, while
a positive correlation was evidenced in the southern part of the basin (Figure 7).
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Figure 7. Spatial results of the correlation analysis computed, with the Pearson method and for each station, between the SPI
values and the NAO. Large sized points reveal a significant correlation, while small points show non-significant correlations.

4. Discussion

Although a lack of precipitation can be considered an ordinary part of the seasonal
climatic cycle within the Mediterranean basin, future climate projections have identified
the Mediterranean region as an area particularly subject to water scarcity and drought [39].
In order to monitor the drought phenomenon and to assess the climate anomalies quantita-
tively in terms of intensity, duration, frequency, recurrence probability, and spatial extent,
several indices have been developed [40]. Among the several indices, the SPI has been
applied in the trend detection of drought in many areas of the world [41]. While a trend
analysis on the SPI values can only point out the possible changes in the expected precipi-
tation amount over the years, the study of some of the main drought characteristics such as
frequency, duration, severity, and intensity is essential for politicians, local communities,
and stakeholders to identify the most vulnerable areas and their drought features.

The detection of these characteristics is particularly relevant for Algeria, which some
studies have identified as one of the countries in North Africa that will become a global hot
spot for drought by the end of the twenty-first century [42]. In fact, the results of this study
evidenced a great spatiotemporal variability in wet and dry episodes in the Cheliff Basin,
with different results obtained between the northern side of the basin, characterized by the
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highest annual rainfall values, and the southern part, where annual rainfall values below
250 mm have been registered. In particular, the results in this area could be influenced by
the low total amount of precipitation, which makes it more difficult to accurately detect
drought development. The main outcomes of this study allow an identification of the
areas, in the northern side of the basin, that could also face water stress conditions in
the future, thus requiring drought monitoring and adequate adaptation strategies. At
the same time, in the area currently suffering from a water deficit, an increase in the
wet episodes has been detected, which is an important result that can inform people
involved in the water resource management of the changing potential for flooding and
water storage. The different behavior between the northern and the southern part of
the basin has been pointed out in previous works e.g., in [29], the authors of which
evidenced an annual rainfall decrease of more than 20 mm/10 years on the northern
side and an increase of about 5 mm/10 years on the southern side. These results can be
influenced by both global and local factors. Global factors which impact on the intra-annual
precipitation distribution include teleconnection patterns [43,44]. In fact, as evidenced in
Figure 7, a clear link exists between drought and the NAO. This result agrees with the
results obtained by several authors e.g., [29], which evidenced that the Mediterranean
rainfall regime is strongly linked to general atmospheric circulation patterns such as the
El Niño Southern Oscillation (ENSO), the Mediterranean Oscillation (MO), the Western
Mediterranean Oscillation (WeMO), and especially the North Atlantic Oscillation indices
that are negatively correlated with precipitation in Algeria [45]. Indeed, positive NAO
phases can cause dry conditions across large parts of the Mediterranean Basin, from Spain
and Morocco across to the Balkans and western Turkey [46]. Specifically, a predominant
negative phase of the NAO occurred between 1940 and 1980, corresponding to a period
when precipitation was above normal. This was followed by a predominant positive phase,
which significantly contributed to the rainfall reduction observed from the beginning of the
1980s in the Mediterranean basin, and also in Algeria [29]. Moreover, another regional-scale
system that could influence the rainfall conditions in North Africa is the well-documented
Sahelian drought and its multidecadal variability, which resulted from the response of
the African summer monsoon to oceanic forcing and was amplified by land–atmosphere
interactions [47].

In order to better appreciate the results of this study, an important final remark must
be made concerning the database. In this study a high-quality database in the period
1970–2018 has been used. Unfortunately, only annual data (evaluated for water year) were
available and thus it was not possible to perform a detailed analysis at a monthly scale.
This study is nevertheless a valuable contribution not only to the quality of the database
but also to its spatial resolution, which covers almost all the basin, with some gaps only
in the central area. Continuous and spatially distributed data allowed a reliable analysis
of the drought characteristics in the basin. Although globally gridded satellite-based
precipitation products have become available in recent years as potential sources of data,
ground-based precipitation measurements still remain the main and most accurate source
in any climatological analysis [48].

5. Conclusions

This study aimed to analyze some of the main characteristics of the wet and dry events
affecting the Cheliff Basin in the period 1970–2018 using the 12-month SPI, which is a
broad proxy for water resource availability, evaluated from 150 rain gauges distributed
across the basin. Generally, the analysis of the main statistics of the frequency, severity,
duration, and intensity were evaluated for both dry and wet events, and it was found that
their median values were similar, although higher minimum and maximum values were
detected for the wet events. These results clearly indicate that the Cheliff Basin is at risk for
extreme wet events as well as dry events. From the spatial distribution of the wet and dry
characteristics, the basin areas facing water stress were identified. Finally, the results of the
trend analysis performed on the 12-month SPI values evidenced a decreasing trend on the
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northern side of the basin and an opposite behavior on the southern side, characterized
by the highest elevations and the lowest annual rainfall values, in which positive values
were detected. These results, probably linked with the predominant positive NAO phase
which significantly contributed to the rainfall reduction observed from the beginning of
the 1980s in Algeria, could be highly relevant for people involved in natural resource
management decision-making for sustainable long-term water resource management in
semi-arid regions.

Author Contributions: Conceptualization, M.A.; methodology, M.A. and T.C.; software, M.A. and
T.C.; formal analysis, M.A. and T.C.; validation: M.A., T.C., A.W. and N.Y.K.; investigation, M.A.,
T.C., A.W. and N.Y.K.; data curation, M.A.; writing—original draft preparation, M.A., T.C., A.W. and
N.Y.K.; writing—review and editing, M.A., T.C., A.W. and N.Y.K.; visualization, T.C.; supervision,
A.W. and N.Y.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dracup, J.A.; Lee, K.S.; Edwin, G.; Paulson, J.R. On the definition of droughts. Water Resour. Res. 1980, 16, 297–302. [CrossRef]
2. Wilhite, D.A.; Glantz, M.H. Understanding: The Drought Phenomenon: The Role of Definitions. Water Int. 1985, 10,

111–120. [CrossRef]
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Abstract: The occurrence of extreme drought poses a severe threat to forest ecosystems and reduces
their capability to sequester carbon dioxide. This study analysed the impacts of a central European
summer drought in 2015 on gross primary productivity (GPP) at two Norway spruce forest sites
representing two contrasting climatic conditions—cold and humid climate at Bílý Kr̆íz̆ (CZ-BK1)
vs. moderately warm and dry climate at Rájec (CZ-RAJ). The comparative analyses of GPP was
based on a three-year eddy covariance dataset, where 2014 and 2016 represented years with normal
conditions, while 2015 was characterized by dry conditions. A significant decline in the forest GPP
was found during the dry year of 2015, reaching 14% and 6% at CZ-BK1 and CZ-RAJ, respectively.
The reduction in GPP coincided with high ecosystem respiration (Reco) during the dry year period,
especially during July and August, when several heat waves hit the region. Additional analyses
of GPP decline during the dry year period suggested that a vapour pressure deficit played a more
important role than the soil volumetric water content at both investigated sites, highlighting the
often neglected importance of considering the species hydraulic strategy (isohydric vs. anisohydric)
in drought impact assessments. The study indicates the high vulnerability of the Norway spruce
forest to drought stress, especially at sites with precipitation equal or smaller than the atmospheric
evaporative demand. Since central Europe is currently experiencing large-scale dieback of Norway
spruce forests in lowlands and uplands (such as for CZ-RAJ conditions), the findings of this study may
help to quantitatively assess the fate of these widespread cultures under future climate projections,
and may help to delimitate the areas of their sustainable production.

Keywords: climate change; water stress; soil moisture; atmospheric evaporative demand; eddy
covariance; gross primary productivity

1. Introduction

Terrestrial ecosystems, such as forests, play a significant role in the global carbon
cycle by sequestering carbon dioxide (CO2) through photosynthesis and the conversion
of biomass into stable soil organic compounds [1–6]. However, carbon uptake and car-
bon allocation can be reduced by high vapour pressure deficits (VPDs) and soil water
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deficits, commonly observed during periods with increased temperature and lack of
precipitation [7,8]. These physiological responses to drought in plants vary at both local
and global scales, depending on the type of plant species (based on the different levels of
resilience to water stress), the local climatic condition, and other additional factors [9–13]. It
has also been widely demonstrated that climate change increases the likelihood and sever-
ity of such drought events, especially within the temperate regions [14–18]. Thus, despite
the resilience of some tree species, the projected increase in the occurrence and severity of
extreme drought events will further reduce forest ecosystem photosynthesis in many parts
of Europe, especially at unsuitable locations with sub-optimal climatic conditions [19].

Drought does not have a single definition and can be used in different contexts.
However, typically, it is used to describe the periods with high VPD (meteorological
drought) and low soil moisture (edaphic drought) [20]. The severity of the drought impact
on carbon exchange depends on the site characteristics, duration and intensity of the
drought periods [18,21,22]. In Europe, the 2003 summer drought period resulted in an
estimated loss of about 30% in GPP (0.5 P gC y−1) over both the northern Mediterranean
forests and temperate deciduous beech forests [23,24]. This was the result of the prolonged
abnormal reduction in the soil moisture and high air temperatures below the wilting point
and high air temperatures recorded across Europe during the summer period in 2003.
The summer drought of 2015 was considered one of the most severe drought events in
Europe after the 2003 summer drought [25]. During this period, much of the European
continent (Poland, the Czech Republic, Slovakia, Western Ukraine, and Belarus) was
severely affected in June and July 2015, due to the exceptionally high maximum daily air
temperatures and the prolonged rainfall shortage by 31% since April [26–29]. Consequently,
this had a significant effect on forest growth, as observed in both spruce and beech forests,
within the Czech Republic. Nonetheless, spruce forest showed a higher sensitivity to
drought as compared to beech forests [30,31].

The Norway spruce (Picea abies (L.) H. Karst) has significant economic and ecological
importance within Europe [32]. However, its shallow root system makes it vulnerable to
drought stress, especially at lower altitudes [33]. Since spruce thrives well in cold and
humid regions, a significant decrease in soil moisture coupled with high air temperatures
could have severe consequences on the spruce forest growth [34]. Therefore, the 2015
summer drought episode provided a good opportunity to further examine the response of
spruce forest stands with different climatic conditions to extreme drought stress events.

The eddy covariance (EC) technique provides direct measurements of CO2 exchange
between the atmosphere and the underlying ecosystem [35]. It is a convenient and widely
used approach for observation of a forest stand carbon uptake and its dynamic response
to environmental variables. Obtained CO2 fluxes are integrated over hundreds of square
meters and resolved to half-hourly intervals [35,36]. Continuous micrometeorological and
EC measurements over multiple years allow to detect drought periods and evaluate their
impacts on CO2 exchange.

In this study, we hypothesized that the impact of extreme drought conditions will
be more severe on the Norway spruce forest stand located in dry and hot climates, due
to higher VPD and the sub-optimal supply of soil moisture in such drier climates. To test
this hypothesis, we sought to evaluate the different effects of the 2015 drought during the
main growing season in the wet and dry spruce forest ecosystems, compared to normal
climatic conditions within the same period of two adjacent years (2014 and 2016). Secondly,
we aimed to determine the influence of critical site-specific environmental factors (such
as the VPD and soil volumetric water content) on the drought stress response at each of
the spruce forest stands located in mountainous (around 900 m a.s.l) and highland (up
to 600 m a.s.l) regions within the Czech Republic, using long-term eddy covariance CO2
flux data.
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2. Materials and Methods

2.1. Station Description

The study used multiyear (2014–2016) measurements from Bílý Kr̆íz̆ and Rájec ecosys-
tem stations that are part of the CzeCOS (Czech Carbon Observation System; http://
www.czecos.cz/ (accessed on 6 March 2021)) and FLUXNET (Flux Tower Network; https:
//fluxnet.fluxdata.org/ (accessed on 6 March 2021)) station network. The FLUXNET station
IDs for the wet and dry spruce forest are CZ-BK1 and CZ-RAJ, respectively. CZ-BK1 is also
a candidate for ICOS (Integrated Carbon Observation System; https://www.icos-cp.eu/
(accessed on 6 March 2021)) network. The main vegetation cover in both stations is the
even-aged stand of Norway spruce. Their main characteristics are presented in Table 1.
CZ-BK1 is situated in the Moravian-Silesian Beskids Mountains in the Czech Republic and
has a cold and humid climate. CZ-RAJ is situated in the Drahany Highland at a lower
altitude and has a moderately warmer and drier climate than CZ-BK1. The reference
evapotranspiration amount at each forest stand was computed from in situ data and was
additionally used for quantifying the atmospheric evaporative demand from 2014 to 2016
(Table 1).

Table 1. Characteristics of the study sites.

Site Name CZ-BK1 CZ-RAJ

Location Moravian-Silesian Beskids
Mountains Drahany Highland

Coordinates 49◦30′08′′ N, 18◦32′13′′ E 49◦26′37′′ N, 16◦41′48′′ E
Elevation (in m a.s.l) 875 625

Topography
Mountainous (13◦ slope with
SSW exposure, located close
to a mountain ridge)

Hilly (5◦ slope with
NNE exposure)

Ecosystem Type Coniferous evergreen forest Coniferous evergreen forest

Prevailing species Norway Spruce
(Picea abies (L.) H.Karst.)

Norway Spruce
(Picea abies (L.) H.Karst.)

Canopy height (m) 16 (mean, as of 2015) 33 (mean, as of 2015)
Stand age (years) 35 (as of 2016) 113 (as of 2016)
Mean annual air temperature
(May–September; ◦C) 7.2 (2014–2016) 8.3 (2014–2016)

Mean annual precipitation
(May–September; mm) 1143 (2014–2016) 610 (2014–2016)

Mean annual reference
evapotranspiration
(May–September; mm)

569 (2014–2016) 649 (2014–2016)

Soil type Haplic and Entic Podzol Modal Cambisol oligotrophic
Max and min fetch (m) 717 (WNW) and 115 (ENE) 697 (SSW) and 96 (NNW)
References [31,37,38] [31]

2.2. Eddy Covariance and Ancillary Measurements

At each station, the EC system consisted of an infrared gas analyser (LI-COR, Lincoln,
NE, U.S.A.) and an ultrasonic anemometer (Gill, Hampshire, U.K.) measuring at a 20 Hz
frequency (models are specified in Table 2). Each system was mounted on a tower several
meters above the forest canopy. The EC measurements were complemented by an extensive
set of sensors to collect the required auxiliary meteorological data. Measurements included
the air temperature (Tair) and humidity profile with EMS33 temperature and humidity
sensors (EMS, Brno, Czech Republic) and precipitation using Precipitation Gauge 386C (Met
One Instruments, Grants Pass, OR, U.S.A.). Measurements for the incoming photosynthetic
active radiation was made using LI-190R Quantum Sensor (LI-COR, Lincoln, NE, U.S.A.)
at Bílý Kr̆íz̆ and EMS12 sensor (EMS, Brno, Czech Republic) at Rájec. Additionally, profiles
of soil moisture were measured by using the CS616 (Campbell Scientific, Inc., Logan, UT,
U.S.A.) sensors. An overall description of the instrumentation at the study sites is given in
Table 2.
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The VPD for each site was computed from Tair and relative humidity (RH) as follows [39]:

VPD =
100 − RH

100
(SVP) (1)

where SVP (Pa) is the saturated vapour pressure given as follows:

SVP = 610.7 × 107.5
Tair

237.3+Tair (2)

Table 2. Description of the eddy covariance systems at the investigated sites.

Site Name CZ-BK1 CZ-RAJ

Ultrasonic Anemometer

Instrument Gill HS-50 ultrasonic anemometer, Gill
Instruments, Hampshire, U.K.

Gill R3-100 ultrasonic anemometer, Gill
Instruments, Hampshire, U.K. but later
changed to Gill HS-50 on 5 June 2015

Gas Analyser

Instrument LI-7200 enclosed gas analyser, LI-COR,
Lincoln, U.S.A.

Initially LI-7000 (IRG-0226) closed-path
gas analyser, LI-COR, Lincoln, U.S.A. but
later changed to LI-7200 on 5 June 2015

Measurement Height for the Eddy
covariance Set-up (m)

Initially 20.5, but later changed to 25 m
on 7 June 2016 41

Air Temperature and Humidity Profile

Instrument EMS33 temperature and humidity sensor
(EMS, Brno, CZ)

EMS33 temperature and humidity sensor
(EMS, Brno, CZ)

Measurement Height (m) 2.0, 7.6, 12.6, 13.5, 14.3, 14.8, 15.4, 16.5,
18.7 2.0, 11.0, 23.0, 29.0, 35.0, 42.0

Net Radiation
Instrument CNR1 Net Radiometer CNR1 Net Radiometer
Measurement Height (m) 22 42
Soil Moisture

Instrument CS616 (Campbell Scientific, Inc., Logan,
UT, U.S.A.)

CS616 (Campbell Scientific, Inc., Logan,
UT, U.S.A.)

Measurement Depths (m) 0.05, 0.1, 0.22, 0.34, 0.42 0.05, 0.1, 0.2, 0.5, 0.8

2.3. Data Processing and Analysis
2.3.1. Turbulent Flux Measurements

At both study sites, the EC data from the main growing season (May–September) of
2014–2016 were used for the analysis. Gas analyser measurements of the density of the
water vapour in the air and ultrasonic anemometer measurements of three-dimensional
wind components and sonic temperature were made [35,36]. The eddy covariance process-
ing was performed, using an open-source software, EddyPro 7.0.6 (Li-COR, Lincoln, NE,
U.S.A.). The most recent methods for flux corrections, conversions, and a thorough quality
control scheme as proposed by [40] were also applied. This process involves despiking
and raw data statistical screening, basic quality checking (QC) of turbulent fluxes (flux
stationarity and integral turbulence characteristics tests), coordinate rotation using the
planar fit method [41], spectral correction [42–44], detecting and compensating for time lags
of signals from the ultrasonic anemometer and the gas analyser, footprint estimations and
calculating half-hourly fluxes. In EC data post-processing, determining periods with low
turbulent mixing is a critical step [35]. Flux measurements over periods with insufficiently
developed turbulence, i.e., low friction velocity (u∗) need to be detected and filtered out.
This filtering procedure assured the exclusion of CO2 measurements not representative of
the biotic flux, i.e., net ecosystem exchange (NEE) [31,45,46].

The R software [47] package ‘REddyProc’ [48] was used to gap-fill the EC data at both
sites, using marginal distribution sampling (MDS) [46]. This way, all missing values were
replaced by the average value estimated under similar meteorological conditions within
a specific time window. If no similar conditions were available within the starting time
window of about 7 days, the window was increased. NEE was partitioned into GPP and
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ecosystem respiration (Reco). The flux partitioning approach by [49] using daytime data
was applied to estimate half-hourly GPP (μmol m−2 s−1) values. The half-hourly GPP
values were aggregated to obtain daily and monthly GPP sums.

2.3.2. Soil Water Content Simulations

Since the soil volumetric water content (SVWC) was not measured throughout the
entire period of our analyses (the measurements started at the beginning of 2016), we used a
simulated daily SVWC instead. We applied the soil water balance model R-4ET, an R pack-
age for Empirical Estimate of Ecosystem EvapoTranspiration as used in [50]. The calibration
of the soil water balance model was carried out using Bayesian statistics implemented in
the R package BayesianTools [51] with a Differential-Evolution Markov chain Monte Carlo
sampler. In Bayesian calibration, the model input parameters are iteratively updated to
provide a probability distribution of the calibrated parameters that represents the uncer-
tainty in the measured data and in the model structure. The simulations were repeated
4.8 × 106 times, where the first 1.8 × 106 runs were based on the prior distribution, while
the remaining 3 × 106 were constrained by the posterior distribution resulting from the
first set of runs. A number of iterations treated as burn-in were set to 0, and the thinning
parameter determining the interval in which values are recorded was set to 1. The high
number of iterations was necessary to attain a good input parameter convergence with a
narrow distribution. For inspecting the convergence, we used Gelman diagnostics with a
criterion for the potential scale reduction factor being less than 1.2 for all parameters [52,53].
The final selection of parameters from their probability distributions was conducted by
using a maximum a posteriori probability estimate, i.e., the value representing the mode of
the posterior distribution.

The main model input variables included meteorological data and the leaf area index
(see [50], for more details). The soil was stratified into 12 layers, which increased in
thickness with increasing depth down to 3 m. Note that the soil layers were selected in the
way that the layers used for optimization matched the depths of all sensors with an extra
±2.5 cm, considering the volume measured by the sensors. At both sites, the available
SVWC measurements were available throughout the main part of the root zone. At CZ-BK1,
the sensors CS616 (Campbell Scientific, Inc., Logan, UT, U.S.A.) were placed at 0.05, 0.1,
0.22, 0.34, and 0.42 m soil depths and measured since 2016. At CZ-RAJ, the same type
of sensors were also placed at 0.05, 0.1, 0.2, 0.5, and 0.8 m depths and measured since
2016. The soil parameters, including SVWC at saturation, field capacity, wilting point,
and saturated hydraulic conductivity, were optimized at all 12 depths [50]. Additional
single parameters relevant for the SVWC simulations that were optimized included the
following: rooting depth with the Beta parameter describing the root profile shape [54],
surface resistance and the degree of isohydricity [55], the water interception capacity of
leaf and bark area, and curve number representing a runoff parameter [50]. The uniform
distribution of priors was used, where the lower and upper limits were set to be within
±50% of the values based on field measurements of the wilting point, field capacity, and
saturated water content and ±100% for the remaining parameters that were estimated from
the literature or from previous anecdotal analyses. To provide the model with sufficient
spin up time to stabilize and ensure reliable and robust parametrization, the simulation
was initiated at the beginning of 2010 with initial conditions of SVWC set to the field
capacity estimated from soil texture (note that 2010 was one of the wettest years at both
sites, according to a computed standardized precipitation-evapotranspiration index over
the region). The overall simulation was done for the period 2010–2019 where the observed
data for Bayesian calibration spanned the period 2016–2019.

The simulated SVWC averaged over all depths yielded a root mean square error of
0.037 m3 m−3 and 0.017 m3 m−3 for CZ-BK1 and CZ-RAJ, respectively, suggesting realistic
SVWC estimates.
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2.3.3. Drought Stress Determination

According to [56], drought refers to conditions characterized by low available soil
moisture and high atmospheric VPD. As such, in quantifying the dry periods in our study,
we used the Standardised Precipitation–Evapotranspiration Index (SPEI), which takes
into account both precipitation and potential evapotranspiration for the determination
of drought over the main growing season. The SPEI was calculated for various lags
(1, 3, 6, 12, and 24 months) from monthly records. We used the period 1981–2010 as
the baseline period for the SPEI computation. The computation of SPEI was performed
according to [57,58], using the R package SPEI [59]. The SPEI represents an anomaly in the
climatological water balance, which is given by the difference between precipitation and
reference evapotranspiration. The input data for the SPEI derivation were obtained from
climate reanalyses ERA5 monthly averages available at 0.25◦ spatial resolution, where the
reference evapotranspiration was computed from air temperature at 2 m, air dew point
temperature in 2 m, wind speed in 2 m converted from the original 10 m height using a
logarithmic profile law, and shortwave incoming radiation, following the methodology
by [60]. In determining the occurrence of dry and wet events in our study, SPEI classification
based on [58] was used (Tables 3 and 4).

Table 3. The Standardised Precipitation-Evapotranspiration Index (SPEI) categories based on the
classification of SPEI values by [58].

Drought/ Wet Severity SPEI Value

Extremely Wet ≥2.00
Severely Wet 1.50–1.99

Moderately Wet 1.00–1.49
Near Normal −0.99–(0.99)

Moderate Drought −1.00–(−1.49)
Severe Drought −1.50–(−1.99)

Extreme Drought ≤−2.00

Table 4. Categorization of dryness/wetness using Standardised Precipitation-Evapotranspiration
Index (SPEI) indices for CZ-BK1 and CZ-RAJ stations in years (2014–2016).

YEARS CZ-BK1 CZ-RAJ

SPEI VALUE CLASS SPEI VALUE CLASS
2014 0.94 Near Normal 0.56 Near Normal
2015 −1.75 Severe Drought −1.55 Severe Drought
2016 −0.20 Near Normal −0.87 Near Normal

2.3.4. Light Response Curve Fitting

Light response curves (LRC) of daytime GPP were fitted at half-hourly time resolution
using the logistic sigmoid approach by [61]:

GPP = 2 × GPPmax(0.5 − 1
1 + exp(−2αPAR

GPPmax )
) (3)

where PAR is the photosynthetically active radiation, α is the apparent quantum yield
in mol (CO2) mol−1 (phot.) that describes the effectivity of photosynthesis at low light
conditions, and the GPPmax is the asymptotic maximum assimilation rate at the light
saturation point in μmol m2 s−1. The fitting was done separately for half-hourly values
from years with normal conditions (2014 and 2016) and the year with drought stress
conditions (2015). To eliminate night-time measurements, we used a PAR threshold 10 μ,
i.e., light compensation irradiance of 10 μmol m2 s−1, representing light compensation
point of NEE.

Since VPD and soil moisture affect GPP [49,62], the effects of VPD and SVWC on
the LRC residuals (GPP values after the removal of the strongest PAR dependence) were
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analysed for both spruce forest sites within the period under study. A piecewise regression
was performed on the LRC residuals versus VPD and SVWC to determine the site-specific
environmental stress thresholds at which GPP declined during the growing season periods
of normal and drought affected years.

2.3.5. Piecewise Regression Analyses for the Assessment of Drought Effect

Since the LRC model does not account for changes in both VPD and SVWC, piecewise
regression of residuals against these environmental variables were analysed. This allowed
to determine the response of the studied spruce forest ecosystems with contrasting climates
to severe drought conditions over the growing season for normal and drought-affected
years. A piecewise regression analysis as part of the R package in ‘segmented’ [63] and the
Davies test [64] were used to detect the breakpoints in the regression and also to test for
the significant differences in slope parameters of a plot of residuals from the LRC model to
drought conditions (high VPD and low SVWC).

3. Results

3.1. Differences in Meteorological Conditions at the Experimental Sites

During May–September from 2014 to 2016, the year 2015 was exceptionally dry
compared to 2014 and 2016 (Table 4). Additionally, 2015 was characterized by significantly
higher mean VPD values (p < 0.001; Table 5) during the main growing season as compared
to the same period in 2014 and 2016 across both sites. Hence, the mean VPD and SVWC
values were the best meteorological indicators of drought, while Tair was comparable for
years 2015 and 2016. Consequently, the high atmospheric evaporative demand (high VPD
values) and low soil moisture (low SVWC values) recorded in 2015 across both sites during
the study period further indicated the dryness stress experienced in the main growing
season of 2015.

Table 5. Mean values of vapour pressure deficit (VPD), air temperature (Tair) and soil volumetric
water content (SVWC) during the main growing season in years for both spruce forest stands.

YEARS CZ-BK1 CZ-RAJ

VPD (hPa) Tair (◦C) SVWC (m3 −3) VPD (hPa) Tair (◦C) SVWC (m3 −3)
2014 7.6 13.4 0.28 8.7 14.9 0.21
2015 10.2 14.6 0.19 11.2 15.8 0.19
2016 7.7 14.4 0.25 9.3 16.0 0.22

There were observed statistically significant differences (p < 0.05; Mann–Whitney–
Wilcoxon ranksum test) in the VPD and SVWC values between the normal and drought
regimes across both sites (Figure 1). In addition, VPD was higher and SVWC lower at
CZ-RAJ than at CZ-BK1, especially during the drought-affected year (DY).

3.2. Light Response Curves of GPP at Different Climates

The parameters of LRC for normal years (NY) 2014 and 2016 were compared with
those for DY for both experimental forest sites (Figure 2; Table 6). Generally, the apparent
quantum yield (α) at CZ-BK1 was found to be higher than that in CZ-RAJ. During the
years with normal conditions, α in CZ-BK1 was observed to be 12% higher than in CZ-RAJ
when PAR was less than 500 μmol m−2 s−1. Moreover, during the DY of 2015, α at CZ-RAJ
further declined by 25% as compared to that in CZ-BK1.

The maximum gross primary production at light saturation (GPPmax) for CZ-BK1
was found to be higher than that for CZ-RAJ during the entire study period. During
the NY period, GPPmax in CZ-BK1 was 34% higher than in CZ-RAJ. However, during
the dry year period, there were significant reductions in the GPPmax values recorded at
both spruce forest stations with (18% decline in CZ-BK1 and 17% decline in CZ-RAJ) as
compared to those recorded for the years with normal conditions. Additionally, it was
further observed that the GPPmax value recorded at CZ-RAJ during the DY period was 33%
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lower than that in CZ-BK1. Interestingly, the GPPmax value recorded in CZ-BK1 during the
DY period was still higher than the GPPmax value recorded at CZ-RAJ during the years
with normal conditions.

Figure 1. Histogram showing the frequency of occurrence of (a) vapour pressure deficit (VPD) and
(b) soil volumetric water content (SVWC) conditions during May–September between years with
normal conditions (dark colour) and drought stress (grey colour) in CZ-BK1 and CZ-RAJ.

Table 6. Light response curve parameters for the normal (2014 and 2016) and dry (2015) years for the wet and dry climates
(CZ-BK1 and CZ-RAJ respectively) within the main growing season period of May–September. The apparent quantum
yield (α), the maximum gross primary production at light saturation (GPPmax) and the coefficient of determination (R2) are
also shown.

Variants CZ-BK1 CZ-RAJ

Years with Normal
Conditions (2014 & 2016) Dry Year (2015) Years with Normal

Conditions (2014 & 2016) Dry Year (2015)

α [mol (CO2) mol−1 (phot.)] 0.0383 ± 0.0003 0.0446 ± 0.0006 0.0338 ± 0.0003 0.0312 ± 0.0006
GPPmax[μmol m−2 s−1] 26.91 ± 0.14 22.03 ± 0.13 17.77 ± 0.08 14.75 ± 0.12

R2 0.88 0.78 0.78 0.73
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Figure 2. Response of gross primary productions to photosynthetically active radiation during the
years with normal conditions (black) and affected by drought stress (red) in CZ-BK1 and CZ-RAJ.
The half-hourly GPP values (points) were fitted using the logistic sigmoid light response curves (lines).

3.3. Response of Light Response Curve Residuals to VPD and SVWC at Different Climates

The applied LRC model reflects only the light response of GPP and thus, its residuals
can be used to assess the influence of additional meteorological parameters (i.e., VPD and
SVWC) that are known to affect GPP (Figures 3 and 4). The residual analysis confirmed that
the residuals consistently tended to be more negative with increasing VPD and decreasing
SVWC (dry conditions). VPD had a significant and stronger effect on GPP than SVWC
across both sites, as seen from the piecewise regression analysis, using the residuals from
the LRC for the years under study. However, during the DY period, both VPD and SVWC
had significant effects on GPP at CZ-RAJ. For CZ-BK1, there was a minimal effect of SVWC
on GPP during the years with normal conditions.

Generally, the relationship between the residuals and changes in VPD and SVWC
revealed a biphasic response to drought, except for the DY period in CZ-RAJ in Figure 3.
All the breakpoints from the piecewise regression were found to be statistically significant
(Table 7). However, steeper slopes after the VPD breakpoint values from the initial slope
were mostly observed for both DY and NY periods in CZ-RAJ and only for DY period in
CZ-BK1. This shows that during all the years under study, GPP decreased at a faster rate
after the breakpoint in CZ-RAJ than in CZ-BK1, except for the DY period when there was a
significant decline in GPP at a faster rate after the breakpoint across both sites.

3.4. Impact of Drought on Ecosystem Carbon Fluxes at Monthly Timescale

The monthly averages of daily sums of GPP and Reco were analysed separately to
assess whether the observed net ecosystem productivity (NEP) reduction during drought
was mainly a consequence of increased Reco, reduced GPP, or contribution of both across
the forest ecosystems (Figures 5–7).
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Figure 3. Relationship between the light response curve (LRC) residuals of the light response curve of
gross primary production and the vapour pressure deficit (VPD) at the spruce forest sites in CZ-BK1
and CZ-RAJ for the normal (NY) and dry years (DY). Red represents low SVWC conditions and blue
shows high SVWC conditions. The grey dashed lines represent the piecewise regression model slope,
whereas the black dashed lines show the breakpoint values.

Figure 4. Relationship between the light response curve (LRC) residuals of the light response curve
of gross primary production and the soil volumetric water content (SVWC) at the spruce forest sites
in CZ-BK1 and CZ-RAJ for the normal (NY) and dry years (DY). Red represents high VPD conditions
and blue shows low VPD conditions. The grey dashed lines represent the piecewise regression model
slope, whereas the black dashed lines show the breakpoint values.
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Table 7. Breakpoints and Slopes from the piecewise regression of the light response curve residuals to vapour pressure
deficit (VPD) and soil volumetric water content (SVWC) for the period of May–September.

Variants CZ-BK1 CZ-RAJ

Years with Normal
Conditions (2014 & 2016) Dry Year (2015) Years with Normal

Conditions (2014 & 2016) Dry Year (2015)

VPD [hPa] 2.6 ∗ ∗ ∗ 5.3 ∗ ∗ ∗ 6.8 ∗ ∗ ∗ 23.5 ∗ ∗ ∗
Slope before breakpoint in VPD 1.12 ± 0.30 0.02 ± 0.12 0.08 ± 0.05 −0.55 ± 0.01
Slope after breakpoint in VPD −0.39 ± 0.02 −0.70 ± 0.02 −0.54 ± 0.02 −0.22 ± 0.06

SVWC [m3 m−3] 0.20 ∗ ∗ ∗ 0.16 ∗ ∗ ∗ 0.18 ∗ ∗ ∗ 0.19 ∗ ∗ ∗
Slope before breakpoint in SVWC −85.49 ± 68.37 305.61 ± 23.43 164.61 ± 25.14 187.22 ± 8.78
Slope after breakpoint in SVWC 14.75 ± 2.60 5.03 ± 2.51 −1.27 ± 2.84 52.16 ± 6.24

Signif. code for the breakpoint values: p < 0.001 ‘∗ ∗ ∗’.

Figure 5. Monthly averages of daily sums of gross primary productivity (GPP) for May–September of the normal years
(NY) and dry year (DY) in CZ-BK1 and CZ-RAJ. The tables within the figure represent the mean monthly vapour pressure
deficit (VPD) and soil volumetric water content (SVWC) values from May to September for each forest station.

Figure 6. Monthly averages of daily sums of ecosystem respiration (Reco) for May–September of the normal years (NY) and
dry year (DY) in CZ-BK1 and CZ-RAJ. The tables within the figure represent the mean monthly air temperature (Tair) and
soil volumetric water content (SVWC) values from May to September for each forest station.

Figure 7. Monthly averages of daily sums of NEP for May–September of the normal years (NY) and dry year (DY) in
CZ-BK1 and CZ-RAJ.

It was observed that there was a significant decline in the total GPP by 14% and
6% during the main growing season period of the dry year for CZ-RAJ and CZ-BK1,
respectively. There were also observed significant statistical differences (p < 0.001) in the
mean monthly GPP values recorded for July and August during the dry year as compared
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to the years characterized by normal conditions at both forest sites, especially for CZ-RAJ
(Figure 5). Moreover, this significant decline in the mean monthly GPP values at both
spruce forest stands during the months of July and August coincided with high daily mean
VPD values (>12 hPa) and low SVWC values (<0.16 m3 m−3) as compared to the same
period for the adjacent years with normal conditions.

However, an increase in the monthly mean Reco values was observed for July to
September of the dry year as compared to the adjacent normal years within CZ-BK1 but
with no significant statistical differences, except for the month of August (Figure 6). These
three months within 2015 were also characterized by high mean Tair (>20 ◦C) and low
mean SVWC (<0.19 m3 m−3) as compared to the two other adjacent years. In addition,
during the DY period within CZ-RAJ, the monthly mean Reco values were found to have
declined significantly, as compared to the adjacent NY periods. We also observed a 38%
significant decline in the mean monthly NEP values during the dry year period for the
dry spruce forest in Rájec, compared to a 12% decrease in the mean monthly NEP values
for the humid spruce forest in Bílý Kříž (Figure 7). There were also statistically significant
differences (p < 0.001) in the mean monthly NEP for the months of July and August across
both spruce forest stations. During these months, the observed mean monthly NEP values
largely declined during the DY period, as compared to the same period during the NY,
especially in CZ-RAJ.

To summarize, the large decline in GPP, Reco and NEP during the dry year period
(especially from July to August) for CZ-RAJ showed that the impact of the drought was
more severe in CZ-RAJ than in CZ-BK1. However, during July–August of the DY period,
Reco at CZ-BK1 significantly increased as compared to that in NY.

4. Discussion

The study sought to assess the different effects of the 2015 summer drought on wet
and dry spruce forest ecosystems. Our findings corroborate the earlier published results
by [27–29] that the year 2015 was characterized by severe drought conditions across Europe
(Figure 1 and Table 4). Furthermore, it was found that the months of July–August of 2015
were the most affected by high mean Tair (>20 ◦C), high mean VPD (>10 hPa) and low mean
SVWC values (<0.19 m3 m−3) across both spruce forest stands. This shows that the drought
effect in 2015 was severe in the months of July–August. Moreover, the results of this study
also show that the rate of the forest ecosystem photosynthesis was significantly reduced
(likely through the immediate closure of the stomata to protect the tree from desiccation)
by the high VPD, Tair and soil water deficit during these two months in 2015. As such,
there was an observed strong decline in both forest GPP and NEP across both spruce
forest stands during the DY period of 2015, especially in CZ-RAJ compared to CZ-BK1
(M). This strong decline in forest GPP and NEP at CZ-RAJ was mainly due to the high
atmospheric evaporative demand coupled with the low SVWC conditions experienced at
this forest ecosystem, as compared to that in CZ-BK1 [30]. However, due to the humid
climatic conditions at CZ-BK1, an increase in Tair during the months of July–August in
2015 only aided the increase in the kinetics of the enzymes participating in microbial
decomposition and root respiration under warm conditions, thereby increasing the overall
forest ecosystem respiration [65–71].

Additionally, results from the piecewise regression analysis using the residuals from
the LRC model highlight the effects of both VPD and SVWC on forest ecosystem GPP. This is
because both photosynthesis and transpiration are mediated by stomatal conductance,
which are affected by these environmental variables. However, a steeper decline in forest
ecosystem GPP (Figure 3 and Table 7) was observed with high VPD values across both
forest stands, even under non-drought years (when SVWC was non-limiting). This is
consistent with recent studies, which show that high VPD values aggravate drought effects
in forests, due to the abrupt changes over very short timescales within a day, even without
dry soil conditions [7,72,73]. This further explains the strong suppression of GPP by high
VPD on even non-drought years (2014 and 2016), as the SPEI (for determining dryness)

72



Atmosphere 2021, 12, 988

only captures changes in the contributing environmental drivers (temperature and soil
moisture) for longer time scales of weeks or months [74,75]. Thus, we would recommend
to include the influence of these abrupt changes in VPD on the rate of photosynthesis
with SVWC limitations in future LRC models when analysing the impact of drought on
GPP, especially for different forest ecosystems that are exposed to regular strong edaphic
droughts [49,62,76,77].

5. Conclusions

The study shows that atmospheric constraints increase the vulnerability of the Nor-
way spruce forest to the severity of drought, especially at sites with a moderately dry
climate that are characterized by precipitation that is typically equal or smaller than the
atmospheric evaporative demand. It also further highlighted the strong influence of VPD
on carbon uptake, which was further worsened by the decline in soil moisture. The effect
of SVWC on GPP was especially noticeable during severe drought conditions within the
DY period. Consequently, with regards to climate change, our results suggest that elevated
temperatures will further exacerbate the drought impacts on forest (Norway spruce) ecosys-
tems at sites with precipitation levels equal or smaller than the atmospheric evaporative
demand, such as CZ-RAJ. The decline in GPP and NEP in 2015 found in our study thus
questions not only the sustainable productivity, but also the existence of Norway spruce per
se in such areas, considering the prolonged period of drought in future climatic conditions.
The results of this study may help decision makers to quantitatively assess the performance
of Norway spruce in future climatic conditions.
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Abstract: The character of the atmospheric general circulation during summer-season droughts over
Eastern Europe/Western Russia and North America during the late twentieth and early twenty first
century is examined here. A criterion to examine atmospheric drought events that encompassed
the summer season (an important part of the growing season) was used to determine which years
were driest, using precipitation, evaporation, and areal coverage. The relationship between drought
and the character of the atmosphere, using the Dzerzeevsky weather and climatic classification
scheme, atmospheric blocking, teleconnections, and information entropy, was used to study the
atmospheric dynamics. The National Centers for Environmental Prediction (NCEP) re-analyses
dataset archived at the National Center for Atmospheric Research (NCAR) in Boulder, CO, USA, is
used to examine the synoptic character and calculate the dynamic quantities for these dry events.
The results demonstrate that extreme droughts over North America are associated with a long warm
and dry period of weather and the development of a moderate ridge over the Central USA driven by
surface processes. These were more common in the late 20th century. Extreme droughts over Eastern
Europe and Western Russia are driven by the occurrence of prolonged blocking episodes, as well as
surface processes, and have become more common during the 21st century.

Keywords: meteorological drought; agricultural drought; atmospheric circulation; elementary circu-
lation mechanism (ECM); information entropy; atmospheric blocking

1. Introduction

Drought is a complicated and interdisciplinary problem that has been the subject of
many studies in recent years, especially in connection with climate change (e.g., Refer-
ences [1,2] and the references therein). These events impact more people globally than any
other natural hazard [2]. Drought can also be classified as meteorological, agricultural,
hydrological, and socioeconomic drought, and these definitions can be found in meteoro-
logical climate textbooks (e.g., References [3,4]). In general, meteorological drought will
onset soonest, followed by agricultural and then hydrologic (e.g., Reference [5]). Socioeco-
nomic drought defines the impact of the other drought types on the supply and demand of
economic goods [4].

Formally, drought-type recognition requires the analysis of atmospheric dynamics
and hydrological indicators characterizing the atmospheric and soil moisture (e.g., Palmer
Drought Indices [6]). However, the use of standardized drought indices (e.g., Standard-
ized Precipitation Index—SPI [7]; Standardized Precipitation Evapotranspiration Index—
SPEI [8]) is recommended—the former by WMO for operational use [9]. This allows the
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drought classification by considering the temporal scales of observed precipitation deficits
and the impact on usable water sources. Thus, precipitation deficits for one-to-two months
generally defines the onset of atmospheric or meteorological drought. Continued deficits
spanning three-to-six months leads to a deficit of soil moisture content, which corresponds
to agricultural drought.

In the USA, drought is monitored collaboratively by the National Drought Mitiga-
tion Center at the University of Nebraska–Lincoln and the United States Department of
Agriculture [10]. They produce a map showing the severity of drought which is used by
stakeholders. In the Russian Federation, for example, drought is monitored through the
All-Russian Research Institute of Agricultural Meteorology within Roshydromet [11]. Their
automated system assesses drought weekly from May through September, using a blend
surface data and satellite imagery (Normalized Difference Vegetation Index—NDVI).

