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Abstract: The Qilian Mountains (QMs) act as the “water tower” of the Hexi Corridors, playing an
important role in the regional ecosystem security and economic development. Therefore, it is of
great significance to understand the spatiotemporal characteristics of precipitation in the QMs. This
study evaluated the performance of 21 models of phase 6 of the Coupled Model Intercomparison
Project (CMIP6) from 1959 to 1988 based on ERA5 and in situ datasets. In addition, the precipitation
changing trend from 2015 to 2100 was projected according to four shared socioeconomic pathways
(SSPs): namely, SSP126, SSP245, SSP370, and SSP585. The results have shown the following: (1) all
CMIP6 models could reflect the same precipitation changing trend, based on the observed datasets
(−2.01 mm·10a−1), which was slightly lower than that of ERA5 (2.82 mm·10a−1). Multi-mode
ensemble averaging (MME) showed that the projected precipitation-change trend of the four scenarios
was 5.73, 9.15, 12.23, and 16.14 mm·10a−1, respectively. (2) The MME and ERA5 showed the same
precipitation spatial pattern. Also, during the period 1959–1988, the MME in spring, summer, autumn
and winter was 130.07, 224.62, 95.96, and 29.07 mm, respectively, and that of ERA5 was 98.57, 280.77,
96.85, and 22.64 mm, respectively. The largest precipitation difference in summer was because
of strong convection and variable circulation. (3) From 2015 to 2100, the snow-to-rain ratio was
between 0.1 and 1.1, and the snow-to-rain ratio climate tendency rate was concentrated in the range
of −10~0.1 mm·10a−1. Both of these passed the significance test (p < 0.05). The projected rainfall of
all four SSPs all showed an increasing trend with values of 6.20, 11.31, 5.64, and 20.41 mm·10a−1,
respectively. The snowfall of the four SSPs all showed a decreasing trend with values of 0.42, 2.18,
3.34, and 4.17 mm·10a−1, respectively.

Keywords: Qilian Mountains; CMIP6; precipitation; global climate model

1. Introduction

Precipitation plays an important role in the social and economic development of
northwest China. The QMs are representative arid and semi-arid areas that are affected
by a westerly wind belt, southern monsoons (the south Asian monsoon and the plateau
monsoon) and east Asian monsoons [1]. River runoff in the alpine region mainly comes
from local precipitation and glacier melting in the warm season [2,3]. In recent decades,
the occurrence of precipitation and flood events in the desert in northwest China has
posed a problem to the area’s human population. Over the past half-century, the climate
appears to have been the wettest it has been in 3500 years [4]. It is urgently necessary to
further evaluate the regional precipitation status to provide a scientific basis for designing
industrial and agricultural layout and related policies.

Rapid warming trends in the mid-latitudes of the northern hemisphere have previously
confirmed that this could result in accelerated regional and global water cycles [5]. Rising
temperatures will ultimately result in rising sea levels, losses in terms of glacier area, coast-
line retreat, etc., along with increasing the occurrence of high-temperature droughts, heavy
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rainfall and flood events [6]. From 1951 to 2012, the global average surface temperature
increased at a rate of 0.12 ◦C·10a−1, which is almost double the rate for 1880 to 1898 [7]. The
QMs are a highly climate-sensitive area in the northwest of China. Extreme precipitation
events have significant effects on this ecological environment. In recent decades, precipita-
tion in the QMs has shown a significant increase and the results of ERA5-Land showed that
the average climate tendency rate of precipitation in the QMs reached 15.43 mm·10a−1 in
the period from 1980 to 2018 [8]. Shi et al. (2002) had reported that the climate of the QMs
and the surrounding areas indicated a warming phenomenon [9]. This phenomenon was
also reported to show that the arid and semi-arid northwest region experienced a sharp
increase in precipitation after the mid-1980s [10,11]. However, it remains unclear as to how
extreme precipitation events will affect surface and groundwater resources, agricultural
production, and economic growth in the context of global warming in the QMs. Thus, it is
important to identify the long-term changes in precipitation and the physical mechanisms
associated with precipitation in the region. Additionally, it is highly important to predict
future precipitation and its phase change in the QMs. This study aimed to evaluate the
precipitation situation and predict future precipitation changes in the QMs.

The QMs are a region of synergistic influence of multiple complex climate systems.
They are the water source of the Shule River, the Shi Yang River, the Black River, the
Qinghai Lake system and the Datong River, which is an important tributary of the Yellow
River. They also provide an important ecological barrier in the arid and semi-arid regions
of northwest China. Therefore, it is of great significance to understand the proportion of
solid–liquid precipitation in the QMs and associated temporal and spatial changes. This
study is conducive to constructing a reasonable ecological barrier based on water resources
and their related changes in the QMs [1,12].

The difficulty of obtaining accurate historical precipitation datasets in the QMs mainly
relates to the complex topography and precipitation process in this region, the significant
altitude differences, and the existence of few long-term precipitation automatic weather
stations (AWSs) [13]. The lack of high-quality, high-resolution, long-term continuous global
observational data, the limitations of rough spatial resolution, and model uncertainties are
the biggest obstacles. They affect the in-depth understanding and understanding of the
causes and evolution of climate change, and they are also the biggest stumbling blocks in
the progress of atmospheric science research [14].

GCMs currently represent the main methods of assessing historical climate char-
acteristics and projecting future climate change in recent years. The Coupled Model
InterComparison Project (CMIP) has been widely used in climate change assessments
and projections [15–18]. Li et al. [19] used CMIP5 data to examine the temperature and
precipitation of the Qinghai–Tibet Plateau and concluded that the average performance of
44 patterns was generally better than that of most single patterns. The equal-weight-set
average scheme proved to be better than the median average. The ensemble average of
the selected models could improve the overall simulation ability, and the improvement in
the precipitation simulation was more significant. Wu et al. [20] assessed the temperature
and precipitation in the arid and semi-arid northwest region of China. By comparing the
ensemble average of 15 groups of CMIP3 and CMIP5 models to simulate the temperature
and precipitation in this region, it was found that the CMIP5 model was closer to the ob-
served temperature and precipitation. Some studies have shown that the spatial correlation
coefficient between the global average annual precipitation simulated by the CMIP5 model
and the measured values was as high as 0.8 [21]. However, other studies have shown that
the CMIP5 data had a significant wet deviation and exhibited greater uncertainty in the
precipitation data [22].

Although the above studies have comprehensively investigated precipitation events in
the QMs, a major part of this research is limited to studying future changes in precipitation
in the warming scenario, or else it uses GCMs from CMIP5 and regional climate models
(RCMs). This study used CMIP6 to estimate precipitation and the snow-to-rain ratio in
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the QMs, which is important for quantifying socioeconomic risks for policymakers and
developing climate adaptation strategies with risk reduction measures.

GCMs have different initial conditions, parameterizations, spatial and temporal res-
olutions, and boundary conditions, which affect the output of the model. It is necessary
to evaluate the model output prior to use in different applications [23,24]. Compared
with CMIP5, CMIP6 had effectively designed science experiments, more models, more
data, and higher resolutions [25,26], and its simulation effect for climate change prediction
improved significantly compared with the previous stages [27,28]. Therefore, in terms of
future experimental designs, the CMIP6 model was used to predict the precipitation and
snowfall ratio under different scenarios in the QMs.

