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Abstract: Using data from the Integrated Global Radiosonde Archive Version 2 (IGRA2) and the Multi
Model Ensemble (MME) of four global climate models (GCMs), named CanESM5, IPSL-CM6A-LR,
MIROC6, and MRI-ESM2-0, within the framework of phase 6 of the Coupled Model Intercomparison
Project (CMIP6), we analyzed the changes in atmospheric total column water vapor (TCWV) over
Central Asia in the future (2021–2100) under SSP-RCPs scenarios: SSP1-1.9, SSP1-2.6, SSP2-4.5,
SSP3-7.0, SSP4-3.4, SSP4-6.0, and SSP5-8.5, relative to baseline period (1986–2005). Results showed
that the annual mean TCWV from IGRA2 was consistent with the model output from 1979 to 2014 in
Central Asia. Besides, the spatial distribution of TCWV in Central Asia during the baseline period
was consistent between the models. The regional average value of Central Asia was between 10.8
mm and 12.4 mm, and decreased with elevation. TCWV will increase under different SSP-RCPs from
2021 to 2040, but showed different trends after 2040. It will increase under SSP1-1.9 and SSP1-2.6
scenarios from 2021 to 2050, and decrease after that. It will grow from 2021 to 2055 under SSP4-3.4
scenario, and then stay essentially constant. Under SSP2-4.5 and SSP4-6.0 scenarios, TCWV will rise
rapidly during 2021–2065, but the growth will decline from 2065 to 2100. TCWV will continue to
increase under SSP3-7.0 and SSP5-8.5 scenarios, and the largest increase is projected under SSP5-8.5
scenario. Change in near-surface temperature (Ts) matched the change in TCWV, but changes in
precipitation and evapotranspiration are not significant during 2021–2100. In spite of the large
variations in TCWV under different SSP-RCPs, the dominant characteristic in all scenarios shows that
a large TCWV increase is demonstrated over areas with small TCWV amounts during the baseline
period. On the contrary, increases will be small where the TCWV amounts had been large during the
baseline period. The change in TCWV is highly correlated to the increase in Ts in Central Asia. Under
SSP2-4.5, SSP3-7.0, SSP4-3.4, SSP4-6.0, and SSP5-8.5 scenarios, the higher the temperature due to
higher radiative forcing, the steeper the regression slope between TCWV and Ts change. It is closest
to the theoretical value of the Clausius-Clapeyron equation under SSP3-7.0 and SSP5-8.5 scenarios,
but not presented under other scenarios. Spatially, steeper regression slopes during 2021–2100 have
been found around the Caspian Sea in the southwest and in the high-elevation areas in the southeast
of Central Asia, which is likely related to the abundant local water supply for evaporation.
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1. Introduction

Global warming is a widely accepted phenomenon; despite being complex, it has become a global
research hotspot since the last century. According to the fifth assessment report of Intergovernmental
Panel on Climate Change (IPCC), the global mean surface air temperature will rise 2.6~4.8 ◦C by the
end of the 21st century under the Representative Concentration Pathway (RCP) 8.5 [1]. This would
cast a tremendous impact on the global and regional climate [2], and can change the mechanism of
moisture circulation between oceans and continents. The rising temperatures can lead to increased
evapotranspiration, which means more water vapor entering the atmosphere and being held, and
the hydrological cycle could become more active [3]. The atmospheric water vapor content is of
special importance to the formation of precipitation, which plays a crucial role in radiation balance
and the hydrological cycle in the climate system [4–8]. The atmospheric water vapor can condense to
form clouds, which influence the heating rate and circulation greatly, and strongly affects the cloud
properties and their spatial and vertical distribution, thereby potentially affecting the atmospheric
column and surface radiation energy budgets [6]. The water vapor is the most abundant greenhouse
gas (GHG) in the atmosphere, and can amplify the effect of other GHGs through positive feedback [9].
The atmospheric boundary layer, which is the lowest portion of the troposphere, is in contact with
the source of water in the Earth’s oceans, and on its land surfaces, holds most of the atmospheric
moisture. Increased evapotranspiration due to global warming may also result in a reduction to
land surface water supplies and cause local droughts [10]. The atmospheric water vapor has high
spatial and temporal variability [11]. Globally, it is certain that the troposphere has warmed since the
mid-20th century, and likewise, the global near surface and tropospheric air specific humidity have
also increased since the 1970s [12]. The tropospheric specific humidity has increased about 3.5% in the
past 40 years, which is consistent with the observed temperature change of about 0.5 ◦C during the
same period [1]. Global warming can increase the melting intensity of glacial cover of the planet that
could lead to significant changes in the global water cycle [13].

