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A B S T R A C T   

Changes in total and extreme precipitation are expected to intensify under climate warming. As Central Asia is 
among the driest regions in the world, more information is needed regarding the past and potential future 
changes in extreme precipitation in this region. In this study, we investigated changes in total and extreme 
precipitation in Central Asia based on observational records and Coupled Model Intercomparison Project 5 
(CMIP5) model simulations. The results showed that all extreme precipitation-related indices except for 
consecutive dry days (CDD) experienced an increasing trend during 1936–2005. The annual total wet-day pre
cipitation (PRCPTOT), daily intensity index (SDII), annual maximum 1- or 5-day precipitation amount (Rx1day 
and Rx5day), total annual number of days with precipitation exceeding heavy precipitation or very heavy 
precipitation thresholds (R10 and R20), and CDD were statistically robust. Generally, the statistically significant 
increasing trends are more pronounced in the wetter sub-regions, i.e. Northern and Southeastern Central Asia. 
Based on the CMIP5 model simulations, the PRCPTOT, Rx1day, and CDD in Central Asia are projected to increase 
robustly during 2006–2100 under representative concentration pathway (RCP) 4.5 and RCP 8.5; higher RCPs had 
higher rates of extreme precipitation and lower signal-to-noise ratios (SNRs). In addition, a considerable 
intensification of extreme precipitation and slight drought is predicted for the late 21st century (2071–2100). In 
Central Asia, the PRCPTOT, Rx1day, and CDD had an approximately linear relationship with global warming 
rates, with rates of 4.95%/K, 5.79%/K, and 2.79%/K, respectively, under RCP 4.5. The response rates were 
slightly lower under RCP 8.5 than under RCP 4.5 for these indices. The increase in total precipitation was mainly 
due to the intensification of extreme precipitation and a concomitant weakening of light precipitation, with a 
simultaneous overcompensation of increased evaporation due to global warming. Thus, our results suggest that 
total and extreme precipitation will intensify in Central Asia under a warming climate. Since increased extreme 
precipitation may lead to a heightened risk of flooding, water availability is predicted to remain limited over 
Central Asia.   

1. Introduction 

The latest Intergovernmental Panel on Climate Change (IPCC) report 
assessed global and regional changes in climatic extremes and concluded 
that global warming is aggravating the frequency, intensity, and dura
tion of extreme climatic events (IPCC, 2013; Trenberth et al., 2015). For 
example, global daily extreme precipitation was projected to intensify 
under a warming climate; such as trend has been observed and is ex
pected to continue (Alexander et al., 2006; Donat et al., 2013a; Sillmann 

et al., 2013; Donat et al., 2016, 2019). Changes in extreme precipitation 
have profound effects on the natural environment and human society 
and can seriously damage water resources, ecology, the environment, 
the biosphere, and socioeconomic systems (Sugiyama et al., 2010; IPCC, 
2013; Zhang et al., 2017). 

Generally, the spatial patterns of precipitation changes are hetero
geneous, with different climatic regimes experiencing different changes. 
It is therefore important to investigate changes in total and extreme 
precipitation in different regions. Held and Soden (2006) suggested that 
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wet regions will become wetter, while dry regions will become drier. 
Donat et al. (2016) reported significant increases in total and extreme 
precipitation in both the world’s dry and wet regions throughout 
1951–2010 based on both observations and climate-model simulations. 
Based on the most complete global daily-scale precipitation observa
tions, both total and extreme precipitation have increased robustly over 
humid regions, but such robust changes have not been identified over 
water-limited regions (Donat et al., 2019). Twenty-first century climate 
projections have indicated increases in total precipitation over humid 
regions but no robust changes over arid regions. However, the intensi
fication of extremes has been detected in both humid and arid regions 
worldwide (Donat et al., 2019). Thus, the intensification of extreme 
precipitation could lead to an aggravated worldwide risk of flooding, 
particularly in drier regions. 

Central Asia is one of the driest regions in the world, and water re
sources scarcity directly affects ecosystems, economy, society, and sus
tainable development. Precipitation is the principal source of the water 
resources of the Central Asia regions, where is limited to wet season 
rainfall and winter snow. Thus, changes in total and extreme precipi
tation will have critical impacts on water resources and cryosphere and 
biosphere systems. Climate change in Central Asia has been extensively 
studied in recent decades. Central Asia experienced a rapid warming 
trend over the past century, and precipitation trends are highly variable, 
reflecting the high topographic and landscape diversity (Lioubimtseva 
et al., 2005; Lioubimtseva and Henebry, 2009; Chen et al., 2009). Pre
cipitation records reflect an increasing trend in recent decades (Zhao 
and Zhang, 2016; Hu et al., 2016). Similar studies have documented that 
in arid regions of China, located in the eastern part of Central Asia, 
precipitation has displayed a significant increasing trend over the past 
50 years, and changes in this area differ markedly from those in other 
areas, such as the Asia monsoon region (Shi et al., 2003; Li et al., 2016; 
Yao et al., 2016). 

Central Asia’s water cycle is especially sensitive and vulnerable to 
climate warming (UNDP, 2005; Parry et al., 2007; Lioubimtseva and 

Henebry, 2009; Hu et al., 2014; Zhao and Zhang, 2016), and some 
studies have indicated that Central Asia is likely to be strongly influ
enced by global warming (Chen et al., 2009; Hu et al., 2014; Zhao and 
Zhang, 2016). Global warming could accelerate the water cycle and alter 
the spatial-temporal distribution and intensity of precipitation, possibly 
resulting in increased extreme precipitation events (IPCC, 2013; Deng 
et al., 2014). Klein Tank et al. (2006) evaluated changes in extreme 
precipitation in Central and South Asia and identified a slightly anom
alous change in extreme precipitation during 1961–2000. Zhang et al. 
(2017) investigated changes in extreme precipitation over Central Asia 
based on data from 22 meteorological stations and suggested that six 
investigated extreme precipitation indices displayed an increasing trend 
during 1938–2005. To predict future changes, Peng et al. (2019) eval
uated the performances of Coupled Model Intercomparison Project 5 
(CMIP5) models in simulating extreme precipitation over Central Asia 
and projected that extreme precipitation would increase robustly under 
representative concentration pathway (RCP) 8.5. However, a reduced 
intensity of extreme precipitation was projected under 0.5 ◦C less global 
warming in Central Asia (Peng et al., 2019). 