Additionally, CMIP6 has upgraded its new future scenarios, with the combination of
radiative forcing levels of the representative concentration pathways used in the 5th phase
of CMIP and the shared socioeconomic pathways (SSPs) [29–31], which makes them more
reasonable. Scenario MIP is one of the core MIP experiments in CMIP6. Considering
future CO2, CH4, N2O, and other gas concentrations, as well as land use, the design of
Scenario MIP involves eight pathways, including two tiers (tier 1 and tier 2) of priority.
Tier-1 includes four combined SSPs with radiative forcing, i.e., SSP126, SSP245, SSP370,
and SSP585, in which the globally averaged radiative forcing at the top of the atmosphere
around the year 2100 is predicted to be approximately 2.6, 4.5, 7.0, and 8.5 W m−2, respec-
tively [29,32]. Since this study period ends in 2100, we used tier 1. In addition to using
a long research time series (1959–2100), this study also involved rainfall and snowfall as
well as the ratio of snow to rain. Some model data were missing and put forward some
abnormal performance models. This study finally selected 21 models of CMIP6. We first
evaluated the precipitation performance in the historical period (1959–1988) in the QMs.
The change trend and temporal and spatial variations in future precipitation, along with
its phase in the QMs, were analyzed in three periods: the short term (2015–2040), the
medium term (2041–2070), and the long term (2071–2100). The final results gave an overall
understanding of the future precipitation changes in the QMs while providing a scientific
reference for understanding future climate and environmental changes in the QMs.

2. Study Area

The QMs are located in the northwest region of China, on the northeast edge of
the Qinghai–Tibet Plateau. They span Gansu and Qinghai provinces, with a length of
approximately about 800 km from east to west and 200–300 km from north to south [33].
The area extends to the Wu Sheng Ridge in the east, the Altun Mountains in the west, the
Hexi Corridor in the north, and the Qadim Basin in the south. The QMs have an average
altitude of 4000–4500 m, and the elevation increases from east to west [34,35]. The region is
situated in the monsoon water vapor transport channel. The westerly from the far Atlantic
mainly affects the central and western parts of the QMs, while the southeast monsoon from
the Pacific Ocean and the southwest monsoon from the Indian Ocean affect its eastern region
and intersect with the Qinghai–Tibet Plateau circulation system [36]. The QMs represent
arid and semi-arid regions of northwest China. In summer, the moisture monsoon extends
from north to west, and in winter, it is affected by the dry and cold circulation of Inner
Mongolia. Dry and cold wind flows in the northwest, which makes the climate response
of the QMs sensitive and increases the precipitation variability [37]. The annual mean
air temperature in the QMs is less than 2 ◦C, and the annual precipitation increases from
approximately 200 mm in the low-mountain zone to approximately 500 mm in the high-
mountain zone, with high evaporative demand. The ecosystem changes vertically from low
to high elevations through dry shrubbery grasslands, forest steppes, subalpine shrubbery
meadows, alpine desert meadows, and alpine permafrost and glaciers [38]. According to the
Second Glacier Inventory of China [39], there are 2683 glaciers with an area of 1597.81 km2

and an ice volume of 84.48 ± 3.13 km3 in the QMs. As an area that is sensitive to changes
in climate, the QMs have experienced severe ablations of glaciers, the degradation of
permafrost, variations in vegetation, and changes in runoff over recent decades.
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To investigate the spatial diversity, longitudes of 101◦E and 98◦E were selected as the
boundaries to divide the eastern, middle, and western portions of the QMs, which was also
suggested by Chen et al. [40]. In Figure 1, I, II and III represent the three subregions of the
eastern, middle, and western area of the QMs, respectively.
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3. Data and Methods
3.1. Precipitation Data

The CMIP6 (https://esgf-node.llnl.gov/search/cmip6/, accessed on 6 September
2022) data encompass multiple scenarios. Among these, historical scenarios (1959–1988)
and four typical future scenarios (2015–2100) were selected for this study. These were
SSP126, SSP245, SSP370, and SSP585, representing sustainable pathways, intermediate
pathways, regional competitive pathways, and fossil-fuel-based development pathways,
respectively [26,41]. The GCMs were selected from CMIP6 based on their availability under
r1i1p1f1 initial conditions. Concurrently, this study used 21 CMIP6 models from different
countries and research institutions; these have different spatial resolutions, as shown in the
basic information presented in Table 1. The time resolution of CMIP6 used in this study
was the monthly scale. The precipitation unit for CMIP6 is kg·m−2·s−1. Since the time
resolution of CMIP6 used in this study was the monthly scale, the unit of precipitation was
converted to mm.

CMIP6 combines and coordinates various modeling activities under a single frame-
work, which reduces the computational burden and establishes common practices for
producing and analyzing large volumes of model outputs. CMIP6 encourages the adoption
of data standards (management structure and metadata) and establishes specifications for
the model output of data [42]. This promotes data homogenization.

In this study, the precipitation of the reanalysis dataset ERA5 was used to evaluate
the CMIP6.

The meteorological station observations of the QMs from 1959 to 1988 in the daily
dataset (V3.0) released by the National Meteorological Information Center were also used,
and detailed information regarding this station is shown in Table 2.

https://esgf-node.llnl.gov/search/cmip6/


Remote Sens. 2023, 15, 4350 5 of 26

Table 1. Basic information for the 21 models of CMIP6.

Number Model Name Country Research Institute Resolution (km)

1 ACCESS-CM2 Australia CSIRO-ARCCSS 250
2 ACCESS-ESM1-5 Australia CSIRO 250
3 AWI-CM-1-1-MR Germany AWI 100
4 BCC-CSM2-MR China BCC 100
5 CESM2 America NCAR 100
6 CESM2-WACCM America NCAR 100
7 CMCC-CM2-SR5 Italy CMCC 100
8 CMCC-ESM2 Italy CMCC 100
9 CNRM-CM6-1-HR France CNRM-CERFACS 50

10 CNRM-ESM2-1 France CNRM-CERFACS 250
11 EC-Earth3 Europe EC-Earth-Cons 100
12 EC-Earth3-Veg Europe EC-Earth-Cons 100
13 EC-Earth3-Veg-LR Europe EC-Earth-Cons 100
14 FGOALS-f3-L China CAS 100
15 GFDL-ESM4 America NOAA-GFDL 100
16 KACE-1-0-G Korea NIMS-KMA 250
17 MIROC6 Japan MIROC 250
18 MPI-ESM2-HR Germany MPI-M 100
19 MRI-ESM2-0 Japan MRI 100
20 NorESM2-MM Norway NCC 100
21 TaiESM1 China AS-RCEC 100

Table 2. Information about the meteorological stations of the QMs.

Station Lat (◦N) Lon (◦E) Altitude (m) Station Lat (◦N) Lon (◦E) Altitude (m)

Dunhuang 40.15 94.68 1139.0 Dachaidan 37.85 95.37 3173.2
Guazhou 40.53 95.77 1170.9 Delingha 37.37 97.37 2981.5
Yumenzhen 40.27 97.03 1526.0 Gangcha 37.33 100.13 3301.5
Jiuquan 39.77 98.48 1477.2 Menyuan 37.38 101.62 2850.0
Gaotai 39.37 99.83 1332.2 Wushaoling 37.20 102.87 3045.1
Lenghu 38.75 93.33 2770.0 Jingtai 37.18 104.05 1630.9
Tuole 38.80 98.42 3367.0 Numuhong 36.43 96.42 2790.4
Yeniugou 38.42 99.58 3320.0 Dulan 36.30 98.10 3191.1
Zhangye 38.93 100.40 1482.7 Gonghe 36.27 100.32 2835.0
Qilian 38.13 100.20 2787.4 Xining 36.72 101.75 2295.2
Shandan 38.80 101.08 1764.6 Guide 36.03 101.43 2237.1
Yongchang 38.23 101.97 1976.9 Minhe 36.32 102.85 1813.9
Wuwei 37.92 102.67 1531.5 Gaolan 36.35 103.93 1668.5

3.2. Methods

Based on the meteorological stations, 21 models of CMIP6 were analyzed and evalu-
ated in the historical scenario.