The water vapor change can be attributed to human influence with medium confidence. Thus,
it is important to investigate the long-term changes in atmospheric water vapor and their relationship
with temperature, for a better understanding of future climate changes [6,8]. For simulations of past,
current, and future climate trends and variability, the Coupled Model Intercomparison Project (CMIP)
has become one of the fundamental elements of climate science [14], and a central pillar of national
and international assessments of climate change [12]. Consisting of historical simulations and future
climate changes given internal climate variability, predictability, and uncertainties in scenarios, Phase 6
of the Coupled Model Intercomparison Project (CMIP6) was designed to fill the scientific gaps of the
previous CMIP5. One of its objectives is to better understand past (1850-near present), present, and
future (2015–2100 or 2300) climate change arising from natural, unforced variability, or in response to
changes in radiative forcing in a multi-model context. The comprehensive assessment model, based on
a new approach to future social development, combines the Shared Socioeconomic Pathways (SSPs)
with RCPs, and is called the Scenario Model Intercomparison Project (ScenarioMIP), it’s the primary
activity within CMIP6, that will support multi-model climate projections based on alternative scenarios
of future emissions and land use changes produced with integrated assessment models [15–17].
It provides a new set of emissions and land use scenarios based on the SSPs, and the forcing level
usually refers to the forcing achieved in 2100 [18]. Compared with the scenarios only concerning various
emission conditions designed in CMIP5, the ScenarioMIP in CMIP6 is designed with combinations
of socioeconomic developments and the feedback of global climate changes. The improvements of
CMIP6 were not only retains the four typical emission paths of CMIP5 (RCP2.6, RCP4.5, RCP6.0, and
RCP8.5), but also adds three new emission paths, RCP1.9, RCP3.4, and RCP7.0 [19]. The new scenarios
combine SSP1, SSP2, SSP3, SSP4, and SSP5 of five socio-economic paths, with the emission intensity of
1.9 W m−2, 2.6 W m−2, 3.4 W m−2, 4.5 W m−2, 6.0 W m−2, 7.0 W m−2, and 8.5 W m−2, to form seven
future SSP-RCP scenarios, including SSP1-1.9 (represents the very low end of the range of scenarios),
SSP1-2.6 (combination of low societal vulnerability and low forcing level), SSP2-4.5 (combination of
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intermediate societal vulnerability and intermediate forcing level), SSP3-7.0 (combination of relatively
high societal vulnerability and relatively high forcing level), SSP4-3.4 (fills a gap at the low end of the
range of future forcing pathways with intermediate societal vulnerability), SSP4-6.0 (fills in the range
of medium forcing pathways with intermediate societal vulnerability), and SSP5-8.5 (combination of
high societal vulnerability and high forcing level). The new scenarios are part of the preparation of
the Sixth Assessment Report (AR6) of the IPCC [16–19]. The types of model experiments to be run
by the CMIP6 climate model groups divided into two tiers differentiated by priority—Tier 1 and Tier
2 respectively. Tier 1 includes RCP2.6, RCP4.5, and RCP8.5 forcing levels, and an additional forcing
scenario (SSP3-7.0), with particularly high aerosol emissions and land use change. Tier 2 includes
additional scenarios of interest, as well as additional ensemble members and long-term extensions. A
more detailed depiction of each scenario and its rationale in O’Neill et al. (2016) [15].

