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Abstract
Extreme rainfall events are rare in inland arid regions, but have exhibited an increasing trend in recent years, causing many casualties and
substantial socioeconomic losses. A series of heavy rains that began on July 31st, 2018, battered the Hami prefecture of eastern Xinjiang, China
for four days. These rains sparked devastating floods, caused 20 deaths, eight missing, and the evacuation of about 5500 people. This study
examines the extreme rainfall event in a historical context and explores the anthropogenic causes based on analysis of multiple datasets (i.e., the
observed daily data, the global climate models (GCMs) from the Coupled Model Intercomparison Project Phase 5 (CMIP5), the NCEP/NCAR
Reanalysis 1, and the satellite cloud data) and several statistical techniques. Results show that this extraordinarily heavy rainfall was due mainly
to the abnormal weather system (e.g., the abnormal subtropical high) that transported abundant water vapor from the Indian Ocean and the East
China Sea crossed the high mountains and formed extreme rainfall in Hami prefecture, causing the reservoir to break and form a flood event with
treat loss, which is a typical example of a comprehensive analysis of the extreme rainfall event in summer in Northwest China. Also, the fraction
of attributable risk (FAR) value was 1.00 when the 2018 JulyeAugust RX1day (11.52 mm) was marked as the threshold, supporting the claim of
a significant anthropogenic influence on the risk of this extreme rainfall. The results offer insights into the variability of precipitation extremes in
arid areas contributing to better manage water-related disasters.
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1. Introduction

Both historical observations and climate model simula-
tions (Chen and Zhai, 2013; Lehmann et al., 2015; Sillmann
et al., 2013) have confirmed that extreme precipitation events
have become more frequent and more intense since the start
of the twentieth century in many regions of the world (Donat
et al., 2014; Wu and Lau, 2016). Increasing extreme rainfall
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events have caused more water-related disasters in human
societies, such as flooding, droughts, debris flow, landslides,
and so on, which have leaded to lots of significant conse-
quence (�Avila et al., 2016; Duan et al., 2016; Gariano and
Guzzetti, 2016). Examples include heavy precipitation
events in Mumbai of India in 2005 (Bohra et al., 2006;
Kumar et al., 2008), the Indus River basin in Pakistan in late
July‒;early August 2010 (Gaurav et al., 2011; Webster et al.,
2011), central Thailand in 2011 (Chaturongkasumrit et al.,
2013; Komori et al., 2012), and central Japan in 2015
(Matsumoto et al., 2016), causing heavy casualties and bil-
lions of dollars in damages to food systems and social
infrastructure, as well as the deterioration of the natural
environment and ecosystem (Castello and Macedo, 2016;
Tonkin et al., 2018). Consequently, increases in extreme
precipitation events and their great impacts have attracted
global attention (Alfieri et al., 2017; Neumayer et al., 2014)
and it is therefore important to explore and understand the
causes of observed changes in extreme precipitation events to
substantially reduce the loss from water-related disasters.

The occurrence of extreme precipitation events have been
linked to the climate system (Gimeno et al., 2016; Trenberth
et al., 2015), which has been altered by natural variability and
human activities, dominated by greenhouse gases emissions.
Attribution analysis for water-related disasters caused by
extreme precipitation events could be generally used to evaluate
the relative contributions of several drivers of climate, which
has been widely applied to distinguish the individual effect of
natural variability and human activities (Hulme, 2014; Stott
et al., 2013). So far, several methods of event attribution (e.g.,
the coupled model approach (Lewis and Karoly, 2015), the
analogue-based approach (Vautard and Yiou, 2009), and the
empirical approach (Rahmstorf and Coumou, 2011; van
Oldenborgh et al., 2012)) have been developed to quantify to
what extent natural and anthropogenic impacts have already
changed the probability or magnitude of an extreme precipita-
tion event having occurred. The basic process of this kind of
methods is to combine observations, simulations, and rigorous
statistical techniques to apart the effects of anthropogenic in-
fluence on the climate system from a counterfactual “extreme
climate without anthropogenic influence” (Swain et al., 2020).
Among the statistical techniques, the fraction attributable risk
(FAR) is widely used to measure how much of the extreme
climate event can be attributed to anthropogenic influence from
a probabilistic point of view (Stone and Allen, 2005; Stott et al.,
2004). In recent years, the FAR has been generally applied in
conjunction with extreme climate indices (Fischer and Knutti,
2015; Peterson et al., 2012), and the most popular set of
extreme climate indices is the Expert Team in Climate Change
Detection and Indices (ETCCDI) (Duan et al., 2015; Sillmann
et al., 2013; Zhang et al., 2011). In general, current methods
of attribution analysis could answer questions about how much
human activities influenced the probability or intensity of a
specific type of climate event, providing a better understanding
of climate extremes.

