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1  Introduction

Various aspects of the climate system are already affected 
by human-induced climate change. In comparison to ear-
lier time periods, the average surface temperature was 
much higher in each decade of the last 40 years over the 
entire globe (IPCC 2021). Climate and weather extremes 
have been modified due to the increasing global tempera-
ture, affecting ecosystems, society, and different economic 
sectors (Jacob et al. 2018; van Loon et al. 2014). Extreme 
events and related indices of precipitation and temperature 
are projected to intensify in the future over different parts of 
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Abstract
The present study analyzes the projected changes of extreme climate indices over Central Asia using regional climate model 
(RCM) simulations from the Coordinated Regional Climate Downscaling Experiment (CORDEX) - Coordinated Output 
for Regional Evaluations (CORE). The extreme indices are based on precipitation and temperature and are inspected for 
present (1981–2005) and future periods - near- (2031–2055) and far-future (2071–2095) - to assess the long-term climate 
change under the representative concentration pathway RCP8.5. Projected changes are analyzed for three different model 
ensembles. These ensembles are based on CORDEX-Central Asia (ENS_CAS, four ensemble members) and CORDEX-
East Asia (ENS_EAS, six ensemble members), and a combination of both (ENS, ten ensemble members) for our study 
area centered over high mountain Asia, called Central East Asia (CEAS). For precipitation indices, an increase of consecu-
tive dry days (CDD) in ENS_EAS and a slight to moderate decrease in northern parts in ENS_CAS during near-future 
is observed. Consecutive wet days (CWD), very heavy precipitation events (R20mm), maximum one-day precipitation 
(RX1day), and very wet days (R95p) are projected to increase in most areas. All indices show a further intensification 
towards the end of the century over large parts of the domain, e.g., + 7.8% / +5.6 days for CDD, + 96.6% / +0.26 days for 
R20mm, and + 19.7% for RX1day as median of ENS over CEAS. For temperature indices, the ensembles project a strong 
increase over the high mountain regions and southern parts for consecutive summer days (CSU, + 108.5% / +38.3 days), 
heat wave duration index (HWDI, + 1379.1% / +91.37 days), and the percentage of very hot days (TX90p, + 391.1% / 
+34.54 days). Accordingly, the number of consecutive frost days (CFD, -43.7% / -25.2 days) and the percentage of very 
cold days (TX10p, -83.4% / -8.13 days) are projected to decrease. The first-time usage of CORDEX-CORE and the larger 
ensemble size by considering simulations from overlapping domains increase the robustness of the findings from earlier 
studies. However, some discrepancies in the projected changes prevail among the different RCMs being part of the two 
CORDEX-domains and in specific landscapes like complex mountainous or lake areas. These uncertainties may be tackled 
by further model development with improved land-surface processes and potentially higher spatial resolution.
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the globe (Bangelesa et al. 2023; Fallah et al. 2023; Ozturk 
2023; Paeth et al. 2023; Das and Umamahesh 2022; Liu et 
al. 2022; Sobie et al. 2021; Kim et al. 2020; Rai et al. 2019). 
Additionally, global warming will change the atmospheric 
circulation, resulting in an increased frequency and inten-
sity of (wind) extremes, and will modify the water cycle 
via altered advection processes and the Clausius-Clapeyron 
equation (Robinson et al. 2021). Already today, intense 
extreme events lead to devastating consequences and high 
death tolls, as exemplified by heat waves in Europe 2003 
(D’Ippoliti et al. 2010) and 2018 (Ballester et al. 2023), and 
Russia 2010 (World Bank 2012), as well as by extreme pre-
cipitation, e.g., in Pakistan 2022 (Nanditha et al. 2023). In 
general, they impact the environment and human popula-
tion more severely than the change in mean values. There-
fore, analyzing how the future climate conditions will affect 
the occurrence of these extreme events becomes crucial to 
guide adaptation strategies.

Information on future changes of extreme events is par-
ticularly important for the arid Central Asian region located 
in the heart of Eurasia. This region - which comprises the 
countries Kazakhstan, Kyrgyzstan, Tajikistan, Turkmeni-
stan, and Uzbekistan - holds one of the most sensitive eco-
systems globally (Seddon et al. 2016). The drying of the 
Aral Sea, the decrease of glacial areas in the Pamir-Alay 
(Chevallier et al. 2014) and the Tian-Shan mountains 
(Kenzhebaev et al. 2017), and the increasing population 
in Kyrgyzstan and Uzbekistan (Pritchard 2017) contribute 
to the rising water scarcity issues in this region. For Cen-
tral Asia, a significant warming above global average dur-
ing the period of 1979–2011 by 0.37–0.43  °C per decade 
is reported (Yao et al. 2021; Yao et al. 2015). This also 
affects precipitation extremes, as higher temperatures lead 
to an increased frequency of heavy rainfall over land areas 
by 18% in comparison to the pre-industrial period (Fischer 
and Knutti 2015). While the total precipitation over Central 
Asia is projected to increase (Chen et al. 2011), a reduc-
tion of snowfall acting as an important inter-seasonal water 
storage is expected (Kraaijenbrink et al. 2021). As a con-
sequence, dry areas have expanded in the last 50 years in 
Central Asia along with a significant enhancement of tem-
perature extremes and evapotranspiration (Yao et al. 2020, 
2021; Luo et al. 2020; Zhang et al. 2017; Hu et al. 2016; 
Huang et al. 2015). General Climate Models (GCMs) for 
the whole globe and Regional Climate Models (RCMs) 
are widely used to project future climate conditions. Ear-
lier studies have used model data from the Coupled Model 
Intercomparison Project phase 5 (CMIP5) and the state-of-
the-art CMIP6 to study the extreme events over Central Asia 
(Cao et al. 2023; Fallah et al. 2023; Qiu et al. 2023; Dike et 
al. 2022; Li et al. 2022a, b; Zhang et al. 2019b, 2022; Guo et 
al. 2021; Yao et al. 2021; Liu et al. 2020). Furthermore, Qiu 

et al. (2023) evaluated 22 GCMs and their related dynami-
cally and statistically downscaled products to assess drying 
trends over Central Asia during historical and future peri-
ods. They found significant trends in the past and future 
towards enhanced dryness, particularly during the boreal 
summer half year (April-September) being the growing sea-
son in Central Asia. Drier conditions during the 21st cen-
tury based on CMIP6 models were also shown by Cao et 
al. (2023). Using the bias-corrected and downscaled prod-
uct from the Inter-Sectoral Impact Model Intercomparison 
Project (ISIMIP), Fallah et al. (2023) showed an increased 
likelihood of extreme precipitation especially over the high 
mountain areas of Kyrgyzstan and Tajikistan together with a 
higher risk of temperature extremes over large areas of Cen-
tral Asia. Liu et al. (2020) revealed an increase of 28% of 
very wet days with reference to the 95th percentile (R95p) 
and significantly more very hot days at a warming level of 
1.5 °C, with a further intensification at 2 °C.

