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Abstract: Water resources are essential for the economic development and social security in East Asia,
especially under global warming. Based on newly released CMIP6 149-year simulation data from a
pre-industrial control experiment (piControl) and a forced experiment on the abrupt quadrupling
of CO2 concentration (abrupt-4xCO2), changes of water vapor budget over East Asia due to 4xCO2

concentration forcing and their possible mechanisms are investigated. Change of precipitation (P)
demonstrates a spatial pattern of “Southern Flood and Northern Drought” (SFND) in eastern China,
which can also be seen in the change of evaporation (E), though at a much smaller amplitude. The
change of water vapor budget represented by E–P is dominated by P, which is primarily induced by
changes of water vapor divergence associated with both moisture-related thermodynamic contribu-
tion and atmospheric circulation-related dynamic contribution. Specifically, under global warming,
tropical El Nino-like SST warming causes weakened Walker circulation through decreased zonal
temperature gradient, while amplified Arctic warming induces a negative Arctic Oscillation pattern
via reduced meridional temperature gradient. The combined signals from tropical and mid-high
latitudes result in significant long-term changes of water vapor convergence as well as much more
precipitation in the Yangtze River Valley, forming the SFND. Furthermore, the intensity of the SFND
change pattern could also have notable interdecadal variation, which is mainly attributed to the
modulation of interdecadal signals of the Indian Ocean basin mode (IOBM) and Pacific Decadal
Oscillation (PDO). Results of this study could provide an important scientific basis for the future
planning and management of water resources over East Asia, specifically in eastern China.

Keywords: water vapor budget; 4xCO2 concentration forcing; Southern Flood and Northern Drought;
El Nino-like SST warming; Walker circulation; amplified Arctic warming; Arctic Oscillation

1. Introduction

Water vapor budget (evaporation minus precipitation, abbr. E–P) has a decisive effect
on the spatial and temporal distribution of water resources and its changes can exert an
important impact on regional droughts and floods [1]. When it comes to the relationship
between precipitation and divergence of water vapor flux, convergence of moisture is
conductive to the generation of much more precipitation [2–6]. With regards to the effect of
precipitation on water vapor, increasing evaporation and precipitation will accelerate the
water cycle [7]. East Asia is densely populated and economically developed, and is also
part of a typical global monsoon region. As one of the significant influencing factors of
the intensity of the East Asia Summer monsoon (EASM), water vapor budget has a great
effect on East Asian climate variability, extreme event forecasting and water resources.
Understanding the mechanism behind the changes in water vapor budget and predicting
these changes may have significant implications for the sustainable development of the
economy and social society in East Asia within the context of global warming [1,7,8].

As the major dynamic component of water vapor transportation (WVT), EASM plays
an important role in changes in the water vapor budget of East Asia. Changes of moisture
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advection caused by monsoon is the main reason for convergence and divergence of
water vapor in summer [8,9]. In the context of global warming, the uneven temporal and
spatial distributions of land and sea warming will cause significant changes in EASM.
The EASM experienced an interdecadal weakening from the 1960s to the 1980s [9–11]
associated with deficient rainfall in North China (NC) and excessive rainfall in the Yangtze
River Valley (YRV) along 30◦ N; this is known as “Southern Flood and Northern Drought”
(SFND) [12–16]. YRV and NC are prone to natural hazards from extreme weather events
and have had six of the world’s top ten deadliest floods of all time, attracting much attention
in recent studies [17,18]. Meanwhile, the relatively dense population in these regions makes
the floods much deadlier and costlier [19]. Model simulations and observations suggest
that such precipitation patterns may be amplified by greater warming in the Arctic [20–22].
However, according to IPCC AR6, future precipitation is likely to increase in both winter
and summer in NC, which will also elevate with the increase of CO2 in different shared
socioeconomic pathways (SSPs) [23]. CMIP5 projections indicate a likely rise in both the
circulation and rainfall of the EASM throughout the 21st century. Correspondingly, the
EASM has also begun to recover in recent decades [24,25]. According to some studies,
under the background of global warming, precipitation in the Yangtze–Huaihe Valley will
reduce while it will increase in high latitudes and in central China [25]. The discrepancies of
previous studies suggest that the ways in which precipitation in YRV and NC will change
under the circumstance of global warming is worthy of further analysis.

Change of water vapor content is also closely related to the change of temperature. In
terms of global warming effects, some previous studies have directly used the Clausius–
Clapeyron (C–C) equation to estimate the change of water vapor budget based on model
results and obtained the spatial distribution change of “wet getting wetter and dry getting
drier”, wherein change rate of water vapor is about 7% per degree of Celsius [26,27].
However, although the projected E–P in CMIP3/IPCC AR4 models matches well with
the prediction from the C–C equation, the projected change rate of water vapor is only
4% per degree Celsius, much less than the C–C-derived result, which means that some
other factors must exist and have an influence over it [27]. While considering change of
atmospheric circulation-related dynamic processes, change of precipitation can be entirely
explained together with changes of humidity [27]. Additionally, in observations, there
are also some uncertainties in the elements of water cycle on different time scales [28].
Therefore, how the water vapor changes under conditions of global warming needs to be
further examined based on the updated model data. The moisture budget decomposition
method is often used to estimate the relative contributions to rainfall changes from changes
in atmospheric specific humidity (thermodynamic component) and circulation (dynamic
component), however, these generally demonstrate large uncertainties and discrepancies
among CMIP6 models under different warming scenarios [3–6].

