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Abstract

Climate change is expected to alter hydro-climatic conditions and water availability across
Central Europe, with important implications for vegetation and land-use systems. This
study assesses projected changes in climatic water balance (CWB), hydro-climatic stress
indicators, and their relationship with root-zone soil moisture in Brandenburg, Germany.
Four regional climate model realizations under RCP4.5 and RCP8.5 were analyzed for
2006–2100. Air temperature (tas), precipitation (pr), reference evapotranspiration (ET0),
and CWB were evaluated together with indicators describing drought frequency, water-
deficit magnitude, aridity, and standardized CWB anomalies. All model realizations
project substantial warming, exceeding +2 ◦C under RCP8.5 by the late century. While
annual precipitation remains relatively stable, vegetation-period precipitation decreases
and evaporative demand increases, resulting in increasingly negative growing-season
CWB. Projected vegetation-period CWB changes range from −22 to −139 mm between
near-future and far-future periods. Hydro-climatic stress indicators consistently show
increasing seasonal water limitation. Comparisons between CWB and root-zone soil
moisture reveal significant positive relationships (p < 0.001), although explanatory power
remains low (R2 < 0.14). Despite differences in the magnitude of projected changes, all
model realizations agree on the direction of change, indicating a robust signal of increasing
growing-season drying. These findings highlight the importance of seasonal hydro-climatic
indicators for assessing future drought risk and ecosystem water availability.

Keywords: climatic water balance; hydro-climatic stress; drought; soil moisture;
evapotranspiration; vegetation period; climate change; regional climate models; Brandenburg;
Central Europe

1. Introduction
Climate change is increasingly altering hydro-climatic conditions across Europe

through rising temperatures, changing precipitation regimes, and increasing atmospheric
evaporative demand, with important implications for ecosystem functioning, water avail-
ability, and land-use systems [1–3]. In Central Europe, recent decades have been charac-
terized by recurrent drought events, including the exceptional 2018–2020 drought, which
significantly affected vegetation productivity, forest ecosystems, and regional water re-
sources [4–6]. Climate projections consistently indicate continued warming throughout the
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twenty-first century, accompanied by increasing evaporative demand and seasonal shifts
in precipitation patterns [1,7,8].

In Germany, particularly in the northeastern regions, climate change is expected to
intensify seasonal contrasts in water availability, with wetter winters and increasingly
warm and dry growing seasons [9–11]. These seasonal changes are particularly relevant,
as vegetation-period water availability is a key control on plant productivity, ecosystem
functioning, and land–atmosphere interactions [12–14]. Rising temperatures further in-
crease atmospheric evaporative demand, thereby intensifying seasonal water limitation
even under relatively stable annual precipitation totals [3,15].

Brandenburg, located in northeastern Germany, is particularly vulnerable to hydro-
climatic change due to relatively low precipitation, sandy soils with limited water-holding
capacity, and extensive forest and agricultural land use [11,12,16]. Observational records
show increasing temperatures, recurrent drought episodes, and strong interannual vari-
ability in water availability across the region [17–19]. As one of the driest federal states in
Germany, Brandenburg frequently experiences growing-season water deficits driven by
the combined effects of limited precipitation and increasing evaporative demand [20].

Previous studies in Germany and Central Europe have mainly focused on drought
indices, individual climate variables, or sector-specific impacts on agriculture and
forestry [21–23]. However, comparatively fewer studies have investigated seasonal hydro-
climatic conditions using physically based indicators in combination with high-resolution
regional climate projections, particularly for northeastern Germany. In addition, the com-
bined assessment of atmospheric water balance and root-zone soil moisture remains limited.

To address this gap, this study applies a physically based framework to quantify
seasonal hydro-climatic change in Brandenburg. The climatic water balance (CWB), defined
as the difference between precipitation and reference evapotranspiration (ET0), is used as
the primary indicator of atmospheric water availability. CWB integrates both water supply
and atmospheric evaporative demand in physical units (mm), enabling a process-based
assessment of hydro-climatic conditions. Unlike standardized drought indices such as
SPI or SPEI, which are designed for relative anomaly characterization, CWB provides an
absolute measure of water surplus and deficit [3,24,25]. Accordingly, CWB is used here to
analyze changes in atmospheric water availability rather than drought classification.

High-resolution regional climate simulations are essential for capturing spatially het-
erogeneous climate signals that cannot be resolved by global climate models alone [26–28].
This study uses the official, bias-corrected regional climate ensemble for Brandenburg,
which forms the basis for regional climate impact assessments and adaptation planning.
This dataset provides a consistent framework for evaluating future seasonal hydro-climatic
conditions and associated uncertainties.

The overarching objective of this study is to assess projected seasonal hydro-climatic
changes and vegetation-period water limitation in Brandenburg using high-resolution
regional climate projections. Specifically, the study aims to:

1. Quantify projected changes in air temperature (tas), precipitation (pr), reference evap-
otranspiration (ET0), and climatic water balance (CWB) over the twenty-first century;

2. Assess temporal and spatial variations in growing-season hydro-climatic conditions
under different emission scenarios;

3. Relate projected CWB dynamics to modelled root-zone soil moisture conditions in
order to evaluate regional water availability;

4. Assess hydro-climatic stress indicators and associated uncertainties using a multi-
model regional climate ensemble.

https://doi.org/10.3390/w18141737

https://doi.org/10.3390/w18141737


Water 2026, 18, 1737 3 of 33

2. Data and Methods
This study uses high-resolution regional climate projections and modelled soil mois-

ture data to assess future hydro-climatic conditions in Brandenburg, Germany. The method-
ological framework includes climate and soil moisture datasets, derivation of climatic water
balance (CWB) and related indicators, and analysis of seasonal and inter-model variability.

2.1. Study Area

The study area is the federal state of Brandenburg, northeastern Germany (51.9–53.6◦ N,
11.3–14.5◦ E), surrounding Berlin (Figure 1). It covers approximately 29,500 km2 within
the North German Plain and is characterized by low-relief glacial landscapes, including
moraines, outwash plains, and kettle lake systems. Elevation ranges from near sea level to
approximately 200 m a.s.l. [29].

 

Figure 1. Study area of Brandenburg, Germany: (a) location within Germany; (b) land cover
(Sentinel-2, 2020); (c) elevation (DGM 5 m; [29]); (d) mean annual air temperature (1991–2020);
(e) mean annual precipitation (1991–2020); (f) precipitation variability (1955–2024; [20]). The apparent
central gap corresponds to Berlin (city-state), which is excluded due to its urban climate. Climate
variables are based on gridded observational datasets; ArcGIS version 10.8.2 was used for map
preparation [30]. All map panels were created by the authors using data from the cited sources.