Located in the hinterland of the Eurasian continent, and far
away from the ocean, the arid region of Northwest China
(ARNC) belongs to the typical continental climate zone.
Northwest China has a semi-arid and arid climate with a long-
term average annual temperature of about 8 �C and annual
precipitation of less than 200 mm (Chen et al., 2014).
Generally, extreme precipitation events are rare in inland arid
regions of China because of a dry climate. Since 1961, the
temperature has increased at 0.39 �C per decade, which was
1.39 times that of China and 2.78 times the global temperature
over the same time period (Chen et al., 2014). Meanwhile, it is
pointed out that the climate of this region has been changing
from warm-dry to warm-wet condition from the mid-1980s
due to the convergence of moisture flux (Peng and Zhou,
2017; Zhou et al., 2016). Nevertheless, it is noticed that the
process of this transformation has not yet simply changed the
nature of arid and semi-arid climate regime (Greve et al.,
2014), and which is an asymmetrical change in the increase
in temperature and precipitation, probably causing more
extreme precipitation events (Wang et al., 2020).

Meanwhile, Wang et al. (2020) also indicated that the
increasing extreme precipitation events have a larger contri-
bution to the total precipitation, increasing the risk of water-
related disasters. For instance, unprecedented heavy rains
beginning on July 31, 2018, battered the Hami prefecture of
eastern Xinjiang, China for four days, quickly causing
devastating floods. This event brought the heaviest rain ever
experienced since 1961 by the region with some locations,
such as Xiaobao village, recording 110 mm of rain in just 1 h
at peak intensity (well over 52.4 mm, the greatest rainfall
recorded since records began in this arid region). Deadly
floodwater submerged fields, triggered mudslides and
destroyed homes, causing 20 deaths, eight missing, and the
evacuation of about 5500 people. So far, however, there are
few relevant that systematically investigate the causes and
attribution of this record-breaking rainfall event, especially in
investigation of anthropogenic influence on the occurrence of
this extreme rainfall.

Therefore, based on the calculation of the extreme precip-
itation indices from the observed and modeled data, this study
attempts to answer two questions: 1) How extreme was the
precipitation in Hami prefecture in July‒August 2018 in a
historical context? and 2) Did human-induced climate change
increase the extreme precipitation events in the arid region of
Northwest China? This study would provide essential infor-
mation for a comprehensive understanding of the flash floods
caused by the extreme rainfall event in Northwest China,
which could help government officials identify flooding situ-
ation and mitigate the damage.

2. Data and methods

The observed daily data from 1961 to 2018 with 0.5� � 0.5�

resolution were used, which was developed from over 2400
weather monitoring stations by the National Climate Center,
China Meteorological Administration (Wu and Gao, 2013) and
has been widely employed to describe detailed precipitation
variation and validate high-resolution climate models for China
(Duan et al., 2019). Two extreme precipitation indices including
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the maximum 1-day precipitation amount (RX1day, the
maximum value of the daily accumulated precipitation) and the
number of days with heavy precipitation (daily
precipitation P 10 mm, R10mm) were firstly computed for
each grid to represent the record-breaking rainfall events in
JulyeAugust in ARNC. By using a remapping procedure
(Jones, 1999), we then regridded the observed data into 1� � 1�

