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Abstract

Rostov Oblast is one of the key grain-producing regions in Russia, accounting for 6% of the
total grain production. However, it faces an increasing risk of climate aridization, which
requires an accurate scientific assessment to ensure the food security of the country. The
present study analyzes the spatial and temporal dynamics of climate aridification in the
Rostov region for the period 1951–2054. This analysis is based on ERA5 reanalysis data
and CMIP6 forecast models (MPI-ESM1-2-HR, CanESM5, BCC-CSM2-MR). The analysis
indicates that the annual mean temperature in the region has increased by 2–3 ◦C since the
1950s, reaching 12 ◦C in 2023. At the same time, precipitation shows significant interannual
variability with no detectable long-term trend. Spatial analysis reveals a stable meridional
temperature gradient and zonality of precipitation distribution. The southeastern parts
of the region are characterized by the highest degree of aridification. Projection models
indicate further warming (+1.5–3 ◦C by 2054) and increasing contrasts between western
(wetter) and eastern (drier) areas. Projections derived from the CMIP6 models indicate an
intensification of aridification, accompanied by a decrease in the De Martonne index of
15–25% by the year 2054. The area of territories with arid climates is expected to increase
from 30% to 40%. The most vulnerable regions will be in the southeast part of Rostov Oblast,
where the De Martonne index values are predicted to decrease to less than 10. The potential
increase in temperature and evapotranspiration, coupled with spatial differentiation, could
pose significant risks to the sustainability of the agro-industrial complex, particularly in the
southeastern part of the region.

Keywords: aridization; Rostov Oblast; climate change; De Martonne index; desertification;
ERA5; CMIP6

1. Introduction
Aridization is defined as a global process of decreasing moisture availability in terri-

tories. This phenomenon has become a major challenge in the 21st century. According to
recent studies, arid lands cover 41% of the Earth’s land surface [1,2], and their area may
increase by 12–23% by 2100 [1,3]. Anthropogenic climate change has already degraded
5.43 million km2 of drylands [4], affecting the livelihoods of about 213 million people living
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mainly in developing countries [4,5]. These trends are further intensified by the increasing
frequency of extreme droughts: 4500 meteorological droughts were recorded between
1951 and 2016, with 52 of these classified as mega-droughts [6]. In 2023, 48% of the global
landmass will experience at least one month of extreme drought [7], while forecast studies
indicate an intensification of this trend in temperate latitudes [3,8].

Aridization studies of the modern era are dependent on syntheses of climate reanalysis
data and projection models to reconstruct past conditions and project future scenarios. The
ERA5 reanalysis has become a key tool due to its high spatial and temporal resolution and
ability to reproduce temperature trends with less than 5% error, even in complex geographic
environments [9,10]. Its modification, ERA5-Land, with 9 km resolution, demonstrates high
accuracy in air temperature estimates (R2 = 0.92 for mountainous areas), although precipita-
tion is characterized by systematic overestimation by 15–40% in regions with pronounced
relief [10]. The CMIP6 represents the latest phase of the Coupled Model Intercomparison
Project, which aims to enhance the capabilities of climate process modeling. CMIP6 data have
been utilized in various studies examining regional aridification and drought, demonstrating
their efficacy in analyzing changes in aridity indices, particularly in arid regions [11,12]. For
example, a study in Ethiopia utilized an ensemble of three CMIP6 global climatic models,
demonstrating a high level of effectiveness in predicting aridity and evapotranspiration
change up to 2070 [11]. Additionally, a series of studies have demonstrated the effectiveness
of CMIP6 data in analyzing extreme climatic phenomena. Studies have demonstrated the
reproducibility of atmospheric rivers [13], drought risks [14,15], and atmospheric circulation
patterns [16,17]. For instance, research conducted in China indicated that the CMIP6 model
demonstrated adequate reproducibility in simulating the spatial distribution of precipitation
and temperature [14].

The quantitative evaluation of aridization is based on various indices, each of which
has its own advantages and disadvantages. Simple climatic indices, such as Lang’s or
the De Martonne aridity indices, are characterized by ease of calculation and minimal
requirements for data [18,19]. Evapotranspiration-based indices, such as the UNEP and
Emberger aridity indices, offer a physically justified evaluation; however, they require
additional meteorological parameters for complete analysis [19,20]. Standardized indices
(SPI and SPEI) facilitate multi-scale analysis; yet, the SPI does not consider the effects of
temperature, while the SPEI is characterized by its calculation complexity [21,22]. The
De Martonne index was selected for the present study due to several factors, including
its optimal balance between simplicity and physical validity, its proven effectiveness in
continental climate conditions [19], its compatibility with ERA5 and CMIP6 data on long
time series, and its relevance for agricultural applications in the steppe zone. Despite the
limitations of the index (which exclude the consideration of seasonality in precipitation
and evapotranspiration processes), its use is valid for regional analysis of aridization in
continental climate conditions [23,24].