Central Asia is located far from the ocean, and moisture advection is low. During the past four
decades, Central Asia has seen remarkable warming: the near surface air temperature (Ts) has increased
rapidly since the 1970s [2,20], at a rate of 0.36–0.42 ◦C per 10 years from 1979 to 2011 [21]. Climate change
can significantly affect the distribution of water resources in space and time, and also affect the amount
of water resources, as has been proven by many scientific studies. Atmospheric moisture is an
important part of the water cycle, and plays a particularly important role in the energy balance, the
material migration and the ecological system in the arid and semi-arid regions. In some extreme
arid regions, it has become an element that restricts social development, with the fragile ecological
environment depending on it. In view of these, this study focuses on the variation of the atmospheric
total column water vapor (TCWV) in Central Asia. It is not only the average state of the atmospheric
TCWV that is of relevance—the decadal variations and the spatial and temporal distribution in Central
Asia need to be studied indeed. According to the traditional Clausius–Clapeyron relationship, the
atmospheric water vapor increases by roughly 7% per degree Celsius of global warming [22]. Whether
this relationship applies to the atmospheric water vapor in Central Asia, will be reflected in this
study. Numerous studies and observations revealed that surface humidity and tropospheric humidity
were increasing with the increase of atmospheric temperature over the last several decades [12,23].
Therefore, it is necessary to study the relationship between TCWV and temperature in utilizing future
climate models. At present, the changes in the relationship between TCWV and Ts in Central Asia
have not been studied by using models from CMIP6.

The outline of the paper is organized as follows. Section 2 presents the study area and the data
sets used in this study. To compare the observed and CMIP6 data, interpretations of the spatial
characteristics and temporal variations of TCWV in past and in future (2021–2100) in Central Asia are
shown in Section 3. A summary and concluding remarks are presented in Section 4.

2. Study Area and Data

2.1. Study Area

Central Asia (Figure 1) is located in the hinterland of the Eurasian continent, with an area of
3.882 × 104 km2. The population is about 60 million in five countries: Uzbekistan, Turkmenistan,
Kyrgyzstan, Tajikistan, and Kazakhstan [24,25]. The study region in this paper is defined between
35–55◦ N and 50–80◦ E, including oases, deserts, mountains, hills and plains, with a mean elevation of
1206 m above sea level [26]. The Central Asian countries are located in the arid and semi-arid climate
zone. The climate is continental, with scarce precipitation and high evapotranspiration, where without
irrigation, it is impossible to cultivate and to sustain crops. There are great changes in topography and
landforms in Central Asia, and water resources are unevenly distributed in space and time. There are
many lakes in the mountains and plains of Central Asia, such as the Caspian Sea, and Lakes Aral and
Balkhash. Central Asia has approximately 170–180 km3 of surface water resources, and more than 90%
of it is used for irrigation [13]. Lack of water resources restricts the productivity in the industry and
agriculture sectors, and affects the relationship between the five countries. Most rivers originate in
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the high elevation mountains of Central Asia, with most of the runoff supplied by glacial and snow
melt. The glaciers of Central Asia occupy an area of 17,950 km2 and unevenly distributed over the
territories of the Central Asian countries [27]. Glaciers melt, especially during the summer, and climate
change and intensive irrigation affect the state of glaciers. Asian glaciers have been melting since
the 1960s at a constant rate, due to the increase in temperature. As in many other parts of the world,
glaciers in the Tien-Shan mountains have been retreating since the end of the Little Ice Age (LIA) in
the mid-nineteenth century, a tendency that has accelerated since the 1970s [28]. The total amount of
fresh water in Central Asia is about 1.09 × 1012 m3, however, the usable water resources are only about
2.66 × 1011 m3, of which surface water is about 2.38 × 1011 m3 [29,30]. Understanding climate change
in Central Asia is of great significance to advocate right decisions about the use of water in response to
climate change.
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2.2. IGRA Data

In situ observations are undoubtedly the most valuable reference for measuring the performance
of reanalysis products and climate models. However, two realistic limitations are that their spatial
coverage is extremely limited, and that temporal continuity is too short. For this study, the radiosonde
data derived from the Integrated Global Radiosonde Archive Version 2 (IGRA2) are used. IGRA2
replaces IGRA Version 1 as the baseline upper-air dataset produced by the National Oceanic and
Atmospheric Administration (NOAA)/National Climate Data Center (NCDC), and updated in August
2016. The IRGA2 data contain more than 2000 globally distributed radiosonde stations. There are
few IGRA2 stations in Central Asia. According to the data quality, we chose five sites, as is shown in
Figure 1. More information about the radiosonde stations is described by Jie Jiang [31].

