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Abstract

Northwest China is one of the most arid regions in the world and has experienced intriguing climate warming and humidification. None-
theless, future climate conditions in Northwest China still remain uncertain. In this study, we applied an ensemble of the 12 latest model
simulations of the Coupled Model Intercomparison Project Phase 6 (CMIP6) to assess future drought conditions until 2099 in Northwest China,
as inferred from the Palmer Drought Severity Index (PDSI). Future drought conditions were projected under three climate change scenarios
through the combination of shared socioeconomic pathways (SSPs) and representative concentration pathways (RCPs), namely, SSP126
(SSP1 + RCP2.6, a green development pathway), SSP245 (SSP2 + RCP4.5, an intermediate development pathway), and SSP585
(SSP5 + RCP8.5, a high development pathway). For 2015—2099, drought severity showed no trend under SSP126, in contrast, for the SSP245
and SSP585 scenarios, a rapid increase during 2015—2099 was observed, especially under SSP585. We also found that the drought frequency in
Northwest China under SSP585 was generally lower than that under SSP126 and SSP245, although the drought duration under SSP585 tended to
be longer. These findings suggest the green development pathway in drought mitigation and adaptation strategies in Northwest China, an arid and
agricultural region along the Silk Road.
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1. Introduction annual mean temperature has occurred in 1880—2012 and that

global warming has directly increased meteorological di-

Climate change and climate extremes have become global
concerns in recent years (Degefu and Bewket, 2014; Gaffin
et al., 2004). The IPCC Fifth Assessment Report (ARS)
(IPCC, 2018) noted that a 0.85 °C increase in the global
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sasters, e.g., droughts, floods and typhoons (Capra et al.,
2013). Drylands are some of the most vulnerable regions
affected by ongoing climate warming and droughts (Dai, 2013;
Huang et al., 2017). Droughts tend to occur in drylands due to
insufficient rainfall and few rainfall events (Dai, 2011).
Droughts can lead to water scarcity, crop failure, land degra-
dation and soil erosion, which have important effects on the
sustainable development of local agriculture and the economy
(He et al., 2014; Sternberg, 2018).
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Northwest China is regarded as one of the driest regions in
the world; the fragile eco-environment in this area is vulner-
able to climate change and climate extremes. Northwest China
is also located in a region of complex topography, e.g., from
high mountains (Tianshan, Kunlun and Qilian) to desert basins
(Tarim, Junggar and Qaidam) (Liu et al., 2016), and
geographically includes five provinces (e.g., Xinjiang, Qing-
hai, Gansu, Shaanxi and Ningxia). In recent decades, droughts
have been regarded as one of the most concerning meteoro-
logical disasters in Northwest China (Sternberg, 2018). In
general, from the 1960s to the 2010s, climate conditions in
Northwest China tended to be warmer and more humid, i.e., a
relief in drought occurrence (Wang and Qin, 2017; Yang et al.,
2018b; Yuan et al., 2017; Shi et al., 2002). For the future,
Northwest China is projected to become drier in 2016—2050
based on CMIP5 model simulations (Huang et al., 2018).
Conversely, Wang and Chen (2014) found that there is no
obvious dryness tendency over Northwest China for the
beginning of the century (2010—2039) and mid-century
(2040—2099), which is in line with the increasing trend of
precipitation. Concerning these controversies underlying the
projected changes in drought conditions over Northwest
China, reliable evidence to quantify such changes is certainly
needed.

There are large varieties of indices aimed at quantitatively
detecting droughts at global and regional scales (Dai, 2011;
Liu et al., 2016), e.g., the Palmer Drought Severity Index
(PDSI), the Standardized Precipitation Index (SPI) and the
Standardized Precipitation Evapotranspiration Index (SPEI)
(Palmer, 1965; Svoboda et al., 2012; Vicente-Serrano et al.,
2010). The PDSI accounts for the effect of evaporation
computed by primary (precipitation) and secondary (surface
air temperature) variables for capturing meteorological
droughts, according to the principle of the soil water balance
(Dai, 2011). The PDSI is a standardized indicator with a close
relation to moisture availability, which can be expressed as the
water content of the upper 1-m soil layer (Mika et al., 2005).
The SPI is determined solely by precipitation, and the SPEI is
calculated based on the difference between precipitation and
potential evapotranspiration (PET), regardless of the soil water
balance. The PDSI, however, has been shown to be closely
related to the true soil water balance based on a supply and
demand model of soil moisture (Palmer, 1965; Su et al., 2018).
The advantage of the PDSI has also been supported by recent
studies in Northwest China and adjacent regions. For example,
Huang et al. (2018) found that drought events determined by
the SPEI alone might overestimate the number of actual
drought events during 1961—2005 in Northwest China, and,
based on the PDSI, the estimated drought occurrence was
captured more than 90% of the time during 2001—2010 in
China (Liang et al., 2017).