Brandenburg is located in a temperate transitional climate zone influenced by both
maritime and continental air masses. Mean annual precipitation exhibits a pronounced
west–east gradient, ranging from less than 500 mm in the southeast to more than 600 mm
in the northwest, while mean annual air temperature is approximately 8.5–10 ◦C [31]. In
recent decades, the region has experienced increasing temperatures and more frequent
summer drought conditions, reflecting increasing seasonal water limitation [11].
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Soils are predominantly sandy and derived from Quaternary glacial deposits, resulting
in low water-holding capacity and limited plant-available soil moisture [32]. Combined
with relatively low precipitation and increasing atmospheric evaporative demand, these
conditions strongly constrain water availability during the growing season.

Land cover is dominated by forests, croplands, and grasslands, with forests largely
composed of Scots pine (Pinus sylvestris) [33]. The combination of climatic conditions,
soil characteristics, and land-use structure makes Brandenburg particularly sensitive to
seasonal water limitation and drought-related impacts.

2.2. Data
2.2.1. Climate Data

Climate projections were obtained from the Brandenburg State Office for the Envi-
ronment (LfU) within the official regional climate projection framework used for climate
adaptation and environmental planning in Brandenburg [34]. The dataset consists of four
regional climate model chains (Table 1) derived from global climate simulations of the
Coupled Model Intercomparison Project Phase 5 (CMIP5), driven by the Representative
Concentration Pathways (RCP4.5 and RCP8.5).

Table 1. Regional climate model chains used in this study, including driving global climate models,
downscaling methods, emission scenarios, and spatial resolution. Information compiled from the
climate projection dataset provided by the Brandenburg State Office for the Environment (LfU
Brandenburg) [34].

Global Model Regional Model Abbreviation Downscaling
Method RCP Scenarios Spatial Resolution

MOHC-HadGEM2-ES KNMI-RACMO22E HadGEM2-KNMI Dynamical RCP4.5, RCP8.5 3 km

MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 MPI-CLMcom Dynamical RCP4.5, RCP8.5 3 km

CCCma-CanESM2 DWD-EPISODES2018 CanESM2-DWD Statistical RCP4.5, RCP8.5 3 km

MPI-M-MPI-ESM-LR DWD-EPISODES2018 MPI-DWD Statistical RCP4.5, RCP8.5 3 km

The ensemble combines both dynamically and statistically downscaled climate projec-
tions. Dynamical downscaling is based on EURO-CORDEX and related regional climate
modelling initiatives and provides data at a spatial resolution of 3 × 3 km. Statistical
downscaling approaches were applied within national climate service frameworks and
regional modelling systems [34].

All simulations were bias-corrected using high-resolution observational reference
datasets, including HYRAS and E-OBS, to improve the representation of regional climate
conditions and ensure consistency with observed climatology [34–36]. The ensemble was
additionally evaluated against historical observations for the reference period 1951–2005
by the German Weather Service (Deutscher Wetterdienst, DWD) and LfU as part of the
quality-control procedure underlying the operational climate projection framework used
for climate impact assessments and adaptation planning in Brandenburg [34].

The objective of this study is not to compare different CMIP generations, but to
assess projected hydro-climatic changes using a consistent and regionally validated climate
projection dataset. All model chains were processed within a harmonized framework,
ensuring methodological consistency across the ensemble [34].

All climate model outputs are provided in NetCDF format at daily temporal resolution
for the period 1951–2100. Variables include near-surface air temperature (tas), maximum
and minimum temperature (tasmax and tasmin), precipitation (pr), relative humidity (hurs),
surface wind speed (sfcWind), surface downwelling shortwave radiation (rsds), and surface
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pressure (psl). These variables were used to derive reference evapotranspiration (ET0),
climatic water balance (CWB), and all hydro-climatic indicators analyzed in this study.

2.2.2. Modelled Soil Moisture Data

Modelled root-zone soil moisture data were obtained from the DWD Climate Data
Center [37]. The dataset provides daily values at 1 km resolution expressed as percent
usable field capacity (‰ nFK), derived using the LWF-Brook90 hydrological model driven
by meteorological forcing, soil, and land-use data [37].

The dataset covers 1991–2025 and represents modelled estimates rather than direct
observations. It is widely used to characterize plant-available water and hydro-climatic
stress. Root-zone soil moisture (0–60 cm) is a key indicator of vegetation water avail-
ability [38,39], although groundwater influence may locally decouple soil moisture from
atmospheric forcing.

2.3. Methodology

A multi-step hydro-climatic assessment framework was applied to quantify seasonal
water availability and hydro-climatic variability in Brandenburg using regional climate
model simulations and derived hydro-climatic indicators (Figure 2).

 

Figure 2. Conceptual and methodological workflow of the study. Processing of climate model data,
calculation of climatic water balance (CWB) and hydro-climatic indicators, soil moisture comparison,
and ensemble-based uncertainty analysis.

The analysis is based on physically derived variables, including precipitation, reference
evapotranspiration, climatic water balance (CWB), and root-zone soil moisture, enabling a
process-based assessment of seasonal hydro-climatic conditions [3,40,41].
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Four complementary indicators were calculated for the growing season (April–September):
Frequency of Deficit Years (FDY), Magnitude of Water Deficit (MWD), Growing-Season Aridity
Index (AIGS), and standardized climatic water balance anomalies (CWBGS,Z).

2.3.1. Climate Data Processing and Ensemble Framework

Daily climate variables (Table 1) were processed in the R environment [42] using stan-
dard geospatial workflows for NetCDF data. Preprocessing included spatial harmonization
to a common reference grid, derivation of secondary variables (ET0 and CWB), and tem-
poral aggregation to growing-season (April–September) and annual (January–December)
scales. The growing-season definition follows the climatologically active vegetation period
in Central Europe, during which evapotranspiration and atmospheric water demand reach
their annual maxima [43,44].

All analyses were based on four regional climate model realizations (CanESM2-DWD,
HadGEM2-KNMI, MPI-CLMcom, and MPI-DWD), representing both dynamical and sta-
tistical downscaling approaches. The MPI-CLMcom realization served as the primary
reference dataset for detailed spatial and temporal analyses based on its validated per-
formance in Central Europe [7,45]. This selection does not imply universal superiority;
the remaining three realizations were retained specifically for ensemble-based uncertainty
assessment (Section 2.3.6).

The following daily variables were used as input: near-surface air temperature (tas),
maximum/minimum temperature (tasmax and tasmin), precipitation (pr), relative humid-
ity (hurs), wind speed (sfcWind), shortwave radiation (rsds), and surface pressure (psl).