The daily 00:00 (UTC, same below) and 12:00 detection results, including temperature, pressure,
geopotential height, relative humidity, dew point depression, wind direction and speed, are provided
at 11 standard pressure levels (1000, 925, 850, 700, 500, 400, 300, 250, 200, 150 and 100 hPa). All data
have gone through a strict quality control process. The monthly means are computed using the daily
data over the period from 1979 to 2014.
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The TCWV is calculated by integrating the specific humidity from radiosonde observations from
the surface to 300 hPa, using the formula expressed as below:

TCWV = −
1
g

∫ p0

ps

qdp ≈ −
1
g

p0∑
ps

qi∆pi (1)

where TCWV is the vertically integrated water vapor from the ground surface (ps) to p0; ps is the
surface air pressure in hPa; p0 is set to be 300 hPa; g (=9.8 m s−2) is the gravitational acceleration; i is
the isobaric layer, q is the specific humidity, and p is the air pressure in hPa. In practice, as the right
half of the formula (1), it is generally calculated by summing the difference of specific moisture on each
standard isobaric surface of sounding observation [32]. Since IGRA2 contains the vapor pressure only,
we calculated specific humidity using the following formula [33]:

q = −0.622
e

p− 0.379e
(2)

where q (kg kg−1) is the specific humidity, e is the vapor pressure in hPa and p is the air pressure at
each level.

2.3. CMIP6 Data

At the time of writing (June 2020), there were only four global climate models (GCMs) containing
all of the seven SSPs-RCPs scenarios that had become available from CMIP6. Therefore, the pivotal
focus of this study is to cover all the seven SSPs-RCPs scenarios, rather than the number of models.
The CMIP6 four models used in this study are listed in Table 1 together with their horizontal resolution.
For comparison purposes, all datasets were interpolated to the same resolution, 0.5◦ × 0.5◦, using the
bilinear interpolation method. These models include both retrospective all-forcing historical climate
simulations (with specified anthropogenic and natural external forcing) from 1850 to 2014, and the
future projection period is 2015–2100. The TCWV outputs from the four CMIP6 models (Table 1) were
analyzed in this study, and only the first ensemble run (“r1i1p1f1”) is used here if a model had multiple
ensemble simulations.

Table 1. Summary of the four Coupled Model Intercomparison Project (CMIP6) models used in
this study.