The Rostov region plays a very significant role in the agro-industrial sector of the
economy of the Russian Federation and is characterized by high temperatures and low
precipitation. According to [25] research results, the increase in average temperature in
the Rostov region reached 1.2 ◦C in the period from 1966 to 2020, while the precipitation
level remained the same. On the other hand, projections indicate the possibility of an
increase in the number of potential droughts in the region, reduced crop yields, and a shift
in climate regime between 2030 and 2050 [26]. Analysis of historical data by Gudko [27]
and Nazarenko [28] indicates a tendency for temperatures to rise significantly, especially
during the warm summer months, leading to the formation of significant areas of drought
in areas such as Giant, Rostov-on-Don, Taganrog, and Tsimlyansk. The presence of arid
conditions within the Rostov region is also indicated by the Seljaninov hydrothermal coeffi-
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cient, which measures the relationship between temperature and precipitation. According
to Gudko’s calculations [27], based on the values of this indicator, aridity is characteristic of
most of the territory of the region, where its value varies from 0.64 to 0.82, with the driest
conditions observed in the eastern and northeastern parts of the region. Such peculiarities
of the climate determine the presence of several problems, the most prominent of which
are desertification and changes in the state of soil resources. Thus, the problem of deser-
tification is particularly acute in such districts as Zavetinsky, Remontnensky, Dubrovsky,
Zimovnikovsky, and Orlovsky. The total area affected by desertification is about six million
hectares, which has an impact on soil properties and agricultural productivity [29]. Fur-
thermore, an increase in evaporation rates has been observed to intensify the processes
of salinization and alkalinization in chernozem and chestnut soils, particularly within
irrigated regions [30]. Although the climate of Rostov Oblast is relatively stable, the region
is still facing challenges primarily related to water availability and desertification, which
have a significant impact on agriculture and environmental management in this region.

Despite the recognized importance of aridization processes for the agro-industrial
complex of the southern regions of Russia, there is no comprehensive assessment of the
spatio-temporal dynamics of climatic aridization in the Rostov region based on modern
high-resolution data and long-term climatic projections. The existing studies are limited
to fragmentary analysis of individual climatic parameters without an integral assessment
through specialized aridity indices.

Research gaps include the absence of long-term analysis based on high-resolution
data, the lack of up-to-date climate projections for the region, and the absence of spatially
differentiated adaptation strategies for the agricultural sector.

The scientific novelty lies in the first comprehensive 73-year aridification analysis for
the region using the De Martonne index and the integration of three CMIP6 models for
30-year projections, which provides a scientific basis for developing adaptation strategies.

The working hypothesis is that the spatio-temporal dynamics of aridization in the
Rostov region are characterized by a stable southeastern gradient, with the maximum
intensity of processes occurring in the Manych lowland. This requires geographically
differentiated adaptation measures in the agro-industrial complex.

The goal of this study was to comprehensively assess the spatial and temporal dy-
namics of climate aridization in the Rostov region. To achieve this, the study analyzed
historical data from 1951 to 2024 and used predictive climate models from 2025 to 2054. The
analysis produced scientifically based recommendations for the adaptation of the region’s
agro-industrial complex.

To achieve this goal, the following tasks were completed:
The present study aims to utilize ERA5 reanalysis data to assess the historical trends

of temperature, precipitation, and the De Martonne aridity index in the Rostov region for
the period 1951–2024.

The identification of spatial patterns of aridization shall be achieved through the
analysis of meridional gradients of thermal regime, precipitation distribution, and De
Martonne index values.

A comprehensive analysis of CMIP6 projection data, including MPI-ESM1-2-HR,
CanESM5, and BCC-CSM2-MR, is essential for evaluating the potential scenarios of aridiza-
tion in the Rostov region.

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

Rostov Oblast is located in the southern part of Russia, in the southern part of the East
European Plain, and is part of the Southern Federal District. Geographically, the region
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is situated between 46◦ and 50◦ north latitude and between 38◦ and 43◦ east longitude, a
position that serves as a significant transportation and economic hub, connecting central
Russia with the Caucasus and the Black Sea region (Figure 1). The topography of the
Rostov region is characterized by a pronounced asymmetry, with the northern and western
parts of the region, including the Kalachskaya Upland and the Donetsky Ridge, elevated
to 200–250 m above sea level, while the southern and southeastern areas fall to 0–50 m.
The geographical division between these zones is defined by the Lower Don Valley, which
intersects the region from northeast to southwest.

Figure 1. The geographical location of the research area, with the corresponding elevation data. The
red square represents the location of the research area.

The Rostov region is characterized by a temperate continental climate, which is charac-
terized by aridity and significant variability of temperature and precipitation regimes [31].
According to the Köppen classification, the climate of the Rostov region is classified as
Dfa, which is characteristic of an area with a humid continental climate, featuring warm
summers and cold winters. According to long-term observations, the average annual air
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temperature in this region is approximately 11.2 ◦C, with July being the warmest month
and January the coldest [25]. Precipitation in the Rostov region is characterized by its
year-round uniformity.

Agriculture is one of the primary drivers of economic development in the region [32,33].
The Chernozems, covering 65% of the territory [34], are responsible for the production of 11%
of the total grain yield in Russia [35,36]. The annual harvest of wheat exceeds 10.55 million
tons [36], while barley yields reach approximately 0.9 million tons, according to Rosstat. Live-
stock breeding is focused on meat and dairy production: the number of cattle is 420 thousand,
pigs—680 thousand, sheep—1.2 million, according to Rosstat data. The fishing industry, using
the resources of the Sea of Azov and Tsimlyansk reservoir, provides a large amount of the
freshwater fish catch in Russia, including pikeperch and bream [37]. The region’s foreign
economic activity is focused on the export of agricultural products, metals, and engineering
machinery [38]. The oblast’s share in Russia’s grain exports is 12% [35].

