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ABSTRACT: The climate of High Mountain Asia (HMA) has changed in recent decades. While the temperature is con-
sistently increasing at a higher rate than the global warming rate, precipitation changes are inconsistent, with substantial
temporal and spatial variation. Climate warming will have enormous consequences for hydroclimatic extremes. For the
higher altitudes of the HMA, which are a significant source of water for the large rivers in Asia, often trends are calculated
using a limited number of in situ observations mainly observed in valleys. This study explores the changes in mean,
extreme, and compound-extreme climate variables and their seasonality along the full altitudinal range in HMA using daily
ERA5 reanalysis data (1979–2018). Our results show that winter warming and summer wetting dominate the interior part
of HMA. The results indicate a coherent significant increasing trend in the occurrence of heatwaves across all regions in
HMA. The number of days with heavy precipitation shows more significant trends in southern and eastern basins than in
other areas of HMA. The dry period occurrence shows a distinct demarcation between lower- and higher-altitude regions
and is increasing for most basins. Although precipitation and temperature show variable tendencies, their compound occur-
rence is coherent in the monsoon-dominated basins. These changes in indicators of climatic extremes may imply substantial
increases in the future occurrence of hazards such as floods, landslides, and droughts, which in turn impact economic pro-
duction and infrastructure.
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1. Introduction

High Mountain Asia (HMA) serves as a major water
source for large rivers in Asia (Immerzeel and Bierkens
2012). HMA consists of the Tibetan Plateau (TP), surrounded
by the mountain ranges of Tien Shan, Pamir, Hindu Kush,
and the Karakoram in the west, the Himalayas in the south
and southeast, and Qilian Shan in the east. Over 1.4 billion
people in various countries, including Afghanistan, Bangla-
desh, Bhutan, China, India, Kazakhstan, Kyrgyzstan, Mongo-
lia, Myanmar, Nepal, Pakistan, and Tajikistan, depend on
water originating from HMA. The topography and atmo-
spheric circulation patterns mainly define the region’s climate
variability (Maussion et al. 2014; Schiemann et al. 2009; Web-
ster et al. 1998). The region has strong longitudinal (west–
east), latitudinal (north–south), and vertical climate gradients
(Yao et al. 2012). The climate of HMA is driven by the inter-
action of the Indian summer monsoon, dominant in the south-
eastern parts, while winter westerly winds dominate the
climate in the western region. The steep north–south orogra-
phy results in strong temperature gradients that drive the
moisture-laden winds from the Indian Ocean to the landmass,

and ultimately the moisture is released under the orographic
influence.

Consequently, the southern and eastern parts of HMA
receive nearly 80% of the yearly precipitation from June to
September during the monsoon season, which occurs as
rainfall at low altitudes and snow at high altitudes (Bookha-
gen and Burbank 2010). Conversely, the westerly winds in
the west, originating from the Mediterranean, contribute
around 50% of annual precipitation during winters, mainly
falling as snow (Bao and You 2019; Rees and Collins 2006).
The interaction of the monsoon and westerlies, where the
monsoon has a dominant role in the summer months and
westerlies in the winter months, influences the climate of
the interior TP (Frauenfeld et al. 2005; Yang et al. 2014;
You et al. 2015b).

The climate of HMA has witnessed many changes in recent
decades. There are spatially consistent and statistically signifi-
cant warming trends over the different regions of HMA
(Krishnan et al. 2019; Liu and Chen 2000). Studies based on
ground-based observations have consistently reported warm-
ing trends over the TP in the past (Kosaka and Xie 2013; Liu
and Chen 2000; Yan and Liu 2014). Tien Shan, Central Asia,
and the Hindu Kush Himalayas (HKH) region have observed
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similar warming trends (Aizen et al. 1997; Hu et al. 2014; Ren
et al. 2017). In contrast to temperature, precipitation shows a
more considerable interannual variability, and inconsistency
in trends for different regions in HMA (Fowler and Archer
2006; Palazzi et al. 2013; Ren et al. 2017; Shrestha et al. 2000;
You et al. 2015b; Zhan et al. 2017). The climate variability in
recent decades has resulted in changes in the cryosphere (gla-
ciers, snow cover, and permafrost) and hydrology (water
availability, seasonality, and hydrological extremes like floods
and droughts), which in turn affect society (Bolch et al. 2012;
Immerzeel et al. 2010; Jin et al. 2020; Kääb et al. 2012; Kang
et al. 2010; Shean et al. 2020; Wijngaard et al. 2017; Yang et al.
2010; Yao et al. 2012).

Past studies used monthly-scale station data to derive the
historical trends for different regions in HMA (Cao et al.
2013, 2017; Duan and Xiao 2015; Guo and Wang 2012; Khattak
et al. 2011; Liu and Chen 2000; Shrestha et al. 1999, 2000; Xu
et al. 2018; Yan and Liu 2014; Yang et al. 2014). Attempts were
made with remote sensing techniques to calculate trends (Qin
et al. 2009; Salama et al. 2012; Zhong et al. 2011). Some recent
studies used the general circulation model data downscaled
with fine-resolution regional climate models to calculate the
long-term trends (Amato et al. 2019; Zhang et al. 2017). More-
over, some studies combined in situ and reanalysis data to un-
derstand the spatial pattern of historical climate change (An
et al. 2017; Krishnan et al. 2019; Madhura et al. 2015). However,
these studies are either scattered around the basin, national and
regional levels. Further, these scattered studies use different
data, coarser spatiotemporal resolution, and approaches. Vari-
ability in approaches, data, and methods makes it even more
challenging to align and compare the changes around different
regions in HMA. Studies that use consistent, observed, and re-
motely sensed data integrated with numerical models at a
higher spatial resolution over the entire HMA region are re-
quired to resolve the climate variability in the region.

Existing hydrometeorological stations, mostly located in
valleys lower than 4000 m, are sparsely distributed in the re-
gion (Pepin et al. 2015; Qin et al. 2009). The complex topogra-
phy and harsh conditions in the mountains impose difficulties
in managing the ground stations. Therefore, climate signals
are biased toward these station observations at lower eleva-
tions (An et al. 2017; Palazzi et al. 2013). Remotely sensed
satellite measurements from geostationary thermal infrared
and polar-orbiting passive microwave sensors are useful for
deriving precipitation measurements based on cloud-top
brightness temperature and spectral scattering due to large
ice particles, respectively. However, the uncertainty is high
due to sensor signals’ limitations in penetrating the clouds
and correctly estimating the precipitation falling as snow at
high altitudes (Immerzeel et al. 2015). Nevertheless, remotely
sensed products or products merged with gauge observations,
in recent decades, have proven to be a cost-effective and reli-
able tool to understand precipitation patterns and trends at
various spatial and temporal scales (Gehne et al. 2016).
Among other remotely sensed products (or merged products),
the Tropical Rainfall Measuring Mission (TRMM), the Cli-
mate Hazard group Infrared Precipitation (CHIRPS), the
Multi-Source Weighted-Ensemble Precipitation (MSWEP),

the Climate Prediction Center morphing technique (CMORPH)
and the Precipitation Estimation from Remotely Sensed Infor-
mation using Artificial Neural Network (PERSIANN) and
are most commonly used in the HMA region for a wide
range of applications (Ashouri et al. 2015; Beck et al. 2017;
Funk et al. 2015; Huffman et al. 2007; Joyce et al. 2004;
Yatagai et al. 2012). The direct use of such products to de-
rive climatological and hydrological trends often requires
validation and correction based on in situ observations
(Gebregiorgis and Hossain 2015; Gehne et al. 2016). The
correction is often hampered by the mismatch in resolution
and insufficient geo-statistical interpolation accuracy of situ
data caused due to sparse gauge distribution. Moreover, these
global remotely sensed (or merged with gauge observation)
products have higher uncertainty in assessing the correct precipi-
tation amount in an environment with complex mountainous to-
pography such as HMA (Cheema and Bastiaanssen 2012; Mei
et al. 2014). A common scientific consensus, based on a plethora
of studies, could be made that all these remotely sensed (or prod-
ucts merged with gauge observation) products have large and
variable biases relative to the gauge data in HMA (Andermann
et al. 2011; Cheema and Bastiaanssen 2012; Guo et al. 2015;
Tong et al. 2014; You et al. 2015a).

A gridded reanalysis product}which is a result of data as-
similation from multiple sources: airborne balloons, scatterom-
eter radiosonde, dropsonde, aircraft measurements, satellites,
and ground-based radar-gauge composite}provides an alter-
native to the sparse and inconsistent point-scale observations
to find spatial patterns of change (Alexander et al. 2006; Li
et al. 2022). Even though biases between reanalysis and in
situ observations are present, the reanalysis products have
shown good reliability in resolving the climatological
mean, anomalies, and normalized trends (Donat et al.
2014; Simmons et al. 2010). Given the high variability in
the climate of HMA, this paper aims to assess trends in an-
nual and seasonal air temperature and precipitation and a
range of climate change indices for the high-altitude re-
gions. We use the state-of-the-art ERA5 high-resolution
reanalysis data to derive the trends (Hersbach et al. 2020).
These trends help us to detect similarities and contrasts in
recent climate change over the entire HMA using one con-
sistent dataset.

2. Study area

The HMA, consisting of the TP and its surrounding high
mountain ranges along with its 18 downstream river basins, is
considered for this study (Fig. 1a). Within this region, the
Hindu Kush Himalayan (HKH) range along with the TP cov-
ers an area of over 5 million km2 with an average elevation of
;4000 m above mean sea level (MSL) (Yao et al. 2012).
The areal extent considered in this study is 578–1138E and
228–478N. Given the large extent of the study area, the overall
climate is variable. For example, in the west, the Helmand,
Amu Darya, and Syr Darya River basins have a dry continen-
tal climate characterized by cold winters and hot summers
(Chen et al. 2011), while in the east, the Yangtze basin has a
subtropical climate with maximum rain between April and
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October (Gu et al. 2018). The northwestern basins, Balkash,
Junngar, and Alaguy are influenced mainly by midlatitude
westerlies and cold inflows from the polar region. The TP,
generally below 08C and temperature decreasing from east to
west, experiences cold winters and wet summers, with maxi-
mum precipitation during July and August (Frauenfeld et al.
2005). Climatic differences enhance the spatial variation
within each basin’s higher and lower altitudes (Krishnan et al.
2019; You et al. 2017). A significant part of the southeastern
basin’s precipitation is from the southwestern Indian mon-
soon between June and September. The winter monsoon
brings rain to the northwestern part of the HKH. At high alti-
tudes, precipitation mainly falls as snow, whereas at lower al-
titudes it mainly falls as rain. The Central Asian basins
receive annual precipitation of ;211 mm, ranging from less

than 50 mm in the desert areas to higher than 2000 mm on the
windward slopes (Deng and Chen 2017).