Compared to the monsoon regions (East Asia and South Asia) and 
Mediterranean regions, less attention has been devoted toward arid re
gions in Central Asia. Despite the predicted changes in extreme events in 
Central Asia reported by some global-scale studies (O’Gorman and 
Schneider, 2009; Zhang et al., 2011; Shiu et al., 2012; Wartenburger 
et al., 2017; Donat et al., 2016, 2019; Du et al., 2019), information 
regarding past and projected changes in extreme events in Central Asia is 
still scarce. Previous analyses of climate change in Central Asia focused 
on extreme precipitation are rare in comparison to those focused on 
extreme temperature (Feng et al., 2017; Yu et al., 2020), and annual or 
seasonal precipitation (Hu et al., 2017; Chen et al., 2018; Luo et al., 
2019; Jiang et al., 2020). To our knowledge, the extreme precipitation 
was no systematically analyzed due to the limited daily data resources 
resulting from the paucity of continuous instrumental stations and the 
relatively large errors in daily precipitation data measurements. Based 

Fig. 1. The spatial distribution of (a) the Köppen climate classification, (b) average annual precipitation (mm/year), (c) aridity index (AI) values, and (d) topography 
in Central Asia. 
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on daily observed precipitation data from over 500 land-based meteo
rological stations (with continuous instrumental data series in <50 
stations) in Central Asia, this study aimed to investigate changes in total 
and extreme precipitation (using ten extreme indices) based on the 
observed daily precipitation records in Central Asia from 1936 to 2005. 
The projected change in total and extreme precipitation is analyzed 
using CMIP5 models simulations under the RCP4.5 and RCP8.5 sce
narios. We also investigated the response of extreme events to global 
warming. This study has important implications for water resource 
management, natural hazard mitigation, and the provision of reliable 
future precipitation projections for arid Central Asia. 

2. Data and method 

2.1. Study area and sub-regions 

2.1.1. Study area 
Central Asia is located in the Eurasian hinterland and is one of the 

largest non-zonal arid regions in the world, far from any ocean. It has an 
area of about 402.8 × 104 km2 and consists of five countries: 
Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan (Li 
et al., 2020). The physiographical landscape of Central Asia is 

characterized by a unique mountain-oasis-desert pattern (Chen et al., 
2018). Its geomorphological features mainly include mountains, desert, 
basins, and valleys, including the Pamirs Plateau, Tianshan Mountains, 
Ural Mountains, Kyzylkum Desert, Karakum Desert, Fergana Valley, 
Turan Plain, and Kazakhstan Hills. The region has a typical temperate 
continental climate with low levels of precipitation that are determined 
by location and topography. 

2.1.2. Sub-regions in Central Asia 
Central Asia is one of the driest regions in the world, though its large 

geographical area contains complex climate regimes, various geomor
phological landscapes, and different land covers and ecosystems. Based 
on climate classification, aridity index (AI, the ratio of annual precipi
tation to annual potential evapotranspiration, Liu et al., 2018), precip
itation distribution, geomorphological landscapes, and land-cover 
conditions, Central Asia can be divided into three sub-regional areas: 
Northern Central Asia (NCA), Southwestern Central Asia (SWCA), and 
Southeastern Central Asia (SECA). The distribution of the sub-regional 
areas of Central Asia and their classification criteria are shown in 
Table S1 (in the Supporting information). Fig. 1 also showed the climate 
regimes, annual precipitation and AI in Central Asia. 

The climate regime over the Central Asia is complex. Climate is 
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Fig. 2. (a) The total number of stations in Central Asia and (b) percentage of missing data in any given year, (c) station locations, and (d) the areal coverage for which 
continuous daily precipitation data were available from the meteorological stations used in this study. The green, orange, and pink rectangles represent the periods 
covered in the NCA, SWCA, and SECA regions, respectively. The dates in red brackets indicate years (1936–2005) where data were available from all of the stations 
used in the analysis. The blue dashed lines represent the years of 1925 and 1988, respectively. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

J. Yao et al.                                                                                                                                                                                                                                      



Journal of Hydrology xxx (xxxx) xxx

4

primarily influenced by the midlatitude westerly and stationary wave at 
the continental scales, and encompasses roughly three types of climate 
regimes when considering the contrast of the warm (May–October) and 
cold (November–April) seasonal precipitation (Dai and Wang, 2017). 
The first type is a westerlies climate and precipitation is concentrated in 
the warm season in the NCA region. The second is Mediterranean-like 
climate (MDC-like) with relatively uniform seasonal precipitation dis
tribution, which exists mostly in the SWCA region. The last type is an 
MDC-like and Plateau climate, including the western Tianshan Moun
tain and Pamir Plateau (SECA region) with precipitation concentrated in 
the cold season. Previous studies have also shown that the tele
connection and large-scale ocean–atmospheric patterns are responsible 
for the precipitation variations in Central Asia, including Silk Road 
pattern, El Niño Southern Oscillation (ENSO), Indian Ocean Basin Mode 
(IOBM), and Arctic Oscillation (AO) (Chen and Huang, 2012; Huang 
et al., 2015; Lu et al., 2019; Yao and Chen, 2015; Guan et al., 2019; Yao 
et al., 2020). 