2.2. Scheme of the Study

The De Martonne aridity index was employed to quantitatively assess the degree of
moisture content in the territory. This index was calculated using the following formula [39]:

AIDM =
P

(T + 10)
(1)

where AIDM—De Martonne aridity index, P—annual precipitation in mm, and T—average
annual air temperature in ◦C. A primary motivation for selecting this aridity index is its
capacity to concurrently consider temperature and precipitation variables. This capability
is supported by extensive research demonstrating its significance for the examination of
aridization [40,41]. Furthermore, it is quite useful for the purpose of comparing the relative
moisture conditions of areas that exhibit disparate thermal regimes [40,42].

Despite its numerous advantages, the index does have several disadvantages. Firstly,
it is important to note that this index does not consider the seasonal distribution of precipi-
tation, which may result in an overestimation of moisture content in regions experiencing
significant summer drought [41,42]. A careful approach is also necessary in harsh climates
with extremely low average annual temperatures T < −10 ◦C.

The interpretation of the De Martonne aridity index is presented in Table 1.

Table 1. Classification of the De Martonne index depending on its values.

Climate Type De Martonne Aridity Index Values

Arid AIDM < 10
Semi-Arid 10 ≤ AIDM < 20

Mediterranean 20 ≤ AIDM < 24
Semi-Humid 24 ≤ AIDM < 28

Humid 28 ≤ AIDM < 35
Very Humid 35 ≤ AIDM < 55

Extremely Humid AIDM > 55

The De Martonne index was calculated using the data presented in Table 2, which was
obtained from the Google Earth Engine (GEE) cloud platform.
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Table 2. Characterization of the data used in this study.

Name Dataset Name Variable Name Model

ERA5-Land Monthly Aggregated—ECMWF
Climate Reanalysis

ECMWF/ERA5_LAND/
MONTHLY_AGGR

temperature_2m -
total_precipitation_sum -

NEX-GDDP-CMIP6: NASA Earth Exchange
Global Daily Bias-Corrected and

Downscaled Data
NASA/GDDP-CMIP6

tas MPI-ESM1-2-HR,
CanESM5,

BCC-CSM2-MRpr

Temperature and precipitation data for the period from 1951 to 2024 were obtained
from the ERA5 reanalysis dataset with a spatial resolution of 0.25◦ × 0.25◦, and the forecast
values for 2025–2054 were calculated using the MPI-ESM1-2-HR, CanESM5, and BCC-
CSM2-MR models from the CMIP6 dataset.

The selection of models was determined by several criteria, including the availability
of the NEX-GDDP-CMIP6 archive for all utilized variables, the range of climatic sensitivity
levels (from moderate in BCC-CSM2-MR to high in CanESM5), and the proven effectiveness
of these models in reproducing climate parameters in the European part of Russia [43–45].
The models also show the lowest errors in reproducing temperature trends and precipi-
tation regimes in the European part of Russia (MPI-ESM1-2-HR has an average error of
±0.5 ◦C) [46,47]. The BCC-CSM2-MR model is often considered to be among the top five
models for continental climate analysis [48–50]. It has been demonstrated to be highly
effective in capturing diurnal temperature variations in regions where grain production
is a significant economic driver, making it a valuable tool for agricultural applications.
MPI-ESM1-2-HR is characterized by its high spatial resolution and effective performance
in temperature projections, yet it demonstrates certain inaccuracies in precipitation predic-
tions, attributable to systematic biases [51,52].The CanESM5 model is associated with “hot
models”, which are characterized by a climatic sensitivity of 5.65 K, a value that is higher
than that of all CMIP6 models [53]. Consequently, it can be considered a scenario of the
highest border of warming.

CMIP6 data were obtained from the NEX-GDDP-CMIP6 archive, where the Bias
Correction Spatial Disaggregation (BCSD) method was applied. The processing procedure
included two primary steps [54,55]. In the first step, quantile mapping was applied for each
variable by comparing the cumulative distribution functions (CDF) of the model data and
the Global Meteorological Forcing Dataset (GMFD) observations for the period 1960–2014.
To ensure the integrity of the data, a nine-year moving average was employed for each
month to calculate long-term trends. In the second step, interpolation was performed from
the native resolution of the models to a 0.25◦ × 0.25◦ grid. This process preserved the
spatial detail of the observational data by applying scaling factors to the high-resolution
GMFD climatology.

Both datasets were acquired through the GEE cloud platform using the Python libraries
geemap (v. 0.30.0), xarray (v. 2024.7.0), and xee (v. 0.0.20). Initially, the data underwent
averaging of monthly values to annual values—for temperature, these were the mean
values, and for precipitation, the sum. To analyze long-term trends, decadal averages were
calculated for all parameters.