3. Data and methods

We use historical climate data from the European Centre
for Medium-Range Weather Forecasts (ECMWF) ERA5
dataset covering the years 1979–2018 (40 years) (Hersbach
et al. 2020). The ERA5 is an improved (atmosphere, ozone,
land, and ocean wave component) and high-resolution succes-
sor of the ERA-Interim (Dee et al. 2011). The ERA5 uses ob-
servations from over 200 satellite instruments or conventional
data types, including ground-based radar–gauge observations,
PILOT, radiosonde, dropsonde, buoys, and aircraft measure-
ments. The ERA5 data are available at an hourly time scale

FIG. 1. (a) The river basins analyzed in this study (black boundaries). Gray lines represent the upstream region of
each major river basin. The background represents the elevation of the region. The arrows represent the major atmo-
spheric circulation system, red for monsoon and blue for westerlies, in HMA [the arrows are adapted from Yang et al.
(2014)]. Also shown is the spatial distribution of mean annual (b) precipitation (mm) and (c) temperature (8C) during
1979–2018 across HMA.
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and 31 km 3 31 km spatial resolution for 137 vertical pressure
levels. Surface or single-level data are also available, contain-
ing two-dimensional parameters such as precipitation, 2 m tem-
perature, top-of-atmosphere radiation, and vertical integrals
over the entire atmosphere.

The utility of ERA5 in complex terrain such as HMA,
where the in situ meteorological observations are sparsely
and unevenly distributed, has been investigated in several

studies (see Table 1). ERA5 has been validated in several re-
gions of the HMA, for instance, the Pamir region of Tajiki-
stan (Zandler et al. 2019), the Indus basin (Dahri et al.
2021b), mainland China (Jiang et al. 2020; Lei et al. 2022;
Tang et al. 2020), Tibetan Plateau (Hu and Yuan 2021; Ji and
Yuan 2020), and HMA (Sun et al. 2021). The study by Lei
et al. (2022), on the basis of 666 ground stations over China,
showed that annual total precipitation was correctly simulated

TABLE 1. Summary of the findings related to ERA5 data reported in several studies.

Study Regions Products Variable Findings

Orsolini et al.
(2019)

Tibetan Plateau 4 products (reanalysis) Snow depth and
cover; precipitation

Excessive snowfall results in overestimation
of snow depth and cover; cold bias

Bian et al.
(2019)

Tibetan Plateau 12 products (observation,
satellite estimate, land
data assimilation
system, and reanalysis)

Snow water equivalent;
temperature; total
precipitation;
snowfall

Significant overestimates the SWE; cold
bias

Zandler et al.
(2019)

Pamir region of
Tajikistan

10 products (satellite,
gridded, merged, and
reanalysis

Precipitation Significant performance improvement in
ERA5 relative to others

Tang et al.
(2020)

China 10 (7 satellite and
3 reanalysis)

Precipitation; snowfall Acceptable at the daily-scale use; performs
best relative to the reanalysis products;
peak time, magnitude, and variation of
diurnal cycles not well represented

Ji and Yuan
(2020)

Tibetan Plateau 8 products (2 land data
assimilation system,
5 reanalysis, and a
high-resolution
dynamical downscaling
simulation)

Temperature (min,
max, and mean)

Cold bias in ERA5

Jiang et al.
(2020)

China 5 (satellite-based
precipitation)

Precipitation Correct precipitation distribution; performs
best in detecting typhoon induced
extreme precipitation events;
underestimates moderate and higher daily
precipitation events (above 10 mm day21)

Dahri et al.
(2021b)

Upper Indus 27 (gridded precipitation
products)

Precipitation Best performance

Hu and Yuan
(2021)

Eastern
periphery of
the Tibetan
Plateau

82 ground stations Precipitation Captures the spatiotemporal features of the
regional rainfall events; higher frequency
and lower intensity of rainfall events;
incorrect timings of precipitation events

Sun et al.
(2021)

High Mountain
Asia

584 ground station Precipitation; discharge Performs better in the monsoon-dominated
regions than westerlies-dominated
regions; represents large-scale spatial
precipitation pattern; precipitation
estimates can detect well the monsoon
and westerlies signal; wetter in central
and western HMA and drier in the
southeast; captures precipitation
seasonality of Tarim basin, which is not
reflected from GPM and outputs of
regional climate model

Lei et al.
(2022)

China 666 ground stations Precipitation Correctly simulates annual total precipitation;
correctly estimates intensity indices such as
annual total wet days precipitation, max
5-day precipitation, very wet days, max
1-day precipitation amount and extremely
wet days; better at simulating drought
events than wet events over eastern China;
underestimates number of extreme heavy
precipitation days
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when compared with the daily total in ERA5. Authors sug-
gested ERA5 performs well for simulating intensity indices
such as annual total wet days precipitation, max 5-day precipi-
tation, very wet days, max 1-day precipitation amount and ex-
tremely wet days. Frequency indices such as extreme heavy
precipitation days were consistently well simulated across
China except northwestern China in ERA5. ERA5 better
simulated the consecutive dry days than the consecutive wet
days. Similarly, Sun et al. (2021) found that ERA5 precipita-
tion generally captures the seasonal variations of ground ob-
servations (monsoon and westerlies patterns) and the broad
spatial distributions of precipitation in both magnitude and
trends in HMA. Interestingly, ERA5 well represents the pre-
cipitation seasonality of the Tarim basin, which is not re-
flected in GPM and outputs from the regional climate model.
Moreover, ERA5 data have been used to understand the pre-
cipitation and large-scale atmospheric systems (Lai et al.
2021; Wang et al. 2020; Yu et al. 2021; Zhu et al. 2020), snow
cover and snow depth (Lei et al. 2023), glacier and snowmelt
simulation (Bhattacharya et al. 2021; Kraaijenbrink et al.
2021), and hydrological and water balance simulations (Dahri
et al. 2021a; Khanal et al. 2021; Sun et al. 2021).

We further assess the performance of six different gauge-based
gridded precipitation products (CHIRPS, TRMM, PERSIANN,
GLDAS, CFSV2, and GPM) and compared them with ERA5
over the HMA (Fig. A1 in the appendix). The average annual
precipitation patterns showmore or less similar large-scale spatial
patterns. ERA5 seems to be wetter in the southern and eastern
parts relative to the other regions of HMA. The differences are
also noticeable in region-aggregated climatological analysis.
CFSV2 seems to be on the drier side for the monsoon period
where as the GLDAS is drier for the dry seasons. In general,
ERA5 overestimates the precipitation in comparison with the six
products. Satellite-derived products are of insufficient quality to
capture the magnitude of mountain precipitation (Immerzeel
et al. 2015). Authors found that the amount of precipitation re-
quired to sustain the observed mass balances of the large glacier
systems in the Indus basin is far (by a factor of 5–10) beyond
what is observed at valley stations or estimated by gridded pre-
cipitation products.

There is no perfect product in HMA as the ground-based
observations at upper altitudes of HMA are lacking (Sun et al.
2021). Precipitation products are not equally good enough for
all the basins in HMA. Even though ERA5 overestimates the
precipitation in comparison with the other products (satellite,
gridded, reanalysis, and model simulation), the aforemen-
tioned studies show that the ERA5 has a wide range of utility.
ERA5 captures the seasonal variations of ground observa-
tions and the broad spatial distributions of precipitation in
both magnitude and trends when it comes to data-scarce up-
stream regions of HMA. Thus, we conclude that ERA5 is
good enough to use to understand the climatic trends in
HMA.

The daily aggregated surface level precipitation sum and
mean temperature are used in this study to derive historical
climate indicators as described in Table 2. We analyze each
climate indicator on an annual scale and seasonal scale:
(i) winter [December, January, and February (DJF)], (ii) summer
or premonsoon [March, April, andMay (MAM)], (iii) monsoon or
rainy [June, July, August, and September (JJAS)], and (iv) post-
monsoon or autumn [October and November (ON)].

The climate indicators analyzed for this study are consecu-
tive dry days (CDD), heatwave duration index (HWDI), high-
est 5-day precipitation amount (RX5), heavy precipitation
days (R10), wet days precipitation (R95P), and compound in-
dices (COMP95). The first five indices used are defined and
described in Zhang et al. (2011). We define COMP95 as the
number of days when both precipitation and temperature are
greater than the 95th quantile values of their distributions.
The COMP95 is used as a proxy for floods because it indicates
the “Warm-Wet” quadrant of the precipitation and tempera-
ture distribution. A similar approach is used in Khanal et al.
(2021) and Lutz et al. (2016). For convenience, we use CDD
and HWDI as the proxy for droughts and their related haz-
ards, and R10, RX5, R95P, and COMP95 as a proxy for flood-
related hazards. The relationships between the climate indices
and floods/droughts are often complex. Changes in the trend
of these indicators may not directly lead to floods or droughts.
However, they would certainly lead to changes in the anteced-
ent conditions and state of the precursors (saturation content

TABLE 2. List of climate indices used in this study.