2.3.2. Reference Evapotranspiration and Climatic Water Balance

Reference evapotranspiration (ET0) was estimated using the FAO-56 Penman–
Monteith formulation [46]. Daily climatic water balance (CWB) was then calculated as the
difference between precipitation and ET0:

CWBt = prt − ET0,t (1)

Positive CWB values indicate water surplus; negative values indicate that atmospheric
evaporative demand exceeds precipitation supply. CWB provides a physically transparent,
mass-balance-based representation of the atmospheric water supply–demand relation-
ship [25,47], though it does not explicitly include soil moisture storage or hydrological
buffering (see Section 2.3.5).

2.3.3. Future Climate Periods and Scenarios

Projected time series (2006–2100) for temperature, precipitation, ET0, and CWB were
analyzed under RCP4.5 and RCP8.5 based on the MPI-CLMcom simulation (Section 2.3.1).
Following WMO guidelines (2017) [48], three 30-year periods were compared (near future:
2006–2035; mid future: 2036–2065; far future: 2071–2100) to reduce the influence of internal
climate variability. Temperature variables were averaged over each period, while precipita-
tion and ET0 were aggregated as cumulative sums to reflect their flux-based nature.

2.3.4. Indicators of Hydro-Climatic Stress

Hydro-climatic stress was assessed using four complementary indicators derived
from the growing-season climatic water balance (CWBGS), following the vegetation-period
definition in Section 2.3.1 [25,47]. For each year i, the growing-season climatic water balance
was calculated as:

https://doi.org/10.3390/w18141737
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CWBgs = ∑
{t∈GS}

(prt − ET0,t) (2)

where prt is daily precipitation and ET0,t is daily reference evapotranspiration during
April–September.

Hydro-climatic stress indicators include:

• Frequency of Deficit Years (FDY) is defined as the proportion of years with a negative
growing-season climatic water balance (CWBGS,i < 0). Increasing FDY indicates more
frequent seasonal water deficits and reduced atmospheric water availability during
the vegetation period [49,50].

• Magnitude of Water Deficit (MWD) is defined as the negative value of CWBGS,i
when CWBGS,i < 0, with more negative values indicating stronger atmospheric water
limitation and hydro-climatic stress [3,47,49].

• Growing-Season Aridity Index (AIGS) was calculated as:

AIGS, i = ∑ t ∈ GS ET0, t

∑ t ∈ GS prt
(3)

Values greater than 1 indicate that atmospheric evaporative demand exceeds precipita-
tion, reflecting enhanced atmospheric dryness [4,51].

• Standardized CWB Anomaly (CWBGS,Z) was computed as:

Zi =
(CWBGS,i − µ)

σ
(4)

where µ and σ are the mean and standard deviation of CWBGS over the full simulation
period. Negative values indicate drier-than-average conditions [4,40]. Moderate and
severe drought frequencies were defined as the proportion of years with Z < −1 and
Z < −2, respectively, calculated for each 30-year period [1,40].

For visualization, sequential colour schemes were applied to frequency-based in-
dicators (FDY and drought frequencies), while diverging colour schemes were used
for magnitude- and anomaly-based indicators (MWD, AIGS, and CWBGS,Z). Diverging
blue–white–red palettes were used to represent transitions from wetter/less stressful
to drier/more stressful conditions, with white indicating near-average conditions. For
drought frequency metrics derived from CWBGS,Z thresholds (Z < −1 and Z < −2), sequen-
tial red colour schemes were applied to represent increasing drought occurrence.

2.3.5. Comparison with Observed Soil Moisture

The relationship between modelled growing-season CWB from the reference real-
ization (MPI-CLMcom; Section 2.3.1) and observed root-zone soil moisture (SM, ‰ nFK,
0–60 cm) from DWD was evaluated for 2006–2025. CWB data (3 km resolution) were
spatially resampled to the SM grid (1 km) using bilinear interpolation [52]. The DWD soil
moisture product is model-derived and does not explicitly resolve groundwater-influenced
sites, which should be considered when interpreting the CWB–SM relationship.

To assess soil moisture responses under contrasting hydro-climatic conditions, the
analysis period was subdivided into three a priori defined phases based on documented
regime shifts in Central Europe [3,53,54]: (i) 2006–2014 (baseline), (ii) 2015–2020 (extended
drought period), and (iii) 2021–2025 (post-drought recovery). The relationship between
CWB and SM was quantified separately for each phase using linear regression:

https://doi.org/10.3390/w18141737
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SM = a · CWB + b (5)

where a and b are regression parameters. The coefficient of determination (R2) was used to
quantify the strength of the relationship across hydro-climatic phases.

2.3.6. Trend and Uncertainty Assessment

Temporal trends were evaluated using the non-parametric Mann–Kendall test and
Sen’s slope estimator [55–57], with statistical significance assessed at p < 0.05.

Projection uncertainty was assessed from three complementary sources. Inter-
model uncertainty was quantified using four regional climate model (RCM) realizations
(CanESM2-DWD, HadGEM2-KNMI, MPI-CLMcom, and MPI-DWD). Ensemble statis-
tics included the multi-model mean, standard deviation, interquartile range (IQR), and
minimum–maximum range. Scenario uncertainty was evaluated by comparing results
from RCP4.5 and RCP8.5 across three future periods: near-future (2006–2035), mid-century
(2036–2065), and far-future (2071–2100). Internal climate variability was represented by
temporal variability within each 30-year climatological period, consistent with World
Meteorological Organization (WMO) climate normal definitions [48].

All analyses were performed on spatially harmonized grids and consistent tem-
poral aggregation periods to ensure comparability across variables, scenarios, and
model realizations.

3. Results
Projected changes in hydro-climatic conditions and water availability in Brandenburg

are presented below. Results are first shown for the representative MPI-CLMcom simula-
tion (Sections 3.1–3.4), followed by a comparison across all four regional climate model
realizations to evaluate inter-model variability and uncertainty (Section 3.5).

3.1. Projected Changes in Climate Variables

Projected changes in annual and growing-season climate variables (MPI-CLMcom) are
shown in Figures 3 and 4. Historical simulations (1951–2005) are provided in Appendix A,
Figure A1.

Temperature increases consistently across both temporal scales and scenarios. By
2071–2100, annual mean temperature rises by +1.05 ◦C (RCP4.5) and +2.17 ◦C (RCP8.5)
relative to 2006–2035. Growing-season temperature increases by +0.94 ◦C (RCP4.5) and
+2.46 ◦C (RCP8.5).