3. Results
3.1. Historical Climate and Aridity Analysis (1951–2024)

The temperature regime in Rostov Oblast from 1951 to 2024 demonstrated significant
variability, with a pronounced positive trend, particularly evident in the last two decades
(Figure 2). At the beginning of the study period in the 1950s, the mean annual temperature
fluctuated primarily within the range of 8–10 ◦C, with an absolute minimum of 7 ◦C
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recorded in 1956. During the three decades that followed, up to 1990, the temperature
regime was characterized by quasi-cyclical fluctuations without a particularly pronounced
trend, with periodic decreases to 6.7 ◦C in 1987 and increases to 10.7 ◦C in 1966.

 

 

Figure 2. Distribution of mean annual temperature and precipitation averaged over the Rostov region
from 1951 to 2024 according to ERA5 and CMIP6 data.

The warming process intensified significantly in the early 2000s. Consequently, the
final stage of the period under investigation is marked by a pronounced increase in the
mean annual air temperature, with values regularly exceeding 10 ◦C, reaching 11 ◦C and
higher in certain years. The maximum recorded for the entire observed series was in 2023,
at approximately 12 ◦C, which is several degrees above the minimum values recorded in
the middle of the twentieth century.

In contrast to the temperature series, precipitation does not demonstrate a clear
unidirectional trend, which is reflected in high interannual variability. The minimum values
of precipitation were recorded in the early 1950s and amounted to 320–350 mm, as well as
at the end of the period under study. The maximum values were observed in the late 1970s,
and exceeded 700 mm. A particularly pronounced increase in precipitation is observed in
the Rostov region from 1970 to 1985, with several distinct peaks reaching over 700 mm per
year. In the late twentieth and early twenty-first century, the amplitude of fluctuations has
been observed to decrease, with periodically repeatable peaks in certain years.

The graphical representations of both variables demonstrate a decline in precipitation
accompanied by an increase in temperature in the early twenty-first century. This indicates
an increase in continentality and a shift towards a drier climate in the Rostov region.

The analysis of the spatial distribution of temperatures in the Rostov region demon-
strates a stable zonal structure of the thermal field (Figure 3). A meridional temperature



Climate 2025, 13, 151 8 of 21

gradient is evident in all periods under analysis, with increasing values from north to south.
The lowest temperatures in the northern parts of the region, which border the Voronezh and
Volgograd regions, are typically in the range of 8–9 ◦C. In contrast, the southern territories
that border the Azov Sea exhibit higher temperatures, ranging from 10–11 ◦C. The primary
cause of this differentiation is predominantly attributed to the latitudinal location of the
region, as well as the influence of continental-marine climatic contrasts. The mitigating
effect of the Azov Sea is manifested in the formation of a relatively warm zone in the
southern part of Rostov Oblast, which is especially evident in Taganrog Bay. In contrast, the
northeastern regions demonstrate a more pronounced continental influence, characterized
by lower temperature values.

 
Figure 3. Spatial distribution of air temperature according to ERA5 data on the territory of Rostov
Oblast for ten-year periods from 1951 to 2024.

Analysis of the spatial distribution of precipitation in Rostov Oblast reveals a relatively
uneven structure (Figure 4). Large values prevail mainly in the southwest in the areas
adjacent to the Sea of Azov and the Gulf of Taganrog, reaching average annual values of
650 mm in some years.

The northern parts of the region are characterized by lower values of approximately
350–500 mm, with some years reaching 500–550 mm. The southeastern region is the
most arid, with average annual precipitation levels rarely exceeding 400–450 mm. The
distribution of precipitation is influenced by the same factors as temperature, including
proximity to the Azov Sea in the south and continental climate in the north.

The distribution of the De Martonne index across the Rostov region from 1951 to 2024
was found to be non-uniform (Figure 5). Therefore, from 1951 to 1960, most of the Rostov
region demonstrated minimal values for the index, indicating arid climatic conditions. The
minimum values of aridity were observed in the southeastern region.
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Figure 4. Spatial distribution of annual precipitation according to ERA5 data on the territory of
Rostov Oblast for ten-year periods from 1951 to 2024.

 
Figure 5. Spatial distribution of the De Martonne index according to ERA5 data on the territory of
Rostov Oblast for ten-year periods from 1951 to 2024.

From the 1960s to the 1980s, there was a consistent increase in the De Martonne index,
with a gradual rise from west to east. By the late 1980s, the greater part of the region
had already become characterized by relatively humid conditions, indicating a decrease
in aridity trends in the area. However, it is important to note that climatic conditions in
the southeast remained predominantly arid. During the 1990s and 2000s, trends toward a
wetter climate persisted throughout the region, reaching a maximum over the entire study
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period. In contrast, the De Martonne index has demonstrated a substantial decrease across
the region, particularly in the southeastern areas, suggesting a resumption of the gradual
aridification of the region.

It is important to note that throughout the entire period of observations, a clear trend
is identified: the less arid conditions are observed in the northwestern and western regions,
while the southern regions typically experience higher levels of aridity. Furthermore, an
analysis of the temporal dynamics reveals a shift in the boundary between wetter and
drier zones to the northwest, suggesting an expansion of arid conditions across a more
extensive region.

3.2. Future Climate and Aridity Scenarios (2025–2054)

The graphs presented in Figures 6 and 7 offer a comparison of historical data from the
ERA5 reanalysis with projections from three global climate models for the period 2025–2054
for the Rostov region. According to calculations derived from the MPI-ESM1-2-HR model,
the mean annual temperature in Rostov Oblast is projected to increase from its current
value of approximately 11 ◦C to a range of 11.5–12.0 ◦C by the year 2054. The model
demonstrates a relatively moderate rate of warming, accompanied by minimal interannual
variability. A distinguishing attribute of this scenario is the gradual and consistent rise in
temperature, which is indicative of a systematic adjustment of the regional climate system
to evolving environmental factors.