In addition, most previous studies related to global warming have focused mainly on
the long-term trends of temperature and precipitation, but their interdecadal variations
may also have more practical importance to policy making, which may in turn modulate
the effect of global warming. For example, the global surface warming hiatus is closely
associated with the phase transitions of the Pacific Decadal Oscillation (PDO) and the
Atlantic Multidecadal Oscillation (AMO) [29,30]. Zhang et al. [31] have pointed out that
interdecadal changes of observed precipitation anomalies in East Asia can be determined by
the phase combinations of PDO and AMO, together with the Indian Ocean basin warming
mode (IOBM). Therefore, in this study, comparisons of the abrupt-4xCO2 experiment and
the piControl experiment from the state-of-the-art models in CMIP6 are made to illustrate
the change of water vapor budget under global warming, wherein more focus is on the
newest version of the Community Earth System Model (CESM). CESM2 has been shown
to be better at climate simulation and prediction [32–35], including the related changes
of precipitation over East Asia and their possible mechanisms. In addition, interdecadal
modulation of PDO, AMO and IOBM on the intensity of the SFND change pattern is
discussed as well.
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2. Data and Methodology
2.1. CMIP6 Simulation Data

To investigate change of water vapor budget under global warming, output of pi-
Control and abrupt-4xCO2 experiments produced by CESM2 as well as other CMIP6
models were used in this study, both of whom belong to the Diagnostic, Evaluation
and Characterization of Klima (DECK) experiments in CMIP6, which can be obtained
freely at https://csegweb.cgd.ucar.edu/experiments/public. Compared with previous
CMIP climate models, the most up-to-date CMIP6 models behave better in reproducing
large-scale climate modes [36–38]. CESM2 is the newest version of CESM, and shows
better performance in simulating the upper tropospheric velocity potential, jet streams
and Arctic Oscillation (AO) [32–35], all of which have strong impacts on the East Asian
monsoon [20,21]. PiControl in CMIP6 provides opportunities for an evaluation of the atmo-
spheric model and the coupled system by establishing a baseline level. This is conducted
under conditions chosen to be representative of the period before the onset of large-scale
industrialization, with 1850 being the reference year with a fixed CO2 concentration of
280 ppm. The idealized abrupt-4xCO2 experiments in the DECK measure fundamental
forcing and feedback response to extreme CO2 increase, aiming at simulating climate sen-
sitivity, feedback and response mechanisms. The CO2 concentration in abrupt-4xCO2 is
immediately and abruptly quadrupled from the global annual mean 1850 value that is used
in piControl [39,40], which is also more than twice the currently observed CO2 concentra-
tion of around 420 ppm, indicating an extreme warming scenario without controlling CO2
emissions. Due to the apparent features of precipitation difference between abrupt-4xCO2
and piControl experiments during boreal summertime (June, July and August, JJA), we
chose summertime from 1 to 149 model years as our study time period. In particular, the
difference in the last 50 years of the study period (100–149 model years) between the two
experiments was used to represent the effect of abnormal warming at a steady state.

2.2. Methodology

Vertical-integral WVT and its divergence are mainly used for water vapor budget
analysis. Accordingly, vertical integrals of atmospheric water vapor (Qint), atmospheric
water vapor flux (WVF) (Q) and divergence of WVF (Qdiv) are calculated as the following
formulas [41,42]:

Qint =
1
g

∫ ps

pl

qdp (1)

Q =
1
g

∫ ps

pl

vqdp (2)

Qdiv = ∇·Q =
1
g

∫ ps

pl

∇·vqdp (3)

where in q is specific humidity, v is wind velocity, and g is acceleration of gravity. All the
integrals are from surface pressure ps to upper-level pressure pl, here, pl is set to 300 hPa
since water vapor is mostly concentrated below that level.

E–P is the source and sink term of water vapor in the atmosphere. Therefore, we have
the equation for derivative of Qint with time,

dQint
dt

= ρwg(E− P) =
∂Qint

∂t
+ Qdiv (4)

In a stable climate state, ∂Qint
∂t is negligible, so the water vapor budget equation is

diagnosed as follows [41]:

ρwg(E− P) =
∫ ps

0
(v·∇q + q∇·v)dp +

∫ ps

0
∇·(q′v′)dp + qsvs·∇ps (5)

https://csegweb.cgd.ucar.edu/experiments/public
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Overbars indicate monthly means and primes indicate departures from the monthly
mean, and the subscript s denotes surface values. E is evaporation, P is precipitation, ρw is
density of water. More specifically, the first term at the right-hand side of equation (5) is
the water vapor convergence by mean flow, and the second describes the transient eddies,
while the last term involves surface quantities, having not been expressed as monthly and
transient components respectively and separately.