grids. The regional mean values of JulyeAugust RX1day and
R10mm were calculated for Hami prefecture and ARNC. In
order to exploring the impacts of the atmospheric circulations,
the NCEP/NCAR Reanalysis 1 (Kalnay et al., 1996) data
(NCEP-R1) were used to depict large-scale atmospheric cir-
culation, including spatial distributions of the 850 hPa air
temperature, the 500 hPa geopotential heights, and the 500 hPa
horizontal winds. Compared with the NCEP-R2, the NCEP-R1
is an old version, but which is still updated and widely used
because its results are not bad in these areas (i.e., in high lati-
tude areas) where no enough gauged data. Meanwhile, its time
period (1948~) is much longer than the NCEP-R2 (1979~).
Also, the satellite cloud data obtained from the National
Meteorological Information Center of China was applied to
capture changes in the monsoon rain belt.

Precipitation simulations from nine global climate models
(GCMs) from the Coupled Model Intercomparison Project
Phase 5 (CMIP5) that adequately capture precipitation vari-
ability in ARNC were employed to estimate the contribution
of human influences on the observed JulyeAugust RX1day
(Table 1). Two evaluation methods including the
KolmogoroveSmirnov (KeS) test ( p < 0.05) and the positive
spatial correlation coefficient were carried out to identify the
rationality of the models (Wang et al., 2019). These nine
CMIP5 models provide nine precipitation simulations (one
member run (‘r1i1p1’)) with pre-industrial control simula-
tions, all historical forcings (ALL) simulations, and natural
forcing only (NAT) simulations. The ALL simulations of most
models end in 2005. Based on the similar method proposed by
Zhou et al. (2014) and the RX1day and R10mm projection
from the Representative Concentration Pathways 8.5 scenario,
we extended the time series of ALL simulations through 2018
for improving comparisons to observations from 1961 to 2018.
Several statistical methods were applied to assess the severity
and explore the causes of the record-breaking rainfall:
Table 1

CMIP5 models used. The spatial correlation coefficient of the extreme indicator b

JulyeAugust 1961e2018. Compared with observation, variability of RX1day mode

For each CMIP5 model, only one member run (‘r1i1p1’) was employed here.

Model Source

BNU-ESM Beijing Normal University Earth System Model, Ch

CCSM4 Community Climate System Model, National Cente

CSIRO-Mk3-6-0 Australian Commonwealth Scientific and Industrial

GFDL-CM3 Geophysical Fluid Dynamics Laboratory, NOAA, U

GFDL-ESM2M Geophysical Fluid Dynamics Laboratory, NOAA, U

IPSL-CM5A-LR Institute Pierre-Simon Laplace, France

IPSL-CM5A-MR Institute Pierre-Simon Laplace, France

MIROC-ESM-CHEM Japan Agency for Marine-Earth Science and Techno

MIROC-ESM Japan Agency for Marine-Earth Science and Technol

University of Tokyo), and National Institute for Env
(1) The linear least-squares regression (Hess et al., 2001)
was used to calculate the trend of yearly JulyeAugust
rainfall during the period 1961e2018, and its signifi-
cance in each rainfall time series was estimated by the
ManneKendall test (Kendall, 1975). We calculated the
regional JulyeAugust RX1day and R10mm for both
Hami prefecture and ARNC from the all grid points, and
then analyzed the trend in each of them.

(2) The generalized extreme value (GEV) distribution,
which is suitable as a fit to the tails of the distribution for
atmospheric variables (Easterling et al., 2016; Schaller
et al., 2016), was selected to fit the JulyeAugust
RX1day and R10mm and estimate the return period
(an estimate of how long it will be between extreme
rainfall events of a given magnitude) from 1961 to 2018.