 
Figure 6. Comparison of ERA5 reanalysis data with temperature projections of three global climate
models, MPI-ESM1-2-HR, CanESM5, and BCC-CSM2-MR.

 
Figure 7. Comparison of ERA5 reanalysis data with forecast calculations of precipitation from three
global climate models, MPI-ESM1-2-HR, CanESM5, and BCC-CSM2-MR.
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The CanESM5 model anticipates the most intense warming among the considered
scenarios. The mean annual temperature is projected to increase from 12 ◦C in 2025 to
13.5–14.0 ◦C by 2054, representing an increase of 1.5–2.0 ◦C over the 30-year period. The
model is distinguished by significant interannual variability, with temperature fluctuations
ranging from ±0.5 to 1.0 ◦C relative to the trend. This scenario is predicated on a substantial
transformation of climatic conditions in the region.

The BCC-CSM2-MR model occupies an intermediate position between the two previ-
ous scenarios. The projected temperature increases range from 11.5 ◦C at the beginning
of the period to 12.5–13.0 ◦C by 2054. The model demonstrates moderate interannual
variability and a relatively stable warming trend, indicating that this scenario is the most
probable to maintain current climate trends.

According to calculations performed using the MPI-ESM1-2-HR model, there will be
significant changes to the precipitation regime in Rostov Oblast. The model predicts an
increase in the interannual variability of annual precipitation amounts compared to the his-
torical period. The mean annual precipitation in this region is approximately 600–900 mm,
which is significantly higher than the most observed values during the XX–early XXI cen-
tury (400–600 mm). In certain years, maximum precipitation levels have been observed to
reach up to 1000–1200 mm, while minimum values have not decreased below 600 mm.

The CanESM5 model also demonstrates an increasing trend in annual precipitation
amounts. In the forecast period, the values in most years are in the range of 600–1000 mm,
and by the end of the period (2045–2054), there is a further increase, up to 1100–1200 mm in
some years. Interannual variability is high, indicating a possible increase in both very wet
and relatively dry years. A general analysis indicates that the CanESM5 scenario projects
the most significant increase in precipitation among the models under consideration.

According to the BCC-CSM2-MR model, the annual precipitation is projected to
increase between 2025 and 2050 compared to the historical period. However, the range
of variability is expected to be more extensive, primarily between 700 and 1000 mm, with
some extremes reaching up to 1300 mm. Interannual variability is observed and found to
be more pronounced than in the CanESM5 scenario. The model confirms the general trend
of increasing precipitation, but to a more significant extent than the other scenarios.

The spatial distribution of temperature and precipitation in the Rostov region, as
predicted by global models, is illustrated in Figures 8 and 9. The results of the MPI-ESM1-2-
HR model demonstrate that in the initial period (2025–2034), the conventional meridional
temperature gradient, characterized by cooler conditions in the northern regions (8–9 ◦C)
and higher temperatures in the southern part (10–11 ◦C), is sustained within the region. In
the subsequent period (2035–2044), a pronounced warming trend is observed, particularly
evident in the southern and central regions. For a large area, an average annual temperature
of 11–12 ◦C becomes the norm, which is 2–3 ◦C higher than in the previous period. By the
late 2040s and early 2050s, the projected temperature increase will have a significant impact
on nearly the entire region. Notably, even the northern regions, traditionally known for
their low temperatures, are experiencing values of 10–11 ◦C, while the southern territories
are reaching 12–13 ◦C.
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Figure 8. Spatial distribution of air temperature according to the global climate models MPI-ESM1-2-
HR, CanESM5, and BCC-CSM2-MR in Rostov Oblast for ten-year periods from 2025 to 2054.

The CanESM5 model projects a more moderate rate of warming over the next decade.
This period is distinguished by relatively stable temperature conditions, accompanied by
the retention of the natural latitudinal temperature gradient, where temperatures range
from 9 to 11 degrees Celsius. From 2035 to 2044, there will be a gradual increase in
temperature, with the northern parts of the region maintaining relatively cool conditions.
The most pronounced warming has been observed in the central and southern regions of
the region. During the period 2045–2054, a marked warming is observed throughout the
region, particularly in the southern part. The range of temperature distribution during this
period is observed to be at its peak between 11 and 14 ◦C.

The BCC-CSM2-MR model demonstrates notable similarities to CanESM5 in many
aspects, with the exception of the final period. The temperature profile across the region is
characterized by a gradual increase, with a meridional gradient extending from north to
south. The final period is distinguished by a substantial increase in temperature relative
to CanESM5, yet in this instance, the range of variability is narrower, spanning from 10 to
13 ◦C.
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Figure 9. Spatial distribution of precipitation according to the global climate models MPI-ESM1-2-HR,
CanESM5, and BCC-CSM2-MR in Rostov Oblast by decade from 2025 to 2054.