Model Name Horizontal Resolution (Lon × Lat) Modeling Center

CanESM5 ~2.8◦ × 2.8◦ Canadian Centre for Climate Modelling
and Analysis, Canada

IPSL-CM6A-LR 2.5◦ × 1.2676◦ IPSL, France
MIROC6 1.4063◦ × 1.40◦ AORI-UT-JAMSTEC-NIES, Japan

MRI-ESM2-0 ~1.125◦ × 1.12◦ MRI, Japan

In this study, seven scenarios, as shown in Figure 2, have been selected for analysis. Compared
with the scenarios of CMIP5, SSP1-1.9, SSP4-3.4, and SSP3-7.0 in CMIP6 are updated emission and
land use scenarios [19]. The historical simulation period of the four models is 1850–2014, and the
future projection period is 2015–2100. In this paper, the period from 1986 to 2005 was determined
as the baseline period for the comparative analysis of future projections, including the analysis of
changes in water vapor in the whole atmospheric column, in near surface temperature, precipitation,
and evapotranspiration under different scenarios. Projections of responses to scenarios, and associated
impacts, may use a more recently commonly used reference period, which can counteract historical
observations and avoid uncertainty in past and future changes. Moreover, two recent baseline periods
are used in the Special Report on Global Warming of 1.5 ◦C: 1986–2005 and 2006–2015 (global surface
mean temperature in 1986–2005 was 0.61 ◦C warmer than the preindustrial levels [34]). Therefore, we
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selected 1986–2005 as the baseline period, which is a more scientifically meaningful choice, especially
as it was frequently used in the fifth assessment report of IPCC [15].Atmosphere 2020, 11, x FOR PEER REVIEW 6 of 15 
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Figure 2. SSP-RCP scenarios matrix illustrating ScenarioMIP simulations (indicated by different colors).
Each cell in the matrix indicates a combination of Shared Socioeconomic Pathways (SSPs) and the
Representative Concentration Pathways (RCPs). The vertical represents the future level of radiation
forcing, and the forcing level usually refers to the forcing reaching in 2100. The seven values of rows
represent radiation levels achieved 1.9, 2.6, 3.4, 4.5, 6.0, 7.0 and 8.5 W m−2 respectively by the end of the
21st century, and they are represented by different colors (i.e., blue is 1.9 W m−2, light blue is 2.6 W m−2,
and bright red is 8.5 W m−2, and so on). Five columns represent five different SSPs and are marked red
on the bottom of the panel. The colored cells represent seven SSP-RCP scenarios used in this study.

3. Results and Discussion

3.1. Evaluation of Historical TCWV Based on Radiosonde Observations

The TCWV values were calculated using observational data from five sounding stations in Central
Asia, and compared with the simulation data from GCMs for 1979–2014. The period selected in Figure 3
is during 1979–2014, and it contained 432 months of data. In Figure 3, each point presents a month’s
data—the average of the daily 00:00 and 12:00 IGRA2 data, n represents the number of months actually
used for comparison. The linear correlation analysis of IGRA2 data and CMIP6 data is carried out,
and calculated a regression formula and regression coefficient, the correlation coefficient, and the root
mean square error. In Figure 3, three of the five sites (AKTOBE, ZHEZKAZGAN, PAVLODAR) have
very good correlations, and the regression coefficient and correlation coefficient are almost close to 1.
The CMIP6 data of the other two sites, ATYRAU and TARAZ, are smaller than the IGRA2 data; consider
the locations of these two sites in Figure 1, ATYRAU is on the edge of the Caspian Sea and TARAZ
is on the edge of the Pamir Plateau, both are present in the land cover transition zone with complex
climate, it may cause the deviation in results. This indicates that TCWV obtained from the CanESM5,
IPSL-CM6A-LR, MIROC6, and MRI-ESM2-0 models can be used to characterize the magnitude of
TCWV in Central Asia.
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Figure 3. Scatter plot of monthly total column water vapor (TCWV) in historical CMIP6 four model’s
simulation against sounding stations measured TCWV at five stations: (a1–a4) AKTOBE, (b1–b4)
ZHEZKAZGAN, (c1–c4) ATYRAU, (d1–d4) PAVLODAR, (e1–e4) TARAZ from 1979–2014 in Central
Asia. Each column represents data from different stations compared within the same CMIP6 model.
The solid line is the 1:1 line, and the dash one represents the ‘regression line’. n represents the number
of months actually used for comparison; RMSE is the root mean square error between the observed
data and CMIP6 data.

3.2. Historical TCWV for Reference Period 1986–2005

The spatial distribution of annual TCWV from different GCMs during the baseline period
(1986–2005) is shown in Figure 4. The spatial patterns of TCWV in the Central Asian region during
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the baseline period were similar, with the areal averaged value from the CanESM5 model being the
smallest, with about 10.8 mm, and the one from the MIROC6 model being the highest, with about
12.4 mm. Spatially, TCWV is small in the east and large in the west. The column of atmosphere
decreases with altitude, so the higher elevation region has smaller TCWV amount, while the lower
elevation region has the higher TCWV amount. This is mainly related to the fact that TCWV amounts
are obtained by integrating water vapor from the ground to the top of the atmosphere. With higher
elevation, the air column is shorter, and the TCWV amount is naturally smaller. Moreover, the results
showed that the lower elevations have large areas of water body, such as the Caspian Sea, which also
contributed a lot to the local water vapor amount.
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Figure 4. Spatial distribution of TCWV in Central Asia during the baseline period 1986–2005. The areal
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3.3. Projected TCWV for 2021–2100