(3) In order to quantify the attributable risk of the record-
breaking rainfall event in summer 2018 in the model
simulation, we used the fraction of attributable risk
(FAR) method to calculate the probability of the record-
breaking rainfall event for both ALL forcing (PALL) and
NAT forcing (PNAT) (Fischer and Knutti, 2015; Stone
and Allen, 2005). The FAR could be computed by the
following equation:

FAR¼1�PNAT

PALL

ð1Þ

where FAR is the fraction of the risk for the occurrence of the
record-breaking rainfall event in summer 2018 in Hami that is
due to the additional forcing from one scenario to the next;
PALL and PNAT could be computed based on the CMIP5 ALL
and NAT simulations, representing the probability of the
record-breaking rainfall event for the ALL forcing and the
NAT forcing, respectively. A value of FAR ¼ 0:5 indicates that
the risk of the record-breaking rainfall event in summer 2018
is doubled over natural forcing due to the anthropogenic
forcing. Smaller FAR is associated with larger contribution of
natural forcing. Moreover, the Bootstrapping method (with
replacement) was used to estimate the FAR uncertainty. Each
distribution of extreme precipitation indices was bootstrap
resampled 1000 times (using in each iteration sub-samples of
all years from only 50% of available model simulations) to
etween the observation and the models were computed for the ARNC during

l simulations should pass the KolmogoroveSmirnov (KeS) test with p < 0.05.

Spatial correlation

coefficient

ina 0.24

r for Atmospheric Research, USA 0.53

Research Organization, Australia 0.58

SA 0.50

SA 0.32

0.36

0.66

logy, Kanagawa, Japan 0.14

ogy, Atmosphere and Ocean Research Institute (The

ironmental Studies, Japan

0.14
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create a distribution of the values of FAR (Lewis and Karoly,
2013), representing the uncertainty associated with using
different models, which could be eventually used to determine
the FAR values associated with the record-breaking rainfall
event in summer 2018 in Hami prefecture.

3. Results

Fig. 1a shows the distribution of daily precipitation on July
31, 2018, in Hami prefecture, suggesting that precipitation was
mainly concentrated in the northeast of this region, with a
mean precipitation of 11.5 mm. More than 110 mm of pre-
cipitation was detected in 1 h in Xiaobao village of Hami
Fig. 1. (a) Location and elevation of the arid region of Northwest China (ARNC) (

July 31, 2018 over Hami prefecture; (b) time series of regional mean RX1day and R

Fig. 2a); spatial distribution of (c) RX1day in July‒August 2018 in ARNC and (d

RX1day in JulyeAugust 1961e2018, with red dots indicating significant trends (

1961e2018 for ARNC (Embedded figure in (cee) shows the probability distri

JulyeAugust RX1day and R10mm. The red star in (b) and (f) represents the 2018
prefecture, which was more than three times the average
annual precipitation in Hami since 1961. The regional average
of Hami prefecture for the JulyeAugust RX1day (approxi-
mately 16.2 mm) and R10mm (approximately 1.5 days) were
the fifth highest since 1961, with 87.6% and 123.9% growth
relative to the baseline period (1961e1990), respectively
(Fig. 1b). Fig. 1b also shows that the trend of JulyeAugust
RX1day and R10mm were 0.6 mm per decade and 0.1 d per
decade ( p < 0.05), respectively.

Fig. 1c shows the spatial distribution of RX1day in July‒
August 2018 (ranging from 0 to 60 mm), with a mean value at
11.6 mm, which was about 1.5 mm greater than the average of
the baseline period (1961e1990) (Fig. 1d). Generally the
Map Review (Inspection) Number: GS(2019)3266), and daily precipitation on