The distribution of precipitation varies among the models as well. According to
calculations derived from the MPI-ESM1-2-HR model, a pronounced zonal precipitation
gradient is expected to form in the Rostov region during the initial period (2025–2034).
The precipitation levels in the western and northwestern regions are notably higher, with
annual amounts ranging from 1200 to 1400 mm. In contrast, the eastern and southeastern
territories exhibit significantly lower precipitation levels, with annual totals ranging from
800 to 1000 mm. From 2035 to 2044, a fundamental shift will occur in the spatial distribution
of precipitation. A substantial decline in annual precipitation levels (800–1000 mm/year)
has been documented across the region. A pronounced decrease in precipitation has been
observed, particularly in the western regions that were previously characterized by high
precipitation levels. By the mid-1960s of the 21st century, the trend toward aridization
intensifies. The eastern parts of the region demonstrate critically low precipitation values
(700–800 mm/year), while the western part exhibits slightly more favorable moisture
conditions (900–1000 mm/year).
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The CanESM5 model demonstrates substantially different spatial dynamics of precipi-
tation. From 2025 to 2034, a contrast between drier eastern regions and relatively wetter
western regions is also evident. However, this contrast is less pronounced compared to that
observed in the MPI-ESM1-2-HR model. The period between 2035 and 2044 is characterized
by an increase in spatial differentiation. The western and northwestern parts of the region
are characterized by increased precipitation levels, with annual precipitation amounts
exceeding 1200 mm. In contrast, the eastern half of the territory exhibits moderately arid
conditions. In the final period (2045–2054), the spatial structure stabilizes with the preser-
vation of a pronounced west–east gradient. The western regions are distinguished by a
high degree of moisture, which can be indicative of changes in cyclone trajectories and
alterations in the regional atmospheric circulation.

The BCC-CSM2-MR model demonstrates the most conservative dynamics of the spatial
distribution of precipitation. In the period 2025–2034, most of the region is characterized
by a relatively uniform distribution of precipitation, ranging from 900 to 1100 mm/year,
with minimal fluctuations. Following this period, a gradual increase in total precipitation is
evident, particularly in the western part of the region. By the end of the period, a moderate
gradient is expected to have formed, with wetter conditions predominating in the west and
northwest of the region.

Therefore, the findings of the analyzed models indicate warming, yet the intensity of
this warming varies among the models. The CanESM5 model predicts the most significant
increase in temperature, while the other two models project more moderate increases. In the
context of precipitation, a similar situation is observed. CanESM5 predicts a differentiation
between the west and east in terms of precipitation. MPI-ESM1-2-HR predicts a progressive
decrease in humidity after its rapid increase in the first 10 years. BCC-CSM2-MR shows
more restrained scenarios of precipitation increase compared to the first two.

The identified spatial patterns suggest a potential transformation of regional climate
systems. The strengthening of temperature gradients and changes in the spatial pattern
of precipitation may lead to the formation of new agroclimatic zones. This, in turn, may
require a revision of land use strategies in different parts of Rostov Oblast. The western
regions of the region may encounter issues related to overwatering or, conversely, moisture
deficit, while the eastern areas are susceptible to increasing aridity under all scenarios.

The De Martonne aridity index demonstrates significant variation across models
(Figure 10). Consequently, the MPI-ESM1-2-HR model demonstrates the most significant
variability among aridity classes, both geographically and temporally. Projections indicate
that between 2025 and 2034, the region’s territory will undergo a substantial increase in
moisture content, with the western part predominantly comprising areas characterized
by a very humid climate. The region’s territory is characterized by a notable presence of
moisture, with no arid regions observed during this period. The transition to the next
time stage is accompanied by a significant change in climatic characteristics. Although
arid conditions are not yet present, the parameters have already fallen to the boundary of
aridity limits, initially in the southeastern region of the oblast, where the index value is
30–40 units. In the last period, climatic conditions changed slightly, making the climate
more humid than in the previous period, and the index value is between 45–50 units.
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Figure 10. Spatial distribution of the De Martonne index according to global climate models MPI-
ESM1-2-HR, CanESM5, and BCC-CSM2-MR in the Rostov region for ten-year periods from 2025
to 2054.

The CanESM5 and BCC-CSM2-MR models show similar results of De Martonne
aridity index calculations, except that the CanESM5 model gives a forecast of wetter
conditions than BCC-CSM2-MR. Regarding aridity, both models agree in predicting that it
will gradually decline after a sharp increase in 2025–2034. However, the CanESM5 model
predicts a sharper differentiation between dry and wet areas than the BCC-CSM2-MR.

According to the MPI-ESM1-2-HR model, by the year 2054, 65% of the Rostov region
is expected to transition from the humid category (index > 60) to the sub-humid class.
The most substantial changes are anticipated in the northern region, where the index is
expected to decrease from 60 to 40 units. In contrast, the CanESM5 model demonstrates a
stabilization scenario, in which 100% of the region’s territory remains in the sub-humid
class (30–60 units). The BCC-CSM2-MR model presents the most optimistic scenario,
with minimal changes not exceeding ±5.6% in all regions. Notably, the models have
not demonstrated the prediction of any region’s transition to dry subhumid conditions
(index < 30), which prevents the formation of critical level aridization. The southeastern
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region remains the most vulnerable zone in all climate scenarios, with minimum index
values ranging from 25 to 45 units. The spatial contrast between the most humid and arid
regions remains at the level of 15–25 index units in all models, thereby confirming the
stability of the meridional aridity gradient.