The occurrence of droughts generally results from many
factors, such as meteorological anomalies, solar activity, land
surface physical processes, and human activities (van Loon
et al., 2016; Zhang et al., 2017). In Northwest China, the
impact of human activities (e.g., socioeconomic factors)
should never be ignored (Wang et al., 2004; Zhou et al., 2015).

For example, a recent study reported that human activities
accounted for the 70.3% of the expansion of desertification in
Northwest China, while the contribution of climate change is
lower, only 21.7% (Zhou et al., 2015). Therefore, model
simulations from Coupled Model Intercomparison Project
Phase 6 (CMIP6), considering both socioeconomic and
climate change factors, could be regarded as a reasonable
source for future climate predictions in Northwest China.
Here, we aimed to gain the two following achievements: 1)
has Northwest China experienced a warm-wet climate over the
past century, and 2) will the drought conditions of Northwest
China continue to be relieved or become worse during the next
100 years? Considering both socioeconomic and climatic
factors, this study could facilitate the formation of mitigation
and adaptation strategies for drought-related economic loss in
Northwest China.

2. Data and methods
2.1. Study area

Northwest China (87°—120°E, 41°—53°N) occupies ~33%
of the total land area of China (Fig. 1). Its land cover is
dominated by grasslands and barren areas, and it features
limited precipitation and frequent droughts (Miao et al., 2015).
Annual precipitation varies from ~200 mm to 1250 mm, which
is mostly concentrated in the rainy season from June to
September (Liu et al., 2016).

2.2. Datasets

2.2.1. Observations

Monthly temperature and precipitation data spanning
1961—2016 from 201 meteorological stations (Fig. 1) were
provided by the National Meteorological Information Center,
China Meteorological Administration. We interpolated the
station-based datasets to a spatial resolution of 0.5° x 0.5° by
applying the Cressman interpolation method (Cressman, 1959).

2.2.2. Model simulations

Historical and future climate simulations from 1850 to
2100 were extracted from CMIP6 model outputs (https://esgf-
node.llnl.gov/projects/cmip6/). The 12 models listed in Table
I were used. The models consider both shared socioeco-
nomic pathways (SSPs) and representative concentration
pathways (RCPs). The simulations from three scenarios were
selected, i.e., SSP126, SSP245 and SSP585. SSP126 is the
updated scenario of RCP2.6 that uses a sustainable world that
takes a green pathway, with (SSP1)-RCP2.6 forcing at a low
level of greenhouse gas emissions; SSP245 is the updated
scenario of RCP4.5 that uses a moderate world, with (SSP2)-
RCP4.5 forcing at an intermediate level of greenhouse gas
emissions; and SSP585 is the updated scenario of RCP8.5 that
uses a world with rapid fossil fuel evolution, with (SSP5)-
RCPS8.5 (O'Neill et al., 2014, 2017) forcing at a high level of
greenhouse gas emissions (Gillett et al., 2016; Zhang et al.,
2019a).
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Fig. 1. Geographical map of Northwest China (The black dots indicate the locations of the meteorological stations).

2.3. Methods

2.3.1. Data preprocessing

Preprocessing of the CMIP6 data included bias correction
based on the observation data (1961—2014) by the equidistant
cumulative distribution function (EDCDF) method (Li et al.,
2010). We applied the EDCDF method to adjust the cumula-
tive distribution function (CDF) of CMIP6 model simulations
according to their differences from observation-based CDFs
(Li et al., 2010). Compared with the traditional quantile-based
matching method (e.g., the CDF method), the EDCDF method
is relatively efficient at reducing biases across China (Yang
et al., 2018a). Subsequently, the ensemble mean results were
acquired by averaging the 12 models covering the period of
1850—2099. Note that data in 2100 were excluded due to the
lack of specific model outputs. We divided the entire study
period into the historical period (1850—2014) and the future
period (2015—2099).

2.3.2. PDSI

The PDSI was originally developed by Palmer in 1965 and
accounts for both precipitation (as the primary variable) and
surface air temperature (as the secondary variable) (Palmer,

Table 1
Detailed information on the 12 CMIP6 climate models.