Taking Central Asia as a whole, the CMIP6 Multi Model Ensemble (MME) projected higher TCWV
amounts during the period 2021–2100, relative to the baseline period 1986–2005, under the future
scenarios SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP4-3.4, SSP4-6.0, and SSP5-8.5. Figure 5 shows the
differences among the models. We define the uncertainty range of the climate models as the change
between the maximum and minimum values of the four GCMs, and represented by light-colored
bands in Figure 5. According to Figure 5a, the variation trend of TCWV by each scenario is roughly the
same by 2040, with an increasing trend. After 2040, the projected TCWV under different scenarios
begins to diverge. Under SSP1-1.9 and SSP1-2.6 scenarios, areal averaged TCWV will increase from
2021 to 2030, followed by a slight increase of nearly a decade, and then gradually decrease since the
end of the 2030s, especially under SSP1-1.9 scenario. Under SSP4-3.4 scenario, the TCWV will grow
from 2021 to 2055 by about 10%, and then without significant changes until 2100. Under SSP2-4.5 and
SSP4-6.0 scenarios, TCWV will grow rapidly from 2021 to 2065 (by about 15%), and after that show a
lower growth rate from 2065 to 2100, continued with an overall growth rate of about 5% relative to
the baseline period (1986–2005). UnderSSP3-7.0 and SSP5-8.5 scenarios, a strong increasing trend is
projected, with the largest and fastest increase in TCWV under SSP5-8.5. The SSP3-7.0 and SSP5-8.5
scenarios depict a rise from 5% in 2021 to 45% and 60%, respectively, by the end of the 2090s.
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As shown in Figure 5b, the trend of temperature in Central Asia is the same as TCWV. The change
in Ts in Central Asia from 2021 to 2100 under different scenarios is highly consistent with the change
in TCWV, indicating that temperature is most closely related to TCWV. Under SSP3-7.0 and SSP5-8.5
scenarios, the Ts increase in the most Central Asia with an increase of about 5.0 ◦C and 7.0 ◦C,
respectively, by the end of 2090s compared with 2020s, whereas it increases about 6.0 ◦C and 8.0
◦C, respectively, by the end of 2090s, compared with the baseline period (1986–2005). Figure 5c,d
visualize that the changes in precipitation and evapotranspiration in Central Asia from 2021 to 2100
are insignificant; it can be concluded that precipitation and evapotranspiration are not significantly
related to TCWV.
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3.4. Spatiotemporal Variation of Projected TCWV

Figure 6 shows the changes of TCWV at four 20-year periods—2021–2040, 2041–2060, 2061–2080,
and 2081–2100—under 7 scenarios. In comparison with Figure 5a, it is evident that the changes of TCWV
in Central Asia in each period are significantly different from those in the baseline period (1986–2005).