4. Discussion
The results of the study indicate a pronounced and steady increase in the mean annual

air temperature from 1951 to 2024. This increase has been particularly strong over the
last two decades, confirming current global and regional trends. In recent years, average
annual temperatures in Rostov Oblast have exceeded 11 ◦C, 2 ◦C higher than in the 1950s.
However, the dynamics of precipitation do not show the same clearly pronounced trend as
temperature. It is characterized by high interannual variability, with periods of both intense
moisture and precipitation deficits. Spatial analysis revealed a stable temperature gradient
from north to south, as well as uneven precipitation distribution, with the greatest amounts
falling in the southwest and the least in the southeast. The De Martonne aridity index also
reflects spatial and temporal heterogeneity. After a period of active growth associated with
high levels of precipitation in the last two decades, there has been a decrease, especially in
the southeast. This indicates the strengthening of aridization processes in the southern part
of the Rostov region. Global climate model forecasts for the period 2025–2054 uniformly
predict a gradual increase in temperature and precipitation; however, the intensity of
this growth varies by model. The most radical scenarios suggest an intensification of
climatic contrasts and an expansion of zones with insufficient moisture, particularly in the
southeastern part of the region.

The obtained results of temperature change in Rostov Oblast are in full agreement
with the findings of Nazarenko [25], who recorded an increase in mean annual temperature
by 1.2 ◦C for the period 1966–2020. Also, the revealed spatial pattern of aridization,
characterized by significant changes in the eastern regions, confirms the conclusions of
Gudko [27], who found a significant decrease in the hydrothermal Selyaninov coefficient
in the same regions of Rostov Oblast. At the same time, it should be noted that the
tendency to an increase in precipitation predicted by all used models somewhat contradicts
the conclusions of Medyanik [26], who assumed a steady decrease in precipitation. The
predictions of MPI-ESM1-2-HR and CanESM5 models about the formation of the climatic
dipole “wet west–dry east” are consistent with the concept of Greve and Seneviratne [8]
about the redistribution of atmospheric moisture under global warming.

The identified climate trends and projections have a direct impact on the region’s agro-
industrial complex, which is likely to lead to a transformation of agricultural approaches
in the future. Projected temperature increases of 2–3 ◦C by 2054 and increased aridization
of the southeast will make it unprofitable to grow moisture-loving crops such as corn
and soybeans. As noted by Gudko [31], the most optimal solution in this situation is to
increase the share of sorghum, chickpea, and flax cultivation, which are quite well adapted
to moisture deficit and relatively high temperatures. The trend of temperature increase in
the next 30 years increases the risk of potential substitution of spring wheat cultivation
instead of winter wheat due to an increase in the number of warm winters and winter
thaws. It should also be noted that even with the projected increase in precipitation (up to
1200 mm/year in the west), its uneven distribution and evapotranspiration due to rising
air temperatures are likely to increase reliance on irrigation. This could potentially lead to
significant competition between agriculture and industry, especially for water intake from
the Tsimlyansk reservoir, which is already declining by an estimated 1.2 m/year, causing a
cascading effect of ecosystem transformation in the surrounding areas.
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4.1. Crop Adaptation Strategies

A review of the results reveals that the southeastern part of Rostov Oblast (Kuma–
Manych Depression) is characterized by a high risk of aridization (Table 3). The region is
characterized by a variation in the De Martonne index, with other areas exhibiting a low
risk level ranging from 45 to 70. According to the De Martonne index classification, the
northwestern part of the region demonstrated the most positive conditions in the future,
where the climate will shift to humid. The central, north central, and southwest regions
have also been observed to demonstrate stable conditions, without any significant shifts
in climate regime. This region constituted approximately 80% of the territory and can
be classified as the zone of low aridization risk. This aspect can preserve the traditional
structure of the crops with minimal adaptation measures. The basis of crop rotation should
be corn, soybeans, and winter wheat, which have been demonstrated to grow effectively
with a De Martonne index above 40–45 units. The cultivation of additional drought-resistant
crops, such as sorghum and chickpeas, is recommended as insurance crops, with a target
area of 10–15% of grain production. This approach is expected to ensure diversification of
risks without the need for a radical change in agro-industrial specialization.

Table 3. Proposed crop adaptation strategies in Rostov Oblast.

Zone Risk Level Main Crops Supplementary Crops Adaptation Level

West

Low corn, soybeans, winter wheat Sorghum (drought resisted crops) Minimal
North

Central
Southwest
Southeast High Sorghum, chickpeas Winter wheat (limited) Significant

The high-risk zone, which is in the southeastern part of the region, requires substantial
adaptation measures. With an average index of 38 units, the primary crops should be
sorghum and chickpeas, which have demonstrated effective adaptation to conditions with
an index of 25–40 units. Intensive adaptation is required only in the southeastern regions
(Zavetinsky, Zimovnikovsky, Orlovsky, Remontnensky), where it is necessary to convert
50–70% of grain areas to sorghum and leguminous crops within 3–5 years.