In Ukraine, information about droughts is represented by the Ukrainian Hydrom-
eteorological Center [12], namely the Department of Agrometeorology, which provides
information to agricultural decision and policymakers about the occurrence, development,
and intensity of drought by regions. Satellite monitoring of droughts is being carried out
experimentally by the Ukrainian National Space Facilities Control and Test Center [13],
which provides public information about spatiotemporal distribution of the vegetation
indices (e.g., NDVI) through their geoinformation portal.

In Europe, drought is monitored by the European Drought Observatory (EDO; see
Reference [14]), which is maintained by the Joint Research Centre—EU Science Hub [15].
The EDO provides public drought-relevant information, such as maps of indicators derived
from different data sources (e.g., precipitation measurements, satellite measurements, and
modeled soil moisture content), as well as different tools for displaying and analyzing the
information and drought reports.

Studying drought is difficult, since it occurs on timescales associated with the general
circulation (sub-seasonal timescales or greater), but the spatial scale can vary from as
small as the lower part of the meso-scale up to the planetary-scale. Even temporally, the
drought period may not overlap with calendar months, but drought can have an impact
on important phenological times in agriculture [16,17]. During different stages of develop-
ment, the plant water demand depends on prevailing weather conditions, defined by using
meteorological parameters (e.g., temperature, precipitation, and wind). For prolonged
meteorological drought, anomalies in characteristics, such as potential evapotranspiration,
soil water, or groundwater and reservoir levels, are observed [18]. For example, Refer-
ence [16] demonstrated that the important part of the growing season (reproductive stage)
for corn and soybean in the Central USA is July and August, respectively, even though the
entire growing season can impact growth and yield. Then Reference [17] shows the impact
of dry periods on winter and spring wheat in the Missouri River Basin. Additionally, the
large-scale economic, agricultural, and societal impact of drought typically determines
what years tend to be remembered as “drought years” in the mind of public opinion.

Drought has such a large impact on agriculture and the economy [16–20] and even
human mortality [20]. All populations are vulnerable to a certain extent, and different
societies are more resilient to the stress of drought. Many studies (e.g., References [21,22])
have developed methodologies for assessing the relative vulnerability of populations
to drought. For example, Reference [21] measures exposure multidimensionally in the
USA by including drought frequency, population, and freshwater ecosystems affected.
Others, such as Reference [22], used socioeconomic indicators, such as available natural
resources, economic capacity, human resources, and infrastructure and technology, to
compare drought vulnerability across Africa.

Many studies examine the meteorological factors contributing to drought. Over North
America, studies such as References [23,24] (and the references therein) attributed the
drought of 1980 to an accentuated and persistent upper air (500 hPa) ridge over the center
of the USA, and strong troughs off the Pacific and Atlantic coasts, respectively. This drought
was preceded by cooler sea surface temperature (SST) anomalies over the Central Tropical
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Pacific for about two seasons previous to the onset of drought, and the 500 hPa flow pattern
had already been established by spring. This drought is memorable for the impact on
agriculture and the economy of the USA (e.g., References [23,24]).

Later, Reference [25] supported the view of References [23,24] regarding the spring
(precursor) 500 hPa pattern and identified an unusual Pacific North American (PNA)
teleconnection pattern associated with a shorter wavelength while studying a late spring
blocking event over North America. Studies such as References [26,27] (and the references
therein) associated certain Pacific Ocean Basin SST anomalies with upper air patterns
over North America, and these could be correlated with temperature and precipitation
anomalies for much of the middle of the USA and in particular, the State of Missouri. The
work of References [28–31] extended that of Reference [26] and found that prominent SST
patterns varied in association with interannual (e.g., El Niño and Southern Oscillation—
ENSO) and interdecadal variability (e.g., Pacific Decadal Oscillation—PDO).

Additionally, many others have examined drought and the variability across the
USA or North America [32–38]. Certain ENSO-related SST anomalies correlated with
warm and dry temperature anomalies for the Upper Midwest, Central USA, and the Gulf
Coast [34–36]. Winter dryness is associated with weak El Niño events, while La Niña
summers are associated with summer dryness [28,29,38] in Missouri, but Reference [30]
demonstrated that the ENSO impact on precipitation is different for the Upper Midwest
versus the Lower Mississippi Valley. In the west, Reference [38] found long-lived drought
is linked to La Niña, and these droughts can extend into the Central USA. Moreover,
Reference [29] associated cooler and wetter summers during 1971–2002, with more blocking
and blocking days versus drier and warmer summers.

However, References [32,33] demonstrated that streamflow in the Upper Midwest and
Gulf of Mexico regions revealed wet (dry) conditions during El Niño (La Niña) during
the mid- to late-20th century. Then Reference [35] found than in general, the Southeast
USA is dry during El Niño years throughout the 20th century. Initially, these results seem
contradictory, but Reference [37] found that streamflow, as an indicator, has a long memory.
Lastly, Henson et al. [31] (and the references therein) studied the relationship between
interannual and interdecadal variability of Pacific Region SSTs, growing season conditions,
and corn and soybean yields in Missouri. They found that yields were generally less
during the transition toward La Niña years, as these were associated with warmer and
drier summers.

Within Europe and Asia, a series of dry years has been observed within the last
15 years (e.g., Reference [39]), and several of these have influenced Eastern Europe and
Russia (e.g., Reference [40]). Ionita et al. [39] demonstrated that past “megadrought
epochs” over Central Europe were decadal in nature. They also determined these could be
linked to solar activity, the Atlantic Multidecadal Oscillation, and atmospheric circulation
epochs, including those that are associated with atmospheric blocking. Additionally, they
demonstrated that the current spate of Eurasian drought at the start of the 21st century is
similar to multidecadal droughts in the past and within the range of past variability. The
work of Reference [41] found that the trend in drought and drought severity over the globe
is steady since the mid-20th century, and Reference [42] found a similar result for Central
and Eastern Europe. The latter study did find some local trends within the broader region.

In the southern part of the East European plain, Cherenkova et al. [43] demonstrated
the average yield for winter wheat, spring wheat, and spring barley in the westerly phase
of the Quasi-Biennial Oscillation (QBO) exceeded the same yield for the eastward QBO.
They attributed the difference to different rainfall patterns and drought frequency over
this region for opposing phases of the QBO. In a follow-up article, Reference [44] found an
increase in the frequency of dangerous atmospheric droughts during the 1995–2014 period
when compared to 1963–1994. They found this was due to an increase in the frequency
and intensity of blocking anticyclones in the Atlantic–European region during spring and
summer for the period 1963–2016, especially around 30◦ E longitude.
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The 2010 drought in Eastern Europe and Russia has been attributed to summer
season blocking episodes (e.g., References [45,46] and the references therein), and these
studies examined the dynamic interaction between the synoptic-scale and large-scale in
supporting these blocking events [45]. The latter [46] associated five well-known dry
and wet years with ENSO variability across the region. They linked the transition of
ENSO with dry summers. Then Reference [47] (which Reference [44] supports) linked a
warmer drier climate of Southwestern Russia with the increase in certain weather types,
including blocking.

The association of Northern Hemisphere (NH) weather types with dry and wet
periods was championed by the work of N.K. Kononova (e.g., References [48–52]). These
NH weather types, termed elemental circulation mechanisms (ECMs), were first proposed
by Reference [53]. This work identified 13 different NH flow types and 41 subtypes based
on the amplitude, location, and number of waves on the polar front jet stream [54]. These
could be grouped into four general NH flow types, namely two zonal and two meridional
types. The studies of References [48–50] used these four NH flow types in their studies of
NH flow regime climatologies and dynamics.

Further, References [48–52] would associate an epoch of relatively zonal flow during
the early to mid-20th century with the dry years over North America and parts of Russia
during the 1930s. Then References [54,55] relate global and regional temperature changes,
respectively, to changes in the dominant type of NH ECM. The relationship between the
ECM and NH teleconnection activity, as well as the theoretical work of Lorenz and others,
was discussed in more detail in Reference [55]. Briefly, the authors [55] argued that these
ECM may be subjectively classified quasi-steady states within NH flow regimes. These are
similar to teleconnections which are generally local phenomena except for the Arctic Oscil-
lation (AO). They also demonstrate that long-term epochs of relatively zonal or meridional
ECM occurrences correspond to epochs of lower or higher AO. Moreover, teleconnections
such as the PNA are associated with long period Rossby Wave trains (e.g., Reference [56]).
Additionally, Reference [54] demonstrated that the concept of information entropy could
be applied to the relative occurrence of zonal versus meridional flow types.

This classification is also convenient for the definition of synoptic processes influencing
the occurrence of regional weather hazards often related to drought, such as a dry hot wind,
called “Sukhovey” in Ukraine and Russia [57]. This dry hot wind is widespread throughout
steppe areas of Eastern Europe during the warm season of the year. They may accompany
drought seasons or may occur during other years, but they are always associated with
the periphery of anticyclones. Droughts in this region usually occur under large-scale
anticyclones or ridges [58].

The goal of this study is to examine the occurrence of summer season meteorological
and agricultural drought and the atmospheric circulation and dynamics from 1970 to
2020 over agriculturally sensitive regions of North America (NA) and Eastern Europe
and Western Russia (EE/WR). The work of Reference [46] selected only five years from
the latter region based on the precipitation anomalies only. Moreover, drought has been
more frequent during the previous decade in both regions providing motivation for study.
Here, we develop an objective criterion for summer-season drought based on precipitation
and potential evaporation anomalies, as well as the amount of area impacted by using
composite re-analyses that are comparable to time-series indexes in identifying drought.
The occurrence of summer-season drought is here related to longer-term atmospheric
variability; we also relate these droughts to the frequency and strength of atmospheric
blocking and the relative occurrence of zonal versus meridional ECMs during summer. We
also examine whether drought in each region is commonly associated with precursors and
differentiate between the atmospheric circulation character of extreme drought summers
versus moderate drought summers.
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2. Data and Methods

2.1. Data

The NH 500 hPa height (m), precipitation rate (mm day−1) (P), and potential evap-
oration (W m−2) (E) data were retrieved from the National Centers for Environmental
Prediction (NCEP)/National Center for Atmospheric Research (NCAR) re-analyses [59],
available through the NOAA Earth System Research Laboratory (ESRL) website. These data
are available at time intervals from 6 h to monthly and on a 2.5◦ latitude by 2.5◦ longitude
grid from 1948 to 2020. The potential evaporation data were converted to mm day−1 by
dividing E by the latent heat of vaporization (L = 2.5 × 106 J kg−1) and the density of water
(1000 kg m−3). The study period was 1970–2020.

The observed atmospheric blocking information was obtained from the blocking
archive housed in the University of Missouri Weather Analysis and Visualization (WAV)
laboratory by the Global Climate Change Group (GCC) [60]. Briefly, a generic definition
for atmospheric blocking is that these events are persistent quasi-stationary anticyclones
or ridges in the mid-latitude jet stream [61]. The blocking information used was duration
(days) and intensity (BI) and is available from 1968 to 2021. Blocking events within the
EE/WR were examined consistent with References [46,47] (20◦–60◦ E) and during the
spring and summer seasons. Over the NA region, blocking is relatively rare over the
continental region (e.g., References [25,62]), and extreme weather over NA, especially the
central region, has traditionally been associated with blocking over the Eastern North Pa-
cific Region (e.g., References [25,62,63]). Here we define the Eastern Pacific as 180◦–100◦ W,
consistent with Reference [62] and other studies. The teleconnection indexes, specifically
the AO, the North Atlantic Oscillation (NAO), and PNA, were downloaded from the
Climate Prediction Center website [64].

These teleconnections were chosen, since these are commonly associated with weather
and climate in the study regions, which are defined below. Moreover, the AO does show
correspondence with zonal versus meridional ECM groups (e.g., Reference [55]). The
daily classifications of the ECM, as well as their monthly and annual statistics since 1899,
are available for download via the Russian Academy of Sciences, Institute of Geography
website, “Fluctuations in the Atmospheric Circulation of the Northern Hemisphere in the
20th and Early 21st Century” [65].

The definition for ENSO used in this study is described in Reference [62] and the
references therein, and a brief description is given here. The Japanese Meteorological
Agency (JMA) ENSO index is available via the Center for Ocean and Atmospheric Predic-
tion Studies (COAPS) from 1868 to present [66]. The JMA classifies ENSO phases by using
SST within the bounded region of 4◦ S to 4◦ N, 150◦ W to 90◦ W and defines the start of an
ENSO year as 1 October, and its conclusion on 30 September of the following year. This
index is used in many other published works (see Reference [62] and the references therein),
and a list of years is provided below (Table 1). This index is useful since it acknowledges
the longevity of ENSO events, but it may produce different classification for years versus
other definitions. For example, Reference [67] found that, while the JMA index is more
sensitive to La Niña events than other definitions, it is less sensitive than other indices to El
Niño events.

2.2. Methods

This study examines meteorological drought and the accompanying atmospheric
circulation within agriculturally sensitive regions of North America (NA) and Eurasia,
specifically Eastern Europe and Western Russia (EE/WR). However, given the definition
of agricultural drought and the variables used here [18], the results can be extended to
this type of drought. These regions were bounded by the boxes outlined below (Figure 1)
and following the flowchart in Figure 2. Over NA, this box is bounded by 30◦ N and
50◦ N, and 100◦ W and 80◦ W, including much of the corn, wheat, soybean belts in NA
(e.g., References [17,31]). Over EE/WR, this box is bounded by 40◦ N and 60◦ N, and
20◦ E and 50◦ E, including the major wheat growing regions of Eastern Europe, Ukraine,
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and Western Russia. Soybeans, corn, sugar beet, and sunflower are also primary crops of
Southwestern Russia. In Ukraine, for example, winter wheat, spring barley, and corn are
the main grain crops. Sunflowers and sugar beets are also major crops. Winter wheat and
spring barley accounts for about 90–95% percent of the total area for relevant crops and
grows throughout Ukraine. Corn is the third most important feed grain, planted in areas
located predominantly in Eastern and Southern Ukraine [68]. In the neighboring countries
of Eastern Europe, the same grain crops (wheat and barley) are grown, taking into account
latitudinal differences in agroclimatic conditions comparing to Ukraine.

Table 1. List of ENSO years used here. The years below are taken from References [62,66].

El Niño (EN) Neutral (NEU) La Niña (LN)

1969 1968 1967
1972 1977–1981 1970–1971
1976 1983–1985 1973–1975
1982 1989–1990 1988

1986–1987 1992–1996 1998–1999
1991 2000–2001 2007
1997 2003–2005 2010
2002 2008 2017
2006 2011–2013 2020
2009 2016

2014–2015 2019
2018

  

Figure 1. The study regions used here, NA (left) and EE/WR (right).

Figure 2. Flowchart presentation of the study performed following the format of Reference [32].

Additionally, these areas are large enough to identify a regional circulation sig-
nal as it relates to atmospheric teleconnection activity. However, as demonstrated by
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References [28–30] and others, the regions may be large enough to produce different ENSO
signals in the temperature and precipitation regimes for different parts of the region. The
total area of the NA study region is 3.786 × 106 km2 and the EE/WR study region is
4.765 × 106 km2, which means the latter region is approximately 25% larger.

A description and the history of ECM developed by Reference [53] can be found in
References [48–54]. The original work of Reference [53] included four circulation groups
which are displayed in Table 2 (adapted from Reference [54]—their Table 1). As described
above, the ECM comprises 13 main circulation types separated into 41 subtypes iden-
tified subjectively based on surface maps originally. Then Reference [69] used 500 hPa
maps when these became routinely available by the late 1940s. Many of these references
(e.g., References [54,55]) show maps of the NH as examples of these flow regime types. The
subtypes are identified based on the amplitude of the NH mid-latitude flow daily and then
categorized these based on the timing (warm or cold season), the geographical location,
and number of ridge–trough couplets in the jet stream. In relation to the onset of extreme
hydrometeorological phenomena, such as droughts or floods, the type of ECM identified
make it possible to examine the geographical distribution of key synoptic and large-scale
atmospheric features including blocking (e.g., Reference [70]).

Table 2. Adapted from Reference [54] Table 1, global atmospheric circulation groups of Reference [53].

Circulation Group ECMs Included
Atmospheric

Pressure at the
North/South Pole

Number of
Amplified Waves

Zonal (Type 1) 1–2 High 0
Zonal Breaking (Type 2) 3–7 High 1

Amplified Ridging (Type 3) 8–12 High 2–4
Equatorward Troughs (Type 4) 13 Low 3 or 4

The study of meteorological drought in EE/WR by Reference [46] defined drought
based on the precipitation amounts in the Moscow and Belgorod region alone during the
summer season and based on five years which were known to be dry and impact regional
agriculture. In providing an objective criterion accounting for precipitation and evapora-
tion, the following definition is used: (1) the largest difference between the maximum pre-
cipitation anomaly (mm day−1) and the potential evaporation anomaly (mm day−1—near
the location of the former) within the study region; and (2) the areal coverage of the nega-
tive precipitation anomaly. Using precipitation- and evaporation-based indexes (e.g., the
Palmer Drought Severity Index—PDSI) for meteorological drought is common (e.g., Refer-
ences [34–38]). These indexes are generally derived as long-term time series, whereas here
we developed seasonal composite spatial maps of precipitation and potential evaporation.

The study regions defined above were large enough to have some portion of the
region be drier than normal during approximately 80% of the entire study period. In
providing for a large enough sample of summer seasons, but avoid making most summer
seasons drought summers, the criterion for drought was refined (Tables 3 and 4). If
criterion one was greater than −9 mm day−1, the year was labelled as an extreme drought
season. If criterion one was less than −9 mm day−1 and the areal extent was larger than
1.893 × 106 km2 (50% of the NA region and 40% of the EE/WR), that year was considered
a moderate drought year. Using this criterion (−9 mm day−1 and the area) includes nearly
all years recognized by the respective societies and studies cited in section one as impactful
drought years. The extreme drought sample size was ten and eight years for the NA and
EE/WR study regions, respectively. The respective moderate drought sample size was
12 and eight years. Additionally, using a threshold to define drought has been used by
other studies (e.g., References [35,36,71]).
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Table 3. The occurrence of extreme and moderate North American (NA) drought. Columns one two and three show the
maximum precipitation minus evaporation anomaly (mm day−1), the percent of the study region covered by −1 mm day−1

or greater P–E, and the product of the column two and three/rank, respectively. Columns four, five, and six show the ENSO
phase, as well as the type of ENSO transition taking place during the summer, and whether the preceding spring showed
drought conditions, respectively.

Year
Pre-Evaporation

Anomaly
% Area

Covered
Col 2 × 3/Rank ENSO Phase Transition Precursor

Extreme
1972 −14.5 60 −8.7/2 LN LN to EN Yes
1976 −9.0 90 −8.1/3 LN LN to EN Yes
1978 −9.0 70 −6.3/6 NEU NEU to NEU Yes
1980 −14.0 75 −10.5/1 NEU NEU to NEU Yes
1982 −10.0 25 −2.5/21 NEU NEU to EN No
1990 −11.0 40 −4.4/9 NEU NEU to NEU Yes
1998 −9.0 40 −3.6/14 EN EN to LN Yes
2000 −10.0 75 −7.5/4 LN LN to NEU Yes
2011 −13.5 30 −4.1/12 LN LN to NEU Yes
2012 −9.0 30 −2.7/20 NEU NEU to NEU Yes

Moderate
1970 −7.0 75 −5.3/7 EN EN to LN Yes
1973 −7.0 60 −4.2/10 EN EN to LN No
1974 −8.0 85 −6.8/5 LN LN to LN Yes
1975 −5.0 50 −2.5/22 LN LN to LN No
1977 −7.0 55 −3.9/13 EN EN to NEU Yes
1985 −5.0 60 −3.0/18 NEU NEU to NEU Yes
1988 −7.0 50 −3.5/15 EN EN to LN Yes
1999 −6.0 70 −4.2/11 LN LN to LN Yes
2006 −5.0 60 −3.0/19 NEU NEU to EN Yes
2015 −7.0 50 −3.5/16 EN EN to EN No
2017 −5.5 60 −3.3/17 NEU NEU to LN No
2020 −8.0 60 −4.8/8 NEU NEU to LN No

Table 4. As in Table 3, except for Eastern Europe/Western Russia (EE/WR). Column 4 was multiplied by 0.8 to normalize
the study area to the area from Table 3.

Year
Pre-Evaporation

Anomaly
% Area

Covered
Col 2 × 3/Rank ENSO Phase Transition Precursor

Extreme
1972 −9.0 30 −2.2/12 LN LN to EN No
1992 −10.0 70 −5.6/4 EN EN to NEU Yes
1994 −10.0 80 −6.4/3 NEU NEU to NEU Yes
2002 −10.0 70 −5.6/5 NEU NEU to EN Yes
2008 −9.0 35 −2.0/14 LN LN to NEU No
2010 −11.5 50 −4.6/6 EN EN to LN No
2015 −10.5 80 −6.7/1 EN EN to EN No
2017 −10.0 80 −6.4/2 NEU NEU to LN Yes

Moderate
1971 −5.5 40 −1.8/16 LN LN to LN Yes
1975 −5.5 40 −1.8/15 LN LN to LN Yes
1979 −5.0 50 −2.2/13 NEU NEU to NEU Yes
1993 −7.0 40 −2.2/11 NEU NEU to NEU Yes
1996 −5.0 75 −3.0/8 NEU NEU to NEU Yes
2000 −8.0 40 −2.6/9 LN LN to NEU No
2009 −7.0 40 −2.2/14 NEU NEU to EN Yes
2020 −8.0 65 −4.2/7 NEU NEU to LN Yes
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The work of Reference [54] used the concept of Shannon or information entropy to
discuss the relative frequency in the occurrence of zonal versus meridional flows. In Table 2,
Type 1 and Type 2 flows were considered zonal NH flow regimes, while Type 3 and 4 are
meridional NH flow regimes. The formula used for information entropy was as follows:

H(x) = −
n

∑
i=1

p(xi) logb p(xi) (1)

where b is the base logarithm and p(x) is the probability of a certain outcome. Entropy is
described as a measure of predictability, structure, or organization within a system [72] (and
references therein). Moreover, Reference [54] discusses information entropy in more detail.
Briefly, an unbiased coin should result in H(x) = 1.00. As described in Reference [54] and
using the NH flow types of Reference [53], the information entropy for the NH observed
flow would be 0.99 if all 41 of the NH flow types in Reference [53] were equally likely
(Type 1 and Type 2 account for 18 of the 41 subtypes or 44%). The observed information
entropy from 1899 to the present was 0.90, and the years since the late 20th century and
early 21st century were 0.76 and 0.57, respectively. These were significant departures from
the overall sample [54]. All of these values for information entropy are for calendar years
from 1899 to the present. Thus, here we examine spring and summer season values of
information entropy, work which was not done in Reference [54].

3. Results

In this section, the occurrence of summer-season drought over the study regions
shown in Figure 1 and Tables 3–5 are examined. A comparison to Reference [46] and
previous work is performed where relevant. Many of the summer seasons over the period
1970–2020 that were regarded as very dry and impactful by other studies (see Introduction)
to agriculture are identified by the criterion used here. Six summers were drought summers
in both regions simultaneously (Tables 3 and 4).

Table 5. As in Table 3, except for NA and EE/WR wet years.

Year ENSO Phase Transition Precursor

NA
1979 NEU NEU to NEU No
1992 EN EN to NEU No
1996 NEU NEU to NEU No
1997 NEU NEU to EN No
2003 NEU NEU to NEU No
2004 NEU NEU to NEU Yes
2008 LN LN to NEU Yes
2010 EN EN to LN Yes

EE/WR
1973 EN EN to LN No
1974 LN LN to LN No
1977 EN EN to NEU No
1978 NEU NEU to NEU No
1985 NEU NEU to NEU No
1988 EN EN to LN No
1989 LN LN to NEU No
1995 NEU NEU to NEU Yes

3.1. Interannual and Interdecadal Variability

The forecasting of drought one year in advance across the Missouri River Basin and
the USA in general based in decadal scale variability was calculated to be $80M and $1.1B
by References [73,74], respectively. Thus, interannual and interdecadal variability in the
large-scale flow patterns and their relationship to local temperature and precipitation is

85



Atmosphere 2021, 12, 1033

important for generating long-range forecasts. A cursory examination of the NA study
region summer droughts demonstrated that 13 of the 22 years identified occurred during
the decade of the 1970 and 2010s (Table 3). A similar result can be seen for the EE/WR
region as 8 of 16 summer-season droughts occurred during these same decades. The
extreme summer droughts occurred most often during the 1970s for NA and the 2010s
for EE/WR. In the latter region, these can be related teleconnections, such as the AMO
(e.g., Reference [39]), PDO (e.g., Reference [37]), or interdecadal variability of blocking (e.g.,
References [62,75]). In the NA region, the earlier decade overlaps with the changeover of
the PDO from negative (1949–1976) to the positive (1977–1998) phase. For the later decade
it is not clear that the PDO has changed from the current negative phase yet. This suggests
a PDO signal which is consistent with References [2,31], who found the negative PDO years
were drier in this region. However, Reference [75] finds a 20-year cycle in NA continental
drought. Moreover, References [37,76] found a PDO signal, but Reference [76] related this
to the positive PDO for drought over the USA. Additionally, a cursory examination of the
decadal epochs of the AO and NAO (see Reference [64]) demonstrates that dry summer
season are associated generally with certain values of these indexes.

When examining the ENSO related variability over NA (Table 3) from 1970 to 2020, a
complex pattern emerges. Four of the ten extreme summer droughts were associated with
LN years. If moderate drought years are included, seven of 11 LN (22% of all study years)
occurred during the study period. On the other hand, five of the moderate summer drought
years were EN years (14 total years or 27%). Thus, it is apparent that the distribution of
extreme summer drought years is skewed toward LN years, while moderate summer
droughts are skewed toward EN years.

However, when testing these distributions by using a simple Chi-square goodness
of fit test (e.g., Reference [77]) only the result for extreme summer drought distribution is
different from that of the total sample, but not at standard levels of statistical significance.
This may be due to the small sample size and low number of bins. Across the study region,
Reference [29] shows that EN years are dry, while for LN years this depends on the phase
of the PDO (drier during the negative PDO). These results found here would be consistent
as the extreme drought summers occur during LN and NEU years, as in Reference [38],
but also during the negative PDO. The moderate dry summers occurring over more than
50% of the region is consistent with Reference [29], as well. The connection of dry years to
LN years is supported by References [38,76].

Further, examining the ENSO transition summers indicates that five of the extreme
summer-season droughts involved a transition in the positive direction (Table 3), defined as
toward EN since EN are associated with positive SST anomalies. Six of the moderate sum-
mer drought years as associated with negative transitions. There was a total of 15 positive
and 14 negative transitions during the 51-year period of study.

Within the EE/WR region (Table 4), there is only a slight tilt toward EN years for
extreme summer-season drought, while the opposite was true for moderate summer
drought years. Spatially, for the extreme summer droughts, the precipitation deficit was
larger in the northern part of the study region, while the opposite was generally true for
moderate summer droughts (not shown; e.g., Reference [46]). There were no EN years
associated with moderate drought summers. The Chi-square test was applied here and
for this region, the moderate drought summer distribution was not the same as the total
distribution but not at standard levels of significance. There was no preference found for
positive versus negative summer ENSO transitions overall across the study region. These
results are similar to those of Reference [46], which found no real preference for transitions
in the positive or negative direction in the Moscow region. They also found a preference
for the transition toward EN years for the Belgorod Region.

Interestingly, when considering the bioclimatic potential by using indexes (e.g., hy-
drothermal coefficient or bioclimatic potential) that combine both surface temperature
and precipitation during the growing season for the time period 1988–2014, Reference [78]
found that in the Belgorod and Missouri USA region, these indexes were lower (associated
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with drought) for both EN and LN years and higher for NEU years. Their results were
significant at p = 0.01 for LH growing seasons in Belgorod and EN years for Missouri
in the USA.

Table 5 shows the wet years for both study regions. There are no statistical preferences
for EN versus LN years or ENSO phase transitions. In Tables 3–5, a majority of the summer
drought years in both regions were preceded by a dry spring. However, for the extreme
summer droughts over EE/WR, only half of these were preceded by a dry spring. Thus,
the results of Reference [46], which concluded that summer droughts were not necessarily
preceded by a dry spring in the EE/WR region, may have been biased by the fact that their
small sample of years were mainly in the extreme category here. The majority of the wet
years were not preceded by wet springs in either region.

3.2. Synoptic–Dynamic Analysis

In References [52,54], the annual frequency of zonal versus meridional ECM or 500 hPa
NH flow regimes were examined to define long-term circulation epochs. Both of these
studies related the occurrence of these epochs with global annual temperature, blocking,
and hazardous weather. Neither of these references examined the seasonal frequency of
zonal and meridional flow epochs and this can be examined here as it relates to summer-
season drought in our study regions. As argued in Reference [54], if each of the ECM
defined originally by Reference [53] were equally likely, then the frequency of occurrence
for zonal to meridional ECM would be 0.46 to 0.54. However, in Reference [54] the
frequency of occurrences from 1899 to 2019 was 0.31 to 0.69, yielding a value of 0.90 for the
information entropy.

From 1970 to 2020, the frequency of occurrence for zonal to meridional flows was
0.20 to 0.80 and the value of the information entropy was 0.73 which is similar to the
1899–2019 distribution [54] at p = 0.1 when using the Kolmogorov–Smirnov or Chi-Square
goodness of fit test. However, the 1970–2020 values are similar to those of 1957–2019
(see Reference [54]). If the frequency of zonal and meridional flow types is examined
over the course of a year [65], it is apparent that zonal flows occur more often during the
summer season and less so during the cold season. The frequency of occurrence for zonal
flows to meridional flows during spring and summer were 0.18 to 0.82 and 0.25 to 0.75,
respectively. The information entropy was 0.68 and 0.82, respectively, but the difference is
not statistically significant.

In the previous section, it was established that the majority of summer-season droughts
(about 70%) in both regions followed after drier spring seasons. An examination of the
relative occurrence of blocking, teleconnections, and zonal versus meridional NH flow
regimes for spring and summer is shown in Figures 3–5.

3.2.1. Preceding Spring Seasons

During the preceding spring seasons (Figure 5A,B), the occurrence of zonal versus
meridional NH flows or ECM for extreme and moderate drought years, as well as wet years,
was similar to those of spring seasons, overall, from 1970 to 2020. However, regionally,
there are some strong differences in the flow field (Figure 6) between springs preceding
summer drought or wet summers. In Figure 6A,B, the Pacific Region flow was clearly
more zonal with an anomalously strong Aleutian Low present. This explains fewer Pacific
Region blocking events (Figure 3A) and the negative PNA Index within NA region for
drought springs (Figure 4A). However, for the springs preceding wet summers, the PNA
Index is positive (Figure 4A) and there was significantly more blocking (Figure 3A). This is
reflected in the strong positive 500 hPa height anomaly over the East Pacific (Figure 6C).
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Figure 3. The character of blocking events for (A) NA spring, (B) EE/WR spring, (C) NA summer, and (D) EE/WR summer.
The left-hand ordinate is mean block occurrence (number—leftmost bars) and mean block intensity (BI—middle bars), and
the right-hand ordinate is mean blocking days (rightmost bars). Blue, green, and red bars stand for statistical significance at
p = 0.1, 0.05, and 0.01, respectively. For each set of bars, the display represents extreme drought, moderate drought, and wet
years from left to right.

  

Figure 4. The major teleconnection indexes for (A) NA spring, (B) EE/WR Spring, (C) NA Summer, and (D) EE/WR
summer, where the left, middle, and right group of bars are the AO, NAO, and PNA indexes, respectively. The ordinate is
the value of the index.
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Figure 5. The fraction of the observed ECM (ordinate) that are zonal and meridional (left bars) and the information entropy
(H(x)—ordinate) (right bars) for (A) NA spring, (B) EE/WR Spring, (C) NA Summer, and (D) EE/WR summer. For the
left-hand bars, the black and orange colors represent the fraction of observed zonal versus meridional ECM.

Only during the spring preceding the extreme summer drought for the EE/WR study
region was the NH flow more meridional relative to other spring seasons during the study
period at a statistically significant level (p = 0.05) (Figure 5B). This is reflected in a strongly
positive NAO (and AO) in Figure 4B, but also in Figure 7A. Lebedeva et al. [55] demon-
strated the long-term correspondence between the NAO and AO, as these teleconnections
were highly correlated. The correlations between the AO and NAO are similarly high here
for spring and summer seasons and for each subsample in Figure 4 (p = 0.01). There is
also a negative correlation between the AO and PNA at p = 0.05, but only in extreme and
moderate dry springs and summers. For wet seasons, the PNA and AO do not correlate.

Within the EE/WR, the NAO is weakly negative for springs preceding moderate
drought summers (Figures 4B and 7B). However, a negative (EU1—see Reference [56])
Eurasian (EU) teleconnection pattern emerges (e.g., References [79,80]) which is somewhat
clear in Figure 7A also. A negative EU is characterized by a positive 500 hPa height anomaly
near 20◦ E and 145◦ E and a trough near 75◦ E. Thus, the reversal of the NAO in spring
may be an indicator of an extreme dry summer versus a moderately dry summer in the
presence of a weakly negative EU. However, for spring seasons preceding wet summers,
there is little signal in the NAO but a very distinctly positive EU (EU2—see Reference [56])
pattern (Figure 7C). Finally, there was no preference toward more or fewer blocking events
in any of the spring seasons (Figure 3B); however, weaker blocking in the study region
during the spring seasons preceding moderate drought summers and negative NAO phase
is consistent with Reference [62].
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Figure 6. The 500 hPa height anomalies (m) in the NA region during the spring season (March–May) preceding (A) extreme
drought (Table 3), (B) moderate drought (Table 3), and (C) wet summer seasons (Table 5). The warm (cold) colors are
positive (negative) height anomalies. The contour interval is (A,C) 2.5 m and (B) 5 m.

 

 

 

Figure 7. As in Figure 6, except for the EE/WR spring seasons in Tables 4 and 5. The contour interval in (A,B) is 2.5 m, and
in (C), it is 5 m.
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3.2.2. Dry Summer Seasons

During the summer season (Figure 5C,D), the occurrence of more zonal NH flow
regimes during both extreme and moderate drought and wet seasons was consistent
with summer seasons overall. During all drought summers for the NA region, the flow
was clearly even more zonal, and this result was significant at p = 0.01 (Figure 5C). While
extreme drought summers were accompanied by larger maximum dry precipitation anoma-
lies than moderate drought summers (−3.9 mm day−1 versus −2.8 mm day−1) as antic-
ipated, the absolute value of the maximum 500 hPa height anomalies were of similar
strength (18.2 m versus 22.5 m). As the flow was more zonal the maximum 500 hPa height
anomalies were not always positive height anomalies within the NA study region. This
can be seen in Figure 8A,B.

 

 

Figure 8. As in Figure 6, except for the NA summer seasons. The contour interval is (A) 2.5 m and
(B,C) 1.5 m.

In Figure 8A, the extreme dry years featured a positive 500 hPa height anomaly within
the study region and the continuation of negative PNA values from the spring season
(Figure 4A). This is accompanied by significantly fewer (p = 0.05) and weaker (p = 0.01)
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blocking events in association with an anomalously strong Aleutian Low (Figure 3A).
Additionally, note the troughs off each coast of North America which validates the results
of References [23–25]. For moderate drought years (Figure 8B), the pattern changes to a
positive PNA pattern (Figure 4B). The positive height anomaly is now over the Western NA
region which strengthens the climatological ridge located there (not shown). A negative
height anomaly is located over the Eastern USA (and study region). This configuration
places the study region in the convergent region between a 500 hPa trough and ridge
with high pressure at the surface. In fact, for extreme drought summers eight of ten were
positive height anomalies while only six of 12 moderate drought years were similar. In
both cases (Figure 8A,B), the dominant PNA pattern has a shorter wavelength for dry
summers as posited by Reference [25]. Finally, there is a strong trough over the eastern
2/3 of USA for wet summers (Figure 8C). These results here support more strongly the
results of Reference [29], which differentiated between wet and dry summers over the
Midwest USA.

In the EE/WR study region (Figure 5D), the extreme dry years were more meridional
over the entire NH, but more zonal during moderate drought and wet years (p = 0.01). Like
the NA region, the maximum dry precipitation anomalies are larger during the extreme
drought summers than during moderate drought summers (−3.1 versus −2.4 mm day−1).
However, the maximum 500 hPa height anomalies for both drought groups (53.3 versus
26.0 m) were larger overall than over the NA region. This is consistent with the higher
relative occurrence of meridional flow types (Figure 5C,D). Almost all of the dry years
(13 of 16) were associated with positive 500 hPa height anomalies within the study region.

Several studies (e.g., References [47,49,55,58,78]) demonstrated that the EE/WR region
has been associated with an increase in the occurrence of more meridional ECM or NH
flow regimes, especially during the summer (Figure 5D). The study region has also been
associated with an increase in atmospheric blocking (e.g., References [44–47,55,57,58]) and
studies of drought associated with the extreme summer-season drought of 2010 over this
region associated extreme dry summers with atmospheric blocking.

However, during the summer season (Figure 3D), extreme droughts were associated
with more blocking events and days, and this is significant at p = 0.10, while moderate
droughts were associated with fewer blocking events, blocking days, and weaker events,
all significant at p = 0.10. These results are consistent with Section 3.1 and the occurrence of
blocking versus ENSO in the Atlantic Region [62].

Furthermore, during extreme drought summers over the EE/WR region, the negative
EU pattern of the spring season continued (Figure 9A versus Figure 7A) but is stronger,
such that the largest positive 500 hPa height anomaly is located over the study region. In
fact, the strongly negative EU pattern during extreme dry summer seasons is reminiscent
of the quasi-stationary sub-seasonal and seasonal Rossby Wave trains that accompany
the NH flow in the PNA region and other parts of the globe (e.g., References [56,81–85]).
During wet summer seasons (Figure 9C), the EU pattern is positive. Moderate drought
years are associated with a negative NAO, similar to that of the spring season, but the EU
pattern becomes less organized.

Lastly, the discussion above implies that atmospheric dynamics are the primary drivers
of summer-season drought in both study regions. In order to determine strength of the
contributions of surface processes to these droughts, we examine the potential evaporation
(E). For the NA region, the average P–E (Table 3) was −10.9 mm day−1 for extreme dry
summers and the average maximum precipitation anomaly was −3.9 mm day−1. Thus, the
maximum potential evaporation anomaly was 7 mm day−1. For, moderate drought years
the P–E anomaly was −6.5 mm day−1, and the maximum potential evaporation was
3.7 mm day−1. Thus, the extreme dry summer potential evaporation was larger in both an
absolute sense and relative to the total P–E anomaly. Given the analysis here, this suggests
that the extreme drought years were driven strongly by surface processes, as well. The same
analysis for the EE/WR region produces mean P–E values of −9.9 and −6.4 mm day−1

for extreme and moderate dry summers, respectively. Using the precipitation anomalies
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cited in Section 3.2.2 suggests a similar result (maximum potential evaporation of 6.4
and 4 mm day−1, respectively), that extreme dry years are driven to a greater extent by
surface process. This is in spite of the fact that 50% of these summers were not preceded by
a dry spring.

 

 

Figure 9. As in Figure 7, except for the EE/WR summer seasons. The contour interval is (A,C) 2.5 m
and (B) 1.5 m.

4. Summary and Conclusions

Drought is a difficult topic to study, as it is typically challenging to define precisely the
timescales and space scales for this phenomenon. It is also an important topic because of the
impact on agricultural and economic activity. Here summer-season drought was examined
for the agriculturally important regions of the Central USA and Eastern Europe and
Western Russia during the late 20th and early 21st centuries. Here summer-season drought
was defined by the seasonal mean composite precipitation minus potential evaporation
anomalies. This criterion was developed to separate extreme dry summers from those of
moderately dry summers and then compared to wet summers. The criterion was successful
in identifying major drought summers that time-series indexes have identified as impactful
droughts. This study produced the following results.

Summer-season drought within the agriculturally sensitive regions of NA and EE/WR
occurred more often during the 1970s and the 2010s, with minima during the 1990s and
2000s (NA) and 1980s (EE/WR).

Summer seasons defined as extreme drought were accompanied by larger maximum
precipitation deficits and greater maximum potential evaporation. The extreme-drought
years were accompanied also by potential evaporation values that were a greater percentage
of the maximum precipitation minus evaporation total.
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In the NA region, extreme dry summers occurred more often during LN years, while
moderate drought occurred more often during EN years. The opposite was found within
the EE/WR region. The only result supported by statistical testing was the distribution of
extreme summer drought in the NA region, but this result was weak.

Examining the synoptic–dynamic character of the NA drought summers demonstrated
that these occurred in association with the more frequent occurrence of zonal NH flow
regimes or ECMs (significant at p = 0.01). Extreme dry summers were separated from
moderate dry summers by significantly fewer and weaker blocking events (p = 0.05 and
stronger) and a negative PNA regime. For extreme dry summers, the positive 500 hPa
anomaly was located above the study region rather than to the west as for moderate
drought summers.

The synoptic–dynamic character of extreme drought within the EE/WR region showed
a very strong negative EU teleconnection pattern similar to quasi-stationary long period
Rossby Wave Trains found in other regions of the world. These summers were accompanied
by significantly more blocking, although not necessarily stronger blocking events, as well
as relatively more meridional NH flow regimes or ECMs. For moderate drought years,
there was significantly weaker and less blocking, as well as a significantly more zonal
NH flow.

In both regions, extreme dry summers were a continuation of the atmospheric flow
regimes from the spring season, whereas, for moderate dry summers, the spring season
flow regime was different from that of the summer season. In addition, for both regions,
wet summer seasons displayed synoptic–dynamic characteristics that were either opposite
in terms of the teleconnections, blocking character, or associated with more meridional
(NA) or zonal (EE/WR) ECMs.

In summary, this study demonstrated the utility of the criterion used and the results
provide recognizable and distinct atmospheric circulation patterns that could be used to
identify possible drought summers. Thus, these results would have use for seasonal and
sub-seasonal forecasting application.
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Abstract: The study aims to identify long-term trends in the changes of drought occurrences using
the Mann-Kendall (MK) test and the Theil-Sen estimator. Trend research was carried out on the
example of the catchment area of the Upper Noteć River, which covers an agricultural area of Poland
with some of the lowest water reserves. The meteorological droughts were identified based on the
Standardized Precipitation Index (SPI), while the hydrological droughts were determined on the basis
of the Standardized Runoff Index (SRI) in various time scales (1, 3, 6, 9 and 12 months) in the period
of 1981–2016. The relationship between SPI and SRI was determined on the basis of the Pearson
correlation analysis. The results showed that statistically significant trends (at the significance level
of 0.05) were identified at 3 out of 8 meteorological stations (downward trend at Kłodawa station
and upward trend for drought at Sompolno and Kołuda Wielka stations). Statistically significant
hydrological droughts showed an increase in occurrences at the Łysek station, while a downward
trend was noted at the Noć Kalina station. No trend was found at the Pakość station. The analysis of
the correlation between meteorological and hydrological droughts showed a strong relationship in
dry years. The maximum correlation coefficient was identified in longer accumulation periods i.e.,
6 and 9 months. The example of the catchment of the Upper Noteć River points to the necessity of
using several indicators in order to assess the actual condition of the water reserves.