Indicator Definition Unit
Related
hazards

Consecutive dry days (CDD) The largest No. of consecutive days with ,1 mm of precipitation Days Drought
Heatwave duration index (HWDI) No. of days, in intervals of at least 6 consecutive days, when the

max temperature is more than 58 larger than the normal max
temperature (TXnorm); TXnorm is calculated as the mean of
max temperatures of a 5-day window centered on each calendar
day of a given climate reference period

Days Drought

R10 No. of heavy precipitation days (precipitation . 10 mm) Days Floods
RX5 Annual highest 5-day precipitation sum mm Floods
R95P Wet days precipitation (precipitation . 1 mm) when daily

precipitation is greater than 95th percentile of all wet days
mm Floods

COMP95 The No. of days when both precipitation and temperature are
greater than the 95th percentile of their distribution considering
all days

Days Floods
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of the soil, groundwater state, rain on snow, etc.) related to
floods and droughts (Merz et al. 2014; Nied et al. 2014). For
instance, the increasing trend in R10 and RX5 would mean
higher episodes of precipitation events that may impact the
soil moisture conditions. Any medium to high precipitation
episode on saturated soil most likely results in floods (Khanal
et al. 2019; Merz et al. 2014; Nied et al. 2014). We also calcu-
late the standardized precipitation anomaly (SPA) and stan-
dardized temperature anomaly (STA) on a regional scale to
understand the regional patterns of floods and droughts.

We calculate the magnitude of the trend for each index
using the Theil–Sen slope estimate, and its significance at
5% (p , 0.05) using the nonparametric Mann–Kendall’s
significance test (Mann 1945; Sen 1968). It is preferred over
other parametric tests since the data do not need to be nor-
mally distributed or homogeneous, and the effect of outliers
is reduced as it is based on median values rather than means
(Gilbert 1987). The Theil–Sen slope method involves calcu-
lating the slope Q and its median for each data point in time
to calculate the trend. The slope for each data point is calcu-
lated as

Q 5
x′i 2 xi
i′ 2 i

, (1)

where x′i and xi are data values at times i′ and i, respectively,
and i′ . i. The median of Q represents the Theil–Sen trend.
Before trend analysis, the data were checked for autocorrela-
tion and corrected based on Yue and Wang (2002). We focus
our analysis on the high-altitude upstream parts of each river
basin. The upstream region used in this study is defined as all
areas above 2000 m, as used by Khanal et al. (2021), and is

delineated using the HydroSHEDS digital elevation model
(Lehner et al. 2008). Further, we categorize river basins in
HMA by climatic regions (Table 3). Since the Tarim basin ex-
hibits different climatic characteristics, we make a further dis-
tinction between the Tarim interior East (TIE) and the Tarim
interior West (TIW). Unless specified, the Tarim basin repre-
sents the whole of TIW and TIE. All the results presented in
this study will represent the upper or upstream region unless
specified explicitly. The basin average trends are calculated
for the area aggregated basin average time series.

4. Results

a. Climatic characteristics

The HMA region shows considerable variability in climatic
characteristics, as shown in Table 3. The monsoon-dominated
southern river basins generally receive the highest amounts of
precipitation (Fig. 1b). The Irrawaddy (3593 mm), Brahmapu-
tra (1978 mm), and Ganges (1755 mm) basins are the wettest
basins, whereas the Alaguy (218 mm) and Helmand (367)
are the driest basins in HMA. The steep elevation gradient
along the north–south and the monsoon are the main reasons
that the southern basins receive most orographic precipita-
tion. The average temperature in the region shows a distinct
difference between the high-altitude colder mountainous re-
gions and the warmer plains (Fig. 1b). The northern basins
are the coldest of the whole HMA. The relatively cold tem-
perature is mainly due to a higher mean elevation than other
basins in HMA (Table 3). The monsoon-dominated down-
stream areas of the Ganges, Indus, Irrawaddy, and Salween
basins show the highest temperature. These regions are known

TABLE 3. Average basin and climatic characteristics calculated for the upstream parts of the major river basins. The climate of the
basin can be of monsoon or westerly or mixed type. The upstream area represents the percent of major river basins used as the
upstream part in this study. The numbers inside the parentheses represent the trend, and boldface numbers represent a significant
trend at the p , 0.05 level.

Basin Region Climate
Mean elev
(m MSL)

Area
(km2)

Upstream
area (%)

Mean
precipitation

(mm)

Mean
temperature

(8C)

Brahmaputra Southern Monsoon 4003 400 75.7 1978 (22.25) 1.7 (0.03)
Ganges Southern Monsoon 3090 202 17.8 1755 (5.03) 6.8 (0.03)
Irrawaddy Southern Monsoon 2109 49 12.6 3593 (224.73) 12.9 (0.02)
Mekong Eastern Monsoon 3968 111 13.7 1035 (21.37) 0.8 (0.03)
Salween Eastern Monsoon 4430 119 44.4 1096 (22.31) 22.1 (0.04)
Yangtze Eastern Monsoon 3678 687 38.5 1108 (20.13) 1.9 (0.03)
Yellow Eastern Monsoon 3389 273 31.8 740 (20.06) 0.5 (0.04)
Amu Darya Western Westerly 2930 268 33.6 678 (21.29) 0.8 (0.03)
Balkash Western Westerly 2144 121 27.2 877 (20.28) 1.2 (0.02)
Helmand Western Westerly 2355 74 29.7 367 (22.11) 9.8 (0.05)
Indus Western Westerly 3511 473 42.4 837 (21.98) 0.6 (0.04)
Syr Darya Western Westerly 2331 173 15.5 941 (1.10) 2.5 (0.03)
Alaguy Northern Westerly 1506 75 51.8 218 (20.47) 6.8 (0.03)
Pai-t’a Ho Northern Westerly 2664 16 14.4 633 (21.07) 0.6 (0.05)
Jo-Shui Northern Westerly 2575 66 18.8 395 (0.57) 1.3 (0.05)
Junggar Northern Westerly 1778 152 44.9 387 (20.18) 3.0 (0.02)
Plateau of Tibet Interior Interior Mixed 4996 415 100 444 (3.57) 23.2 (0.03)
Tarim Interior East Interior Mixed 3842 600 37.8 305 (1.63) 22.4 (0.04)
Tarim Interior West Interior Mixed 3301 481 30.3 371 (0.14) 20.9 (0.03)
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to experience warm summers with extreme heat events and
cold winters (Im et al. 2017). Given the large extent of the
study area, the overall climate is variable.

b. Trends in temperature and temperature-derived indices

1) MEAN AIR TEMPERATURE

The annual temperature trends are coherent and statisti-
cally significant over the entire region (Fig. 2a; Table 4). The
cooling of irrigated Indo-Gangetic plains is in line with the

finding that an increase in irrigated areas can lower the magnitude
of climate change and extremes (Puma and Cook 2010; Thiery
et al. 2017). The averaged annual trend (0.058–2.128C yr21

over 40 years) in the Helmand basin is in line with 2.28C in-
crease reported by Krishnan et al. (2019) (Fig. 2a; Table 3).
The annual warming of regions in HMA is higher relative to
the Northern Hemisphere (0.0248C yr21 for land and oceans
and 0.0338C yr21 for land) and the global average (0.0178C yr21

for land and oceans and 0.038C yr21 for land) calculated for
time 1979–2018 using Global Historical Climatology Network

FIG. 2. (a) Average daily mean temperature over the entire TP during 1979–2018, and (b) winter, (c) summer, and
(d) monsoon trends of mean temperature (8C yr21) estimated using Sen’s slope. Stippling represents areas with
Kendall’s significance at p, 0.05. The triangles, red upward for an increase and blue downward for a decrease, repre-
sent the upper-basin-averaged temperature trends. The presence of a black asterisk in the triangle indicates areas
with Kendall’s significance at p, 0.05 for upper-basin-averaged temperature trends.

TABLE 4. Average temperature (8C) for the reference time period (1979–2018) selected for the analysis. The numbers inside the
parentheses represent the trend (8C yr21), and boldface numbers represent the significance of trend at p , 0.05 level.

Basin Annual DJF MAM JJAS ON

Brahmaputra 1.7 (0.029) 27.3 (0.054) 1.0 (0.022) 9.7 (0.020) 20.2 (0.027)
Ganges 6.8 (0.029) 21.6 (0.038) 6.5 (0.031) 13.9 (0.019) 5.4 (0.03)
Irrawaddy 12.9 (0.018) 6.3 (0.022) 13.0 (0.010) 18.0 (0.021) 12.3 (0.014)
Mekong 0.8 (0.034) 29.3 (0.063) 0.4 (0.024) 10.1 (0.03) 22.3 (0.027)
Salween 22.1 (0.035) 212.7 (0.052) 22.9 (0.023) 8.0 (0.030) 25.4 (0.022)
Yangtze 1.9 (0.033) 27.8 (0.042) 1.9 (0.021) 10.4 (0.037) 20.8 (0.024)
Yellow 0.5 (0.042) 210.9 (0.025) 0.9 (0.046) 10.3 (0.053) 22.8 (0.037)
Amu Darya 0.8 (0.029) 210.9 (0.011) 0.4 (0.042) 11.3 (0.038) 22.2 (0.026)
Lake Balkash 1.2 (0.022) 211.3 (20.019) 2.0 (0.055) 11.6 (0.027) 22.1 (0.017)
Helmand 9.8 (0.053) 23.7 (0.063) 9.1 (0.073) 21.2 (0.043) 8.2 (0.027)
Indus 0.6 (0.036) 210.7 (0.034) 20.4 (0.046) 11.1 (0.033) 21.9 (0.052)
Syr Darya 2.5 (0.026) 29.7 (20.005) 2.9 (0.058) 12.8 (0.028) 20.9 (0.016)
Alaguy 6.8 (0.027) 29.1 (20.014) 8.7 (0.054) 19.7 (0.039) 1.9 (0.03)
Pai-t’a Ho 0.6 (0.049) 212.3 (0.029) 1.2 (0.073) 11.4 (0.056) 23.1 (0.034)
Jo-Shui 1.3 (0.046) 212.1 (0.024) 2.0 (0.068) 12.6 (0.054) 22.9 (0.035)
Junggar 3.0 (0.020) 212.7 (20.030) 4.3 (0.059) 15.8 (0.035) 21.6 (0.021)
Plateau of Tibet Interior 23.2 (0.033) 213.3 (0.053) 23.6 (0.024) 6.2 (0.018) 26.5 (0.036)
Tarim Interior East 22.4 (0.039) 214.0 (0.030) 22.2 (0.045) 8.0 (0.046) 26.4 (0.026)
Tarim Interior West 20.9 (0.034) 213.3 (0.001) 20.3 (0.052) 9.6 (0.037) 24.7 (0.037)
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(NOAA 2020). The seasonal spatial trends show that the increase
(0.088–0.108C yr21, or 3.28–4.08C over 40 years) is most apparent
in the headwaters of the southern, monsoon-dominated ba-
sins of the Ganges, the Brahmaputra, and the interior basins
in winter (Fig. 2b). The winter warming trend is higher for
eastern TP, for which an increase of 0.618C decade21

(;2.448C over 1961–2006) is reported (Liu et al. 2009). Strik-
ingly, the northern basins, Junggar, Alaguy, and Balkash show a
decreasing winter temperature trend. Several studies report a
similar winter cooling in the Northern Hemisphere and attribute
it to the increase in Eurasian snow cover contributed by the
warmer moisture-laden arctic atmosphere in the autumn season
(Cohen et al. 2014, 2020, 2012). A relatively smaller warming
trend is observed in the monsoon season when compared
with the summer and winter seasons (Figs. 2b–d). The irri-
gated downstream region of the Indus shows a significant
decrease in temperatures during the monsoon season, im-
plying that most of the annual decline in temperature trend
is contributed by the monsoon season.