Precipitation shows a seasonal divergence. Annual precipitation increases slightly
(+12.5 mm under RCP4.5; +44.6 mm under RCP8.5), whereas growing-season precipitation
decreases (−9.3 mm and −33.3 mm, respectively), indicating a seasonal redistribution
toward the non-growing season.

Reference evapotranspiration (ET0) increases annually (+23.9 mm under RCP4.5;
+26.1 mm under RCP8.5). Growing-season ET0 increases under RCP4.5 (+14.8 mm) but
shows a slight decrease under RCP8.5 (−10.6 mm), reflecting scenario-dependent changes
in atmospheric demand.

Climatic water balance (CWB) exhibits contrasting signals. Annual CWB changes from
−2.7 mm (RCP4.5) to +18.4 mm (RCP8.5). In contrast, growing-season CWB consistently
decreases under both scenarios (−21.7 mm under RCP4.5; −22.8 mm under RCP8.5),
indicating increasing seasonal water limitation.

Historical simulations (Appendix A, Figure A1) show a clear long-term temperature
increase, while precipitation exhibits high interannual variability with no clear growing-
season trend.

https://doi.org/10.3390/w18141737
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Figure 3. Projected annual and growing-season climate variables in Brandenburg (2006–2100). MPI-
CLMcom simulations under RCP4.5 (blue) and RCP8.5 (red). Panels (a–d): annual tas, pr, ET0, and
CWB. Panels (e–h): growing-season (April–September) values. Dashed lines indicate long-term
means. Note the divergence between annual and growing-season CWB responses.
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Figure 4. Projected climate variable changes between future periods. Differences between 2071–2100
and 2006–2035 under RCP4.5 and RCP8.5. (a) Annual conditions; (b) growing-season conditions.
Positive values indicate increases.

3.2. Climatic Water Balance Dynamics

Annual and growing-season CWB dynamics (2006–2100) are shown in Figure 5, with
period changes in Figure 6 and spatial patterns in Appendix A, Figure A2.

Annual CWB exhibits strong interannual variability (range: −499 to +307 mm under
RCP4.5; −406 to +239 mm under RCP8.5; Figure 5) but no statistically significant long-
term trend (RCP4.5: slope = 0.04 mm yr−1, p = 0.930; RCP8.5: slope = 0.05 mm yr−1,
p = 0.929; Mann–Kendall τ near zero, p > 0.8). Thirty-year means confirm relative stability:
annual CWB changes from −45.1 mm (2006–2035) to −47.8 mm (2071–2100) under RCP4.5
(∆ = −2.7 mm), and from −49.4 mm to −31.0 mm under RCP8.5 (∆ = +18.4 mm) (Figure 6).

Growing-season CWB, in contrast, shows persistently negative values throughout
the period, indicating that evaporative demand generally exceeds precipitation dur-
ing the vegetation period. Although trends are statistically non-significant (RCP4.5:
slope = −0.26 mm yr−1, p = 0.523; RCP8.5: slope = −0.66 mm yr−1, p = 0.145), climatologi-
cal means reveal a consistent shift toward more negative conditions. Under RCP4.5, mean
growing-season CWB declines from −180.6 mm (2006–2035) to −202.3 mm (2071–2100;
∆ = −21.7 mm). Under RCP8.5, it declines from −168.8 mm to −191.5 mm (∆ = −22.8 mm).
Decadal means reach as low as −286 mm under both scenarios in specific decades.

Spatial patterns (Appendix A, Figure A2) were heterogeneous for annual CWB but
uniformly negative for growing-season CWB. Annual changes showed small regional
means but large spatial variability (−2.7 ± 9.6 mm under RCP4.5; +18.4 ± 12.7 mm under
RCP8.5). Growing-season changes were consistently negative across Brandenburg (mean:
−21.7 ± 8.3 mm under RCP4.5; −22.8 ± 10.3 mm under RCP8.5), with fifth percentile
values of −35.7 mm and −37.6 mm, respectively, indicating stronger drying in the lower
tail of the spatial distribution.

In summary, annual CWB remains relatively stable throughout the century, whereas
growing-season CWB shows a gradual shift toward more negative values under both
emission scenarios.
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Figure 5. Projected climatic water balance (CWB) in Brandenburg under RCP4.5 (blue) and RCP8.5
(red) for 2006–2100. (a) Annual CWB time series; (b) growing-season (April–September) CWB time
series. Decadal means are shown as points, and solid lines indicate linear trends (Mann–Kendall
significance indicated in panels). (c) Thirty-year mean annual CWB for the near (2006–2035)-, mid
(2036–2065)-, and far (2071–2100)-future periods; (d) corresponding growing-season CWB. Different
y-axis scales are used for annual and growing-season values.

Figure 6. Changes in climatic water balance between future periods. Spatially averaged ∆CWB
(2071–2100 minus 2006–2035) under RCP4.5 and RCP8.5. (a) annual; (b) Growing season. Negative
values indicate increasing deficits.

3.3. Hydro-Climatic Stress Indicators

To assess future hydro-climatic stress during the vegetation period (April–September),
four complementary indicators derived from growing-season climatic water balance
(CWBGS) were evaluated: (i) FDY, (ii) MWD, (iii) AIGS, and (iv) CWBGS,Z. Together, these

https://doi.org/10.3390/w18141737
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indicators characterize different dimensions of hydro-climatic stress, including deficit
frequency, deficit magnitude, atmospheric dryness, and drought anomalies.

3.3.1. Frequency of Deficit Years (FDY)

FDY values remained consistently high throughout the twenty-first century under
both emission scenarios, indicating persistent seasonal water limitation across Branden-
burg (Figure 7). Under RCP4.5, the mean fraction of the study area affected by negative
growing-season climatic water balance changed only slightly from 0.954 in the near future
(2006–2035) to 0.964 in the far future (2071–2100). Under RCP8.5, lower values were pro-
jected for the near future (0.890), followed by a gradual increase to 0.950 by the end of the
century, converging toward RCP4.5 conditions.

 

Figure 7. Evolution of growing-season deficit conditions. Mean fraction of the study area affected by
negative growing-season climatic water balance (CWBGS,i < 0) under (a) RCP4.5 and (b) RCP8.5 for
the near-future (2006–2035), mid-century (2036–2065), and far-future (2071–2100) periods.

Despite considerable interannual variability (Appendix A, Figure A3), deficit con-
ditions affected nearly the entire study area in most years. Spatial differences between
scenarios were generally small, although RCP8.5 showed slightly higher frequencies across
most regions (Figure 8). Localized exceptions occurred in parts of southern Branden-
burg, reflecting regional differences in the balance between precipitation and atmospheric
evaporative demand.