Change of a variable due to the abrupt-4xCO2 forcing against the pre-industrial CO2
concentration is denoted by the following symbol,

δ(·) = (·)4xCO2 − (·)pi (6)

In this equation, subscripts 4xCO2 and pi indicate variable values in parentheses in
abrupt-4xCO2 and piControl experiments, respectively. Therefore, Equation (4) can be
further approximated as:

ρwgδ(E− P) =
∫ ps

0
(∇·(qpi[δv]) +∇·(vpi[δq]) +∇·(δvδq))dp +

∫ ps

0
∇·(δv′q′)dp + δS (7)

On the right-hand side of Equation (7), the first term with regards to change of v but
no change of q is named as the dynamic term δMCD, the second involving change of q but
no change of v is referred to as the thermodynamic term δTH, and the third is called the
nonlinear term δNL because it is related to the product of changes of both q and v, and all
the three terms are expressed as Equations (8)–(10), accordingly. The transient eddy term∫ ps

0 ∇·(δv′q′)dp and the surface term δS are both relatively smaller and can be neglected
(figures not shown), which is consistent with previous studies [41]. Therefore, Equation (7)
can be further rewritten as Equation (11), which shows that change of water vapor budget
is mainly attributed to the dynamic term δMCD, the thermodynamic term δTH and the
nonlinear term δNL.

δMCD =
∫ ps

0
∇·(qpi[δv])dp (8)

δTH =
∫ ps

0
∇·(vpi[δq])dp (9)

δNL =
∫ ps

0
∇·(δvδq)dp (10)

ρwgδ(E− P) ≈ δMCD + δTH + δNL (11)

To quantitively represent changes of water vapor budget and precipitation during
different periods and make comparisons, we also calculated the relative changes of pre-
cipitation, evaporation and P–E as δP

Ppi0
, δE

Epi0
and δ(P−E)

(P−E)pi0
, and the subscript pi0 denotes the

mean value of the first 30 years in the piControl experiment, which is used as the baseline
similar to the climatical normal defined by the World Meteorological Organization. In
addition, an 11-year running mean is applied to these above-mentioned change rates in
order to clearly display their low-frequency variations such as interdecadal variabilities
and long-term trend.

Similar to Zhang et al. [31], PDO, AMO and IOBM and their indices were identified
and used to explain the interdecadal variation of the water vapor budget. In particular, the
PDO index is defined as the second principal component (PC) of North Pacific (20◦–70◦ N)
sea surface temperature (SST) anomalies since the leading PC is the warming trend, indices
of AMO and IOBM are indicated by the area-averaged SST anomalies over the North
Atlantic basin (0–60◦ N, 80◦–0◦ W) and the Indian Ocean basin (45◦ S–20◦ N, 30◦–120◦ E),
respectively. Wherein, SST anomalies are calculated by the difference of abrupt-4xCO2
experiment minus piControl experiment, and are weighted by the cosine of latitude before
being applied for the derivation of these indices. Furthermore, in order to demonstrate the
interdecadal relationship of PDO, AMO and IOBM with precipitation, the linear trends are
all removed from the relevant indices.
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3. Results
3.1. Changes of Precipitation, Evaporation and Water Vapor

Contrary to E–P, P–E represents the sink of water vapor, which means that the region
will be more humid and wetter when it is positive. As shown in Figure 1a, in the piControl
experiment, climatological precipitation is much larger in southern East Asia, especially
from central China to the south of Japan, forming the Meiyu–Changma–Baiu (MCB) rain
band. This is the defining feature of the East Asian summer climate [43,44], corresponding
to the observation shown in a previous study [42], which indicates that the CESM2 model
has good performance in simulating precipitation spatial characteristics over East Asia.
Compared to the piControl experiment, precipitation in the abrupt-4xCO2 experiment is
significantly increased from the eastern Tibetan Plateau to the south of Japan through the
YRV and South Korea, so that MCB precipitation will be greatly enhanced under global
warming. In contrast, there is an obvious decreasing tendency of precipitation in NC.
Wherein, YRV (100◦ E–120◦ E, 25◦ N–35◦ N) and NC (100◦ E–115◦ E, 35◦ N–45◦ N) are the
two regions with the most prominent precipitation anomalies in eastern China, which forms
a typical SFND pattern of changed precipitation there, consistent with the general findings
that wetter regions get wetter while drier regions become drier [26]. However, different
from the CMIP5 results, the center of reduced precipitation in northern China is mainly
confined to the inland (Figure 1a), similar to the trend of observed precipitation anomalies
during the period of 1961–2006 [45] (IPCC 2013). Furthermore, due to the abrupt-4xCO2
forcing, precipitation is significantly decreased in the subtropical regions from the Indian
summer monsoon region to the western North Pacific, especially around the western coasts
of the Indian and Indo-China Peninsulas (Figure 1a).

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 17 
 

indices of AMO and IOBM are indicated by the area-averaged SST anomalies over the 

North Atlantic basin (0–60°N, 80°W–0°) and the Indian Ocean basin (45°S–20°N, 30°–

120°E), respectively. Wherein, SST anomalies are calculated by the difference of abrupt-

4xCO2 experiment minus piControl experiment, and are weighted by the cosine of latitude 

before being applied for the derivation of these indices. Furthermore, in order to demon-

strate the interdecadal relationship of PDO, AMO and IOBM with precipitation, the linear 

trends are all removed from the relevant indices. 