Keywords: meteorological drought; hydrological drought; trends; central Poland

1. Introduction

Drought is a natural disaster characterized by long-term water scarcity [1–3]. Drought
is one of the most serious natural threats that causes damage to various aspects of the
environment, society, and economy [4,5]. No universal definition of drought has been
established due to the wide variability in water supply and demand worldwide [6,7]. There
are four categories of drought in the literature: meteorological, agricultural, hydrological,
and socioeconomic [8–13]. Drought damage is a serious issue in numerous countries
around the world. Due to its nature, drought is difficult to monitor, and its effects are often
poorly documented. Among the various sectors of the economy, agriculture is one of the
most vulnerable to drought, where its effects are also most noticeable [14–16]. Numerous
reports and scientific articles indicate that forecasts of future climate conditions suggest an
increase in the frequency and intensity of droughts in some regions of the world [17–21].
The increase in the frequency of drought occurrence in recent years has not been limited
to arid and semi-arid regions [22–26], but has been gradually becoming more common in
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regions with a temperate and humid climate [27–32]. Poland, which has one of the most
limited water resources in Europe [33], is among those regions experiencing an increase in
drought frequency [34]. The distribution of water resources in Poland has been diversified
in terms of time and space. In the current climate, many regions of the country often suffer
from water scarcity. In the future, this scarcity may become even more serious, and the
availability of water resources might become limited. In recent years, only slight changes
in annual precipitation totals have been recorded in Poland, however a noticeable shift
has been observed in seasonal and monthly precipitation distribution [35,36]. Moreover,
there have been quite significant changes in thermal conditions, characterized by a great
increase in air temperature over a multi-year period [37]. As a result of these changes,
temporary difficulties in water supply have been recorded in some areas of Poland [38].
This problem will be particularly harmful for the agricultural regions of the country. Polish
agriculture is largely dependent on precipitation, which is highly variable both in terms
of its temporal and spatial characteristics. Plant production is reliant mainly on water
obtained from precipitation and available to plants by means of water-retentive soil [39].
In the event of a drought in agricultural areas, crop irrigation is required, especially during
the growing season [40].

Drought studies in Poland have been conducted at a regional and local level. Previ-
ously published drought analyses mainly refer to the classification of drought types using
various drought indicators [41–43], monitoring of drought conditions [44–47], as well as
the characteristics of the drought, including its duration, intensity, size and frequency [48].

This study focuses on the research of drought trends in the period of 1981–2016, in a
particularly drought-susceptible area of Poland. The analysis of drought trends in the long
term might indicate the direction of possible near-future changes. The case study focuses
on the catchment of the Upper Noteć River, which is a heavily exploited agricultural area
with some of the lowest reserves of water.

The main objectives of this study included:

(1) the identification of meteorological droughts based on SPI indicators, and hydrological
droughts based on SRI indicators in various time scales (1, 3, 6, 9 and 12 months)

(2) trend determination using the Mann-Kendall (MK) test and Theil-Sen estimator
(3) the determination of a relationship between SPI and SRI by means of Pearson’s

correlation analysis.

The obtained results will help the departments of state administration, responsible
for water resources management, make informed decisions and establish a long-term local
development strategy, regulating the sustainable management of water resources.

2. Materials and Methods

2.1. Study Area and Dataset

The research was carried out in Poland, a region located in a temperate climate zone
with a predominance of polar-sea air masses. The amount of precipitation in Poland varies
temporally and spatially. The average annual precipitation in Poland recorded in the period
of 1981–2010 was 603 mm. The lowest annual precipitation total of 500 mm was observed
in the central part of the country, and the highest—970 mm, in the south of Poland [49].
The area covered by the analysis includes the Upper Noteć catchment, closed by the water
gauge in Pakość (Figure 1). The catchment area up to the Pakość station is 2301.98 km2.
This catchment is located in the historical region of Kujawy, which is extremely important
for agriculture. Arable land within the catchment area accounts for 76.07% of the catchment
area, while forest areas account for 11.4%. It is also the region with the lowest annual
precipitation in Poland and the area with the highest water shortages in agriculture [50].
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Figure 1. Study area. Source: (a) own elaboration made with [51,52]. Map elaborated in the coordinate system: WGS
84/UTM zone 34N; (b) own elaboration made with [52–54], location of the stations based on [55,56] and Table 1, location
of the lignite open pits based on [56,57]. Meteorological station Izbica Kujawska is out of catchment area according to
coordinates from Table 1. Location of the hydrological station Pakość is determined by cartographic issues. Map elaborated
in the coordinate system: WGS 84/UTM zone 34N.

Table 1. Annual sum of atmospheric precipitation in the period of 1980–2016.

Meteorological Station
Altitude
(m a.s.l.) Latitude Longitude

Total Precipitation during the Year (mm)

Average Maximum/Year Minimum/Year

Izbica Kujawska 120 52◦26′ N 18◦46′ E 529.3 817.6/2010 309.6/2011
Pakość 75 52◦48′ N 18◦05′ E 513.5 704.1/2010 291.4/1989

Kołuda Wielka 85 52◦44′ N 18◦09′ E 500.1 810.7/1980 212.5/1989
Strzelno 105 52◦38′ N 18◦11′ E 542.5 816.9/1980 246.6/1989

Sompolno 96 52◦23′ N 18◦31′ E 516.0 847.6/2010 302.7/1989
Gniezno 124 52◦33′ N 17◦34′ E 506.6 708.5/2010 282.2/1982

Janowiec Wielkopolski 95 52◦46′ N 17◦29′ E 519.6 760.2/2010 275.5/1982
Kłodawa 120 52◦15′ N 18◦55′ E 531.2 763.2/2001 306.4/1989

The data used in this work are derived from historical series of daily precipitation
totals recorded at 8 meteorological stations (Izbica Kujawska, Kołuda Wielka, Pakość,
Sompolno, Strzelno, Gniezno, Janowiec Wielkopolski, Kłodawa). Air temperature measure-
ments were obtained from the Kołuda Wielka station. Discharge data were obtained from
3 hydrological stations: Łysek, Noć Kalina and Pakość. Meteorological and hydrological
data for the period of 1980–2016 were obtained from the Institute of Meteorology and Water
Management—National Research Institute. Daily values were converted into monthly
values for the purpose of extended calculations.

In terms of annual precipitation, the Upper Noteć area is one of the regions with the
lowest precipitation in Poland. Total annual precipitation in the period of 1980–2016 ranged
from 500.1 mm (Kołuda Wielka) to 542.5 mm (Strzelno) (Table 1). The highest precipitation
totals were recorded in 2010 at most meteorological stations. The exceptions were Kłodawa,
with the maximum precipitation occurring in 2001, and Kołuda Wielka and Strzelno, with
the maximum recorded precipitation in 1980. The lowest precipitation totals were recorded
at most stations in 1989, with the exception of the stations in Gniezno and Janowiec, where
the lowest annual precipitation were recorded in 1982, and Izbica Kujawska, where the
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lowest totals occurred in 2011. Air temperature measurements were carried out only at
the meteorological station in Kołuda Wielka. The average annual air temperature at the
meteorological station in Kołuda Wielka in 1980–2016 was 8.5 ◦C, and the highest average
annual air temperature was recorded in 1989 (9.8 ◦C) (Figure 2).

Figure 2. Average annual air temperature and average precipitation sums at the Kołuda Wielka meteorological station in
the period of 1980–2016.

In terms of hydrology, the catchment area of the Upper Noteć is categorised as one
of the areas with the most limited water resources [58]. According to Tomaszewski and
Kubiak-Wójcicka [59], the average long-term unit runoff of the Noteć measured at the
Pakość water gauge in the period of 1951–2015 amounted to 2.41 dm3·s−1·km−2. This is
the lowest unit runoff value recorded in Poland, with an average of 5.5 dm3·s−1·km−2 [34].
Both precipitation and discharge in the catchment area of the Upper Noteć River are among
the lowest in Poland. During the analysed period of 1980–2016, the unit runoff of the Noteć
River at the Pakość station was 2.21 dm3·s−1·km−2. The highest values of the maximum
discharge were recorded in July 1980 at all hydrological stations. The maximum discharge
at the Pakość station was 69.3 m3·s−1 (unit runoff 30.1 dm3·s−1·km−2), and the lowest
discharge was recorded in October 2003 (0.23 dm3·s−1·km−2) (Table 2). At the Noć Kalina
station, the lowest discharge was recorded in September 1989 and August 1992. However,
the lowest discharge at the Łysek station was recorded from August to December 2015 and
in January 2016, at which time virtually no discharge occurred in the watercourse bed.

Table 2. Hydrological characteristics of the Noteć River in the period of 1980–2016—annual discharge.

Hydrological
Station

The Catchment
Area (km2)

Average
Multi-Year
Discharge
(m3·s−1)

Maximum
Discharge
(m3·s−1)

Minimum
Discharge
(m3·s−1)

Łysek 303.32 0.74 10.7 0.001
Noć Kalina 426.11 1.47 16.7 0.05

Pakość 2301.98 5.08 69.3 0.53

2.2. Standardized Precipitation Index (SPI) and Standardized Runoff Index (SRI)

Two indicators were used to determine droughts: the Standardized Precipitation
Index (SPI), which defines meteorological droughts, and the Standardized Runoff Index
(SRI), which defines hydrological droughts. Data from 8 meteorological stations: 5 located

102



Atmosphere 2021, 12, 1098

within the catchment area of the Noteć River (Pakość, Strzelno, Sompolno, Izbica Kujawska,
Kołuda Wielka) and 3 in its close vicinity (Kłodawa, Gniezno and Janowiec Wielkopolski)
were used to determine meteorological droughts.

The Standardized Precipitation Index (SPI) is one of the most frequently used indica-
tors of a meteorological drought, and was developed on the basis of the normalization of
precipitation probabilities [60]. This indicator defines a precipitation deficit and allows the
monitoring of droughts in different time frames. The SPI is recommended by the World
Meteorological Organisation (WMO) for determining the phenomenon of drought [61].
For more information on the formulation of SPI, its advantages and limitations, see
papers [62–64].

The SPI was calculated on the basis of monthly precipitation totals for 5 meteorological
stations in the upper catchment area of the Noteć River (Izbica Kujawska, Strzelno, Kołuda
Wielka, Sompolno and Pakość) and 3 stations in its close vicinity (Kłodawa, Gniezno and
Janowiec Wielkopolski). The daily precipitation data were aggregated into monthly time
scales, and fitted to a two-parameter gamma distribution function. The SPI was calculated
for each month at different timescales. Therefore, 5 different time series were analysed, i.e.,
1-, 3-, 6-, 9- and 12-months. SPI values define the deviation from the median expressed in
units of standard deviation, which was calculated according to the formula:

SPI, SRI =
f (x)− u

σ
(1)

SPI, SRI—Standardized Precipitation Index, Standardized Runoff Index
f (x)—transformed sum of precipitation, discharges
μ—mean value of the normalized index x
σ—standard deviation of index x

In order to calculate the SPI, the compliance of the distribution of the transformed
variable f (P) with the normality distribution was tested using the x2—Pearson normality
test [65].

The Standardized Runoff Index (SRI) is calculated according to the same procedure
as the SPI, however it is based on the discharge data [66–69]. A 2-parameter logarithmic
function was used as a normalizing function when calculating the SRI [70]. The detailed
calculation method is presented in the study [9,47]. The probabilities were transformed
into standard normal distribution. The application of SPI allows for the differentiation of
the intensity of a drought using a set of SPI thresholds: −1, −1.5, −2 and 1.0, 1.5, 2 for
moderate, severe and extreme droughts and precipitations, respectively [28].

The proposed approach is based on the assessment of water resources under different
hydroclimatic conditions and the determination of different intensity classes. The adoption
of standardized indicators allowed for the classification of drought intensity, which is
presented in Table 3. Extreme events were identified for the indicator values above 1.0,
when rainy periods occur, and for the indicator values below −1.0, when there are droughts.

Table 3. The classification scale for SPI and SRI values.

SPI, SRI Value Category

SPI/SRI ≥ 2.0 Extremely wet
2.0 > SPI/SRI ≥ 1.5 Severely wet
1.5 > SPI/SRI ≥ 1.0 Moderately wet

1.0 > SPI/SRI > −1.0 Normal
−1.0 ≥ SPI/SRI > −1.5 Moderately dry
−1.5 ≥ SPI/SRI > −2.0 Severely dry

SPI/SRI ≤ −2.0 Extremely dry
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2.3. Mann–Kendall Test

The Mann–Kendall test [71,72] is a non-parametric statistical method used to de-
termine whether a time series has a monotonic upward or a downward trend. It is a
rank-based procedure that is particularly suitable for data with abnormal distribution that
contain outliers and non-linear trends [73].

The Mann–Kendall S statistic is described with the Formula (2):

S =
n−1

∑
k=1

n

∑
j=k+1

sgn(xj − xk) (2)

sgn
(
xj − xk

)
=

⎧⎨
⎩

+1 i f
(

xj − xk
)
> 0

0 i f (xj − xk) = 0
−1 i f (xj − xk) < 0

(3)

where:

xj and xk—values of the variable in individual years j and k, where j > k,
n—the series count (number of years).

Positive “S” values represent an upward trend, while negative values indicate a
downward one. The calculation of “sgn (xj − xk)” is done via Equation (3).

The S statistic shows a tendency to quickly move towards normality, and for n > 10
this statistic has an approximately normal distribution with the mean of 0 and the variance
described by the Formula (4):

Var(S) = [n(n − 1)(2n + 5)]/18 (4)

The normalized Z test statistic is determined by the Formula (5):

Z =

⎧⎪⎪⎨
⎪⎪⎩

S−1√
Var(S)

i f S > 0

0 i f S = 0
S+1√
Var(S)

i f S < 0
(5)

In the Mann–Kendall test, the null hypothesis is that there is no significant trend
in the data series. The trend is significant if the null hypothesis cannot be accepted.
The acceptance region at the significance level of α = 0.05 is defined by the range of
−1.96 ≤ Z ≤ 1.96 (no significant trend), while the rejection region was determined by
Z < −1.96 (significant downward trend) and Z > 1.96 (significant upward trend), where Z
is the normalized test statistic [47].

The non-parametric Mann–Kendall test is commonly used to quantify trends in hy-
drometeorological time series [74,75], despite some limitations [76–79].

2.4. Sen’s Slope

The Mann–Kendall test is an effective method of identifying trends in a time series,
but does not indicate the magnitude of the trends. The test might be supplemented with a
non-parametric Sen’s method. In order to estimate the actual slope of the existing trend,
the non-parametric Sen’s method was used [80]. The main advantage of the Sen’s slope
estimator is its resistance to the presence of extreme values [81].

The slope β expressed by the Theil–Sen estimator (β) is described by the Formula (6):

β = Median
((

xj − xk
)
/(j − k)

)
(6)

A positive value of β indicates an upward (increasing) trend, and a negative value
indicates a downward (decreasing) trend in the time series.

The Mann–Kendall test and Theil–Sen estimator were performed by means of a
RStudio [82] with packages: “readxl” [83] and “trend” [84]. Information about what
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equations are used in the “trend” package for Mann–Kendall test and Theil–Sen estimator
is available at [85].

QGIS ver. 3.10.9 and QGIS ver. 3.10.9 with GRASS ver. 7.8.3. were used in the study.
Additionally, GIMP ver. 2.10.18 and Inkscape ver. 1.0.1 were used as graphic tools. In
preparation of the Figure 3 the Inverse Distance Weighting (IDW) interpolation was used.

Figure 3. Spatial distribution of the number of months with SPI ≤ −1.0 in the period of 1981–2016. Source: (a–e) own
elaboration made with [52], Table 4, Tables 6 and 7. Location of the stations based on [55,56] and Table 1. Meteorological
station Izbica Kujawska is out of catchment area according to coordinates from Table 1. Location of the hydrological station
Pakość is determined by cartographic issues. Maps elaborated in the coordinate system: WGS 84/UTM zone 34N.
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Table 4. Meteorological drought parameters (SPI) in different time scales in the period of 1981–2016.

Parameters of Droughts SPI−1 SPI−3 SPI−6 SPI−9 SPI−12

Izbica Kujawska

Number of months with SPI ≤ −1.0 67 73 75 59 59
Number of months with SPI ≥ 1.0 58 68 68 63 65

Minimum value of the index −3.00 −2.81 −2.30 −2.93 −2.53
Maximum value of the index 3.59 2.83 2.53 2.47 2.33

Sompolno

Number of months with SPI ≤ −1.0 66 71 72 68 63
Number of months with SPI ≥ 1.0 61 57 66 67 66

Minimum value of the index −3.50 −2.61 −2.70 −2.55 −2.57
Maximum value of the index 3.25 2.67 2.65 2.93 2.77

Strzelno

Number of months with SPI ≤ −1.0 62 68 60 64 56
Number of months with SPI ≥ 1.0 70 67 66 69 68

Minimum value of the index −3.27 −3.01 −3.09 −3.13 −2.99
Maximum value of the index 3.37 2.94 2.39 2.90 2.28

Kołuda Wielka

Number of months with SPI ≤ −1.0 62 66 66 62 49
Number of months with SPI ≥ 1.0 65 68 72 55 55

Minimum value of the index −3.43 −2.71 −3.32 −3.47 −3.38
Maximum value of the index 3.16 2.90 2.37 2.75 2.62

Pakość

Number of months with SPI ≤ −1.0 70 69 71 74 71
Number of months with SPI ≥ 1.0 66 70 69 69 72

Minimum value of the index −3.54 −2.83 −2.80 −2.67 −2.69
Maximum value of the index 2.80 2.64 2.35 2.90 2.12

Gniezno

Number of months with SPI ≤ −1.0 70 70 68 72 79
Number of months with SPI ≥ 1.0 64 65 67 67 61

Minimum value of the index −3.43 −2.95 −2.73 −2.73 −2.66
Maximum value of the index 2.50 2.37 2.45 2.70 2.10

Janowiec Wielkopolski

Number of months with SPI ≤ −1.0 71 67 72 70 71
Number of months with SPI ≥ 1.0 66 62 66 65 68

Minimum value of the index −3.22 −2.83 −2.70 −2.79 −2.72
Maximum value of the index 2.73 2.26 2.35 2.09 2.07

Kłodawa

Number of months with SPI ≤ −1.0 73 81 66 65 61
Number of months with SPI ≥ 1.0 52 72 74 68 69

Minimum value of the index −3.09 −2.92 −2.60 −2.72 −2.46
Maximum value of the index 3.26 2.26 2.35 2.58 2.35

2.5. Pearson’s Correlation Analysis

The Pearson correlation coefficient (r) was used to detect the relationship between
meteorological droughts and hydrological droughts. With the use of this coefficient, it was
possible to determine the linear relationship between the SPI and SRI variables in different
accumulation periods. The value of the correlation coefficient is in a closed range [−1, 1].
The greater its absolute value, the stronger the linear relationship between the variables.
0—means there is no linear relation, 1—means a positive relation, and −1—means a
negative relation between the variables.
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3. Results and Discussion

3.1. The Characteristics of Droughts in the Period of 1981–2016

SPI values were calculated separately for all eight weather stations for the time scales
of 1, 3, 6, 9 and 12 months. Depending on the selected accumulation period, the range of SPI
values was different for individual meteorological stations, as follows: SPI−1 from −3.54
to 3.59, SPI−3 from −3.01 to 2.94, SPI−6 from −3.32 to 2.65, SPI−9 from −3.47 to 2.93
and SPI−12 from −3.38 to 2.77 (Table 4). The longer the indicator’s accumulation period,
the lower the drought intensity. The most intense meteorological droughts were recorded
in the following periods: 1982–1985, 1989–1996, 2002–2006, 2008–2009. The number of
months with drought occurrences varied, depending on the period of accumulation and
distribution of individual meteorological stations. In the 1-month accumulation period, the
number of months with drought occurrences (values ≤ −1.0) ranged from 62 to 73 months
i.e., from 14.3% to 16.9% of all the months in the analysed multi-year period of 1981–2016.
On the other hand, wet months with SPI values ≥ 1.0 lasted from 52 to 71 months i.e., from
12.0% to 16.4% of the analysed time period. In the case of SPI−1, the droughts lasted the
longest in Kłodawa, and were the shortest in Kołuda and Strzelno. The highest number of
months with drought occurrences (SPI ≤ −1.0) in the 3-month accumulation period was
recorded at the Kłodawa station (81 months), and the lowest in Kołuda Wielka (66 months).
In the longer accumulation periods i.e., 6, 9 and 12 months, the number of months was
similar and amounted to 60 to 75 months for SPI−6, 59 to 74 months for SPI−9 and 59 to
79 months for SPI−12.

Greater differentiation was recorded in the cases of hydrological drought occurrences
(SRI) at the station in Łysek, Noć Kalina and Pakość (Table 5). The SRI values in Łysek were
characterized by the largest range i.e., from −5.22 to 2.00. The most intense droughts were
recorded from April to December of 2016, which was related to relatively minor discharges
of the Noteć River during this period. At the Noć Kalina station, the SRI values recorded
were from −3.16 to 2.49. The most intense hydrological droughts were recorded from May
to September of 1990, depending on the period of accumulation. The SRI values in Pakość
were characterized by a lower amplitude and ranged from −2.33 to 3.05. The number of
months with SRI values below −1.0 ranged from 75 to 81 months, and in Noć Kalina—from
77 to 101 months.

Table 5. The Parameters of a hydrological drought (SRI) in different time scales in the period of 1981–2016.

Parameters of Droughts SRI−1 SRI−3 SRI−6 SRI−9 SRI−12

Pakość

Number of months with SPI ≤ −1.0 75 77 77 81 79
Number of months with SPI ≥ 1.0 68 67 73 75 76

Minimum value of the index −2.33 −2.20 −2.20 −1.93 −1.71
Maximum value of the index 2.34 2.30 2.83 3.05 2.71

Noć Kalina

Number of months with SPI ≤ −1.0 77 83 86 101 99
Number of months with SPI ≥ 1.0 72 76 67 58 59

Minimum value of the index −3.16 −3.10 −2.79 −2.23 −2.25
Maximum value of the index 2.49 2.31 1.97 2.05 1.92

Łysek

Number of months with SPI ≤ −1.0 29 28 28 30 36
Number of months with SPI ≥ 1.0 26 31 31 32 40

Minimum value of the index −5.22 −5.18 −5.09 −4.96 −4.77
Maximum value of the index 1.52 1.64 1.40 2.00 1.77

The hydrological droughts (SRI ≥ −1.0) at the station in Łysek were characterized by
a short duration, from 6.5% to 8.3% of the analysed period, and high intensity. The number
of wet months (SRI ≥ 1.0) ranged from 6.0% to 9.3% of all the months of the analysed
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multiannual period. The largest number of months with SRI values ≤ −1.0 was recorded
at the Noć Kalina station i.e., from 17.9% to 23.4% of the analysed multi-year period, while
the wet months constituted between 13.4% and 17.6% of this period. The hydrological
station in Pakość closes the catchment area of the Upper Noteć River. The lower intensity of
hydrological droughts at the Pakość station and their much shorter duration compared to
the Noć Kalina and Łysek stations may have resulted from anthropogenic activities carried
out in the area. These activities were mainly related to the lignite open pits, which ran
south of the Łysek and Noć Kalina stations (Lubstów), as well as the operation of a new
open pit mine located north of the Łysek station (Tomisławice).

The spatial distribution of the number of months with meteorological drought oc-
currences in the catchment area of the Upper Noteć is shown in Figure 3. The number
of months with droughts in the accumulation period of 1 month does not present large
spatial differentiation. Larger differences are noticeable in the period of 3- and 12-month
accumulation. In the case of SPI−3, the months with droughts in the southern part of
the catchment lasted the longest, while in the SPI−12 period they were the longest in the
western part of the catchment.

Figure 4 shows the average values of SPI from 8 stations as well as the development
of hydrological drought occurrences (SRI) recorded at the station in Pakość. The number of
months with averaged meteorological droughts is between 13.4 and 15% of all the analysed
months. As presented in Figure 4, the development of hydrological droughts is related to
meteorological droughts.

Figure 4. Cont.
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Figure 4. The development of meteorological and hydrological droughts in the period of 1981–2016 for different accumula-
tion periods (n = 1, 3, 6, 9 and 12), SPI—average values from 8 stations, SRI for Pakość.
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3.2. Trends in Meteorological and Hydrological Drought Occurrences

The results of the trend analysis for a series of SPI values (time scales of 1, 3, 6, 9 and
12 months) for individual meteorological stations are presented in Table 6. A statistically
insignificant trend was noted at most meteorological stations. Out of eight meteorological
stations, a statistically significant upward trend was recorded at only two stations, and a
downward trend at one station (the drought intensified). The downward trend in the SPI
value for the meteorological station in Kłodawa means that the meteorological drought
increases in the period of accumulation of 3–12 months. The Z value obtained for the
Kłodawa station was relatively high and ranged from −1.817 to −4.317, and the Theil–
Sen slope was between −0.0007 and −0.0018. The test results for the Kłodawa station
(Tables 6 and 7) show that the expected Z value is negative for the indices, and the Theil–Sen
slope is also always negative.

Table 6. Results of trend analysis SPI in different time scales in the period of 1981–2016 at meteorological stations.

Stations Parameters
SPI

SPI−1 SPI−3 SPI−6 SPI−9 SPI−12

Kłodawa

Z −1.817 −2.429 −3.179 −3.755 −4.318
S −5.45 × 103 −7.28 × 103 −9.53 × 103 −1.12 × 104 −1.29 × 104

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.0692 0.0151 0.0015 0.0002 1.58 × 10−5

Sen’s slope −0.0007 −0.0010 −0.0013 −0.0016 −0.0018
N D D D D

Izbica
Kujawska

Z −0.434 0.125 0.251 0.033 −0.451
S −1.30 × 103 3.76 × 102 7.54 × 102 9.90 × 101 −1.35 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.6646 0.9005 0.8017 0.9739 0.6523
Sen’s slope −0.0002 5.4386 × 10−5 0.0001 1.50 × 10−5 −0.0002

N N N N N

Sompolno

Z 1.253 2.180 2.413 2.090 1.648
S 3.76 × 103 6.54 × 103 7.24 × 103 6.27 × 103 4.94 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.2102 0.0293 0.0158 0.0366 0.0994
Sen’s slope 0.0005 0.0009 0.0010 0.0009 0.0007

N I I I N

Strzelno

Z 1.223 1.728 2.034 1.341 0.908
S 3.67 × 103 5.18 × 103 6.10 × 103 4.02 × 103 2.72 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.2214 0.0840 0.0412 0.1801 0.3641
Sen’s slope 0.0005 0.0007 0.0008 0.0006 0.0004

N N I N N

Gniezno

Z 0.453 1.272 1.916 1.790 1.506
S 1.36 × 103 3.81 × 103 5.75 × 103 5.37 × 103 4.52 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.6503 0.2035 0.0553 0.0734 0.1322
Sen’s slope 0.0002 0.0005 0.0008 0.0007 0.0006

N N N N N

Janowiec Wlkp.

Z −0.109 −0.100 −0.048 −0.683 −0.931
S −3.27 × 102 −3.01 × 102 −1.45 × 102 −2.05 × 103 −2.79 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.9134 0.9203 0.9617 0.4946 0.3517
Sen’s slope −4.40 × 10−5 −3.78 × 10−5 −1.81 × 10−5 −0.0003 −0.0004

N N N N N
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Table 6. Cont.

Stations Parameters
SPI

SPI−1 SPI−3 SPI−6 SPI−9 SPI−12

Kołuda Wielka

Z 1.700 3.251 4.178 5.084 4.336
S 5.10 × 103 9.75 × 103 1.25 × 104 1.52 × 104 1.30 × 104

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.08918 0.0012 2.95 × 10−5 3.69 × 10−7 1.45 × 10−5

Sen’s slope 0.0007 0.0013 0.0016 0.0019 0.0016
N I I I I

Pakość

Z 0.175 0.834 1.207 0.844 0.284
S 5.27 × 102 2.50 × 103 3.62 × 103 2.53 × 103 8.51 × 102

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.8607 0.4044 0.2274 0.3986 0.7768
Sen’s slope 7.48 × 10−5 0.0003 0.0005 0.0003 0.0001

N N N N N

Description: N—no significant trend, D—significant decreasing trend, I—significant increasing trend.

Table 7. Results of trend analysis SRI in different time scales in the period of 1981–2016 at hydrological stations.

Stations Parameters
SRI

SRI−1 SRI−3 SRI−6 SRI−9 SRI−12

Łysek

Z −5.342 −5.412 5.692 −5.974 −6.2735
S −1.60 × 104 −1.62 × 104 −1.71 × 104 −1.79 × 104 −1.88 × 104

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 9.19 × 10−8 5.97 × 10−8 1.25 × 10−8 2.32 × 10−9 3.53 × 10−10

Sen’s slope −0.0013 −0.0014 −0.0015 −0.0017 −0.0019
D D D D D

Noć Kalina

Z 4.076 3.798 3.032 2.444 2.214
S 1.22 × 104 1.14 × 104 9.09 × 103 7.33 × 103 6.64 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 4.58 × 10−5 0.00014 0.0024 0.0145 0.0268
Sen’s slope 0.0017 0.0016 0.0013 0.0010 0.0008

I I I I I

Pakość

Z −0.784 −1.032 −1.134 −1.428 −1.488
S −2.35 × 103 −3.10 × 103 −3.40 × 103 −4.28 × 103 −4.46 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.433 0.3019 0.2566 0.1533 0.1368
Sen’s slope −0.0003 −0.0004 −0.0005 −0.0006 −0.0007

N N N N N

Description: N—no significant trend, D—significant decreasing trend, I—significant increasing trend.

The upward trend in the SPI value at the stations in Sompolno and Kołuda Wielka
indicates that the phenomenon of meteorological drought is decreasing. The highest Z val-
ues, between 3.25 and 5.08, were obtained during the 3-, 6-, 9- and 12-month accumulation
periods, while the Theil–Sen slope values were between 0.009 and 0.0019.

In the case of hydrological droughts, a statistically significant downward trend was
recorded at the Łysek station in all analysed periods of accumulation. This means a notice-
able increase in drought occurrences in the analysed multi-year period of
1981–2016. Z values were negative and ranged from −5.34 to −6.27, while Theil–Sen
values were between −0.0013 to −0.0019. An upward trend was recorded at the Noć Kalina
station. Z values ranged from 2.21 to 4.07, while the Theil–Sen slope ranged from 0.0008
to 0.0017. In the case of Pakość station, the trend was statistically insignificant. The Z
value calculated in the 12-month accumulation period in Pakość approaches the region of a
trend acceptance, which might indicate that the trend in Pakość in the longer accumulation
period is determined by the occurrence of hydrological droughts at the Łysek station.
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Spatial distributions of trends (significant and insignificant) for a series of SPI and SRI
values for the 1, 3-, 6-, 9- and 12-month time scales are shown in Figure 3.

3.3. Correlations between SPI and SRI Values

In order to establish the relationship between meteorological droughts occurring in
the catchment area of the Upper Noteć and hydrological droughts, an analysis of the
correlation between the SPI and SRI indices was carried out using the Pearson correlation
analysis. The results showed that the strongest correlation between SPI and SRI in the
analysed period of 1981–2016 was obtained at the 12-month time scale (r = 0.51) (Figure 5).
In the case of individual years, the highest correlation indicators between hydrological and
meteorological droughts varied depending on the length of the accumulation period. The
strength of the relationship between SPI and SRI in the catchment area of the Upper Noteć
River was higher for long accumulation periods (6 and 9 months), and lower for the short
ones (1 and 3 months). The highest correlation values for the 1-month accumulation period
were recorded in 1998 (r = 0.76), while for the 3-month accumulation period the highest
values were recorded in 1982 (r = 0.83) and 1996 (r = 0.81). For the 6-month accumula-
tion period, the maximum correlation index was recorded in 1987 (r = 0.94) and in 1982
(r = 0.91). High values were obtained in 1987 for the 9-month accumulation period
(r = 0.94) and the 12-month accumulation period (r = 0.90).

3.4. Discussion

Understanding the changes in the intensity of droughts in the past and being able to
predict expected changes over different time scales is incredibly important, as precipitation-
driven hydrological processes (e.g., evapotranspiration and surface and groundwater
discharge) affect all water reserves [86]. In this study, we found that in the analysed
period of 1981–2016, there was a relationship between the occurrence of meteorological and
hydrological droughts. The strength of this relationship varied. The analysed multi-year
period of 1981–2016 showed a high variability, from dry years (SPI ≤ −1.0) to wet years
(SPI ≥ 1.0), which can be concluded from the SPI values in various time scales. The driest
years included 1982, 1989, 1992, 2003 and 2015. In these years, meteorological droughts
covering not only the region of Poland, but parts of Europe, were recorded. Meteorological
droughts which have occurred in Europe since the beginning of the 21st century, and
were accompanied by heat waves in 2003, 2006, 2010, 2015, are great examples of such
phenomena [87–91].

In the studied area, an increase in the intensity of meteorological droughts (down-
ward trend) was observed at only one out of eight meteorological stations. A statistically
significant, clear upward trend in SPI drought was identified at two stations. More dis-
tinct trends, but opposite in direction, were observed in the case of hydrological droughts
recorded at the stations in Łysek and Noć Kalina. The obtained statistics for the Pakość
station, calculated in the 12-month accumulation period, point to the rejection of the null
hypothesis on the lack of a statistically significant trend. The same direction of changes
in the trend was recorded at the Łysek and Pakość stations. This means an increase in the
intensity of hydrological droughts. In the longer accumulation period, the occurrence of
hydrological droughts at the Łysek station determines the hydrological droughts at the
Pakość station.

The strength of the relationship between meteorological droughts and hydrological
droughts shows significant variation. This variation is not only the result of the size of
the annual sums of precipitation, but also if an increase in air temperature in the analysed
area (Figure 2), which leads to an increase in evapotranspiration [92]. Anthropogenic
activities related to the operation of a lignite open pit have a significant impact on the
analysed area. Some of the water from the mine drainage was directed to the Noteć
River above the Noć Kalina station. The amount of water varied in individual years and
depended on the location of the exploitation operations. According to Wachowiak [93], in
the period of 1995–2009 the Upper Noteć was flooded with some of the mine water from
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the drainage of the Lubstów open pit. Since 2009, there have been cases of mine water
discharge from the Tomisławice open pit via the Pichna River. The correlations between
meteorological and hydrological droughts were variable, in some years the strength of the
relationship was high (positive correlation), while in other years the relationship was low
(negative correlation).

Figure 5. Correlation coefficient r between average SPI and SRI in Pakość for different periods of accumulation in the period
of 1981–2016 (n—number of accumulated months).
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The Pearson correlation analysis shows that there is a relationship between meteoro-
logical and hydrological droughts in the study area. However, it should be emphasized
that these results should not be directly interpreted. In the correlation analysis, a non-
linear relationship can be inadequately described or undetected [94]. Non-linear models
(polynomial, exponential and logarithmic) for the relationship between meteorological and
hydrological droughts were analysed in the research conducted by Salimi et al. [95].

The research on the correlation between droughts conducted by Tokarczyk and Szal-
ińska [44] for catchments with large areas showed that the largest correlations between SPI
and SRI occurred for longer periods of accumulation. Similar relationships between mete-
orological and hydrological droughts were obtained for other catchments in Poland [43].
In the case of the catchment area of the Upper Noteć River, the relationships between
meteorological and hydrological conditions are not natural. The flow regime depends on
the amount of water discharged in particular periods, and on the retention capacity of
lakes, which is particularly noticeable at the Pakość station. The amount of water accu-
mulated in the Pakość reservoir, through which the Noteć flows, is regulated by a water
accumulating weir.

4. Conclusions

The study analysed the trends in meteorological and hydrological drought occurrences
in the long-term period of 1981–2016, for the catchment area of the Upper Noteć River. The
identification of a meteorological drought was carried out with the use of an SPI, based
on monthly precipitation totals from eight meteorological stations. Hydrological drought
was determined by means of an SRI for the monthly discharges of the Noteć, which were
obtained from three hydrological stations. Non-parametric Mann–Kendall tests and the
Sen slope were used to determine trends. The following conclusions might be drawn:

- Statistically significant trends, at the significance level of 0.05, were identified at
three out of eight meteorological stations, based on the Mann–Kendall test and the
Sen slope.

- An increase in meteorological drought occurrences was recorded at the Kłodawa
station (downward trend), while a decrease in droughts was recorded at the Sompolno
and Kołuda Wielka stations.

- Hydrological droughts showed an upward trend at the Łysek station, while a decrease
in the trend was recorded at the Noć Kalina station, and both were statistically
significant. No changes in the trend were found at the Pakość station.

- The analysis of the correlation between meteorological and hydrological droughts in
individual years showed a strong relationship in dry years e.g., 1982 and 1989. The
maximum correlation index was 0.94 and was identified over longer accumulation
periods i.e., 6 and 9 months.

- The anthropogenic effects related to the operation of an open cast lignite mine may
have had an impact on the relationship between droughts.

The example of the catchment area of the Upper Noteć River indicates that the man-
agement of water resources requires the use of at least several indicators that will allow
an assessment of the actual state of water reserves. Using the SPI to detect meteorological
droughts can be used as a drought warning system [96]. In some cases, the value of the
SRI depends on the way water is managed within the catchment area. The size of the
runoff may be disturbed by anthropogenic factors. Effective water resource management
strategies require constant monitoring of water reserves, which should be consulted among
various stakeholder groups related in particular to industry, and agriculture.
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43. Kubiak-Wójcicka, K.; Bąk, B. Monitoring of meteorological and hydrological droughts in the Vistula basin (Poland). Environ.

Monit. Assess. 2018, 190, 691. [CrossRef]
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45. Łabędzki, L.; Bąk, B. Impact of meteorological drought on crop water deficit and crop yield reduction in Polish agriculture. J.

Water Land Dev. 2017, 34, 181–190. [CrossRef]
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47. Bąk, B.; Kubiak-Wójcicka, K. Impact of meteorological drought on hydrological drought in Toruń (central Poland) in the period of
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92. Ziernicka-Wojtaszek, A.; Kopcińska, J. Variation in Atmospheric Precipitation in Poland in the Years 2001–2018. Atmosphere 2020,

11, 794. [CrossRef]
93. Wachowiak, G. Wpływ zrzutów wód kopalnianych na wielkość przepływów wody w rzekach w początkowym okresie odwadni-
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Abstract: In spite of the obvious climate changes effects on the Carpathian Basin hydrographic nets
fish fauna, studies on their potential refuge habitats in drought periods are scarce. Multiannual
(2016–2021) research of fish in some streams located in the Saxon Villages area during hydrological
drought periods identified, mapped, and revealed the refuge aquatic habitats presence, management
needs, and importance for fish diversity and abundance for small rivers. The impact of increasing
global temperature and other human activities induced hydrologic net and habitats alteration, de-
creased the refuge habitats needed by freshwater fish, diminished the fish abundance, and influenced
the spatial and temporal variation in fish assemblage structure in the studied area. The sites more
than one meter in depth in the studied lotic system were inventoried and all 500 m of these lotic
systems were also checked to see what species and how many individuals were present, and if there is
was difference in their abundance between refuge and non-refuge 500 m sectors. The scarce number
of these refuges due to relatively high soil erosion and clogging in those basins and the cumulative
effects of other human types of impact induced a high degree of pressure on the fish fauna. Overall,
it reduced the role of these lotic systems as a refuge and for reproduction for the fish of downstream
Târnava Mare River, into which all of them flow. Management elements were proposed to maintain
and improve these refuges’ ecological support capacity.

Keywords: drought; lotic systems; refuge habitats; fish; risk management

1. Introduction and Background

Water, the fundamental factor of initiation, persistence, and evolution of life on Earth
is ever-present; it influences everything and is a key to comprehending the universe in
general [1,2], including the biodiversity structure, distribution, and ecological state [3–11].
In this framework, the relevance of small water bodies for biodiversity and ecosystem
services is not negligible [12,13].

Climate change is one of the most known crises to all-encompassing environmental,
economic, social, and human health conditions [14–17] modern human have ever chal-
lenged [18]. The simulations conducted using global climate models uncover that the most
important factors that induce this planetary phenomena are natural (variations in solar
radiation, volcanic activity, and aerosol concentrations) and anthropogenic (fluctuation
in the content of the atmosphere due to human actions); only the amassing effect of the
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two factors can provide a reason for the transformations noticed in the world average
temperature in the last century and a half [19,20], despite the fact that this is only a small
part of the extent of fluctuations in climatic parameters, even including the planet ocean
level [21].

It is accepted that inland water conditions are closely connected with weather and
atmospheric temperature fluctuations, so climate change may have forceful direct and
indirect effects on freshwater biota [22].

The most recent IPCC Climate Report, “Code Red for Humanity”, emphasizes unde-
niable proofs accompanying the reality that warming has sped up in recent decades; the
planet warming is affecting all regions on Earth, and additional heating is anticipated for
the next century. Many of the modifications becoming irreversible climate impacts will
certainly exacerbate [23]. Another effect of climate change is the alteration of hydrologic
cycles; with rising intensity and frequency of extreme events such as droughts, this sce-
nario could influence freshwater biota, generating changes in phenology, life cycles, and
dispersion areas, and even the extinction of sensitive species [24]. Accelerated climate
change is estimated to influence the biodiversity of huge areas forcefully, with changes in
the presence and distribution of numerous species, the decline of the taxonomic richness,
and the vanishing of entire ecosystems [25]. There is much proof that global warming is
threatening the biodiversity of our planet, including fish [26–32], a significant taxonomic
group under permanent high global human-impact threats and risks [33–45].

In this global warming scenario, freshwater ecosystems are highly vulnerable and
their communities could experience significant impacts. Some new research highlights that
freshwater biodiversity has declined quicker than both marine and terrestrial [46].

Due to the fact that in the above-mentioned recent United Nations report that the
researched Carpathian area will be characterized by heat waves and severe drought peri-
ods [46], and the freshwater biota is under a accentuated risk in general, the aim of this
study was to provide information about the state of the local fish species refuge habitats in
the context of climate change and human impact effects.

Climate change forecasts for Europe are not an exception and it is clear that air
temperatures will rise because of the impact of human activities on the atmosphere [47–49].
The predictions are also clear that the contemporary precipitation regime will be modified
and altered and will vary from one area to another beyond the normal known seasonal
patterns, with drought episodes becoming accentuated [50], and severe and even extreme
climatic crisis are anticipated [51].