1965) (see Appendix for more details). We categorized the
drought severity (i.e., PDSI values) into four groups, including
near-normal dry (—1.99 to 0), moderately dry (approximately
—2.99 to —2.0), severely dry (approximately —3.99 to —3.0),
and extremely dry conditions (<—4.0) (Palmer, 1965). The
arid areas are defined as regions that are moderately, severely
and extremely dry according to the original PDSI values. Here,
for each drought event, the beginnings and ends are based on
the drought conditions, i.e., PDSI < —2.0. The drought
severity, drought frequency, and duration of drought events are
computed at the pixel level. The drought-affected area is
extracted from the sum of regions where the PDSI is below
—2.0. Meanwhile, the duration of drought event is defined as
the time interval during which the PDSI is lower than —2.0.
The frequency of drought events (N') is expressed in terms of
the number of drought events per 100 years (McCabe et al.,
2004) as follows:

N
N'==x 100 (1)
t

where N is the frequency of the drought events in the historical
period (1850—2014, t = 165) or in 2015—2099 (r = 85).

Model Source

Spatial resolution (lat x lon)

BCC-CSM2-MR Beijing Climate Center, China

1.125° x 1.125°

CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China 1.125° x 1.125°
CanESM5 Canadian Centre for Climate Modelling and Analysis, Canada 2.8125° x 2.8125°
CESM2-WACCN Climate and Global Dynamics Laboratory, USA 0.9375° x 1.25°
FGOALS-g3 The State Key Laboratory of Numerical Modeling for Atmospheric 2.25° x 2°
Sciences and Geophysical Fluid Dynamics (LASG), China
GFDL-ESM4 Geophysical Fluid Dynamics Laboratory, USA 1° x 1.25°
ISPL-CM6A-LR Institute Pierre-Simon Laplace, France 1.26° x 2.5°
MIROC6 Atmosphere and Ocean Research Institute, Japan 1.40625° x 1.40625°
MIROC-ES2L Japan Agency for Marine-Earth Science and Technology, Japan 2.8125° x 2.8125°
MRI-ESM2-0 Meteorological Research Institute, Japan 1.125° x 1.125°
NESM3 Nanjing University of Information Science and Technology, China 1.875° x 1.875°
UKESM1 Met Office Hadley Centre, UK 1.25° x 1.875°
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3. Results
3.1. Bias correction of CMIP6 model simulations

The EDCDF method was used to correct the time series of
the temperature/precipitation observations extracted from the
CMIP6 model simulations (see Methods). Compared with the
simulations before bias correction, we found that the CMIP6
model simulations corrected by the EDCDF method are
generally closer to the observations (station-based datasets)
(1961—2014) and capable of reproducing the temporal trends
in observed climatic variables.

3.2. Historical and future climate changes

Based on the ensemble mean of 12 CMIP6 model simula-
tions, we present the historical and future annual mean tem-
perature and total precipitations in Fig. 2. The overall
tendency of the model simulation and observation is consistent
(Fig. 2a and b). In the historical period (1850—2014), the
annual mean temperature increased considerably by 0.84 °C
from 3.59 °C (1850) to 4.43 °C (2014), with a warming rate of
0.05 °C per decade (Fig. 2a). Meanwhile, the historical annual
total precipitation increased slightly from 208 mm to 225 mm
(Fig. 2b). In the future period (2015—2099), the annual mean
temperature is projected to increase at rates of 0.06 °C,
0.26 °C and 0.59 °C per decade under SSP126, SSP245 and
SSP585, respectively (Fig. 2c). The warming rates under
SSP245 and SSP585 were much higher than those in the
historical period and under SSP126. The annual total precip-
itation is projected to increase slightly at rates of 5.6 mm,
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6.4 mm and 8.0 mm per decade under the three scenarios
(Fig. 2d). Overall, steep increase tendencies in both the tem-
perature and precipitation are projected in the future, espe-
cially under SSP585.

3.3. Historical and future drought conditions

The drought severity increased separately from 1850 to the
late 1870s and from the 1890s to the 1920s and then recovered
from the 1940s to the mid-1980s, increasing again since the
mid-1980s (Fig. 3a). Moreover, we found good agreement in
drought severity and the percentage of arid area. Small arid
area occurred from the 1940s to the mid-1980s (Fig. 3b), with
the arid area percentage reaching a maximum of 54% in 1877
and a relatively low value of 4% in 1985. In summary,
Northwest China experienced humidification from the 1940s
to the mid-1980s.