Figure 8. Difference in deficit-year occurrence between scenarios. Difference in the cumulative
number of years with negative growing-season climatic water balance (CWBGS,i < 0) between RCP8.5
and RCP4.5 during 2006–2100. Positive values indicate more deficit years under RCP8.5, whereas
negative values indicate fewer deficit years relative to RCP4.5.
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3.3.2. Magnitude of Water Deficit (MWD)

The Magnitude of Water Deficit (MWD)—represented by the growing-season cli-
matic water balance (CWBGS)—remained negative throughout the twenty-first century
under both emission scenarios, indicating persistent seasonal atmospheric water deficits
across Brandenburg (Figure 9). Under RCP4.5, spatially averaged MWD decreased from
−694 mm (2006–2035) to −714 mm (2036–2065) and −730 mm (2071–2100). Under RCP8.5,
mean values were −708 mm, −715 mm, and −720 mm for the same periods, respectively.
Differences between scenarios were small (≤14 mm) relative to interannual variability.

Figure 9. Magnitude of Water Deficit (MWD) across future periods. Spatially averaged growing-
season climatic water balance (CWBGS), used as the Magnitude of Water Deficit (MWD), for the near-
future (2006–2035), mid-century (2036–2065), and far-future (2071–2100) periods under (a) RCP4.5
and (b) RCP8.5. More negative values indicate stronger seasonal atmospheric water deficits.

Spatial patterns (Appendix A, Figure A5) showed widespread negative CWBGS values
across Brandenburg, with the strongest deficits occurring in the southern and central parts of
the study area. Considerable interannual variability was evident (Appendix A, Figure A6),
yet seasonal water deficits remained persistent throughout the simulation period.

Trend analyses indicated weak long-term declines under both scenarios (Appendix A,
Figure A6). Sen’s slopes were approximately −1.2 mm yr−1 (RCP4.5) and −1.8 mm yr−1

(RCP8.5), although neither trend was statistically significant at p < 0.05 due to high interan-
nual variability.

Overall, MWD remained consistently negative across all projection periods, highlight-
ing persistent growing-season atmospheric water limitation in Brandenburg. Scenario
differences were small compared with internal variability.

3.3.3. Growing-Season Aridity Index (AIGS)

Across all projection periods and emission scenarios, spatially averaged AIGS remained
consistently above 1, indicating persistent atmospheric moisture limitation during the
growing season in Brandenburg (Figure 10). Under RCP4.5, mean AIGS increased from 1.64
(2006–2035) to 1.74 (2036–2065), followed by a slight decrease to 1.72 (2071–2100). Under
RCP8.5, values remained comparatively stable at 1.66, 1.70, and 1.67, respectively. Overall,
inter-scenario differences were small relative to inter-period variability.

Spatial variability in AIGS was pronounced (Appendix A, Figure A7), with consistently
higher aridity levels in central Brandenburg, indicating stronger atmospheric moisture
limitation compared to northern and southern regions. However, spatial gradients were
stable across scenarios and time periods, suggesting limited structural change in spatial
aridity patterns.
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Figure 10. Changes in growing-season aridity (AIGS) across future periods under (a) RCP4.5 and
(b) RCP8.5 for the near-future (2006–2035), mid-century (2036–2065), and far-future (2071–2100)
periods. The blue dashed line indicates the aridity threshold (AIGS = 1), where precipitation equals
atmospheric evaporative demand. Values above this threshold indicate increasingly arid conditions
during the growing season.

The annual time series exhibited strong interannual variability (Appendix A, Figure A8),
with several extreme years characterized by AIGS > 4.0 (e.g., 2062 under RCP4.5 and
2032 under RCP8.5), reflecting episodic but pronounced atmospheric moisture deficits.
These extreme values highlight that short-term variability dominates over long-term
directional change.

Trend analysis confirmed only weak positive tendencies in AIGS over time. Sen’s
slopes were 0.00149 yr−1 (RCP4.5) and 0.00191 yr−1 (RCP8.5). However, Mann–Kendall
tests indicated that these trends were not statistically significant (RCP4.5: τ = 0.065,
p = 0.351; RCP8.5: τ = 0.081, p = 0.247), confirming the absence of robust monotonic
trends over the simulation period.

Overall, AIGS remained persistently above the aridity threshold throughout the twenty-
first century. While interannual variability and occasional extremes were substantial, long-
term changes were weak and statistically non-significant, and differences between emission
scenarios remained limited.

3.3.4. Standardized Growing-Season Climatic Water Balance Anomaly (CWBGS,Z)

Spatially averaged CWBGS,Z values remained close to zero over the full simulation
period, while spatial patterns showed pronounced heterogeneity (Appendix A, Figure A9),
with persistent negative anomalies in central and northern Brandenburg.

Thirty-year mean anomalies showed a weak shift toward drier-than-average condi-
tions over time (Figure 11). Under RCP4.5, values declined from +0.07 (2006–2035) to −0.05
(2036–2065) and −0.15 (2071–2100). Under RCP8.5, a similar but weaker change occurred,
from +0.02 to −0.02 and −0.05, respectively. The magnitude of change remained small
relative to interannual variability.

Trend analysis showed weak negative tendencies in both scenarios. Sen’s slopes
were −0.0030 yr−1 (RCP4.5) and −0.0041 yr−1 (RCP8.5). Mann–Kendall tests were not
statistically significant (RCP4.5: τ = −0.062, p = 0.375; RCP8.5: τ = −0.073, p = 0.295), con-
firming that long-term changes were not robust relative to internal variability (Appendix A,
Figure A10).

Extreme anomalies highlighted strong interannual variability, with pronounced neg-
ative values (e.g., −3.38 in 2062 under RCP4.5; −2.94 in 2032 under RCP8.5) and posi-
tive anomalies exceeding +2 in both scenarios, confirming high hydro-climatic volatility
throughout the simulation period.
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Figure 11. Changes in standardized growing-season moisture anomalies (CWBGS,Z) across future
periods under (a) RCP4.5 and (b) RCP8.5 for the near future (2006–2035), mid-century (2036–2065),
and far future (2071–2100). Positive values indicate wetter-than-average conditions, while negative
values indicate drier-than-average conditions relative to the reference climatology. The blue dashed
line indicates the zero line (CWBGS,Z = 0).

Drought frequency patterns (Appendix A, Figures A11 and A12) showed that moder-
ate drought (Z < −1) occurred frequently across large parts of Brandenburg under both
scenarios, whereas severe drought (Z < −2) was spatially restricted, primarily in north-
ern and northeastern regions. Severe drought remained rare overall, as indicated by the
predominance of zero-frequency values.