2) HEATWAVE DURATION INDEX

The annual average HWDI is relatively low in most parts
of the study region except the lower regions of the westerly
dominated basin (Fig. 3; Table 5). We find high HWDI
“hotspots” in the southern and eastern monsoon-dominated
basins of the Brahmaputra, Ganges, Salween, the Mekong,
and the Yangtze. We further investigate the annual anomalies
of HWDI for two different climatic regions, the westerly-
dominated Helmand basin and the monsoon-dominated
Salween basin, to understand these high HWDI “hotspots”
(Figs. 3b,c). We found the maximum HWDI in the Salween
basin in 2016 correlates with the century’s strongest El Niño
event (Cai et al. 2018). The spatial annual HWDI trend, in
general, does not show significant changes in HMA apart from
the lower regions of western and eastern basins (Fig. 3d). Inter-
estingly, the smaller “hotspots” in the Salween and the Mekong
do not show a consistent trend, indicating that the high values
are reached due to large-scale climate events such as the
El Niño that are known to influence the climate of the Indian
Subcontinent (Krishnan et al. 2019). Again, the upper-
basin-averaged annual HWDI trend shows minimal changes with
the maximum increase seen in Helmand, 0.44 days yr21, and for
most regions, the values range between 0.1 and 0.2 days yr21

(Fig. 3d).

c. Trends in precipitation and precipitation-derived
indices

1) ANNUAL PRECIPITATION

Even though annual precipitation shows a higher variability in
HMA, the trends are only significant for four basins (Table 3).
The western basins show a decreasing annual precipitation
trend, except for the Syr Darya, where annual precipitation in-
creases by 0–5 mm yr21 (Fig. 4a). In contrast to the western ba-
sins, the monsoon-dominated southern and interior basins show
an increasing annual precipitation trend. Strikingly, the western
and eastern regions of Brahmaputra show contradictory trends
in annual precipitation. The western Brahmaputra shows a

significant increasing trend (5–15 mm yr21), whereas the eastern
part shows a significant decreasing annual precipitation trend
(50–70 mm yr21). The significant decreasing trends in regions
such as the eastern Brahmaputra and upper Irrawaddy basin
correlates with areas that receive the highest precipitation. The
lower parts of eastern basins show statistically significant de-
creasing trends (5–15 mm yr21) as compared with the increasing
trends for upper regions. The relative precipitation increase is
highest for the interior basin than for the other regions in HMA
(Fig. 4b). The trends found in this study are in line with those re-
ported by Cuo et al. (2013) based on in situ observations for the
Northern TP. The upper-basin-averaged annual trend reflects
the highest decreasing trend of ;25 mm yr21 in the Irrawaddy.
The west-to-east opposite pattern of precipitation trend in the
entire upper Brahmaputra basin ultimately results in an overall
decreasing trend of 22.2 mm yr21, where the strong negative
trend in the east clearly dominates the western Brahmaputra
trend (Table 3). The monsoon months strongly dictate the an-
nual precipitation trends in HMA (Fig. 4c; Table 6).

2) HEAVY PRECIPITATION DAYS (R10)

The annual spatial R10 shows a higher variability in the up-
stream part of the southern and eastern basins relative to
other regions (Fig. 5a). The Irrawaddy, Brahmaputra, and
Ganges show the highest annual R10 (112.3, 55, and 51.2
days, respectively) in the entire HMA (Table 7). The northern
and interior basins have low R10 values when compared with
the other basins. Higher variability and contradictory trend
patterns within the basins are observed for the Brahmaputra
and Ganges basins (Fig. 5b). Overall basin average R10 trend
values in the Ganges (0.1–0.2 days yr21) and Brahmaputra
(0–0.1 days yr21) basins show an increasing trend. Irrawaddy
basin shows a spatially consistent decreasing trend similar to
precipitation trends. The eastern basins show consistent de-
creasing trends except for the Yangtze basin. The lower
Yangtze basin shows significantly decreasing trends than the
middle reaches, where the trends are slightly positive. All
western basins show coherent decreasing trends with the highest
decrease in the western parts of Indus, except for the Syr Darya.
Monsoon months contribute to most of the annual trends in the
region (Fig. 5c). The monsoon trends are mostly coherent with
the annual trends except in Helmand and the Syr Darya, where
the sign of trends are reversed. The westerly precipitation re-
gime is responsible for this reversal of trends.

3) ANNUAL MAXIMUM 5-DAY PRECIPITATION (RX5)

The southern basins show the highest RX5 day values in
the entire HMA (Table 8). The foothills of the upper Ganges,
Brahmaputra, and Irrawaddy basins receive higher RX5 than
high altitudes (Fig. 6a). The low annual precipitation in the
northern and interior basins is again reflected in annual
RX5. The RX5 shows a decreasing annual trend, especially
in the Brahmaputra and Irrawaddy basins (Fig. 6b). The weak-
ening of the Indian summer monsoon is the primary reason
for the decreasing RX5 trend in these basins. The upper
Brahmaputra shows both significant spots of positive and nega-
tive trends; however, the latter is of a higher order of magnitude.
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In contrast, the Ganges basin shows an increasing trend for
most of the upstream region.

The upper-basin-averaged RX5 shows mixed trends in the
southern basins: the Irrawaddy and the Brahmaputra show
negative trends whereas the Ganges basin shows positive
trends. However, only in Irrawaddy, the trend (21.8 mm yr21)
is statistically significant at level p , 0.05. Among the eastern
basins, a minor negative trend is observed for the Mekong, Sal-
ween, and Yangtze, and a positive trend is seen in the Yellow

River basin. Most of the annual trend in RX5 is contributed by
the monsoon months’ precipitation (Fig. 6c; Table 8). A similar
pattern to annual trends is observed for monsoon months in en-
tire HMA except for the western basins, where the winter and
spring precipitation regimes are dominant.

4) WET DAYS PRECIPITATION (R95P)

A clear demarcation between the upper and lower basins,
as seen in annual precipitation, R10, and RX5 is also detected

FIG. 3. (a) Average of annual HWDI over the entire HMA during 1979–2018 (days), standardized anomalies of an-
nual HWDI for (b) the Helmand and (c) the Salween, and (d) annual HWDI trend (days yr21) estimated using Sen’s
slope. In (d), stippling represents areas with Kendall’s significance at p , 0.05, the triangles, red upward for an in-
crease and blue downward for a decrease, represent the upper-basin-averaged HWDI trends, and black asterisks de-
note areas with Kendall’s significance at p, 0.05 for upper-basin-averaged HWDI trends.
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for R95P (Fig. 7a). The largest values of R95P are observed in
the upper regions of the Irrawaddy, Ganges, and Brahmaputra
basins (Table 9). The lower irrigated plains in the eastern part of
the Ganges basin show a coherent increasing trend in contrast to
the urban western part, which shows mostly decreasing trends.

The annual spatial trends also show high variability, espe-
cially in the southern, eastern, and western parts (Fig. 7b).
While the Ganges basin shows consistent and significant in-
creases in R95P trends in the upstream regions, the Brahma-
putra basin shows an increase in the western part and a
significant decrease in the eastern parts. For some grid cells,
the decrease in R95P is exceptionally high (30–40 mm yr21).
However, the basin average annual R95P trends show a de-
creasing trend of 2–4 mm yr21, which is again due to the spa-
tial aggregation. The lower reaches of the Yangtze and the
Yellow show a higher degree of decreasing trends as com-
pared with the upper and middle reaches. The Kunlun Moun-
tains regions of the eastern Tarim show a considerable
increase in R95P as compared with the decreasing trend in
the western Tien Shan mountainous regions. The western
basins show decreases in R95P, although the trends are not
spatially coherent. The urban area of the Indus, especially
around Islamabad and Lahore in Pakistan, shows a signifi-
cant reduction in R95P. Interestingly, the lower irrigated re-
gions in the Indus basin show a slight increase in R95P.
Monsoon and annual R95P patterns are similar apart from
western basins, where the direction of the trend is reversed
(Fig. 7b).

5) CONSECUTIVE NUMBER OF DRY DAYS (CDD)

On an annual scale, the upper and lower part of the catch-
ments shows distinct differences in CDD, in particular for the
western and interior basins (Fig. 8a). The average number of
CDD is highest in the upper Helmand basin, 135 days yr21,

followed by the interior basins and the lowest (;19 days yr21)
in the Balkash basin (Table 10). Shi et al. (2018) reported simi-
lar values for the Tarim basin.

The spatial annual trend patterns over the region corre-
late with the average CDD distribution, as the areas with
higher CDD have higher trends (Fig. 8b). The Helmand ba-
sin, which has the highest number of annual CDD, shows
the highest positive trend of 0.55 days yr21 (Table 10). The
basin average trend in western basins shows heterogeneous
signals as the Helmand and Amu Darya basins show a large
increasing trend (0.16–0.32 days yr21) as compared with a
small (0–0.08 days yr21) decreasing trend in the Indus, Syr
Darya, and Balkash basins (Fig. 8b). The decreasing trend
in the TP is consistent with the increasing trends in annual
precipitation, R10, RX5, and R95P. Sigdel and Ma (2017)
reported a trend of 4.2 days decade21 for the southern slope
of the Central Himalayan region of Nepal, which is compa-
rable to our findings of 0.25–0.75 days yr21 (Fig. 8b). How-
ever, the authors reported a smaller but significant trend of
0.9 days decade21 for the northern slope of Central Himalayas
in the TP in contrast to this study. Their estimates were
based on the simple average of data from three observed
stations with opposite trends, and it could be a possible rea-
son for the differences. Our results in the middle and lower
reaches of Yangtze are in line with the observed trend of
22–2 days decade22 reported for 1961–2015 (Shi et al. 2018).