However, the coarse resolution of GCMs used in most of 
these studies, is a limitation that hinders the representation 
of important regional processes such as mesoscale circula-
tion, convection and processes along complex topography. 
Thus, extreme precipitation events are underrepresented in 
those models (Rummukainen 2010). Dynamical downscal-
ing with RCMs having higher resolutions adds value in rep-
resenting these processes on the local to regional scale more 
adequately, leading to a better representation of extreme 
events - especially extreme precipitation (Gibba et al. 
2019). Under the framework of the Coordinated Regional 
Climate Downscaling Experiment (CORDEX; Giorgi et al. 
2009), CORDEX-Coordinated Output for Regional Evalua-
tions (CORE; Giorgi et al. 2022; Gutowski et al. 2016) was 
launched as a new initiative with a higher resolution of 0.22° 
covering all global land areas and including more advanced 
model versions compared to its predecessor. The simulations 
were run using low and high emission scenarios i.e., Rep-
resentative Concentration Pathway (RCP2.6 and RCP8.5) 
(van Vuuren et al. 2011; Moss et al. 2010). The ensembles 
from CORDEX-CORE represent a dynamical downscaling 
of the climate change signal from CMIP5 GCMs (Teich-
mann et al. 2021). They are an appropriate tool for better 
adaptation, impact, and vulnerability studies (Coppola et al. 
2021; Jacob et al. 2020). The simulations from CORDEX-
CORE are useful for studying extreme events under future 
climate across the globe, for example over Africa (Bange-
lesa et al. 2023; Samuel et al. 2023), South America (Reboita 
et al. 2022), and India (Maharana et al. 2021). Initially, two 
sets of RCMs were used in CORDEX-CORE: REMOv2015 
(hereafter REMO) (Jacob et al. 2012) and RegCM4 (Giorgi 
et al. 2012). In the meantime, more modeling centers are 
participating in generating a larger ensemble in different 
domains. However, the CORDEX domain of Central Asia 
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(CORDEX-CAS) is not a priority domain inside the frame-
work of CORDEX-CORE (Giorgi et al. 2022). Hence, only 
simulations from the RCM REMO (Remedio et al. 2019) 
and a single run from ALARO-0 (Top et al. 2021) are avail-
able for this domain. Our study is among the first to assess 
extreme events in Central Asia based on CORDEX-CORE.

Our model domain in Central Asia is based on the study 
region of the European Union funded project “WATER 
EFFICIENT ALLOCATION IN A CENTRAL ASIAN 
TRANSBOUNDARY RIVER BASIN (WE-ACT)” which 
aims at providing a Decision Support System (DSS) for 
water allocation in a Central Asian transboundary river basin 
to increase shared benefits and foster the adaptation of water 
resources management and planning to climate change. 
Since the available ensemble size from CORDEX-CORE 
is quite small for CORDEX-CAS (4 simulations), we have 
also utilized simulations from CORDEX-East Asia (EAS, 6 
simulations) covering the area of interest (see Table 1 for the 
model list and Fig. 1 for the domains). Some artifacts such 
as border effects and offsets among the ensembles can arise 
from the overlapping domains that will be considered in the 
subsequent analysis.

The present study is expected to fill the research gap 
related to changes in extremes over Central Asia, a gener-
ally understudied region within CORDEX-CORE (Remedio 
et al. 2019; Giorgi et al. 2022), using higher resolved and 
further developed RCMs compared to the previous COR-
DEX generation (Teichmann et al. 2021). Despite there are 
some recent RCM studies focusing on the effect of climate 
change and extreme events in Central Asia (e.g., Ozturk 
et al. 2017; Mannig et al. 2018; Ozturk 2023; Russo et al. 
2019), the focus of these papers lies on individual models, 
not an ensemble, with 0.44° resolution. Additionally, our 
approach of using an overlapping domain to increase the 
number of ensemble members is a promising (Zittis et al. 
2019; Legasa et al. 2020) but rarely used one. Choosing 
simulations from two domains and building ensembles for 
each domain as well as showing the behavior of individual 
simulations, enables us to investigate the effect of domain 
selection. Therefore, our study provides valuable insights 
on the development of extreme events in Central Asia based 
on an ensemble of the latest CORDEX generation. Further, 
it enhances our understanding of strengths and weaknesses 
of CORDEX-CORE in representing precipitation and tem-
perature extremes of the ensembles and individual models 
as they depend on the selected RCM, driving data, and sim-
ulation domain.

The paper is organized as follows: The datasets and used 
methodology are described in Sect. 2. Results are presented 
in Sect. 3 focusing on the performance of precipitation and 
temperature simulated by the models, followed by validating 
the extreme indices for the historical period and examining 

their changes in the future. The discussion and conclusions 
are presented in Sects. 4 and 5, respectively.

2  Data and methodology

2.1  Study area

The region of Central Asia is mostly characterized by rain 
deficit areas with intensive evaporation. It experiences sharp 
changes in temperature from season to season and spatially 
from grasslands to temperate deserts (Zhang et al. 2019a). 
The study domain covers the lowlands of Turkmenistan and 
Uzbekistan in the West and of Kazakhstan in the North as 
well as the Chinese Province Xinjiang with the Taklamakan 
desert in the East. It further covers the high mountain ranges 
of Pamir, Tian Shan, and the Himalaya as well as parts of 
the Tibetan Plateau which spread along Kyrgyzstan, Tajiki-
stan, parts of Xinjiang, Afghanistan, Pakistan, and India. 
Extratropical westerlies and orographic lifting (Barlow 
and Tippett 2008) govern the precipitation pattern in this 
orography-dominated region, ranging from 50 to 1000 mm 
per year. The Indian summer monsoon also affects a part of 
the central and eastern Tian Shan as well as Pamir’s south-
eastern flank (Meier et al. 2013). The CORDEX-CAS and 
CORDEX-EAS domains are shown in Fig.  1a. The loca-
tion and orography of the CEAS is shown in Fig. 1a and b, 
respectively. The WE-ACT project aims to develop a Deci-
sion Support System (DSS) for water allocation in a Central 
Asian transboundary river basin to increase shared benefits 
and foster the adaptation of water resources management 
and planning to climate change and further investigate the 
effects of irrigation in catchments of tributaries of the Syr 
Darya river using climate and hydrological models. Thus, 
the selected CEAS-domain builds upon the work of Rai et 
al. (2022), who applied an interactive vegetation module for 
Central Asia. Subsequent development steps, such as the 
implementation of a more advanced soil hydrology (Abel 
2023) and an irrigation scheme (Rai et al. 2023), are cur-
rently underway.

2.2  CORDEX-CORE simulations

The present study considers simulations from CORDEX-
CORE having a horizontal resolution of 0.22° x 0.22° and a 
more advanced development stage of the RCMs compared 
to its predecessor runs with 0.44° x 0.44° resolution. This is 
advantageous to simulate land surface processes, meso-scale 
atmospheric circulation and synoptic features, especially in 
complex mountainous regions within our study domain. The 
Central Asian ensemble from CORE (ENS_CAS), how-
ever, only consists of four members. To enlarge the entire 
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domains for the Legasa et al. (2020) found that most of the 
variance is introduced by the selected models while the 
domain choice only accounts for a small part of the vari-
ance which exceeds the one of the model selection solely 
locally. Thus, they conclude that simulations from different 
domains are transferable. The historical experiments span 
the time range from 1981 to 2005 caused by the availability 
of model data before 1981 and differing scenarios from 2006 
onwards. In CORDEX-CORE, only two scenarios, RCP2.6 
and RCP8.5, are available. For future runs, we use RCP8.5 
covering two periods (2031–2055 as near-future, and 2071–
2095 as far-future) to investigate long-term future changes 
of extreme events. We have chosen the RCP8.5 scenario 
as it follows a high impact pathway and, thus, enables the 
analysis of the assumed maximum limit of climate change 
in the study region. A flowchart of the model combinations 
and the domains covered is shown in Fig. 2, which high-
lights the analysis of all three ensembles (ENS, ENS_CAS, 
and ENS_EAS) for projecting precipitation and temperature 
extremes and also account for the potential issues arising 
from this partly inconsistent ensemble from two different 
domains.

2.3  Validation datasets

For validating simulated mean precipitation and related 
indices, we used the latest version of the Multi-Source 
Weighted-Ensemble Precipitation (MSWEP v2.8; Beck et 
al. 2019; Beck et al. 2017a, b) data, having a horizontal 
resolution of 0.1°. MSWEP is a widely used, global, and 
gridded precipitation product that merges various gauge-, 
satellite-, and reanalysis-based datasets and, thus, combines 
the strengths of the individual datasets (Beck et al. 2019) 
as it is recommended, e.g., by Prein and Gobiet (2017). To 
effectively match the rain gauge observations, no corrections 
have been applied in this version regarding the underestima-
tion of precipitation in mountainous and snow dominated 
regions (Beck et al. 2021). The accuracy of MSWEPv2 is 
improved compared to v1 because of the introduction of 
the cumulative distribution function and the precipitation 

ensemble size, we further consider the East Asian ensemble 
(ENS_EAS with six members). Details of the used model 
simulations are presented in Table 1. A detailed overview 
of the settings used for the CORDEX-CORE simulations is 
provided by Diez-Sierra et al. (2022a).