The observational data from the meteorological station in the QMs were processed
using the monthly scale. Concurrently, the data of CMIP6 were converted to mm, unifying
them with the observational data from the QM meteorological station. The 21 models of
CMIP6 were then evaluated through the observed data using the correlation coefficient (r),
root mean square error (RMSE), standard deviation (STD), and absolute deviation (BIAS)
as follows:

r =
∑n

i=1
(
Xi − X

)(
Yi − Y

)√
∑n

i=1
(
Xi − X

)2
√

∑n
i=1
(
Yi − Y

)2
(1)

RMSE =

√
∑n

i=1(Xi − Yi)
2

n
(2)
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STD =

√
∑n

i=1
(
Yi − Y

)2

n
(3)

BIAS =
∑n

i=1(Yi − Xi)

n
(4)

Here, X is the observed value and Y is the simulated value. The range of r is −1–1.
A significance test (p < 0.05) was also performed. In addition, the linear trend method
was used to analyze the annual precipitation trend over time in the QMs. The World
Meteorological Organization stipulates that a climate state should be viewed as a 30-year
average, which is often used to assess climate in order to better observe climate change
characteristics [43–45]. Therefore, this study divided the period up to the end of the century
into 2015–2040 in the short term, 2041–2070 in the medium term, and 2071–2100 in the
long term.

Since the spatial grid resolution of each model of CMIP6 is different, this study adopted
the bilinear interpolation method to interpolate the CMIP6 data to a unified resolution of
0.1◦ × 0.1◦. Due to the differences in resolution between the grids, some information may
be lost [46]. However, previous studies have used similar methods and reported that the
data quality was largely unaffected [47,48].

The flow chart of this study is as follows (Figure 2):
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4. Results
4.1. CMIP6 Model Performance

To better evaluate CMIP6, we compared the models with ERA5 and AWSs (Table 3),
and the r between most models and the observational data reached 0.5. Only nine of
the 26 stations failed the significance test (p < 0.05) (Table S1). Notably, the r of the
four models of CESM2, CESM2-WACCM, MIROC6, and NorESM2-MM was as high as
0.6, which indicated a strong correlation. Many studies have shown that the GCMs have
good applicability in the Qinghai–Tibet Plateau [49]. KACE-1-0-G had the worst correlation
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coefficient (around 0.27), indicating a weak correlation. The r of MME was around 0.67.
The r of ERA5 was as high as 0.81, which shows a strong correlation.

Table 3. The r, RMSE, STD, and BIAS of 21 models of CMIP6, MME and ERA5 with meteorological
station data.

R RMSE STD BIAS

ACCESS-ESM1-5 0.39 32.55 26.29 18.22
ACCESS-CM2 0.39 35.10 24.97 22.73

AWI-CM-1-1-MR 0.36 30.87 27.68 14.18
BCC-CSM2-MR 0.47 38.96 32.20 26.49

CESM2-WACCM 0.61 56.54 54.14 36.86
CESM2 0.63 54.47 52.29 35.91

CMCC-CM2-SR5 0.56 59.13 51.58 42.32
CMCC-ESM2 0.55 57.45 50.15 40.71

CNRM-CM6-1-HR 0.54 26.12 29.11 9.25
CNRM-ESM2-1 0.49 38.59 40.51 19.50

EC-Earth3-Veg-LR 0.50 24.72 26.11 10.86
EC-Earth3-Veg 0.51 22.43 24.43 9.74

EC-Earth3 0.52 23.18 25.33 10.35
FGOALS-f3-L 0.47 25.74 24.94 10.46
GFDL-ESM4 0.60 34.57 35.14 21.59
KACE-1-0-G 0.27 32.62 27.38 13.92

MIROC6 0.62 49.69 44.15 36.83
MPI-ESM1-2-HR 0.33 32.41 28.60 14.99

MRI-ESM2-0 0.42 30.89 26.15 17.93
NorESM2-MM 0.63 46.32 46.78 29.15

TaiESM1 0.56 45.77 43.15 30.16
MME 0.67 29.56 28.00 22.48
ERA5 0.81 27.80 34.11 18.41

Throughout the QMs, the RMSE ranged from 22.43 to 59.13 mm. The minimum value
occurred in EC-Earth3-Veg and the maximum value was in CMCC-CM2-SR5. The RMSE of
MME was 29.56 mm, and the RMSE of ERA5 was 27.80 mm.

In terms of BIAS, the range was between 9.25 and 42.32 mm. The maximum occurred
in CMCC-CM2-SR5 and the minimum occurred in CNRM-CM6-1-HR. Secondly, the BIAS
results of EC-Earth3-Veg-LR, EC-Earth3-Veg, EC-Earth3, and FGOALS-f3-L were also small
values, at 10.86, 9.74, 10.35, and 10.46 mm, respectively. The BIAS of MME was 22.48 mm,
and the BIAS of the reanalysis data was 18.41 mm.

In terms of STD, the models of STD and BIAS behave similarly. The range was between
24.43 and 54.14 mm. The maximum value occurred in CESM2-WACCM and the minimum
value occurred in EC-Earth3-Veg. Additionally, as with the absolute error, EC-Earth3-Veg-
LR, EC-Earth3-Veg, and EC-Earth3 performed better, with smaller errors of 26.39, 25.57,
and 25.94 mm, respectively. The STD of MME was 28.00 mm, and the STD of ERA5 was
34.11 mm.

According to the time series of monthly mean precipitation comparison between MME
and AWSs from 1959 to 1988 in the QMs and subregions (Figure 3), the variation trend in
MME and AWSs curves was basically the same in the whole QM region and in the east,
middle, and west regions. However, the MME showed a certain wet bias, especially in
summer (Figure 3). In the entire QM region, the average difference was 22.48 mm, while it
was 28.12, 23.16, and 13.58 mm in the eastern, middle, and western regions, respectively.
One of the factors affecting this deviation is the convection scheme. Convection schemes
affect monsoon modeling, resulting in wet bias (see Discussion in Section 5.2). Another
possible factor for the wet bias was the sparse distribution of stations in the QMs. Most
of these stations are located in the valleys of the QMs, and there are elevation errors
between them and the grid points of the model, which may lead to an underestimation of
precipitation [50]. Especially in the western region, precipitation decreases gradually with
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increasing altitude, and the whole layer of atmospheric water vapor is mainly concentrated
below 5000 m.
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From the data we have analyzed, we found that (Figure 4) MME simulated the spatial
distribution characteristics of decreasing precipitation from the southeast to northwest
QM, which is in agreement with Qiang Fang’s research [51]. As an important place in
the atmospheric water cycle in the northwestern arid zone [52], its water vapor transport
process is affected by the westerly wind mode. Moreover, the water vapor content in the
eastern and western parts of the QMs differs significantly due to the blocking effect of the
Qinghai–Tibet Plateau [53]. Figure 4 shows a good agreement between MME and ERA5
over the QMs. The average seasonal precipitation of MME in spring, summer, autumn and
winter was 130.07, 224.62, 95.96, and 29.07 mm, respectively, and that of ERA5 was 98.57,
280.77, 96.85, and 22.64 mm, respectively. There is a precipitation center in the eastern
QMs with an annual precipitation of more than 400 mm. The distribution of precipitation
in this area is consistent with the trend in the mountain, which shows that the QMs play
an important role in the precipitation in this area and the surrounding areas. Previous
studies have shown that the cyclonic vorticity generated by topography is an important
cause of the precipitation in mountainous areas, which leads to the cyclonic convergence
at a low altitude [40]. The QMs are composed of several parallel mountain ranges and
valleys in a northwest–southeast direction, and the westerly airflow is forced to rise when
blocked by the mountain ranges. Therefore, the warm and humid southerly airflow can be
transported northward along the valley passages [54]—especially in the summer, when the
southeast monsoon from the Pacific Ocean significantly increases water vapor the thermal
unevenness of the terrain becomes quite obvious. Additionally, the cyclonic convergence
of the low-level atmosphere and the concentration of water vapor and heat can stimulate