4.2. Limitations of the Study

The main limitation of this study is that the use of ERA5 reanalysis data is associ-
ated with systematic overestimation of precipitation amounts in 40% of cases, which is
confirmed by comparison with correction data from weather stations [56]. Also, forecast
calculations based on CMIP6 models have several limitations related to the lack of consid-
eration of regional peculiarities of land use and anthropogenic impact, underestimation of
uncertainty of inter-model discrepancies when extrapolating to 2054, and limited ability to
reproduce extreme droughts [57]. The comparative analysis revealed some discrepancies in
precipitation forecasts between models, which are particularly pronounced for the western
parts of the region, most likely due to fundamental differences in the parameterization
of convective processes in the model kernels. Also, this study does not take into account
microclimatic effects of urbanized areas (Rostov-on-Don, Taganrog), where heat islands
can enhance local aridization [58]. These limitations do not reduce the scientific value of
the work but define directions for further research in the field of regional climate modeling.

The systematic overestimation of ERA5 precipitation [59,60] represents a structural
limitation of the study, potentially leading to an overestimation of the De Martonne index
and an underestimation of the degree of aridity. The spatial heterogeneity of this bias has
the potential to distort the revealed aridity gradients, particularly in the arid southeastern
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parts of the region. When interpreting the results, it is crucial to take this uncertainty into
account, particularly when formulating adaptation strategies.

Despite this limitation, the utilization of ERA5 remains scientifically valid for the
analysis of long-term trends, as systematic biases do not affect the slope of the time series,
and qualitative conclusions about the direction of change remain valid [60]. Furthermore,
the consistency of results across different CMIP6 models underscores the reliability of the
identified aridification trends.

The utilization of NEX-GDDP-CMIP6 data offers high-quality regional projections.
However, it is important to note that the methodology employed is subject to certain
limitations. The BCSD method is predicated on the assumption that the relative spatial
patterns observed from 1960 to 2014 will remain constant in the context of future climate
changes. This stationary assumption can be violated by significant changes in atmospheric
circulation. Furthermore, the bias correction does not affect the slope of the trends in the
model projections, thereby preserving the original rates of change, as evidenced by the
results obtained. The uncertainty of the downscaling data is estimated at ±10–15% for
regional climate projections of continental areas.

5. Conclusions
The present study was conducted to comprehensively assess the spatiotemporal

dynamics of climatic aridization in the Rostov region. This analysis was based on two
sources of data: historical data from 1951 to 2024 and predictive climate models CMIP6
from 2025 to 2054. The primary results of the study are as follows.

The average annual air temperature in the Rostov region for the period 1951–2024
demonstrates a stable positive trend, especially pronounced since the early 2000s. By 2023,
the values had increased to 12 ◦C, which is 2–3 ◦C higher than the values recorded in
the 1950s. Precipitation demonstrates high interannual variability without a discernible
long-term trend; however, a downward trend has been observed over the past two decades,
particularly in the southeastern regions, leading to an increase in the continentality of
the climate.

A stable meridional temperature gradient has been revealed. The southern parts of
the region, adjacent to the Sea of Azov, have been found to be 1–2 ◦C warmer than the
northern parts. The distribution of precipitation and the De Martonne aridity index both
demonstrate the zonality of aridization, indicating that the driest conditions are observed
in the southeast (Manych Lowland), while the northwestern regions remain relatively
more humid.

All models utilized (MPI-ESM1-2-HR, CanESM5, BCC-CSM2-MR) indicate further
warming by 2054 (+1.5–3 ◦C), but the intensity of changes varies. The CanESM5 model
predicts the most significant temperature increase (up to 13–14 ◦C), while MPI-ESM1-2-HR
and BCC-CSM2-MR demonstrate more temperate scenarios. Precipitation forecasts indicate
a potential increase of 1000–1300 mm/year, characterized by significant spatial variability.
Western regions are expected to experience increased precipitation, while southeastern
regions are projected to undergo a moisture deficit.

According to the MPI-ESM1-2-HR model, by the year 2054, most of the Rostov region
territory will transition from the humid category (index > 60) to the sub-humid class. The
most substantial changes are anticipated in the northern region, where the index is expected
to decline. The CanESM5 model presents a stabilization scenario, wherein 100% of the
region’s territory remains in the sub-humid class (30–60 units).

The findings indicate that 80% of the region’s territory can be classified as a low
climate risk zone, where the traditional cropping structure can be sustained with minimal
adaptation measures. The foundation of crop rotation should be corn, soybeans, and
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winter wheat. A recent analysis indicates that only 20% of the territory, specifically the
southeastern zone, necessitates substantial adaptation measures in order to facilitate the
transition to drought-resistant crops, such as sorghum and chickpeas. It is recommended
that a gradual introduction of drought-resistant crops as insurance be implemented (10–15%
of grain areas) for all zones in order to diversify risks.

Rising temperatures will increase evaporation and evapotranspiration, which, in con-
junction with an uneven distribution of precipitation, will increase the dependence on
irrigation. This necessitates a comprehensive review of water management strategies, par-
ticularly in light of the persistent decline in the Tsimlyansk reservoir, which is experiencing
an annual reduction of 1.2 m. The projected increase in aridization in the southeastern
regions will pose a significant challenge to the viability of cultivating moisture-loving crops,
necessitating the development of adapted livestock farming practices, particularly in the
areas of sheep and goat breeding.
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