In summary, the CWBGS,Z analysis showed only a weak shift toward more negative
growing-season conditions. This signal was spatially heterogeneous and statistically non-
significant, with interannual variability representing the dominant component of hydro-
climatic variability under both emission scenarios.

3.4. Relationship Between Climatic Water Balance and Soil Moisture

The relationship between vegetation-period climatic water balance (CWB) and ob-
served root-zone soil moisture (SM, ‰ nFK) was analyzed for three hydro-climatic phases:
Phase 1 (2006–2014), Phase 2 (2015–2020), and Phase 3 (2021–2025) (Figure 12).

Across all phases and both emission scenarios, statistically significant positive relation-
ships were identified between CWB and soil moisture (p < 0.001). However, explanatory
power varied substantially among phases, with consistently low coefficients of determi-
nation (R2 = 0.004–0.139), indicating that CWB explains only a limited proportion of soil
moisture variability.

Under RCP4.5, the relationship strengthened during the drought phase (Phase 2), as
indicated by an increase in slope (0.72 to 0.82) and R2 (0.044 to 0.067), before weakening
markedly in Phase 3 (slope = 0.16; R2 = 0.004). Under RCP8.5, a similar pattern was
observed, with the strongest relationship in Phase 2 (slope = 0.61; R2 = 0.139), compared
to weaker relationships in Phase 1 (slope = 0.41; R2 = 0.024) and Phase 3 (slope = 0.38;
R2 = 0.035).

Despite statistically significant associations, the low R2 values across all phases indicate
substantial unexplained variability in soil moisture dynamics, suggesting that factors
beyond climatic water balance contribute to root-zone soil moisture variability.

Overall, the strongest CWB–SM relationships were observed during the drought
period (2015–2020) under both scenarios, with weaker relationships during the pre-drought
and post-drought phases.
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Figure 12. Relationship between growing-season climatic water balance (CWB) and root-zone soil
moisture (SM, ‰ nFK) across three hydro-climatic phases. Panels (a–c) show RCP4.5 and panels
(d–f) show RCP8.5 for Phase 1 (2006–2014), Phase 2 (2015–2020), and Phase 3 (2021–2025). Black dots
represent individual grid cells, and red lines indicate linear regression fits (all p < 0.001). The inset
statistics report regression slope and coefficient of determination (R2).

3.5. Ensemble-Based Uncertainty Assessment
3.5.1. Inter-Model Variability of Key Hydro-Climatic Variables

Inter-model uncertainty was assessed using the four RCM realizations (Section 2.3.6).
Projected growing-season temperature (tas), precipitation (pr), reference evapotranspiration
(ET0), and climatic water balance (CWB) were compared for the near-future (2006–2035)
and far-future (2071–2100) periods (Figure 13; Appendix A, Figure A13).

All model realizations consistently project increasing vegetation-period temperatures,
indicating a robust warming signal. Under RCP4.5, ensemble warming ranges from
approximately 0.9 to 1.8 ◦C, while under RCP8.5 it increases to 2.5–3.9 ◦C. Inter-model
spread is relatively small for temperature, indicating strong agreement on both the direction
and magnitude of change.

Precipitation shows substantially higher inter-model uncertainty, with simulated
changes ranging from −17 to +34 mm under RCP4.5 and from −34 to +49 mm under
RCP8.5. The occurrence of both positive and negative changes across models indicates a
lack of agreement on precipitation direction, highlighting precipitation as the dominant
source of structural uncertainty.

Evapotranspiration increases in most realizations but shows considerable spread,
particularly under RCP8.5 (−11 to +104 mm), reflecting differences in model sensitivity to
atmospheric demand and temperature-driven feedback.
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Figure 13. Inter-model projections of growing-season (a) air temperature (tas) and (b) climatic water
balance (CWB) derived from four regional climate model realizations under RCP4.5 and RCP8.5.
Bars indicate the near-future (2006–2035) and far-future (2071–2100) periods, while yellow markers
represent ensemble mean values across models.

Climatic water balance exhibits the largest ensemble spread among all variables.
Under RCP4.5, far-future CWB ranges from −109 to −321 mm, and under RCP8.5, it ranges
from −186 to −414 mm. Despite this spread, all realizations consistently simulate negative
CWB values, indicating full agreement on the direction of future water deficits.

Overall, inter-model variability is smallest for temperature, larger for precipitation
and evapotranspiration, and largest for CWB. Nevertheless, all models consistently project
warming and decreasing growing-season water availability.

3.5.2. Inter-Model Variability in Climatic Water Balance Change

Projected changes in vegetation-period climatic water balance (∆CWB), defined as the
difference between 2071–2100 and 2006–2035, show a consistent drying signal across all
regional climate model realizations under both emission scenarios (Figure 14).

Under RCP4.5, ∆CWB ranges from −21.7 to −98.6 mm, with an ensemble mean of
−57.9 mm and a standard deviation of 34.5 mm. Under RCP8.5, the magnitude of drying
increases, ranging from −22.8 to −138.6 mm, with a mean of −85.2 mm and a standard
deviation of 51.5 mm. The larger ensemble spread under RCP8.5 indicates increasing
uncertainty under stronger radiative forcing.
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Figure 14. Inter-model variability in projected changes in growing-season climatic water balance
(∆CWB) between the far-future (2071–2100) and near-future (2006–2035) periods under RCP4.5 and
RCP8.5. Boxplots show the interquartile range across four regional climate model realizations, with
medians indicated by central lines. Individual model results are shown as colored circular symbols,
and yellow diamonds indicate ensemble means. The dashed line indicates the zero line (∆CWB = 0).

All models project negative ∆CWB, indicating full agreement on the direction of change.
Thus, while uncertainty in magnitude remains substantial, uncertainty in sign is absent,
indicating a robust ensemble consensus on decreasing growing-season water availability.

4. Discussion
The results indicate a systematic shift toward increasing growing-season hydro-

climatic stress in Brandenburg despite comparatively small changes in annual water bal-
ance. This divergence reflects the increasing importance of seasonal atmospheric water
limitation under climate change. Comparison with root-zone soil moisture provides addi-
tional insights into the strengths and limitations of climatic water balance as an indicator
of ecosystem water availability. The following sections discuss the underlying drivers,
ecological implications, and associated uncertainties of the projected changes.