10mm for JulyeAugust 1961e2018 over Hami prefecture (purple polygon in

) its anomalies (relative to 1961e1990), (e) spatial distribution of the trend of

p < 0.05); and (f) time series of regional mean of RX1day in JulyeAugust

bution functions (PDF) and that in (f) shows return period for concurrent

extreme rainfall event).
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mountain areas had higher RX1day compared with that in the
plain terrain (Fig. 1a). As shown in Fig. 1e, the trend of
JulyeAugust RX1day, which ranged from 0 to 25 mm per
decade, exhibited a significant positive trend in most areas.
The regional average of ARNC for the 2018 JulyeAugust
RX1day and R10mm were approximately 11.6 mm and
1.7 d, respectively, and the corresponding trend were 1.2 mm
per decade and 0.1 d per decade, respectively. These results
reveal that extreme precipitation increased in the entire
ARNC, which are in line with the results of Wang et al.
(2020). But in terms of the spatial distribution, our results
indicated that the southern rim of the Taklamakan Desert had
higher trend of JulyeAugust RX1day compared with other
regions in ARNC, the biggest value of which was more than
25 mm per decade (Fig. 1e).

Generally, the occurrence of extreme rainfall event is
closely linked to the interactions among weather systems of
different scales (Zhou and Yu, 2005). As shown in Fig. 2a‒d,
Fig. 2. (a) Distributions of the 850-hPa air temperature (shaded areas, unit: K), 500-

(the red polygon shows the Hami prefecture), (b) 850-hPa water vapor flux divergenc

the shadow path at 08:45 (local time) over China, (e) 500-hPa geopotential heights

of the trend of the July 500-hPa geopotential heights (gpm per decade) from 1961

JulyeAugust RX1day under CIMP5 ALL and NAT simulations. The green ho

JulyeAugust RX1day under CIMP5 ALL and NAT simulations, estimated by kern
this extreme rainfall was related to the subtropical high. On
July 31, 2018, the subtropical high in East Asia was in a very
northerly position (Fig. 2a), the main body of which directly
penetrated from the Sea of Japan into western Mongolia (see
anomaly in Fig. 2e). This anomalous circulation pattern was
conducive to the northwestward transport of the water vapor
from the Indian Ocean and the East China Sea along the
northwestern flank of the subtropical high. Fig. 2b shows the
water vapor flux convergence in most regions of Hami pre-
fecture, especially over the northern region. In the surrounding
areas, there was a strong water vapor flux convergence on the
south of Hami prefecture. Fig. 2c indicates that the updrafts
were overwhelmingly dominant on and surrounding Hami
prefecture, which might carry warm and moist air upward and
finally contributed to rainfall under high moisture environment
(Pendergrass and Gerber, 2016). Fig. 2e shows the 500-hPa
geopotential heights (gpm) anomaly on 31 July, 2018 rela-
tive to 1961e1990, confirming the subtropical high in East
hPa geopotential heights (contour, unit: gpm) and wind vectors (arrows, m s�1)

e (10�8 g (kg s) �1), (c) 500-hPa vertical velocity (m s�1), (d) cloudiness along

(gpm) anomaly on 31 July, 2018 relative to 1961e1990; (f) spatial distribution
to 2018, with red dots indicating 95% significance, (g) return period for the

rizontal line represents 2018 JulyeAugust RX1day; and (h) PDFs for the

el method.
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Asia was in a very northerly position. Therefore, under this
abnormal subtropical high in East Asia, the southwest
monsoon carried a lot of moisture across the Qinling Moun-
tains and entered the southeast of XinJiang province (see the
wind vector in Fig. 2a), forming a monsoon rain belt over this
region (Fig. 2d). Sufficient water vapor supply provided the
water vapor for the rainstorm areas. Meanwhile, the moist
airflow was forced up the windward slope of the Tianshan
Mountains, intensifying the upward movement of the air,
which caused that the water vapor easily condensed to form
precipitation. Also, as the water vapor flux on the windward
slopes of the mountains increased, the amount of precipitation
also increased (Grose et al., 2019).

An ancient poem called “The wind of spring never crosses
the Jade Gate Pass” implies that the Jade Gate Pass is the
climatic boundary zone between Asian monsoon and west-
erlies, suggesting that ARNC is located in a non-monsoon
region and has rare precipitation. During this event, the
southwest monsoon from Indian Ocean crossed the Qilian
Mountains and entered the ARNC (Fig. 2a), although Hami
prefecture was not as humid as the monsoon region. Due to the
abnormal climate change (e.g., the relative increase in geo-
potential height at 500-hPa around ARNC (Fig. 2f)), more-
over, this phenomenon has exhibited an increasing trend in
northwestern China since 1961, probably leading more humid
to across the Jade Gate Pass (Kundzewicz et al., 2019; Chen
et al., 2020; Du et al., 2020).