2.2. Observations 

Daily observed precipitation data from a total of 568 land-based 
meteorological stations covering the five Central Asian countries were 
obtained from the Global Historical Climatology Network-Daily Data
base (GHCN-D) and Global Telecommunications System (GTS). These 
data are available from the National Climatic Data Center (NCDC) of the 
National Oceanic and Atmospheric Administration (NOAA) (ftp://ftp. 
ncdc.noaa.gov/pub/data/gsod) (Menne et al., 2012). 

High quality observation data are a prerequisite for calculating and 
analyzing climate extremes at a regional level (Alexander, 2016; Zhang 
et al., 2017). However, the observation series of precipitation are prone 
to inhomogeneous biases depending on the condition of gauging sta
tions, anthropogenic impacts, observational accuracy, observational 
devices, and so on. Thus, these data series were submitted to quality 
control and homogeneity tests using RClimDex and RHtest software, 
respectively. This software is freely available from the Expert Team on 
Climate Change Detection and Indices (ETCCDI) website (https://www. 
wcrp-climate.org/etccdi). It is difficult to obtain spatially homogeneous 
station precipitation records throughout the Central Asian countries. 
Long-term continuous data were limited due to the absence of meteo
rological data for Central Asia during the 1990s and after the fall of the 
former Soviet Union. To be included in the analysis, the daily data series 
required a homogeneous period of at least 20 years, ending no earlier 
than 2005 and featuring data gaps of <10%. As a result, 49 high-quality 
meteorological stations with long-term daily precipitation data were 
identified for use in the study, and 32 stations were used to study pre
cipitation variability over a 70-year period (January 1, 1936 to 
December 31, 2005), while only 15 stations were used to study changes 
an 81-year period (January 1, 1925 to December 31, 2005). As many 
stations as possible were selected based on the length, completeness, 
homogeneity, representativeness, and coverage of their time series data. 
Data gaps were supplemented using median precipitation data from at 
least three neighboring stations (Gemmer et al., 2011). 

Fig. 2 shows the total number of stations in Central Asia, their 
location, the proportion of missing data from records in any given year, 
and the period for which continuous data were available from each 
station. A continuous daily data time series was obtained from only two 
countries in Central Asia, Kazakhstan (21 stations) and Uzbekistan (28 
stations); extensive mountainous topography and deserts in other 
countries restricted data collection. Many stations were missing data 
prior to 1925 and in the 1990s, with periods of missing data accounting 
for >10% of the total data record. Eleven, 16, and 22 stations were 
selected from the NCA, SWCA, and SECA regions, respectively. In 
addition, the annual total precipitation of the selected stations has a 
notable spatial homogeneity in different Köppen climate zones in Cen
tral Asia. 

2.3. CMIP5 model simulations 

The outputs of historical runs and future projections from 20 CMIP5 
models (ACCESS1-0, bcc-csm1-1, CanESM2, CMCC-CM, CMCC-CMS, 
CNRM-CM5, CSIRO-Mk3-6-0, GFDL-ESM2G, GFDL-ESM2 M, HadGEM2- 
CC, HadGEM2-ES, inmcm4, IPSL-CM5A-LR, IPSL-CM5B-LR, MIROC5, 
MIROC-ESM-CHEM, MPI-ESM-LR, MPI-ESM-MR, MRI-CGCM3, 
NorESM1-M) (Supplementary Table S2)were used in this analysis. All of 
the models focused on the two future Representative Concentration 
Pathways (RCP 4.5 and RCP 8.5), which represent moderate and high 
radiative-forcing scenarios to simulate possible future changes in total 
and extreme precipitation (Donat et al., 2016). For each run, we merge 
the corresponding historical (1936–2005) and future scenario 
(2006–2100) simulations to give transient time series from 1936 to 2100 
for both the historical plus RCP4.5 scenario and historical plus RCP8.5 
scenario simulations (Donat et al., 2016; Donat et al., 2019). The first 
ensemble member (the first realization, initialization, and set of per
turbed physics, which is denoted “r1i1p1”) simulation was used for all 
models. The CMIP5 multi-model ensemble (CMIP5 MME) mean was 
defined as the equally weighted mean of all model runs (Herger et al., 
2018; Peng et al., 2019). 

According to the IPCC Fifth Assessment Report (AR5), the baseline 
period of 1986–2005 in historical simulations is referred to as the 
‘present-day’ (Stocker et al., 2013; Zhang et al., 2018). And the periods 
of 2021–2050 and 2071–2100 under RCP4.5 and RCP8.5 represent the 
middle and late of the 21st century, respectively. The changes of the 
warming scenarios are compared to the present-day conditions. 

2.4. Definitions of extreme precipitation indices 

The extreme indices developed and recommended by the ETCCDI to 
investigate extreme climatic variations are 10 extreme precipitation- 
based indices (Frich et al., 2002; Peterson and Manton, 2008; Zhang 
et al., 2011). Most of the indices were developed to measure ‘moderate 
extremes’ in a sense that were typically occurring at least once a year 
(Zhang et al., 2011). Generally, extreme precipitation indices can be 
classified into one of four categories: Intensity indices, Percentile-based 

Table 1 
The extreme precipitation indices used in this study.  