This enables the analysis of the overlapping domain and 
of potential effects on the simulated climate due to different 
distances to the domain boundaries. Zittis et al. (2019) and 
Legasa et al. (2020) compared simulations from overlapping 

Table 1  List of used simulations from CORDEX-CAS and CORDEX-EAS
RCMs Domain/Resolution Driving GCMs References
REMO2015.v1 CAS/0.22° (Daily) MOHC-HadGEM2-ES Jacob et al. 2012; Remedio et al. 2019; Giorgi et al. 2022

MPI-M-MPI-ESM-LR
NCC-NorESM1-M

ALARO-0.v1 CNRM-CERFACS-CNRM-CM5 Top et al. 2021
REMO2015.v1 EAS/0.22° (Daily) MOHC-HadGEM2-ES Jacob et al. 2012; Remedio et al. 2019; Giorgi et al. 2022

MPI-M-MPI-ESM-LR
NCC-NorESM1-M

RegCM4-4.v0 MOHC-HadGEM2-ES Giorgi et al. 2012; Giorgi et al. 2022
MPI-M-MPI-ESM-MR
NCC-NorESM1-M

Fig. 1  (a) The spatial extent of the two CORDEX domains CAS 
(orange rectangle) and EAS (yellow rectangle) from which simulations 
have been used, and of our selected overlapping area (grey rectangle), 
(b) the topography of our study region (data source: GTOPO30)
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are able to capture temperature and derived indices on the 
Tibetan Plateau and in the Qilian Mountains regarding their 
absolute value and trend. We did not consider ERA5-Land 
for the precipitation indices as the number of precipitation 
events is significantly overestimated, causing strong biases 
for wet and dry periods (Abel et al. 2024b).

2.4  Extreme indices and evaluation metrices

Extreme climate indices from the Expert Team on Climate 
Change Detection and Indices (ETCCDI; Zhang et al. 2011) 
have been widely used in earlier studies (e.g., Paeth et al. 
2023; John et al. 2022; Rai et al. 2019). In the current study, 
we selected five indices based on precipitation (CDD, CWD, 
RX1day, R20mm, and R95p) and temperature each (CSU, 
CFD, HWDI, TX10p, and TX90p). CDD, CWD, CSU, and 
CFD indicate the duration, while R95p, HWDI, TX10p, and 
TX90p are percentile-based indices. As a threshold-based 
index, we consider R20mm. These indices act on an annual 
scale to obtain comparability with existing studies focus-
ing on these indices using GCM ensembles or RCMs. The 
indices are presented with their corresponding description 
and unit in Table 2.

frequency (Beck et al. 2021). MSWEP excels with respect 
to the correlation coefficient of precipitation with measure-
ments taken from rain gauge stations on various temporal 
scales over Central Asia especially during winter and spring 
(Peña-Guerrero et al. 2022). Li et al. (2022b) also observed 
a good performance of MSWEP in capturing positive and 
negative precipitation changes and drought characteristics. 
The MSWEP precipitation data was downloaded from the 
official website https://www.gloh2o.org/mswep/ (accessed 
on 29 April 2022).

For the validation of maximum, minimum, and mean 
temperature, and related indices, we used the European 
ReAnalysis Land (ERA5-Land: 0.1°; Muñoz-Sabater et al. 
2021) data from the European Centre for Medium-Range 
Weather Forecast (ECMWF). In comparison to the prede-
cessors ERA5 and ERA-Interim, having coarser resolutions 
than ERA5-Land (35 km and 80 km vs. 9 km, respectively), 
an added value has been observed in the representation of 
the hydrological cycle by using the more advanced land sur-
face scheme (Carbon Hydrology-Tiled ECMWF Scheme 
for Surface Exchanges over Land (CHTESSEL) (Boussetta 
et al. 2013). Examining ERA5 and ERA5-Land, Xu et al. 
(2022) and Zhao et al. (2023) found that these reanalyses 

Fig. 2  Flowchart depicting avail-
able simulations of the different 
CORDEX domains used for our 
ensembles and index calculations 
for different time periods
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long-term change was considered reliant only when ~ 70% 
of the models (7 out of 10 for ENS, 3 out of 4 for ENS_
CAS, and 4 out of 6 for ENS_EAS) agree on the direction 
of change following the approach used in Bangelesa et al. 
(2023) and Spinoni et al. (2021, 2020). We also calculate 
area-averaged indices over the entire domain and present 
the results in a box and whisker plot showing the variability 
and distribution of the long-term changes.

3  Results

3.1  Precipitation and temperature climatology

3.1.1  Precipitation

The spatial pattern of the climatological daily precipitation 
from MSWEP and the relative biases of each individual 
simulation and the ensembles compared to MSWEP are 
presented in Fig. 3 during the 1981–2005 period. Regarding 
the bias patterns, it has to be noted that the study area shows 
a wide range of precipitation amounts with high windward 
mountain ranges (e.g., Karakoram) and deserts (e.g., Tak-
lamakan). Thus, the relative biases have to be treated with 
caution. The corresponding absolute biases of the ensem-
bles, individual RCMs, and driving GCMs are plotted in 
Figure S1.

The observations show higher precipitation values in 
mountainous regions that are mainly located in the eastern 
and southern part of the domain (Fig. 3a). Spatial variability 
is enormous, spanning from below 0.5 mm/day in the arid 
lowlands to more than 3.5 mm/day along the high mountain 
chains. ENS shows wet biases in the orographically complex 
regions of Kyrgyzstan and Tajikistan and the areas south 
of it, while the western and northern arid lowlands of the 
domain have either a small dry or no bias (Fig. 3b). These 
bias patterns are quite similar in ENS_CAS and ENS_EAS. 
However, ENS_CAS shows a lower (higher) magnitude 
for the wet (dry) biases in high-elevation (lowland) regions 
(Fig. 3c) compared to ENS_EAS (Fig. 3d). For individual 
simulations, the ALARO-0 model forced with CNRM-CM5 
from CORDEX-CAS (Fig.  3h) shows the lowest biases 
among all simulations (excluding the Taklamakan, see 
absolute bias in Figure S1) while RegCM4 from CORDEX-
EAS exhibits the largest biases independent of the driving 
GCM (Fig. 3l-n). A recent study by Top et al. (2021) found a 
better representation of precipitation patterns in ALARO-0 
compared to REMOv2015 over Central Asia. Earlier stud-
ies have also reported a general precipitation overestimation 
of RegCM over China (Gao et al. 2017), and over topo-
graphic regions of Central Asia (Guo et al. 2021; Ozturk 
et al. 2017, 2012; Oh et al. 2014; Park et al. 2013; Giorgi 

For a better comparison, all datasets are remapped on the 
common CORDEX-CORE grid of the CAS domain with 
0.22° x 0.22° resolution using a bilinear interpolation. To 
validate the model data, the spatial bias patterns are calcu-
lated with respect to MSWEP for precipitation and to ERA5-
Land for maximum, minimum, and mean temperature. We 
have calculated the indices for each GCM-RCM pair and 
generated all three ensembles afterwards. The standardized 
standard deviation (SSD) along with the spatial correlation 
coefficient for extreme indices of each individual simula-
tion as well as for ENS, are also presented in heatmaps. The 
standardization is achieved by dividing the spatial standard 
deviation of individual RCMs by the spatial standard devia-
tion of the validation data. Therefore, SSD values close to 
1 indicate a close proximity to the standard deviation of the 
respective observation dataset. Within a heatmap, we ranked 
the best three simulations based on their performance. The 
probability distribution function (PDF) is also calculated for 
all three ensembles’ indices and compared with the PDFs of 
the validation data.