3. Results 

3.1. Changes of Precipitation, Evaporation and Water Vapor 

Contrary to E–P, P–E represents the sink of water vapor, which means that the region 

will be more humid and wetter when it is positive. As shown in Figure 1a, in the piControl 

experiment, climatological precipitation is much larger in southern East Asia, especially 

from central China to the south of Japan, forming the Meiyu–Changma–Baiu (MCB) rain 

band. This is the defining feature of the East Asian summer climate [43,44], corresponding 

to the observation shown in a previous study [42], which indicates that the CESM2 model 

has good performance in simulating precipitation spatial characteristics over East Asia. 

Compared to the piControl experiment, precipitation in the abrupt-4xCO2 experiment is 

significantly increased from the eastern Tibetan Plateau to the south of Japan through the 

YRV and South Korea, so that MCB precipitation will be greatly enhanced under global 

warming. In contrast, there is an obvious decreasing tendency of precipitation in NC. 

Wherein, YRV (100°E–120°E, 25°N–35°N) and NC (100°E–115°E, 35°N–45°N) are the two 

regions with the most prominent precipitation anomalies in eastern China, which forms a 

typical SFND pattern of changed precipitation there, consistent with the general findings 

that wetter regions get wetter while drier regions become drier [26]. However, different 

from the CMIP5 results, the center of reduced precipitation in northern China is mainly 

confined to the inland (Figure 1a), similar to the trend of observed precipitation anomalies 

during the period of 1961–2006 [45] (IPCC 2013). Furthermore, due to the abrupt-4xCO2 

forcing, precipitation is significantly decreased in the subtropical regions from the Indian 

summer monsoon region to the western North Pacific, especially around the western 

coasts of the Indian and Indo-China Peninsulas (Figure 1a). 

 

Figure 1. Changes of (a) precipitation, (b) evaporation and (c) P–E (unit: mm/day) and (d) Qint 

(unit: 10g/g*kg/m2) in JJA of 100–149 model years from piControl to abrupt-4xCO2. Wherein the 

contour lines represent the climatology in the piControl experiment, and the colors are the differ-

ences of abrupt-4xCO2 minus piControl. Dotted areas in (a–c) indicate the significance level of 

Figure 1. Changes of (a) precipitation, (b) evaporation and (c) P–E (unit: mm/day) and (d) Qint

(unit: 10g/g*kg/m2) in JJA of 100–149 model years from piControl to abrupt-4xCO2. Wherein the
contour lines represent the climatology in the piControl experiment, and the colors are the differences
of abrupt-4xCO2 minus piControl. Dotted areas in (a–c) indicate the significance level of 0.05, and
changes in (d) all pass the test of significance level of 0.05 in the study area. Red and blue boxes are
the selected regions for North China and the Yangtze River Valley, respectively.

As for the evaporation, its climatological distribution over East Asia in the piControl
experiment is similar to that of precipitation, but with a much smaller magnitude, as is the
distribution of evaporation change, albeit significant at a 95% confidence level (Figure 1b),
which is also well in agreement with other observations [46]. Considering the warming
trend of low-level air temperature that demonstrates a generally meridional increase in
the northern hemisphere (Figure 2b), a change of evaporation does not have to conform
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to the spatial distribution of change of temperature over East Asia, and instead could be
mainly attributed to the change of soil moisture associated with a change of precipitation
(Figure 1a). On the other hand, in the subtropical ocean regions, such as the Arabian Sea,
Bay of Bengal and western North Pacific, evaporation is significantly increased (Figure 1b),
which may be closely related to the local atmospheric warming (Figure 2b).
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Figure 2. Similar to Figure 1 but for (a) 850hPa wind vector (unit: m/s) and its divergence
(unit: 10−6*s−1), (b) 850hPa air temperature (unit: ◦C), (c) 500hPa geopotential height (unit: 10 gpm),
(d) sea surface temperature (unit: ◦C), (e) 200hPa velocity potential (unit: m−1*s−1) and divergent
wind vector (unit: m*s−1). Changes in (b–d) all pass the test of significance level of 0.05.

Over East Asia, both climatological mean and climate change of P–E are dominated by
the change of precipitation, especially for the major characteristics of SFND in change of
P–E (Figure 1a,c), because the magnitude of precipitation change is much larger than that of
evaporation change. In the subtropical region, changes of both decreased precipitation and
increased evaporation lead to a significant decreasing change of P–E (Figure 1c), implying
a relatively consistent relationship of precipitation and water vapor content there [20].

As shown in Figure 1d, climatological vertical-integral water vapor in the piControl
experiment is much larger in the tropical regions, especially in the ocean, and it gradually
decreases from southeast to northwest over East Asia. Change of vertical-integral water
vapor over East Asia has a similar spatial pattern as its climatology in piControl experiment,
is positive for all the study regions and is consistent with the increasing low-level air tem-
perature according to the C–C equation (Figure 2b), which means that water vapor content
is getting much larger under global warming. However, contrary to the uniform change of
low-level air temperature, change of vertical-integral water vapor shows an obvious spatial
pattern with more water vapor in coastal regions than in inland regions. Specifically, there
is larger increase of water vapor in YRV than in NC. This pattern resembles the distribution
of SFND in changes of both precipitation and P–E (Figure 1a,c), indicating the importance
of water vapor to precipitation over East Asia.