Index Indicator name Definition Units 

Intensity indices 
PRCPTOT Annual total wet-day 

precipitation 
Annual total precipitation from 
days ≥1 mm 

mm 

SDII Simple daily intensity 
index 

The ratio of annual total 
precipitation to the number of wet 
days (≥1 mm) 

mm/ 
day 

Rx1day Max 1-day 
precipitation amount 

Annual maximum 1-day 
precipitation 

mm/ 
day 

Rx5day Max 5-day 
precipitation amount 

Annual maximum consecutive 5- 
day precipitation 

mm  

Percentile-based threshold indices 
R95pTOT Contribution from 

very wet days 
100 × R95p/PRCPTOT (annual 
total precipitation from days >
95th percentile) 

% 

R99pTOT Contribution from 
extremely wet days 

100 × R99p/PRCPTOT (Annual 
total precipitation from days >
95th percentile) 

%  

Frequency indices 
R10 Number of heavy 

precipitation days 
Annual days with precipitation 
≥10 mm 

days 

R20 Number of very heavy 
precipitation days 

Annual days with precipitation 
≥20 mm 

days  

Duration indices 
CDD Consecutive dry days Maximum number of consecutive 

days when precipitation <1 mm 
days 

CWD Consecutive wet days Maximum number of consecutive 
days when precipitation ≥1 mm 

days  
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threshold indices, Frequency indices, and Duration indices. 
Table 1 lists the definitions (or detailed calculation method) and 

units of ten ETCCDI indices (Alexander et al., 2019). All the indices have 
been calculated as annual values based on the daily time series. Each of 
the 10 ETCCDI extreme precipitation index values was calculated by 
applying the RclimDex procedure to the daily precipitation data of ho
mogenized series of in situ-observations and CMIP5 model outputs. The 
thresholds were determined using wet-day data for 1936–2005. Annual 
index values were calculated if no >15 days were missing in a year 
(McGree et al., 2019). 

2.5. Trend calculation and regional averaging 

Linear trends of the extreme indices in the observational data and 
CMIP5 ensemble mean were estimated using the non-parametric Sen’s 
slope estimator (Sen, 1968), and trend significance was statistically 
determined using the Mann-Kendall test (MK test) (Mann, 1945; Ken
dall, 1975). Sen’s slope estimator is a non-parametric method that can 
be used to estimate the slope of linear trends in extreme index time series 
(Aguilar et al., 2005; Zhang et al., 2005; Yao et al., 2018). The MK test is 
a widely used method for the detection of non-parametric trends and 

Fig. 3. Regionally averaged PRCPTOT (a) and Rx1day (b) anomalies in Central Asia, 1936–2005, based on the mean precipitation from 1936 to 2005; Changes in 
regional PRCPTOT (c) and Rx1day (d) in Central Asia from 1936 to 2005 (light blue line), with a trend line (black dotted line) and lowpass filtering (blue solid curve). 
The red solid curve represents the lowpass filtering of the air temperature in Central Asia. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 4. Time series trend and Mann-Kendall test for abrupt changes of PRCPTOT (a, b) and Rx1day (c, d) for Central Asia from observations. Gray lines: annual 
precipitation time series; red lines: linear trend Sen-slope estimate; blue dashed lines: average values for 1936–1960 and 1961–2005; d value: the difference between 
the averages for the two time periods; slope: linear trend estimated via Sen’s slope (unit: mm per year); and p-value: the trend significance from the Mann-Kendall test. 
The UF represents the statistical series of the standard normal distribution, and the UB represents the reverse statistical series. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 

J. Yao et al.                                                                                                                                                                                                                                      



Journal of Hydrology xxx (xxxx) xxx

6

abrupt changes in data series (Wang et al., 2013; Yao et al., 2016, 2018). 
Regional averages of the indices were produced by combining all 

available station index values in the regions studied. For most stations, 
where data series had a common start and end time and were relatively 
complete, the arithmetic mean method was used. These stations were 
distributed over an expansive geographical area and in different envi
ronments; thus, precipitation analyses were processed on a sub-regional 
basis. The stations were divided within the three sub-regions (NCA, 
SWCA, and SECA) as shown in Fig. 1, and regional trends in extreme 
precipitation were calculated based on regional arithmetic average data 
series from 11, 12, and 9 stations in the NCA, SWCA, and SECA regions, 
respectively, for 1936–2005. 

Observed data from 32 (49) stations were used to investigate changes 
in extreme precipitation for 1936–2005 (1985–2005), and 15 stations 
were selected for the longer period of 1925–2005. To further understand 
changes in extreme precipitation in different periods, the period of 
1936–2005 was divided into two phases, 1936–1960 and 1961–2005, 
and probability distribution functions (PDFs) were computed for the 
extreme indices in both phases. For the CMIP5 models, PDFs were 
calculated for the historical simulations (1936–1960 and 1961–2005) 
and 21st century projections (2021–2050 and 2071–2100). The PDF is 
the integral of the probability density function, which is provided the 

probability of an event that will occur in a given interval (Kay, 2012). 

2.6. Response of extreme precipitation change to global warming 

To derive the response of extreme precipitation to global warming, 
we investigated the future projected precipitation changes as a function 
of global mean surface air temperature increases. The extreme precipi
tation differences (2071–2100 relative to 1985–2005) are plotted 
against the global mean near-surface air temperature differences. The 
linear regression between them is derived as the response rate for each 
model, separately. 

The signal-to-noise ratio (SNR) was defined as the ratio of the MME 
median to inter-model standard deviation (Pendergrass et al., 2015). An 
SNR > 1.0 implies robust changes compared to the model uncertainty. 
All calculations are conducted on native grids in the models. 

3. Results 

3.1. Observed changes in extreme precipitation 

3.1.1. Changes in total annual precipitation 
Changes in PRCPTOT and Rx1day were experienced in Central Asia 

Fig. 5. Changes in PRCPTOT and Rx1day in Central Asian sub-regions based on observations. Gray lines: PRCPTOT (left column) and R1xday (right column); red 
lines: linear trend estimated via Sen’s slope; blue dashed lines: average values for 1936–1960 and 1961–2005; d value: the difference between the averages for the 
two time periods; slope: linear trend estimated via Sen’s slope (unit: mm per year); and p-value: trend significance based on a Mann-Kendall test. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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during 1936–2005 (Fig. 3). The driest periods occurred in 1936–1957, 
while the wettest periods occurred in 1997–2004. Precipitation amounts 
in 1969 (approximately 332.1 mm) and 1944 (approximately 152.0 
mm) represented the wettest and driest years on record, respectively 
(Fig. 3b). Fig. 3b shows the time series of regionally averaged PRCPTOT 
in Central Asia, indicating a fluctuating record that increased over the 
period of 1936–2005, especially from the 1960s. The time series of 
regionally averaged Rx1day was generally consistent with the PRCPTOT 
in Central Asia (Fig. 3c and d). 