4.1. Drivers of Seasonal Drying and Climatic Water Balance Changes

The results reveal a pronounced divergence between annual and growing-season
hydro-climatic conditions in Brandenburg. While annual climatic water balance (CWB)
changes only moderately throughout the twenty-first century, growing-season CWB shows
a consistent decline under both emission scenarios. This indicates that seasonal pro-
cesses rather than annual water-balance totals dominate future hydro-climatic change in
the region.

The relative stability of annual CWB results from partially compensating effects of
precipitation and atmospheric water demand. However, this compensation does not occur
during the vegetation period (April–September), when increasing temperatures substan-
tially enhance evapotranspiration while projected precipitation changes are insufficient to
offset the resulting increase in atmospheric water demand. Consequently, seasonal water
deficits intensify despite relatively small changes in annual precipitation totals. Similar
patterns have been reported for Central Europe, where climate warming is projected to
increase summer drying and alter the seasonal distribution of water availability [4,58,59].
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Projected temperature increases represent the primary driver of these changes. All
climate simulations consistently indicate substantial warming, particularly under RCP8.5,
resulting in increased atmospheric evaporative demand and higher reference evapotran-
spiration (ET0). Consequently, even modest precipitation changes can translate into pro-
nounced reductions in climatic water balance. This finding is consistent with studies
highlighting the increasing importance of atmospheric evaporative demand as a key driver
of drought intensification under climate change [3,15,60].

These results also emphasize the limitations of annual climate indicators for evaluating
ecosystem-relevant water availability. Annual precipitation and annual water-balance
metrics may mask substantial intra-annual shifts in hydro-climatic conditions that directly
affect vegetation and land-use systems. Similar limitations of annual indicators have been
reported across temperate regions where seasonal climate changes exert stronger ecological
impacts than changes in annual means [1,61].

Overall, the results indicate that future hydro-climatic change in Brandenburg is
primarily driven by increasing atmospheric water demand during the growing season
rather than by strong reductions in annual precipitation. The projected increase in seasonal
water limitation is consistent with broader projections of enhanced summer drying and
increasing hydro-climatic stress across Central Europe [1,59].

4.2. Soil Moisture Response to Climatic Water Balance

The relationship between climatic water balance and root-zone soil moisture demon-
strates a statistically significant but variable coupling across hydro-climatic phases. Al-
though all relationships are significant (p < 0.001), the low explanatory power indicates that
CWB captures only a limited fraction of soil moisture variability.

The strength of the coupling is strongly state-dependent, with the highest correlation
observed during the drought phase (2015–2020). During this period, reduced precipitation
and elevated atmospheric demand increase the direct control of atmospheric forcing on soil
moisture dynamics, resulting in stronger CWB–soil moisture coupling. Similar drought-
amplified coupling has been reported across Europe [3,54].

In contrast, weaker relationships during pre- and post-drought phases indicate that
soil moisture is more strongly regulated by internal system properties under non-extreme
conditions. These include soil texture, rooting depth, vegetation characteristics, groundwa-
ter influence, and hydrological buffering processes. Temporal lags between atmospheric
forcing and soil moisture response further reduce instantaneous correlations [52,54].

Overall, the results suggest that climatic water balance is a robust indicator of atmo-
spheric water availability but not a direct predictor of soil moisture dynamics. Instead,
soil moisture integrates both atmospheric forcing and subsurface storage processes, mak-
ing it a more complex system variable. The observed phase dependency highlights that
atmospheric controls become increasingly dominant under drought conditions.

4.3. Implications for Vegetation and Land Use

The projected increase in growing-season hydro-climatic stress has important implica-
tions for vegetation and land-use systems in Brandenburg. The region’s predominantly
sandy soils and limited water-holding capacity make ecosystems particularly sensitive to
seasonal water deficits and increasing evaporative demand [11,31].

Across all indicators, results consistently show an intensification of growing-season
water limitation. Increasing CWB deficits, higher FDY, stronger MWD, and rising AIGS

collectively indicate a coherent signal of worsening seasonal hydro-climatic conditions. Im-
portantly, this signal emerges despite a relatively stable annual water balance, emphasizing
the ecological relevance of seasonal processes.
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Model agreement further strengthens confidence in these findings. Although uncer-
tainty exists in the magnitude of change, all simulations consistently project declining
growing-season water availability. This consistency suggests that seasonal drying repre-
sents a robust regional climate signal rather than a model-dependent artefact.

Ecologically, increasing water deficits during the growing season can reduce stomatal
conductance, constrain photosynthesis, and lower biomass production, thereby reducing
ecosystem productivity [1,3]. Forest ecosystems may be particularly vulnerable due to
cumulative drought impacts on tree growth, carbon uptake, and mortality risk [47,62].

The projected increase in drought frequency is particularly relevant for Scots pine-
dominated forest systems in Brandenburg. Although drought-tolerant, these ecosystems
have shown increasing sensitivity to repeated drought events in recent years [11]. The
combination of higher evaporative demand and more frequent seasonal deficits may
therefore challenge long-term forest stability.

Agricultural systems are similarly exposed, as crop productivity depends strongly
on water availability during the vegetation period. Increasing seasonal deficits may re-
duce yield stability and increase irrigation demand, consistent with findings from Central
European drought impact studies [1,3,63].

These results highlight the need for adaptation strategies that explicitly target growing-
season water availability rather than annual averages. Measures such as drought-adapted
crops, diversified forest stands, improved soil-water conservation, and enhanced landscape
water retention may become increasingly important under future climate conditions.

4.4. Uncertainty, Limitations, and Future Research

Several limitations should be considered when interpreting the results of this.
First, the climate projections are based on four regional climate model realizations

driven by CMIP5 boundary conditions. Although CMIP6 projections are increasingly
used in climate impact studies, the CMIP5 ensemble applied here represents the official
high-resolution climate projection framework currently used by the Brandenburg State
Office for the Environment for regional climate adaptation planning. Previous studies
have shown that CMIP5-driven regional climate simulations provide robust estimates of
future changes in temperature, evapotranspiration, and drought-related variables across
Central Europe [7,45,64]. While CMIP6 projections may differ in the magnitude of projected
changes, both model generations consistently indicate increasing temperatures, enhanced
atmospheric evaporative demand, and increasing drought risk across Europe [1,15,65].
Accordingly, the applied CMIP5-based ensemble provides a consistent and policy-relevant
basis for assessing future hydro-climatic changes in Brandenburg.