Projected changes of extreme indices are calculated rela-
tive to the historical period of 1981–2005 by dividing the 
difference of the future and past value by the past value. The 

Table 2  Analyzed extreme indices for precipitation and temperature
Abbreviation Definition of the index (based 

on Zhang et al. 2011; Schulz-
weida 2019)

Unit Input 
Vari-
able

CDD Consecutive dry days index per 
year (with Pr < 1 mm for more 
than 5 days)

days Pr

CWD Consecutive wet days index per 
year (with Pr ≥ 1 mm for more 
than 5 days)

days Pr

R20mm Very heavy precipitation 
(Pr ≥ 20 mm) days index per 
year

days Pr

RX1day Highest one day precipitation 
amount per year

mm Pr

R95p Very wet days percent per year 
w.r.t. 95th percentile of refer-
ence period (1981–2005)

% of 
days

Pr

CSU Consecutive summer days 
index per year (with Tmax > 
25 °C for more than 5 days)

days Tmax

CFD Consecutive frost days index 
per year (with Tmin < 0 °C for 
more than 5 days)

days Tmin

HWDI Heat wave duration index per 
year w.r.t. mean of reference 
period (1981–2005)

days Tmax

TX10p Very cold days percent per year 
w.r.t. 10th percentile of refer-
ence period (1981–2005)

% of 
days

Tmax

TX90p Very warm days percent per 
year w.r.t. 90th percentile of 
reference period (1981–2005)

% of 
days

Tmax
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2018), used model grids, and applied interpolation methods, 
all three RCMs use different convection schemes (MT3 in 
ALARO-0 (Top et al. 2021), Tiedtke in REMO (Remedio et 
al. 2019), Emanuel in RegCM4 (Diez-Sierra et al. 2022a) 
and different numbers of vertical layers (47 in ALARO-0 
(Top et al. 2021), 27 in REMO (Giorgi et al. 2022), 23 in 
RegCM4 (Giorgi et al. 2022). The good performance of 
precipitation in ALARO-0 could be caused by the more 
detailed vertical resolution of the atmosphere. However, the 
distinct attribution of individual bias causes is beyond the 
scope of the study.

3.1.2  Mean temperature

When looking at the climatology and bias patterns of the 2 m 
mean temperature, one can observe the orographic and lati-
tudinal dependence in ERA5-Land (Fig. 4a). ENS (Fig. 4b) 
is characterized by warm biases in the central and northern 
part and by cold biases in the southern parts and the Tibetan 
Plateau, while a more scattered bias pattern dominates the 
mountain areas. The magnitude of biases is quite small in 
ENS_CAS, which mostly shows a cold bias in Kyrgyzstan 
and the areas south of it (Fig. 4c), while medium to strong 
warm biases cover most areas in ENS_EAS (Fig. 4d). Focus-
ing on individual simulations, REMO from both CORDEX 
domains outperforms the other runs (Fig.  4e-g and i-k). 
Nevertheless, the effect of the forcing data in producing a 

et al. 2012). The RCM REMO forced with MPI-ESM-LR 
from both CORDEX-CAS and EAS (Fig. 3f and j) captures 
the precipitation pattern better compared to forcings from 
HadGEM2-ES and NorESM1-M (Fig. 3i, l and k, n, respec-
tively). Driven by HadGEM2-ES, the REMO runs of EAS 
show a more prominent dry bias in the northern and west-
ern parts of CEAS than the runs of CAS (Fig. 3e, i) and an 
opposite behavior when REMO is forced with the other two 
GCMs (Fig. 3f-g, j-k). This is a clear effect of the forcing 
data which has also been found by Oh et al. (2014) using 
HadGEM2 and by Park et al. (2013) comparing the effect of 
different boundary conditions on RegCM4. Focusing on the 
absolute values (Figure S1), RegCM has the strongest bias 
patterns while REMO and ALARO-0 show lower biases 
compared to the respective forcing data and, thus, are adding 
value to these simulations. This further is remarkable due to 
the strong biases HadGEM2-ES produces over the Taklam-
akan which are clearly reduced in REMO and RegCM4. In 
general, the bias patterns in CEAS are strongly orography-
driven as all models are limited by their spatial resolution 
and the resulting inability to represent the actual topograph-
ical heterogeneity. This has been reported earlier by Rai et 
al. (2022), Top et al. (2021), and Russo et al. (2019) who 
focus on single models instead of ensembles. Beside dif-
ferent topographical input datasets (GTOPO30 for REMO 
and RegCM4 (Giorgi et al. 2022; Ziegler 2022;  Jacob et 
al. 2012) and GMTED2010 for ALARO (Termonia et al. 

Fig. 3  Climatology of mean daily 
precipitation (mm/day) for (a) 
MSWEP, and relative biases of 
the ensembles (b–d) and single 
simulations in comparison to 
MSWEP from CORDEX-CAS 
(e–h), and CORDEX-EAS (i–n) 
for the period of 1981–2005
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3.1.3  Maximum and minimum temperature

The spatial bias patterns for maximum and minimum tem-
peratures in reference to ERA5-Land are presented in Sup-
plementary Figs. S2 and S3, respectively. The general bias 
patterns are comparable to the ones of the mean temperature, 
but the magnitude of the biases differs among the models. 
Nearly all simulations show an overestimation of the maxi-
mum temperature in mountain regions, except for ALARO-
0, which shows an underestimation similar to its mean 
temperature (Fig. S2). An underestimation of the minimum 
temperature can be seen over the orographic parts in most 
of the simulations (Fig. S3). However, the REMO simula-
tions show an underestimation of the minimum temperature 
and an overestimation of the maximum temperature in the 
high mountain areas which, thus, is not caused by the dif-
ferent domains or driving GCMs. Although this behavior is 
not typical for climate models, which tend to underestimate 
the daily temperature range (Wang and Clow 2020; Lindvall 
and Svensson 2015) the same finding has also been reported 
by Top et al. (2021). However, Rai et al. (2022) found an 
overestimation of minimum temperature in the mountain 
areas. The differences might be attributed to different forc-
ing data, examined periods, validation data, different spa-
tial resolutions, or a combination of these effects. There is 
also uncertainty in gridded validation products, especially in 
complex orographic regions (Russo et al. 2019) and where 

systematic warm bias in the northern part is evident in the 
NorESM1-M-driven runs and, to a lower extent, the Had-
GEM2-ES-driven ones. The good performance of REMO 
in capturing temperature patterns over Central Asia is also 
confirmed by earlier modeling studies (Rai et al. 2022; Top 
et al. 2021; Mannig et al. 2013). ALARO-0 is marked by 
a strong and systematic negative bias which mostly arises 
from winter and spring seasons where the model’s single-
layer does not simulate the snow cover accurately - other 
than REMO’s multi-layer snow scheme (Top et al. 2021). A 
strong warm bias over large parts of the domain except the 
southeastern part is present in all simulations of RegCM4 
and has been previously described and linked to the model’s 
multi-layer snow-scheme by Ozturk et al. (2012). Although 
the driving data affect the biases’ magnitude, this RCM 
obviously exhibits a systematic warm bias. All RCMs show 
limitations of the temperature simulation in lake areas (e.g., 
Aral Sea, Lake Balkhash) where the sign of the bias depends 
on the driving data. In a more recent version of REMO, 
which has not been used in CORDEX-CORE, an advanced 
lake model has been implemented resulting in a reduction 
of temperature biases in lake areas of Fenno-Scandinavia 
(Pietikäinen et al. 2018).

Fig. 4  Climatology of mean daily 
2 m mean temperature (°C) for 
(a) ERA5-Land, and biases of the 
ensembles (b–d) and single simu-
lations in comparison to ERA5-
Land from CORDEX-CAS (e–h), 
and CORDEX-EAS (i–n) for the 
period of 1981–2005
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performer especially for the temperature indices. Among 
individual simulations, ALARO-0 performs best in repre-
senting the precipitation indices followed by REMO-MPI-
ESM-LR from CORDEX-CAS. Generally, high correlations 
can be observed for REMO-HadGEM2-ES from both COR-
DEX domains compared with the same GCM forcing for 
RegCM4. Low correlation coefficients occur for precipi-
tation indices which are related to wet conditions such as 
CWD, R20mm, and RX1day. The percentile-based indices 
for temperature extremes (HWDI, TX10p, and TX90p) 
show lower correlation coefficients as well. Thus, the simu-
lated spatial occurrence of heat waves and cold spells differs 

an inaccurate representation of snow cover may lead to an 
overestimation of minimum temperature (Mašek 2017).