The climate system heating is unquestionable due to the relatively uninterrupted
long-term warming trend since the mid-20th century, which may be correlated with an-
thropogenic influence [52–54].

Drought is an effect-dependent phenomenon [55], and considerable human impact
is at least partly culpable for the harshness of the contemporary frequent and persistent
drought episodes [56] generating a very intricate hydro-climatic risk affecting the natural
and anthropogenic systems [57]. More than that, the heat wave magnitude is projected to
rise everywhere in future [58].

Climate change-associated issues are some of the most contentious scientific issues
of the present day. At this time of the climate change situation, the temperature increases
all around [54], even in unanticipated ranges on Earth [59–63], and drought, decreasing
altered flows on streams, which is a significant driver for aquatic ecosystems’ ecological
status [64], aquatic biodiversity [65], and even their potential economic use [66,67] appear
and remains even in what are considered “safe” geographical areas. From this viewpoint,
the Carpathian Basin was considered, bringing their synergic effects together with other
human impact types that could also have consequences on functional traits of aquatic
assemblages in terms of the abundance and distribution of their species [68–75].

Carpathian Basin climate change trends exceed the Earth warming rate since the 1950s
of the last century through rising temperature and precipitation and drier spring, summer,
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and autumn seasons [76–79]. For example, in the last century, a 0.8 ◦C increase in surface
temperature and a 60–80 mm decrease in precipitation were registered [80].

In the last decades, the Carpathian Basin has experienced very persistent and accentu-
ated droughts, a trend connected with climate change, inducing remarkable drying in this
region, particularly in the summer, in the chiefly exposed south-eastern sectors that have
had environmental and socio-economic effects [81].

In the general climate change circumstances, the Carpathian Basin and its valuable bio-
sphere are considered to be very sensitive. Drought is one of the important climate-related
detrimental natural phenomena, and it has been appearing with increasing frequency,
severity, and extent in the last decades [82,83].

The causes of fast expansion of the drought in the South-Eastern Carpathian basin
are: the rise of the yearly average temperature by 0.3 ◦C, the rise in number of tropical
days (>30 ◦C), the diminishing of winter days (<0 ◦C), the diminishing of precipitation,
and the lessening of runoff. As results: reduced inflows to aquatic ecosystems, decreased
stream-flows in a most of basins, reduced recharge of groundwater, high repetitiveness
and period of the drying up of lotic systems (principally those smaller than 500 km2), and
the stream flow drought which has arisen more often since 2000 [84,85].

Climate changes disturb ecosystems and cause potential threats and risks regarding
their natural products and services; in these circumstances, human society should anticipate
and adapt in time to these major global challenges [60].

The ephemeral and small lotic systems are the most abundant and hydrologically
dynamic of all freshwater ecosystems, existing across most of our planet, including rivers
in alpine and hilly zones as well as temperate regions [86–88].

The Carpathian Mountains’ geographic typical features (i.e., form, orientation, lat-
itude, and altitude) were and are essential elements which played a key driving role
concerning the fish species’ presence, dispersion, evolution, and their populations’ eco-
logical status [89]. In the recent climate change pattern for the hydrological nets, is the
drought a new game changer in the Carpathian area? What will be the effect of this type
of change on small lotic low-flow systems’ habitats and their fish populations, which are
already under high stress from human impact? How can we be proactive and identify such
risk hotspots and how can we design proper management plans for these threatened lotic
systems in order to diminish these climate-induced negative effects?

This research intended to deal with several local case studies of small lotic systems
based on which similar areas can benefit by the proposed habitats and fish population risk
assessment, monitoring, and management elements. Such a research-targeted area, the so-
called “Saxon Villages” area/Southern Transylvania Tableland, in South-East Transylvania
(Romania), is one of these types of identified areas where climate change can lead to great
pressures both on the water-related habitats and biodiversity.

The research area is located in the arena-like Transylvanian Depression. Encircled
by the South-Eastern Carpathians, the middle Târnava Mare River basin sector is located
in the central-south part of the Transylvanian Plateau, particularly in the central Târnave
Plateau, populated by more than seven million people [90], and its lotic systems are under
both historical and modern diverse human-impact negative effects [91–93].

The geological basis is under a deep Neogene bed, formed by the southern segment
of the Central Transylvanian massif, composed of crystalline schists, over which were
accumulated Miocene, Pliocene, and Quaternary soft structures. The interfluvial areas are
topped by dispersed Sarmatian marls-clays, sands, and tuffs. The most frequent is the
Pliocene (Pannonian) structure, characterized by marl-clays and sands [94–98].

From the geomorphologic viewpoint, the base of the researched area was the river
meadow suspended above the Târnava Mare riverbed and the lower terraces, creating
transversely fragmented hilly surfaces. The energy relief is lessened, with a maximum of
100 m, and the regular fragmentation degree is 05–07 km/km2 [94–98].

The climatic regime, connected with the sector of the hilly area with a moderate-
continental climate, is defined by warm summers with rather low precipitation, and
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winters with warmer periods. The circulation of the atmosphere is characterized by the
high frequency of western and north-western temperate-oceanic air masses, chiefly in
summer. Less often, south-west and south Mediterranean air masses appear, and northern
Arctic masses less often. The annual average temperatures lie between +8 ◦C and +9 ◦C,
with absolute values of +37 ◦C and −32 ◦C. The average July temperatures vary between
+18 ◦C and +20 ◦C, and those of January between −3 ◦C and −4 ◦C. The atmospheric
precipitation has an annual quantity of 500–700 mm [94–98].

In the study area of the Târnava River basin, the torrential character of the superficial
flow has high maximum flows in rainy periods and common minimum low-flows, with run-
dry during drought [94–98]. In the field activities, in the August months of the 2016–2021
study period, the drought and heat waves kept the general trend of the last decades;
moreover, the years 2019 and 2020 were the hottest years since 1961 [99–103].

The studied lotic systems, Dupuş (5 km length, 10 km2 basin surface, 0.024 m3/s
multiannual flow—2016–2021), Biertan (17 km, 58 km2, 0.124 m3/s), Valchid (16 km,
56 km2, 0.120 m3/s), Laslea (22 km, 111 km2, 0.345 m3/s), Mălâncrav (14 km, 41 km2,
0.100 m3/s), and Felţa/Flores, ti (9.6 km, 17 km2 0.041 m3/s) belong to the southern Târnava
Mare Basin. This basin’s aquatic and riverine habitats and associated biodiversity are under
the influence of the impacts of multiple and diverse human activities [104–113].

The rather new extended-heat summers and warmer winters increased the tempera-
ture of rivers, decline snowpack, and the accessibility water and its related resources to
riverine human communities. In addition, the present higher human pressure, contrasting
with the traditional past environmentally friendly practices of natural resources use, on
water resources finally induced a decrease in water quality and quantity.

Recurrently, the accent of drought-connected effects are pushed onto human-centric
water resources and agricultural, socioeconomic, and migration aspects due to the re-
lated economic losses and social tension [114–117], and avoiding the related and primary
triggering features of droughts, namely the meteorological and hydrological elements.

This study addressed some of the ecological dimensions of frequent and prolonged
droughts, and their lasting structural effects on some aquatic habitats and their fish commu-
nities, which are communities with high relevance for the studied lotic systems’ ecological
status under climate change/drought seasons’ constant pressure.

The human indirect (climate changes/drought) and direct influence (water overuse,
water pollution, habitats fragmentation and destruction, scarcity of refuge habitats, wetland
and riverine areas mismanagement, stimulating over sedimentation, etc.) are key aspects
of understanding many of the drought effects on the researched lotic systems.

Other objectives of this study were to reveal some landscape (geographical, cultural,
and natural heritage) values and traditional best-practices loss effects in the new climatic
change situation and to identify new threats and the different types of human impact
affecting some lotic system fish fauna, based upon specially designed scientific research.
In the beginning of the twenty-first century, the human-nature relationship is far from
balanced and with significant and variable negative effects on the biodiversity, including
the whole Danube Basin [118–133], to which the studied area belongs.

It is very likely that the tendency of climate change in the twenty-first century will
be very much alike that of the end of the twentieth century, manifested by rising values
of extreme maximum temperatures and heat waves [76–85]; this reiterates the need for
applied studies by identification of problems and proposals of integrated management
plans for the ecological support systems for human society and its enterprises.

This study had as a main aim to identify and map the lotic refuges in drought periods,
and also the sectors where these should be rehabilitated or made. Adjacent monitoring
and management elements were proposed for the studied lotic systems’ natural processes
recovery. It must be highlighted that no such research approach regarding the south-east
Carpathians small rivers fish refuge habitats has previously been realized.
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2. Materials and Methods

This study was based on a fish samples assessment, from 2016 to 2021, in summer
drought periods, at five rivers, on every 500 m sector, in the west of the Saxon Villages
area (Figure 1). The sites more than one meter in depth in the studied lotic systems were
measured and inventoried, walking in all the riverbeds length. The near downstream 500 m-
long stretches of these lotic systems were also checked to see what fish species and how
many individuals thereof are present, and if there is a difference in their abundance between
refuge and non-refuge 500 m sectors. The fish numbers in the identified refuge habitats
(lotic habitats with a depth of minimum one meter and a length of maxim 10 m) were
compared with the near downstream 500 m-long lotic sector fish number of individuals
and presented. The major method limitation is that it is relatively cronophagous; the river’s
entire length should be walked by the researchers through the riverbed.

Figure 1. The study area location on the South-Eastern Carpathians basin (Romania).

The sampling highlights the presence of aquatic refuge habitats and fish communities’
richness in and near the refuge habitats.

During the drought season, field studies concerning the habitats were carried out on
Dupuş, Biertan, Valchid, Laslea, Mălâncrav, and Felţa/Flores, ti rivers (Figure 2).

The fish assemblages’ survey presented, through time/on effort (one hour/500 m),
these quantitative samplings, which were gathered with a hand-net.

For the fish communities’ quantitative structure, the used description was: the indi-
viduals’ number in the unit of time/effort unit—average value for the samples of the same
station, for six years of the study, on each identified refuge habitat and its downstream
near-500-m sector.

The sampled fish were identified, counted, and released immediately back into their
natural habitats. Different habitat characteristics data (refuge depth, banks description,
land use, substrate, banks height, minor riverbed width, GPS coordinates, vegetation, and
human impact) were collected (Tables A1–A6).

This research proposed some in situ adapted management elements for the recovery,
at least partially, of the previous ecologic status of the lotic systems’ habitats in the area
and of their associated fish species communities.
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Figure 2. The studied lotic systems.

3. Results

3.1. Dupuş River

Based on the field inventory, on the Dupus, River, only one refuge was identified
with a depth of 150 cm (i.e., Figure 3), and the other non-refuge sectors (i.e., Figure 4) had
different depths between 10 to 80 cm.

In the Dupus, River, three fish species have permanent populations: Gobio gobio (Lin-
naeus, 1758) (9 total caught individuals), Barbus meridionalis Risso 1827 (6), and Squalius
cephalus (Linnaeus, 1758) (3).

The ratio between the total number of fish between the refuge habitat of maximum
10 m length and the adjacent/downstream non-refuge sector of 500 m length was two
to one.

 

Figure 3. Dupuş River refuge habitat.
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Figure 4. Dupuş River non-refuge sector.

The single identified refuge habitat is present in the lower third of the river (Scheme 1)
revealing the drought-related risks for the biodiversity in at least two thirds of the river sectors.

Given the shallow depth of the Dupus, River and the vulnerabilities that occur for fish
during periods of drought, the building of artificial refuges for fish from about 500 to 500 m
is proposed. In total, it would be necessary to build a number of 12 such refuges with a
depth of at least one meter (Scheme 1).

3.2. Biertan River

Based on the field inventory, on the Biertan River, only three refuges were identified
with a depth of 100–120 cm (i.e., Figure 5); the other non-refuge sectors (i.e., Figure 6) had
different depths between 5 and 100 cm.

 

Figure 5. Biertan River refuge habitat.
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Figure 6. Biertan River non-refuge sector.

In the Biertan River, 11 fish species have permanent populations: Squalius cephalus
(Linnaeus 1758) (total caught individuals 21), Alburnus alburnus (Linnaeus 1758) (7), Al-
burnoides bipunctatus (Bloch 1782) (20), Chondrostoma nasus (Linnaeus 1758) (8), Gobio gobio
(Linnaeus 1758) (19), Barbus barbus (Linnaeus 1758) (9), Barbus meridionalis Risso 1827
(23), Carassius gibelio (Bloch 1782) (5), Barbatula barbatula (Linnaeus 1758) (11), Sabanejewia
romanica (Băcescu 1943) (31), and Sabanejewia aurata (De Filippi 1863) (14).

The ratio between the number of fish between the refuge habitats of maximum 10 m
in length and the adjacent/downstream non-refuge sectors of 500 m length was six to one.

The identified refuge habitats are present only in the lower one-fifth sector of the river
(Scheme 2), revealing the drought-related risks for the biodiversity in four-fifths of the river
sectors.

Given the shallow depth of the Biertan River and the vulnerabilities that occur for fish
during periods of drought, it is proposed to build artificial refuges for fish from about 500
to 500 m. In total, it would be necessary to build a number of 34 such refuges with a depth
of at least one meter (Scheme 2).

3.3. Valchid River

Based on the field inventory, on the Valchid River, 27 refuge habitats were identified
with a depth of 100–160 cm (i.e., Figure 7); the other non-refuge sectors (i.e., Figure 8) had
different depths between 5 and 100 cm.

In the Valchid River, 10 fish species have permanent populations: Squalius cephalus
(Linnaeus 1758) (total caught individuals 28), Alburnus alburnus (Linnaeus 1758) (6), Al-
burnoides bipunctatus (Bloch 1782) (22), Chondrostoma nasus (Linnaeus 1758) (3), Gobio gobio
(Linnaeus 1758) (26), Barbus barbus (Linnaeus 1758) (3), Barbus meridionalis Risso 1827
(30), Barbatula barbatula (Linnaeus 1758) (19), Sabanejewia romanica (Băcescu 1943) (20), and
Sabanejewia aurata (De Filippi 1863) (19).

The ratio between the number of fish and the refuge habitats of maximum 10 m in
length and the adjacent/downstream non-refuge sectors of 500 m length was seven to one.

Refuge habitats are present in four-fifths of the lower and middle parts of the river,
and should be extended to the upper part and multiplied so that at every 500 m there is at
least one.

Given the general depth of the Valchid River and the vulnerabilities that occur for
fish during periods of drought, the building of artificial refuges for fish from about 500 to
500 m is proposed. In total, it would be necessary to build a number of 17 such refuges
with a depth of at least one meter (Scheme 3).
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Figure 7. Valchid River refuge habitat.

 

Figure 8. Valchid River non-refuge sector.

3.4. Laslea River

Based on the field inventory, on the Laslea River, only four refuge habitats were
identified with a depth of 100–120 cm (i.e., Figure 9); the other non-refuge sectors (i.e.,
Figure 10) had different depths between 5 and 120 cm.

In the Laslea River, seven fish species have permanent populations: Alburnus alburnus
(Linnaeus 1758) (total caught individuals 9), Chondrostoma nasus (Linnaeus 1758) (8), Gobio
gobio (Linnaeus, 1758) (40), Barbus meridionalis Risso 1827 (42), Barbatula barbatula (Linnaeus
1758) (44), Sabanejewia romanica (Băcescu 1943) (60), and Sabanejewia aurata (De Filippi,
1863) (31).

The ratio between the number of fish between the refuge habitats of maximum 10 m
in length and the adjacent/downstream non-refuge sectors of 500 m length was 12 to 1.
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Figure 9. Laslea River refuge habitat.

 

Figure 10. Laslea River non-refuge sector.

Refuge habitats are rarely present on two-thirds of the lower and middle parts of the
river, and should be extended to the upper part of it and also multiplied so that at every
500 m there is at least one.

Given the general depth of the Laslea River and the vulnerabilities that occur for fish
during periods of drought, it is proposed to build artificial refuges for fish from about 500
to 500 m. In total, it would be necessary to build a number of 37 such refuges with a depth
of at least one meter (Scheme 4).

3.5. Mălâncrav River

Based on the field inventory on the Mălâncrav River, only three refuge habitats were
identified with a depth of 100–110 cm (i.e., Figure 11); the other non-refuge sectors (i.e.,
Figure 12) had different depths between 10 and 100 cm.
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Figure 11. Mălâncrav River refuge habitat.

 

Figure 12. Mălâncrav River non-refuge sector.

In the Mălâncrav River, four fish species have permanent populations: Squalius cephalus
(Linnaeus 1758) (total caught individuals 12), Gobio gobio (Linnaeus, 1758) (8), Barbus
meridionalis Risso 1827 (22), and Barbatula barbatula (Linnaeus 1758) (13).

The ratio between the number of fish between the refuge habitats of maximum 10 m in
length and the adjacent/downstream non-refuge sectors of 500 m length was four to one.

Refuge habitats are rarely present throughout the length of the river, but should be
more numerous, with at least one every 500 m.

Given the general depth of the Mălâncrav River and the vulnerabilities that occur for
fish during periods of drought, the building of artificial refuges for fish from about 500 to
500 m is proposed. In total, it would be necessary to build a number of 21 such refuges
with a depth of at least one meter (Scheme 5).

3.6. Felţa River

Based on the field inventory on the Felţa/Floreşti River, only two refuge habitats
were identified with a depth of 100 cm (i.e., Figure 13)’ the other non-refuge sectors (i.e.,
Figure 14) had different depths between 10 and 100 cm.
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Figure 13. Felţa River refuge habitat.

 

Figure 14. Felţa River non-refuge sector.

In Felţa/Floreşti River 3 fish species have permanent populations: Squalius cephalus
(Linnaeus 1758) (total caught individuals 14), Gobio gobio (Linnaeus, 1758) (24), and Barbus
meridionalis Risso 1827 (10).

The ratio between the number of fish between the refuge habitats of maximum 10 m
length and the adjacent/downstream non-refuge sectors of 500 m in length was three
to one.

The only two identified refuge habitats were in the lower third of the river (Scheme 6),
revealing the drought related risks for the biodiversity in at least two middle and upper-
third sectors of the river.

Given the general depth of the Felţa River and the vulnerabilities that occur for fish
during periods of drought, the building of artificial refuges for fish from about 500 to 500 m
is proposed. In total, it would be necessary to build a number of 12 such refuges with a
depth of at least one meter (Scheme 6).
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4. Discussion

4.1. Identified Ecological State Elements

Practically all fish species have a definite range of habitat preference delineated by
abiotic attributes such as substrate, depth, velocity, floods, temperature, dissolved oxygen,
etc. [134–141]. The spawning periods of fish also differ with respect to such distinct
ecological elements as stagnant or running water, as well as altitude, temperature, quality
of water, and etc. A fundamental property of fecundity is its raise during the development
of the fish; a big fish produces more eggs than a small one [142,143]. If no relative large
habitats, including refuge-type habitats, exist, no large fish can exist, and consequently
reduced fecundity of fish populations can appear in the rivers.

As stream discharge lessens, decreasing water quantitative and qualitative character-
istics may exceed resilience limits, pushing fish to search for and use refuge habitats. These
can be characterized as sites where the adverse effects of disruption are absent or reduced
than in more damaged sectors. For example, as discharge diminishes, the fish species
which prefer riffles leave and search for refuge in pools. In these general circumstances, it
is self-evident that the refuge habitats play a critical role in reducing the disruptive effects
of drought in terms of individual endurance of fish and population survival. However,
the quality of the pools varies in relation with many elements such as abiotic suitability,
trophic opportunities, predation risks, etc.

Drought drying is a critical disruption circumstance in many small streams creating
irregular or isolated lotic habitats [144]. We assessed and found that, based on the ratio
between the fish numbers in refuge habitats and in the near lotic sectors, the remaining
pools act as needed refuge habitats, especially during drought episodes.

In the researched area, there are two fish species of conservative interest, namely
Barbus meridionalis Riso, 1827 and Sabanejewia aurata (De Filipi, 1863). The barbels, Ord.
Cypriniformes; Fam. Cyprinidae are influenced by stream habitat quality such as, for
example, drought periods [145]. Barbus meridionalis species terra typica is the Mureş
River basin to which the studied Târnava River tributaries belong. This fish is a bottom-
dweller, relatively fresh, cool, and well saturated with oxygen water species. It prefers
hard substrate [134]. The loaches, Ord. Cypriniformes; Fam. Cobitidae are also influenced
by the streams’ habitat quality, inclusive of drought effects [146]. Sabanejewia aurata is a
mainly nocturnal, demersal, freshwater, bottom-feeder species. The sand presence in the
riverbed is an important habitat precondition, with individuals spending extended periods
in the sand. Its presence in muddy or silted areas is rare. It needs a quite warm water
temperature especially in the summer season, but not over 20 ◦C [134].

When habitat characteristics match the favored range, anticipated fish species will
appear in good abundance [147]. The first fact, which was observed in the research in
the field, was that in hydrological drought periods, the number of fish was higher in the
identified refuge habitats, a critical aspect for fish conservation, in contrast with transitional
lotic sectors and especially in riffles, which are usually the first habitats to dewater at
low flows. It is clear that the pools offer refuge from the most negative effects of drought
(i.e., isolations and stranding of fish). Specifying a niche is equivalent to defining habitat
conditions [148,149] that allow a species to remain in space and time. That is why proper
habitats in general and especially the highly needed refuge habitats should be identified,
characterized, and inventoried for considering present-future climate changes.

Together with flow fluctuations and low flow prolonged periods, a second stressor
which can be important for the fish communities’ deteriorated ecological status is the
temperature, which can differ among river sectors with refuge habitats bordered by dense
riparian vegetation and sectors with no such refuge habitats and no or rare vegetation.
These sectors are exposed to the sun heat and have a higher temperature and evaporation
rate; in consequence, both the water’s quality and quantity decrease.

The rise in frequency and magnitude of hydrological droughts has quantitative and
qualitative negative effects, lowering the refuge habitats’ surface and volume, the lateral
connectedness between rivers and floodplains, the longitudinal connectedness, and the
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quality of water. Drought also impacts the relative habitat availability (i.e., ratio of pools
to riffles), reproduction sectors and activities, and diminishes the trophic base support
surfaces. The shallow habitats may dry pools, decreasing them in dimension, but still hold
water for longer after the surface flow ends. Drought also intensifies density-dependent
biotic interactions such as competition and predation, as fish are congested into a smaller
volume of water.

A fall in fish numbers among refuge-sampled habitats goes along with descending
discharge and growth in the sampled refuge habitat areas.

Over the course of the summer low-flow period, numbers of fish in the sampled non-
refuge habitats were lower in comparison with the refuge habitat, indicating degradation
in abiotic and biotic conditions linked with drought.

Interest and struggle are increasing on improving environments that are human-
dominated [150]. In this study, the skewed natural fish communities’ structure, or even
disappearance/local extinction of some fish species on some studied lotic systems sectors,
had complex causes, among which climate change and human impact synergy in these
basins can play a central role, inducing as a mitigation measure the completion of the
needed refuge habitats proposed herein.

The traditional land and water use best practices in the studied area, i.e., lotic systems
with natural courses, using the phreatic rather than the river water for household needs,
thick riverine natural vegetation (especially Alnus incana, Telekia speciosa, and Chrysosplenium
alternifolium Erika Schneider-Binder in verbis), terraces with vineyards with anti-erosional
effects on slopes, full coverage with forests on the tops of the hills, soft agricultural practices
in small family farms in lowland areas, raising of cows, etc., were replaced by new, modern
activities with negative effects on the environment.

The traditional best practices related with the land and water use were replaced by
new ones which are aggressive with the aquatic environment: habitat fragmentation with
riverbed barriers with no fish ladders or passages; aquatic lotic habitats over sedimentation
due to improper riverine forestry and agricultural area use; the riverine vegetation destruc-
tion on some sectors reduces their capacity to retain sediments carried down by floods
from the basin; overgrazing mainly with sheep and, to a lesser degree, with cows also
induces sediment mobilization in the basin; the relatively big riverine industrial farms and
the small family farms overflowing their animal manure direct into the river without any
cleaning treatment; household water and solid waste overflows without any treatment; the
lotic natural courses being affected in some sectors by modifications of the course, banks,
and riverine habitats; the escape of alien fish from adjacent fish farms/ponds, etc.

All these quantitative shortages in refuge habitats and the qualitative problems induce
significant pressure on fish fauna in the context of climate change and should be addressed
with specific in situ adapted management measures.

The shortage of refuge habitats did not allow the presence of proper conditions for fish
related first to the needed hard and coarse sand substrata due to fine sediments and mud
over sedimentation and clogging, and second with water temperature and oxygenation
due to the rising of water temperature and decreasing of oxygenation in lotic sectors not
protected by riverine vegetation, exposed to direct sun heat, without refuges, and which
are shallow.

Human activities in drought conditions, which synergically induces erosion regularly,
deliver massive quantities of fine sediments into streams and rivers, forming large static
bodies of sediment known as sand slugs, which smother in-stream habitat, alter community
structures, and decrease biodiversity [151–153]. Based on our findings of such droughts
plus a high variety of human impacts in the studied area, a strategic basin management
should be designed and put into action to accomplish effective and viable aquatic refuge
habitats used for the associated fish communities. Correct protection of the fish popula-
tions should rely on the protection of their environment through integrated management,
which should solve the following identified problems: riparian zones were reduced on
the surface or removed by the agriculture expansion and destructive agriculture works,
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lessening river shading and raising aquatic habitat temperatures and decreasing water
oxygenation; severe sedimentation problems due to basin erosion, channel cuttings and
strong weather water runoff raised by the insufficiency or absence in some sectors of
riparian vegetation; accentuated erosion and sedimentation issues that develop from a
lack of riparian vegetation along long sectors of river corridors and which can lead to
gravel bed siltation, critical to the insectivorous fish species; disturbed hydrologic regimes
in some sectors by water over extraction and use; the man-made stream barriers which
have repercussions on the ability of fish to move among refuge habitats; lasting inputs of
pollutants; habitat loss-induced native fish species decline; stream sectors channelization
and isolation from their alluvial plain, important for cyprinids; habitat deficit easing fish
overcrowding circumstances, which lead to occurrences and outbreaks of diseases; etc.

Based on the biological and ecological characteristics of the two sampled fish species of
conservative interest and on the identified problems in relation with this species throughout
the six years of monitoring activities, some management directions can be highlighted
so that basin managers can have the key information and recommendations needed to
preserve a good quantitative and qualitative conservation status of the local water resources
and fish populations in synergic climate change and anthropogenic impact conditions.

Drought is a natural disruption including aquatic ecosystems in terms of physical and
chemical water quality, increased fish death rates, and decreased fish birth rates and/or
expanding migration rates, and can be an important factor in destruction of aquatic com-
munities; for fish to remain in affected lotic systems, they must have refuge from interfering
factors. Refuges’ dimension, commonness, and connectedness play an important role in
fish populations’ ecological status and persistence. Population dynamics of fish using
refuges during drought are best modeled by modified source-sink dynamics, but such
dynamics are likely to change with spatial scale [154–158].

For the studied lotic systems, habitats, and their fish populations ecological status
recovery, as a part of “a best practice” management of the researched area, relatively
numerous new refuge habitats should be created and properly managed: nine times more
than the existing number on the Dupuş River, 10 times more on the Biertan River, 0.4 times
more on the Valchid River, 10 times more on the Laslea River, eight times more on the
Mălâncrav River, and six times more on the Felţa River. Among all of these rivers, the
Valchid River state reveals a potential good status to be reached by all lotic systems in the
area. We can understand now how this area’s conditions were in the past, and why, in
some localities, coat of arms waterfowls were present (Erika Schneider-Binder in verbis).

A complex, integrated, and permanent monitoring system should be implemented in
the studied area, based on the fact that the physic-chemical and biological variables can
show and anticipate the human impact actions and climate change effects on lotic systems’
basin ecologic status and perspectives [159]. For the efficiency of the proposed monitoring
activities, people with appropriate fish-related taxonomic skills should be involved [160].

The torrential nature of the superficial flow in the studied lotic ecosystem basins set
off high maximum flows especially in rainy periods and minor flows, with very low-flow
episodes, during drought periods of the year [98], periods which are more numerous and
longer under the present climate changes. The researched area’s geomorphologic processes
are of high amplitude, have a high frequency, and an intensity of manifestation that confers
on them a risk character on the local geomorphosystems [151], especially in the relatively
new appearance of climate change effects, including on the refuge habitats of fish.

Sediment motion, flow, amassing, and clogging are influential phenomena in lotic habi-
tats and their associated fish communities due to their significance for: riverbed features,
river channel morphology and stability, and refuge habitats availability and quality. In the
studied area, the sediment entrainment, transport, and deposition induced a significant
refuge habitat loss with associated fish communities, decreasing living conditions. This
situation is stimulated especially in the climate change context of change in flow regime,
respectively, the diminishing of the water flow in the drought periods, through affecting
entrainment, transport, and deposition processes. Changes in the frequency, duration, and
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magnitude of flows competent to move the pre-existent bed materials have significance for
substrate character formation and maintenance. For example, if riffles are not sufficiently
flushed on a regular enough basis, fine sediment deposits amass in the interstices among
the gravels and rocks, lowering or even removing the interstitial micro-habitats. Over the
longer term, the hydrographical net substrate is buried, depth sectors/refuge habitats are
clogged, and some disappear, and all of this leads to the loss of a natural series of river
sectors along with the refuge habitats. Reductions in the frequency, duration, and mag-
nitude of flows sufficient for transporting tributary sediment inputs further downstream
have significance for river channels sedimentology and morphology, as sediment bars tend
to expand, including in the confluence areas with tributaries, reducing fish access and
mobility to long sectors of habitats and their resources.

The geomorphologic balance adjustment and sustenance in the studied area can be
dealt with in an anthropic way by a set of measures for the prevention and diminishing
of the effects of geomorphologic risk processes, but the witnessing of their manifestation
remains for long periods, and needs a reconversion of the lands and a realistic management
of the soil and sediments in the resilience limits of the area [151].

4.2. Fish Fauna Refuge Habitats Management Elements Proposals

It must be highlighted that no such research approach regarding the south-east
Carpathians small rivers fish refuge habitats was previously realized.

Appropriate basin management measures should begin from the following elements:
water is part of the environment and for that reason, different users can adapt only to the
surplus quantity that is naturally available from rivers. In nature, there is more water in
riverine systems than is needed for support of the riverine ecosystems; if the main features
of the natural flow regime can be identified and adequately maintained in a changed flow
regime, then the valuable biota should be preserved.

The management measures should mostly include: basin soil stabilization and conser-
vation, slopes and tributaries erosion diminishing measures, treatment of point sources, etc.

The silting of deep stream habitats is a natural physical phenomenon which cannot be
avoided, but by understanding the effects of hydro-morphological pressure due to a lack of
basin sediment management, mitigation of this situation’s effects on fish refuge habitats can
be obtained based on basin sediment management measures: buildups of sediments could
be managed by physical intervention like mechanical raking or excavation; restoration of
more natural levels of sediment inputs reduce the demand imposed on streams to transport
and rework elevated sediment loads; creating outside-of-river-beds storage ponds in which,
through some mobile diversion dams, the high-flow period water will be channeled for the
deposition of sediments before they can clog the refuge habitats; and all the torrent and
soil erosion control works in the basin should be carried out.

Numerous forestry management measures can be useful for basin sediment manage-
ment: the forest stands’ vertical and horizontal structure should be as close as possible to its
natural model (multi-layers, groups, and patches) in order to reduce soils being destabilized
because of slope characteristics, loss of moisture, loss of large canopy cover, loss of root
strength, and etc.; permanent watercourses will be protected by commercial intervention
with a minimum 50-m-wide stripe on both sides of the watercourse. It is important to
keep and respect the natural dynamics of habitats (i.e., reed beds, sedges and forests),
together with their necromass (i.e., died wood), in banks (i.e., major/minor riverbed and
alluvial terraces) and in water. The cross-over, in accidental or extraordinary cases when
it cannot be avoided, will be made over the shortest distance on installations adopted to
keep the water clean and soil erosion at a minimum; riparian forest and the natural bushy
and grassy, local vegetation and flora will be strictly protected; any timber harvesting or
transport activity is recommended to take place on a frozen substrate, covered by snow
and/or ice and on well-maintained forestry roads with a layer of mineral aggregates on top
of the road; the network of forestry roads must be optimally dimensioned for maximum
efficiency with the minimum amount of damage; existing roads should be preserved and
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maintained in order to avoid or minimize erosion, sediment transport, and accumula-
tion in the area; building of new forestry roads should be avoided; ecologically friendly,
low-impact logging technologies (oxen, horses, cableway-skidders) are always preferred;
timber will not be removed from forests during or after precipitation while the soil is moist;
skid-roads will always be designed, built, and monitored in order to avoid soil-erosion as
much as possible, ensure the protection of permanent and temporary watercourses, and
protect remaining trees; sensitive areas like potential land-slide zones, talus, cliffs, steep
slopes, etc., will be identified, protected (excepted from logging), and monitored; it will be
prohibited to store timber (even for short periods of time) in the riverbed, on its banks, and
on the minimum 50-m-wide protection stripes adjacent to both perennial and ephemeral
waterways. All the vegetation within the protection belts shall remain intact; intervention
cuttings will be applied in openings with a diameter up to a tree height, from which the old
trees can be completely removed; timber harvesting will not exceed 10% of the volume of
the stand (exceptions can be allowed in special accidental situations, for example windfalls
and/or snowfalls, etc.), and the harvest volume will be correlated with the condition of the
stand, the dynamics of natural regeneration, and with assigned conservation requirements;
logging techniques will be adopted to minimize the level of injuries to the remaining trees
and soil; if there are stands in which the natural regeneration is very difficult or stands
are affected by calamities, replanting or direct sowings will be carried out using only
seminological material of local origin or, if not possible, from identical ecotypes; timber
harvesting access corridors should run parallel to the lotic and lentic ecosystems; pioneer
species will not be extracted as they are important for soil improvement; illegal logging
will be controlled with the aim of eradicating illegitimate logging activities; during logging
and timber transport activities, sediment traps will be installed on the main watercourses
(with around 500 m distance between them), and will be cleaned as often as necessary,
with their evacuation/transport in areas that do not influence the degree of sedimentation
in waterways; construction/monitoring/maintenance of drainage ditches for liquid and
sediment flows from the transport routes designed to manage excessive and rapid precip-
itation events that are characteristic of the mountain area; installation of sediment traps
(with around 500 m distance between them) on ditches used to evacuate liquids from the
transport routes, cleaned as often as necessary, with the anticipation that the proposed sedi-
ment traps will stop, or at least diminish, the potential of these channels’ networks to be an
unwanted sediment delivery system directly to downstream water bodies; leafy branches
and debris left over from the logging will be placed on remaining stumps; full reforestation
of the watershed with canopy projection over 0.8 (to reduce the kinetic energy of raindrops
on the soil surface, surface runoff from precipitation, air currents, solar radiation, and
minimize large temperature differences, etc.) and a subsequent forest management regime;
excluding human activity in the riverbed of watercourses and preserving permanent or
temporary riparian wetlands as natural sediment traps during periods of increased pre-
cipitations and high flows; the construction of new bridges, if needed, should not narrow
the waterway to avoid increasing water speed and its capacity for erosion and sediment
transport to downstream sectors; ecological restoration of sediment deposits formed at
high waters in the riparian areas by fixing sediments or planting on sedimentary areas will
prevent sediments from moving downstream in subsequent episodes of high flows; efforts
should be made to favor existing flora, undergrowth, shrubs, and the herbaceous bed; it is
acceptable to intervene with sowing or planting in critical areas; leaving the stumps in situ;
and controlling waste management [152,153].

Sediment management in watersheds is necessary for their water quality, but indirectly,
sediments are also the sources of other problems. Sediments are not unmixed and can be
adhered to or can bear pollutants. To prevent such situations, various measures can be
enforced: monitoring tributary torrents, slopes, and banks, etc., specifically those prone
to accidental or permanent erosion; in sectors with accidental erosion, its effects can be
drop off with blankets, sandbags, gravel bags, rugs, plastic materials barricades, etc.,
until the ecological state is secured through ecological rehabilitation and reconstruction;
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development of dense, vegetated fencerows, due to their function as sediment traps;
banning the extraction of mineral resources in the basin; banning damming or regulating
riverbeds, with the exception of debris basins, settling ponds, and other similar structures
which can catch and retain sediments, which should then be frequently cleaned up; banning
burning vegetation and trimmings; banning grazing and watering domestic animals in
the forest; in pastoral lands, grazing will be organized to prevent the destruction of flora,
soil compaction and the onset of erosion phenomena and will even be banned in sensitive
seasons or sectors; a ban on the substitution forests and pastures with intensive agriculture
lands; small-scale family farms are preferable to big-scale, industrial farms; and natural
water filtration sectors and retention ponds should be protected and created and largely
used in localities and in opposition solid sectors, growth runoff, and the transportation
of sediments should be reduced, particularly hard sectors linked with the construction of
buildings and roads infrastructure [152,153].

The general indiscipline with the dispositions commanding the wastewater manage-
ment and the deficiency of dilution is one of the main causes for some of the researched
sectors’ environmental bad situations. In this circumstance some management elements
are suggested: rising water use performance through general use of contour meters and
trustworthy transport pipelines; the development of a hazardous waste site assessment
and monitoring unit; the protected lotic sectors must be big and abundant enough to admit
the river natural self-cleaning processes to work; the lotic ecosystems must be used like
ecological capital seeking to decrease the costs for water cleaning technologies and low-cost
fish protein for local consumers.

The present hydrotechnical works’ impact should be reduced following some main
management directions: increasing the river assimilative capacity thorough its restoration
activities; revitalization of the traditions for land protection and use; avoiding the impact
of wetland loss; and restoration of sectors of typical lotic ecosystems.

The riverine land exploitation should follow some main directions in this respect:
determining the policies for cultivation of multi-year cultures; rehabilitation of the riverine
forest corridor, hoping also in areas where the forest and other ecosystems in contact can
be allowed to evolve according to natural dynamics; prohibiting access to the upper parts
of the catchment areas so that spontaneous perennial vegetation could regenerate in good
conditions and limit erosion damages; and rotating sylviculture and grazing (diminishing
forestry, agriculture, and livestock impacts) with regard to seasonal conditions, especially
on the river adjacent areas.

To sustain the protection of the conservative interest fish species and their habitats,
their shelters should to be protected from all man-related aggression; the fact that proper
protection is a useful help to the economic development of the rural communities should
be highlighted; and complementarily should exist between human society’s development
and conservation.

The collector river, The Târnava Mare River, which belongs, together with some of its
tributaries, to the Natura 2000 Sighişoara-Târnava Mare protected area, cannot be properly
managed if its tributaries are not in the ecological state to offer permanent refuge habitats
for fish reproduction, development at early growing stages, feeding, and refuge in periods
of accidental pollution and high flows.

The elements of the design used for the management of these river basins management
can be followed as a general suggested model for other similar Carpathian Basin river
basins of conservation interest facing similar environmental issues.

5. Conclusions

The global increasing temperature and other human activities impact induced the
hydrologic net and habitats alteration, with a decrease of needed refuge habitats for
freshwater fish, diminishing the fish distribution and abundance in the studied area.

In the new climate change scenario, an ongoing pattern in the context of the already-
present human impact stress, especially the small hydrological nets, their lotic refuge
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habitats, and associated fish fauna are under a significant increasing environmental and an-
thropogenic risk due to an accentuated, new game changer, the drought/low flows, even in
what have been, until recently, considered safe geographical areas like the Carpathian Basin.

New proactive special in situ adapted assessment, monitoring, and management
integrated systems should be designed and implemented in such risky, potential hot spots
to prevent and mitigate these present and future negative effects for the conservation and
restoration of fish communities.

Poor water and land use imposed long-term effects on natural lotic systems, namely a
change in the physical structure and substratum cover of fish habitat and the fish them-
selves. This is due to the human-induced, increase in fine sediment clogging in the refuge
habitats of fish, which had an adverse effect on them, a process in a continuous acceleration
due to climate change-induced diminishing of liquid flow on streams.

A composite model of climatic and anthropogenic induced threats and pressures of
the researched river basins has significantly jeopardized the ecological status of its fish. As
indirect (climate changes) and direct (various human activities in the basin) human impact
affects the lotic habitats, they have become, in some sectors, critically altered or degraded,
and the fish populations of conservative interest, and others, have been affected.

For the studied lotic systems’ fish populations ecological status recovery, relatively
numerous new refuge habitats for fish should be created: nine times more than the existing
number on the Dupuş River, 10 times more on the Biertan River, 0.4 times more on the
Valchid River, 10 times more on the Laslea River, eight times more on the Mălâncrav River,
and six times more on the Felţa River.

The habitat managers are required to specifically monitor the extent to which the
changes in physical structures and cover for fish refuge habitats will affect these fish
populations in the future, and a key management element should be the refuge habitats’
proper management and the creation of others.

The proposed fish refuge habitat monitoring and the creation of new ones should
increase the fish survival rate and the recovery of species populations experiencing climate
change-induced environmental disturbance.
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B.

Scheme 1. Dupuş River—present refuge habitats and proposals for new refuge to be created.

162



Atmosphere 2021, 12, 1209

Scheme 2. Biertan River—refuge habitats and proposals for new refuge to be created.
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Scheme 3. Valchid River—refuge habitats and proposals for new refuge to be created.
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Scheme 4. Laslea River—refuge habitats and proposals for new refuge to be created.
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Scheme 5. Mălâncrav River—present refuge habitats and proposals for new refuge to be created.
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Scheme 6. Felţa River—refuge habitats and proposals for new refuge to be created.
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127. Maślanko, W.; Ferencz, B.; Dawidek, J. State and changes of natural environment in polish part of the Danube River Basin Poland.
In Human Impact on Danube Watershed Biodiversity in the XXI Century. Geobotany Studies (Basics, Methods and Case Studies); Bănăduc,
D., Curtean-Bănăduc, A., Pedrotti, F., Cianfaglione, K., Akeroyd, J., Eds.; Springer: Cham, Switzerland, 2020; pp. 301–326.

128. Afanasyev, S.; Lyashenko, A.; Iarochevitch, A.; Lietytska, O.; Zorina-Sakharova, K.; Marushevska, O. Pressures and impacts on
ecological status of Surface Water Bodies in Ukrainian part of the Danube River Basin. In Human Impact on Danube Watershed
Biodiversity in the XXI Century. Geobotany Studies (Basics, Methods and Case Studies); Bănăduc, D., Curtean-Bănăduc, A., Pedrotti, F.,
Cianfaglione, K., Akeroyd, J., Eds.; Springer: Cham, Switzerland, 2020; pp. 327–359.