All western, interior, and northern basins show increas-
ing summer CDD trends except the Helmand (Fig. 8c). The
spatial patterns of summer trends are significant for the
eastern part of the Indus among the western basins. Inter-
estingly, the Yangtze basin among the eastern basins shows
a consistent significant increase in summer CDD for all up-
per parts. In the post-monsoon season, all the interior ba-
sins show a decreasing trend in contrast to the summer
CDD (Fig. 8d).

TABLE 5. Average HWDI (days) for the reference time period (1979–2018) selected for the analysis. The numbers inside the
parentheses represent the trend (days yr21), and boldface numbers represent the significance of trend at p , 0.05 level.

Basin Annual DJF MAM JJAS ON

Brahmaputra 4.4 (0.142) 2.7 (0.054) 0.7 (0.004) 0.1 (0.000) 0.7 (0.006)
Ganges 3.4 (0.057) 2.0 (0.018) 0.7 (0.000) 0.2 (0.000) 0.3 (0.000)
Irrawaddy 0.6 (0.000) 0.4 (0.000) 0.1 (0.000) 0.0 (0.000) 0.0 (0.000)
Mekong 8.0 (0.117) 3.3 (0.046) 1.3 (0.007) 0.4 (0.000) 2.7 (0.000)
Salween 6.9 (0.104) 2.9 (0.062) 1.2 (0.007) 0.4 (0.000) 2.2 (0.000)
Yangtze 5.4 (0.165) 2.4 (0.048) 1.1 (0.028) 0.5 (0.007) 1.0 (0.008)
Yellow 5.8 (0.240) 2.2 (0.075) 1.1 (0.031) 1.5 (0.051) 0.8 (0.000)
Amu Darya 7.2 (0.194) 2.7 (0.018) 1.9 (0.078) 0.4 (0.001) 1.9 (0.008)
Lake Balkash 5.4 (0.108) 1.4 (20.018) 1.5 (0.021) 0.5 (0.000) 1.7 (0.004)
Helmand 12 (0.439) 7.0 (0.207) 4.2 (0.018) 0.0 (0.000) 0.3 (0.000)
Indus 6.2 (0.223) 2.3 (0.024) 1.6 (0.028) 0.6 (0.004) 1.4 (0.034)
Syr Darya 5.6 (0.119) 2.0 (0.014) 1.6 (0.035) 0.2 (0.000) 1.6 (0.000)
Alaguy 6.5 (0.103) 1.1 (0.000) 2.9 (0.020) 0.6 (0.000) 1.5 (0.000)
Pai-t’a Ho 6.8 (0.235) 2.2 (0.000) 2.3 (0.000) 1.2 (0.000) 0.8 (0.000)
Jo-Shui 5.9 (0.197) 2.0 (0.016) 2.2 (0.031) 0.7 (0.000) 0.8 (0.000)
Junggar 9.2 (0.095) 2.4 (20.017) 3.1 (0.054) 0.9 (0.004) 2.1 (0.000)
Plateau of Tibet Interior 4.1 (0.129) 1.7 (0.006) 0.8 (0.002) 0.9 (0.000) 0.4 (0.001)
Tarim Interior East 3.1 (0.133) 1 0.0(0.014) 0.8 (0.028) 0.8 (0.004) 0.3 (0.000)
Tarim Interior West 5.0 (0.142) 1.4 (0.002) 1.8 (0.043) 0.4 (0.007) 0.9 (0.009)
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d. Trends in compounding extremes of temperature and
precipitation

All the western basins show decreasing spatial trends in the
number of days when the 95th quantile of precipitation (P95)
is exceeded except for the Syr Darya basin (Fig. 9a). The inte-
rior basins show a significant increase in P95 except for a de-
crease in the TIW basin. Among the southern basins, the
Ganges and Irrawaddy basins show a significant increase and
decrease in P95, respectively. Again, the Brahmaputra shows
mixed patterns in the spatial P95 trend in the eastern and
western regions. The eastern basins show a mixed pattern in
P95 trends as the upper Yangtze and Yellow show a small in-
crease while the others show decreasing P95 trends.

In contrast to P95, the days when the 95th quantile of tempera-
ture (T95) shows a consistently increasing trend over the entire
HMA. All the upper basins show significant increases in T95. In-
terestingly, the lower Indo-Gangetic plains show a decrease in
the number of T95. Nonhomogeneous spatial patterns are ob-
served in the TP, where the western part shows a decrease in
T95 as compared with an increasing trend for the eastern part.

COMP95 shows a significant increasing trend for the inte-
rior, southern, and eastern basins. The western part of TIE

shows the highest increase (0.2–0.25 days yr21) in COMP95
trends over the entire HMA, as reported by other studies
(You et al. 2008; Zhao et al. 2010). Among the eastern basins,
the Yangtze and Yellow basin show higher and substantial
trends in COMP95. Whereas the COMP95 trends are signifi-
cant in the eastern part of the Ganges, the Brahmaputra, on
the other hand, shows a significant trend for the western part.

5. Discussion

a. Regional patterns in ERA5 and comparison with
previous findings

1) INTERIOR BASINS

For the TP, we find a warming trend that is predominant
in winter. On the basis of observed data, Yan and Liu
(2014) reported a trend of 0.328C decade21 (;1.588C in-
crease for 1961–2012), lower in magnitude as compared with
our estimate of ;2.128C over 40 years (Fig. 2b; Table 4).
Further, they reported the highest warming trend in winters,
similar to our results. Enhanced warming trends over TP are
also reported by recent regional and global studies (Duan and
Xiao 2015; Pepin et al. 2015; Ren et al. 2017). However, at alti-
tudes above 5000 mMSL, Gao et al. (2018) did not find any ele-
vation-dependent warming trend for the past (1984–2011) and
future. Warming trends calculated from ERA5 at high altitudes
do not show any evidence of enhanced warming (Fig. A2 in the
appendix). Chen et al. (2006), based on observed station data,
reported the temperature has increased for the Tarim basin at
the annual rate of 0.038C yr21 for 1955–2000. We find similar
positive increasing trends for the TIE (;0.048C yr21) and TIW
(;0.038C yr21) (Table 4). The seasonal trends are also compa-
rable to results that are based on observed station data (Xu
et al. 2010).

The second important finding for the TP is the increase in pre-
cipitation (Figs. 10 and 11b). Precipitation changes in the region
are less consistent than the temperature changes. Zhong et al.
(2019), reported an increase in precipitation of 0.78 mm yr21 for
1980–2014, resulting in a;27 mm increase over the period. This
trend is much lower than our estimate 3.57 mm yr21 (;140 mm
increase over the 40 years). Besides, the authors reported a dif-
ferent trend of 1.23 mm yr21 for 1999–2014, which still is lower
than our estimates. A wetting trend for TP, similar to results
from this study, is also widely reported (Yang et al. 2011;
C. Zhang et al. 2019).

Similarly, an increasing precipitation trend (0.69 mm yr21),
based on observed station data, is reported for the Tarim ba-
sin (Chen et al. 2006). We report a positive trend for TIE
(1.63 mm yr21) and TIW (0.14 mm yr21). Even though abso-
lute values differ, either due to different levels of spatial and
temporal aggregation or biases in the ERA5, the direction of
the trends is in line with our findings. A similar positive in-
crease is seen for RX5, R10, and R95P for all interior basins.
The interior basins, in contrast to other regions, show a de-
creasing trend in annual CDD. Moreover, COMP95 shows a
consistent increase in the number of extremely warm and wet
days over the interior basins.

FIG. 4. Mean annual average trend for precipitation estimated
using Sen’s slope, expressed as (a) millimeters per year and (b) per-
cent per year. (c) Mean annual average trend for monsoon precipi-
tation (mm yr21) estimated using Sen’s slope. Stippling represents
areas with Kendall’s significance at p , 0.05. The triangles, blue
upward for an increase and red downward for a decrease, represent
the upper-basin-averaged precipitation trends.
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The annual SPA over the entire interior basin shows an in-
creasing trend, in contrast to all the other regions, which show
a significant decrease in precipitation (Fig. 11b). A similar in-
creasing trend is observed for the annual STA. The HWDI

and COMP95 occurrences also show a rising frequency in re-
cent years. The combination of increasing precipitation with
no significant changes in R10 implies mainly low to medium
rainfall episodes are increasing in the region. Therefore, the
TP has become warmer and wetter in recent decades, and this
trend has been reported to continue in the future (Bonekamp
et al. 2021; Krishnan et al. 2019; Li et al. 2010). Even though
the precipitation-related spatial and seasonal trends are non-
homogenous, the basin aggregated annual trends show an in-
crease in precipitation extremes in the Tarim basin. Although
the reported projected changes vary significantly, on the
whole the precipitation and temperature are projected to in-
crease in the interior basins in the future (Su et al. 2013; Zhou
et al. 2014).

2) WESTERN BASINS

For this region, we find a general warming and drying trend
that is not consistent across all seasons and indicators. Limited
observed station data from this region has resulted in a lim-
ited number of studies in comparison with other parts of
the HMA. Other studies have reported a warming trend
(0.1–0.28C decade21) and a small increasing precipitation
trend in the Helmand region of Afghanistan (Krishnan et al.
2019; Qutbudin et al. 2019). Similarly, Aich et al. (2017), re-
ported an increase of 0.78C (1980–2010) and 1.28C (1950–80)
in temperature along with a 0%–10% change in precipitation
in the Helmand region. Our results show a relatively higher
warming trend of ;0.058C yr21 and a similar small wetting
trend for precipitation in this region. Winter and autumn
warming trends calculated from ERA5 at high altitudes show
slight evidence of enhanced warming for the Amu Darya and
Syr Darya basins (Fig. A1 in the appendix). The consistent
warming trends for the AmuDarya, Syr Darya, and Balkash ba-
sins are in line with an observed increasing trend of 0.0328C yr21

FIG. 5. (a) Mean annual average R10 (days) over HMA for
1979–2018, and the trend in R10 (days yr21) for (b) annual and
(c) monsoon season estimated using Sen’s slope. Stippling repre-
sents areas with Kendall’s significance at p , 0.05. The triangles,
blue upward for an increase and red downward for a decrease, rep-
resent the upper-basin-averaged R10 days trends.