Remote Sens. 2023, 15, 4350 9 of 26

the release of unstable energy, which is conducive to the unstable development of vertical
circulation and leads to the onset of precipitation. The rise of the spokes induced by the
terrain is limited to the lower layers, but the release of latent heat from the atmosphere can
strengthen the warming of the middle and upper floors and the dispersion of the upper
floors. This is conducive to the upward extension and addition of the vertical circulation
of the strong terrain, forming feedback, and eventually leading to a strong increase in
precipitation [55].

Remote Sens. 2023, 15, x FOR PEER REVIEW 9 of 26 
 

 

play an important role in the precipitation in this area and the surrounding areas. Previous 
studies have shown that the cyclonic vorticity generated by topography is an important 
cause of the precipitation in mountainous areas, which leads to the cyclonic convergence 
at a low altitude [40]. The QMs are composed of several parallel mountain ranges and 
valleys in a northwest–southeast direction, and the westerly airflow is forced to rise when 
blocked by the mountain ranges. Therefore, the warm and humid southerly airflow can 
be transported northward along the valley passages [54]—especially in the summer, when 
the southeast monsoon from the Pacific Ocean significantly increases water vapor the ther-
mal unevenness of the terrain becomes quite obvious. Additionally, the cyclonic conver-
gence of the low-level atmosphere and the concentration of water vapor and heat can stim-
ulate the release of unstable energy, which is conducive to the unstable development of 
vertical circulation and leads to the onset of precipitation. The rise of the spokes induced 
by the terrain is limited to the lower layers, but the release of latent heat from the atmos-
phere can strengthen the warming of the middle and upper floors and the dispersion of 
the upper floors. This is conducive to the upward extension and addition of the vertical 
circulation of the strong terrain, forming feedback, and eventually leading to a strong in-
crease in precipitation [55].  

 
Figure 4. Seasonal average precipitation from 1959 to 1988 from MME (a–d) and ERA5 (e–h) for 
spring (MAM), summer (JJA), autumn (SON) and winter (DJF). 

Figure 5 shows the average spatial distribution of the annual precipitation differences 
between 21 models of CMIP6 (a–u), MME (v) and ERA5 in the QMs during the period of 
1959–1988. The results showed that the maximum difference between the 21 models of 
CMIP6 and ERA5 was 739.28 and the minimum was −606.59 mm. The maximum differ-
ence between MME and ERA5 was 396.36 and the minimum was −410.09 mm. MME could 
simulate the characteristics in the central region of the QMs, and the difference ranged 
from −100 to 100 mm. In the northern and northeastern regions, MME showed a dry de-
viation, especially in the northern region, with a maximum difference of 396.36 mm com-
pared with ERA5. At the southern edge of the QMs, MME also showed a significant wet 
deviation, with a maximum value of 410.09 mm in the area south of Qinghai Lake. In the 
Qinghai Lake area, there was a dry deviation opposite to that observed in the surrounding 
area. Figure 6 shows the flood season, July and August, in the QMs. Precipitation could 
reach more than 80 mm, which was mainly due to the influence of the southeast monsoon 
from the Pacific Ocean, which was consistent with Chen’s results [40]. In the context of 
global warming, the strengthening of atmospheric circulation processes and the increase 
in stratum humidity play an important role in precipitation in northwest China, especially 

Figure 4. Seasonal average precipitation from 1959 to 1988 from MME (a–d) and ERA5 (e–h) for
spring (MAM), summer (JJA), autumn (SON) and winter (DJF).

Figure 5 shows the average spatial distribution of the annual precipitation differences
between 21 models of CMIP6 (a–u), MME (v) and ERA5 in the QMs during the period of
1959–1988. The results showed that the maximum difference between the 21 models of
CMIP6 and ERA5 was 739.28 and the minimum was −606.59 mm. The maximum difference
between MME and ERA5 was 396.36 and the minimum was −410.09 mm. MME could
simulate the characteristics in the central region of the QMs, and the difference ranged from
−100 to 100 mm. In the northern and northeastern regions, MME showed a dry deviation,
especially in the northern region, with a maximum difference of 396.36 mm compared with
ERA5. At the southern edge of the QMs, MME also showed a significant wet deviation,
with a maximum value of 410.09 mm in the area south of Qinghai Lake. In the Qinghai Lake
area, there was a dry deviation opposite to that observed in the surrounding area. Figure 6
shows the flood season, July and August, in the QMs. Precipitation could reach more than
80 mm, which was mainly due to the influence of the southeast monsoon from the Pacific
Ocean, which was consistent with Chen’s results [40]. In the context of global warming, the
strengthening of atmospheric circulation processes and the increase in stratum humidity
play an important role in precipitation in northwest China, especially regarding the impact
of horizontal diversion [45,46]. Furthermore, in terms of the difference between MME and
ERA5, ERA5 exhibits an overestimation of precipitation for most of the year (especially
summer and autumn), which is consistent with previous research. This is related to the
composition of the dataset itself. The MME has a flatter curve, which is due to the fact that
the MME could average out both high and low values. This can be seen in Figure S6, where
the curve for the single model CESM2 and the curve for ERA5 are both more volatile.
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In terms of the time series of annual total precipitation in MME and ERA5 from
1959 to 1988 (Figure 7), precipitation in the QMs behaved relatively smoothly until the
abrupt change in the 1990s. The climatic tendency rate of MME was −2.01 mm·10a−1,
which is slightly lower than that of ERA5 (2.82 mm·10a−1). At the same time, it could
be concluded that some models showed wet deviation and some models showed dry
deviation. Furthermore, MME was basically consistent with the precipitation trend in
ERA5, simulating the linear change trend of annual precipitation in the QMs.
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In summary, regarding r, RMSE, STD, BIAS, and the spatial and temporal distribution
of precipitation, MME could effectively reduce the uncertainty of CMIP6 and significantly
improve the accuracy of the research [56]. Therefore, MME was used to estimate and
predict the precipitation.
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4.2. Projections of Changes in Precipitation in the 21st Century

Estimating the future trend in annual precipitation in the QMs was one of the prime
objectives of this study. Therefore, the four typical future scenarios of SSP126, SSP245,
SSP370, and SSP585 were selected for analysis. In addition, the spatial variation charac-
teristics and temporal trends of precipitation in the QMs from 2015 to 2100 were analyzed
using MME.