Sustainability 2023, 15, 313 7 of 17

3.2. Diagnosis of Water Vapor Budget

According to Equations (4) and (7), changes of water vapor and P–E are mainly
dependent on the divergence of WVF. As shown in Figure 3a, with the exception of the
WVF divergence change in the southern South China, a change of vertical-integral WVF
divergence is closely consistent with P–E (Figures 1c and 3a), i.e., significant changes
of convergence and divergence are located in YRV and in NC, respectively. The WVF
convergence change along the YRV is caused by the change of WVT from both southwest
and northwest directions, wherein the northwest water vapor flux brings cold dry air from
high latitudes and the southwest water vapor flux mainly originates in South Asia and
conveys tremendous warm moisture into the YRV, which may be highly related to the
enhanced South Asian summer monsoon.
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In order to further figure out the specific process of water cycle and water vapor budget
over East Asia, the change of WVF divergence is further decomposed into three terms
as shown in Equation (11), i.e., contributions of dynamic term δMCD, thermodynamic
term δTH and nonlinear term δNL. Because of the change of wind vector (Equation (8)),
δMCD induces significant WVF convergence change along the YRV and WVF divergence
change in NC, especially in the Hetao region around the middle reaches of the Yellow
River (Figure 3b), favoring SFND pattern in P–E (Figure 1c). As for the contribution
of δTH (Equation (9)), it causes significant WVF convergence change over almost the
whole of East Asia (Figure 3c), corresponding to the increasing change of water vapor
(Figure 1d). Compared with δMCD, δTH is remarkable with larger amplitude along the
YRV (Figure 3b,c), indicating that the δTH associated with increased water vapor is more
essential for the water vapor budget and with much more precipitation there. However,
in NC, δTH is contrary to δMCD and to the change of total water vapor budget as well,
playing an offset role instead. Distribution pattern of WVF divergence change related to
the δNL is more like the δMCD, but it has a much smaller amplitude along the YRV and
a comparable amplitude in NC, which indicates that simultaneous changes of both wind
vector and water vapor have negligible (great) influences on the water vapor budget along
the YRV (NC).

3.3. Changes of Atmospheric Circulations

Since δMCD mainly determines the spatial pattern of change of water vapor budget,
changes of atmospheric circulations were further examined to find out their potential



Sustainability 2023, 15, 313 8 of 17

sources. Figure 2a indicates that there is an obvious low-level wind convergence change
along the YRV, which is generated by the anomalous northwest and southwest wind
vectors at 850 hPa and consistent with the change of WVF over there. Wherein, the
anomalous northwest wind is the western part of the anomalous basin-scale low-level
cyclone circulation over the North Pacific, while the anomalous southwest wind is the
outflow of the anomalous large-scale strong anticyclone circulation over the Bay of Bengal
and South China Sea, which indicates the extension of an enhanced South Asian summer
monsoon (SASM). Furthermore, because of such a strong anticyclone anomaly, most SASM
regions are covered by the anomalous low-level divergence except for the southern and
northern Indian peninsula. This is in accordance with the local negative δMCD (Figure 3b)
and is responsible for the decrease in precipitation (Figure 1a) and the water vapor sink
(Figure 1c) there.

In response to the abrupt-4xCO2 forcing, 850 hPa temperature rises dramatically in
the whole northern hemisphere, and its amplitude increases from the tropical region to
the Arctic region, with the least warming of no less than 4 ◦C at the lower latitudes and
the largest warming of more than 10 ◦C around the Arctic Circle (Figure 2b). This features
the Arctic amplification as found in previous observations [47,48] but with a much larger
amplitude. The significantly simulated warming in the Arctic region may be primarily
related to the almost ice-free surface in the Arctic Ocean (Figure not shown). The meridional
heterogeneous atmospheric warming could result in an uneven rise of geopotential height
at 500 hPa, which demonstrates a negative AO pattern with much higher geopotential
height in the Arctic (Figure 2c). It has been pointed that the Arctic’s warming could suppress
the EASM and increase precipitation over the YRV [49,50]. Furthermore, the relatively
lower geopotential height anomaly in the mid-latitude North Pacific is rather distinctive,
and is closely connected to the local basin-scale low-level cyclone anomaly (Figure 2a),
displaying an equivalent quasi-barotropic structure.

In the tropical oceans, SST is also greatly warmed due to the abrupt-4xCO2 forcing,
featuring an El Nino-like SST warming, and has the least warming of around 4 ◦C in the
eastern tropical Indian Ocean and western tropical Pacific and the largest warming of about
8 ◦C in the eastern Pacific cold tongue, forming a strong zonal SST gradient anomaly in the
tropics (Figure 2d), which can also be seen in other models under global warming [51,52].
Such zonally uneven SST warming enhances and suppresses the convective activities in the
central tropical Pacific and eastern tropical Indian Ocean, respectively, and is characterized
by the significant divergence change over the central tropical Pacific and convergence
change over the Bay of Bengal in the upper troposphere (Figure 2e), thus the Walker
circulation is greatly weakened. The significantly reduced convective activity in the Bay of
Bengal generates a Gill-type atmospheric response [53], i.e., a pair of symmetric anticyclone
anomalies located in the off-equatorial Indian Ocean (Figure 2a). In turn, the anticyclone
anomaly in the Bay of Bengal may enhance the SASM and shift it northward, which
could further transport more sufficient water vapor from the Bay of Bengal to the YRV
(Figure 3a). Together with the anomalous northwest wind induced by the basin-scale
cyclone anomaly in mid-latitude North Pacific, the anomalous southwest wind associated
with the anticyclone anomaly in the Bay of Bengal also produces significant changes of WVF
convergence (Figure 3a) and water vapor budget (Figure 1c) in the YRV, finally contributing
to the SFND pattern in eastern China (Figure 1a).