To evaluate the influence of human-induced warming, we
compared the changes of the likelihood of the JulyeAugust
RX1day based on different CMIP5 experiments (Fig. 2g‒h).
The JulyeAugust RX1day was higher for ALL simulations
than for NAT simulations, and ALL was about 0.5 mm higher
than NAT for the 10e100 year return period average (Fig. 2g).
As shown in Fig. 2h, the probability density function (PDF)
shifted to the right when adding anthropogenic forcing,
revealing an increased likelihood of higher JulyeAugust
RX1day in ARNC. When the 2018 JulyeAugust RX1day
(11.52 mm) was marked as the threshold, the equivalent FAR
value was 1.00, supporting that the risk of this extreme rainfall
could be attributed to anthropogenic forcing. Meanwhile,
because of the complexity of extreme rainfall events and the
intrinsic uncertainty from CMIP5 models deficiencies, it is
noticed that the estimate of FAR has some uncertainty
(Bellprat and Doblas Reyes, 2016; NAoSEM, 2016). In order
to reduce sampling uncertainty and model uncertainties,
therefore, future work should increasingly consider larger
ensembles or model correction (Bellprat and Doblas Reyes,
2016; Otto et al., 2016).

4. Discussion

The rainfall was up to 110 mm in just 1 h at peak intensity
in Xiaobao village on July 31, 2018, which far exceeded the
highest precipitation (52.4 mm) in history and was more than
three times the average annual precipitation in Hami since
1961. Meanwhile, a significant increasing trend in
JulyeAugust RX1day was detected for both Hami and ARNC,
with the value of 0.6 and 1.2 mm per decade respectively,
suggesting more precipitation is in the form of intense single-
day events (Fig. 2b‒f). Further, the annual temperature in
Northwest China exhibited a significant rising trend at about
0.34 �C per decade from 1960 to 2010 (Li et al., 2012),
contributing to the increase in frequency and intensity of
extreme precipitation in these regions (Peng and Zhou 2017;
Sun et al., 2020).

The Jade Gate Pass is located in cold and arid region of
Northwest China (Fig. 1), and monsoon is thought to very
rarely reach here traditionally, revealing that precipitation in
Hami prefecture is dominated by westerlies and the water
cycle within the inland region. Under global warming, ARNC
has experienced a persistent wetting trend in summer during
the past decades (Wang et al., 2020), which has been
confirmed to be dynamically linked to summer monsoons
(Chen et al., 2020). For example, the EASM index (http://ljp.
gcess.cn/dct/page/65577) exhibited a decreasing trend from
1961 to 2018 (Fig. 3a), which has a negative correlation with
the summer RX1day and R10mm (Fig. 3b), supporting the
point that the weakened East Asian summer monsoon triggers
increased extreme precipitation events in Northwest China
(Chen et al., 2021). More pertinently, as the East Asian sum-
mer monsoon became weaker, the southwest monsoon from
Indian Ocean crossed the Qilian Mountains and entered the
ARNC (Fig. 2a‒d), contributing to the increase of heavy
precipitation amount in recent years (Chen et al., 2020; Huang
et al., 2015). Based on the Weather Research and Forecasting
Model (WRF) and the stable isotopic (d18O, dD) tracing, Du
et al. (2020) argued that the monsoon moisture from the
ocean could across Jade Gate Pass at the synoptic scale and
eventually affect precipitation in summer. Moreover, future
greenhouse warming is expected to influence the characteris-
tics of Asia monsoon systems, leading to an increase in the
summertime extreme precipitation in Northwest China (Li
et al., 2019; Moon and Ha, 2020), which means that more
humid monsoons will tend to across the Jade Gate Pass into
the inland region in the future.