4.2.1. Spatial Distribution of Precipitation

This study projected the spatial distribution of precipitation in the QMs by the end of
the century (2015–2100) in four scenarios (Figure 8a–d). The difference shown in the pic-
tures is not particularly obvious, so we produced a spatial distribution map (Figure 8e–p)
of the differences between the near-term (2015–2040), medium-term (2041–2070) and long-
term (2071–2100) future precipitation and the historical precipitation in four scenarios
(SSP126, SSP245, SSP370, SSP585). Overall, in the four scenarios, the spatial distribution of
precipitation still showed a decrease from southeast to northwest. Regarding the different
emission scenarios, the increasing trend in precipitation in the SSP126 scenario was not
obvious, continuing the characteristics of the historical period. The average annual precipi-
tation was 515.76 in the short term (2015–2040), 544.34 in the medium term (2041–2070),
and 548.26 mm in the long term (2071–2100). The average annual precipitation in most
areas was concentrated between 220 and 950 mm. In the SSP245 scenario, the average
annual precipitation in the near term, medium term, and long term was 508.78, 538.82,
and 532.70 mm, while the average annual precipitation was concentrated between 240
and 950 mm. In the SSP370 scenario, the average annual precipitation in the short term,
medium term, and long term was 510.84, 541.36, and 581.560 mm, respectively, and the
average annual precipitation was concentrated between 260 and 950 mm. In the SSP585
scenario, the average annual precipitation in the short term, medium term, and long term
was 520.16, 558.32, and 610.14 mm, respectively, and the average annual precipitation was
concentrated between 260 and 1000 mm.
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and the historical period (1959–1988): SSP126 (e,i,m), SSP245 (f,j,n), SSP370 (g,k,o), and SSP585 (h,l,p).
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It was found that precipitation in the QMs exhibited a weak increasing trend over time,
but this is not obvious in the figure. According to the data, the precipitation increase was the
most obvious in the SSP585 scenario. As such, it is necessary to control carbon emissions.

4.2.2. Precipitation Difference

The spatial distribution of the differences in annual precipitation between the projected
and historical periods in future scenarios (Figure 8e–p) further showed the overall change
in average annual precipitation. Based on different emissions scenarios, the annual average
precipitation showed an overall trend of increasing when compared with the historical
period. In this comparison, in the SSP126 scenario, the average increase in short-, medium-,
and long-term annual precipitation was 28.94, 57.52, and 61.44 mm, respectively. Compared
with the historical period, in the SSP245 scenario, the average increase in short-term
(2015–2040), medium-term (2041–2070), and long-term (2071–2100) annual precipitation
was 21.96, 52.00, and 75.89 mm, respectively. In the SSP370 scenario, compared with the
historical period, the short-, medium- and long-term annual precipitation increased by 24.02,
54.54, and 94.73 mm, respectively. In the SSP585 scenario, compared with the historical
period, the average increase in short-term (2015–2040), medium-term (2041–2070), and long
term (2071–2100) annual precipitation was 33.35, 71.50, and 123.32 mm, respectively. At the
same time, the increase in annual precipitation was particularly obvious in the north of the
central QMs, especially in the SSP370 and SSP585 scenarios, where the maximum increase
reached 124.84 and 155.91 mm, respectively.

The average seasonal precipitation differences between the SSPs and historical periods
(Table 4 and Figure 9) showed that in the four scenarios, the future precipitation in each
season in the QMs exhibits an increasing trend compared with the historical period. The
increases, which were especially pronounced in summer, were 21.52, 20.48, 23.00, and
29.24 mm, respectively. Summer showed the largest increase in the four seasons, because
the precipitation in the QMs is mainly concentrated in the summer; meanwhile, the winter
precipitation had the lowest values and increased the least with values of 3.96, 5.17, 6.35,
and 7.77 mm.

Table 4. Average seasonal precipitation differences between SSPs and historical periods.

Difference
(mm) MAM JJA SON DJF

SSP126 17.95 21.52 13.13 4.78
SSP245 18.48 20.48 13.43 5.99
SSP370 20.89 23.00 15.39 7.17
SSP585 25.53 29.24 21.83 8.59

Therefore, based on the different emissions scenarios (CO2, CH4, N2O, and other
gas concentrations), annual precipitation also tends to increase as emissions increase.
Precipitation could affect CO2 emissions by affecting plant growth and soil conditions.
Rainfall is necessary for plant growth and the removal of carbon from the atmosphere
through photosynthesis. In arid regions, plant growth may be restricted due to water
scarcity, resulting in reduced carbon uptake. In addition, precipitation may affect soil
moisture levels, which play a vital role in determining the rate of soil CO2 emissions. Dry
soils tend to release more carbon dioxide than wet soils, so changes in precipitation patterns
could affect how quickly carbon dioxide is released from the ground. Overall, it is clear
that there is a complex interaction between precipitation and carbon dioxide emissions.
Understanding these relationships is critical to implementing effective climate change
mitigation strategies and adapting to the impact of changing weather patterns.
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According to Figure 9, in all scenarios, the recent precipitation increase was not
significant, but the long-term precipitation increase was obvious, especially in the SSP585
scenario. This suggests that carbon emissions have a significant effect on precipitation.

4.2.3. Precipitation Trends

The spatial distribution of the precipitation trend in each season (Figure 10) and the
linear trend (Figure 11) of annual precipitation compared with the historical period in
different future scenarios also showed that annual precipitation in the QMs had always
shown an increasing trend from 2015 to 2100. Since the precipitation in the QMs is mainly
concentrated in the summer (Table 5), the increasing trend in summer was 1.85, 2.77, 3.03,
and 4.45 mm·10a−1 for each of the four scenarios. This was much larger than that observed
in winter (0.35,0.78,1.27, and 1.94 mm·10a−1, respectively). In addition, due to global
warming, the growth trend in spring precipitation was also more obvious with values of
1.80, 3.12, 4.19, and 5.06 mm·10a−1. Finally, for all seasons in the four scenarios, with the
increase in the concentrations of CH4, N2O, and other gases, the precipitation growth trend
was also more pronounced.

Table 5. Trends in average seasonal precipitation.

Trend (mm·10a−1) MAM JJA SON DJF

SSP126 1.80 1.85 1.72 0.35
SSP245 3.12 2.77 2.46 0.78
SSP370 4.19 3.03 3.73 1.27
SSP585 5.06 4.45 4.69 1.94



Remote Sens. 2023, 15, 4350 15 of 26Remote Sens. 2023, 15, x FOR PEER REVIEW 15 of 26 
 

 

 
Figure 10. Trends in the average seasonal precipitation from 2015 to 2100 from the MME: MAM (a–
d), JJA (e–h), SON (i–l), DJF (m–p) (the black dots represent the points that pass the significance test 
at p < 0.05). 

 
Figure 11. Time series of annual total precipitation from 2015 to 2100 from the MME (the shaded 
part represents one standard deviation). 

These results are also consistent with a previous study, which reported that in differ-
ent future scenarios, the climate will be warm and humid due to the emission of green-
house gases [57]. In addition to global warming, another reason for this increase may be 
that the intensity of the Somali equatorial air flow had periodically become stronger [58]. 
From the perspective of atmospheric circulation and water vapor transport, this air flow 
and the eastern precipitation of northwest China have a significant correlation: when the 
Somali equatorial air flow strengthens, the East Asia region’s abnormal easterly wind 

Figure 10. Trends in the average seasonal precipitation from 2015 to 2100 from the MME: MAM (a–d),
JJA (e–h), SON (i–l), DJF (m–p) (the black dots represent the points that pass the significance test at
p < 0.05).