3.4. Interdecadal Change of Water Vapor Budget

As shown in Figure 4, change of water vapor budget associated with the SFND pattern
also has obvious interdecadal variations during the whole study period. In YRV, change
rate of precipitation is always positive and has an obvious increasing trend accompanied
by large interdecadal variabilities along with time, whereas it is mainly negative and
dominated by the interdecadal variation in NC. Change rate of evaporation is much smaller
compared to the precipitation in YRV, and it generally shows an increasing trend as well, so
the change rate of water vapor budget is determined by the precipitation there. However,



Sustainability 2023, 15, 313 9 of 17

in NC, change rate of evaporation is comparable and similar to that of precipitation albeit
with relatively smaller amplitude. Furthermore, change rate of water vapor budget also
features interdecadal variabilities rather than a long-term trend under the constant 4xCO2
concentration forcing. Compared with the evolvements of change rates of precipitation and
water vapor budget in YRV and NC, it is clear to see that they are basically out of phase
for both long-term trend and interdecadal variation (Figure 4). This means that the SFND
pattern in eastern China may be still the typical pattern under global warming.
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Figure 4. Evolvements of change rates in evaporation (δE, red), precipitation (δP, blue), and the
difference between them (δ(P–E), black) in YRV (solid line) and NC (dash line) against their corre-
sponding mean of the first 30 years of the piControl experiment. All are smoothed with an 11-year
running mean.

Zhang et al. [31] have pointed out that the interdecadal variation of precipitation
in East Asia is controlled by the joint modulation effect of PDO, AMO and IOBM [28].
Associated with the change of precipitation as the SFND pattern due to abrupt-4xCO2
forcing, PDO index displays an obvious interdecadal variability (Figure 5a), whereas indices
of AMO (Figure 5b) and IOBM (Figure 5c) are more like an increasing trend, especially
for the IOBM index, which is responsible for the typical SFND pattern of the long-term
trend of precipitation change [31]. When PDO, AMO and IOBM indices are detrended
they all show notable interdecadal variabilities (Figure 5d), and PDO is strongly positively
correlated with IOBM (0.59) but negatively correlated with AMO (−0.46), wherein the
out-of-phase relationship between PDO and AMO under global warming is consistent with
observations during the recent 100 years [31,54]. At the interdecadal time scale, changes of
precipitation in YRV and NC are negatively correlated with each other (−0.35) (Figure 5e),
wherein, change of precipitation in YRV is significantly positively correlated with the IOBM
(0.43) but has no relations with AMO (0.02). On the contrary, change of precipitation in
NC is most related to PDO with negative correlation (−0.34), followed by IOBM (−0.25)
and AMO (0.24) in turn. Therefore, the impact factors on the changes of precipitation
in YRV and NC are a little different, nevertheless, their combinations provide a possible
explanation for the interdecadal change of the SFND pattern and further modulate the
long-term trend under global warming.
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3.5. Comparison with Multi-Model Results

To further verify and confirm the above results from CESM2, changes of precipitation,
geopotential height at 500 hPa and WVF in JJA from piControl to abrupt-4xCO2 from the
other 28 CMIP6 models as well as the multi-model ensemble (MME) mean with the total of
29 CMIP6 models including CESM2 were also calculated, and were further compared to
those in CESM by pattern correlation (Figure 6a).

As suggested by the IPCC Third Assessment Report—Climate Change 2001 [55], the
pattern correlation coefficients should be computed directly without computing anomalies
from a central mean to represent climate change. As shown in Figures 7a and S1, 20 models
and MME show a similar spatial distribution of precipitation change to CESM2 (passing the
significance test at the level of 0.05), except for very few CMIP6 models, such as MIROC-
ES2L, FGOALS-g3, MIROC6 (Figure 6a). To further show the representative of the pattern
correlation coefficient and the change of SFND pattern in different models, we defined an
SFND index, which is calculated as the difference of area-averaged precipitation anomalies
between YRV and NC and then standardized by the variance of precipitation anomaly over
eastern China (25◦ N–45◦ N, 105◦ E–120◦ E). A comparison of pattern correlation coefficient
and SFND index shows that most models with positive pattern correlation coefficient
illustrate an increasing SFND index as CESM2 except for BCC-ESM1 and CAMS-CSM1-0,
and vice versa (Figure 6). In terms of WVF, most of the models, including the MME, indicate
an enhanced southwest WVF, which brings a large amount of warm moisture into the
YRV along with the strengthened South Asian summer monsoon as Section 3.2 elucidated
(Figures 7b and S2). As for the geopotential height at 500 hPa in the northern hemisphere,
although the changing magnitudes are different, all the models show significantly lifted
geopotential height. Nineteen of 29, as well as the MME, show the pattern of negative
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phase of AO with higher increase in the Arctic and a lower increase in the mid-latitudes,
especially over the North Pacific (Figures 7c and S3). At the same time, Figures 7d and S4
show that almost all the CMIP6 models, including the MME, feature an El Nino-like SST
warming in the tropical Pacific Ocean.
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Figure 6. (a) Pattern correlation between the changes (with the same analysis as in CESM2) of
precipitation in each model including MME. The calculated regions are 25◦ N–45◦ N, 105◦ E–120◦ E.
(b) SFND Index defined as the standardized difference of precipitation between YRV and NC. The
dark bar indicates the MME, and the other gray bars indicate the 28 (29) individual CMIP6 models
excluding (including) the CESM2 in (a) (in (b)).
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Figure 7. Changes of (a) precipitation (unit: mm/day), (b) 500hPa geopotential height
(unit: 10 gpm), (c) water vapor flux Q (arrows, unit: g/g*kg/m2*m/s) and Qdiv (color, unit:
10−3*g/g*kg/m2*m/s*m−1) in MME and (d) sea surface temperature (unit: ◦C).
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In terms of the high similarities in water vapor budget and related atmospheric
circulation and SST changes between CESM2 and MME (Figures 1, 2 and 7), the associated
mechanism for the change of water vapor budget over East Asia in CESM2 also works in
most of the other CMIP6 models of CMIP6. This further highlights the important joint
contributions of El Nino-like SST warming in the tropical region and negative AO pattern in
the mid-high latitudes under the extreme global warming due to the abrupt-4xCO2 forcing.