129. Bakiu, R. Drina River (Sava’s Tributary of Danube River) and Human Impact in Albania. In Human Impact on Danube Watershed
Biodiversity in the XXI Century. Geobotany Studies (Basics, Methods and Case Studies); Bănăduc, D., Curtean-Bănăduc, A., Pedrotti, F.,
Cianfaglione, K., Akeroyd, J., Eds.; Springer: Cham, Switzerland, 2020; pp. 359–380.

130. Kostov, V.; Slavevska-Stamenkovic, V.; Ristovska, M.; Stojov, V.; Marić, S. Characteristics of the Danube Drainage area in the
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Abstract: Demand for water resources has increased dramatically due to the global increase in
consumption of water, which has resulted in water depletion. Additionally, global climate change has
further resulted as an impediment to human survival. Moreover, Pakistan is among the countries that
have already crossed the water scarcity line, experiencing drought in the water-stressed Thar desert.
Drought mitigation actions can be effectively achieved by forecasting techniques. This research
describes the application of a linear stochastic model, i.e., Autoregressive Integrated Moving Average
(ARIMA), to predict the drought pattern. The Standardized Precipitation Evapotranspiration Index
(SPEI) is calculated to develop ARIMA models to forecast drought in a hyper-arid environment. In
this study, drought forecast is demonstrated by results achieved from ARIMA models for various
time periods. Result shows that the values of p, d, and q (non-seasonal model parameter) and P, D,
and Q (seasonal model parameter) for the same SPEI period in the proposed models are analogous
where “p” is the order of autoregressive lags, q is the order of moving average lags and d is the order
of integration. Additionally, these parameters show the strong likeness for Moving Average (M.A)
and Autoregressive (A.R) parameter values. From the various developed models for the Thar region,
it has been concluded that the model (0,1,0)(1,0,2) is the best ARIMA model at 24 SPEI and could
be considered as a generalized model. In the (0,1,0) model, the A.R term is 0, the difference/order
of integration is 1 and the moving average is 0, and in the model (1,0,2) whose A.R has the 1st lag,
the difference/order of integration is 0 and the moving average has 2 lags. Larger values for R2

greater than 0.9 and smaller values of Mean Error (ME), Mean Absolute Error (MAE), Mean Percentile
Error (MPE), Mean Absolute Percentile Error (MAPE), and Mean Absolute Square Error (MASE)
provide the acceptance of the generalized model. Consequently, this research suggests that drought
forecasting can be effectively fulfilled by using ARIMA models, which can be assist policy planners
of water resources to place safeguards keeping in view the future severity of the drought.

Keywords: forecasting; ARIMA; Standardized Precipitation Evapotranspiration Index (SPEI); mitiga-
tion; drought

1. Introduction

With the increasing human consumption rate of water around the world, and es-
pecially in highly arid regions that have experienced water depletion, the demand for
water resources has increased dramatically [1]. Furthermore, changing patterns of global
climate have further resulted as an impediment to human survival [2]. Thus, the human
population and other species on Earth are subject to more and more droughts. In arid
as well as semi-arid regions, droughts are common and repeating. Drastic change in the
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projection of floods and droughts has been seen in the 21st century compared to the 20th
century. Mainly, the effect of prolonged droughts on natural ecosystems has highly deterio-
rated regional agriculture, water resources and the environment [3–5]. In such complex
situations, the unavailability of proper evaluation of drought may result in wrong decisions
and actions by policy makers and monitors [6,7]. For this reason, scientists divide drought
conditions into four main categories, namely meteorology [8], agriculture [9], hydrology
and socioeconomics [10]. In order to describe these drought categories, drought detection
and monitoring indicators have different natural variables over the required time period,
such as Precipitation (PCPN), soil moisture, Potential Evapotranspiration (PET), vegetation
condition, and ground water along with surface water. In simple words, a drought index
measures the actual features and their correlated effects [11]. The prominent attributes
or qualities that must be focused on in the index are the time span, intensity, magnitude
and spatial extent of the drought; nevertheless, incorporating all these features into one
index is highly an arduous task. For this, numerous indices have been put forward by
researchers. Some of them are, the Palme Drought Severity Index (PDSI) [12], Surface
Water Supply Index (SWSI) [13], Palfai Aridity Index (PAI) [14], Standardized Precipitation
Index (SPI) [15,16], and Standardized Precipitation Evapotranspiration Index (SPEI). The
examination through any of above indices is subject to the essence of the index, local
surroundings, accessibility of facts and rationality [17]. The advantages and disadvantages
of drought indices are based upon the clarity and provisional flexibilities of their adminis-
tration Standardized Precipitation Index (SPI) has been endorsed as a standard drought
index by the world meteorological organization that is likely due to its simple calculations,
as precipitation data is itself enough to direct and test without the demand of statistical
barriers. Furthermore, the SPI is also capable of showing high performance in finding
and computing drought potency [18,19]. Despite of all this ease, the SPI still has some
issues regarding water balance. This led to the development of SPEI and eliminated these
problems in the SPI release. SPEI focuses on PDSI sensitivity to PET mutations and the
multifaceted compound of SPI [20]. Both SPEI and SPI have almost the same evaluation
procedure. In this way, the use of climate water balance by SPEI is the differentiation
between the two indices [21,22]. For this purpose, now days, SPEI has been widely used as
a relevant index to observe the drought in various regions worldwide [23].

At present, the crucial challenge in the research of droughts is in the development of
reasonable techniques and methods to forecast the start and end points of droughts. Thus,
the significance of drought prediction advances from the reduction of drought effects [24].
It has been attempted multiple times to utilize statistical models in meteorological drought
forecasting, depending upon time series methods such as ARIMA models, exponential
smoothing and neural networks [25]. ARIMA is a classic model for statistical evaluation
that makes use of time series data to foresee subsequent tendencies in meteorological
variables such as annual and monthly temperature and precipitation can also be estimated
through ARIMA models [26]. In a meteorological time series, the ARIMA model approach
can exceed multiple new models such as exponential smoothing and neural network. Thus,
due to its statistical properties together with effective methodology in establishing the
model, ARIMA has relative advantage to the other models [27].

A lot of research has focused on contemporary drought predictions. It uses a new
imitation hybrid wavelet-Bayesian regression model to develop a meteorological time series
for extended lead-time drought prediction [28], which is a combined model using wavelet
and fuzzy logic [29]. A group of authors also discussed the application of a wavelike
fuzzy logic model based on meteorological variables to PDSI measurement [30]. Mishra
also provides a drought prediction model that uses hybrid, single-neural and synthetic
randomized Artificial Neural Network (ANN) models to predict droughts based on SPI.
All these efforts are fruitful and sufficient in predicting time-series droughts [31]. The
Standardized Precipitation Index (SPI) is currently widely utilized in both scholarly and
operational applications around the world. The SPI at short time scales is lower limited,
referring to non-normally distributed for arid climates or those with a distinct dry season
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when zero values are typical. The SPI is always greater than a particular number in
certain instances, and thus fails to signal the onset of a drought. The non-normality rates
appear to be closely associated to local precipitation climates. Herein, the authors present
the Standardized Precipitation Evapotranspiration Index (SPEI) as an enhanced drought
indicator that is particularly well suited for research of the effect of global warming on
drought severity. The SPEI evaluates the effect of reference evapotranspiration on drought
severity, similar to the Palmer Drought Severity Index (PDSI), but its multi-scalar nature
allows identification of distinct drought types and drought consequences on various
systems [19].

Thus, the SPEI, like the standardized precipitation index, has the sensitivity of the PDSI
in measuring evapotranspiration demand (induced by variations and trends in climatic
variables other than precipitation), is easier to compute, and is multi-scalar (SPI). Detailed
discussions of the SPEI’s theory, computations, and comparisons to other widely used
drought indicators including the PDSI and SPI are given by [32]. The SPEI is calculated in
the same way as the SPI is calculated. However, rather than using precipitation as an input,
the SPEI employs “climatic water balance,” which is the difference between precipitation
and reference Potential evapotranspiration. At various time frames, the climatic water
balance is estimated (i.e., over three month, six months, nine months, twelve months, and
24 months). Despite the fact that the SPEI was just recently developed, it has already been
employed in a number of research looking at drought variability.

The first step in the SPI calculation is to determine the probability density function
(PDF), which describes the long-term observed precipitation. It also allows the SPI to be
computed at any location and at any number of time scales, depending upon the impacts
of interest to the user. Ratios of drought on the basis of analysis of stations across Colorado
are given in Table 1 [33].

Table 1. Ratio of drought in Colorado [33].

Drought Condition Ratio in Percentage

Mild 24%

Moderate 9.2%

Severe 4.4%

Extreme 2.3%

With the help of normal distribution of SPI above percentage are expected. The cu-
mulative probability is then applied to the inverse normal (Gaussian) function, yielding
the SPI. This approach is a transformation of equivalence. The equiprobability transfor-
mation’s key feature is that the probability of being less than a particular value of the
produced cumulative probability should be the same as the probability of being less than
the normal distribution’s equivalent value [33]. Based on the time series of drought mon-
itoring findings of the Vegetation Temperature Condition Index (VTCI), Autoregressive
Integrated Moving Average (ARIMA) models were developed. From the erecting stage
to the maturity stage of winter wheat (early March to late May in each year at a ten-day
interval) of the years 2000 to 2009, about 90 VTCI pictures produced from Advanced Very
High-Resolution Radiometer (AVHRR) data were selected to create the ARIMA models.
The ARIMA models’ category drought predictions findings in April 2009 are more severe
in the northeast of the Plain, which accord well with the monitoring results. The AR(1)
models have smaller absolute errors than the SARIMA models, both in terms of frequency
distributions and statistic findings. SARIMA models, on the other hand, are better at
detecting changes in the drought situation than AR(1) models. These findings suggest that
ARIMA models can better predict the type and extent of droughts, and that they can be
used to predict droughts in the plain [34]. Time series forecasting has been extensively
used and has emerged as a key method for drought forecasting. The Autoregressive Inte-
grated Moving Average (ARIMA) model is one of the most extensively used time series
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models. The ARIMA model’s wide application owes to its flexibility and methodical search
(identification, estimation, and diagnostic check) for an acceptable model at each stage. The
ARIMA model offers various advantages over other approaches, such as moving average,
exponential smoothing, and neural networks, including predicting and more information
on time-related changes. Hydrologic time series have also been analyzed and modelled
using ARIMA models [35]. From the literature review and retrospective analysis, it has
been found that the SPEI was not utilized as a drought index previously. Therefore, the
main focus of this research investigation is to establish the stochastic model ARIMA to lay
and predict the SPEI series on discrete time series. In addition, it also provides a subjective
method to deal with climate-related parameters for 14 years of drought, i.e., (2005–2019).

2. Research Methodology

2.1. Area of the Study

In two districts of Sindh’s Tharparkar desert, the resistance of rural households to
food insecurity was studied. Drought has been the most dangerous risk for the study
region because of its severe consequences on food, income, health, people’s adaptability,
and livestock survival. A resilience index was used by scholars to measure the inhabitants’
resilience to the severe dry circumstances. Income and food access, agricultural assets,
non-agricultural assets, access to basic services, social safety nets, sensitivity, adaptive
capability, climate change, agricultural methods and technology, and enabling institutional
environment were used to generate the household resilience index.

The Tharparkar region was vulnerable since it relied heavily on natural resources for
its livelihood. Any community’s access to water resources supported their survival even in
the most adverse conditions. Because Nagarparkar was close to publicly accessible water,
it was more robust than Islamkot, which had no water nearby [36].

Climate change is now a reality, exacerbating the misery of people who live in arid
ecosystems. Rainfall has decreased, temperatures have risen, and the frequency of extreme
events has increased in the semi-arid desert of district Tharparkar. People of Tharparkar
have been coping with drought and aridity of the terrain for thousands of years by employ-
ing traditional wisdom. However, global shifts in weather patterns, as well as worsening
social and economic situations, have forced the people of this desert region into a precari-
ous position. From the perspective of changing climatic patterns, this research analyzes the
link between climate-induced natural disasters, notably drought, and food insecurity and
water scarcity.

Drought in the district has shifted from its typical pattern of little or no rainfall to
increased but unpredictable rainfall, posing a greater threat to people’s livelihoods and, as
a result, a multiplier effect on water and food poverty. In the absence of social protection
and basic essentials for existence during a drought, women are particularly vulnerable.
Women, for example, have traditionally carried the burden of managing water resources,
resulting in increased workload during droughts and water scarcity [37]. The research for
this paper has been conducted on the basis of data collected from Tharparkar region of
Sindh province in Pakistan. The Figures 1 and 2 shows the directorial regions of the district
of Tharparkar, Sindh in overall map of South Asia and Pakistan, respectively.

Figure 2 shows the location of Mithi weather station. The main localities of the region
of Thar are predominately plain deserts together with some mountain peaks greater than
3000 m. The main cities of the Tharparkar where this study has been conducted are Mithi,
Diplo, Islamkot, Nagarparkar, and Dhali. Mainly the climate of all these areas is extremely
hot in daytime, but at night the temperature of the region decreases. Tharparkar is listed
among top hottest areas of Pakistan with extreme temperature in summer ranges between
35 to 45 ◦C, while in winter it ranges between 9 to 28 ◦C. Additionally, the rain gauge
station within Tharparkar is located at Mithi that has recorded 277 mm of rainfall annually,
but this differs significantly yearly [38].
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(a) 

(b) 

Figure 1. (a) Location of Pakistan in South Asia; (b) location of Tharparkar district in Pakistan. Both are highlighted with
an arrow.
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Weather 
station  

Figure 2. Location of Mithi weather station (Meteorological Station); the data is collected for this station that was established
in 2004.

2.2. Data Sources and Preparation

This study has been carried out on the basis of data collected from Pakistan Mete-
orological Department (PMD) Karachi. The research includes precipitation records and
varying air temperatures of Mithi Meteorological station, Tharparkar. The data also include
some facts obtained from close localities of Mithi such as Islamkot and Diplo by utilizing
linear regression methods. With the help of nonparametric tests, the parameters of the
acquired data values were thoroughly checked. In this research, data has been obtained
from the Mithi weather station for 2005–2019 period, whose altitude is 42 m (138 feet),
longitude is 69.800430 m and latitude is 24.740065 m [38].

The future climate data will be generated through ARIMA model using R-programming
language. From the collected data, a long-term dataset for SPEI series of 3, 6, 9, 12- and
24-month time scales will be established. Time-series plots provide long-term and concrete
information regarding drought situations at the regional scale with a 0.5-degree geographic
resolution and monthly time resolution. It also has a multi-scale nature that gives timescales
for the SPEI between 1 and 8 months. The potential evapotranspiration (PET) equation to
calculate the SPEI indices is given as:

PET =
0.408Δ(Rn − G) + γ

( 900
T+273

)
U2(es − ea)

Δ + (1 + 0.34U2)
(1)

where Δ is the slope of vapor pressure curve (kPa ◦C−1), Rn the surface net radian
(MJ.m−2 day−1), G the soil heat flux density (MJ.m−2 day−1), γ the psychometric con-
stant (kPa ◦C−1), T the mean daily air temperature (◦C−1), U2 the wind speed (m.s−1),
es the saturated vapor pressure and ea the actual vapor pressure [39]. Table 2 illustrates
the standard precipitation evaporation and transpiration (SPEI) value of the dry/wet
classification value [33,40,41].

2.3. Autoregressive and Moving Average Model (ARMA)

From the statistical analysis of time series, ARMA model gives a wretched represen-
tation of a static stochastic technique as far as 2 polynomials, the 1st for the A.R and the
2nd for the M.A. The A.R part contains reverting the variable all alone slacked values. The
M.A part includes modeling the error term as a linear combination of error terms arising
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contemporaneously and at changed time in earlier. The model is typically mentioned to
as the ARMA (p, q) display where p is the order of the A.R part and q is the order of the
M.A [42].

Zt = ω + ηt +
p

∑
i=1

βiZt−i +
q

∑
i=1

αiηt−i (2)

where ω is mean of the series, αi is the parameter of the moving average model, and βi
is the parameter of the autoregressive model, whereas ηt, ηt−i, and Zt−i are error terms
known as white noise and Zt is the time series.

Table 2. SPEI scale [33,40,41].

Conditions SPEI

Dry
Extremely SPEI ≤ −2
Severely −2 < SPEI ≤ −1.5

Moderately −1.5 < SPEI ≤ −1

Normal Near −1 < SPEI ≤ 1

Wet
Moderately 1 < SPEI ≤ 1.5

Severely 1.5 < SPEI ≤ 2
Extremely SPEI ≥ 2

2.4. Autoregressive Integrated Moving Average Model (ARIMA)

In econometrics and statistics and specifically in time series analysis, the ARIMA
model is speculation of ARMA model. Together the formulations are fixed to time series
data either to all the more likely comprehend the data or to forecast future outcomes in row.
ARIMA models are related sometimes where data shows non-stationarity proofs, where
an underlying differencing step can be connected at least multiple times to wipe out the
non-stationarity [43].

2.4.1. Non-Seasonal Model

In general the non-seasonal ARIMA model is A.R having order p and M.A of order q
and operate on the time series differences zt; thus ARIMA family formulation is categorized
by three parameter (p, d, q) that can either have 0 or positive integral values.

Generally non-Seasonal ARIMA model is written as:

β(C)∇dzt = α(C)at (3)

where β(C) and α(C) are polynomials of order p and q, ∇ shows the order of difference [44].

2.4.2. Seasonal Model

General multiplicative seasonal ARIMA model, which is known as SARIMA model
defined as ARIMA (p, d, q)(P, D, Q)s where (p, d, q) the non-seasonal part of model is and
(P, D, Q)s is the seasonal part of the model is given as:

βp(C)Φp(Cs)∇d∇D
s zt = αq(C)ΘQ(Cs)at (4)

where p is the order of non-seasonal auto regression, d is the number of regular differencing,
q is the order of non-seasonal MA, P is the order of seasonal auto regression, D is the number
of seasonal differencing, Q is the order of seasonal MA, s is the length of season, Φp is the
seasonal AR parameter of order P, and ΘQ is the seasonal MA parameter of order Q [45].

2.5. Model Identification

Model identification comprises recognizing the possible ARIMA model that depicts
the nature of time series. In order to ascertain the order of model, the Autocorrelation Func-
tion (ACF) and Partial Autocorrelation Function (PACF) were utilized for assistance. The
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information obtained through the utility of ACF and PACF was also helpful in advocating
various types of new models that could be established. The selection of the ultimate model
is performed by employing the penalty function statistics through the Akaike Information
Criterion (AIC) and Schwarz Bayesian Criterion (SBC). These criteria assist in ranking
the models, where the models which have the least value of criterion are considered the
best. AIC is an estimator of prediction error and thereby relative quality of statistical
models for a given set of data. Given a collection of models for the data, AIC estimates the
quality of each model, relative to each of the other models. Thus, AIC provides a means
for model selection.

AIC = 2k − 2 ln
(

L̂
)

L̂ (5)

Let k be the number of estimated parameters in the model. Let L̂ be the maximum
value of the likelihood function for the model.

In statistics, SBC is a criterion for model selection among a finite set of models; the
model with the lowest BIC is preferred. It is based, in part, on the likelihood function and
it is closely related to the AIC.

SBC = −2 ln
(

L̂
)
+ k ln(n) (6)

Here k represents number of parameters in the model, (p + q + P + Q); whereas, L
depicts likelihood function of ARIMA model. Additionally, n shows number of observa-
tions [46,47].

2.6. Parameter Estimation

After the reorganization of suitable model, the assessment of model parameters is
attained with the help of the procedure and methods proposed by Box and Jenkins, the
evaluation of model values for A.R and M.A parts were made possible. To ascertain the
statistical significance of A.R and M.A parameters, they were tested whether they are
important or not. The related parameters such as standard error of estimates and their
linked t-values are also determined [48].

2.7. Diagnostic Checking

The final step in the development of model is diagnosing the ARIMA model. It is
one of the significant steps of model development it point towards the appropriateness of
model that inspects the assumptions of model unquestionably. The acceptability or appro-
priateness of model guarantees that the time series is in the time with model assumptions
and that the prophecy of values is well founded. To examine the correlation of residuals
with error terms, various diagnostic statistics and plots of residuals have been inspected to
make it sure that whether these residuals correspond with error terms or not.

MAE =
1
N

N

∑
i=1

|(Xm)i − (Xs)i| (7)

RMSE =

√√√√ 1
N

N

∑
i=1

[(Xm)i − (Xs)i]
2 (8)

where N is the number of forecasting events, Xm the observed SPEI and Xs the predicted
SPEI [49].

MAE =
1
N

N

∑
i=1

|xi − x̂i| (9)

MPE =
100%

N

N

∑
i=1

(
xi − x̂i

xi

)
(10)
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MAPE =
100%

N

N

∑
i=1

∣∣∣∣ xi − x̂i
xi

∣∣∣∣ (11)

MASE =
1
N

N

∑
i=1

|xi − x̂i|2 (12)

where 1
N

N
∑

i=1
is test set, xi predicted value and x̂i is actual value. (N is the number of total

data points).
In this research, all of the SPEI forecasting ARIMA models have been developed using

the forecasting packages already available in R-programming language. Packages used are
t series, forecast, SPEI and Uurca [50].

3. Results and Discussion

3.1. Climate Descriptive Analysis

For better understanding of the nature of drought in the area of research, a detailed
examination of climate parameters was employed to achieve more accurate results. In
Figure 3, annual means of high drought-pertinent parameters have been shown. In the
region of the Tharparkar, the monthly highest temperature is recorded mostly in June,
July and August. In this way, the lowest mean temperature occurs in December, January
and February. In general, Tharparkar is warm area in the province of Sindh. However,
due to the variability in the altitudes of various localities of the area, there is a small
rise in monthly mean temperature throughout the region which is due to lake of rain
fall and changing climatic conditions. Together with changing mean temperatures, there
has also been seen dissimilarity in the monthly mean precipitation over the year. Zero
mean precipitation is reported in the months of June, July, August and September. With
the changes of temperature and precipitation, the region also faces acute water crisis
throughout the year except in the times of monsoons. The compensation of this lack of
water availability requires to be fulfilled by utilizing alternative water resources or through
sound water management and rationalization methods. Such methods are mostly common
across globe.

Through the examination of drought-linked climatic parameters for the region of
Tharparkar, remarkable decrease in the level of precipitation has been proved. This contin-
uous decline in the rate of precipitation has resulted in the significant rise of temperature.
Thus, the prevailing circumstances may drive a slight increase in frequency and magni-
tude of drought patterns. Actually, the prime rationale concerned with changing drought
circumstances is that it will deplete actual water resources. In this way, lack of water
availability may further deteriorate the conditions considered fit for human survival.

3.2. Drought Frequency Variations

The SPEI time series illustrates at variable time scales that covers the period from 2005
to 2019 for Tharparkar region shown in Figure 2. The outcome of this research manifests
that the area of Tharparkar will face more and more drought in future. Figure 3. shows a
clear idea that there is a continuous rise in the conditions of drought. In the starting years,
the drought tendency proceeds towards the natural limits of close normal and reasonably.
Wet scales with few years showing irregular non-typical values. These abnormal values are
related to the shortage of rainfall, while on the contrary, in previous decade, the beginning
of drought conditions with extreme dry patterns started to occur. All the localities of the
region of Tharparkar depict time evolution, with slight deviations among others. This
situation is the result of changing climatic patterns and their effect. The other parts of
the world, e.g., Egypt [51], Turkey [52], Portugal [53], and China [54] also show such
circumstances due to climatic change impact.

183



Atmosphere 2021, 12, 1248

Figure 3. Time series plots of SPEI- 3, 6, 9, 12 and 24 are in right panel, and the left panel shows drought condition plots of
SPEI- 3, 6, 9, 12 and 24.

The Figure 3 has two panels, in which the right side panel shows time series graphs
of the given data, in which we can see the pattern of drought yearly; in the left side panel
the color red shows the drought and color blue means no drought. The right panel shows
time series graphs of SPEI-3, 6,9,12 and 24, showing the highest drought in the years on
the x-axis, which is different in each scale of SPEI, but most of the SPEI shows in 2009 to
2014. Moreover, the time series and annual cycle of the precipitation and PET are shown in
Figures 4–6, respectively. Our data source is Karachi Pakistan Meteorological Department
(PMD) (https://www.pmd.gov.pk/en/, accessed on 21 September 2021) and the trend of
drought is clearly shown, with the highest drought during the period of 2009 to 2014 and
the lowest trend in the period of 2017 to 2019; the same period is also verified by the SPEI
time series graph in Figure 3.

Additionally, as our selected region is desert area, there is no other source of water
such as a canal or river and there is no source of water without rain for agriculture and other
uses. Therefore, severe drought occurs, which can be seen from the annual precipitation
graph (Figures 4–6) of the Mithi weather station.

Unit Root Test

In the literature there are various tests but, in this research, we have selected the three
most important and different tests on SPEI, given below as:

1. Augmented Dickey–Fuller test
2. Phillips–Perron unit root test
3. KPSS test for level stationarity.
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Figure 4. Precipitation and the highest rainfall during the period 2016 to 2019 and the lowest rain fall in the period of 2009
to 2014.

 
Figure 5. Annual cycle of the precipitation the input data starts from 2004 to 2019.
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Figure 6. Annual cycle of the PET from 2004 to 2019 (Monthly variation).

Table 3 shows that the SPEI- 3, 6, 9, 12 and 24.have the 1st difference unit root test
whereas the SPEI 24 has the 2nd difference unit root test.

Table 3. Augmented Dickey–Fuller test.

SPEI Decision p-Value of Unit Root at Level Unit Root at 1st Difference Unit Root at 2nd Difference

SPEI-3 No 0.01 N/A N/A

SPEI-6 No 0.01 N/A N/A

SPEI-9 No 0.01134 N/A N/A

SPEI-12 No 0.03514 N/A N/A

SPEI-24 Yes 0.5635 0.01 N/A

Table 4 shows that the SPEI- 3, 6, 9, 12 and 24 have the 1st difference unit root test
whereas the SPEI 24 has the 2nd difference unit root test.

Table 4. Phillips–Perron unit root test.

SPEI Decision p-Value of Unit Root at Level Unit Root at 1st Difference Unit Root at 2nd Difference

SPEI-3 No 0.01 N/A N/A

SPEI-6 No 0.01 N/A N/A

SPEI-9 No 0.01 N/A N/A

SPEI-12 No 0.09258 N/A N/A

SPEI-24 Yes 0.5561 0.01 N/A

Table 5 shows that the all SPEI- 3, 6, 9, 12 and 24 has the 1st difference unit root test.

Table 5. KPSS test for level stationarity.

SPEI Decision p-Value of Unit Root at Level Unit Root at 1st Difference

SPEI-3 No 0.1 N/A

SPEI-6 No 0.1 N/A

SPEI-9 No 0.1 N/A

SPEI-12 No 0.1 N/A

SPEI-24 No 0.0469 N/A
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3.3. Estimation of Model Parameters

In Tables 6–13, the model parameters are standard error, p-value and related signif-
icance value at a significance level less than 0.05 for Tharparkar region. In comparison
with the parametric values it has been observed to be very small. The above proposition
bears exclusion of the model parametric values of SPEI at the three-month time scale. Fur-
thermore, at the significance level of less than 0.05, almost all ARIMA model parameters
are significant. Therefore, these parameters ought to be incorporated in the model. Other
models also showed identical results. Table 6 describes the generalized ARIMA seasonal
and non-seasonal models for Tharparkar.

Table 6. Seasonal ARIMA and non-seasonal ARIMA models.

Time Scales Seasonal ARIMA Models Non-Seasonal ARIMA Models

SPEI-3 ARIMA (1,1,3)(0,0,0) ARIMA (1,1,3)

SPEI-6 ARIMA (1,1,1)(0,0,2) ARIMA (1,1,1)

SPEI-9 ARIMA (1,1,1)(1,0,0) ARIMA (0,1,0)

SPEI-12 ARIMA (0,1,0)(1,0,2) ARIMA (0,1,0)

SPEI-24 ARIMA (0,1,0)(1,0,2) ARIMA (0,1,0)

Table 7. SPEI-3 ARIMA (1,1,3)(0,0,0) for Seasonal.

SPEI−3 Coefficient Standard Error t-Value p-Value

ARt−1 −0.0392 0.2060 −0.1902913 0.3912019

MAt−1 −0.2654 0.1910 −1.389529 0.15169

MAt−2 −0.2065 0.0991 −2.083754 0.04607481

MAt−3 −0.3757 0.1038 −3.619461 0.0006903546

Table 8. SPEI-3 ARIMA (1,1,3) for non-seasonal.

SPEI−3 Coefficient Standard Error t-Value p-Value

ARt−1 −0.0392 0.2060 −0.1902913 0.3912019

MAt−1 −0.2654 0.1910 −1.389529 0.15169

MAt−2 −0.2065 0.0991 −2.083754 0.04607481

MAt−3 −0.3757 0.1038 −3.619461 0.0006903546

Table 9. SPEI-6 ARIMA (1,1,1)(0,0,2) for seasonal.

SPEI−6 Coefficient Standard Error t-Value p-Value

ARt−1 0.6700 0.0895 7.486034 8.854317 × 10−12

MAt−1 −0.9151 0.0528 −17.33144 1.045039 × 10−39

MAt−2 −0.2601 0.1105 −2.353846 0.02562977

MAt−3 −0.2932 0.1369 −2.141709 0.04085877

Table 10. SPEI-6 ARIMA (1,1,1) for non-seasonal.

SPEI−6 Coefficient Standard Error t-Value p-Value

ARt−1 0.6939 0.0812 8.545567 1.644041 × 10−14

MAt−1 −0.9456 0.0428 −22.09346 1.130022 × 10−52
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Table 11. SPEI-9 ARIMA (1,1,1)(1,0,0) for seasonal.

SPEI−9 Coefficient Standard Error t-Value p-Value

ARt−1 0.8070 0.0717 11.25523 4.54369 × 10−22

MAt−1 −0.9619 0.0412 −23.34709 6.873699 × 10−56

MAt−2 −0.1550 0.0825 −1.878788 0.06870885

Table 12. SPEI-12 ARIMA (0,1,0)(1,0,2) for Seasonal.

SPEI−12 Coefficient Standard Error t-Value p-Value

ARt−1 0.3903 0.4020 0.9708955 0.2483222

MAt−1 −0.9433 0.4071 −2.317121 0.02786761

MAt−2 0.1335 0.2550 0.5235294 0.3471406

Table 13. SPEI-24 ARIMA (0,1,0)(1,0,2) for seasonal.

SPEI−24 Coefficient Standard Error t-Value p-Value

ARt−1 0.1253 0.1356 0.9240413 0.2596008

MAt−1 −0.0125 0.1671 −0.07480551 0.3972693

MAt−2 −0.7308 0.1208 −6.049669 2.116665 × 10−8

In the case of (1,1,3)(0,0,0) model estimation, the series is stationary and has no time
dependence so the best prediction for this kind of series is the average of the series. In
(1,1,3) model, A.R term is 1, difference/order of integration is 1 and moving average is
3, and in the model (0,0,0) whose A.R has 0 lag, difference/order of integration is 0 and
moving average has also 0 lag.

In the case of (1,1,3) model estimation, the series is stationary, and prediction for this
kind of series is the average of the series, whose A.R. term is 1 lag, difference/order of
integration is 1 and moving average is 3 lags. This is the best ARIMA model at SPEI-3.

The (1,1,1)(0,0,2) model estimation, the series is stationary, and prediction for this kind
of series is the average of the series, model (1,1,1) whose A.R. term is 1 lag, difference/order
of integration is 1 and moving average is 1 lag, and the (0,0,2) model who’s A.R has 0,
difference/order of integration is 0 and moving average has 2 lags.

In the case of (1,1,1) model estimation, the series is stationary, and prediction for this
kind of series is the average of the series, whose A.R. term is 1 lag, difference/order of
integration is 1 and moving average is 1 lag. This is the best ARIMA model at SPEI-6.

For the (1,1,1)(1,0,0) model estimation, the series is stationary, and prediction for
this kind of series is the average of the series, model (1,1,1) whose A.R. term is 1 lag,
difference/order of integration is 1 and moving average is 1 lag, and the (1,0,0) model
who’s A.R has 1 lag, difference/order of integration is 0 and moving average has 0.

For the (0,1,0)(1,0,2) model estimation, the series is stationary and prediction for
this kind of series is the average of the series, model (0,1,0) whose A.R. term is 0, differ-
ence/order of integration is 1 and moving average is 0, and the (1,0,2) model who’s A.R
has 1 lag, difference/order of integration is 0 and moving average has 2 lags.

3.4. Diagnostic Checking of Residuals

In order to test the authenticity of the model, diagnostic examination was carried
out after the assessment of model parameters. Figure 7 depicts the ACF and PACF of the
residuals at various time scales. All the values of the ACF and PACF are found within the
limit of 0.01 range for all lags. Thus, no significant association is found between residuals
in Figure 8 and the normally distributed histograms of residuals for the SPEI at varying
time scales have been represented. This result for the shaped model is sufficient for the
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SPEI time series data and residuals to error terms. The greatest accuracy predicting models
linked to every examined SPEI time scale with accuracy fit measures (ME, RMSE, MAE,
MPE, MAPE, MASE and Theil’s U) are shown in Table 14. In general, substantial results
have been obtained for drought predicting with the help of ARIMA models in Tharparkar.
In short explanation, the ARIMA models that have longer time scales shows profound
ability of forecast and fit exactly with drought prediction in upcoming times.

Figure 7. ACF and PACF of SPEI- 3, 6, 9, 12 and 24 from this we can identified the data is stationary.

Figure 8. Residuals of SPEI- 3, 6, 9, 12 and 24 are normally distributed.
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Table 14. Errors of SPEI-3, 6, 9, 12 and 24.

Accuracy ME RMSE MAE MPE MAPE MASE Theil’s U

SPEI-3 Test set −0.2274 0.8534 0.7261 120.104 120.104 0.6972 0.9804

SPEI-6 Test set −0.7831 0.9648 0.8858 117.805 117.805 0.8577 1.048

SPEI-9 Test set −0.4988 0.8747 0.7941 100.101 100.101 0.7973 1.0798

SPEI-12 Test set −0.0784 1.009 0.9462 91.841 91.841 0.9632 1.067

SPEI-24 Test set 1.4086 1.4139 1.4086 206.6870 206.687 1.9954 1.067

Almost familiar results have been shown across world and put into the SPI that forms
the core of SPEI, i.e., China [54] and India [35]. These research studies have shown that the
time series of SPEI for Mithi, Tharparkar has the same nature as of Figure 3. In addition to
this, the time series of SPEI-12 and -24 has a similar trend, and likewise for the time series
of SPEI-3 and -6, respectively. The identical order seems to be for the time series depending
on 12 and 24 months however, the related 3- and 6-month scale do not show this result.

From the Figure 5 for PACF and ACF it is clearly shown that the selected data
is stationary.

3.5. Model Forecasting

In fact, forecasting is one of the prime factors in decision making. It bears significant
importance for the process about decision making and future planning. It assists in
predicting the uncertain future by utilizing the behavior of past and ongoing experiments
and observations. The forecasting that is performed using the ARIMA models lays out
a sound basis for meteorological phenomena. The forecasting of drought is carried out
by selecting the city of Tharparkar and then the data of that location has been utilized
to foresee the data series of the SPEI at various time scales, from the 2005 to 2019 period
to assess the agreement of data, where the examined and detected SPEI were plotted for
its evaluation. Through the prism of comparison within predicted and observed data in
Figures 9 and 10, high authenticity of forecasted data is observed. No doubt, with the
increase in number of SPEI time series, the forecasting ability of model will be improved.
This enhancement in the ability of model is due to rising number of SPEI time series that
filters the final values, resulting in the decline of sudden shifts in the curve of SPEI.

The comparison of A.R and M.A coefficients suggests that the ARIMA models of
24-month time scale for Tharparkar is quite accurate. ARIMA models of 3-month time scale
are similar in the surrounding regions of Tharparkar. The ARIMA models of 24-month
time scale also showed the very accurate results. In Tables 7–13, the estimation of like
parameters of developed ARIMA model has been shown. From the outcome in Table 14,
the value of p, d, q, P, D, and Q received from the models shaped for Tharparkar are almost
alike at the same time scales. Hence, the ARIMA model (0,1,0), (1,0,2) at 24-SPEI could be
summarized for the whole region of Tharparkar. In addition to this, the ARIMA model
(1,1,3)(0,0,0) at 3-SPEI is also applicable to the neighboring cities of Tharparkar as they are
very close to it. In Tables 15–19, the point forecasted values of SPEI-3, 6, 9, 12 and 24 for
five years model has been shown.

For the (0,1,0)(1,0,2) model estimation, the series is stationary and prediction for
this kind of series is the average of the series, model (0,1,0) whose A.R. term is 0, differ-
ence/order of integration is 1 and moving average is 0, and the (1,0,2) model who’s A.R
has 1 lag, difference/order of integration is 0 and moving average has 2 lags.

3.6. Comparison with Previous Study

The comparative results of present and a previous study has been shown in Table 20.
It is investigated that the present standard error and t-value of different SPEI (3, 6 and 24)
have significant coherence with previous study [39].
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Figure 9. The long-term projection of SPEI for 5 year.

Figure 10. The long-term projection of SPEI for 30 years.
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Table 15. Point forecasted value of SPEI-3 for five years.

Point Forecast

January February March April May June July August September October November December

2019 −1.05594 −1.00396 −0.97157−0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729

2020 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729

2021 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729

2022 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729

2023 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729 −0.9729

Table 16. Point forecasted value of SPEI-6 for five years.

Point Forecast

January February March April May June July August September October November December

2019 −2.19456 −1.88657 −1.67284−1.52453−1.42161−1.35019−1.30063−1.26624−1.24237 −1.22581 −1.21432 −1.20635

2020 −1.20081 −1.19697 −1.19246−1.19118−1.19029−1.18967−1.18924−1.18894−1.18874 −1.18874 −1.18859 −1.18849

2021 −1.18842 −1.18838 −1.18834−1.18832−1.1883 −1.18829−1.18828−1.18828−1.18828 −1.18827 −1.18827 −1.18827

2022 −1.18827 −1.18827 −1.18827−1.18827−1.18827−1.18827−1.18827−1.18827−1.18827 −1.18827 −1.18827 −1.18827

2023 −1.18827 −1.18827 −1.18827−1.18827−1.18827−1.18827−1.18827−1.18827−1.18827 −1.18827 −1.18827 −1.18827

Table 17. Point forecasted value of SPEI-9 for five years.

Point Forecast

January February March April May June July August September October November December

2019 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

2020 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

2021 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

2022 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

2023 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

Table 18. Point forecasted value of SPEI-12 for five years.

Point Forecast

January February March April May June July August September October November December

2019 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

2020 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

2021 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

2022 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

2023 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2

Table 19. Point forecasted value of SPEI-24 for five years.

Point Forecast

January February March April May June July August September October November December

2019 −1.90309 −1.90309 −1.90309−1.90309−1.90309−1.90309−1.90309−1.90309−1.90309 −1.90309 −1.90309 −1.90309

2020 −1.90309 −1.90309 −1.90309−1.90309−1.90309−1.90309−1.90309−1.90309−1.90309 −1.90309 −1.90309 −1.90309

2021 −1.90309 −1.90309 −1.90309−1.90309−1.90309−1.90309−1.90309−1.90309−1.90309 −1.90309 −1.90309 −1.90309

2022 −1.90309 −1.90309 −1.90309−1.90309−1.90309−1.90309−1.90309−1.90309−1.90309 −1.90309 −1.90309 −1.90309

2023 −1.90309 −1.90309 −1.90309−1.90309−1.90309−1.90309−1.90309−1.90309−1.90309 −1.90309 −1.90309 −1.90309
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Table 20. A comparison of the present and previous study [39].

SPEI
Standard Error

of Previous
Study

t-Value of
Previous Study

Standard Error
of Present

Study

t-Value of
Present Study

3 AR 0.105 5.84 0.2060 −0.1902913

3 MA

0.117 −3.27 0.1910 −1.38925

0.104 −3.46 0.0991 −2.083754

0.094 2.43 0.1038 −3.619461

6 AR 0.054 7.54 0.0895 7.486034

6 MA

0.048 −15.49 0.0528 −17.3314

0.054 −12.01 0.1105 −2.353846

0.052 −9.99 0.1369 −2.141709

0.043 −11.30

0.033 −16.74

24 AR 0.036 6.98 0.1356 0.9240413

24 MA
0.048 −7.47 0.1671 −0.07480551

0.034 −14.54 0.1208 −6.049669

4. Conclusions

This research proves SPEI as a unique and powerful multi-scalar drought index for
the examination of drought event variations in the region of Tharparkar, Sindh. The prime
objective of this research work is categorized into two parts. The first part deals with
the evaluation of climatic parameters and drought frequency on the basis of SPEI. This
research concluded that the water crisis are a result of overlapping of two unfavorable
factors—a decrease in precipitation amounts and an increase of temperature in the region of
Tharparkar. Therefore, due to the deficiency of water, the likelihood of drought events has
been greatly increased such situation is ultimately generating immense threat to available
water resources. In addition to this, the variation in SPEI also shows unusual course of
drought (extremely dry) since preceding decade. However, from these results, it is also
evident that the situation of hyper-arid regions could be more alarming and eye-opening.
It should be noted that the forecast of drought events is one of the most troublesome issues
faced be meteorologists.