Annual mean temperature in Central Asia has increased at an 

average rate of 0.22 ◦C/decade during 1936–2005 based on the CRU 
dataset. This rate is even higher for the period from 1960s to the 2000s, 
at about 0.30 ◦C/decade. Extreme precipitation is expected to intensify 
with climate warming. Fig. 3c and d shows the relationship between 
PRCPTOT and Rx1day, and surface air temperature in Central Asia. The 
results indicate that the PRCPTOT and Rx1day are significantly posi
tively correlated with the temperature, especially from the 1960s (the 
correlation coefficient is 0.62 and 0.37, respectively, p < 0.05). Thus, the 
changes in precipitation totals and extremes are among the most rele
vant consequences of climate warming. 

Fig. 6. As in Fig. 4, but for precipitation spell indices. The units are mm per year (a and b), day per year (c, d, g and h), and % per year (e and f), respectively.  
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Observations showed statistically significant (p ≤ 0.001) increases in 
both the PRCPTOT and Rx1day indices in Central Asia with average 
change rates of 9.79 mm and 0.58 mm/day per decade, thus indicating a 
continuous regional increase in both precipitation indices over the 70- 
year period (Fig. 4a and c). The MK test indicated that both the 
PRCPTOT and Rx1day indices sharply increased, with an abrupt change 
in 1960 at the 99% (95%) significance level (Fig. 4b and d). Based on the 
identified abrupt change, the study period was divided into two periods: 
1936–1960 and 1961–2005, with both indices markedly increasing after 
1960. The difference between the averages of the two periods was 35 
mm and 3 mm/day for the PRCPTOT and Rx1day indices, respectively 
(Fig. 4a and c). 

Fig. 5 shows the change in PRCPTOT and Rx1day values for sub- 
regions in Central Asia from 1936 to 2005. Regarding the PRCPTOT 
indices, the NCA region had an increasing trend of 13.97 mm per decade 
(p < 0.001), followed by SECA with a rate of increase of 11.29 mm per 
decade (p = 0.029) and SWCA with a rate of increase of 5.57 mm per 
decade (p = 0.002). Among the sub-regions, the differences between the 
averages of the two periods of 1936–1960 and 1961–2005, were 50, 23, 
and 31 mm (for NCA, SWCA, and SECA, respectively) (Fig. 5a, c, and e). 
For the Rx1day indices, the SWCA region had the highest rate of increase 
of 0.83 mm/day per decade (p < 0.001), followed by NCA with a rate of 
0.47 mm/day per decade (p = 0.068) and SECA with a rate of 0.13 mm/ 
day per decade (p = 0.614). The differences between the averages of the 
two periods were 4, 2, and 3 mm/day in NCA, SWCA, and SECA, 
respectively (Fig. 5b, d, and f). 

Regarding the regionally averaged trends over the 70-year period, 
some of the extreme precipitation indices, including SDII, Rx5day, R10, 
R20, R95pTOT, R99pTOT, and CWD, presented increasing trends; CDD 
presented a decreasing trend. Moreover, most of these indices (SDII, 
Rx5day, R10, R20, and CDD) had statistically significant trends at the 
95% significance level (Fig. 6). 

Table 2 presents the regional and sub-regional trends for the extreme 
precipitation indices in Central Asia during the different periods. 
Generally, the statistically significant increasing trends are generally 
more pronounced in the wetter sub-regions, i.e. NCA and SECA. The sub- 
regional time series of SDII in Central Asia was consistent with the 
observed increase in PRCPTOT indices. For the Rx5day indices, the NCA 
region had the highest rate of increase of 1.19 mm per decade (p <
0.001), and SECA region has a positive trend of 0.96 mm per decade 
which is significant for the period 1925–2005. The observed R95pTOT 
and R99pTOT trends increased in all sub-regions, but only the SWCA 
trend was statistically significant for 1936–2005. The R10 and R20 
indices displayed positive trends, with the highest rate of increase in the 
SECA region for 1936–2005. The R10 trend was statistically significant 
in all sub-regions, and in SECA sub-region (0.14 day per decade) for the 
period 1925–2005. The CDD indices decreased over the 70-year period, 
and all sub-regions displayed negative trends for the 1936–2005 period. 
In contrast, a significant increase was identified in the CWD values. In 
addition, most extreme precipitation indices had statistically significant 
trends (p < 0.05) over 1925–2005 in Central Asia, except for the 
R95pTOT, R99pTOT, and CWD. Most of the indices had larger trends 
over the 1988–2005 than other periods, but no statistically significant 
trends for all indices were found during 1988–2005. It is possible related 
to the shorter period. 

3.1.2. Probability distribution functions 
Fig. 7 shows the PDFs for all extreme precipitation indices and in

dicates the differences in precipitation characteristics between the two 
periods: 1936–1960 (red curve) and 1961–2005 (blue curve). Fig. 7 also 
shows a remarkable rise and shift toward the right of the peak distri
bution with time, indicating that the frequency and intensity of extreme 
precipitation events increased in the most recent period, except for the 
R99pTOT and CDD indices. For these indices, the CDD has a noticeable 
drop and shift toward the left of the peak location in the second period, 
while the PDF peak value is shifted toward the right and its value Ta
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Fig. 7. Probability distribution functions of annual extreme precipitation indices (a–j) over Central Asia between 1936 and 2005 for two sub-periods: 1936–1960 
(red curve) and 1961–2005 (blue curve). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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decreased in the R99pTOT, implying that the frequency of the R99p and 
CDD decreased with time. 