Remote Sens. 2023, 15, x FOR PEER REVIEW 15 of 26 
 

 

 
Figure 10. Trends in the average seasonal precipitation from 2015 to 2100 from the MME: MAM (a–
d), JJA (e–h), SON (i–l), DJF (m–p) (the black dots represent the points that pass the significance test 
at p < 0.05). 

 
Figure 11. Time series of annual total precipitation from 2015 to 2100 from the MME (the shaded 
part represents one standard deviation). 

These results are also consistent with a previous study, which reported that in differ-
ent future scenarios, the climate will be warm and humid due to the emission of green-
house gases [57]. In addition to global warming, another reason for this increase may be 
that the intensity of the Somali equatorial air flow had periodically become stronger [58]. 
From the perspective of atmospheric circulation and water vapor transport, this air flow 
and the eastern precipitation of northwest China have a significant correlation: when the 
Somali equatorial air flow strengthens, the East Asia region’s abnormal easterly wind 

Figure 11. Time series of annual total precipitation from 2015 to 2100 from the MME (the shaded part
represents one standard deviation).

These results are also consistent with a previous study, which reported that in different
future scenarios, the climate will be warm and humid due to the emission of greenhouse
gases [57]. In addition to global warming, another reason for this increase may be that the
intensity of the Somali equatorial air flow had periodically become stronger [58]. From
the perspective of atmospheric circulation and water vapor transport, this air flow and the
eastern precipitation of northwest China have a significant correlation: when the Somali
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equatorial air flow strengthens, the East Asia region’s abnormal easterly wind appears,
and, at the same time, this can easily form the 500 hPa circulation type in Eurasia. This
circulation type would increase precipitation in northwest China [58].

4.3. Changes in the Snow-to-Rain Ratio in the 21st Century

Based on the above analysis of the spatial distribution characteristics and temporal
trends in precipitation in the QMs, keeping the importance of precipitation in northwest
China in mind, this study subdivided precipitation into snowfall and rainfall. In addi-
tion, the temporal and spatial distribution and change trends in historical and future
annual snowfall, rainfall and the snow-to-rain ratio in the QMs were further explored
(Figure 12). As the CESM2-WACCM data were missing, the following analysis used data
from 20 models.
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Figure 12 shows that the snow-to-rain ratio was between 0.1 and 1.1, snowfall was
predominant in the northwest and rainfall was predominant in the southeast. With the
increase in emissions, the snow-to-rain ratio showed a downward trend. In addition, the
spatial distribution of the differences between projected and historical snowfall over the
short, medium and long-term periods from 2015 to 2100 (Figure S2) showed an overall
trend of decreasing. This decreasing trend was significantly accelerated with increasing
emission levels. At the same time, the spatial distribution of the differences between
projected and historical rainfall (Figure S3) showed an overall increase compared with the
historical period.

From 2015 to 2100, in the four scenarios, the average seasonal snow-to-rain ratio of the
QMs (Figure 13) was the highest in winter, with values of 16.77, 17.14, 15.82, and 15.26. This
is mainly because the temperature in winter is low in this region, causing snow to be mainly
concentrated in the winter. The ratio of snow to rain was lowest in the summer, with values
of 0.04, 0.04, 0.03, and 0.03, due to the high temperatures in summer, meaning that this
season mainly experiences liquid precipitation. In addition, the numerical value indicated
that with the increase in emissions, the ratio of snow to rain showed an insignificant
downward trend in both winter and summer.
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Compared with the historical period, the spatial trend (Figure 14) and linear trend
(Figure 15a) of annual snowfall in the future scenarios also showed that during the period
from 2015 to 2100, most of the annual snowfall exhibited a decreasing trend. Meanwhile, the
snow/rain ratio climate tendency rate was concentrated in the range of −10~0.1 mm·10a−1,
and both passed the significance test (p < 0.05). In the SSP126, SSP245, SSP370, and SSP585
scenarios, the average annual decrease rate in snowfall in the entire QM area was 0.42, 2.18,
3.34 and 4.17 mm·10a−1, respectively. Additionally, in the four scenarios of SSP126, SSP245,
SSP370, and SSP585, the maximum reduction in annual snowfall throughout the entire QM
region was 1.65, 4.99, 7.27, and 9.34 mm·10a−1, respectively. This showed that the snowfall
was mainly concentrated in the southeastern and central regions. The reason for this could
be that the altitude of the space over the QMs is smaller than that of the northwest Pacific
Ocean, resulting in the strengthening of the easterly wind over the QM and the formation of
a westward water vapor belt. However, the water vapor flux and temperature were lower
than the average state, indicating that the cold and dry air flow was transported to the
QMs by the easterly wind, and the water vapor radiated over the QMs, making it difficult
for snowfall to form over the QMs [59]. The spatial trend in annual rainfall compared
to the historical period in the future scenarios (Figure 14) and linear trend (Figure 15b)
also showed that from 2015 to 2100, the annual rainfall in the QMs always exhibited an
increasing trend, and the climate tendency rate was between 0 and −30 mm·10a−1; both
passed the significance test (p < 0.05). In the SSP126, SSP245, SSP370, and SSP585 scenarios,
the rates of increase in the average annual rainfall in the entire QM region were 6.20, 11.31,
5.64, and 20.41 mm·10a−1, respectively. Moreover, the maximum increase in annual rainfall
in the entire QM region was 11.21, 18.02, 20.65, and 27.93 mm.10a−1, respectively. The
rainfall was mainly concentrated in the southeast and central regions, which is a finding
that is basically consistent with the area having decreased annual snowfall. This reflects
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the fact that as temperatures increase, the phase change in precipitation is more obvious,
changing from solid to liquid precipitation.
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This conclusion is in line with Deng’s research [60], which suggests that rising tem-
peratures in places that are already near freezing mean that snow will turn to rain and
snowfall will rapidly diminish [60].

5. Discussion
5.1. Factors Affecting Precipitation Changes

This study used 21 models of CMIP6 for the assessment of historical scenarios to
estimate the temporal and spatial trends in precipitation from 2015 to 2100. As is shown
in Figure 10, precipitation in the QMs showed an increasing trend in the four scenarios.
Rainfall (Figure 15a) also showed an increasing trend, while snowfall (Figure 15b) showed
a downward trend. There are many glaciers in the high altitude of the QMs, which could
be a result of the troposphere being more active under a warming climate. Warm air is
more likely to form precipitation in the high-altitude glacial areas of the QMs. At the
same time, precipitation is an important factor affecting the change in the mass balance



Remote Sens. 2023, 15, 4350 19 of 26

of glaciers. Some studies have shown that warming and increased precipitation will lead
to glacier retreat [61,62]. So, in the context of the climate warming, by the middle and late
21st century, the glaciers of the QMs will undergo significant changes [50].

Previous studies of the QMs focused on temperature and precipitation, but little
consideration has been given to radiation and other meteorological variables [63–65]. This
is mainly because it is not possible to conduct routine measurements of these variables. In
addition to precipitation and temperature, other meteorological variables play an important
role in land–air interactions. For example, wind speed strongly affects the transfer of energy,
water, and momentum between land and the atmosphere, and the surface radiant flux
is the driving force behind the surface energy balance [66]. The amount of precipitation
is intimately connected with climate change, which is closely linked to climate drivers
such as the Indian Ocean Dipole (IOD), the El Niño Southern Oscillation (ENSO), and the
Pacific Decadal Oscillation (PDO). For example, researchers have found that the IOD has
an impact on drought episodes over southwest SA relative to the northern parts, and it is
mostly affected by variability in the sea surface temperature (SST) [67].