In this way, the second objective of this research was related to the development and
test of ARIMA models for the forecast of drought by utilizing SPEI with 3, 6, 9, 12, and
24-month time scales. The identification of the ARIMA models was conducted on the
basis of AIC and SBC values. The basic point for researchers is the credibility of forecasted
values. Because the implementation of drought alleviation policies depends upon these
forecasted values. In this way, a series of diagnostic checking tests were conducted after
the inspection of the parameters of said models. The ARIMA model (0,1,0)(1,0,2) at 24-SPEI
could be selected from other possible models for the region of Tharparkar. Additionally,
the ARIMA model (1,1,3)(0,0,0) at 3-SPEI, the ARIMA model (1,1,1)(0,0,2) at 6-SPEI, the
ARIMA model (1,1,1)(1,0,0) at 9-SPEI and the ARIMA model (0,1,0)(1,0,2) at 12-SPEI can
be generalized for Tharparkar region. This is because other localities are very close to the
Mithi region. It was also observed that the result obtained through the ARIMA model at
the 24-SPEI time scale was the best forecasting model, that follows the lower values of
ME, RMSE, MAE, MPE, MAPE and MASE. The ARIMA model at SPEI 3-time scale was
found to be the worst model for the prediction of drought for the region of Tharparkar.
The best ARIMA models represent profound accuracy in foretelling the droughts, as these
can perform a very significant role for planners and water resources managers in measures
for such regions as well as in view of drought.
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In fact, the connectivity between climate change shown in droughts and the present
water resources in Tharparkar is the need of the hour. Thus, in the Tharparkar region,
it is very important to overcome the forecasted drought conditions and this should be
considered as a significant future study. Additionally, unfortunately the Tharparkar region
in Pakistan has only one meteorological station located at Mithi, which is the limitation of
our study. Therefore, this study can be extended using different models and a larger set of
data in future.
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Nomenclature

ACF Autocorrelation Function
AIC Akaike information criterion
ANN Artificial Neural Network
A.R Autoregressive
ARIMA Autoregressive Integrated moving Average
M.A Moving Average
MAE Mean Absolute Error
MAPE Mean Absolute Percentile Error
MASE Mean Absolute Square Error
ME Mean Error
MPE Mean Percentile Error
PACF Partial Autocorrelation Function
PAI Palfai aridity index
PCPN precipitation
PDSI Palme drought severity index
PET potential evapotranspiration
RMSE Root Mean Square Error
SBC Schwarz’s Bayesian criterion
SPEI Standardized Precipitation Evapotranspiration Index
SPI Standardized precipitation index
SWSI Surface water supply index
Symbols

Δ slope of vapor pressure
∇d order of difference
Rn surface net radian
G soil heat flux density
γ psychometric constant
T mean daily air temperature
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U2 the wind speed
es saturated vapor pressure
ea actual vapor pressure
ω Mean of the series
ηt error terms
ηt−i MA error terms
αi Parameter of Moving average model
βi Parameter of Autoregressive model
Zt Time series
Zt−i AR error terms
β(C) Polynomial
α(C) Polynomial
Φp seasonal AR parameter of order P
ΘQ seasonal MA parameter of order Q
Xm observed SPEI
Xs predicted SPEI
xi predicted value
x̂i actual value
d number of regular difference for Non-Seasonal Model
p Autoregressive Parameter for Non-Seasonal Model
q Moving Average Parameter for Non-Seasonal Model
D number of regular difference for Seasonal Model
P Autoregressive Parameter for Seasonal Model
Q Moving Average Parameter for Seasonal Model
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Abstract: Mountains are highly sensitive to the effects of climate change, including extreme short-
and long-term weather phenomena. Therefore, in spite of relatively high annual precipitation totals,
mountains might become endangered by droughts. The paper presents drought trends in the Polish
Carpathians located in Central Europe. Data from the period 1991–2020 from 12 meteorological
stations located in various vertical climate zones of the mountains were used to define drought
conditions using the following indices: Standardized Precipitation (SPI), Standardized Precipitation
Evapotranspiration (SPEI), Relative Precipitation (RPI) and Sielianinov. Additionally, four forest
drought indices were used in order to estimate the impact of drought on beech as a typical Carpathian
tree species, i.e., the Ellenberg (EQ), Forestry Aridity (FAI), Mayr Tetratherm (MT) and De Martonne
Aridity (AI) indices. Statistically significant but weak trends were obtained for the 6-month SPI for
four stations (indicating an increase in seasonal to mid-term precipitation), for the 1-month SPEI
for three stations, for the 3-month SPEI for four stations, and for MT for all stations (indicating an
increase in drought intensity). The analysis of dry month frequency according to particular indices
shows that at most of the stations during the last decade of the study period, the frequency of dry
months was much higher than in previous decades, especially in the cold half-year. Two zones of
the Polish Carpathians are the most prone to drought occurrence: the peak zone due to the shift
in climatic vertical zones triggered by the air temperature increase, and the forelands and foothills,
together with basins located about 200–400 m a.s.l., where the mean annual air temperature is the
highest in all the vertical profile, the annual sums of precipitation are very diversified, and the
conditions for beech are already unfavorable.

Keywords: atmospheric drought; forest drought; Carpathian Mts.; beech; vertical climate zones

1. Introduction

Drought is a phenomenon that negatively affects many economic sectors. Depending
on the duration, effects and intensity, drought can be classified into four types: meteorolog-
ical, agricultural, hydrological and socio-economic [1]. According to IPCC [2], mountains
are among the areas most endangered by climate change, and droughts have been ob-
served and are predicted in various mountain ranges, for example, in the Alps [3]. The
pan-European study showed that in the 1990s and 2000s, drought hotspots were identified
in the Mediterranean and Carpathian Regions; in the latter, drought severity and duration
were highest in Hungary and Slovakia [4]. In the period 1961–2010, the worst droughts
occurred in 1990, 2000, and 2003; less intense or prolonged droughts took place in 1964,
1970, 1973/74, 1983, 1987, 1992, and 2007 [5]. The Carpathians are located in Central Europe
where the future drought risk is estimated to be relatively high with projected increases
in hydrological, agricultural and ecological droughts at mid-century warming levels of
2 ◦C or above, regardless of greenhouse gas emission scenarios [6]. The Carpathian region
includes the Carpathian Mts. and the Pannonian Basin. Studies concerning droughts in
the whole region were based on gridded data (e.g., [5,7,8]) and showed that the region’s
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lowlands are much more endangered than the mountains. National-level studies confirmed
the results for the lowlands and revealed the complexity of the issue in the mountains.
In the lowlands of Hungary, Serbia, Romania and Slovakia, droughts have already caused
significant agricultural yield losses in recent decades ([9–11]). Studies for the Carpathian
Mts. are more limited and encompass only a few mountain ranges. For the part of the
Western Carpathians located in Slovakia, in the period 1951–2007 precipitation exceeded
potential evapotranspiration [9,12]. Those results have been confirmed for the upper Hron
region [13]. In a study for Romania, with data for the period 1961–2010, it was shown that
drought may affect areas with both low and high precipitation averages, and can occur in
mountains or lowlands. Large-scale atmospheric circulation is the major drought driver in
Romania in winter, while thermodynamic factors (such as air temperature and humidity
levels) are the major drivers in summer. The Carpathian mountain chain itself is the second
regional factor influencing drought spatial variability, triggering differences between intra-
Carpathian and extra-Carpathian regions in wintertime [14]. The Tatra Mts are the highest
range in the Carpathians, located at the border between Poland and Slovakia. For the
Slovakian part, data from the period 1961–2010 were used to show that the occurrence
of drought has a cyclic pattern over an approximately 30-year period. The core areas of
the biosphere reserve of the Tatra National Park inhabited by unique species (altitudes
over 1500 m a.s.l.) are in the relatively “drought-safe altitudinal zone”. Unfortunately,
ecosystems at lower altitudes (up to 900 m a.s.l.) could be impacted by drought due to a
lower precipitation surplus. The occurrence of drought episodes was influenced by the
precipitation shadow of the Tatra Mts range and of the surrounding mountains situated
to their north and northwest. Thus the occurrence of drought is more likely in the south
and southeastern regions of the mountains than on the windward north or northeastern
parts. In addition, another drought-prone area was indicated in the Western Tatra Mts. This
area is influenced by the Oravsk’e Beskydy and Oravsk’a Magura ranges located to the
northwest [15]. A study concerning the Polish part of the Tatra Mts was compared with a
study for the Ukrainian Carpathians for the period 1984–2015, concerning the occurrence of
dry months. At least one extremely dry month at each meteorological station was detected,
but only in November 2011 was an extreme drought at all the stations observed. That was
a month with precipitation less than 5% of the long-term average at specific meteorolog-
ical stations [16]. In Poland, atmospheric drought is observed most often from April to
September [17], and it affects mainly the lowlands where agriculture is concentrated [18,19].
The Carpathians receive much more precipitation than the rest of the country (with the
exception of the Sudeten Mts where precipitation is comparable), but long periods without
precipitation have been observed more frequently during the last few decades both on the
mountain foreland [20] and on the mountain ranges [21,22]. Such a tendency combined
with increased runoff and decreased retention (due to human activity) is a huge disadvan-
tage for water resource management, and for the functioning of ecosystems. Additionally,
an increase in hydrological drought risk has been observed in the Carpathians over the
period 1901–2002 [23]. Agricultural drought has been studied for Poland for the period
1961–2010, but mountain areas were excluded from that research. However, the study
showed that foreland areas were relatively little endangered by agricultural drought [24].

In spite of receiving the highest annual precipitation totals, in comparison to the rest
of the country, the Polish Carpathians are affected by current climate change too, and
drought has to be considered one of the potential new threats to the region. Therefore, this
paper is aimed to show whether atmospheric drought risk varies in the vertical climatic
profile of the Polish Carpathians and whether the eastern part of the mountain chain
is more endangered by drought than the western part due to more continental climatic
conditions. This aspect of the present climate has not yet been studied for that part of
the Carpathians in contrast to some other parts. The present paper shows variability and
trends in atmospheric drought occurrence in the most recent 30-year period. The middle
of the 1980s represents a turning point for all the climatic variables in the Carpathian
region [25] and shows the beginnings of presently observed climate change. The data
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from the period 1991–2020 represent the current long-term climatic period characterized
by ecosystems entering a new state of dynamic balance. The Polish Carpathians are not an
important agricultural region in the country; the main economic sector developed there
is tourism and the properties of the natural environment are one of the most important
factors in its development. The Carpathians, apart from offering picturesque landscapes,
are a European biodiversity hotspot, with rich flora and endemic plants, and including the
most extensive primeval forests across the whole of Europe; there are many different bird
species and it is home to the largest communities of carnivores and predators such as bears
and wolves [5,26]. Beech is the main species of the Dentario glandulosae-Fagetum community,
a typical element of the Carpathian environment. Therefore, forest drought indices have
also been used in the present study to estimate trends in atmospheric conditions favorable
for beech. This is one of the indicators of the long-term impact of the drought trend on the
natural environment of the Carpathians.

2. Study Area

The Polish Carpathian Mts. are part of the huge Carpathian mountain chain in Central
Europe. It is divided into the Southern Carpathians (located in Romania), the Eastern
Carpathians (Ukraine, Slovakia, Hungary, Poland), and the Western Carpathians (Poland,
Slovakia, Czech Republic, Hungary, Austria). The relief of the Carpathians varies from
undulating foothills to typical alpine landscapes in the Tatra, Rodna, Fagaras, and Retezat
mountains [27]. The highest peaks can be found in the Tatra Mts, in Slovakia: Gerlach,
2655 m a.s.l.; and in the Fagaras Mts, in Romania: Moldoveanu, 2543 m a.s.l. As much
as 88% of the Carpathian area located in Poland belongs to the Western Carpathians [28].
The climatic and hydrological conditions of the Polish Carpathians have been the subject
of many studies, for example, [29–35], but rarely in the context of atmospheric drought
as it is the region with the highest precipitation on a national scale. Most of the climatic
parameters show increasing climate continentality from the west toward the east; for exam-
ple, the mean annual air temperature range increases by 0.49 ◦C per degree of longitude
on convex landforms, and by 0.35 ◦C on concave ones [31]. Even more important are
changes in climatic conditions with altitude which are visible as vertical climate-vegetation
zones [29]. The location of zonal boundaries (i.e., altitudes where a certain mean annual air
temperature is found) depends on the scale of a particular mountain range, slopes aspect,
the main geomorphological features and the prevailing direction of air mass advection [36].
According to the original vertical zone pattern [29], the study area contains six zones from
“cold” with a mean annual air temperature from −4 to −2 ◦C, to “moderately warm” with
a mean temperature from 6 to 8 ◦C. However, one of the effects of global warming is a shift
in zonal boundaries [33] and this will be discussed further in the present study. The vertical
climate-vegetation zone that occupies the largest area in the Polish Carpathians is that of
deciduous forest, with its dominating Dentario glandulosae-Fagetum plant community [37].
European beech (Fagus sylvatica) is the main species of that community. The deciduous
forest zone is located in the mountain foothills and on medium-height mountain ranges
which are areas of intensive anthropopressure due to tourist activity. Therefore, a potential
impact of drought on beech forest conditions will be presented later in the paper.

3. Materials and Methods

The data used in the present study come from 12 meteorological stations located in
the Polish Carpathians (Figure 1 and Table 1). The stations represent the highest parts of
the Carpathians, that is, the peaks of the Tatra Mts (Kasprowy Wierch) and the neighboring
basin (Zakopane), the Beskidy ranges which are medium-height mountains (Limanowa,
Nowy Sącz, Krynica, Lesko and Komańcza), the foothills (Gaik-Brzezowa, Łazy and
Bielsko-Biała), and the foreland (Kraków and Katowice). The stations in Gaik-Brzezowa
and Łazy belong to the Institute of Geography and Spatial Management, Jagiellonian
University, Kraków, while the others are administered by the Institute of Meteorology and
Water Management—National Research Institute. The spatial distribution of the stations
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allows drought occurrence to be studied in the Polish Carpathians both vertically and from
west to east. %clearpage

Figure 1. Location of the meteorological stations used in the study numbers as in Table 1.

Table 1. Coordinates and altitude of the meteorological stations used in the study numbers as in
Figure 1. TPZ concept is explained in Section 4.1.

No. Station Name
Latitude

(ϕ)
Longitude

(λ)
Altitude
m a.s.l

TPZ

1 Bielsko-Biała 49◦48′26′′ N 19◦00′01′′ E 396 4
2 Katowice 50◦14′26′′ N 19◦01′58′′ E 278 4
3 Kraków 50◦04′40′′ N 19◦47′42′′ E 237 4
4 Łazy 49◦57′55′′ N 20◦29′43′′ E 245 4
5 Gaik- Brzezowa 49◦52′00′′ N 20◦05′00′′ E 303 4
6 Nowy Sącz 49◦37′38′′ N 20◦41′19′′ E 292 4
7 Limanowa 49◦41′37′′ N 20◦25′06′′ E 515 3
8 Lesko 49◦27′59′′ N 22◦20′30′′ E 420 3
9 Krynica-Zdrój 49◦24′28′′ N 20◦57′39′′ E 582 2
10 Komańcza 49◦20′21′′ N 22◦03′48′′ E 478 2
11 Zakopane 49◦17′38′′ N 19◦57′37′′ E 855 2
12 Kasprowy Wierch 49◦13′57′′ N 19◦58′55′′ E 1991 1

The data used come from the 30-year period 1991–2020 (while for Gaik-Brzezowa the
data cover that of 1991–2019) and consist of mean monthly air temperatures and monthly
precipitation totals. The choice of study period is linked to data availability and to the
fact that since the 1990s, a significant change in climatic conditions has begun on both
global and regional scales [38]. Therefore, the analyses presented show the contemporary
situation and trends which are the effect of the present climate drivers. The data were used
first to determine the variability of air temperature and precipitation in the study period
and to distinguish areas with different air temperature and precipitation patterns.

Then the data were used to calculate indices widely used to determine the occurrence
of drought (see also Appendix A):

1. SPI (Standardized Precipitation Index) [39]: it is based on the probability of precipita-
tion which is the only input parameter. SPI was calculated for 1-, 3- and 6- monthly
timescales for each station: SPI ≤−2.0—extreme drought, −1.99 < SPI ≤ −1.50—strong
drought, −1.49 < SPI ≤ −1.00—moderate drought, −0.99 < SPI < 0.99 near normal
conditions, 1.0 < SPI < 1.49 moderately wet, 1.5 < SPI < 1.99 very wet.
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2. RPI (Relative Precipitation Index) is the ratio of precipitation sum for the given period
and the long-term average for the same period expressed in percent [40]. It was calcu-
lated for each month and station; the values for particular months were interpreted
following the intensity scale: <25%—extremely dry, 25–50%—very dry, 51–75%—dry,
76–125%—normal, 126–150%—wet, 151–200%—very wet, >200%—extremely wet.

3. Selianinov index describes humidity conditions in relation to the needs of the envi-
ronment; the volume of precipitation is determined together with the potential for
its use by plants, depending on the thermal conditions [41]. According to its formula
(Appendix A), it was calculated for those months only when mean daily air tempera-
ture exceeded 10 ◦C; then the months were classified as follows: <0.4—extremely dry,
0.4–0.7—very dry, 0.8–1.0—dry, 1.1–1.3—moderately dry, 1.4–1.6—optimal, 1.7–2.0—
moderately wet, 2.1–2.5—wet, 2.6–3.0—very wet, >3.0—extremely wet.

4. SPEI (Standardized Precipitation Evapotranspiration Index) is a standardized
monthly climatic balance computed as the difference between the cumulative pre-
cipitation and the potential evapotranspiration [42]. It was calculated for 1-, 3- and
6-each monthly timescales and for each station. The following drought classes were
applied: ≥2—exceptionally wet, 1.6–1.99—extremely wet, 1.3–1.59—severely wet,
0.8–1.29—moderately wet, 0.5–0.79—slightly wet, 0.49 to −0.49—normal, −0.5 to
−0.79—slightly dry, −0.8 to −1.29—moderate drought, −1.3 to −1.59—severe drought,
−1.6 to −1.99—extreme drought, ≤−2—exceptional drought.

In order to estimate the impact of drought on beech, the following indices of forest
drought were used and calculated for each year and station:

1. EQ (Ellenberg index) [43]; the values optimal for beech are <30 while at EQ > 40, beech
cannot survive.

2. FAI (Forestry Aridity Index) [44]; the values optimal for beech are at FAI < 4.75.
3. MT (Mayr Tetratherm Index) [45]; the values optimal for beech are 13–18 ◦C [46]
4. AI (De Martonne Aridy Index) [47]; the values optimal for beech are 35–40 [46].

The SPI index was calculated with SPI Generator software [48], SPEI was calculated
with the Package ‘SPEI’ software (https://cran.r-project.org/web/packages/SPEI/SPEI.
pdf, accessed on 20 August 2021) and other indices were calculated with MS Excel, with
the formulas listed in Appendix A and provided in the publications mentioned above.

In the calculation of SPI and RPI, only precipitation data are taken into consideration,
while the Selianinov index and SPEI include also air temperature data. The forest drought
indices are not only based on data for air temperature and precipitation but are calculated
at various temporal resolutions, which allows different aspects of the phenomenon to
be observed.

The series of air temperature, precipitation and index values were tested using re-
gression analysis; linear trends were determined together with their equations, R2 and p
level with Statistica software (https://www.statsoft.pl/, accessed on 1 August 2021). Then
the data series were additionally tested for the presence of trends by the Mann–Kendall
test [49–51] using XLSTAT software (https://www.xlstat.com/en/, accessed on 5 August
2021). That software was also used to calculate standard errors for mean values. For each
data series, the variability coefficient was calculated with MS Excel following the formula:

Vc = (σ/m) × 100 (1)

where:
Vc—variability coefficient (in %)
σ—standard deviation
m—mean value

The values of the coefficient calculated were interpreted in the following way:
<25%—low variability, 25–45%—mean variability, 46–100%—high variability, >100%—

very high variability.
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The drought occurrence estimation was based on a comparison of the SPI, SPEI, RPI
and Selianinov index outcomes, that is, the number of dry months defined as SPI ≤ −1.00,
SPEI ≤ −0.8, RPI ≤ 75%, Selianinov index < 1.4. The frequency of dry months was
presented for specific decades of the study period, for the whole year, the warm half-year
(May–October) and the cold half-year (November–April). The forest drought indices can
be calculated with only an annual resolution so the number of years with conditions
unfavorable for beech in specific decades has been shown.

4. Results

All the indices used in the study are based on data concerning air temperature,
precipitation or both. Therefore, the spatial and temporal variability of air temperature
and precipitation is presented first in order to provide background for the analysis of
drought indices.

4.1. Air Temperature and Precipitation Variability

For all stations included in the study, an increase in mean annual air temperature
has been observed; the regression analysis showed that it was statistically significant at
p < 0.05. The rate of increase varied from 0.5 to 0.7 ◦C per 10 years (R2 from 0.34 to 0.47).
The Mann-Kendall test confirmed statistically significant positive trends for all stations,
and Sen’s slope values confirmed the rate of increase described above (Appendix B). The
variability coefficient for all series is <25%, which means a relatively low variability of
mean annual air temperature in the study area. Figure 2 shows that the mean decadal air
temperature has been gradually increasing at all stations, too. The most striking increase
is observed for Kasprowy Wierch, one of the highest peaks of the Tatra Mts, where mean
annual air temperature has exceeded 0 ◦C which means a shift from the ”moderately cold”
vertical climatic zone (i.e., from mean annual air temperature from −2 to 0 ◦C) to “very
cool” (0 to 2 ◦C). Such a shift can also be observed for Zakopane (from “moderately cool”
to “moderately warm”). Lesko and Limanowa shifted from “moderately warm” to a mean
annual air temperatures above 8 ◦C, not included in the original scheme described in [29].

Figure 2. Mean annual air temperature (◦C, black horizontal marks inside the boxes) in specific
decades at the stations studied. Boxes mark the first and the third quartile, and the whiskers show the
highest and the lowest value in a certain decade. Standard errors for the mean values are provided in
Appendix C. Stations are ordered following the concept of TPZ explained in Section 4.1.
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In the case of precipitation, there are no statistically significant changes for annual
totals (according to regression analysis and the Mann–Kendall test; see Appendix B). The
comparison of mean annual totals in specific decades confirms this fact (Figure 3); the
highest values were noted in the second decade. The values of the variability coefficient
for annual totals are below 25% which means low variability. However, the values for
particular months reveal that for Kasprowy Wierch, Bielsko-Biała, Limanowa and Kraków,
for all months the coefficient values are >45%, which means high variability. For Zakopane,
Katowice, Łazy, Nowy Sącz, Gaik-Brezowa and Krynica, from 1 to 3 months show mean
variability (25–45%) but for all other months, the coefficient exceeds 45%. For Lesko and
Komańcza, 4–5 months show mean variability while all other months have high variability.
Additionally, there is no clear dependency between precipitation and altitude (except
Kasprowy Wierch) or precipitation and longitude, and this is linked to the strong local
impacts of landforms in the mountains on spatial patterns of precipitation.

Figure 3. Mean annual total of precipitation (mm, black horizontal marks inside the boxes) in specific
decades at the stations studied. Boxes mark the first and the third quartile, and the whiskers show the
highest and the lowest value in a certain decade, except the outliers which are shown with black dots.
Standard errors for the mean values are provided in Appendix C. Stations are ordered following the
concept of TPZ explained in Section 4.1.

Both air temperature and precipitation are key factors controlling drought occurrence
and Figure 4 shows their combination for the stations included in the study. The stations
can be then assigned to the following temperature-precipitation zones (TPZ):

1. TPZ 1: The highest parts of the Carpathians, located above 1500 m a.s.l., represented
by Kasprowy Wierch, where mean annual air temperature is lowest (around 0 ◦C), and
mean annual precipitation is highest (about 1800 mm); therefore, potential drought
risk is the lowest.

2. TPZ 2: The Carpathian basins and large valleys located at about 500–900 m a.s.l.,
represented by Zakopane, Krynica and Komańcza, where annual precipitation exceeds
800 mm, and mean annual air temperature is about 6–7 ◦C, which allows potential
drought risk to be considered as relatively low.

3. TPZ 3: The Carpathian basins and large valleys located at about 400–500 m a.s.l.,
represented by Lesko and Limanowa, with a mean annual air temperature of 8.2 ◦C
and precipitation above 800 mm. Here the potential drought risk is medium.

4. TPZ 4: The Carpathian foreland and foothills, together with basins located about
200–400 m a.s.l., represented by Bielsko-Biała, Gaik-Brzezowa, Nowy Sącz, Łazy,
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Kraków and Katowice, where the mean annual air temperature is the highest in
the vertical profile (8.9–9.0 ◦C), and annual precipitation totals are very diversified,
from 670 to 1000 mm, so the potential drought risk is high.

Figure 4. Comparison of mean annual air temperature and precipitation totals for the period 1991–2020 for the stations
studied. The value for Nowy Sącz is not visible in the figure as it is almost identical to the value for Katowice and the
symbols overlap each other.

4.2. Drought Frequency and Trends in the Polish Carpathians

Drought occurrence was determined by SPI, SPEI, RPI and the Selianinov index. For
SPI and SPEI, the percentages of dry months (i.e., with SPI ≤ –1.00, SPEI ≤ −0.8) for the
whole year and for the subperiods May–October and November–April were calculated.
All data series show very high variability, that is, the values of Vc exceed 100%.

SPI values for the 1-month time scale vary from 3.74 to −4.28, for the 3-month scale
from 3.81 to −3.13, and for the 6-month scale from 3.62 to −2.78. None of the SPI 1- and
3-monthly series shows any statistically significant trend; the results of the Mann–Kendall
test are presented in Appendix B. In the case of SPI 6-monthly series for Zakopane, Krynica,
Komańcza (TPZ 2) and Gaik-Brzezowa (TPZ 4), the p-values indicate statistically significant
increasing trends, but Sen’s slope values are as low as 0.001, and low tau values indicate that
the trends are weak (Appendix B). A 1-month SPI reflects short-term conditions, related
closely to meteorological drought along with short-term soil moisture and crop stress,
while a 3-month SPI reflects short- and medium-term moisture conditions and provides a
seasonal estimate of precipitation, and a 6-month SPI indicates seasonal to medium-term
trends in precipitation [39]. Figure 5 presents the data for the decades and it shows that
in a short-term perspective, a clear increase in the frequency of dry months in the cold
subperiod can be seen in the last decade in comparison to the previous ones (except Gaik-
Brzezowa; Figure 5c). This is also the reason for the increase of dry-month frequency at an
annual scale (Figure 5a). The increase is observed throughout the whole study area. In the
decade 2011–2020, the frequency of dry months according to SPI reached about 15% on an
annual scale at all stations. For medium-term and seasonal perspectives (Figure 5, data for
3- and 6-monthly timescales), there are no clear spatial or temporal patterns.
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Figure 5. Percentages of dry months according to SPI (SPI ≤ −1.0) for 1-, 3- and 6-monthly timescales,
for the whole year (a) and for the subperiods May–October (b) and November–April (c) in the decades
of the study period. Stations are ordered following the concept of TPZ explained in Section 4.1.
Explanation of numbers on axis x: 1—1991–2000, 1 month; 2—2001–2010, 1 month; 3—2011–2020,
1 month; 4—1991–2000, 3 months; 5—2001–2010, 3 months; 6—2011–2020, 3 months; 7—1991–2000,
6 months; 8—2001–2010, 6 months; 9—2011–2020, 6 months.

For annual values of RPI, the Mann–Kendall test by definition gives the same results as
for annual precipitation totals (Appendix B). For the test’s results for particular months and
particular stations, all p-values exceeded 0.05, so none of the series shows any statistically
significant trend. Tau values varied from −0.264 to 0.209. Figure 6 shows that in the decade
2011–2020, for most of the stations, a large increase in the number of dry months per year

207



Atmosphere 2021, 12, 1259

can be seen which is mainly the effect of the increase in the frequency of such months in
the cold half-year. In the last decade of the study period, according to RPI, from 35 to 45%
of months per year were dry.

Figure 6. Percentage of dry months according to RPI (RPI ≤ 75%-for the whole year) and for the
subperiods May-October and November-April in the decades of the study period. Stations are
ordered following the concept of TPZ explained in Section 4.1. Explanation of numbers on axis x:
1—1991–2000, year; 2—2001–2010, year; 3—2011–2020, year; 4—1991–2000, May–Oct; 5—2001–2010,
May–Oct; 6—2011–2020, May–Oct; 7—1991–2000, Nov–Apr; 8—2001–2010, Nov–Apr; 9—2011–2020,
Nov–Apr.

The Selianinov index could be calculated for all stations (except Kasprowy Wierch)
and for each year only for June, July and August; for other months the values could be
calculated only sporadically. The Mann–Kendall test for those three months showed no
statistically significant trend at any station. All p-values exceeded 0.05, tau values varied
from −0.159 to 0.062. However, the Selianinov index, unlike SPI and RPI, showed a large
spatial variability of drought occurrence in the warm part of the year (Figure 7), with a
clear increase in drought risk with decrease in altitude (i.e., from less than 10% of dry
months at Kasprowy Wierch (TPZ 1) to over 50% in Kraków, TPZ 4). Additionally, the data
show that for most stations, the share of dry months is greater in the last decade than in the
two previous ones. An increase is especially visible in the highest parts of the Carpathians.
Until 2015, the Selianinov index could be calculated for Kasprowy Wierch only once over
several years, and only for July, while later it could be calculated also for June and August,
as the index is calculated only for the months when the mean daily air temperature exceeds
10 ◦C. There is no significant difference in the W-E profile concerning drought risk, but the
data for Bielsko-Biała are worth attention as the risk is much lower than in other stations
of similar locations. Bielsko-Biała and Katowice (TPZ 4) are the westernmost points of
the study area, and both of them are exposed to moist oceanic air masses coming from
the west; however, Bielsko-Biała is located in the Carpathian foothills, that is, close to an
orographic barrier which enhances precipitation. Figure 3 shows that Bielsko-Biała has
higher precipitation sums than neighboring stations.
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Figure 7. Percentage of dry months according to the Selianinov index for the subperiod April–October
in the decades of the study period. Stations are ordered following the concept of TPZ explained in
Section 4.1.

SPEI values for the 1-monthly time scale vary from 2.54 to −3.15, for the 3-monthly
scale from 2.60 to −2.83, and for the 6-monthly scale from 2.72 to −3.44. For the 1-monthly
series, statistically significant trends were found with the Mann–Kendall test for Katowice,
Nowy Sącz and Kraków (TPZ 4), and for 3-monthly and 6-monthly series for Kasprowy
Wierch (TPZ 1), Katowice, Nowy Sącz and Kraków (TPZ 4) (Appendix D). The trends
indicate an increase in drought risk although Sen’s slope values are as low as 0.001–0.002
which indicates that the trends are weak. However, most tau values are much higher than
for SPI (Appendix B), which shows that those trends, although weak, should be consid-
ered important signals of the increasing drought risk at least in some areas of the Polish
Carpathians, mainly in foreland areas. SPEI presents combined effects of precipitation and
air temperature and concerning the results presented above, it is the increasing temperature
that is mainly contributing to those trends. Figure 8 presents the percentage of the dry
months (SPEI ≤ −0.8) for the decades and it shows that in the last decade of the study
period, there were much more dry months observed at most of the stations than previously.
Such tendency is more clear for the cold half-year than for the warm one, especially for the
1-monthly time scale.

4.3. Drought Risk for Beech in the Polish Carpathians

The forest drought indices used in the study are based on air temperature and pre-
cipitation (EQ, AI and FAI) or on air temperature only (MT). They were calculated for all
stations except Kasprowy Wierch, as that station is located far above the tree line. For EQ,
FAI and AI, no statistically significant trend in the study period was found for any sta-
tion, neither by regression analysis nor with the Mann–Kendall test (Appendix B). The
indices show high spatial and temporal variability (Figure 9). The Carpathian foreland
and foothills, together with basins located about 200–400 m a.s.l., are the areas where, in
each decade, there are years with forest drought conditions, and at some stations (i.e., in
Katowice, Kraków, Nowy Sącz—TPZ 4) an increasing tendency can be observed. In the
remaining part of the study area, drought conditions do not occur at all or they occur
only sporadically.
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Figure 8. Percentage of dry months according to SPEI (SPEI ≤ −0.8) for 1-, 3- and 6-monthly
timescales, for the whole year (a) and for the subperiods May–October (b) and November–April
(c) in the decades of the study period. Stations are ordered following the concept of TPZ explained
in Section 4.1. Explanation of numbers on axis x: 1—1991–2000, 1 month; 2—2001–2010, 1 month;
3—2011–2020, 1 month; 4—1991–2000, 3 months; 5—2001–2010, 3 months; 6—2011–2020, 3 months;
7—1991–2000, 6 months; 8—2001–2010, 6 months; 9—2011–2020 6 months.
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Figure 9. The number of years in specific decades when forest drought conditions unfavorable for
beech occurred at the stations studied: (a) EQ > 30; (b) FAI > 4.75; (c) AI < 35. Stations are ordered
following the concept of TPZ explained in Section 4.1.
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Unlike the indices shown in Figure 9, MT has a statistically significant increasing trend
at all stations (p < 0.05) at the rate from 0.4 to 0.5 per decade; only for Limanowa did the
value reach 0.6 per 10 years. The Mann–Kendall test confirms those results (Appendix B).
The threshold value of 18 ◦C, above which the conditions for beech are estimated to
be unfavorable, was crossed for the first time in 2002 at all stations in the zone of the
Carpathian foreland and foothills, together with basins located about 200–400 m a.s.l.
(TPZ 4), except for Bielsko-Biała. In the second decade, the value was crossed in three years
in the zone mentioned, and in the third decade for five years. In 2018, in Katowice and
Kraków, the index value reached 19 ◦C (Figure 10).

Figure 10. Values of the Mayr Tetratherm Index for particular TPZs and stations in the period
1991–2020, together with linear trends. See Appendix D for regression equations and the values of R2.
Stations are ordered following the concept of TPZ explained in Section 4.1.

5. Discussion

The analyses presented above, based on the application of various indices, show that
atmospheric drought risk has increased in the study area, and the main reason is increasing
air temperature. It is recommended to study the drought issue with a variety of methods
as in many studies, solely precipitation-based indices show only minor changes in drought
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occurrence, whereas other indices that consider evapotranspiration indicate a significant
increase in the area under drought [52]. The results presented for air temperature and
precipitation series confirm earlier findings for the Polish Carpathians that there has been
significant warming in the area, particularly over recent decades. Climate change is most
evident in the foothills; however, it is the highest summits that have experienced the
most intensive increases in temperature during the recent period. Precipitation does not
demonstrate any substantial trend and has high year-to-year variability. The distribution of
annual temperature provides evidence of the upward shift of vertical climate zones in the
Polish Carpathians, reaching approximately 350 m, on average, which indicates further eco-
logical consequences [53]. The absence of statistically significant trends in precipitation is
in accordance with the results for Czechia, Slovakia and Austria [54] where the main driver
of drought is an increase in the evaporative demand of the atmosphere, driven by higher
temperatures and global radiation with limited changes to precipitation totals. However,
the observed drying trends were most pronounced there during the April−September
period and at lower elevations. Conversely, the majority of stations above 1000 m exhibited
a significant wetting trend for both the summer and winter (October−March) half-years.
The part of the Carpathians included in that study is located on the southern side of the
Western Carpathian chain, while the Polish Carpathians, considered in the present paper,
are located on the northern side. Therefore, the climatic factors, for example, atmospheric
circulation impacts are different for these regions and this is then visible in the values
for climatic elements. Conditions for areas above 1000 m a.s.l. can be estimated on the
northern side with the data from Kasprowy Wierch only, and they do not show a wetting
trend but an increase in drought risk. For stations located at lower altitudes, according to
indices based on precipitation only, drought frequency was highest in the warm half-year
in the first decade only, while in the last decade it was most frequent in the cold half-year.
However, the Selianinov index, based on both air temperature and precipitation, and
calculated for the warm half-year, showed that the last decade experienced drought much
more often than previous decades, which is in accordance with the results presented in [54].
SPEI is also based on both air temperature and precipitation, but it has been calculated for
the whole year, and as shown in Figure 8, the frequency of dry months increased a lot in
the last decade all over the study area. The increase was larger in the cold half-year than
in the warm one; at some stations, it was more than double in comparison to previous
decades. In the study for the whole Carpathian region [5], there are no differences among
the mountains and lowlands shown but the general trend confirms an increase in drought
frequency. For the Alpine region [55], drought impacts were studied and turned out to be
most pronounced in the warm half-year, while the high-altitude region showed this effect
the most. The Polish Carpathians can also be compared to the remainder of Poland. Areas
classified as dry increased their surface area from 13% in the period 1931–1960 to 20% in
the 30-year period of 1971–2000, and 46% in the 30-year period of 1981–2010. However,
the northern and western regions of Poland are more endangered by drought than the
mountains where the precipitation is always higher [56].

It can be concluded that the present paper shows the frequency and trends of drought
in the Polish Carpathians in the most recent 30 years, that is, in the period marked by
global warming. The results obtained are in accordance with the outcomes of other studies
concerning drought in Central Europe and in the Central European mountains, but they
also show some new aspects which have not been analyzed so far. There is no drought
frequency variability in the W-E profile. The stations representing the easternmost part
of the Polish Carpathians, Komańcza and Lesko, belong to two different TPZs (2 and 3,
respectively), and the indices values obtained show that drought risk in that region is
similar to that in the remaining part of the study area. However, there is a high impact of
local environmental conditions on spatial patterns of precipitation. Unlike the indices based
on precipitation only, the index based on both precipitation and air temperature has shown
a clear increase in drought risk with decrease in altitude. Additionally, for the highest parts
of the mountains represented by Kasprowy Wierch, there are clear indications of increasing
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drought risk, so both TPZ 1 and TPZ 4 should be considered most endangered with the
increase of drought risk due to ongoing air temperature increase. In the Polish Carpathians,
agriculture is not the dominating sector, due to more unfavorable environmental conditions
than in the lowland part of the country. Much more important is tourism for which the
state of the natural environment, including forests, is one of the key factors. Analyses
of the indices describing the conditions for beech forest have shown that the zone of the
Carpathian foreland and foothills, together with basins located about 200–400 m a.s.l.,
is the part of the Polish Carpathians where conditions are already unfavorable and are
worsening most rapidly. According to [57], Carpathian ecosystems located in water-limited
environments of lowland to foothill areas can be particularly exposed to climate change, and
the Tatras are climate change hotspots. As the vertical climate-vegetation zones are shifting
due to constant warming, it can be expected that the deterioration of climatic conditions
for beech will appear at higher altitudes. Other studies show that in the Carpathian Basin,
beech has already reached its xeric limit on many sites [58]. Beech total yield production in
the Western Carpathians was recently found to be lower by −11% on average compared to
beech forests in Central Europe (Germany) [59]. The extraordinary drought and heat in
the summers of 2018 and 2019 have demonstrated the climatic vulnerability of European
beech in many parts of its Central European distribution range. At its southern and south-
eastern range edges, beech is most likely limited by summer drought and probably also
by heat [60]. In the high-mountain zone of the Carpathians, populations of cold-adapted
species are very vulnerable to climate change, while their habitats tend to shrink. The
climate-driven decrease of snow cover often leads to frost damage to vegetation that
provides gaps appropriate for the establishment of many rare species [61]. Most probably,
many species of conservation concern will irreversibly disappear from the regional flora
under the ongoing climate change [62]. The increase of drought risk in the highest parts
of the Polish Western Carpathians, shown in the present paper, is another factor that can
contribute to those negative processes. In Europe, a strong spatial pattern in the beech
growth responses to summer temperature and to drought was found; radial growth of
the species generally did not respond to summer drought in Central Europe (Germany,
Slovakia and Romania), but it became highly responsive in the Balkan Peninsula (Bosnia
and Herzegovina). However, beech shows a wide variety of growth patterns driven by
several factors, and beech growth has been declining over the last two decades [63]. The
results shown in the present paper suggest that the drought risk has been increasing during
the last 30 years in the Polish Western Carpathians, especially in the foothills zone, so we
can expect the beech forests growing there to be effects and even decline in the next decades.

It should be mentioned that the trends from observed data might, for two main
reasons, not be suitable for extrapolation into the future [64,65]. First, they could be related
to climate variability and not too persistent changes over time. Second, an investigated
trend depends on the observation period, so it could differ if the observation period
was extended.
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Appendix A

Formulas for calculation of the indices used
RPI:

RPI = (P/Pmean)*100%

where:
P—precipitation sum in a certain period (e.g., a month; in mm);
Pmean—mean multi-annual precipitation sum for the same period (e.g., a certain month; in
mm).

Selianinov index:

K = 10P/Σt,

where:
P—monthly precipitation sum
Σt—sum of mean daily air temperatures; the index is calculated only for the months when
mean daily air temperature exceeds 10 ◦C

EQ:

EQ = TW/P × 1000

where:
TW—temperature of the warmest month in a year
P—annual precipitation total

FAI:

FAI = 100 × (Jul-Aug)/(P(May-Jul) + P(Jul-Aug)

where:
T (Jul–Aug)—mean air temperature in July and August;
P (May–Jul)—precipitation total from May to July;
P (Jul–Aug)—precipitation total from July to August.

MT:

MT = (TMay + TJun + TJul + TAug)/4

where:
TMay, TJun etc.—mean monthly air temperature for May, June etc.

AI:

AI = P/(TA + 10)

where:
P—annual precipitation total
TA—mean annual air temperature
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Appendix B

Table A1. Values of test statistics S (upper value) and tau (middle/bottom value) of the Mann–Kendall test for the series of
mean annual air temperature, annual sums of precipitation, 1-, 3- and 6-monthly SPI, and annual values of AI, FAI, EQ and
MT. For mean annual air temperature, the bottom value presents Sen’s slope value (provided only if the p-value calculated
was lower than 0.05).

Station
Mean

Annual Air
Temper.

Annual
Total of
Precip.

SPI
1 Month

SPI
3 Months

SPI
6 Months

AI FAI EQ MT

Kasprowy W.
199

0.457
0.056

−19
−0.044

−1865
−0.029

−2855
−0.045

−2731
−0.044 na na na na

Zakopane
201

0.462
0.059

69
0.159

1818
0.028

3862
0.061

4739
0.076

−15
−0.034

3
0.007

−7
−0.016

173
0.398
0.048

Krynica
205

0.471
0.055

81
0.186

1824
0.028

4197
0.066

5081
0.081

23
0.053

−9
−0.021

−33
−0.076

155
0.356
0.043

Komańcza
213

0.489
0.061

51
0.117

2183
0.034

4266
0.067

5088
0.081

−21
−0.048

−33
−0.076

−3
−0.007

195
0.448
0.045

Lesko
221

0.508
0.062

35
0.080

2632
0.041

3518
0.055

3382
0.054

−31
−0.071

−25
−0.057

9
0.021

175
0.402
0.048

Limanowa
221

0.508
0.067

37
0.085

1076
0.017

3335
0.052

4306
0.069

−13
−0.030

−21
−0.048

1
0.002

201
0.462
0.063

Nowy S.
187

0.429
0.059

−11
−0.025

−2015
−0.031

−1992
−0.031

−1925
−0.031

−45
−0.103

17
0.039

37
0.085

177
0.407
0.053

Bielsko B.
203

0.466
0.063

35
0.080

414
0.006

2524
0.040

3079
0.049

−1
−0.002

5
0.011

11
0.025

159
0.366
0.057

Łazy
185

0.425
0.057

33
0.076

878
0.014

3253
0.051

3255
0.052

−9
−0.021

−3
−0.007

−5
−0.011

162
0.375
0.041

Gaik B.
190

0.467
0.065

48
0.118

2227
0.037

4150
0.070

5110
0.087

6
0.015

−4
−0.010

−10
−0.025

196
0.483
0.063

Katowice
190

0.436
0.055

−13
−0.030

−1584
−0.025

−1408
−0.022

−3117
−0.050

−59
−0.136

−1
−0.002

29
0.067

143
0.329
0.042

Kraków
170

0.390
0.052

−5
−0.011

−1857
−0.029

−1972
−0.031

−2947
−0.047

−57
−0.131

1
0.002

35
0.080

143
0.329
0.039

Explanation: na: non-applicable.
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Appendix C

Table A2. Standard error for the mean annual air temperatures and precipitation totals shown in Figures 2 and 3.