In the future period (2015—2099), under SSP245 and
SSP585, the drought severity is projected to increase, espe-
cially under SSP585, while the PDSI under SSP126 is pro-
jected to oscillate around zero (Fig. 3c). Correspondingly, the
proportions of arid areas are projected to continue to increase
at rates of 2.0% and 7.6% per decade under SSP245 and
SSP585, respectively (Fig. 3d). In general, an increasing
dryness trend is projected in the future period under SSP245
and SSP585, while no trend is observed under SSP126.

In the historical period, an increasing wetness trend
dominated the western and central regions of Northwest
China, while an increasing dryness trend was detected in the
eastern region (Fig. 4e). In the future period, the spatial dis-
tribution of trends in drought severity differed across the three

] | 1 ] | 1 ] 1 1 ] | 1 ] | |
-~ 6.0 330 —
e (a) Temperature _ (b) Precipitation
) —— CMIPs E 300 4 — cmips B
2 50 -| —— Observations = —— Observations
g c 270 - -
é % 240
8 4.0 a
& 8 210 <
Q Q
E 30 % 180 —
[ °
£ F 150 -
<20 T T T T T T T T T T T T T T T T
1850 1870 1890 1910 1930 1950 1970 1990 2010 1850 1870 1890 1910 1930 1950 1970 1990 2010
Year Year
_— 1 1 1 1 | | 1 | 360 I B 1 ] 1 | |
e (c) Temperature N (d) Precipitation
© 12 SSP126 - £ 330 | —— ssP126 =
2 —— SSP245 € 400 J — sspass N
g 10 | —— SSP585 - 5
© - L
5 . | 2 270
S S 240 — -
o 6 — — &
= T 210 n
- - O
2 4 F 180 B
< 2 T T T T T T T T

2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

Fig. 2. Variations in annual mean temperature and total precipitation in Northwest China, (a) mean temperature, (b) total precipitation in 1850—2014 from the
observations (station-based datasets) and CMIP6 model simulations, (c) mean temperature and (d) total precipitation in 2015—2099 under SSP126, SSP245 and
SSP585 (The shaded area indicates the average value and corresponding standard deviation).
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indicates the standard deviation, and the dashed line presents the low-pass filtering results with a window of 21 years).

scenarios (Fig. 4f=h). A significant increasing dryness trend in
the northern part of Northwest China and an increasing
wetness trend in the southeastern region were identified under
SSP126 (Fig. 4f). Under SSP245, the northern and eastern
parts of Northwest China are projected to become even drier,
while an increasing wetness tendency is expected in the

southern region (Fig. 4g). Under SSP585, however, a signifi-
cant tendency of dryness is observed across the entire region
of Northwest China (Fig. 4h), which is more severe than the
other two scenarios. In general, northern Xinjiang is projected
to experience a larger increase in drought severity compared
with the other provinces (Fig. 4f-h).
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Fig. 4. Spatial patterns of the average (a—d) PDSI, (e—h) trends in PDSI (per year), (i—1) frequency of drought events (number of drought events per 100 years),
and (m—p) mean duration of drought events based on the PDSI in the historical (1850—2014) and future (2015—2099) periods with CMIP6 models (The red and
black dots in (e—h) illustrate the trends statistically significant at the 1% and 5% levels, respectively).
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1% and 5% levels, respectively).

During 1850—2014, drought events more frequently
occurred in the western region of Northwest China, with more
than 30 continuous drought events per 100 years (Fig. 4i). The
mean duration of these drought events was approximately
8—12 months (Fig. 4m). Qinghai, Gansu and Shaanxi were
characterized by a lower drought frequency (6—18 times) and
comparable drought duration (8—12 months) (Fig. 41 and m).

We observed projections with higher frequencies of drought
events under SSP126 and SSP245 than under SSP585. Under
SSP585, the drought frequency is projected to be lower but
with longer duration than those under SSP126 and SSP245
(Fig. 4i-1). The mean drought duration under SSP126 is
generally shorter than those under SSP245 and SSP585,
especially in Xinjiang province (Fig. 4n—p).

As mentioned above, under SSP585, the entire region of
Northwest China will be drier than the other two scenarios
(Fig. 4h), which raises questions about whether there are dif-
ferences in the drought severity between the early future
period (2015—2070) and the later future period (2071—2099)
(Fig. 5). In both periods, a significant dryness trend is
observed across most of Northwest China. However, dryness is
projected to be more severe in the later future period
(2071—2099) under SSP585 than that in the early future
period (2015—2070).