4. Conclusions and Discussion

To reveal the change of water vapor budget, especially the precipitation over East Asia
under global warming, the two latest CEMS2 experiments in CMIP6 such as piControl and
abrupt-4xCO2 were firstly used for detailed analysis in this study. This is because CESM2
has better performance in East Asia monsoon and dynamic processes [32–35], performances
which were further verified and confirmed by most of the other CMIP6 models as well
as the MME. We should note that although the SFND pattern obtained in MME is similar
to that in CESM2 (Figures 1a and 7a), its intensity is rather weaker than that of CESM2
due to the offset effects of some models with opposite pattern (Figure 6b). Therefore, it
is an appropriate way to demonstrate the results with both the credible model and the
MME since over-reliance on the MME could lead to some confusing or uncertain results.
The flowchart for the complete study is shown in Figure 8, and the main conclusions are
as follows:
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Figure 8. Schematic diagram summarizing the changes in water vapor budget and precipitation over
East Asia as well as the related dynamical processes under extreme warming condition.

YRV and NC are the typical humid and dry inland regions over East Asia, respectively,
where close relationships exist among vertical-integral water vapor, precipitation and
evaporation. In response to global warming due to the abrupt-4xCO2 forcing, vertical-
integral water vapor in both regions increases significantly, and is more obvious in YRV
than in NC, which corresponds to the spatial distribution characteristics of SFND pattern
of precipitation change in eastern China. This is also consistent with the conclusion of
“wet getting wetter and dry getting drier” proposed in previous studies [26]. Change of
evaporation has basically the same spatial pattern with precipitation, but with obviously
smaller amplitude. Changes of water vapor budget in YRV and NC are mainly determined
by the convergence and divergence of WVF anomaly, respectively, and can be further
decomposed into the atmospheric circulation-related dynamic term δMCD, the water vapor-
related thermodynamic term δTH, and the combination of atmospheric circulation and
water vapor-related nonlinear term δNL. In YRV, both δMCD and δTH could strengthen the
convergence change of WVF, but δTH is much more essential. Whereas in NC, divergence
change of WVF is predominately caused by δMCD and δNL, which is offset by δTH with
convergence change of WVF to some extent.
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Associated with the abrupt-4xCO2 forcing induced global warming, changes of low-
level atmospheric temperature in the northern hemisphere and tropical SST demonstrate
uneven spatial warming distributions. The increasing meridional warming in low-level
atmospheric temperature makes the Arctic the warmest region in the northern hemisphere,
which in turn causes a negative AO pattern in change of 500 hPa geopotential height. Here,
an equivalent quasi-barotropic low pressure structure over the mid-latitude North Pacific
favors a strong basin-scale low-level cyclone anomaly, which produces an anomalous
northwest wind over northeastern East Asia, bringing cold dry air to the YRV and increase
the EASM-caused precipitation in YRV. At the same time, the relatively lesser SST warming
in the eastern tropical Indian Ocean and western tropical Pacific and much larger SST
warming in the eastern Pacific cold tongue feature an El Nino-like SST warming in the
tropical region, which reduces the zonal SST gradient and weakens the Walker circulation.
In turn, the convective activity in the Bay of Bengal is suppressed, and as the Gill-type
atmospheric response, a strong low-level anticyclone is generated there. Thus, the South
Asian summer monsoon is significantly enhanced and shifted northward, and can transport
much more warm water vapor from the Bay of Bengal to the YRV. Therefore, the changes
of atmospheric circulations from both the tropical region and mid-high latitudes cause the
SFND pattern in eastern China.

It is also notable that in the CESM2 model, the intensity of the SFND change pattern
together with changes of precipitation and water vapor budget have obvious interdecadal
variations, though their phases remain the same during the study period. Additionally,
those in YRV and NC are negatively correlated at the interdecadal time scale, which are
further caused by the combined effect of PDO, AMO and IOBM [31]. In particular, IOBM
and PDO play an essential role in the change of precipitation in YRV and NC, respectively.
In other words, the interdecadal signals of PDO, AMO and IOBM might be modulated
by global warming [56], and, in turn, they can further modulate the long-term trend of
the SFND pattern under global warming. This makes its intensity stronger or weaker
during some interdecadal periods, just as with their contributions to the global warming
hiatus [29,30]. Therefore, we should take these interdecadal signals into account when we
project future water resources under global warming.