Decade Kasprowy W. Zakopane Krynica Komańcza Lesko Limanowa Nowy S. Bielsko B. Łazy Gaik B. Katowice Kraków

Air temperature

1991–2000 0.186 0.253 0.213 0.234 0.256 0.259 0.295 0.310 0.267 0.308 0.276 0.283

2001–2010 0.188 0.180 0.141 0.181 0.165 0.214 0.194 0.199 0.205 0.204 0.189 0.189

2011–2020 0.165 0.160 0.175 0.197 0.186 0.189 0.180 0.188 0.175 0.196 0.193 0.210

Precipitation

1991–2000 89,065 44,822 25,336 26,587 31,309 40,597 30,344 50,045 28,757 47,517 37,713 33,755

2001–2010 112,533 67,436 43,544 36,754 42,832 77,618 53,026 66,311 65,414 78,120 35,040 48,688

2011–2020 83,909 47,339 36,619 36,037 27,844 43,163 32,619 46,110 35,948 42,072 34,658 20,368

Appendix D

Table A3. Values of test statistics S (upper value), tau (middle value) and Sen’s slope (bottom value)
of the Mann-Kendall test for those series of SPEI for which p-value calculated was <0.05.

Station 1-Month SPEI 3-Month SPEI 6-Month SPEI

Kasprowy W. na
−4498 −4639
−0.070 −0.074
−0.001 −0.001

Katowice
−4754 −6267 −8855
−0.074 −0.098 −0.141
−0.001 −0.002 −0.002

Nowy S.
−4861 −6567 −7649
−0.075 −0.103 −0.122
−0.001 −0.002 −0.002

Kraków
−4796 −6767 −9261
−0.074 −0.106 −0.147
−0.001 −0.002 −0.002

Explanation: na: non-applicable.

Appendix E

Table A4. Linear regressin equations and the values of R2 for the series of MT.

Station Equation R2

Zakopane y = 0.0443x + 13.376 0.2593
Krynica y = 0.0394x + 14.199 0.2718

Komańcza y = 0.045x + 14.604 0.3366
Lesko y = 0.0435x + 15.504 0.2792

Limanowa y = 0.0575x + 15.473 0.3495
Nowy Sącz y = 0.0447x + 16.504 0.2747

Bielsko-Biała Y = 0.0492x + 16.067 0.2572
Łazy y = 0.0377x + 16.655 0.2285

Gaik-Brzezowa y = 0.0603x + 16.408 0.4182
Katowice y = 0.0406 + 16.604 0.1912
Kraków y = 0.037x + 16.882 0.1868
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18. Łabędzki, L.; Bąk, B. Prognozowanie suszy meteorologicznej i rolniczej w systemie monitorowania suszy na Kujawach i w Dolinie
Górnej Noteci [Predicting meteorological and agricultural drought in the system of drought monitoring in Kujawy and the upper
Notec valley]. Infrastruct. Ecol. Rural. Areas 2011, 5, 19–28. Available online: http://www.infraeco.pl/pl/art/a_16106.htm?plik=
904 (accessed on 5 August 2021).
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24. Doroszewski, A.; Jóźwicki, T.; Wróblewska, E.; Kozyra, J. Susza Rolnicza w Polsce w Latach 1961–2010 [Agricultural Drought in
Poland in the Years 1961–2010]; Institute of Soil Science and Plant Cultivation-State Research Institute: Puławy, Poland, 2014; ISBN
978-83-7562-171-6.

25. Spinoni, J.; Szalai, S.; Szentimrey, T.; Lakatos, M.; Bihari, Z.; Nagy, A.; Németh, A.; Kovács, T.; Mihic, D.; Dacic, M.; et al. Climate
of the Carpathian Region in the period 1961–2010: Climatologies and trends of 10 variables. Int. J. Climatol. 2015, 35, 1322–1341.
[CrossRef]

26. Gurung, A.B.; Bokwa, A.; Chełmicki, W.; Elbakidze, M.; Hirschmugl, M.; Hostert, P.; Ibisch, P.; Kozak, J.; Kuemmerle, T.; Matei,
E.; et al. Global change research in the Carpathian Mountain Region. Mt. Res. Dev. 2009, 28, 282–288. [CrossRef]
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Abstract: New capabilities for measuring and monitoring are needed to prevent the shrink-swell
risk caused by drought-rewetting cycles. A clayey soil in the Loire Valley at Chaingy (France) has
been instrumented with two extensometers and several soil moisture sensors. Here we show by
direct comparison between remote and in situ data that the vertical ground displacements due to
clay expansion are well-captured by the Multi-Temporal Synthetic Aperture Radar Interferometry
(MT-InSAR) technique. In addition to the one-year period, two sub-annual periods that reflect
both average ground shrinking and swelling timeframes are unraveled by a wavelet-based analysis.
Moreover, the relative phase difference between the vertical displacement and surface soil moisture
show local variations that are interpreted in terms of depth and thickness of the clay layer, as
visualized by an electrical resistivity tomography. With regard to future works, a similar treatment
relying fully on remote sensing observations may be scaled up to map larger areas in order to better
assess the shrink-swell risk.

Keywords: Copernicus Sentinel-1; electrical resistivity tomography; expansive clay; InSAR; shrink-
swell risk; SMOS surface soil moisture; wavelet analysis

1. Introduction

Among the various natural risks in France, the risk due to shrinking and swelling
of subsurface clays is the second most important cause of financial compensation from
insurance companies behind the flooding risk. In 2010, a first shrink/swell hazard map
of metropolitan France, based on 1:50,000 geological maps, geotechnical data and spatial
distribution of building damages has been published by the French Geological Survey
(BRGM). So far, in situ monitoring of soil moisture and ground movements and ex situ clay
characterization are traditionally used to assess this risk (e.g., the Mormoiron site with a
Mediterranean climate [1] or at the Pessac site with an oceanic climate [2]). Since 2016, a
new site characterized by a high shrink/swell hazard, level and located at Chaingy (France)
has been instrumented by BRGM.

Standard ground displacement monitoring techniques (e.g., extensometers and GNSS)
provide information on a very limited number of points within an area. Allowing a higher
density of measurement points, the monitoring using Multi-Temporal Synthetic Aperture
Radar Interferometry (MT-InSAR) techniques has been intensively developed in the last
decades to track land subsidence or uplift related to groundwater extraction or recharge
of aquifers around large cities [3–5]. Conversely, the monitoring of expansive clays based
on InSAR has been the subject of very few studies until now [6–8]. The major limiting
factor is the non-availability of relatively high-temporal resolution remote sensing datasets.
There is indeed the requirement for fine temporal sampling due to the non-linear behavior
of the shrink/swell cycles [9]. The launch by the European Space Agency (ESA) of the

Atmosphere 2021, 12, 1262. https://doi.org/10.3390/atmos12101262 https://www.mdpi.com/journal/atmosphere

221



Atmosphere 2021, 12, 1262

Copernicus Sentinel-1A/1B satellites enables the systematic data provision, with a 6-day
repeat cycle at the equator.

The aim of this article is to present an investigation of the shrink/swell behavior of
a clay soil in relation to drought-rewetting cycles using both in situ and satellite remote
sensing monitoring techniques over an instrumented site. The ground displacement
measured by InSAR is compared to the in situ measurements in the studied zone during a
three-year period. We will analyze how accurate Sentinel-1 data can measure the ground
displacement due to the shrink/swell process, when the Parallel Small Baseline Subset (P-
SBAS) technique is applied, and how well P-SBAS results and precise extensometers agree
in validation for our study area. Our hypothesis is that the vertical displacement captured
by the P-SBAS technique using a 90 m by 90 m cell is an average vertical displacement in
that cell. Moreover, we show the time lag between the in-ground soil moistures at 1.2 m
depth and the surface soil moisture acquired by the SMOS satellite. Finally, we propose for
a first time a methodology for evaluating the depth and the thickness of subsurface clay
layers relying fully on remote sensing observations, namely the use of the relative phase
difference between Sentinel-1 InSAR displacement and SMOS surface soil moisture time
series. In order to further validate this new approach, we deployed an electric tomography
survey providing insights on the subsurface structure.

2. Materials and Methods

2.1. Studied Area

Our investigation site, an urban area located at Chaingy (France) with a semi-oceanic
(i.e., slightly continental) climate, is characterized by a high level of shrink/swell hazard
(Figure 1). Since 2016, two in situ extensometers (EXT1 and EXT2), spaced about 12 m
apart, and a battery of soil moisture sensors at 1.2 m depth are deployed (Figure 1).

2.2. Synthetic Aperture Radar (SAR) Data and Interferometic Processing

Copernicus Sentinel-1 SAR data was utilized for the investigation of induced ground
displacements in the vicinity of the extensometers EXT1 and EXT2 (see Table 1). Interfero-
metric SAR (InSAR) processing was performed on the Geohazards Exploitation Platform
(GEP) (https://geohazards-tep.eu, accessed on 23 September 2021). GEP is a platform
originated by ESA as part of the Thematic Exploitation Platforms (TEP) initiative, aiming
to support the exploitation of Earth Observation (EO) satellites to assess geohazards and
their impact [10].

For the InSAR processing the Parallel Small Baseline Subset (P-SBAS) algorithm [11–13],
as implemented on the GEP, was exploited. P-SBAS method is based on the processing of
temporal series of co-registered SAR images acquired over the same target area for the gen-
eration of Line-of-Sight (LoS) ground displacement time series and average velocity maps.
The technique allows for the extraction of both linear and non-linear motion components
without a priori assumption on the displacement model. The service is provided at 90 m
spacing distributed on a regular grid covering the user defined area of interest.

Between September 2016 and December 2019, the entire Sentinel-1A/1B archive data
from both ascending and descending orbit geometries, 183 and 178 scenes, respectively,
were processed. Supposing a 1D vertical displacement, the LOS motions are projected
to vertical, whereas combination of different viewing geometries provide us the actual
vertical motion component (the equation below was adapted from Hanssen (2001) [14]):

VERT_ASC_DES = (LOSASC + LOSDES)/(cos θASC + cos θDES) (1)

VERT is the vertical displacement, LOS the motion in the Line-Of-Sight direction,
θ the incidence angle, and the subscript ASC and DES for the ascending (θASC = 34.4◦) and
descending (θDES = 42.8◦) tracks, respectively.
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Figure 1. Map of the Chaingy experimental site. (a) Regional setting in France (Map data: Google,
Landsat/Copernicus, SIO, NOAA, US Navy, NGA, and GEBCO) that contains modified Copernicus
Sentinel data (2016) and a ~25 km cell of the EASE equal-area grid used by the SMOS satellite (black
rectangle). (b) Simplified superficial geology of the studied zone modified from the BRGM geological
map of France at the 1:50,000 scale showing the P-SBAS grid (black circles) and the location of the
studied zone (red filled polygon). (c) Local setting (Map data: Google, Landsat/Copernicus, SIO,
NOAA, US Navy, NGA, and GEBCO) of the studied zone (red polygon) showing two extensometers
(EXT1 and EXT2) (red placemarks), three soil moistures sensors at E1, E5, and W5 (blue placemarks),
three electric profiles (green lines), two core sampling SC1 and SC2 (white polygons), and two P-SBAS
grid cells (white and black rectangle) around two grid points West Point WP and East Point EP (white
circle). Maps (a–c) were created using Google Earth Pro and map b by QGIS (Version 3.4.14, Bern
and Chur, Switzerland, http://qgis.org, accessed on 23 September 2021).

Table 1. Sentinel-1A/1B GEP InSAR processing parameters.

Parameters Ascending Orbit Descending Orbit

Number of scenes 183 178

Date of measurement start 4 September 2016 8 September 2016

Date of measurement end 30 December 2019 28 December 2019

Track number 59 110

Repeat cycle 6 days 6 days

Look angle 37.4 degrees 42.8 degrees

Applied algorithm Parallel SBAS Interferometry Chain

Software version CNR-IREA P-SBAS 28

Date of production 23 January 2020 21 January 2020

Geographic Coordinate System EPSG 4326

Number of looks azimuth 5 5

Number of looks range 20 20

223



Atmosphere 2021, 12, 1262

Table 1. Cont.

Parameters Ascending Orbit Descending Orbit

Polarization VV VV

Temporal Coherence Threshold 0.85 0.85

Reference date 4 September 2016 8 September 2016

Reference point Global average of zero-mean points

2.3. SMOS Level 3 Surface Soil Moisture (SSM) Products

SMOS satellite was successfully launched on 2 November 2009 by ESA. We use here
the term Surface Soil moisture (SSM) to refer to the volumetric soil moisture in the first
few centimeters (0–5 cm) of the soil. L-band radiometry is achieved resulting in a ground
resolution of 50 km. SMOS Level 0 (L0) to Level 2 (L2) data products are designed by ESA
for scientific and operational use. The products are divided in half orbits, from pole to
pole, ascending or descending, spanning about 50 min of acquisition 3. Level 3 products
are geophysical variables with improved characteristics through temporal resampling or
processing. In order to prevent any inconsistency resulting from interpolation over highly
heterogeneous surfaces, no spatial averaging is operated in the algorithms [15–17]. It must
also be noted that ascending and descending overpasses are bound to show different
values of the retrieved parameters that may not be always comparable, and they are,
thus, retrieved separately. The performance of each satellite SSM product depends on
many factors such as, but not limited to, soil type, climate, presence of noise (Radio
Frequency Interference), and land cover. It is therefore difficult to predict the performance
of SSM products over a region, without performing a quality assessment using in situ
measurements. The SMOS Level 3 SSM products were accessed through the CATDS Data
Processing Center [16] (https://www.catds.fr, accessed on 23 September 2021). The data
are presented over the Equal-Area Scalable Earth (EASE grid 2) [18] with a sampling of
about 25 km × 25 km and the studied area is included in one grid cell (Figure 1). We
used these 3-day aggregated SMOS-CATDS SSM products for ascending and descending
overpasses between September 2016 and December 2019 for each Sentinel-1 acquisition
(6 day-repeat cycle).

2.4. Signal Processing Using Fourier Analysis

Fourier analysis is well suited for the quantification of constant periodic components
in time series. To perform filtering of satellite and in situ signals, time series of measure-
ments are smoothed using a one-dimensional convolution approach with a HANNING
window [19]. To carry out the spectral analysis, the filtered time series is first padded with
trailing zeros to a length of 100 yr before computing the Discrete Fourier Transform (DFT)
using the Fast Fourier Transform (FFT) Matlab (Matrix Laboratory, the MathWorks, Natick
MA, USA) function [20]. The frequency maxima of Fourier power spectrum are therefore
computed with a precision of 1/100 yr−1. The magnitude and the phase angles of complex
FFT values are calculated by Matlab ABS and ANGLE operators, respectively. Whenever
the jump between consecutive angles is greater than or equal to π radians, UNWRAP
function shifts the angles by adding multiples of ±2π until the jump is less than π.

2.5. Signal Processing Using Wavelet Analysis

Fourier analysis does not provide any information about when the frequencies are
present during the time-span covered by the time series. Conversely, the wavelet transform
is especially suited to identify localized intermittent periodicities from low signal-to-noise
ratio time-series [21,22]. The Morlet wavelet [23] is adapted to geophysical time series
as described by [24] who developed the software provided at http://paos.colorado.edu/
research/wavelets (accessed on 23 September 2021). We used the Matlab wavelet coherence
toolbox as adapted by [25] and provided at http://www.glaciology.net/wavelet-coherence
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(accessed on 23 September 2021). The Continuous Wavelet Power Spectrum (CWT) expands
time-series records into time/frequency space. The time-series input data must be equally
spaced in time. Although Copernicus satellites have a regular revisit interval (6 days for
Sentinel-1A/B and 3 days for SMOS), some acquisitions may be missing or excluded from
processing. These missing values are linearly interpolated using a constant time interval.
The other time-series data of extensometers and soil moistures sensors are down-sampled
using the same time interval. Two individual CWTs can be combined by using the Cross
Wavelet Transform (XWT) tool which is computed by multiplying the CWT of one time-
series by the complex conjugate of the CWT of the second time-series. XWT image is
the 2-D representation of the absolute value and the phase of the complex number in the
time-frequency space. For many geophysical phenomena, an appropriate background
spectrum is the red/Brownian noise (increasing power with decreasing frequency) [26].
This background spectrum was recently used in a wavelet analysis for land subsidence [27]
and clay expansion [7]. ANGLEMEAN function calculates the mean angle found by XWT
during a time period, and the associated sigma which corresponds to a standard deviation.

2.6. Clay Layer Characterization Using Electric Method

The data were collected using the IRIS Syscal Pro Plus multi-electrode imaging system
with internal multiplexer. Three profiles were acquired using 96 stainless electrodes spaced
every 30 cm. Length of the profile was 28.5 m. The measurement was carried out using
Dipole–Dipole and Wenner configuration. Due to good coupling, no data was removed
during pre-processing. Inversion will be carried out using Res2DINV software [28,29] with
a L1 regulation norm. Root means square values was lower than 1% after fives iterations
for the three profiles.

3. Results

3.1. Intercomparison of InSAR and In Situ Displacement Time Series

The InSAR LoS measurements are independently projected to the vertical as well as
combined to calculate the actual vertical motion component, using the ascending track and
descending track (VERT-ASC-DES) at the West Point (WP) (see Materials and Methods
section). Qualitatively, there is a positive correlation between the vertical displacement
VERT-ASC-DES at WP, as calculated by InSAR using the satellite observations and as
measured by ground-based extensometers EXT1 and EXT2 (Figure 2). Quantitatively, the
least squares correlation coefficient (cc) is much higher for EXT2 (cc = 0.69) than for EXT1
(cc = 0.47). The relatively low cc values are expected given the non-linearity phenomenon
and the heterogeneities of the clay layer as described in Section 3.2.

During the three-year period, the ground displacement time-series may be decom-
posed with the addition of a linear trend component T, a seasonal component S and an
irregular residual component. There is a linear trend with a shrinking of about −2.2 mm/yr
at EXT1, while the measured motion at EXT2 is merely a cyclic component with a negligible
shrinking of about −0.3 mm/yr (Figure 2). During the same period, the linear trend mea-
sured by Sentinel-1A/B lies within in situ rates at EXT1 and EXT2, with a global shrinking
of about −0.55 mm/yr. Concerning the cyclic part, the expansion is up to three times higher
at EXT2 than at EXT1, with average swelling of 9.4 ± 2.0 mm and 3.1 ± 1.0 mm, respectively
(Figure 2). Over the same period, the swelling magnitude measured by VERT-ASC-DES is
4.5 ± 0.5 mm.

3.2. Electrical Tomography Survey

Electrical resistive tomography has been carried out in order to image the lithology
stratification and the heterogeneity of the clay layer (i.e., depth, thickness, and fraction
of clay) (see Materials and Methods section). Along three 28.5 m long profiles in the WP
cell (Figure 1), the resistivity values range from 8 to 100 Ω.m and a three-layer stratified
subsurface is highlighted (Figures 3 and 4).

225



Atmosphere 2021, 12, 1262

Figure 2. Comparison of the in situ vertical displacement of both extensometers (EXT1 and EXT2) to
VERT-ASC-DES, the vertical displacement using the ascending and the descending track of Sentinel-1
at West Point (WP). The linear trendlines of the displacements are also shown (dotted lines).

Figure 3. (a) Vertical cross section of resistivity along P1 profile (EXT1-EXT2). (b) Clay depth and
thickness at EXT1 and EXT2 deduced from the resistivity profile (see text). E1 sensor (near EXT1,
Figure 1) and W5 (near EXT2) are both located at the same 1.2 m depth inside the clay layer.
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Figure 4. (a) Vertical cross section of resistivity along P2 profile (SC1-SC2) showing the SC1 and
SC2 geological logs. (b) Vertical cross section of resistivity along P3 profile (South-North) showing
TR1 drilling.

We used two drill cores along the SC1-SC2 profile to define the clay subsurface material
by the resistivity value [30] (Figure 4). A first layer above the depth of 0.59 m ± 0.22 m
corresponds to topsoil and backfill with some clay lenses (Figures 3 and 4). A second layer
with a mean thickness of 1.5 m ± 0.42 m corresponds to the clay material with a resistivity
lower than 17 Ω.m ± 1 Ω.m. Below 2.09 m ± 0.42 m, a third layer corresponds to sandy
limestones with a resistivity gradient due to the weathering process.

Along the EXT1-EXT2 resistivity profile (Figure 3), the mean depth and thickness of
the clay material layer is 0.46 m ± 0.05 m (min-max, 0.34–0.55) and 1.97 m ± 0.18 m (min-
max, 1.70–2.39), respectively. The mean depth of the carbonate layer is 2.43 m ± 0.16 m
(min-max, 2.15–2.73). The depth (approximately at 0.5 m) and thickness (about 2.3 m) of
the clay layer at EXT1 and EXT2 are very similar (Figure 3). However, the resistivity of
the clay layer at EXT2 is much lower compared to EXT1, indicating that the clay fraction
is much higher beneath EXT2 [20]. That is also consistent with the expansion difference
between the extensometers showing a much higher swelling magnitude at EXT2.

Along the three profiles, the mean depth and thickness of the clay material layer in
the West Point (WP) cell is 0.59 m ± 0.22 m and 1.5 m ± 0.42 m.

3.3. Intercomparison of In Situ Soil Moistures and SMOS Satellite Surface Soil Moistures

We investigated here the soil moisture variations acquired by E1 sensor (near EXT1)
and W5 (near EXT2) that are both located at the same 1.2 m depth inside the clay layer
(Figure 3). The temporal variations of E1 and W5 are strongly correlated (cc = 0.73) during
the three-year period (Figure 5). For the seasonal one-year period, there is a slight leading
of E1 moisture relative to W5 (about 0.75 months) as calculated by the Cross Wavelet
Transform (XWT) (see Materials and Methods Section 2.5). Indeed, the infiltration time of
the meteoric water inside the clay layer at 1.2 m depth is lower in the E1 case, since the clay
fraction of low permeability is shallower at EXT1 compared to EXT2 (Figure 3).
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Figure 5. Comparison of three soil moistures at about 1.2 m depth (E1, E5, W5) to the Surface Soil
Moisture SSM-ASC and SSM-DES using the SMOS ascending and descending track, respectively.

We use here the term Surface Soil Moisture (SSM) to refer to the volumetric soil
moisture in the first few centimeters (0–5 cm) of the soil. We investigated also the SSM
acquired by the ascending (SSM-ASC) and descending (SSM-DES) orbits of the SMOS
satellite, showing rather positive correlation (cc = 0.48). For the one-year period, SSM-
ASC and SSM-DES are both in-phase and there is a slight leading of SSM-ASC relative to
SSM-DES for the 5-month period (about 0.9 months). Hence, the SSM-ASC dataset was
considered more appropriate for calculating the phase differences to other time series in the
discussion. For the one-year period, the phase lead of the surface soil moisture SSM-ASC
relative to the in-ground soil moistures E1 and W5 calculated by XWT is about 0.16 yr and
0.22 yr, respectively.

4. Discussion

4.1. Intercomparison of InSAR and In Situ Displacement Time Series

Displacements measured by InSAR are in the direction of the Line-of-Sight (LoS) of
the satellite, while displacements measured by extensometers depict motion in the vertical
direction. However, the combination of ascending and descending InSAR measurements
for the calculation of the actual vertical motion component (VERT-ASC-DESC) allows the
direct inter-comparison of satellite and in situ observations.

When exposed to moisture, the magnitude of the vertical expansion of soils will de-
pend on the amount of expansive clay minerals in the subsurface. In addition to the vertical
displacement, the subsurface heterogeneities (i.e., clay depth and thickness and percentage
of sand) may introduce spatial variability to the observed ground displacements. The
above-mentioned factors need to be considered when examining the consistency of our
measurements. In our case, the vertical displacements VERT-ASC-DESC from remote sens-
ing are within the motion values of both extensometers, not only for linear displacement
rates but also in terms of observed seasonality (see Section 3.1). This result is in agreement
with the assumption that the effect of the spatial resolution of the remote sensing measure-
ments (90 m by 90 m cell) represents an average of the vertical displacements within that
resolution cell.

4.2. Shrinking and Swelling Periods Using Fourier Power Spectra and Continuous
Wavelet Transform

We use first the Fourier spectra of vertical displacements to calculate the main fre-
quency components of time series of both extensometers as well as at WP and East Point
(EP) cells of the P-SBAS grid. The one-year seasonal period is found in the power spectrum
of the four displacement time series at EXT1, EXT2, WP, and EP (Figure 6). In the frequency
band between 2 and 4 yr−1 (corresponding to a period between 0.5 and 0.25 yr), there are
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three other frequencies which are noted F1, F21, and F22 (order of increasing frequency)
and P1, P21, and P22 periods (order of decreasing period). It should be noted that the
frequency values for all displacement time series are close to the first three sub-annual
components of the Fourier transform of the soil moistures E1 and W5 at 1.2 m depth
(Figure 6a) and the two ascending and descending time series of the surface soil moisture
(SSM-ASC and SSM-DES) as measured by SMOS (Figure 6b).

 

Figure 6. In the top, the magnitude of the Fast Fourier Transform (FFT) of different time series
between frequencies 0.5 and 5 year−1 are shown: (a) vertical displacement of both extensometers
(EXT1 and EXT2) and the Soil Moisture at E1 and W5 (about 1.2 m depth), (b) VERT-ASC-DES
for vertical displacement using ascending and descending S-1A/1B tracks at West Point (WP) and
East Point (EP), and SSM-ASC and SSM-DES for the Surface Soil Moisture using the ascending and
descending SMOS track, respectively. In the bottom, the phase angle difference in degrees between
the FFT of the SSM-ASC using SMOS ascending track and the FFT of the displacement of four time
series are shown: (c) EXT1 and EXT2 and (d) VERT-ASC-DES at WP and EP.

The Continuous Wavelet Transform (CWT) tool permits the recognition of power in
time-frequency space, along with assessing confidence levels against red noise backgrounds
(see Materials and Methods section). We use now the continuous wavelet power spectrum
in order to unravel the intermittent physical mechanisms of the shrink/swell process at
EXT2 and WP cell during 3.3 years (September 2016–December 2020):

• September 2018 is the end of the shrinking period (Figure 2) corresponding to the
maximum of spectrum power at the P1 period (at 2 yr in Figure 7);

• December 2017 is the start of the swelling period for EXT2 corresponding to the
maximum of power at the P21 and P22 periods (at 1.25 yr in Figure 7). Both swelling
periods at WP cell are unraveled at different times, before 1.25 yr for P21 period and
after 1.5 yr for P22 period.
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Figure 7. The continuous wavelet transform (CWT) during 3.3 years (September 2016–December 2020) are shown for two
vertical displacements: (a) EXT2 and (b) VERT-ASC-DES at WP. The thick contour designates the 5% significant level against
red noise (see Materials and Methods section). The Cone of Influence (COI) where edge effects might distort the picture is
shown as a lighter shadow.

In conclusion, the CWT analysis highlights two sub-annual periods that reflect both
average ground shrinking (P1) and swelling timeframes (P21 and P22). A similar behavior
is observed at EXT1 extensometer and within EP cell (data not shown).

4.3. Estimating Variations of Expansive Clay Depth and Thickness Using the Time Series
Phase Difference

The phase difference between the Surface Soil Moisture (SSM) and InSAR displace-
ment time series indicates the time lag between the cause and the effect in the shrink/swell
process. We test the assumption that depth and thickness of expansive clays are linked
to the phase difference between both time series for the shrinkage and swelling periods,
respectively. We use and compare the Fourier and XWT analyses to calculate this phase
difference (see Materials and Methods section). The XWT spectra will be high in the
time-frequency areas where both CWTs display high values, so this helps identify common
time patterns in the two data sets. The XWT permits also the recognition of relative phase
lags in time-frequency space (noted ΔΦ). While P1 and P21 are the shrinking and swelling
periods found by the Fourier method (as described above), P1* and P21* are the same
similar periods we found using the thick contours of XWT that designate the 5% significant
level against red noise (Figure 8). XWT tool is used as well to calculate the circular standard
deviation of this phase difference ΔΦ (see Materials and Methods section) and all these
values are reported in Table 2.

No significant difference is found between ΔΦ values of both extensometers EXT1
and EXT2 for the shrinking period P1* and the swelling period P21* (Table 2). This result is
consistent with the tomography results which show that both depth and thickness of the
clay is indeed comparable at the location of the extensometers (Figure 3b). For the shrinking
period P1*, the phase difference in degrees is three times higher at EXT2 (ΔΦ = 107◦) than
at WP (ΔΦ = 34◦) (Table 2). The same phase difference for the shrinking period is observed
between EXT1 and EP (Table 2 and Figure 9). This result is further consistent with the
tomographic findings indicating clays lenses in the first 0.5 m subsurface layer of the
three 28m-wide profiles in the WP cell (Figures 3 and 4). Conversely, ΔΦ of the swelling
periods is higher at EP cell (ΔΦ = 110◦) in comparison to the WP cell (ΔΦ = 72◦) (Table 2
and Figure 9). A higher clay thickness in the EP cell in comparison to the WP cell may
be an explanation of this result (there is a need of electrical tomography data to check
this assumption).

230



Atmosphere 2021, 12, 1262

Figure 8. In the top, the cross wavelet transform (XWT) between SSM-ASC and two times series is
shown: (a) EXT2 and (b) VERT-ASC-DES at WP. The relative phase relationship is shown as arrows,
with in-phase pointing right and anti-phase pointing left and the Surface Soil Moisture leading by
90◦ pointing straight down. The Cone of Influence (COI) where edge effects might distort the picture
is shown as a lighter shadow. In the bottom, the phase lags ΔΦ of SSM-ASC relative to the same
times series are shown: (c) EXT2 and (d) VERT-ASC-DES at WP. The shrinking (P1*) and swelling
(P21* and P22*) periods are found using the thick contours of XWT that designate the 5% significant
level against red noise (see Materials and Methods section).

Table 2. Comparison of Fourier FFT and cross-wavelet XWT analysis of phase angles and time lags of the surface soil
moisture (SSM-ASC) relative to the vertical displacement at EXT1, EXT2, West Point (WP), and East Point (EP) for P0, P1,
P21, and P22 periods.

Method

1-Year Period (P0) Shrinking Period (P1) Swelling First Period (P21)
Swelling Second

Period (P22)

Angle ΔΦ
(◦)

Time
(month)

Angle ΔΦ
(◦)

Time
(month)

Angle ΔΦ
(◦)

Time
(month)

Angle ΔΦ (◦)
Time

(month)

FFT at EXT1 102.0 3.51 99.63 1.50 125.86 1.24 77.25 0.63
XWT at EXT1 89.09 ± 0.4 3.04 ± 0.01 101.20 ± 7.94 1.63 ± 0.13 70.41 ± 7.95 1.07 ± 0.12 94.82 ± 9.78 0.76 ± 0.08

FFT at EXT2 76.76 2.51 105.09 1.53 −38.69 0.45 70.76 0.54
XWT at EXT2 72.35 ± 0.02 2.33 ± 0.00 106.99 ± 3.68 1.73 ± 0.06 71.13 ± 3.76 0.96 ± 0.05 101.28 ± 5.02 0.77 ± 0.04

FFT at WP cell 64.75 2.08 14.68 0.23 83.81 0.86 119.70 1.03
XWT at WP cell 60.72 ± 0.96 1.96 ± 0.03 34.48 ± 3.40 0.52 ± 0.05 71.82 ± 0.98 0.73 ± 0.01 113.97 ± 13.30 0.97 ± 0.11

FFT at EP cell 92.16 3.20 42.85 0.52 112.48 1.14 168.36 1.34
XWT at EP cell 90.10 ± 0.32 3.08 ± 0.01 34.90 ± 3.75 0.56 ± 0.06 109.66 ± 0.56 1.11 ± 0.01 144.28 ± 5.42 1.15 ± 0.04
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ΔΦ ΔΦ ΔΦ ΔΦ

Figure 9. In the top, the cross wavelet transform (XWT) between SSM-ASC using SMOS ascending track and two times
series is shown: (a) EXT1 and (b) VERT-ASC-DES at East Point (EP). The relative phase relationship is shown as arrows,
with in-phase pointing right and anti-phase pointing left and the Surface Soil Moisture leading by 90◦ pointing straight
down. The Cone of Influence (COI) where edge effects might distort the picture is shown as a lighter shadow. In the bottom,
the phase lags ΔΦ of SSM-ASC relative to the same times series are shown: (c) EXT1 and (d) VERT-ASC-DES at EP. The
shrinking (P1*) and swelling (P21* and P22*) periods are found using the thick contours of XWT that designate the 5%
significant level against red noise (see Materials and Methods section).

5. Conclusions

By comparing space-borne interferometric ground motion measurements with ground-
based data for a well instrumented site at Chaingy (France), we provide evidence that
Sentinel-1 InSAR data enables accurate measurement of small cyclic motions (in the order of
a few millimeters) related to the shrink/swell process of expansive clays. A wavelet-based
method has been applied to these MT-InSAR time series to better characterize the shrinking
and swelling timeframes. Moreover, we show how coupling SMOS surface soil moisture
and Sentinel-1 InSAR data may reveal apart from the presence of expansive clays additional
information on their spatial characteristics. The relative phase differences between SMOS
and InSAR time series are used for assessing the variations of the clay layer in terms of
depth and thickness, as confirmed by an electrical resistivity tomography campaign. With
regard to future works, the proposed methodology could be applied coupling different
satellite observations to scale up over wide areas for tracking the presence of expansive
clays, with the ultimate goal to better estimate the shrink-swell risk.
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Abstract: The summer 2019 drought in Poland, i.e., the warmest year in observation history, was
characterized. Meteorological, agricultural, hydrological, and hydrogeological aspects were taken
into account. Meteorological drought in the light of regionally differentiated days of low precipitation
frequency lasted the longest, i.e., over 3 months in central-western Poland. In the period between June–
August 2019, in the belt of South Baltic Lakes and Central Polish Lowlands, the lowest precipitation
sums of 30–60% of the norm were recorded. The values of the climatic water balance (CWB) calculated
by the Institute of Soil Science and Plant Cultivation (IUNG) method for individual months of June–
August for the Polish area were −129, −64, and −53 mm, respectively. The most threatened were
fruit bushes, spring cereals, maize for grain and silage, and leguminous plants. In central-western
and south-western Poland, the drought accelerated the date of the lowest flows by two months on
average from the turn of September and October to the turn of July and August. In the lowland belt,
where the drought was the most intensive, the average monthly groundwater level, both of free and
tight groundwater table, was lower than the monthly averages for the whole hydrological year.

Keywords: precipitation; precipitation deficit; climatic water balance; drought

1. Introduction

Spatial and temporal variability of precipitation amounts in Poland is very high.
The diversity of relief means that the areas with the lowest precipitation covering the
central part of the country receive less than 500 mm of precipitation annually. On the
other hand, on the upper border of the moderately warm story in the Western Carpathians,
precipitation of 1000 mm should be expected, while on the upper border of the moderately
cool story, which is the limit of agricultural use, it was 1400 mm [1–3].

The location of Poland in moderate latitudes of Central Europe determines high
variability of weather in particular years. The values of the lowest and highest precipitation
in Warsaw may vary from 60% to 150% of the standard multi-year average for the year, 27%
to 250% for seasons, and even 5% and 505% for October [4,5]. In the summer, the maximum
daily sums may exceed the multi-year average monthly sums. Such high variability of
precipitation with simultaneous variability of values of other meteorological elements
results in different meteorological conditions of crops in particular years manifested by the
occurrence of dry periods and periods with an excess of precipitation.

In recent years, a growing interest among climatologists, hydrologists, environmental-
ists, farmers, and political activists has been the observed and projected climate change [6].
The trends of precipitation changes in a warming climate have not yet found a clear assess-
ment. In the area of Poland lying between northern Europe, with marked and predicted
increasing trends of annual precipitation sums and southern Europe where decreasing
annual precipitation sums are observed and predicted, no major changes in precipitation
are observed and predicted, with only a very slight increasing trend in some areas [7,8].
The largest increases in precipitation with different significance of changes were observed
in the northern part of Poland with different levels of significance and in a small area of
south-eastern Poland [9]. In the light of the analysis of observational series averaged for the
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area of Poland, only the increasing variability of precipitation sums is undeniable [10,11].
Rising air temperatures, especially since the second decade of the 20th century, have in-
creased evapotranspiration and may be a significant cause of increased drought caused by
insufficient precipitation among other things [12–14].

In contrast to floods, the effects of droughts are not immediate. The phenomenon
increases slowly and its consequences become visible over a longer period of time. Fur-
thermore, they are initially less visible and extend over a larger area than in the case of
other extreme weather events [15–17]. The impact on the economy in a drought-affected
region depends not only on the duration, intensity, and spatial extent of the phenomenon,
but also on the vulnerability of the environment to the negative effects of droughts. On
soils with deep groundwater levels and low useful retention, which prevail in Poland, with
relatively low and variable precipitation and the observed increase in air temperature as
well as the signaled increase in the frequency of meteorological extreme events, an increase
in both the frequency and intensity of drought phenomena should be expected [18,19].

In the extensive literature on droughts, and particularly on droughts in Poland, one
can distinguish several research trends or thematic sections covering the phenomenon in
question. Drought as a meteorological phenomenon unfavorable for agriculture does not
occur suddenly but it shows a specific cycle of development. Dębski [20] breaks down this
cycle into four phases: distinguishing atmospheric drought, soil drying out transforming
into soil drought, lowering of groundwater level, occurrence of deep lows in rivers and
drying out of springs and small watercourses–hydrological drought, and long-term lower-
ing of groundwater resources defined as hydrogeological drought. Extended atmospheric
drought may develop into soil drought, often referred to as agricultural drought. It occurs
when a lack of precipitation, usually combined with high air temperatures, causes the soil
to dry out, severely restricting the growth and development of crops and resulting in a
significant decrease in crop yields. The time scale over which soil drought can occur is
1–3 months [15]. The prolonged period of low precipitation, often in combination with
increased air temperature, leads to hydrological drought manifested by decreased water
flow in rivers and water level in lakes, and at a further stage to hydrogeological drought
manifested by decreased groundwater resources. The phases distinguished by the author
correspond to the divisions into atmospheric, soil, and hydrological droughts often used in
the literature [21,22].

Each of the mentioned phases is characterized by a different course and requires
different research methods. One of them is the method of rain-free sequences. In Poland,
Schmuck [23] was the first to analyze droughts on the basis of rain-free sequences. The
author together with Koźmiński [24] presented a spatial distribution of frequencies of
droughts lasting over 8 and 17 days in Poland. Drought monitoring uses many indices
based on precipitation alone or precipitation and other meteorological elements and indices,
often taking into account evapotranspiration of plants and soil water reserves, as well as
groundwater. A review of this is provided by Przedpełska [21] and later by Łabędzki [15,25].
The simplest and the most widely used are indices using precipitation in such modifica-
tions as the relative precipitation index RPI [4] and the standardized precipitation index
SPI [26–29].

Drought monitoring in agricultural areas should take into account meteorological
evaporation conditions in addition to precipitation. For example, we can mention the
Sielianinov hydrothermal index, the De Martonne dryness index, index evapotranspiration,
or standardized climatic water balance [30–33]. The Institute of Soil Science and Plant
Cultivation–State Research Institute (IUNG-PIB) in Puławy, at the request of the Ministry
of Agriculture and Rural Development, developed and launched an agricultural drought
monitoring system (PL abbr. SMSR). The importance of the problem of drought monitoring
is also emphasized by the fact that it has found appropriate legal empowerment [34]. Based
on the Act, the Ministry of Agriculture and Rural Development carries out the task of
drought monitoring by specifying that the IUNG-PIB determines the current values of
climatic water balance (CWB) “in the period from 1 June to 20 October, within 10 days
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after the end of the six-day period, indicators of climatic water balance for individual
crop species and soils, broken down by voivodeship, on the basis of data provided by the
Institute of Soil Science and Plant Cultivation–State Research Institute” [35].

Drought is a relative phenomenon and its assessment should be related to the current
agricultural area and a specific crop. Therefore, by analyzing the current state of research,
a number of studies on drought can be listed for particular regions, such as Schmuck [36]
for Lower Silesia, Prawdzic and Koźmiński [37] for the Szczecin province, Konopka [38]
for the Bydgoszcz region, and Łabędzki [39] for the Bydgoszcz-Kujawy region, as well as
publications on selected crops, e.g., winter wheat [40], medium–late and late potatoes [41],
or spring cereals [42].

Characteristics of particular droughts or drought periods, such as the 1959 drought [43],
the drought of 1969 [44], the dry period of 1982–1992 by Bobiński and Meyer [45], the
drought of 1992 [46], or the drought of 2005 [47], have been developed. A few sentences on
the course and effects of droughts in 2003 and 2005 may be found in the monograph by
Łabędzki [15] devoted to agricultural droughts in Poland.

As for drought problems discussed directly in this paper and concerning precipitation
deficits and drought cases in Poland in the first years of the 20th century, it is worth
mentioning the first study by Hohendorf [48] on precipitation deficits and excesses for the
period 1891–1930 and a more recent one by Dzieżyc et al. [49] for the realities of the period
from 1952–1980, Farat et al. [50] for the 40-year period from 1951–1990, Ziernicka-Wojtaszek
and Zawora [51] for the 30-year period from 1971–2000, Doroszewski et al. [14] for the
period from 1961–2010, and Przybylak et al. [52] for the period of over 1000 years from the
establishment of the Polish state in the year 1996 to 2015.

In recent years, studies from the stream of contemporary climate change taking
into account the impact of rising temperature on the occurrence of droughts have become
increasingly frequent [53–56]. Drought is increasingly monitored using satellite data [57,58].

In the warmest year in the history of observation, 2019, especially in the summer,
another intense drought occurred in Poland. This study uses preliminary documentation
and characterization, and is a continuation of such studies made in the 20th and 21st
centuries for dry years, such as 1959, 1969, 1982, 1983, 1989, 1992, 2000, 2003, 2005, 2008,
and 2013. The study includes analysis of the causes, the course, and the consequences
of the summer drought of 2019, and characterizes consecutive drought-meteorological,
agricultural, hydrological, and hydrogeological phases. It shows, by comparison with
extreme thermal droughts of 2003, 2018, and 2019 in Central Europe, its uniqueness. It
proves that, in terms of climatic water balance values in summer, it is a case of maximum
maximorum, which means that there is no other value in the series that is above or at least
at the level of this maximum. It is a typical case of thermal drought caused not so much
by precipitation deficit as by intensive evapotranspiration, following extremely high air
temperatures. Hence, the methods which were atypical or modified for drought analysis,
such as the analysis of months with precipitation frequency lower than the average rather
than the analysis of classical sequences of days without precipitation, or the additional
analysis of the simultaneous influence of precipitation and air temperature on the value
of climatic water balance using the method of stepwise multiple regression, were used to
show the leading role of temperature in generating the drought phenomenon.