We also found dryness trends in Xinjiang under all three
scenarios, and an increasing dryness trend under SSP245 and
SSP585 is expected in Gansu, Ningxia and Shaanxi (Fig. 6a).
Fig. 6a also demonstrates the order of the average changes in the

PDSI values under the three scenarios in the future period, i.e.,
Xinjiang, Ningxia, Gansu, Shaanxi, and Qinghai. The order of
the average percentage of arid area among the five provinces
under the three scenarios is Ningxia (23.1%), Xinjiang (22.2%),
Gansu (21.7%), Qinghai (21.4%), and Shaanxi (20.5%)
(Fig. 6b). In terms of the drought trends and drought-affected
areas, Xinjiang and Ningxia are projected to experience the
most serious drought conditions for the period 2015—2099.

4. Discussion

In this study, we provided a comprehensive and timely
analysis regarding past and future changes in Northwest
China's drought conditions. Previous studies have formed the
consensus that an overall warm-wet climate occurred over
Northwest China, although their temporal and spatial coverage
differed (Yang et al., 2018b; Chen and Sun, 2015). Our study
enriched such finding over a longer historical period
(1850—2014). We supported the projection that Northwest
China will become drier (Yao et al., 2020). Interestingly,
compared with the results under RCP4.5 and RCP8.5 based on
CMIP5 (Huang et al., 2018; Mo et al., 2018), we found that
drought occurrence under SSP585 is characterized with lower
frequency but longer duration.

Changes in drought conditions over Northwest China could
be mainly explained by the vital roles of precipitation and
evapotranspiration (Zhang et al., 2019c). Enhanced evapo-
transpiration is associated with an increase in the surface vapor

(a) Trend in PDSI
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Fig. 6. Future drought projections at the provincial level under SSP126, SSP245 and SSP585 in 2015—2099, (a) linear trends in PDSI (per year) and (b) average
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pressure deficit, which could cause widespread droughts (Dai
and Zhao, 2017; Miao et al., 2020). When evapotranspiration
exceeds precipitation, Northwest China will experience more
severe drought conditions (Huang et al., 2018). In Northwest
China, the increment in future evapotranspiration is expected
to be 2—3 times larger than that in future precipitation,
especially after approximately 2080 (Zhang et al., 2019b).
Based on the CMIP6 models, the drought severity is projected
to be more severe in the later future period (2071—2099) under
SSP585. It is suggested that changes in evapotranspiration
may be a determining factor for predicting the drought con-
ditions in Northwest China in the late 21st century.

Compared with the previous studies, this study considered
socioeconomic factors (e.g., SSP scenarios in CMIP6 models)
in the projecting drought conditions in Northwest China,
where the impact of human activities on drought occurrences
cannot be ignored. Moreover, compared with CMIP5, CMIP6
models show improvements with the simulation of tempera-
ture and precipitation in Northwest China (Zhu et al., 2020),
which are key factors to better capture the drought conditions.
The CMIP6 data, therefore, could be used as a reasonable
source to predict future climate characteristics in Northwest
China. However, we found there is cold bias in most of the 12
CMIP6 models (except CESM2-WACCN, MIROC6, and
MIROC-ES2L) and the ensemble means, and unanimous wet
bias. This probably induced the underestimation of the future
drought conditions in Northwest China. The inconsistency in
the bias of temperature between the 12 CMIP6 models re-
minds that more models should be involved when temperature
is considered in Northwest China. And CMIP6 GCMs might
not reproduce the influence of a complex topography well in
Northwest China (Cheng et al., 2015). Further model im-
provements in CMIP6 models could reduce model uncertainty
but are still challenging.

5. Conclusion

Taking advantage of 12 CMIP6 model ensemble simula-
tions and the PDSI, we presented the spatial—temporal pat-
terns of drought conditions in Northwest China over historical
and future periods. In line with previous studies, accompanied
with significant increases in temperature and precipitation,
alleviated drought conditions are prevalently observed in
Northwest China from the 1940s to the mid-1980s. Such
trends, however, are reversed in the next 100 years (i.e.,
2015—2099). Our study suggested an increasing trend in
dryness over Northwest China under intermediate to high
greenhouse gas emission scenarios (e.g., SSP245, SSP585),
especially under SSP585. Moreover, the occurrence of drought
events in Northwest China is characterized as less frequent but
longer duration under SSP585 than that under SSP126 and
SSP245. Our study, therefore, provides a clear map showing
the temporal evolution of drought conditions in Northwest
China, which could be used as a basis to support climate
adaptation strategies and policies to cope with future drought
conditions and drought-related loss.
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