3.2  Extreme indices during the historical period

Figure 5 shows the spatial correlation coefficients between 
the respective observations and the individual simulations 
as well as ENS for the extreme precipitation and temper-
ature indices. High coefficients can be observed for CDD 
and R95p as precipitation indices and for CSU and CFD as 
temperature indices. Except for R95p, for which ALARO-0 
performs best, for all these indices ENS is the overall best 

Fig. 5  Spatial correlation coef-
ficient between the ENS and each 
model with the corresponding 
validation data for the refer-
ence period of 1981–2005 per 
index. Numbers within the boxes 
indicate the three best performing 
simulations for each index
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compared to MSWEP. Some ensemble PDFs show no or a 
quite small overlapping value range with the validation data 
(e.g., CWD, R20mm). Thus, the observed spatial means and 
extremes are not captured by the models. The best perform-
ing ensemble strongly depends on the considered index 
(e.g., CDD, CWD). As shown in Fig.  3, ENS_CAS gen-
erally demonstrates drier conditions than ENS_EAS. This 
originates from the high precipitation amounts simulated in 
RegCM4, which tends to show not only higher precipitation 
amounts (Fig. 3) but also a higher frequency (Fig. 7a, b for 
CDD, CWD) and intensity (Fig. 7c, e for R20mm, R95p). 
Generally, the PDFs of ENS_CAS fit better than the ones 
of ENS, both of which are outperforming ENS_EAS. Only 
for RX1day the three ensembles are close to each other and 
MSWEP (Fig.  7d). Considering the temperature indices 
(Fig. 8), the ensemble PDFs match generally better with the 
validation data from ERA5-Land. However, the spread is 
mostly too narrow as indicated by the SSDs as well. While 
HWDI, TX10p, and TX90p are quite similar in the ensem-
bles, differences between the regions can be seen for CSU 
and CFD (Fig. 7c-e). Here, ENS_CAS demonstrates a lower 
spread of the temperatures since CSU is under- and CFD 
overestimated.

3.3  Projected changes of the climate indices

3.3.1  Precipitation indices

The long-term projected changes of the precipitation indices 
for the near- and far-future are presented in Figs. 9 and 10, 
respectively. All changes are shown relative to the historical 
period.

CDD  In terms of CDD during near-future (Fig. 9a-c), ENS 
simulates more dry days in the northern and north-western 
parts, while the eastern parts are expected to experience a 
reduced number of CDDs (Fig. 9a). ENS_CAS projects a 
shorter dry period of around 10% in the near-future over the 
northern and eastern part of the domain (Fig. 9b). Approxi-
mately 70% of the model simulations agree on the sign of 
change. In contrast, ENS_EAS estimates longer dry periods 
during the middle of the century which spread over most 
parts of the domain except for the southern and easternmost 
areas (Fig. 9c). While the majority of the models indicate 
the same sign of change in ENS_EAS, this implies that, in 
combination with ENS_CAS, ENS shows sign agreements 
only at a few grid points. In the case of CDD’s far-future, 
the spatial patterns of ENS are expected to remain the same, 
but their magnitude will intensify substantially (Fig. 10a-c). 
ENS_EAS (Fig. 10c), in particular, projects an increase of 
more than 30% of CDD over a large part of the domain, 
but not in Xinjiang where a decrease is expected at the end 

from the one of ERA5-Land. However, ENS shows the best 
results in this regard.

The bias patterns of the precipitation indices in com-
parison to MSWEP are presented in Supplementary Fig. 
S4 for all three ensembles. The overestimation of CDD 
over the northern part of the domain is consistent among 
the ensembles while the southern parts are mostly marked 
by an underestimation (Fig. S4b and c). For wet precipita-
tion indices (CWD, R20mm, RX1day, and R95p), there is 
a general overestimation in mountainous regions (Fig. S4d-
o), particularly in ENS_EAS, which is accompanied by an 
underestimation in the lowlands. For temperature indices, 
CSU is slightly overestimated in the lowlands by ENS_EAS 
(Fig. S5c) while ENS_CAS is marked by an underestima-
tion in these areas (Fig. S5b). Regarding CFD, ENS_CAS 
shows a systematic overestimation in the Southeast and at 
high elevations while ENS_EAS mostly underestimates this 
index (Fig. S5d-f). Focusing on HWDI, the three ensembles 
are more in line with each other showing strong overestima-
tions in the Taklamakan desert and the western lowlands. 
The biases in the orographic regions are differing among 
the ensembles depending on the specific location but with 
a consistent overestimation in ENS_CAS (Fig. S5g-i). The 
bias patterns of the percentile-based indices TX10p (Fig. 
S5j-l) and TX90p (Fig. S5m-o) are dominated by noise 
caused by the calculation method of these two indices.

The spatial SSD between each GCM-RCM pair and their 
ENS compared to MSWEP and ERA5-Land, respectively, 
is shown in Fig. 6 for the ten indices. Focusing first on pre-
cipitation indices, CDD, RX1day, and R95p mostly show a 
too low SSD. While the SSD of R20mm is mostly overes-
timated, CWD shows a more diverse picture depending on 
the RCM and the driving data with RegCM4 and forcing 
by HadGEM2-ES having a tendency towards higher SSDs. 
There is not a clear individual model or ensemble outper-
forming the others. However, when driving an RCM with 
NorESM1-M, generally good ranks are achieved. We have 
to note that none of the models is able to simulate all indi-
ces with a good agreement of SSD with the spatial standard 
deviation of MSWEP. In the case of the temperature indi-
ces, all simulations underestimate the standard deviation 
of ERA5-Land. For TX90p, TX10p, and HWDI, however, 
ENS and ALARO-0 show the best representation. Regard-
ing CFD, REMO has a generally better SSD independent of 
the driving data. In contrast to precipitation, the SSDs from 
the temperature indices have a lower dependency on the 
driving data and a higher on the individual RCM behavior.

The PDFs based on the spatial distribution of the ensem-
ble-mean precipitation and temperature indices in com-
parison to the respective observational dataset are shown 
in Figs.  7 and 8, respectively. For precipitation, the dis-
tributions are mostly too narrow (e.g., CWD, RX1day) 
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concluded that a large uncertainty on the change of CDD 
prevails among the models.

CWD  Focusing on CWD, the central part of the domain is 
projected to experience an increase in the near-future as 
indicated by all three ensembles. However, the change pat-
terns are not entirely consistent, especially in ENS_CAS 
(Fig. 9e). Over the southern parts, a significant decrease of 
CWD is simulated (Fig. 9d-f) which is expected to intensify 
and expand further northwards towards the end of the cen-
tury (Fig. 10d-f). Looking at the direction of change, there is 
no agreement in most parts of the domain. For the far-future 

of the century. Thus, while some areas exhibit no change 
or a reduction during the near-future, large parts of these 
areas show an increase now as well. This results in a higher 
percentage of sign agreement among the models visible 
in ENS. For a historical period (1957–2005), Zhang et al. 
(2017) found a decreasing trend of CDD over Central Asia 
using daily climate observations from 55 meteorological 
stations. Examining the future, a recent study by Ozturk 
(2023) using RegCM4.3.5 at 0.5° x 0.5° resolution forced 
by HadGEM2-ES and MPI-ESM-MR pointed to a decrease 
in CDD, especially over Uzbekistan and Turkmenistan, 
under RCP8.5. Having these studies in mind, it must be 

Fig. 6  Standardized spatial stan-
dard deviation (SSD) between 
the ENS and each model with 
the corresponding validation 
data for the reference period of 
1981–2005 per index. Numbers 
within the boxes indicate the 
three best performing simulations 
for each index
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its sign, is primarily confined to the orographically complex 
areas of Kyrgyzstan, Tajikistan, and the North of Pakistan. 
Some parts of the Taklamakan desert in China indicate a 
slight decrease or no change of this index during the middle 
of the century (Fig. 9h), but these areas are also expected 
to experience a growing number of very heavy precipita-
tion days by the end of the century (Fig. 10g-i). A projected 

and in comparison with CDD, there are areas showing an 
increase of both indices. This points in the direction of a 
more pronounced seasonality of precipitation or more per-
sistent weather types leading to consecutive dry or wet days.