The PRCPTOT, SDII, and Rx5day index values was classified into 
three types, respectively, and the percentage of light, moderate, and 
heavy extreme precipitation events are listed in Table 3. For PRCPTOT, a 
rapid decrease in the amount of light precipitation and a concomitant 
increase in the amount of heavy precipitation occurred over the second 
time period. Similarly, the PDFs and proportions of the SDII and Rx5day 
indices were consistent with those of PRCPTOT, with heavy precipita
tion intensity and extreme precipitation events displaying an ascending 
trend in Central Asia from the first to the second period. In summary, 
both PRCPTOT and extreme precipitation displayed a long-term 
increasing trend in Central Asia. 

3.2. Changes in extreme precipitation projected by CMIP5 models 

Fig. 8 shows the temporal evolution of projected changes in the 
regionally averaged extreme precipitation indices (PRCPTOT, Rx1day, 
and CDD) over Central Asia regions under RCP 4.5 and RCP 8.5. 
Generally, PRCPTOT and Rx1day were projected to increase robustly in 
the twenty-first century, whereas decreases in CDD were projected 
under both emission scenario. We also estimate temporal changes of the 
CMIP5 ensemble mean time series for the historical period of 
1936–2005, and the linear changes of CMIP5 ensemble-mean are similar 
to observed changes over Central Asia, but the trend rates slightly lower 
than observed rates. 

The majority of models and the CMIP5 MME revealed significant 
increases in the PRCPTOT and Rx1day, the projected median increases 
by the end of the twenty-first century in PRCPTOT and Rx1day are 
11.98% and 9.42% under RCP4.5, and 18.14% and 22.88% under 
RCP8.5, respectively, relative to the reference period 1986–2005 
(Fig. 9). The projected increases in Rx1day (as an indicator of extreme 
precipitation) were larger than those for PRCPTOT, implying that in
creases in total precipitation are projected to be mainly due to increases 
in extreme precipitation intensity. A larger increase in extreme precip
itation was predicted under RCP 8.5 than that under RCP 4.5. 

In contrast, the projected changes in CDD (as an indicator of drought) 
had a larger spread than those of the PRCPTOT and Rx1day, with some 
models simulating a slightly increase while others simulated a signifi
cant decrease. The CDD median change is projected to be − 3.28%, 
and− 5% by the end of the twenty-first century under RCP 4.5 and RCP 
8.5, respectively (Fig. 9). Moreover, differences in the projected changes 
(except for CDD) under RCP 4.5 and RCP 8.5 begin to emerge in the 
middle of the 21st century. 

The SNRs of the projected change of the PRCPTOT, Rx1day and CDD 
were 1.64 (2.18), 1.53 (1.67), and 0.52 (0.49) under the RCP 4.5 (RCP 
8.5), respectively (Fig. 10). This indicated that the PRCPTOT and 
Rx1day increased robustly in all models, while the CDD displayed large 
inter-model uncertainty. 

Fig. 11 shows the PDFs of the CMIP5 MME under the two RCPs for 
PRCPTOT, Rx1day, and CDD indices in Central Asia for the historical 
simulations (1936–1960 and 1961–2005) and 21st-century projections 

(2021–2050 and 2071–2100). For PRCPTOT, the most salient charac
teristic was a marked drop in the PDF peaks and concomitant shift to the 
right from the historical period to the 21st century (Fig. 11a and d). This 
suggests that PRCPTOT increased due to increases in precipitation in
tensity and decreases in precipitation frequency. For Rx1day, the peak 
location displayed a pronounced positive shift with time, and the PDF 
peaks reached a maximum probability during the late-21st century 
(Fig. 11b and e). This indicated that the intensity and frequency of 
extreme precipitation increased with time, especially in the late 21st 
century. The PDFs of CDD displayed slight positive peak shifts but were 
significantly raised from the historical period to the middle of the 21st 
century, followed by a drop in the late-21st century (Fig. 11c and f). This 

Fig. 8. Time series of anomalies of the regionally averaged extreme precipi
tation indices over Central Asia in the CMIP5 ensemble. Blue and red lines 
represent the projections from the CMIP5 multi-model ensemble for RCP 4.5 
and RCP 8.5, respectively. Shading indicates the interquartile ensemble spread 
(25th and 75th quantiles). Black lines and gray shading indicate the results 
from the historical simulations. Anomaly time series are shown relative to the 
reference period 1986–2005 for the historical period of 1936–2005 and future 
simulations for 2006–2100 and were smoothed with a 21-year running mean. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Table 3 
Percentage of light, moderate, and heavy extreme precipitation during 
1936–1960 and 1961–2005.   

Group 1936–1960 (%) 1961–2005 (%) 

PRCPTOT Light (<200 mm)  36.0  6.7 
Moderate (200–250 mm)  48.0  51.1 
Heavy (>250 mm)  16.0  42.2 

SDII Light (<0.5 mm/day)  24.0  0.0 
Moderate (0.5–0.7 mm/day)  64.0  60.0 
Heavy (>0.7 mm/day)  12.0  40.0 

Rx5day Light (<30 mm)  24.0  4.4 
Moderate (30–35 mm)  44.0  28.9 
Heavy (>35 mm)  32.0  66.7  
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implied that the frequency of CDD was largest in the mid-21st century. 
In addition, changes in the PDFs were larger under RCP 8.5 than under 
RCP 4.5 for all indices and increased with time (Fig. 11). 