The results of this study could provide an important scientific basis for the future
planning and management of water resources over East Asia, especially in eastern China.
However, it should be noted that the projected SFND pattern of future water vapor budget
over East Asia in this study is different from some previous studies [23,24] that have
argued that the major causes of the the intensified EASM and increased precipitation over
northern China may reside in the atmospheric circulation changes in mid-high latitudes.
This is because the enhanced northward transportation of warm moisture from the tropical
region is generally consistent among different studies [23,24] (Figures 2 and 7). Because
of the Arctic amplification under global warming, a negative AO pattern will form in
mid-high latitudes [30,31] (Figures 2 and 7). Compared to the relatively smaller amplitude
of global warming (such as 1.5 or 2.0 ◦C) [23,24], it is much larger due to the abrupt-4xCO2
forcing, e.g., more than 5 ◦C in MME and more than 7 ◦C in CESM2 (Table 1). Thus, the
negative AO could get much stronger and play a more important role in blocking the
enhanced northward transportation of warm moisture, which eventually confines the water
vapor convergence to the YRV and favors the SFND pattern. Therefore, how the water
vapor budget over East Asia changes in different global warming scenarios may be greatly
dependent on the atmospheric circulation responses in mid-high latitudes, and we should
pay more attention to these in future.

The intensification of “South flooding and North drought” in eastern China due to
the abrupt 4x increase in CO2 concentrations has indeed great implications for guiding
water resource planning, production and energy sectors. For water resource planning and
production, such a precipitation anomaly distribution pattern indicates the urgency and
necessity of constructing water conservancy infrastructure in China, such as “the South-to-
North Water Diversion Project”. This project can transfer the surplus water resources in
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the South to the arid North during periods of severe water shortage in China, realizing the
recycling of floodwaters, which is of extra importance in the context of global warming,
such as in the 4xCO2 scenario [57,58]. It should also become an important task of water
resources research and water conservancy construction in China at present and in the
future. For energy sectors, this might shed light on the difference between the construction
of new energy power generation facilities in the North and South of China. Specifically,
in the future, more photovoltaic power generation should be built in the North due to the
deficiency of precipitation, while more hydro-power facilities should be built in the South
because of the increase of water resources.

Table 1. Information of the models and changes in mean global surface temperature in JJA of 100–149
model years from piControl to abrupt-4xCO2.

Model Name Institute Atmospheric Resolution lon × lat 4T/◦C

MME \ \ 5.4129
CESM2 NCAR (USA) 288 192 7.1264

CESM2-WACCM NCAR (USA) 288 192 6.2819
MPI-ESM1-2-LR MPI (Germany) 192 96 4.3695

CESM2-FV2 NCAR (USA) 144 96 5.3989
CESM2-WACCM-FV2 NCAR (USA) 144 96 5.1820

GISS-E2-1-G NASA(USA) 144 90 3.9463
HadGEM3-GC31-MM MOHC (UK) 432 325 7.4596

MRI-ESM2-0 MIROC (Japan) 320 160 4.5636
ACCESS-CM2 CSIRO (Australia) 192 145 6.4127

CIESM THU(China) 288 192 7.7117
CanESM5 CCCMA(Canada) 128 64 7.4240

KIOST-ESM KIOST(Korea) 192 96 4.2120
HadGEM3-GC31-LL MOHC (UK) 192 145 7.5954

NESM3 NUIST(China) 192 96 6.4709
CMCC-ESM2 CMCC(Italy) 288 192 5.7749
UKESM1-0-LL MOHC (UK) 192 145 7.3271

SAM0-UNICON SNU(Korea) 288 192 4.0375
MPI-ESM-1-2-HAM MPI-M(Germany) 192 96 3.6496

INM-CM4-8 INM(Russia) 180 120 3.3066
IPSL-CM6A-LR IPSL(France) 144 143 6.9031
MCM-UA-1-0 UA(USA) 96 80 5.0268

BCC-ESM1 BCC(China) 128 64 4.6847
CAMS-CSM1-0 CAMS(China) 320 160 3.8605
CNRM-ESM2-1 CNRM(France) 256 128 5.9369

CAS-ESM2-0 CAS(China) 256 128 5.2790
CNRM-CERFACS CNRM(France) 256 128 6.3996

MIROC6 MIROC (Japan) 256 128 3.6391
FGOALS-g3 CAS(China) 180 80 3.1859

MIROC-ES2L MIROC (Japan) 128 64 3.8070

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15010313/s1, Figure S1: Changes of precipitation in different
models (including MME, unit: mm/day), figures are in the order of precipitation pattern correlation
coefficients illustrated in Figure 5a; Figure S2: Similar to Figure S1 but for geopotential height (unit:
10 gpm); Figure S3: Similar to Figure S1 but for water vapor flux(arrows, unit: g/g*kg/m2*m/s) and
its convection (shadow, unit: 10−3*g/g*kg/m2*m/s*m−1); Figure S4: Similar to Figure S1 but for sea
surface temperature (unit: ◦C).
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