2. Materials and Methods

The research material consists of verified, homogeneous monthly mean values of
insolation, air temperature, and precipitation totals from 47 meteorological stations evenly
distributed across Poland for the periods June–August 2019 and June–August 1981–2010
(Figure 1). Due to the insufficient number of stations, mountainous, and especially high-
mountainous, areas are poorly represented. Data on sunshine (hours), temperature (◦C),
and precipitation (mm) were taken from the database of the Institute of Meteorology and
Water Management. The study material was evaluated in terms of the degree of data
homogeneity [59].
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(a) (b) 

Figure 1. Distribution of weather stations in Poland: (a) geographical regions; (b) voivodeships. PL-EN: Beskidy
Wschodnie-Eastern Beskids, Centralne Karpaty Zachodnie-Central Western Carpathians, Niziny Sasko-Łużyckie-
Lowlands Sasko-Łużyckie, Niziny Środkowopolskie-Central Polish Lowlands, Pobrzeża Południowobałtyckie-South
Baltic Coast, Pobrzeża Wschodniobałtyckie-Eastern Baltic Coast, Podkarpacie Wschodnie-Eastern Subcarpathia, Pojezierza
Południowobałtyckie-South Baltic Lakes, Pojezierza Wschodniobałtyckie-Eastern Baltic Lakes, Polesie–Polesie, Północne
Podkarpacie-Northern Subcarpathia, Sudety z Przedgórzem Sudeckim-Sudety Mountains with the Sudeten Foreland,
Wysoczyzny Podlasko-Białoruskie-Podlasie-Byelarus Uplands, Wyżyna Lubelsko-Lwowska-Lublin-Lviv Upland, Wyżyna
Małopolska-Małopolska Upland, Wyżyna Śląsko-Krakowska-Silesia-Cracow Upland, Wyżyna Wołyńsko-Podolska-Volyn-
Podolia Upland, Zewnętrzne Karpaty Zachodnie-Outer West Carpathians.

In addition to meteorological data, the following were used: maps published within
the agricultural drought monitoring system of IUNG–CWB, maps with comments from
14 reporting periods, summaries of drought-prone areas for the mentioned 14 reporting
periods, all 14 studied plants and 16 voivodeships, and summaries of drought occurrence
for selected communes of the Lubuskie voivodeship on particular soil categories for the
year 2019.

The characteristics of weather patterns, i.e., temperature, precipitation, and synoptic
situations against multi-year averages contained in the Bulletin of Climate Monitoring
of Poland of the Institute of Meteorology and Water Management and the Bulletin of the
National Hydrological and Meteorological Service for 2019; data on the outflow from the
Bulletin of the National Hydrological and Meteorological Service for 2019; and data on the
groundwater table level from the Hydrogeological Annual Report Polish Hydrogeological
Survey for 2019 were also used.

The scope of the work included: (1) Characteristics of the weather pattern during
the 2019 drought: (a) pluviothermic December 2018 to October 2019 including days
with maximum temperature equal to and above 25 ◦C on the background of the multi-
year (1981–2010); (b) characteristics of the occurrence of probability of extreme values of
temperature and precipitation on the background of the multi-year (1951–2018);
(c) frequency of synoptic situations on the background of the multi-year (1951–2018);
(d) characteristics of the driest months June to August 2019 on the background of the multi-
year (1951–2019). (2) The characteristics of meteorological drought: (a) the low rainfall
frequency method for the entire summer drought period; and (b) the relative precipitation
method RPI for the period of June–August. (3) The characteristics of agricultural drought:
(a) on the basis of the climatic water balance (CWB) values for the following months
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June, July, and August 2019 and in the period 1981–2010; (b) the temporal dynamics of
drought (during the growing season); (c) a ranking of the provinces affected by the drought;
and (d) the vulnerability of particular crops to drought. (4) Elements of hydrological
drought. (5) Elements of hydrogeological drought.

Due to the extraordinary nature of the phenomenon, very different methods were used.
The method for periods of low precipitation frequency.
It was not possible to distinguish classical sequences of rain-free days, even in the

areas regarded as the driest, comprising south-western and central-western parts of Poland.
Precipitation-free sequences of several days at the most, often lasting several days, were
separated by one, two, or even several days of local precipitation of thunderstorm character.
Attempts were made to separate such drought sequences interrupted by rainfall in June–
August by the predominance of rain-free days in the selected periods. At the same time,
meteorological stations were found at which precipitation dominated separated by rainless
days and which could not be regarded as drought periods. These were high-mountain
stations and the Lesko station and stations in north-central and north-eastern Poland, such
as Lębork, Elbląg, Olsztyn, Kętrzyn, and Suwałki. The limiting value was the average
multi-year number of days with precipitation amounting to 41% of the duration of the
summer period from June–August [60]. On the basis of this criterion, drought periods
with rare precipitations were distinguished, in which the average number of days with
precipitation amounted to 24%. In the remaining periods, not included in the drought
periods, the number of days with precipitation amounted to 43%, which slightly exceeded
the average number of days with precipitation—41%.

The relative precipitation method RPI.
The relative precipitation index RPI [4] is defined as the ratio of the total precipitation

in a given period to the average multi-year sum, taken as the norm:

RPI =
P
P
·100% (1)

where P—the total precipitation in the study period (mm); and P—the average precipitation
in the studied multi-year period (mm). The 1981–2010 norm was assumed.

The method of climatic water balance (CWB).
The climatic water balance (CWB) was calculated as the difference between precipita-

tion (P) and potential evapotranspiration (PET):

CWB = P − PET (2)

where P—precipitation (mm); and PET—potential evapotranspiration (mm).
To calculate the potential evapotranspiration, the simplified formula developed by

Doroszewski and Górski [61], based on Penmann’s algorithm [62], was used:

PET = −89.6 + 0.0621·t2 + 0.00448·h1.66 + 9.1· f (3)

where: PET—the monthly potential evapotranspiration (mm · [month]ˆ(−1));
f —the length of the middle day of the month (hour);
h—the monthly insolation (hour);
t—the average monthly air temperature 2 m above the ground surface (◦C).
The Institute of Soil Science and Plant Cultivation (IUNG) method of determining

climatic water balance (CWB) in 6-decade periods with a step every decade was modified to
characterize the CWB in monthly periods. The calculated values of climatic water balance
for the months of June, July, and August were compared with the same months from the
multi-year period from 1981–2010 and with the corresponding IUNG reporting periods for
the estimated monthly periods.

The temporal dynamics of drought.
The dynamics of drought over time in the growing season were characterized by

presenting—for the entire area of Poland without regional differentiation (discussed in
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other chapters)—the values of climatic water balance (mm) and the area at risk of drought
(%) in the following 14 reporting periods from 21 March to 30 September 2019: reporting
period 1 (from 21 March to 20 May), reporting period 2 (from 1 April to 31 May), reporting
period 3 (from 11 April to 10 June), reporting period 4 (from 21 April to 20 June), reporting
period 5 (from 1 May to 30 June), reporting period 6 (from 11 May to 10 July), reporting
period 7 (from 21 May to 20 July), reporting period 8 (from 1 June to 31 July), reporting
period 9 (from 11 June to 10 August), reporting period 10 (from 21 June to 20 August),
reporting period 11 (from 1 July to 31 August), reporting period 12 (from 11 July to
10 September), reporting period 13 (from 21 July to 20 September), and reporting period 14
(from 1 August to 30 September).

Ranking of voivodeships by area at risk of drought.
A ranking of voivodeships by drought risk, illustrating spatial diversification of

drought phenomenon, in addition to values of climatic water balance, was presented
for two time periods: the whole reporting period covering the vegetation period from
21 March to 30 September, and the reporting period 8 of the highest drought intensity
covering the months of June and July. The corresponding summaries for voivodeships
published in IUNG reports for the individual 14 reporting periods were used. Voivodeships
were ranked in terms of the area at risk of drought based on the average value of the
14 reporting periods (as above) and the eighth period with the highest drought intensity.

Sensitivity of crops to drought.
Sensitivity of crops to drought was determined by the percentage of cases of drought

occurrence in all 14 reporting periods for the entire Poland, in all reporting periods for the
three voivodeships where drought was the most intense (i.e., lubuskie, wielkopolskie, and
łódzkie voivodeships), and for three voivodeships for the driest reporting period covering
June and July. The 14 crops studied by IUNG were ranked from the most drought-sensitive
to the least drought-sensitive on the basis of the average risk for the whole of Poland,
within the three voivodeships most threatened by drought and within those voivodeships
in the eighth period with the highest drought intensity.

Hydrological aspects of drought.
Hydrological aspects of drought were characterized by the acceleration of the timing

of minimum flows and comparison of minimum flows with multi-year averages.
Hydrogeological aspects of drought.
Hydrogeological aspects of drought were characterized on the basis of the difference

in the level of the groundwater table with respect to multi-year average values in individual
months.

The results on the background of drought patterns in different European countries are
presented against a historical reconstruction of a 254-year climate database for Europe and
drought projections in Europe for the period 2041–2070 compared to 1981–2010 for two
emission scenarios: RCP4.5 and RCP8.5.

The uniqueness of the 2019 drought phenomenon against the background of (com-
pared to) the hottest and driest years of 2003 and 2018 was demonstrated by comparing the
values of the climatic water balance in individual months of the summer (June–August)
and for the whole summer period in the stated three years. The results of the comparison
are included in the final “Discussion” chapter.

The maps of spatial distribution of drought were made in the Surfer 10 program. The
kriging method using spherical function fitting was used for their interpolation. Taking into
consideration small scale of the maps, it was evident that they had illustrative character.
To describe spatial variability of precipitation, the names of mesoregions according to
physico-geographical regionalization by Kondracki [63] were used.

3. Results

3.1. Synthesis of Weather Patterns December 2018–October 2019 for Air Temperature,
Precipitation, Atmospheric Circulation

The months leading up to the 2019 growing season were treated more generally, more
specifically the driest months of June, July, and August.
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The winter period and the April–October 2019 growing season in question can be
characterized as follows:

December 2018 was anomalously warm with a deviation of 2.0 ◦C from the 1981–2010
norm and very wet with precipitation of 126–150% of normal with snow cover lingering
for several to a dozen days.

January 2019 was slightly cool with a temperature deviation from normal of −0.5 ◦C
on the borderline between humid and very humid with precipitation of the order of 125%
of normal with snow cover persisting throughout the month, in warmer regions a few to a
dozen days.

February was very warm with temperature deviation from the norm of 3.0–4.0 ◦C
and was dry with precipitation of 80% of the norm with snow cover lasting several days,
especially in colder regions.

March was anomalously warm with temperature deviation from the norm of 2.0–3.0 ◦C
and was slightly dry with precipitation of 80% of the norm.

April, in terms of temperature, was anomalously warm with temperature deviations
from the norm exceeding 2.0 ◦C in the central-western part of Poland, in the Mazowiecka
Basin and near Suwałki. Only the coast, i.e., the Sudety Mountains and the Carpathians,
saw very warm conditions. In terms of precipitation, the month was normal in the south
of the country and, locally, it was humid and very humid there. In the remaining part
of Poland, April was mostly extremely dry. Anticyclonic situations prevailed: 57% over
cyclonic 20% and zero 23%. Advections from the north-east direction prevailed for 30% of
days, followed by advections from the east, the south-east, and the south for 20% each.

May was the only month of the year with temperatures lower than normal within the
limits of −0.7 ◦C and was very cold in the prevailing area of the country. In the prevailing
area of Poland, it exceeded the precipitation norm and was the month with the highest
relative precipitation in the year within 145% of the norm. Anticyclonic situations prevailed
at 54%, and the prevailing north-west direction of advection was 28%. This frequency was
more than twice the frequency of the 1951–2018 multi-year average of 12%.

June was extremely warm over most of Poland, with temperatures within the range
of 5.0–6.0 ◦C. Across about 80 percent of the country, there were days with a maximum
temperature of >25.0 ◦C every day. In 18 days on almost half of the Polish territory, the
maximum temperature exceeded 30.0 ◦C. The probability of such a warm June can be
estimated at less than 1%. June was extremely dry on most of the country, and only Eastern
Pomerania and Warmia and Mazury received normal or even wet precipitation. The prob-
ability of occurrence of such low precipitation at representative meteorological stations
can be estimated as 1% at the Kraków station, 27% at the Słubice station, 31% at the Toruń
station, 6% at the Warszawa station, and 11% at the Wrocław station. Anticyclonic situa-
tions prevailed, accounting for 59%. The dominant direction of advection was southerly.
Advection from the south direction was 2.5 times higher than the average of 8%. The
frequency of circulation from the south-east direction was twice as high as the average for
the 1951–2018 period.

July was normal in terms of temperature, only slightly warm in the Carpathians, and
very warm in the Sudetes. The probability of such a warm July can be estimated at 40%.
July in the prevailing area of Poland was dry or extremely dry. After June and April, it
was the third relatively driest month of the year. The probability of occurrence of such
low precipitation at representative meteorological stations can be estimated as 59% at the
Kraków station, 45% at the Słubice station, 16% at the Toruń station, 20% at the Warszawa
station, and 22% at the Wrocław station. Cyclonic situations accounted for almost half of
the cases. Advection from the north-east direction prevailed strongly, accounting for 33%
of all cases in this month.

August was extremely warm over the prevailing area, with anomalies exceeding
2.0 ◦C in the warmest places. The probability of such a warm August can be estimated at
5%. August was humid in the east and south-east of Poland, while the remaining areas
were dry and very dry, and, in the Lubuskie Land, it was extremely dry. The probability
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of occurrence of such a dry August can be estimated as 59% at the Kraków station, 6%
at the Słubice station, 2% in Toruń, 20% in Warszawa, and 30% in Wrocław. Anticyclonic
situations prevailed with a frequency of 44%. South-west-oriented advection prevailed
with a frequency of 29%, followed by south-oriented advection with a frequency of 16%.

September was warm and sometimes slightly warm. September on the prevailing area
of Poland was in the range between humid and extremely humid, only in the south-east,
and, locally, in Silesia and the Sudeten basins, September was dry or very dry. Advection
from the north-west direction prevailed with a frequency of 17%, which was 8% higher
than the norm. Anticyclonic, cyclonic, and null situations occurred with an equal frequency
of 33%.

October was generally very warm. The month was dry and very dry over the pre-
vailing area of Poland, and, locally, in the center of the country, in the east, and in the
south, it was even extremely dry. Cyclonic systems prevailed, accounting for 41%, with
zero circulation 38%. Advection from a southernly direction with a frequency of 20%
was dominant, which was 7% higher than normal. Advection from west direction was
frequent—19%, also 7% more frequent than the norm, north-east direction—16% which
was 9% more frequent than the norm.

Driest months (June, July, and August).
June with a temperature deviation of 5.0 ◦C for the whole Poland was the warmest

month in the period since 1951. Although in the period 1951–2019 there were extreme
years with very high temperatures as in 1964 with a deviation of 2.2 ◦C and in 1979 with a
deviation of 1.9 ◦C but they were within 2.0 ◦C or below.

July was no longer so warm but normal. Years with temperature deviations above
2.0 ◦C occurred in the period since 1951 in 2006 with a deviation of 3.5 ◦C, with a deviation
of 2.6 ◦C in 1994 and with a deviation of 2.4 ◦C in 2010.

In August, which was an extremely warm month in the mentioned period 1951–2019,
there were years even warmer, such as 2015 with a deviation of 3.5 ◦C, 2.7 ◦C in 1992, 2.6 ◦C
in 2018, and 2.1 ◦C in 2002.

As far as the moisture characteristics of the year 2019 are concerned, in the light
of the flows for the whole area of Poland for the period 1951–2019, it ranks fifth after
the driest years of 1954, 2015, 2016, and 1952 [Bulletin of the National Hydrological and
Meteorological Service No. 13/215 2019].

3.2. Periods of Low Precipitation Frequency

The summer drought in terms of periods of low precipitation frequency began on
29 May with the change from cyclonal to anti-cyclonal circulation, which lasted for very
different periods of time reaching 100 days in Warsaw and 101 days in Zielona Góra, i.e.,
until the first days of September. The longest period, i.e., exceeding 90 days, occurred at
stations located in the Central Poland Lowlands (up to Warsaw) and the southern part of
the South Baltic Lake District. On the outskirts of the mentioned area and in the Lublin
Upland, the length of this period was shorter, of the order of 60–90 days. In the Sandomierz
Basin and lower parts of the Sudety Mountains, it was a period of 30–60 days, and, in the
Carpathian, the period lasted from several to twenty days. On the South Baltic Coast in
its western and central part, this period lasted from 30 to 30 several days, while, in the
Podlasie–Byelarus Uplands and Podlasie, the period lasted in between 35–37 days. In the
surroundings of the Gulf of Gdańsk, the Eastern Baltic Coast, and the Lake Districts, the
period of low precipitation frequency did not occur (Figure 2).
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Figure 2. Duration of sequences of days with low precipitation frequency during summer (June–
August) 2019. White color—phenomenon does not occur. Black color areas above 500 m above
sea level.

3.3. Percentage of Normal Rainfall June–August 2019

From June to August 2019 in the South Baltic Lakes belt and the Central Polish
Lowlands, precipitation totals were 30–60% of normal with a minimum of 30.1% in Poznań.
Slightly higher values of precipitation occurred in the western part of the South Baltic
Coast and Lake Districts belt within 70–90% of the norm. Values exceeding 90% of the
precipitation norm occurred in the southern part of the Sudety Mountains with the Sudeten
Foreland, in the northern part of the Małopolska Upland, in the western part of the Outer
West Carpathians, and in the eastern part of Poland. The highest values of precipitation
were recorded in the eastern part of the South Baltic Coast, the Eastern Baltic Coast, and
the Podlasie–Byelarus Uplands within 100–125% of the norm. The average precipitation in
Poland was only 66.5% of the norm (Figure 3).

Figure 3. Percentage of normal rainfall for June–August 2019. Explanation same as in Figure 2.
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3.4. Climate Water Balance (CWB) for June, July, August with Aspects of Regional Variation

In June 2019, the greatest water deficit occurred in the central Poland belt, especially
its central and western parts with a maximum in Poznań at 176.6 mm. The water deficit
decreased towards the north, south, and east. The lowest values of water deficit occurred
in Eastern Baltic Coast and Lake Districts with the minimum of −71.3 mm in Kętrzyn.
Lower deficit values were recorded in southern Poland with a minimum of −34.1 mm near
Lesko. The mean value of CWB in Poland was −129 mm (Figure 4a). In June 1981–2010,
the highest water deficit occurred in central Poland, especially in its central and western
part with its maximum in Poznań at 106.7 mm. Water deficit decreased towards the north
and south. The smallest deficit values occurred in the Eastern Baltic Coast and the Lake
Districts with the minimum of −69.5 mm in Koszalin. Much lower values of deficit were
recorded in southern Poland with a minimum of −12.9 mm near Lesko. The mean value of
CWB in Poland amounted to −79 mm (Figure 4b).

 

(a) (b) 

Figure 4. Climatic water balance (CWB) in June: (a) 2019; (b) 1981–2010. Explanation same as in Figure 2.

In July 2019, the largest water deficits occurred in the western part of the South Baltic
Coast with a maximum of −109.8 mm in Świnoujście. Slightly lower values were observed
in central Poland ranging from −60 mm to −90 mm. The lowest values of water deficit
were observed in the eastern part of South Baltic Coast, Eastern Baltic Coast and Lake
Districts and locally in the south of Poland. In the vicinity of Katowice, an excess of
6.1 mm was recorded. The average CWB over Poland was −64 mm (Figure 5a). In July
1981–2010, the highest water deficits occurred in western part of the South Baltic Coast
with a maximum of −69.9 mm recorded in Ustka. Slightly lower values were observed in
central Poland ranging from −30 to −60 mm. The lowest values of water deficit occurred
in the southern part of Poland. In the vicinity of Bielsko–Biała and Lesko, an excess of
water was recorded, at 19.1 and 13.5 mm, respectively. The mean CWB value over Poland
was −36 mm (Figure 5b).

In August 2019, the largest water deficit values were characterized by the South Baltic
Lakes region, especially around Słubice, Gorzów Wlk., and Poznań from −92.4 mm to
−100.6 mm. As one moved away from these regions, a decrease in water deficit values in all
directions was observed. Smaller values of water deficit were recorded in the north-eastern
part of Poland and in the south of the country from −1.5 mm to −19 mm. Locally, in Kielce,
Bielsko–Biała, and Lesko, there was an excess of water, with recordings of 23.8 mm, 18 mm,
and 1.4 mm, respectively. The mean CWB value over Poland was −53 mm (Figure 6a). In
August 1981–2010, the highest values of water deficit were characterized by the eastern
part of Poland, especially near Terespol and Włodawa, which saw values of −55.8 mm and
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−55.7 mm, respectively. Smaller values of water deficit occurred in northern part of Poland
and in the south of the country, ranging from −1.5 mm to −30 mm. The mean value of
CWB in Poland was −38 mm (Figure 6b).

 

(a) (b) 

Figure 5. Climatic water balance (CWB) in July: (a) 2019; (b) 1981–2010. Explanation same as in Figure 2.

 

 

 
(a) (b) 

Figure 6. Climatic water balance (CWB) in August: (a) 2019; (b) 1981–2010. Explanation same as in Figure 2.

In light of the comparison presented, June saw with the highest temperature deviation
from normal and low rainfall, and was the month with the highest CWB deviation of
50 mm. The values of these deviations from normal decreased to −28 mm in July and
−15 mm in August (Table 1).
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Table 1. Comparison of mean climatic water balance (CWB) values (mm) over Poland in the months
June–August in 2019 with values from the 1981–2010 multi-year period.

Monthly Year 2019 Multi-Year Period 1981–2010 Difference

June −129 −79 −50
July −64 −36 −28

August −53 −38 −15

3.5. The Temporal Dynamics of Drought

Drought was practically absent in the first four reporting periods, i.e., 21 March to
20 May up to 21 April to 20 June. CWB values in these periods were several tens of mm
with the highest value of −48 mm in the first period, and the area at risk of drought ranged
from a fraction of a percent to 2.6% in the fourth reporting period. From the fifth reporting
period, i.e., 1 May to 30 June, the mean CWB value for Poland decreased from −87 mm,
through subsequent periods −94 mm and −133 mm to reach the highest value of −173 mm
in the eighth reporting period from June to July. In the following reporting periods,
CWB values systematically decreased from −134 mm, −106 mm, −91 mm, −54 mm, and
−44 mm to reach −20 mm in the last reporting period. The percentage of area at risk of
drought increased at a similar rate from a fraction of percent in the first three reporting
periods through several to a dozen or so percent in periods 4–6, i.e., 21 April–20 June to
11 May–10 July, to reach 28% in period 7 and the highest value of 42% in period 8. In
periods 9 and 10, i.e., 11 June to 10 August and 21 June to 20 August, it was already 18%
and 6%, respectively, in the following periods a few percent and fractions of a percent. The
highest CWB values occurred in the Lubuskie Lake District and systematically increased
from −120 mm in the first reporting period to −240 mm to −279 mm in the eighth period of
the highest drought intensity. In subsequent periods, they decreased systematically to reach
the value from 100 mm to −159 mm in the last reporting period. The percentage of the area
endangered by drought in the three lubuskie, łódzkie, and wielkopolskie voivodeships
(most endangered by drought) increased from a fraction of a percent to several percent
in the first three reporting periods to reach the values of 52%, 73%, 97%, and 56% in
periods 6–9, respectively (Figure 7).

 

Figure 7. Temporal dynamics of drought in 14 IUNG reporting periods based on climatic water
balance (CWB) values and percentage of area at risk of drought average values for Poland without
regional differentiation.

246



Atmosphere 2021, 12, 1475

Explanations: reporting period 1 (from 21 March to 20 May), reporting period 2
(from 1 April to 31 May), reporting period 3 (from 11 April to 10 June), reporting period 4
(from 21 April to 20 June), reporting period 5 (from 1 May to 30 June), reporting period 6
(from 11 May to 10 July), reporting period 7 (from 21 May to 20 July), reporting period 8
(from 1 June to 31 July), reporting period 9 (from 11 June to 10 August), reporting period 10
(from 21 June to 20 August), reporting period 11 (from 1 July to 31 August), reporting
period 12 (from 11 July to 10 September), reporting period 13 (from 21 July to 20 September),
and reporting period 14 (from 1 August to 30 September).

3.6. Ranking of Voivodeships by Area at Risk of Drought

Despite slight differences in the order of voivodeships for average data from all
reporting periods and from the eighth period with the highest drought intensity, a clear
regularity was observed. It was possible to distinguish four groups of voivodeships with
the highest, medium, and lowest drought risk, and one voivodeship in which drought
practically did not occur. Voivodeships with the highest drought risk included the lubuskie,
łódzkie, and wielkopolskie voivodeships. The voivodeships with a medium drought threat
were the dolnośląskie, kujawsko-pomorskie, lubelskie, mazowieckie, opolskie, śląskie
świętokrzyskie, and zachodnio-pomorskie voivodeships. The voivodeships with a low
drought risk included małopolskie, podkarpackie, podlaskie, and pomorskie. In the
warmińsko-mazurskie voivodeship, drought practically did not occur (Table 2).

Table 2. Ranking of provinces in terms of area at risk of drought (%) at the area of the voivodeship at draught risk.

Item Voivodeship Average over 14 Study Periods (%) Voivodeship Peak Period 8 Value (%)

1 lubuskie 39 wielkopolskie 92
2 wielkopolskie 25 lubuskie 88
3 łódzkie 20 łódzkie 81
4 mazowieckie 8 mazowieckie 49
5 zachodniopomorskie 8 śląskie 45
6 dolnośląskie 7 opolskie 43
7 opolskie 7 kujawsko-pomorskie 40
8 kujawsko-pomorskie 6 lubelskie 40
9 lubelskie 6 zachodniopomorskie 40
10 śląskie 5 dolnośląskie 33
11 podlaskie 3 świętokrzyskie 32
12 świętokrzyskie 3 podkarpackie 17
13 pomorskie 1.6 podlaskie 16
14 podkarpackie 1.4 pomorskie 16
15 małopolskie 0.6 małopolskie 7
16 warmińsko-mazurskie 0.07 warmińsko-mazurskie 1

Source: Agricultural drought monitoring system in Poland IUNG (2019).

3.7. Sensitivity of Crops to Drought

Analysis of areas covered by drought, both in the whole of Poland and in the three
voivodeships most threatened by drought, i.e., the lubuskie, wielkopolskie, and łódzkie
voivodeships, revealed clear differences in the drought sensitivity of individual crops. The
crops most threatened by drought are fruit bushes, spring cereals, maize, and legumes. For
Poland, the percentage of these crops threatened by drought ranges from 16–18%, while,
on the area of the three voivodeships most exposed to drought, it is as high as 42–49%.
Tobacco, winter cereals, field vegetables, and strawberries are among the crops which are
moderately sensitive to drought. On the other hand, the crops least exposed to drought
are rape and colza seed, hops, potatoes, fruit trees, and sugar beet, and the percentage of
the area of these crops affected by drought is 2–8%, respectively, on the area of Poland as a
whole, and 11–26% on the area of the three voivodeships mentioned. In the eighth driest
reporting period, from 1 June to 31 July, the majority of crops in the lubuskie, wielkopolskie,
and łódzkie voivodeships were almost completely threatened by drought (Table 3).
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Table 3. Sensitivity of crops to drought. Percentage of drought incidents in 14 consecutive reporting periods and during the
period of maximum drought intensity.

Item
Crop and Percentage of Area at Risk

of Drought Across Poland

Crops and Percentage of Area at Risk of
Drought in the Lubuskie, Wielkopolskie,

and Łódzkie Voivodeships

Crops and Percentage of Area at Risk of
Drought in the Lubuskie, Wielkopolskie,

and Łódzkie Voivodeships during the
Period of 8 Highest Intensity

1 Fruit bushes: 18 Spring cereals: 49 Spring cereals: 92
2 Spring cereals: 17 Fruit bushes: 47 Fruit bushes: 99
3 Grain maize: 17 Silage maize: 46 Silage maize: 96
4 Silage maize: 17 Grain maize: 45 Grain maize: 96
5 Leguminous plants: 16 Leguminous plants: 42 Leguminous plants: 98
6 Tobacco: 13 Winter cereals: 39 Winter cereals: 97
7 Winter cereals: 12 Strawberries: 39 Strawberries: 82
8 Ground vegetables: 12 Ground vegetables: 38 Field vegetables: 91
9 Strawberries: 11 Tobacco: 37 Tobacco: 97
10 Rapeseed and colza seed: 8 Potatoes: 26 Potatoes: 86
11 Hops: 7 Rapeseed and colza seed: 25 Rapeseed and colza seed: -
12 Potatoes: 5 Hops: 25 Hops: 84
13 Fruit trees: 5 Fruit trees: 19 Fruit trees: 76
14 Sugar beet: 2 Sugar beet: 11 Sugar beet: 45

Source: agricultural drought monitoring system in Poland IUNG (2019).

3.8. Hydrological Aspects of Drought

According to the classification of Kaczorowska [4], which assesses the deficiency or
excess of precipitation in relation to the perennial norm (1971–2000), the year 2019 was
classified as normal [Bulletin of the National Hydrological and Meteorological Service No.
13/215 2019]. Annual precipitation on a national scale, determined by measurements from
52 synoptic stations, amounted to 556 mm, corresponding to 91.7% of the multi-year value
(1971–2000). In the central part of Poland, 2019 was classified as dry, locally even as very
dry, and in the rest of the country as normal, only locally in the north and south as wet.
The hydrological year 2019 with a total outflow of Polish rivers equal to 41.9 km3 (with
an average in the multi-year period 1951–2018 equal to 60.4 km3) was classified as a dry
year [Bulletin of the National Hydrological and Meteorological Service No. 13/215 2019].
The outflow in 2019 was, therefore, about 2/3 of the multi-year average outflow. In the
distribution sequence from the period 1951–2019, which contains 69 years, where the years
are arranged in the order of increasing total annual outflow of Polish rivers, the year 2019
occupies the 5th place after the driest the years, i.e., 1954, 2015, 2016, and 1952. In the first
and second hydrological half-years, lower values of outflow occurred in the Odra basin
than in the Vistula basin. The outflow of the Pomeranian rivers was, like other rivers, lower
than the norm, and was generally relatively higher than the outflow of the rivers of the
Vistula and Oder basins. Outflow of the Pomeranian rivers, like other rivers, was lower
than the regular values; however, in general, it was relatively higher than the outflow
of the rivers of the Vistula and Odra basins [Bulletin of the National Hydrological and
Meteorological Service No. 13/215 2019] (Table 4).

Table 4. Months with the lowest flow in 2019 compared to the 1951–2018 multi-year period.

River and Water Level Gauge Flow 2019 in m3/s and Months Average Flow 1951–2018 in m3/s and Months

Vistula–Warsaw 228.0 (July) 435.0 (September)
Wieprz–Kośmin 12.0 July) 26.5 (August)
Pilica–Sulejów 7.53 (August) 17.5 (September)

Odra–Racibórz-Miedonia 16.3 (July) 41.0 (October)
Odra–Ścinawa 48.4 (July) 129.0 (October)

Odra–Nowa Sol 56.2 (August) 157.0 (October)
Nysa Kłodzka–Skorogoszcz * 8.6 (November) 24.6 (October)

Bóbr–Żagań 9.1 (August) 24.9 (October)
Warta–Sieradz 14.4 (August) 32.9 (September)
Warta–Poznań 26.5 (July) 69.8 (September)

* Flow values are affected by water management in the reservoir. Source: Bulletin of the National Hydrological and Meteorological Service
No. 13/176 2016, 13/189 2017, 13/202 2018, 13/215 2019
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After analyzing 20 river flows of very different river basins [Bulletin of the National
Hydrological and Meteorological Service No. 13/215 2019], in almost half of them, i.e., in
nine, the drought accelerated the date (month) of the lowest flow. Thus, this acceleration
was observed in three cases by one month (two cases from September to August and one
case from August to July). In four cases, it was an acceleration by two months (in two
cases from October to August and in two cases from September to July). In two cases, the
acceleration of the lowest flow was by three months, i.e., in all cases from October to July.
These flows constituted on average of 41% in average perennial flows, a maximum of 52%
(Vistula–Warszawa), and a minimum of 36% (Odra–Nowa Sól). It is noteworthy that all
cases of minimum flow acceleration only occurred in central-western and south-western
Poland with the highest air temperature. In seven cases, apart from those analyzed above,
minimum flows occurred in the same months as the multi-year averages, but their values
were, on average, smaller by half. In the case of the Skorogoszcz gauge on the Nysa
Kłodzka River, flow values were affected by water management in the existing reservoir.
Indeed, at the gauge mentioned, minimal flows did not occur in July and August, like most
of the analyzed gauges, but in November. Low flows also occurred in October, December,
and August. Water management in the reservoir, in this case, disturbed the natural rhythm
of flows.

3.9. Hydrogeological Aspects of Drought

In the hydrological year of 2019, the level of the groundwater table was lower than
the monthly average for many years (1991–2015). In waters with a free well, the largest
deviation was recorded in August (about 31 cm below the average for many years). In
waters with a tight well, the highest values below the average were recorded in the period
of August–October where it was about 32–34 cm below the multi-year average. In July, the
state hydrogeological service declared a state of hydrogeological emergency due to the
phenomenon of a very intense hydrogeological low. In August, an extension of the area
of the phenomenon was found, and, by the end of the hydrological year, there were no
grounds for revoking the state of hydrogeological emergency [Hydrogeological Annual
Report Polish Hydrogeological Survey].

In the lowland belt, where the drought was the most intensive, the mean monthly
groundwater levels of both free and tight groundwater tables were lower than the monthly
averages for the whole hydrologic year. The highest deviation of free-bore waters was
recorded in August (36 cm below the average), and, by the end of the year, they were
over 30 cm below the average for individual months of the studied period. Similarly, it
was the case for waters with a tight well, the average monthly groundwater level was at
a level lower than the monthly averages (this difference was 9 cm below the average in
January), and then increased from month to month to 45 cm below the average in October,
representing the largest deviations of waters with a tight well [Hydrogeological Annual
Report Polish Hydrogeological Survey].

4. Discussion

A direct comparison of the IUNG method (CWB in 6-decade periods, step every
decade) with the method used in the study (CWB in monthly periods), i.e., concerning the
months of the most intensive drought in June, July, and August, is not possible due to differ-
ent comparison periods. The first two decades of June in the IUNG method fall within the
6th reporting period, ie 11 May to 10 July. The second and third decades of June fall within
the seventh reporting period, covering the period from 21 May to 21 July. Therefore, the
average of the reporting periods for June (from reporting periods 6, 7, and 8), for July (from
reporting periods 9, 10, and 11), and for August (from reporting periods 12, 13, and 14)
were conventionally taken for the estimation of CWB values.

The results vary slightly, though there was the least variation in June. June was the
warmest month since at least 1951 with a temperature deviation from the national norm
of 5.0–6.0 ◦C and the driest relatively month of the year in 2019, and was very dry on the
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verge of extremely dry which was the reason for the very low CWB values [Bulletin of the
National Hydrological and Meteorological Service No. 6/208 2019]. Smaller differences
occurred in August and the largest in July. The differences may be caused, on the one hand,
by the different way of estimating values for individual months as an average of the three
reporting periods and, on the other hand, by the extension of large negative CWB values
from June to the July (post-June) using the IUNG method to determine CWB for 6-week
periods (Table 5).

Table 5. Comparison of climatic water balance (CWB) values (mm) estimated from IUNG studies
and those obtained in this study.

Monthly Results Presented in the Study Estimated IUNG Results

June −129 −133
July −64 −110

August −53 −39

The drought of 2019 was preceded by the drought of 2018. The analysis of consecutive
communiqués of the IUNG agricultural drought monitoring system from 2020 shows that,
in that year, drought was indicated, especially in north-western Poland voivodeships; in the
wielkopolskie voivodeship during all 14 reporting periods; and in the lubuskie, pomorskie,
and zachodniopomorskie voivodeships during 13 periods (except the last reporting period).
In 2021, in the fifth reporting period from 1 May to 30 June, drought of various intensity
was observed in all Polish voivodeships. The analysis of the causes, the course, and the
consequences of the dry years of 2018–2021 requires a separate study.

The drought of 2019 has marked itself with varying intensity across Europe. The man-
ifestations and impacts of drought are reported from countries, such as Belgium, Czechia,
Finland, France, Germany, Greenland, Italy, Luxembourg, Netherlands, Norway, Poland,
Spain, Sweden, Switzerland, and the United Kingdom [64]. A historical reconstruction of
the 254-year climate database [65,66] indicates that many years with similar precipitation
anomalies occurred in the summer months, but 2018–2019 saw two of the three warmest
summer periods in the cited period. The third year when average summer temperature
anomalies over Central Europe reached record extreme conditions of over 2.0 ◦C was 2003.
Of the three cited years with the highest air temperature anomaly in Europe, in 2019, the
strongest impact of the thermal anomaly was marked in the Central European region
including Poland where the increase in temperature was accompanied by a simultaneous
significant reduction in summer precipitation, leading to extreme drought conditions.

The comparison of the values of climatic water balance in the months of June, July, and
August in the analyzed three extreme years in terms of temperature in the area of Poland
shows that, in 2003, these values were −100, −21, and −79 mm, respectively. In 2018, the
values averaged for Poland were −77, −36, and −80 mm, respectively. In 2019, the year
under analysis, these values were, −129, −64, and −53 mm, respectively, so the highest
were in June and July, and were slightly lower only in August. If the values of climatic
water balance for the analyzed three months were averaged, then in the next extreme
years, in terms of temperature, the values would be −67 mm in 2003, −64 mm in 2018,
and −82 mm in 2019. Thus, it can be concluded that, in the light of the values of climatic
water balance in Poland representing a significant area of central Europe, this was the most
intense drought in the reconstruction of the last more than 250 years of climatic data.

Analysis of drought frequency over a multi-year period shows that the frequency has
increased since 1950 throughout southern Europe and most parts of central Europe, while it
has decreased in many parts of northern Europe [67,68]. Other drought indices, including
drought severity indices, also show significant increases in the Mediterranean region and
parts of central and south-eastern Europe, and decreases in northern Europe and parts of
eastern Europe [69–72]. Projections for the period 2041–2070 compared to 1981–2010 for
two emission scenarios, i.e., RCP4.5 and RCP8.5, indicate an increase in meteorological
droughts in most of Europe, especially in southern Europe, while decreases in droughts
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are projected only for a limited part of northern Europe. The changes are most pronounced
for the high emissions scenario (RCP8.5) and somewhat smaller for the moderate scenario
(RCP4.5) [73].

5. Conclusions

The summer drought of 2019 was not only caused by a shortage of precipitation,
but above all by extremely high temperatures, especially in June with a record deviation
of 5.0–6.0 ◦C and in August when deviations exceeded 2.0 ◦C. Anticyclonic situations
prevailed especially in June (59%) and August. In June, the advection from south direction
was 2.5 times higher than the average of 8%.

In the light of days with low precipitation frequency (frequency lower than average),
41% of the duration of summer drought lasted from 29 May to the first days of September.
The longest, i.e., 90 days and more, occurred at stations located in the Central Poland
Lowlands (up to Warsaw) and the southern part of the South Baltic Lake District. On the
outskirts of this driest area, the number of such days with a below-average precipitation
frequency was systematically lower. Such a period with lower precipitation frequency
basically did not occur only in the area of the Gulf of Gdańsk, the Eastern Baltic Coast and
the Lake Districts.

In the summer season of June–August, the lowest precipitation amounts, constitut-
ing 30–60% of the norm were recorded in the South Baltic lakes belt and Central Polish
Lowlands with the minimum of 30.1% in Poznań. The highest values of precipitation
were noted in the eastern part of the South Baltic Coast, the Eastern Baltic Coast, and
the Podlasie–Byelarus Uplands with 100–125% of the norm. The average precipitation in
Poland in summer was only 66.5% of the norm.

The values of climatic water balance (CWB) calculated by the Institute of Soil Science
and Plant Cultivation (IUNG) method for particular months of June–August for the area
of Poland amounted successively to −129 mm, −64 mm, and −53 mm with minima,
respectively, of −176.6 mm in Poznań, −109.8 mm in Świnoujście, and from −92.4 mm to
−100.6 mm near Słubice, Gorzów Wielkopolski, and Poznań.

Summer drought in the light of the area of Poland threatened by drought increased
gradually exceeding the values of several percent of the area of Poland in the periods from
the beginning of June to 10 July, with the maximum at the end of June—42% of the area of
Poland covered by drought. Most threatened by drought were the wielkopolskie, lubuskie,
and łódzkie voivodeships, in which the percentage of the area threatened by drought
during its highest intensity in the eighth reporting period (1 June to 31 July) amounted to
92%, 88%, and 81%, respectively.

The sensitivity of individual crops to drought is evident. The least resistant to drought
are: fruit bushes, spring cereals, maize for silage and grain, and legumes. Medium drought
tolerant are: winter cereals, tobacco, field vegetables, and strawberries. The most resistant
are hops, potatoes, rapeseed and canola, fruit trees, and sugar beet.

The summer drought accelerated the timing of flow minima, which typically fall in
the autumn months, by 1 to 3 months or halved the minimum flows without changing the
timing of their occurrence. In the hydrological year 2019, the level of the groundwater table
was lower than the average monthly level in many years. In waters with a free well, the
largest deviations were recorded in August, and, in waters with a tight well, the largest
values below the average were recorded in the August–October period.

Although contemporary trends and scenarios of precipitation changes at the end of
the 21st century for Poland do not predict a decrease in precipitation and even a small
increase of about 5–10%, it cannot be said that we will not be threatened by droughts. These
will be droughts caused not so much by a lack of precipitation but by high air temperature
combined with low precipitation (the increase of which in Poland has been documented).
The phenomenon of drought will also be aggravated by the observed increase in the
coefficient of variation of precipitation in Poland.
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23. Schmuck, A. Częstość występowania dni bezopadowych we Wrocławiu w latach 1883-1960. Studia Geogr. 1963, 1, 157–167.
(In Polish)
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zm. 2005. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20051501249 (accessed on 14 July 2021).
(In Polish)

35. Ustawa z Dnia 25 Lipca 2008 r. o Zmianie Ustawy o Ubezpieczeniu Upraw Rolnych i Zwierząt Gospodarskich oraz Ustawy o
Krajowym Systemie Ewidencji Producentów, Ewidencji Gospodarstw Rolnych oraz Ewidencji Wniosków o Przyznanie Płatności.
Dz. U. 2008. Nr 145 poz. 918. 2008. Available online: http://orka.sejm.gov.pl/proc6.nsf/ustawy/646_u.htm (accessed on
14 July 2021). (In Polish)
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50. Farat, R.; Kępińska-Kasprzak, M.; Kowalczak, P.; Mager, P. Susze na obszarze Polski w latach 1951–1990. Mater. Bad. IMGW Gosp.

Wodna I Ochr. Wód 1995, 16, 1–140. (In Polish)
51. Ziernicka-Wojtaszek, A.; Zawora, T. Niedobory i nadmiary opadów dla pszenicy ozimej w latach ekstremalnych na obszarze

Polski (1971–2000). Woda-Sr. -Obsz. Wiej. 2005, 5, 375–382. (In Polish)
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