As the material basis of precipitation, water vapor is the primary physical factor used
to analyze precipitation changes. At present, there are different views on the sources of
water vapor with increased precipitation over this region. Studies have found that the
prevailing westerly wind zone west of 102.5◦E [68] increased water vapor transport to the
northwest after 1987, resulting in increased precipitation [69]. An increase in the height of
the 500 hPa potential in the Mongolia–Baikal region triggers abnormal anticyclonic airflow,
which weakens the east Asian summer wind [70]. Meanwhile, the North Pacific region
is also dominated by abnormal anticyclones, resulting in easterly water vapor transport
to the west at high latitudes. Elsewhere, in the western North Pacific, the combination of
water vapor and cold dry air leads to an increase in precipitation in the northwest region.
However, Xue [71] believed that Xinjiang, the Hexi Corridor, and the eastern part of Qinghai
showed obvious water vapor convergence. In addition, abnormal cyclones over central
Asia transport water vapor from the Arabian Sea and Indian Ocean along the eastern side
of the Iranian Plateau to central Asia. This reduces the amount of water vapor transported
to the northwest region, indicating that the increase in precipitation in the northwest region
mainly comes from the Pacific Ocean. In addition, Chen et al. [72] proposed that water
vapor from the western North Pacific Ocean made an important contribution to increasing
the precipitation in the QMs. The anomalous anticyclones over the Aleutian Islands and
Japan enhanced the easterly water vapor transport in the North Pacific toward the QMs.
This allowed the anomalous water vapor in the Arctic Ocean and the North Pacific Ocean to
converge, which was conducive to the increase in precipitation in the QMs [73]. Therefore,
the change in water vapor from the Pacific Ocean to the QMs in summer remains an open
scientific question. In other words, future research should explore whether water vapor
from the Pacific Ocean is related to the interannual variation in precipitation in northwest
China [71].

Vertical upward movement is the driving factor that forms precipitation. A significant
cyclonic circulation anomaly occurred over central Asia on the north side of the South
Asian High. This indicated that the westerly circulation at the bottom of the central Asian
low trough was stronger, and the summer rainy season was conducive to the enhancement
of the convergence and upward movement of the middle and lower troposphere compared
with the rainy period [71]. By analyzing the abnormal changes in the average vertical
velocity and air temperature at 32.5◦N−50◦N with longitude and altitude during the
rainy period, it was observed that the vertical velocity of 700–200 hPa in northwest China
showed a significant negative anomaly. This indicates that the enhancement of upward
movement was conducive to the formation of water vapor condensation and precipitation
weather [71].

It is well known that the seawater surface temperature directly affects atmospheric
circulation, and as a result, the interdecadal and interannual climates undergo change.
The study found that around the mid-1980s, the significant decadal shift in the Atlantic
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Multidecadal Oscillation (AMO) and Standardized Summer SST over the Indo-Pacific Warm
Pool (IPWP) indices was consistent with the interdecadal shift in summer precipitation
in the northwest territories [73]. The correlation coefficients of the 11-year average AMO,
IPWP correlation coefficient, and precipitation indices were 0.64 and 0.79, respectively,
which were significant at the 99% confidence level. This indicates that the decadal variation
in summer precipitation in northwest China was closely related to NA (0◦–55◦N, 0–60◦W)
and IPWP ocean warming. When both the AMO and IPWP indices are in a positive phase,
summer precipitation tends to be abundant in the northwest region [73].

Based on the above analysis, we found that the increase in precipitation in the QMs
was closely related to atmospheric circulation and the emissions scenario. Water vapor is
the material basis of precipitation, and vertical upward movement is the driving factor
of precipitation; the SST also directly affects the atmospheric circulation. Therefore, it is
highly important to explore the influence of atmospheric circulation on precipitation in the
QMs, which can be studied in the future.

5.2. The Biases and Uncertainty of the Models

Several studies have shown that the applicability of CMIP6 models varies considerably
in different regions of the world [74,75]. It is well known that many climate model products
have serious shortcomings in terms of precipitation accuracy in high-altitude mountain-
ous areas. These deviations can result from an initial condition bias for atmospheric
and oceanic scenarios, physical scenario bias, parametric scheme deviation, and model
uncertainty [41,42].

In any model, one source of model uncertainty is convection schemes. The convective
scheme has an impact on many aspects of the model simulation, the most important of
which is the monsoon simulation. Since the representation of the monsoon state was
not explicitly adjusted or tweaked during the model development process, the monsoon
simulation was the end product of many other changes and improvements to the multiple
parameterizations and formulations in models. Increased moisture sensitivity in deep
convection also contributes to model uncertainty. This factor, combined with a warmer
SST within the equatorial belt, means that convection is more easily initialized and leads
to greater precipitation over land areas involved in the monsoon circulation [76]. In
addition, intra-seasonal variability is also enhanced, and these changes in the convective
scheme make it easier for the Madden Julian Oscillation (MJO) and the Boreal Summer
Intra-seasonal Oscillation (BSISO) events to initialize in the Indian Ocean and propagate
eastward and northward, respectively. The QMs are also influenced, to some extent, by the
warm and humid air masses of the Indian Ocean during the height of summer. This makes
the precipitation in the QMs more variable.

In terms of climate sensitivity, clouds affect the Earth’s water budget through precipi-
tation and the Earth’s energy budget by regulating solar energy reaching the surface and
capturing terrestrial radiation that would otherwise escape to space. This affects the climate,
especially precipitation. In the Fifth Assessment Report (AR5) of the Intergovernmental
Panel on Climate Change (IPCC), clouds and their feedback were explicitly identified as
one of the main remaining challenges in accurately modeling future climate scenarios
(IPCC, 2013). Also, internal variability in SST and uncertainty in aerosols in climate models
are also sources of bias, which have been found to make it difficult to reproduce decadal
variability in the east Asian summer monsoon (EASM) [77].

In terms of a single pattern, taking CESM2 as an example, one of the major sources
of bias is climate sensitivity. Gettelman’s analysis suggests that the increased climate
sensitivity in CESM2 has arisen from a combination of seemingly small changes to cloud
microphysics and boundary layer parameters. In addition, this has arisen from land
parameter changes that were introduced late in the development process, along with the
introduction of more realistic clouds with Cloud Layers Unified By Binormals (CLUBB) [78].
Although the warm tropical SST and improvements in the convective scheme in CESM2
have resulted in an overall improvement in tropical precipitation and a clear impact on
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monsoon precipitation in particular, there is still a considerable systematic error in tropical
SST. The higher climate sensitivity in CESM2 compared to CESM1 produces greater tropical
warming and precipitation increases. Gettelman et al. (2019) [79] showed that cloud
feedback in CESM2 has led to an increased equilibrium climate sensitivity, meaning that a
doubling of CO2 has a larger impact on surface temperatures in CESM2. The mean state
in CESM2 is cloudier, warmer, and rainier [80]. This was also verified by our evaluation
of a single model of CESM2 (see attachment), which showed obvious wet bias in both
temporal and spatial distribution (Figures S5–S7). These biases range from being relatively
minor, such as local precipitation errors without discernable global affects, to biases that
can have significant climate effects such as the moisture deviation in the QMs in CESM2
simulations. The moisture deviation can perhaps be tuned away at the expense of the
possible appearance of other biases. There are also much more persistent biases such as
the incorrect separation and path of the Gulf Stream–North Atlantic Current system, with
accompanying large SST and surface salinity biases. This latter class of biases can have
significant climate effects and thus affect precipitation as well, but no robust remedy exists
to alleviate them in non-eddy-permitting/non-eddy-resolving ocean models usually used
in climate simulations [78].