TABLE 6. Average precipitation (mm) for the reference time period (1979–2018) selected for the analysis. The numbers inside the
parentheses represent the trend (mm yr21), and boldface numbers represent the significance of trend at p , 0.05 level.

Basin Annual DJF MAM JJAS ON

Brahmaputra 1978 (22.245) 171 (20.891) 460 (20.410) 1189 (21.471) 158 (20.031)
Ganges 1755 (5.018) 167 (20.523) 252 (20.196) 1249 (5.495) 87 (20.087)
Irrawaddy 3593 (224.725) 279 (22.85) 768 (23.015) 2236 (213.746) 310 (23.858)
Mekong 1035 (21.368) 65 (20.334) 180 (0.242) 690 (20.881) 99 (20.324)
Salween 1096 (22.306) 85 (20.610) 220 (20.181) 686 (21.421) 106 (20.181)
Yangtze 1108 (20.134) 66 (20.114) 215 (0.255) 710 (20.119) 116 (20.239)
Yellow 740 (20.064) 35 (20.012) 148 (0.153) 482 (20.307) 75 (0.105)
Amu Darya 678 (21.288) 186 (20.045) 265 (20.747) 139 (20.521) 87 (20.025)
Lake Balkash 877 (20.279) 88 (0.146) 236 (20.372) 444 (20.116) 110 (0.236)
Helmand 367 (22.111) 174 (21.470) 153 (21.556) 14 (20.038) 27 (0.483)
Indus 837 (21.984) 198 (20.056) 242 (22.13) 335 (0.439) 62 (20.179)
Syr Darya 941 (1.101) 152 (0.670) 305 (20.662) 356 (0.109) 127 (0.232)
Alaguy 218 (20.468) 13 (0.042) 52 (0.113) 135 (20.49) 19 (20.116)
Pai-t’a Ho 633 (21.071) 28 (20.092) 123 (20.234) 428 (20.921) 55 (0.016)
Jo-Shui 395 (0.573) 19 (20.034) 77 (0.073) 274 (0.660) 26 (0.020)
Junggar 387 (20.183) 25 (0.054) 98 (0.014) 225 (20.214) 39 (20.002)
Plateau of Tibet Interior 444 (3.565) 15 (20.072) 57 (0.281) 353 (3.196) 19 (0.002)
Tarim Interior East 305 (1.625) 17 (0.004) 63 (0.015) 209 (1.447) 17 (0.121)
Tarim Interior West 371 (0.143) 27 (0.106) 89 (20.181) 229 (0.469) 26 (0.055)
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between 1975 and 2005 (M. Zhang et al. 2019). Likewise, for
RX5, they reported an increasing trend (0.55 mm yr21), which is
in line with our findings (0.3–0.6 mm yr21). The warming trend
of 0.308C decade21 (for 1961–2005) reported for central Asia is
comparable to the trends reported for the western and interior
basins in our study (Peng et al. 2019). Even though there are
discrepancies in the spatial patterns, the Indus and Balkash ba-
sins show consistent decreases for basin-aggregated indices for
all precipitation-related indicators.

The annual SPA and STA show decreasing trends for both
precipitation and temperature (Fig. 11a). While R10 and CDD
frequencies show smaller variability, HWDI, and COMP95

show large variability in recent years. Given the above find-
ings, it is clear that the western basins are warming for the
most part. However, a general regional drying or wetting pre-
cipitation trend is harder to establish.

3) SOUTHERN BASINS

The temperature-related indices show a clear warming
trend in annual and seasonal time scales. The warming trends
reported here are in line with the findings based on ground
observations (Dash et al. 2007; Dash and Mamgain 2011).
There is a clear decreasing trend especially in the eastern

TABLE 7. Average R10 (days) for the reference time period (1979–2018) selected for the analysis. The numbers inside the
parentheses represent the trend (days yr21), and boldface numbers represent the significance of trend at p , 0.05 level.

Basin Annual DJF MAM JJAS ON

Brahmaputra 55 (0.002) 4.5 (20.028) 12.8 (0) 34 (0.038) 3.8 (0.001)
Ganges 51.2 (0.146) 4.6 (20.017) 6.5 (20.021) 38.6 (0.176) 1.6 (20.006)
Irrawaddy 112.3 (20.591) 9.1 (20.113) 25.6 (20.102) 68.9 (20.25) 8.7 (20.091)
Mekong 27.3 (20.1) 0.9 (20.005) 3.3 (0.01) 21.4 (20.086) 1.8 (20.011)
Salween 27.8 (20.144) 1.3 (20.014) 4.8 (20.013) 19.9 (20.097) 1.9 (20.009)
Yangtze 29.7 (20.01) 0.5 (20.003) 4.6 (0.025) 22.3 (20.029) 2.3 (20.01)
Yellow 17.4 (20.006) 0 (0) 2.5 (0.02) 13.8 (20.014) 1.1 (20.005)
Amu Darya 17 (20.042) 4.8 (0.004) 7.8 (20.022) 2.4 (20.02) 2.1 (20.004)
Balkash 22.3 (20.015) 0.8 (0.001) 6 (20.009) 13 (20.006) 2.5 (0.004)
Helmand 10.1 (20.09) 5.1 (20.053) 4.2 (20.064) 0.3 (0) 0.5 (0.006)
Indus 20.7 (20.094) 5.4 (20.009) 6.9 (20.073) 7.1 (20.005) 1.4 (20.01)
Syr Darya 25.8 (0.044) 3.5 (0.026) 9.1 (20.006) 9.5 (20.004) 3.7 (0.007)
Alaguy 3.3 (20.001) 0 (0) 0.6 (0.005) 2.5 (20.008) 0.2 (20.002)
Pai-t’a Ho 13.9 (20.037) 0 (0) 1.6 (20.003) 11.8 (20.026) 0.5 (0)
Jo-Shui 7.7 (0.054) 0 (0) 0.8 (0.004) 6.8 (0.05) 0.1 (0.001)
Junggar 8.4 (20.003) 0.1 (0.002) 1.9 (0.007) 5.9 (20.005) 0.5 (0)
Plateau of Tibet Interior 5.5 (0.063) 0 (0) 0.2 (0.004) 5.3 (0.056) 0.1 (0)
Tarim Interior East 3.4 (0.04) 0 (0) 0.3 (0) 3 (0.038) 0 (0)
Tarim Interior West 4.9 (0) 0.1 (0.001) 1 (20.005) 3.6 (0.01) 0.2 (0)

TABLE 8. Average RX5 (mm) for the reference time period (1979–2018) selected for the analysis. The numbers inside the parentheses
represents the trend (mm yr21), and boldface numbers represent the significance of trend at p , 0.05 level.

Basin Annual DJF MAM JJAS ON

Brahmaputra 148.6 (20.409) 35.6 (0.012) 79.5 (0.014) 142.5 (20.294) 53.9 (20.138)
Ganges 182.5 (0.441) 50.8 (20.214) 56.6 (20.106) 178.7 (0.487) 36.2 (20.035)
Irrawaddy 284.3 (21.808) 72.2 (20.045) 156.6 (20.121) 274 (21.595) 116.8 (20.934)
Mekong 76 (20.184) 17.7 (0.021) 40.2 (0.176) 72.7 (20.147) 35.6 (20.061)
Salween 78.8 (20.322) 20.7 (20.004) 45.3 (0.065) 75.2 (20.209) 36.2 (20.044)
Yangtze 77.7 (20.02) 14.6 (20.001) 41.5 (0.153) 76.8 (20.008) 33 (20.034)
Yellow 58.5 (0.064) 8.6 (0.01) 31.6 (0.09) 58 (0.068) 24.7 (20.009)
Amu Darya 55.5 (0.083) 39.5 (0.053) 49 (0.059) 26.2 (20.07) 29 (20.047)
Balkash 61 (20.095) 19.7 (0.045) 45.2 (20.091) 56.9 (20.092) 31.3 (0.142)
Helmand 60.9 (0.008) 49.5 (0.164) 45.5 (20.645) 9.3 (20.006) 14.4 (0.26)
Indus 87.9 (20.047) 53.7 (0.184) 57.5 (20.44) 67.1 (0.006) 25.5 (20.111)
Syr Darya 66.8 (20.026) 35.1 (0.178) 54.8 (20.14) 49.4 (20.056) 39.1 (0.154)
Alaguy 25.5 (20.025) 4.6 (0.016) 13.8 (0.034) 23.8 (20.051) 8.2 (20.057)
Pai-t’a Ho 56.2 (0.014) 6.9 (20.03) 25.9 (20.016) 55.9 (0.056) 18.2 (0.05)
Jo-Shui 41.6 (0.095) 5.3 (20.028) 18.9 (20.011) 40.9 (0.107) 10 (20.005)
Junggar 38 (0.016) 7.3 (0.026) 22.8 (0) 36.2 (0.019) 13.8 (20.008)
Plateau of Tibet Interior 43.4 (0.193) 4.3 (20.004) 13.8 (0.075) 43.4 (0.193) 7.6 (20.013)
Tarim Interior East 30 (0.186) 4.1 (0.004) 14.7 (20.006) 29.7 (0.184) 6.3 (0.034)
Tarim Interior West 36.2 (0.006) 7.8 (0.036) 22.1 (20.063) 34 (0.036) 10.6 (0.019)
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Brahmaputra and Irrawaddy across all precipitation indices
during the monsoon season in this region. The greenhouse
gas (GHG) and anthropogenic aerosols induced warming
of the Indian ocean leading to the weakening of the Indian
summer monsoon explains the negative trends in annual
precipitation in the southern basins (Ramanathan and
Carmichael 2008; Saha et al. 2014; Saha and Ghosh 2019).
Despite the variability in absolute numbers, the decreasing
trends in the monsoon months for the historical climate
have been reported by several studies in the Brahmaputra
and the Ganges basin (Bisht et al. 2018; Choi et al. 2009;
Dimri et al. 2019; Immerzeel 2008; Khandu et al. 2017;
Mishra and Singh 2010; Palazzi et al. 2013). Contrastingly,
Roy and Kaur (2000) reported no trend in monsoon precip-
itation in the upper Irrawaddy basin and did not find any
direct correlation between El Niño and monsoon precipita-
tion. Consistent with our findings, no significant trends
for RX5 were reported for the historical climate in the up-
per Irrawaddy basin (Caesar et al. 2011; Ghimire et al.
2019).