R20mm  The projected changes of R20mm, referring to 
heavy rainfall days, show a clear rise over nearly the entire 
area for both time periods and with higher intensity at the 
end of the century (Fig. 9g-i). However, the most signifi-
cant change, where a majority of the simulations agree on 

Fig. 8  PDFs of the temperature 
indices for the reference period 
(1981–2005)

 

Fig. 7  PDFs of the precipitation 
indices for the reference period 
(1981–2005)
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slight decrease in northern and no changes of R95p in cen-
tral areas during the middle of the century (Fig. 9o). In con-
trast, ENS_CAS projects a slight increase in similar regions 
(Fig. 9n). Interestingly, many areas with a decrease of R95p 
correspond with the decrease in CWD. These findings are 
consistent with the study of Zhang et al. (2020), who used 
the Community Earth System Model (CESM) to project 
extreme indices for 1.5 and 2 °C warming levels and found 
an increase of RX1day and R95p over the East of Central 
Asia.

Summary  Overall, a robust increase among the models is 
projected for R20mm, RX1day, and CDD (Fig. 9). The pro-
jected changes have an inhomogeneous pattern in the case 
of CWD and R95p. Although precipitation extremes are 
projected to increase further towards the end of the century 

increase of R10mm was also found in the studies by Ozturk 
(2023) and Zhu et al. (2020).

RX1day  RX1day is of significant importance due to its 
linkage to very extreme precipitation events with potential 
damage. A significant increase of more than 20% over the 
entire domain, with stronger increases in orographic regions 
and northern areas, is simulated consistently throughout 
the ensembles (Fig. 9j-l). Furthermore, all three ensembles 
agree on a further intensification under climate change 
which is consistent among the majority of model simula-
tions by the end of the century (Fig. 10j-l).

R95p  Finally, R95p shows an increase in Xinjiang and Kyr-
gyzstan while the southern parts of the domain are showing 
a decrease of appr. 10% (Fig. 9m-o). Again, the magnitude 
of these changes intensifies in the far-future (Fig. 10m-o). 
However, there are diverging behaviors for Kazakhstan 
depending on the ensemble. Here, ENS_EAS anticipates a 

Fig. 9  Projected changes of 
precipitation indices [%] from 
ENS (left column), ENS_CAS 
(center), and ENS_EAS (right) 
for the near-future (2031–2055) 
compared to the reference period 
(1981–2005). Stippling denotes 
grid points where more than 70% 
of the simulations agree on the 
sign of change
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projects a moderate increase, while ENS_EAS estimates a 
slight increase or no change, as indicated in Fig. 11e. None-
theless, the spatial heterogeneities revealed in Figs. 9 and 10 
should be considered.

3.3.2  Temperature indices

Shifting the focus to the projected changes in extreme tem-
perature indices, Figs. 12 and 13 illustrate the spatial pat-
terns for the near- and far-future, respectively. The changes 
are again shown in percentage with respect to the historical 
period. It is important to note that the indices show an unidi-
rectional nature of change. Thus, there are no uncertainties 
regarding the sign as it is the case for precipitation indices.

CSU  Before looking at the changes in CSU, it has to be 
noted that the high mountain areas are masked as the index 
is based on an absolute temperature threshold and changes 
relative to the past. Thus, areas showing no CSU in the past 
are excluded from the analysis. Due to the consideration of 

(Fig. 10) over a large part of the domain, the mountainous 
regions are going to be affected most.

In Fig.  11, the area-average of the precipitation indices’ 
relative change for both time periods are shown using box 
and whisker plots (for absolute changes see Fig. S6). There 
are significant discrepancies in the projections of CDD and 
CWD between the ENS_CAS and ENS_EAS ensembles, as 
illustrated in Fig. 11a and b and already noted in the context 
of Figs. 9 and 10. The most pronounced increase, which is 
expected to further intensify by the end of the century, is 
observed for R20mm (Fig.  11c). Note that an increase of 
about 100% is projected which implies a doubling of heavy 
precipitation events compared with the historical period. 
A similar change pattern is also observed for RX1day, 
although with a lower magnitude (Fig. 11d). It is notewor-
thy that, regarding R20mm and RX1day, all three ensembles 
agree in the direction as well as the magnitude of change 
with only slight differences regarding the distributions of 
the individual ensembles. Regarding R95p, ENS_CAS 
Fig. 10  Same as Fig. 9, but for 
the far-future (2071–2095)
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the century in ENS_EAS are quite severe (> 800%), partic-
ularly over the orographic parts of the domain, in contrast to 
the changes shown by ENS_CAS (mostly < 400%, Fig. 12h 
and i). The smallest relative changes are observed over the 
lowland areas. By the end of the century, a more widespread 
and intensified HWDI is simulated in ENS_EAS (Fig. 13i) 
which is also the case for ENS_CAS, particularly in the 
southern and eastern parts of the domain, but with lower 
extent and shorter duration (Fig. 13h). Recently, Fallah et 
al. (2023) also found a higher risk of heat related extremes 
having a factor of four in the signal-to-noise-ratio over large 
parts of Central Asia.

TX10p and TX90p  The two other percentile-based indices, 
TX10p and TX90p are calculated relative to the respective 
percentiles of the reference period. TX10p is projected to 
decrease during the near-future, with an almost similar spa-
tial pattern across all three ensembles (Fig. 12j-l). However, 
the reduction is more pronounced over mountainous regions 
than in the plain areas across the ensembles (Fig. 12k and 
l). The decrease in the mountain areas is stronger in ENS_
EAS than in ENS_CAS which is in line with the projected 
changes in CFD and HWDI. The magnitude of the simu-
lated decrease is expected to amplify further at the end of 
the century (Fig. 13j-l).

In case of the percentage of very hot days, TX90p, the 
projected enhancement is predominantly spread across 
orographic and southern regions as shown by all three 
ensembles (Fig. 12m-o). The spatial patterns of TX90p are 
very similar to those of HWDI. By the end of the century, the 
more intense TX90p will extend over the entire study area 
(Fig. 13m-o). The regions south of Kyrgyzstan and Uzbeki-
stan are especially affected by this development which can 

relative changes (absolute change values are shown in Fig. 
S8, and Fig. S9), the general increase of this index under 
RCP8.5 in all ensembles is strongest in the high mountain 
regions (Fig. 12a-c). The lowlands in the North and North-
west show a moderate increase which is weaker in ENS_
EAS (Fig. 12c). The immense rise of CSU in the lake areas 
of Aral and Balkhash can be related to the poor representa-
tion of temperatures by RCMs in these lake areas, as already 
mentioned in Sect. 3.1. Focusing on the far-future, CSU will 
further increase across much of the central and north-eastern 
parts (Fig.  13a-c). The projected changes are particularly 
stronger in the northernmost areas as depicted in ENS_CAS 
(Fig. 13b) while they are moderate for ENS and ENS_EAS 
(Fig. 13a and c).

CFD  Considering CFDs, all three ensembles show a 
decrease in the near-future (Fig. 12d-f), with a further reduc-
tion expected at the end of the century (Fig.  13d-f). The 
patterns of change are comparably similar in the different 
ensembles with slightly less changes in desert and steppe 
areas of Xinjiang and Kazakhstan in ENS_EAS. Further-
more, the decrease will be smaller in orographic regions, 
such as Kyrgyzstan and Tajikistan, while the lowland areas 
of Kazakhstan, Uzbekistan, and Turkmenistan will experi-
ence a stronger shortening of CFD periods (Figs. 12d-f and 
13d-f). Additionally, a dipole pattern can be observed in 
the eastern and western parts with comparatively stronger 
decrease in the western parts compared to the eastern parts.