In this study, MME was chosen to study precipitation in the QMs, which performed
relatively well and presented precipitation trends that were almost consistent with the
observed data. However, there is still a large uncertainty and room for improvement, as a
certain wet bias was presented. In addition to the previous convection scheme of climate
sensitivity, this is also related to the simulation of precipitation in mountainous areas
and requires higher simulation accuracy. In addition, the existing computational power
and applicability of the parameterization scheme make it difficult to meet the simulation
requirements. Moreover, each model has its own unique parameterization scheme and
model input, so their simulation results can vary greatly.

In addition, there are few observatories in the QMs due to the harsh natural condi-
tions in high-altitude mountains. Most of these observatories are located in the valleys
of the QMs. Consequently, there are elevation errors between them and the grid points
of the model, which may lead to an underestimation of precipitation. The non-uniform
distribution of observatories may also lead to inaccurate model evaluations in areas with
few observatories. These deficiencies in the observational data may affect the evaluation
of the model in that area [8,81]. So, if the output of the CMIP6 model is corrected, biases
may also occur. This is because the precipitation correction of the model is based on the
observed data of precipitation. Spatial interpolation methods based on a small number
of stations may result in unavoidable errors in alpine regions. Previous studies [82] have
depicted that there are differences in precipitation intensity and precipitation frequency
from lowland to alpine regions. The interpolation method has been inadequate for precipi-
tation applications in alpine regions. Therefore, improving the precipitation observation
accuracy in the QM region is an important basis for future studies of precipitation and
extreme precipitation [50].

It is worth mentioning that the horizontal resolution of the CMIP6 global climate model
was still relatively low in the study of regional climate change. The ability to simulate the cli-
mate in the complex terrain of the QMs remained insufficient [83]. Therefore, in the future, it
is necessary to use high-level resolution regional climate models for dynamic downscaling
research. Alternatively, an efficient statistical downscaling method could be developed to
conduct special prediction studies on the climate of the QMs [84]. To avoid conflating uncer-
tainty in the response of models to a given forcing, it is strongly recommended that models
are integrated with the same forcing in the entry card historical simulations and for the
forcing uncertainty to be sampled in supplementary simulations [42]. Although this study
has analyzed the current variability in precipitation, further research is required to study
the relationships between the simulation errors and uncertainties in ensembles of future
projections. To explore the causes of uncertainty and systematic errors in individual climate
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model simulations, experiments with explicit control of parameter perturbations [85] are
required to distinguish the main drivers of uncertainty.

6. Conclusions

Using ERA5 and observations from meteorological stations, this study systemati-
cally evaluated the 21 annual global climate models of CMIP6 in the historical period
(1959–1988). The temporal and spatial changes in annual precipitation and the precipitation
phase (annual snowfall and rainfall) in different future scenarios (SSP126, SSP245, SSP370,
and SSP585) were analyzed. The main conclusions are as follows:

(1) The CMIP6 models exhibited reasonable simulation ability for the spatial distribution
of annual precipitation in the QMs. In the historical period, MME was concen-
trated between 476.99 and 546.96 mm, ERA5 was concentrated between 406.11 and
587.07 mm, and the simulation results were the best in the central region, with an error
between −100 and 100 mm. Simulations were low in the north and northeast, and
they were high in the south and southeast. The climatic tendency rate of MME was
−2.01 mm·10a−1, which was slightly lower than that of ERA5 (2.82 mm·10a−1). It can
be seen that MME and ERA5 have a high degree of agreement overall.

(2) Precipitation and rainfall showed a decreasing trend from southeast to northwest;
the more severe the emissions scenario, the more significant the observed decreasing
pattern. The trend in snowfall and the snow-to-rain ratio were reversed, showing an
increasing trend from southeast to northwest. As the emissions scenario (concentra-
tions of CO2, CH4, N2O and other gases’) became more severe, the increase became
more significant.

(3) Regarding the time scale, the precipitation in the historical period (1959–1988) fluctu-
ated and rose. From 1959 to 1988, the average seasonal precipitation of MME in spring,
summer, autumn, and winter was 130.07, 224.62, 95.96, and 29.07 mm, respectively,
and that of ERA5 was 98.57, 280.77, 96.85, and 22.64 mm, respectively. From 2015 to
2100, the difference between the future and historical period from MME, which was
especially pronounced in summer, was 21.52, 20.48, 23.00, and 29.24 mm in spring,
summer, autumn, and winter, respectively. Meanwhile, the climate tendency rates
of average precipitation from MME in spring, summer, autumn, and winter were
5.73, 9.15, 12.23 and 16.14 mm·10a−1, respectively. The flood season in the QMs is
July and August, and precipitation could reach more than 80 mm. Rainfall rates also
rose, while the snowfall and snow-to-rain ratio showed a downward trend; the higher
emissions scenario (concentrations of CO2, CH4, N2O, and other gases) resulted in a
more significant reduction.

(4) During the period 2015–2100, the snowfall ratio ranged from 0.1 to 1.1. The annual
snowfall showed a decreasing trend, the climatic tendency rate ranged from −10 to
0.1 mm·10a−1, and the rainfall always showed an increasing trend (0–30 mm.10a−1),
with both passing the significance test (p < 0.05). The snow-to-rain ratio was the
highest in winter in the four scenarios, with values of 16.77, 17.14, 15.82, and 15.26,
because snow is mainly concentrated in winter.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs15174350/s1, Table S1. Models that fail the significance test.
Figure S1. Spatial distribution of annual seasonal precipitation during the period 2015–2100 from the
MME: MAM (a–d), JJA (e–h), SON (i–l), and DJF (m–p). Figure S2. Spatial distribution of differences
in annual snowfall over the QMs between four different SSPs (2015–2040, 2041–2070, 2071–2100) and
historical period (1959–1988) from MME: SSP126 (a–c), SSP245 (d–f), SSP370 (g–i), and SSP585 (j–l).
Figure S3. Spatial distribution of annual rainfall differences over the QMs between four different SSPs
(2015–2040, 2041–2070, 2071–2100) and the historical period (1959–1988) from MME: SSP126 (a–c),
SSP245 (d–f), SSP370 (g–i), and SSP585 (j–l). Figure S4. Spatial distribution of the annual seasonal
S/R ratio trend during the period 2015–2100 from the MME: MAM (a–d), JJA (e–h), SON (i–l), DJF
(m–p). Figure S5 Seasonal average precipitation from 1959 to 1988 from CESM2 (a–d) and ERA5
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(e–h) for spring (MAM), summer (JJA), autumn (SON) and winter (DJF). Figure S6. Annual cycles of
mean monthly precipitation from CESM2 (blue line) and ERA5 (red line) during the period 1959–1988.
Figure S7. Time series of annual total precipitation from CESM2 (blue line) and ERA5 (yellow line)
during the period 1959–1988 (the shaded part represents one standard deviation).
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