Second, this study uses climatic water balance (CWB) as an indicator of atmospheric
water availability. Alternative drought metrics such as SPI and SPEI are widely used for
drought monitoring and inter-regional comparison. However, for the purpose of this
study—assessing changes in the physical water balance rather than classifying drought
events—CWB was considered more appropriate because it directly quantifies the balance
between precipitation and evaporative demand in physical units (mm). This allows process-
based interpretation of seasonal water surplus and deficit conditions relevant to vegetation
and land-use systems. Nevertheless, CWB does not explicitly represent soil-water storage,
groundwater processes, runoff generation, or hydrological buffering, and should therefore
be interpreted primarily as an indicator of atmospheric drought conditions [3].

Third, uncertainty arises from multiple sources, including emission scenarios, climate
model structure, and internal climate variability. Temperature projections show relatively
high agreement across ensemble members, whereas precipitation exhibits substantially
larger variability. Consequently, uncertainty in future climatic water balance is mainly
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driven by precipitation uncertainty. Despite these uncertainties, all simulations consistently
indicate increasingly negative growing-season CWB values, suggesting robust agreement
regarding the direction of future seasonal drying.

Finally, the soil moisture dataset used in this study is model-derived rather than
based on direct observations. Although the DWD soil moisture product is among the most
comprehensive datasets available for Germany, uncertainties related to model structure,
parameterization, rooting depth assumptions, and groundwater representation remain.
These factors likely contribute to the relatively weak statistical relationships observed
between climatic water balance and root-zone soil moisture.

Future research should extend this analysis using larger CMIP6 ensembles, investigate
drought propagation between atmospheric and subsurface compartments, explicitly con-
sider groundwater–soil moisture interactions, and evaluate vegetation-specific responses to
projected hydro-climatic change. Such approaches would further improve understanding
of ecosystem vulnerability and future water availability in Brandenburg and comparable
regions of Central Europe.

5. Conclusions
This study shows a consistent divergence between relatively stable annual water

balance conditions and increasingly negative growing-season hydro-climatic conditions in
Brandenburg under future climate scenarios. Seasonal water deficits intensify across all
indicators, indicating a robust seasonal drying signal.

Growing-season conditions are substantially more sensitive to climate change than
annual averages, with increasing climatic water balance (CWB) deficits, higher drought
frequency, and rising aridity across the twenty-first century.

While CWB shows a statistically significant relationship with root-zone soil mois-
ture, the explained variability is limited, reflecting the influence of soil properties and
hydrological storage processes not explicitly represented by atmospheric indicators.

Despite uncertainties in magnitude, all climate model realizations consistently
project increasing seasonal water limitation, indicating a robust seasonal drying trend
in Brandenburg.

Overall, the results highlight that future hydro-climatic impacts in Brandenburg will
be primarily driven by seasonal water deficits rather than annual precipitation changes,
with important implications for ecosystems, agriculture, and water resource management
in regions with low water-holding capacity.
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Appendix A
Figures A1–A13 provide supplementary information on historical reference condi-

tions, projected climate variables, hydro-climatic stress indicators, spatial patterns, and
uncertainty analyses to complement the results in the main text.

Figure A1. Historical climate conditions in Brandenburg (1951–2005). MPI-CLMcom historical
simulation. (a,b) Annual tas and pr; (c,d) growing-season tas and pr. A single time series is shown
(identical forcing before 2006). The solid line shows the annual time series, the dashed lines indicate
decadal mean and ∆-decadal change, and the dotted line shows the linear trend.
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Figure A2. Spatial patterns of climatic water balance change (∆CWB). Differences between 2071–2100
and 2006–2035. (a,b) Annual conditions; (c,d) growing-season conditions. Negative values (blue
shades) indicate increasing water deficits; positive values indicate decreasing water deficits (red).

Figure A3. Interannual variability of deficit area fraction. Annual fraction of Brandenburg affected by
negative growing-season climatic water balance (CWBGS,i < 0) during 2006–2100 under (a) RCP4.5
and (b) RCP8.5. These annual values form the basis of the period averages shown in Figure 7. The
blue dashed line indicates the linear trend.
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Figure A4. Spatial distribution of Frequency of Deficit Years (FDY). Frequency of years with negative
growing-season climatic water balance (CWBGS,i < 0) for RCP4.5 (a–c) and RCP8.5 (d–f) during the
near-future (2006–2035), mid-century (2036–2065), and far-future (2071–2100) periods.
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Figure A5. Spatial patterns of growing-season Magnitude of Water Deficit (MWD), expressed
as CWBGS, under RCP4.5 (a–c) and RCP8.5 (d–f) for the near-future (2006–2035), mid-century
(2036–2065), and far-future (2071–2100) periods. More negative values indicate stronger seasonal
atmospheric water deficits.
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Figure A6. Temporal evolution of growing-season Magnitude of Water Deficit (MWD) under
(a) RCP4.5 and (b) RCP8.5 from 2006 to 2100. Dashed lines indicate linear trends.

Figure A7. Spatial patterns of growing-season aridity (AIGS) under RCP4.5 (a–c) and RCP8.5 (d–f)
for the near-future (2006–2035), mid-century (2036–2065), and far-future (2071–2100) periods. Higher
values indicate stronger atmospheric moisture limitation.
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Figure A8. Temporal evolution of growing-season aridity (AIGS) under (a) RCP4.5 and (b) RCP8.5
during 2006–2100. The blue dashed line indicates the aridity threshold (AIGS = 1).

Figure A9. Spatial patterns of standardized growing-season moisture anomalies (CWBGS,Z) under
RCP4.5 (a–c) and RCP8.5 (d–f) for the near-future (2006–2035), mid-century (2036–2065), and far-
future (2071–2100) periods. Negative anomalies are shown in red and positive anomalies in blue.
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Figure A10. Temporal evolution of standardized growing-season moisture anomalies (CWBGS,Z)
under (a) RCP4.5 and (b) RCP8.5 from 2006 to 2100. The dashed line indicates the long-term mean
(Z = 0).

Figure A11. Spatial patterns of moderate drought frequency (CWB(GS,Z) < −1) under RCP4.5 (a–c)
and RCP8.5 (d–f) for the near-future (2006–2035), mid-century (2036–2065), and far-future
(2071–2100) periods.
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Figure A12. Spatial patterns of severe drought frequency (CWB(GS,Z) < −2) under RCP4.5 (a–c)
and RCP8.5 (d–f) for the near-future (2006–2035), mid-century (2036–2065), and far-future
(2071–2100) periods.
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Figure A13. Inter-model projections of growing-season precipitation (pr; panel (a)) and reference
evapotranspiration (ET0; (b)) derived from four regional climate model realizations under RCP4.5
and RCP8.5. Bars represent the near-future (2006–2035) and far-future (2071–2100) periods, while
yellow markers indicate ensemble mean values across all model realizations.
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