3.3. Response of extreme precipitation to global warming 

The responses of projected extreme precipitation in Central Asia to 
global warming under the two RCPs are shown in Fig. 12. The average 
extreme precipitation indices in Central Asia responded approximately 
linearly to global near-surface air temperature changes in the CMIP5 
model simulations. The response rates of the PRCPTOT and Rx1day 
indices were larger than that of CDD, with rates of 4.95 (− 3.29–13.09) 
%/K, 5.79 (0.95–9.68) %/K, and 2.79 (− 5.95–9.36) %/K under the RCP 
4.5 scenario, respectively (Fig. 12). The response rates of the Rx1day is 
generally consistent with (although slightly lower than) that expected 
from the Clausius–Clapeyron relationship. The thermodynamic argu
ments declare an increase rate in extreme precipitation similar to the 
moisture increase (7%/K), as extreme precipitation is largely driven by 
moisture convergence (Trenberth et al., 2003; Zhang et al., 2018). The 
slightly lower response of the Rx1day in simulations compared to the 
thermodynamic arguments indicates a potential offset from the dynamic 
changes overall, which can substantially affect extreme precipitation 
(O’Gorman and Schneider, 2009; 2015; Pfahl et al., 2017). 

In addition, the response rates were slightly lower under RCP 8.5 
than under RCP 4.5 for all indices (Fig. 12). Specifically, there is a 
positive response rates of the Rx1day under RCPs, and also shows a 
relatively smaller spread between different model simulations. Thus, all 
simulations give a positive response of Rx1day to greenhouse gas (GHG) 
radiative forcing, implying extreme precipitation is the most sensitive to 

warming. The PRCPTOT and Rx1day responses were robust against 
model spread with high SNRs, but the CDD displayed a moderate 
response with a low SNR (Fig. 12b). 

4. Discussion 

Central Asia is likely to be strongly impacted by global warming, 
resulting in increases in extreme precipitation. Here we investigate long 
term changes in annual precipitation totals and extremes over Central 
Asia using continuous observations. The total and extreme precipitation 
averaged over Central Asia shows robust increases during 1936–2005. 
Moreover, the frequency and intensity of extreme precipitation 
increased with time. Zhang et al. (2017) also found that all precipitation 
indices in Central Asia displayed an increasing trend over 1938–2005 
except CDD, and abrupt changes occurred around 1957. Our analysis 
suggested that an abrupt change in both PRCPTOT and Rx1day occurred 
in 1960. Previous studies also indicated that precipitation variables 
experienced a marked change around the 1960s in Central Asia and 
Kazakhstan (Chen et al., 2011; Salnikov et al., 2015; Xu et al., 2015), 
consistent with the results of our study. However, larger uncertainty 
existed in the results of the previous studies as a consequence of the 
sparse observational coverage in Central Asia. 

The theoretical models declare an exponentially increase in extreme 
precipitation intensity with temperatures at a rate, in the absence of 
moisture limitation (Trenberth, 1999; Trenberth et al., 2003). Some 
station observations and climate models suggested a distinct link be
tween extreme precipitation and temperature (Hardwick Jones et al., 
2010; Utsumi et al., 2011; Lenderink et al., 2011; Shaw et al., 2011; 
Mishra et al., 2012; Wang et al., 2017), with extreme precipitation 
increasing during warm periods and decreasing during cold periods 
(Allan and Soden, 2008). In this study, we also investigated the rela
tionship between extreme precipitation and local temperature in Central 
Asia, and it is suggested that as temperatures increase, the extreme 
precipitation also will increase, especially from the 1960s. The confi
dence estimate is that the local temperature has increased at a rate of 
0.30 ◦C/decade from the 1960s to the 2000s based on the continuous 
observations and CRU (Hu et al., 2014; Yu et al., 2020). Generally, the 
extreme precipitation is expected to intensify with local warming as a 
consequence of increased water-holding capacity of the atmosphere as 
determined by the Clausius-Clapeyron equation (Trenberth et al., 2003; 
Donat et al., 2019). In particular, the relationship between extreme 
precipitation and local temperature does not imply cause and effect, 
with higher temperature potentially being correlated with specific 
synoptic systems, and thus different precipitation regimes (Trenberth 
and Shea, 2005; Haerter and Berg, 2009; Hardwick Jones et al., 2010). 

Fig. 9. Projected changes in PRCPTOT (a), Rx1day (b), and CDD (c) over the period 2071–2100 relative to the reference period 1986–2005 under RCP4.5 (blue) and 
RCP8.5 (red). The boxes indicate the interquartile range of the CMIP5 ensemble, whiskers indicate the 0.5–0.95 quantile range, and the cross markers represent the 
ensemble mean. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. The SNR of the projected change of extreme precipitation.  
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Thus, the physical mechanisms of change in extreme precipitation in a 
warming climate need to be considered both thermodynamic argu
ments, and the dynamics of atmospheric circulation and moisture 
advection (Hardwick Jones et al., 2010). 

This study confirmed the intensification of total and extreme pre
cipitation in Central Asia based on observational records and CMIP5 
model simulations. Donat et al. (2019) also predicted the intensification 
of extremes during the 21st century in arid regions worldwide but found 
no significant changes in total and extreme precipitation based on the 
GHCNDEX (Donat et al., 2013a) and HadEX2 (Donat et al., 2013b). 
Thus, the spatial patterns of extreme changes in global arid regions were 
heterogeneous. A consistent increase in total precipitation was identi
fied in Central Asia, including arid areas of China and around the Ti
betan Plateau (Alexander et al., 2006; You et al., 2008; Wang et al., 

2013), but total and extreme precipitation in the Middle Eastern region 
has displayed an opposing trend (Zhang et al., 2005). This implies that 
extreme precipitation has increased to a greater extent in Central Asia 
than in other arid regions. 