HWDI  The HWDI, a percentile-based index, is of utmost 
importance since heat waves are a major cause of weather-
related fatalities. During the near-future, longer heat waves 
can be detected in all three ensembles over CEAS (Fig. 12g-
i). However, the projections of HWDI during the middle of 

Fig. 11  Box and whisker plot 
for the projected change [%] 
in precipitation indices for the 
near- (2031–2055) and far-
future (2071–2095) and all three 
ensembles (for corresponding 
absolute changes see Fig. S6)
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Summary  The spatial mean of the projected future changes 
in the temperature indices relative to the historical period 
is presented by a box and whisker plot in Fig. 14 (for cor-
responding absolute changes see Fig. S7). As mentioned 

have an adverse effect on the energy demand, agricultural 
sector, and human health (Liu et al. 2020; Reyer et al. 2017).

Fig. 12  Projected changes in temperature indices [%] from ENS (left 
column), ENS_CAS (center), and ENS_EAS (right) for the near-future 
(2031–2055) compared to the reference period (1981–2005). Stippling 

denotes grid points where more than 70% of the simulations agree on 
the sign of change

 

1 3



Extreme precipitation and temperature indices under future climate change in central Asia based on…

Fig. 14  Box and whisker plot for 
the projected change [%] in tem-
perature indices for near- (2031–
2055) and far-future (2071–2095) 
and all three ensembles (for 
corresponding absolute changes 
see Fig. S8)

 

Fig. 13  Same as Fig. 12, but for 
the far-future (2071–2095)
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simulations show warm biases in the high-elevation parts 
of the domain, with the exception of ALARO-0, which dis-
plays a cold bias (Fig. 4). This behavior probably is related 
to deficiencies in ALARO-0’s single-layer snow scheme 
(Top et al. 2021). The cold bias over the Tibetan Plateau and 
Himalayan region was also reported in the study of Russo et 
al. (2019) who attributed it to a reduced reliability of grid-
ded validation products in these regions. A further system-
atic temperature bias of the RCMs is present in lake areas 
(Aral Sea, Lake Balkhash) where a strong warm bias per-
sists. However, more advanced versions of the models than 
the ones provided by CORDEX-CORE are tackling this 
bias by coupling lake modules to the RCMs as it is done, 
for example, in REMO (Pietikäinen et al. 2018). Different 
signs of the minimum temperature bias at high elevations in 
the study of Rai et al. (2022) compared to Top et al. (2021) 
and our recent study might be attributed to different forcing 
data, time periods, validation data, model resolutions, or a 
combination of these effects.

Under RCP8.5, the projected changes in precipitation 
extremes show a general tendency towards more intense 
events. This is true for high precipitation amounts focus-
ing on absolute precipitation values (R20mm, RX1day) 
in the entire domain, which is also shown by Zhu et al. 
(2020) who investigated simulations of the RCM WRF at 
0.5° x 0.5° resolution. The percentile-based R95p shows 
a more dipole-like behavior with wetter conditions in the 
east and drier ones in the west. This is partly contradict-
ing the study by Ozturk (2023) who examined simulations 
from RegCM4.3.5 - forced by two different GCMs and with 
a resolution of 50 km. The authors also found an increase 
of R95p by 20% over their domain, but the spatial pat-
terns are not in line with the ones of Figs. 9 and 10 in our 
study. However, this could be caused by the smaller model 
ensemble, the usage of RegCM with its positive precipita-
tion bias, the different reference period (1971–2000), and 
the coarser spatial resolution. The changes in the length of 
wet (CWD) and dry (CDD) periods depend on the region. 
Here, longer dry periods are detected in most areas with 
the exception of Xinjiang, while longer wet periods pre-
vail in some mountainous parts of Kyrgyzstan and southern 
Kazakhstan. Additionally, stronger inter- or intra-seasonal 
variations are indicated for regions showing an increase 
of CWD and CDD. Regarding CDD, these findings are in 
line with Zhu et al. (2020). Other studies also reported a 
disagreement in projecting CDD using CMIP5 or CMIP6 
simulations (Zhang and Wang 2022; Peng et al. 2020; 
Zhang and Zhou, 2020): the uncertainty among the models 
masks the change signal of CDD while the increase of other 
precipitation indices is robust and significant under global 
warming (Zhang and Wang 2022). The general increase 
of extreme precipitation events was also found in CMIP5 

earlier, the ensembles from both ENS_CAS and ENS_EAS 
are aligned in the direction of change despite their varying 
magnitude of change depending on the considered vari-
able. In comparison to the near-future, all three ensembles 
show a notable increase of consecutive summer days and a 
decrease of consecutive frost days in the far-future as shown 
in Fig. 14a and b. The relative amplification at the end of 
the century is strongest for extreme temperatures as dem-
onstrated by HWDI (around 2000%) and TX90p (around 
500%), with both trends being stronger in ENS_EAS than 
in ENS_CAS (Fig.  14c and e). Similar to the simulated 
decrease of CFD, the percentage of very cold days also 
tends to reduce substantially during the far-future (Fig. 14d). 
In summary, temperature related extremes are projected to 
either increase/decrease – depending on the index – in the 
future with further amplification at the end of the century. 
Thus, we expect a consistent pattern of warming and a 
decrease of cold extremes over time.

4  Discussion

The main incentive for using RCMs to provide future cli-
mate projections lies in their ability to provide higher spa-
tial resolutions and better resolved land surface processes 
compared to GCMs, enabling a more accurate simulation 
of extreme events on local to regional scales (e.g., Coppola 
et al. 2021; Rummukainen 2016). However, the evaluation 
of RCMs is confronted with the issue of very few avail-
able high-resolution and high-quality meteorological data-
sets over Central Asia (e.g., Peña-Guerrero et al. 2022). 
Further, the station density of the region has been decreas-
ing in the last decades which affects the quality of gridded 
products and makes model validation challenging (Hu et al. 
2018). The gridded observation datasets, whose accuracy 
decreases with elevation (Peña-Guerrero et al. 2022; Zhu et 
al. 2015), generally underestimate solid precipitation (Sun 
et al. 2018). Indeed, RCMs show strong overestimations of 
precipitation in mountainous regions which is also the case 
in Central Asia (e.g., Rai et al. 2022; Top et al. 2021). The 
validation of RCMs becomes further challenging because 
gridded datasets tend to underestimate orographic precipi-
tation (Zhu et al. 2015). A similar pattern of precipitation 
overestimation is also observed over orographic regions 
of our study domain in both ensembles (Fig. 3). The rela-
tively good performance of ALARO-0 compared to REMO 
and RegCM might be caused by the application of differ-
ent convection schemes together with a higher number of 
vertical layers where ALARO-0 has 47 (Top et al. 2021) 
while REMO and RegCM have 27 and 23, respectively 
(Giorgi et al. 2022). In the case of temperature, most of the 
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Regarding the overlapping domain of the CAS and EAS 
ensembles we can conclude that the effect of the choice of 
the forcing GCM or the RCM is more prominent than the 
effect of the CORDEX-CORE domain. This is in line with 
the studies by Diez-Sierra et al. (2022b) and Legasa et al. 
(2020). However, Matte et al. (2017) found that differences 
arising from overlapping domains can be caused by an 
insufficient spin-up. Further, a proximity of the study region 
to the domain boundaries - which is the case in our study 
for ENS_EAS - can affect the model results of different 
domains in the overlapping area (Diez-Sierra et al. 2022b).