The extreme rainfall event in summer 2018 caused the dam
break at Sheyuegou Reservoir since the flood magnitude
(1848 m3 s�1) far exceeded the design limits (once-in-300-
year flood standard at 537 m3 s�1), and the downstream was
severely affected. In arid regions, on the one hand rainfall is
rare and the region is prone to suffer serious drought; while on
the other hand, the record-breaking rainfall may also cause
serious flash floods. And because a flash floods comes unex-
pectedly and far exceeds the design limits, it is difficult to
entirely prevent a flash flood. But according to the local
conditions, we can adopt some effective measures including
engineering (i.e., flood diversion storage, river basin man-
agement) and non-engineering measures (i.e., monitoring
systems for forecasting and warning, flood insurance) to
reduce the loss of life and property (Zhang et al., 2018).

Although the results could generally show the causes of the
record-breaking rainfall event, there is much uncertainty due
to the used datasets and methods. On one hand, coarse-
resolution precipitation might lead to the uncertainty when

http://ljp.gcess.cn/dct/page/65577
http://ljp.gcess.cn/dct/page/65577


Fig. 3. Time series of (a) the normalized East Asian summer monsoon index

(EASMI) and (b) the RX1day and R10mm and their linear trends of Hami

prefecture for 1961e2018.
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exploring the attribution. For example, the gauged precipita-
tion in Xiaobao village exceeded 100 mm on July 31st, 2018,
which was greater than the values in all given grid cells
(Fig. 1a), suggesting that coarse-resolution models could not
predict extreme precipitation well in observations and high-
resolution simulations. Thus, these regridded precipitation
simulations with a resolution of 1� in ARNC was the large
uncertainty in projected extreme precipitation changes. On the
other hand, the method also created uncertainties. Firstly, the
occurrence of this record-breaking rainfall event in summer
2018 Hami involved many possible causes. Results from the
weather systems should be further confirmed using other
methodologies including model simulations (i.e. the WRF)
and the in situ stable isotopic tracing (Du et al., 2020). Sec-
ondly, although the CMIP5 models’ outputs are popular and
appropriate for calculating the FAR value, the assessment is
uncertain because of the intrinsic uncertainty of model de-
ficiencies and the complexity of the record-breaking rainfall
event (Bellprat and Doblas Reyes, 2016). Thirdly, the Boot-
strapping method is inherently uncertain when estimating the
FAR uncertainty based on limited samples. In the next step,
therefore, the model simulation and the isotopic tracing will be
combined to support the analysis of weather systems. Also, the
model correction and the larger ensembles of model simula-
tions will be used to account for model uncertainties and
reduce sampling uncertainty respectively (Otto et al., 2016).

5. Conclusions

The southwest monsoon carrying abundant water vapor
from the Indian Ocean and the East China Sea crossed the high
mountains and formed extreme rainfall in Hami prefecture
under the abnormal weather system (e.g., the abnormal sub-
tropical high and the weakened EASM), causing the reservoir
to break and form a flood event with lots of loss. This is a
typical example of a comprehensive analysis of the extreme
rainfall event caused by the southwest monsoon from Indian
Ocean in the arid regions in Northwest China. Based on the
GCMs, also, the JulyeAugust RX1day of ALL simulations
was about 0.5 mm higher than NAT simulations for the
10e100-year return period average. Anthropogenic influence
is shown to clearly have changed the likelihood of the extreme
rainfall event and simply suggests that this may be linked to a
change in the subtropical high in East Asia. The results offer
insights into the variability of precipitation extremes in arid
areas, which is favorable for better managing water-related
disasters. For example, detailed dam management strategies
should be improved for flooding and drought mitigation in
Northwest China. Noticeably, however, causality of changes of
extreme precipitation events in ARNC is complicated, and its
understanding in the attribution is very limited. Future studies
should further enhance the ability of the monitoring of weather
and climate extremes, and increasingly create new methods to
reduce model uncertainties.
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