In Central Asia, extreme precipitation indices such as PRCPTOT, 
Rx1day, and CDD increased approximately linearly with global warm
ing, at rates of 4.95%/K, 5.79%/K, and 2.79%/K under RCP 4.5. The 
response rates were slightly lower under RCP 8.5 than under RCP 4.5 for 
all indices. Previous studies also showed a statistically significant 
regression relationship between daily extreme precipitation increases 
and the magnitude of global warming (Allen and Ingram, 2002; Lambert 
and Webb, 2008; Donat et al., 2016). For arid regions, the PRCPTOT- 
temperature regression slope was about 15%/K, and the rate of in
crease in extreme precipitation (Rx1day) was between 6% and 7%/K 

Fig. 11. Probability distribution functions of CMIP5 MME for PRCPTOT, Rx1day, and CDD in Central Asia. Four periods are shown: historical simulations of 
1936–1960 and 1961–2005 and 21st-century projections for 2021–2050 and 2071–2100. The blue and red lines represent the projections from the CMIP5 MME 
under the RCP 4.5 and RCP 8.5 scenarios, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 12. Response of extreme precipitation to global warming. (a) Response rates of the extreme precipitation indices change over Central Asia to the global mean 
surface air temperature change in the different CMIP5 simulations under the RCP 4.5 (blue) and RCP 8.5 (red) scenarios. Boxes indicate the interquartile range of the 
CMIP5 ensemble, whiskers show the 0.5–0.95 quantile range, and the cross markers represent the multimodel ensemble medians. (b) The SNR of extreme precip
itation responses. Signal refers to multimodel median responses, and noise refers to intermodel standard deviations. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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under both RCP 4.5 and RCP 8.5 (Donat et al., 2016). Peng et al. (2019) 
evaluated the response of extreme precipitation to global warming, with 
Rx1day, Rx5day, and SDII index response rates of 6.30%/K, 5.71%/K, 
and 4.99%/K, respectively, under RCP 8.5. These results are similar to 
those obtained in our study and close to the 6–7%/K warming range 
indicated by the Clausius-Clapeyron relationship (Trenberth et al., 
2003). 

Increasing total precipitation in Central Asia is mainly due to the 
intensification of extreme precipitation and a concomitant weakening of 
light precipitation with a simultaneous overcompensation of increased 
evaporation in response to global warming (Held and Soden, 2006; 
Roderick et al., 2014). Water availability will therefore remain limited 
in a warmer climate over Central Asia. Generally, the limited availability 
of atmospheric water in Central Asia does not promote extreme pre
cipitation events. This suggests that extreme precipitation could be a 
consequence of atmospheric moisture convergence from remote mois
ture sources that are transported to Central Asia through large-scale 
atmospheric flows. Moisture is mainly transported by midlatitude 
westerlies as they flow from the North Atlantic and Arctic oceans (Yao 
et al., 2016; Huang et al., 2015). Summer precipitation in Central Asia is 
positively affected by sea surface temperature in the Indian Ocean or the 
Indian monsoon, which brings tropical moisture into Central Asia and 
promotes extreme precipitation (Zhao and Zhang, 2016; Huang et al., 
2015, 2017). In addition, the El Niño/Southern Oscillation inevitably 
affects extreme precipitation and dry/wet conditions in Central Asia 
(Chen et al., 2018; Hu et al., 2019). We therefore suggest that extreme 
precipitation changes in Central Asia are not regulated by local water 
availability but are rather controlled by large-scale atmospheric flows. 

5. Conclusions 

Central Asia is likely to be strongly impacted by global warming, 
resulting in increases in extreme precipitation. In this study, we used 
extreme precipitation indices (PRCPTOT, SDII, Rx1day, Rx5day, R10, 
R20, R95pTOT, R99pTOT, CDD, and CWD) to investigate changes in 
total and extreme precipitation in Central Asia based on observational 
records and CMIP5 model simulations. The main conclusions can be 
summarized as follows. 

For the regionally averaged trend in Central Asia, all of the extreme 
indices except for CDD, displayed an increasing trend for 1936–2005, 
with change rates of 9.78 mm (PRCPTOT), 0.03 mm/day (SDII), 0.45 
mm/day (Rx1day), 0.79 mm (Rx5day), 0.23 days (R10), 0.06 days 
(R20), 0.27% (R95pTOT), 0.21% (R99pTOT), and 0.04 days (CWD) per 
decade; the decreasing trend for CDD was − 2.02 days per decade. The 
trends for PRCPTOT, SDII, Rx1day, Rx5day, R10, R20, and CDD were 
statistically robust. Moreover, the frequency and intensity of extreme 
precipitation increased with time. 

Based on the CMIP5 model simulations, the PRCPTOT and Rx1day 
were projected to increase robustly in the twenty-first century, whereas 
decreases in CDD were projected under RCP 4.5 and RCP 8.5. The pro
jected increases in Rx1day were larger than those for PRCPTOT, 
implying that increases in total precipitation are projected to be mainly 
due to increases in extreme precipitation intensity. A larger increase in 
extreme precipitation was predicted under RCP 8.5 than that under RCP 
4.5. For the PDFs of the CMIP5 MME, the PRCPTOT increased due to 
heightened precipitation intensity rather than a change in precipitation 
frequency, and both the intensity and frequency of Rx1day increased 
with time in the late-21st century, while the frequency of CDD was 
largest in the mid-21st century. 

The average extreme precipitation indices in Central Asia responded 
approximately linearly to global near-surface air temperature changes in 
the CMIP5 model simulations. The response rates of the PRCPTOT and 
Rx1day indices were larger than that of CDD, with rates of 4.95%/K, 
5.79%/K, and 2.79%/K under the RCP 4.5 scenario, respectively. 

In conclusion, our results highlight the likely intensification of total 
and extreme precipitation in Central Asia under climatic warming. With 

more water availability, the increase in extreme precipitation may lead 
to an increased risk of flooding and impact infrastructure and oasis 
agricultural security. Thus, future opportunities and challenges are 
similar across Central Asia, additional adaptation measures are neces
sary to mitigate climate change-related issues. 
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