Similar decreasing and increasing trends are observed for
SPA and STA for the southern basins, respectively (Fig. 11d).
Interestingly, for the past decade, the SPA and STA show
higher negative and positive anomalies, which would sug-
gest more dry and warm conditions favoring heatwave and
droughts. The R10 index is highest for southern basins in
comparison with other regions in HMA. While CDD re-
mains in general similar, the HWDI and COMP95 occur-
rences show increasing trends in the recent past. Thus, the
warming trends are evident in the region. However, drying
or wetting trends are harder to establish.

4) EASTERN BASINS

Warming trends are coherent in all the eastern basins. The
warming trends (0.038–0.048C yr21) reported here are compa-
rable to the observed trends (Cao et al. 2013, 2017; You et al.
2008). The temperature-related extreme indices unanimously
show increasing trends in all the basins except the Yellow ba-
sin. Similarly, drying trends are also coherent in all the eastern
basins. A decrease of 2–4 mm yr21 in the Salween and
Mekong basins is comparable to the observed trends (Fan
and He 2015; Li et al. 2010). The drying patterns are consis-
tent with trends in the extreme indices in all the basins except
the Yellow basin. Again, the SPA and STA show decreasing
and increasing trends for precipitation and temperature, re-
spectively. However, the former is not statistically significant
(Fig. 11c). CDD frequencies are the lowest among the other
regions in HMA. While variability in CDD and R10 occur-
rences are small, the COMP95 and HWDI occurrences show
an increasing trend for the most recent years. Given the above
findings, it is clear that the East Asian basins are warming and
drying for most parts.

5) NORTHERN BASINS

The annual temperature trends are coherently increasing
(0.028–0.058C yr21), in all the northern basins and are in line
with observed trends (0.28–0.48C decade21) reported for the
Junggar and Alaguy basins (Xu et al. 2018). The winter tem-
perature trends are decreasing in these basins in contrast to
other regions of HMA. These winter trends are also in con-
trast with the trends reported by Xu et al. (2018). They

FIG. 6. As in Fig. 5, but for mean annual maximumRX5 precipitation
sum (mm) and trend in RX5 (mm yr21). FIG. 7. As in Fig. 5, but for mean annual average R95P precipitation

over TP (mm) and trend in R95P (mm yr21).
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reported a consistent increase at all the observed station lo-
cations, across all the seasons. While HWDI increases co-
herently for the northern basins, the annual and monsoon
precipitation decreases except for Jo Shui. The annual and
monsoon precipitation is also in contrast to the trends at
some locations, as reported by Xu et al. (2018). They mostly
report increasing precipitation trends (5–10 mm decade21)
in the middle and eastern Tien Shan. Our results show similar
trends, however, for smaller spatial patches (Fig. 4). We found
a decreasing trend for R10 and an increasing trend for RX5

and COMP95. While SPA shows no changes, STA increases.
The HWDI and COMP95 frequencies have increased in the
recent past. Given the above findings, it is clear that the north-
ern basins are warming. However, a general drying or wetting
trend is again harder to establish.

In addition, the spatial patterns and trends in annual and
seasonal temperature and precipitation and a range of climate
change indices for large regions; HKH, entire TP (TPE), and
HMA are consistent with the trends reported by previous
studies (Fig. A3 in the appendix).

TABLE 9. Average R95P (mm) for the time period (1979–2018) selected for the analysis. The numbers inside the parentheses
represent the trend (mm yr21), and boldface numbers represent the significance of trend at p , 0.05 level.

Basin Annual DJF MAM JJAS ON

Brahmaputra 415.1 (0.062) 6.8 (20.323) 73.7 (22.505) 314.2 (20.163) 20.3 (20.163)
Ganges 448.1 (20.026) 32.8 (20.152) 24.3 (3.064) 377 (0.025) 13.9 (0.025)
Irrawaddy 793.2 (20.051) 15.8 (20.302) 111.1 (211.539) 606.3 (21.012) 60 (21.012)
Mekong 176.8 (20.01) 5.2 (0.085) 22.8 (20.736) 134.4 (20.134) 14.4 (20.134)
Salween 192.9 (20.026) 5.8 (20.047) 31.4 (21.48) 139.9 (20.118) 15.8 (20.118)
Yangtze 200.7 (0.002) 1 (0.185) 23.8 (20.355) 166.8 (20.032) 9 (20.032)
Yellow 131.2 (0) 0 (0.133) 13.7 (20.269) 113.6 (0.003) 3.9 (0.003)
Lake Balkash 150.5 (0.004) 2.9 (20.015) 39.7 (20.279) 94.5 (0.081) 13.4 (0.081)
Amu Darya 118.3 (20.003) 28.3 (20.346) 61.9 (20.118) 14.2 (20.064) 13.8 (20.064)
Helmand 74 (20.127) 39.4 (20.739) 29.6 (0) 2.5 (0) 2.5 (0)
Indus 189.4 (0.274) 46.9 (21.209) 61.7 (0.285) 71.5 (20.104) 9.4 (20.104)
Syr Darya 165.8 (0.257) 17.3 (20.197) 65.6 (20.152) 58.2 (0.129) 24.7 (0.129)
Alaguy 35.7 (0) 0.2 (0.066) 6.3 (20.103) 27.4 (20.016) 1.9 (20.016)
Pai-t’a Ho 116.8 (0) 0 (20.019) 8 (0.048) 106.9 (0) 1.9 (0)
Jo-Shui 68.9 (0) 0 (0.061) 5.1 (0.439) 63.2 (0) 0.5 (0)
Junggar 68.8 (0.003) 0.3 (0.029) 14.1 (20.037) 51.1 (20.032) 3.3 (20.032)
Plateau of Tibet Interior 65.7 (0) 0.1 (0.032) 2.1 (0.741) 62.9 (20.001) 0.7 (20.001)
Tarim Interior East 45.4 (0) 0 (0.008) 3.7 (0.564) 41.5 (0) 0.2 (0)
Tarim Interior West 60 (0.007) 0.7 (20.058) 12.6 (0.143) 44.5 (20.009) 2.2 (20.009)

FIG. 8. (a) Mean annual average CDD (days) over entire TP for 1979–2018, and the trend in CDD (days) for
(b) annual, (c) summer, and (d) post-monsoon estimated using Sen’s slope. Stippling represents areas with Kendall’s
significance at p , 0.05. The triangles, blue upward for an increase and red downward for a decrease, represent the
upper-basin-averaged CDD trends.

K HANA L E T A L . 277FEBRUARY 2023

Unauthenticated | Downloaded 03/03/23 09:50 AM UTC



b. Implications for extreme events and hazards

The trends in extreme indicators may have some implica-
tions to floods or droughts. During the monsoon months, es-
pecially the Indus, southern and eastern basins experience
severe concurrent floods. Precipitation indices, RX5 and

R95P, over the interior and southern basins show a small in-
creasing trend. Studies based on glacio-hydrological modeling
show general seasonal shifts and an increase in the frequency
and intensity of the extreme discharge in the upper Indus,

TABLE 10. Average CDD (days) for the time period (1979–2018) selected for the analysis. The numbers inside the parentheses
represent the trend (days yr21), and boldface numbers represent the significance of trend at p , 0.05 level.

Basin Annual DJF MAM JJAS ON

Brahmaputra 31 (0.084) 24.6 (0.014) 12.6 (20.014) 4.8 (20.03) 18.7 (0.034)
Ganges 33.5 (0.031) 22.7 (0.032) 14.8 (0.017) 6 (20.027) 22.6 (20.002)
Irrawaddy 21.9 (0.146) 19.1 (0.14) 8.7 (0.009) 1.8 (0.01) 12.8 (0.109)
Mekong 27.9 (0.105) 25 (0.11) 12.1 (0.014) 5.1 (0.011) 15.7 (0.021)
Salween 26 (0.096) 22.8 (0.089) 11.4 (20.022) 5.2 (20.005) 14.6 (0.028)
Yangtze 28 (0.038) 25 (0.053) 11.5 (20.014) 4.9 (0.014) 15.1 (20.001)
Yellow 30.3 (20.047) 26.6 (0.027) 13 (0.077) 7.1 (0.041) 17.1 (20.11)
Amu Darya 48.5 (0.254) 13.8 (20.024) 11.3 (0.01) 41.4 (0.132) 17.7 (20.029)
Balkash 18.9 (20.045) 16.3 (20.025) 9.9 (0.044) 9.7 (20.021) 11.2 (0.005)
Helmand 135.4 (0.546) 17.9 (0.208) 23.5 (20.008) 98 (0.271) 35.3 (20.176)
Indus 39 (20.003) 18.4 (20.002) 15.7 (0.083) 19.5 (20.077) 26.5 (20.037)
Syr Darya 22.5 (20.088) 15.1 (20.069) 8.9 (0.03) 14.7 (20.035) 12.3 (0.011)
Alaguy 66.1 (0.279) 50.3 (20.059) 33 (0.032) 33 (0.079) 30.6 (0.158)
Pai-t’a Ho 32.1 (20.068) 28.4 (0.065) 13.7 (0.079) 8 (0.046) 17.9 (20.111)
Jo-Shui 48.8 (0.094) 39 (20.004) 23.5 (0.091) 16.5 (0.036) 27.6 (20.072)
Junggar 49.4 (20.024) 40.5 (20.052) 25 (0.021) 22.3 (0.007) 23.7 (0.033)
Plateau of Tibet Interior 68 (20.049) 53.9 (0.057) 29.9 (0.042) 12.7 (20.104) 36.2 (20.075)
Tarim Interior East 67.2 (20.071) 50.2 (20.111) 28.2 (0.114) 19.5 (20.03) 35.7 (20.122)
Tarim Interior West 55.9 (0.013) 39.7 (20.15) 24.5 (0.054) 20.2 (0.071) 30.9 (20.083)

FIG. 9. Trend (days yr21) for (a) precipitation and (b) temperature
greater than 95th quantile over the entire TP for 1979–2018, along
with (c) trend (days yr21) when both precipitation and temperature
exceed 95th quantile. Stippling represents areas with Kendall’s signifi-
cance at p, 0.05. The triangles (blue upward for precipitation P and
red upward for temperature T increase, and vice versa) represent the
upper-basin-averaged COMP95 trends.