Differences between RCMs and GCMs over Central Asia 
can arise - beside different spatial resolutions - from differ-
ent representations of seasonal snow cover as pointed out 
by Diez-Sierra et al. (2022b). Differences among the used 
RCMs can be attributed to different complexities of simu-
lated processes and the usage of different parameterizations 
and underlying static surface data. Thus, Legasa et al. (2020) 
suggested enlarging the ensemble size of a domain by using 
additional GCM-RCM combinations from an overlapping 
domain. Even though the ensemble size is larger after inclu-
sion of simulations from CORDEX-EAS, the interpretation 
of results must be done cautiously. Additionally, this does 
not necessarily help to overcome systematic biases like 
exemplified for the Aral Sea and Lake Balkhash. Further-
more, the need of higher resolved simulations is necessary 
as they are assumed to provide added value in complex 
mountain regions (Sangelantoni et al. 2023; Ban et al. 2021; 
Lucas-Picher et al. 2021). An alternative option is statistical 
downscaling when it comes to the correct representation of 
statistical distributions of local climate variables over com-
plex orographic terrain (Benestad 2010).

On the impact side, the Central Asian population will 
directly be affected by the described changes of extreme 
events. For example, heat waves can affect the mortality 
among children, elderly people, and people working outside 
directly and through outbreaks of water- and vector-borne 
diseases (Reyer et al. 2017). Furthermore, aridity which is 
projected to increase further in the future over the Aral Sea 
basin, leads to frequent dust storms (Novikov et al. 2009), 
where exposure can cause respiratory diseases such as 
asthma (Griffin 2007). Higher temperatures result in glacial 
outburst flooding and mudflows which have already caused 
severe injuries and deaths in the region of Kyrgyzstan, 
Tajikistan, and Uzbekistan in the past (Novikov et al. 2009). 
Therefore, adaptation measures related to temperature and 
precipitation extremes are required, in the absence of which 
risks related to them will aggravate further.

(Yao et al. 2021; Peng et al. 2020) and ISIMIP (Fallah et 
al. 2023) where the mountainous regions were revealed as 
being hotspots, too. Liu et al. (2020) identified a decrease of 
R95p with increased warming in Uzbekistan and Turkmeni-
stan in CMIP6 leading to generally drier conditions which 
was also reported by Cao et al. (2023) and, for CMIP6, by 
Fallah et al. (2023) and Yao et al. (2021). Causes of these 
developments are the southward shift of the Subtropical 
Westerly Jet under future warming, leading to longer dry 
periods (Jiang and Zhou 2021), and, at the same time, the 
enhanced convergence of water vapor from the North Atlan-
tic, West Pacific, and Arctic for extreme precipitation events 
shortly interrupting the dry periods (Wang et al. 2022). For 
Central Asia, the precipitation anomalies have been found 
to originate from a combination of changes in the westerly 
jet and in synoptic disturbances (Schiemann et al. 2008). 
Thus, large-scale circulation changes instead of changes of 
local moisture recycling are the driving force for hydrologi-
cal changes in the region (Yao et al. 2021). Regarding the 
impacts, the increased number of CDDs goes along with 
enhanced droughts having significant effects on agriculture 
in the region (Qiu et al. 2023; Liu et al. 2020). Addition-
ally, more heavy precipitation events are likely to increase 
the risk of landslides and mudflows, especially in the oro-
graphic regions of Kyrgyzstan and Tajikistan (Rakhmatul-
laev and Abdullaev 2014).

Central Asia, like many other parts of the world, has 
also experienced an increase of the duration, amplitude, 
and intensity of warm temperature extremes (Peng et al. 
2020; Zhang et al. 2019c; Feng et al. 2018). In our study, 
the extreme temperature indices CSU, HWDI, and TX90p 
are projected to increase substantially over the entire region, 
while CFD and TX10p are projected to decrease. These 
described changes of temperature indices are supported by 
other studies using either RCMs (Ozturk 2023; Zhu et al. 
2020) or GCMs (Fallah et al. 2023; Wu et al. 2023; Fan et 
al. 2022; Li et al. 2021; Peng et al. 2020). Ozturk (2023) and 
Zhu et al. (2020) also found CFD to decrease especially in 
mountain areas while the latter study also focused on CSU 
and identified the same patterns as revealed in our study. 
More frequent warm and heat events reduce the crop pro-
ductivity and yield (Guglielmi 2022; Sutton et al. 2013) and 
result in an expansion of arid areas in Central Asia (Sorg et 
al. 2014). This goes along with decreased vegetation cover, 
changes in the hydrological cycle, and an increased irriga-
tion water need for agriculture (Su et al. 2021; Luo et al. 
2020). The latter plays a crucial role for food security but 
is difficult to assess by climate models since it depends on 
several additional prerequisites (Abel et al. 2024a): The 
issue becomes even more complex when water is not only 
provided by precipitation but also by snow and glacier melt.
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stations and more RCM simulations with improved land-
surface processes, e.g., with respect to snow cover, land 
use, lake effects and soil hydrology, and higher resolutions 
are necessary to reduce the uncertainties of the projected 
changes in climate and weather extremes, as presented in 
this study. Independent of that, it is necessary to mitigate 
and adapt to future changes in the examined extreme indi-
ces as they can have tremendous effects on heat, drought, 
and floods and, in consequence, on water and energy supply, 
agriculture, food security, and aspects of human health. Fur-
ther research is needed to reduce the mentioned uncertain-
ties and tackle the impacts of climate change. Additionally, 
a seasonal focus of the model representation as done, e.g., 
by Rai et al. (2022) or Zhu et al. (2020), will be reasonable 
due to the strong seasonality of Central Asia’s climate.
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5  Conclusion

Using a multi-model ensemble with ten members for an 
overlapping Central Asian domain (CEAS) from COR-
DEX-CAS and CORDEX-EAS, projections of ten selected 
extreme indices related to precipitation and temperature are 
investigated in the present study. The selection of the over-
lapping domain is motivated by a larger number of available 
ensemble members to achieve a more robust assessment of 
climate change signals and uncertainty ranges among the 
models. Note that the included models are not the same 
for both CORDEX domains. To account for the potential 
issues arising from this partly inconsistent ensemble we 
have analyzed all three ensembles (ENS, ENS_CAS, and 
ENS_EAS) regarding their projections of extreme events. 
In fact, we found the effect of the forcing data and the RCM 
to be more prominent than the domain effect.

Focusing on daily precipitation and temperature, 
ALARO-0 and REMO are generally outperforming RegCM. 
However, there is also a strong dependency on the driving 
GCM as it is demonstrated by the warm bias introduced by 
NorESM1-M-forcing. Furthermore, all RCMs underlie sig-
nificant temperature biases in lake areas. During the histori-
cal period, the extreme indices are represented best by the 
ensemble mean over all simulations with a generally better 
performance of ENS_CAS compared to ENS_EAS. This is 
due to the presence of systematic and wide-spread tempera-
ture and precipitation biases of RegCM that is part of the 
ENS_EAS ensemble.

For the future we can state that extreme precipitation 
events will increase especially in mountain areas although 
the spatial patterns vary among the sub-ensembles. The 
changes in CDD and CWD depend on the models as well, 
but longer dry periods clearly prevail in the southern part 
of the study area. Regions showing an increase of CDD 
(+ 7.8% / +5.6 days) and CWD (+ 2.09% / +0.08 days) tend 
to experience a more intense inter- or intra-seasonal vari-
ability in the future. Temperature indices referring to warm 
and dry events, e.g., CSU (+ 108.5% / +38.3 days), HWDI 
(+ 1379.1% / +91.37 days), and TX90p (+ 391.1% / +34.54 
days), show a persistent intensification, while the occur-
rence of cold events, e.g., CFD (-43.7% / -25.2 days), and 
TX10p (-83.4% / -8.13 days), reduces systematically. The 
changes are most prominent at higher-elevation sites which 
is partly due to the considered relative instead of absolute 
changes. All patterns show a further intensification from the 
near- to the far-future and, thus, for ongoing greenhouse gas 
emissions and global warming.

The complex topography of the area poses various chal-
lenges. This is true for available gridded validation data as 
well as the model simulations, as both show a reduced qual-
ity in such regions. Thus, the availability of further in-situ 
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