Under SSP1-1.9 scenario, TCWV in Central Asia will increase slightly during the periods 2021–2040
and 2041–2060, and then falls back to the level of the 2020s during the periods 2061–2080 and 2081–2100.
Under SSP1-2.6 scenario, TCWV will increase during the first three periods, and then decline 2081–2100.
Under other scenarios, increases will continue through all periods, but with different amplitudes. In
the case of SSP5-8.5, the continuous increase will be most rapid, with TCWV rising from 11.9% at
2021-2040 to 49.9% at 2081–2100, relative to the baseline period (1986–2005). The last three periods
showed an accelerated growth relative to the previous period. In the case of SSP3-7.0, it will rise by
38.3% at 2081–2100 relative to the baseline period, which is lower than that in the case of SSP5-8.5,
with no acceleration. For SSP2-4.5, SSP4-6.0, and SSP4-3.4 scenarios, the first three periods will show a
growing trend, but with growth rate slowly down from the first three periods to 2081-2100. Combined
with Figure 5a,b, it can be found that the increase in TCWV is related to the increase of air temperature,
and it also rises with the radiative forcing level. According to the spatial characteristics of TCWV
changes in Figure 6, it is obvious that the regions with high TCWV amounts, such as the low-elevation
area around the Caspian Sea in the southwest, showed a small increase relative to the baseline period
(1986–2005), while the regions with low TCWV amounts, such as the high-elevation areas in the
southeast, have a substantial increase. The results show that the higher the altitude, the greater the
increase of TCWV; the temporal variation of TCWV was different under different scenarios and different
periods. One possible driving factor is that, with global warming, the water vapor transport between
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the ocean and the land is enhanced, and the long-distance water vapor transport mainly occurs above
850hPa (about 1500 m); this height is the middle and upper troposphere. The atmospheric column at
low altitude is thicker, and local water vapor accounts for a larger proportion of the TCWV, while the
atmospheric column at high altitude is thinner and the value of TCWV is smaller, so it is more sensitive
to the water vapor, which is transported over long distances. Therefore, the same outer region water
vapor transported increases, resulting in a higher variation of greater proportion water vapor content
in the high-altitude area.
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Figure 6. Spatial distribution of the change in TCWV amount in four 20-year periods (2021–2040,
2041–2060, 2061–2080, 2081–2100) under 7 future scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0,
SSP4-3.4, SSP4-6.0, SSP5-8.5), relative to the baseline period 1986–2005. The areal average TCWV
growth rate for Central Asia is shown in the lower right corner of each panel.
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3.5. The Relationship between TCWV Variation and Ts

As the air moisture ratio in the upper troposphere increases with global warming, water vapor
shows a strong positive feedback to temperature rise. Meanwhile, the specific humidity in the upper
and middle troposphere remains roughly constant. One of the conclusions of the fifth IPCC assessment
report is that the global atmospheric water vapor content increases by about 7% per 1 ◦C increase
in air temperature, which is given by the Clausius–Clapeyron equation; however, both the global
precipitation and evapotranspiration in global warming simulations increased by only 1% to 3% per 1
◦C rise in air temperature [35,36].

In this study, a simple linear regression relationship was established between the increase in
Ts (unit: ◦C) and the percent increase in TCWV (unit: %) in future, relative to the baseline period.
The linear regression slope of the percentage increase in TCWV relative to the increase in Ts is the
relation between the increasing amplitude of temperature and TCWV. Here, we have discussed
the relationship between TCWV and Ts for Central Asia from 2021 to 2100, as shown in Figure 7.
It represents the linear regression slope between the value of TCWV and the mean value of Ts from
2021 to 2100, relative to the baseline period. Under SSP1-2.6, SSP3-7.0, SSP2-4.5, and SSP5-8.5, the
regression slope of the Central Asian region is positive, which matches the findings in Figures 5 and 6.
Moreover, as shown in Figure 7f, the slope rises with the increase in Ts related to rising emission
intensity, which indicates that the increase of TCWV is more closely related to Ts and radiative forcing
than precipitation and evapotranspiration.

According to the Clausius–Clapeyron equation, for each 1 ◦C increase in temperature, the
atmospheric water holding capacity increases by about 7% [22]. This means that the linear regression
slope between percentage increase in TCWV and air temperature should be equal to 7. As shown in
Figure 7f, the mean slope for Central Asia is 6.6 under SSP5-8.5 scenario, followed by the mean slope
of 6.4 under SSP3-7.0 scenario. This indicates that TCWV increases continuously under these two
scenarios from 2021 to 2100, and the regional average growth rate is close to the theoretical value from
the Clausius–Clapeyron equation. The mean slopes under SSP2-4.5, SSP4-3.4, and SSP4-6.0 scenarios
are all less than 7. The smaller slope is related to the inconsistent growth rate in TCWV and Ts during
the different periods (Figures 5a and 6).

Under all scenarios, the TCWV increase has a similar spatial distribution as the temperature
slope. The regional slope value ranges from 2 to 10, and the slope is steeper in the low-elevation areas
around the Caspian Sea in the southwest of Central Asia, and the high-elevation areas in the southeast.
The higher the air temperature caused by higher radiative forcing, the more obvious this feature is.