FIG. 10. Summary of upstream area-aggregated annual trends.
For each indicator [average temperature (Tavg), heatwave dura-
tion index (HWDI), annual precipitation (PPT), heavy precipita-
tion days (R10), 5-day maximum precipitation (RX5), wet days
precipitation (R95P), consecutive dry days (CDD), and compound
extremes (COMP95)], the trends are scaled with the absolute maxi-
mum value among the basins. The gray hatching represents the sig-
nificance of the trend at p, 0.05.
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Ganges, and Brahmaputra basins in the future (Khanal et al.
2021; Lutz et al. 2016; Wijngaard et al. 2017). A consistent in-
crease in temperature and related indices may have significant
impacts on the cryosphere such as shrinkage of glaciers, reduc-
tion in snow cover, permafrost degradation, changes in season-
ally frozen grounds, and an increase in the frequency of snow
and ice avalanches (Ballesteros-Cánovas et al. 2018; Bolch et al.
2012; Kang et al. 2010). Increased temperature-related changes
result in the accelerated melting of glaciers and snow, thus in-
creasing the risk of landslide and GLOFs (Cook and Quincey
2015; Gariano and Guzzetti 2016; Huggel et al. 2012; Immerzeel
et al. 2010; King et al. 2019; Kraaijenbrink et al. 2017; J. J. Liu
et al. 2014; Lutz et al. 2014; Maurer et al. 2019; Song et al. 2017;
Veh et al. 2020; Zhang et al. 2015). Consequently, the increased
possibility of landslide events will result in cascading hazards
downstream (Kargel et al. 2016; Kirschbaum et al. 2020; de
Ruiter et al. 2020).

Global and regional studies have found positive linkages
between CDD and drought in the past for different spatial
and temporal scales (Alexander et al. 2006; Duan et al. 2017;
Frich et al. 2002; Groisman and Knight 2008; Orlowsky and
Seneviratne 2012). Positive STA and negative SPA in the re-
cent decade in the western, eastern, and southern regions may
suggest favorable conditions for droughts. Increases in the
CDD trend over the western (Helmand and Amu Darya),
eastern (Mekong and Salween), and southern (Brahmaputra

and Ganges) basins combined with increasing temperature
trends may have resulted in increasing magnitude and fre-
quency of droughts (Dai 2013). The regions with increasing
temperature and less precipitation, especially, the arid west-
ern and northern basins are at higher risk than the other re-
gions in HMA (Qin et al. 2020). The number of extreme
humid heatwaves has doubled in frequency in recent decades
(Raymond et al. 2020). Our results also indicate a consistent
and significant increase in basin annual average HWDI for
the entire HMA in recent decades. An increased possibility of
heatwaves is expected in the interior and northern basins; the
TP, Tarim and the Junggar, the Alaguy and the Jo-Shui dur-
ing the twenty-first century (Li et al. 2019).

c. Uncertainties, limitations, and outlook

This study uses reanalysis data as an alternative to limited
ground-based observations to calculate trends in extreme cli-
mate indices. Spatial inferences from the limited observed sta-
tion data over the HMA are challenging to establish due to
the highly variable climate. In regions lacking ground-based
observation, reanalysis products provide interpolated data in
time and space with a dynamical consistency between differ-
ent atmospheric variables and provide physically consistent
model generated information (Bengtsson et al. 2004). How-
ever, its usefulness is heavily dependent on the quality and
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FIG. 11. (a)–(e) Area-aggregated trend in precipitation and temperature and the annual value of extreme indices for different regions,
as shown in the center-bottom base map. The first two rows in (a)–(e) represent the standardized precipitation and temperature anoma-
lies, respectively. The blue or red color represents a positive or negative anomaly, respectively, for precipitation or temperature. The
x axis represents the years 1979–2018, the black line represents the linear trend, and the green line represents the moving 5-yr average.
The bubbles represent the annual value of each extreme index, with different linear scaling as specified in the legend.
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distribution of the observation in time and space (Kalnay and
Cai 2003). The presence of residual non-climatic behavior in
reanalysis data poses some credibility issues on the long term
trends (Thorne and Vose 2010). The ERA5 reanalysis prod-
ucts provide a good alternative for regions with data scarcity
(Zandler et al. 2019). This study shows that the trends derived
from the ERA5 are consistent with the trends based on mod-
eled and observed data and confirm its applicability in the re-
gion. The results of this study rely heavily on the ERA5 data
and potentially inherit its fundamental limitations. Even though
ERA5 has shown improved performance over its predecessors
for many applications, studies have found a cold bias in the
ERA5 temperature, especially in midlatitudes (Cao et al. 2020;
Ji and Yuan 2020; Orsolini et al. 2019; Bian et al. 2019). Most
importantly, a cold bias in the order of 58C in winter months for
the eastern part of TP has been reported by several studies
(Beck et al. 2020; Cao et al. 2020; Bian et al. 2019). The annual
trends for threshold-related temperature indices, i.e., HWDI,
will be affected by the cold biases in the ERA5 temperature.
The cold biases in the winter temperature will lower the annual
average temperature, thus underestimating the number of days
exceeded by TXnorm plus 58C criteria used in HWDI calcula-
tion. However, the seasonal HWDI trends except winter would
remain unaffected. If the cold bias persists consistently over the
entire time period, then the winter HWDI trends would also re-
main unchanged as it will also lower the TXnorm.

In the future, many multi-sphere observational network
should be established in high altitude regions to get more

insight on meteorological and hydrological characteristics
(Wang et al. 2022). Future research should consider improv-
ing the remote sensing technologies that are a reliable and
cost-effective way to understand precipitation and tempera-
ture patterns and trends (Gehne et al. 2016). Moreover, long-
term collaborative efforts are required to understand the
climate of high-altitude regions (Locci et al. 2014; Matthews
et al. 2020; Salerno et al. 2015). Additionally, improved higher
resolution reanalysis products could help to a better under-
standing of the changes at an even smaller spatial scale, in
particular for mountainous regions like HMA. For example,
ERA5-Land (9 km), or the High Asia Reanalysis v2, which is
based on ERA5 downscaled with WRF (Wang et al. 2020),
could provide an improved understanding and more reliable
estimates of the trends. The real drought indices (standard-
ized precipitation index, Palmer drought severity index, soil
moisture anomaly, Palmer hydrological drought severity in-
dex, aggregate dryness index, soil water storage, etc.), which
include multiple variables like precipitation, temperature,
evapotranspiration, available water content, water deficit,
and solar radiation, and so on, should be used to understand
the mechanism and propagation of different types of
droughts (Svoboda and Fuchs 2017). Furthermore, the hy-
drological implications derived in this study are based solely
on the meteorological drivers, i.e., precipitation and tem-
perature. The changes in climate extremes and their co-
occurrence will have a nonlinear impact on the hydrological
system. Hydrological processes memorize past anomalies,

FIG. A1. Annual sum and climatology of the gridded precipitation products (gauge, satellite estimated, gauge-satellite merged, global land
data assimilation system, and model simulation) for the period 2001–18.
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and their effects are reflected in subsequent events or peri-
ods (Delworth and Manabe 1988; Dirmeyer et al. 2009;
Khanal et al. 2019; D. Liu et al. 2014; Shinoda 2001). There-
fore, a cascade of hydrological and hydraulic studies is re-
quired for more reliable and adept flood risk and drought
estimation and prediction in the region.

6. Conclusions

In this study, we derive annual and seasonal historical
trends in precipitation, temperature, heatwave duration index
(HWDI), heavy precipitation days (R10), highest 5-day precipi-
tation sum (RX5), wet days precipitation (R95P), consecutive
dry days (CDD), the number of days when both precipitation
and temperature are greater than 95th percentile of their distri-
bution (COMP95), standardized precipitation anomaly (SPA),
and standard temperature anomaly (STA) in HMA using daily
ERA5 reanalysis. We conclude that ERA5 is a useful dataset to
perform a region-wide, consistent historical climate analysis.
We demonstrate that the trends have spatial and seasonal vari-
ability. Our results show that winter warming and summer wet-
ting are dominant in the interior basin (Plateau of Tibet interior
and Tarim). A coherent and significant increasing trend in heat-
waves is observed across all regions in HMA. The results reveal
that trends in heavy precipitation days show higher variability
in the southern (the Ganges, the Brahmaputra, and the Irra-
waddy) and eastern basins as compared with other regions in
the HMA. The trends in consecutive dry days show a distinct
demarcation at the boundary between lower and upper regions
and are generally increasing for most basins. While the pre-
cipitation and temperature showed variable trends, their

compound occurrence shows a consistently increasing trend, in
particular for the monsoon-dominated basins. The trends found
in this study suggest an increase in the frequency and magnitude
of extreme events and are consistent with trends reported for
floods, heatwaves, and droughts in the region. Moreover, if
these historical trends persist in the future, a most likely sce-
nario, an increase in flood, drought, heatwave, landslide, and
compound hazards may be expected. These hazards will have
severe impacts on the overall livelihood and ecosystem of High
Mountain Asia and thus require urgent adaptation policies at
the local and regional level.
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APPENDIX

Additional Supporting Figures

Figures A1–A3 provide additional results to support the
analysis and discussion in the main text.

FIG. A2. The elevation-dependent mean temperature trends for the basin in HMA. The trends were calculated for 500-m bins (y axis;
“k” indicates thousand). The x axis represents the trends in temperature (8C yr21). The filled circles represent the statistical significance at
p, 0.05, and vice versa.
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