The relationship between TCWV and Ts is the most significant under SSP5-8.5 scenario. In all
future scenarios, with the increase in radiative forcing, the area of high correlation increases, and the
slope becomes steeper. Especially under SSP3-7.0 and SSP5-8.5 scenarios, it can be found that the
slopes are steeper in the low-elevation areas around the Caspian Sea in the west of Central Asia, the
Pamir Plateau in the southeast, and the Altay mountains in the northeast. This is mainly related to the
distribution of water resources in Central Asia. The Caspian Sea in the southwest is the largest inland
lake in the world, and there is an abundance of water for evapotranspiration. In the eastern mountains,
there is a large number of glaciers [37–39], and the increase in glacial melting water can also provide
water for evapotranspiration. In the future, the increase in local evapotranspiration intensity will
greatly increase the TCWV amount. This result is consistent with the studies by Zhang et al. [40], who
apply CMIP5 MME to show a very high correlation between TCWV and Ts in high-elevation areas
such as the Qinghai-Tibet plateau. In terms of the physical mechanism, TCWV should be more closely
related to the temperature of the lower troposphere than to the temperature of the near surface air [8].
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4. Summary and Conclusions

In this study, the climatic characteristics of water vapor change in Central Asia are studied by
using the TCWV, temperature, precipitation, and evapotranspiration data from four global climate
models in CMIP6, under seven future scenarios. The major conclusions are summarized below:

(1) The four climate models are consistent in the simulation of TCWV in Central Asia, and with the
measured sounding monthly data. The linear correlation analysis of IGRA2 data and CMIP6 data
showed that three of the five sites have very good correlations, but CMIP6 data are smaller than
the IGRA2 at other two sites. This indicates that TCWV obtained from the four CMIP6 models
can be used to characterize the magnitude of TCWV in Central Asia.

(2) The spatial distribution of TCWV in the four CMIP6 climate models during the historical
simulation baseline period (1986–2005) has the same pattern. High TCWV amounts are found in
the west around the Caspian Sea, Lake Aral and in other low-elevation areas, while low amounts
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are distributed over the southeast Pamir Plateau and other high-elevation areas. The areal average
value in Central Asia is between 10.8 mm and 12.4 mm, depending on the model.

(3) On the whole, TCWV in Central Asia will increase indifferent scenarios from 2021 to 2040, and
the trends begin to diverge after 2040. The average TCWV will increase during 2021-2050 under
SSP1-1.9 and SSP1-2.6 scenarios, and then decrease gradually after 2050. In SSP4-3.4 scenario,
TCWV will continue to grow from 2021 to 2055, and then stay constant until 2100. Under
SSP2-4.5 and SSP4-6.0 scenarios, TCWV will rise rapidly from 2021 to 2065, but the growth will
slow down from 2065 to 2100. Under SSP3-7.0 and SSP5-8.5 scenarios, TCWV will exhibit a
continuously increasing trend, with the largest increase and the fastest growth under SSP5-8.5.
This indicates a strong relationship between temperature and TCWV, while the relationship
between precipitation/evapotranspiration and TCWV is less prominent. This is mainly due to
the fact that arid and semi-arid climate dominates in most regions of Central Asia, and low
precipitation limiting the evapotranspiration. It can be assumed that the increase in TCWV in
Central Asia is mainly due to the increase in the atmospheric water holding capacity caused by
global warming.

(4) During the four time periods 2021–2040, 2041–2060, 2061–2080, and 2081–2100, changes in TCWV
are obviously different under the seven scenarios in Central Asia. The most prominent feature of
TCWV change is that its growth is closely related to the altitude; the higher the elevation, the
greater the TCWV increase will be.

(5) Under the future scenarios SSP2-4.5, SSP3-7.0, SSP4-3.4, SSP4-6.0, and SSP5-8.5, it can be seen
that the higher the radiative forcing, the steeper the regression slope is between TCWV and
temperature changes; that is, the faster the increase. Under SSP3-7.0 and SSP5-8.5 scenarios, the
trend slope is close to the theoretical value of the Clausius–Clapeyron equation.
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