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Summer and winter precipitation in East Asia scale
with global warming at different rates
Wengui Liang1 & Minghua Zhang 1✉

Future changes of regional precipitation are of great scientific and societal interests. Large

uncertainties still exist in their projections by models. Mechanistic understanding is therefore

necessary. Here we demonstrate robust features of the percentage change of precipitation

normalized to surface temperature change (%/K) under global warming, referred to as

scaling of precipitation with temperature in East Asia. We find that land precipitation in the

summer scales at ~3%/K, well below the scaling rate of the Clausius-Clapeyron relationship

for atmospheric water vapor content, but the scaling in winter is comparable to the Clausius-

Clapeyron scaling at ~7%/K. By using moisture budget analysis of model simulations, we

show that this scaling and the seasonal contrast can be clearly attributed to the robust

climate changes of steeping moisture gradient, weakening westerly jets, and increasing

hydrological amplitude of atmospheric eddies.
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Anthropogenic greenhouse emissions have caused global
warming that is expected to continue in the 21st
Century1–3. Associated with the warming are changes of

precipitation that affect critical water resources for many sectors
in the society2,4–7. For the Earth as a whole, the scaling of pre-
cipitation with temperature is constrained by the rate of atmo-
spheric radiative cooling at about 2–3%/K8,9. On regional scales,
however, model projections of future changes in precipitation
display large inter-model differences with much larger spatial
variations than the warming. Regional dynamics has been shown
to play an important role in these variations10, but details of
specific processes causing regional precipitation changes are still
not well understood. Confidence is therefore low in these
projections2,3. More insights into the physical mechanisms are
needed10–28.

In this article, we first report robust precipitation scaling with
temperature in East Asia by using the Large-Ensemble Simula-
tions (LES) from the Community Earth System Model (CESM1-
LES RCP8.5 simulations)29 and those from Phase 6 of the Cou-
pled Model Intercomparison Project (CMIP6) (Supplemental
Table 1). We then explain the underlying physical mechanisms,
which is simplified by focusing on the deviation from the
Clausius-Clapeyron scaling (CCS) of local thermodynamics. The
theory is built upon the robust climate change features of stee-
pening moisture gradient16,24,30–32 and weakening of westerly
jet15,25,33–38, which have been extensively reported in the litera-
ture, and separation of dynamical and hydrological amplitudes of
atmospheric eddies, the latter of which can be also interpreted as
larger discharge of moisture in a warmer climate during pre-
cipitation events.

Results
Scaling of precipitation change with temperature. Surface
warming in East Asia is projected to be stronger at higher lati-
tudes, more over land than over the ocean, and larger in the
winter (December to February, DJF) than in the summer (June to
August, JJA) (see red contour lines in Fig. 1a, b for the CESM1-
LES. Here and below, the corresponding figures from the CMIP6
ensemble are shown in the Supplemental Information (SI)). These
are all consistent with well-established understandings on the
polar amplification of global warming and relatively weak eva-
poration and small heat capacity of the land2. Normalized by
these temperature changes, the scaled percentage change of
projected precipitation is found to display sharper contrasts in the
two seasons and between land and the sea (see color shading in
Fig. 1a, b, and Methods in SI). In JJA, the response of land pre-
cipitation to warming is scaled to be about 3%/K, but it is above
10% over the subtropical ocean. As a reference, the scaling rate of
water vapor content is 7.3%/K in the region (denoted by the black
contour in the figure). In DJF, the precipitation scaling is about
7% over land, but nearly zero over the subtropical ocean. The
scaling rate of water vapor content is 5.9%/K in the winter due to
lower temperature and small change in relative humidity over
land. These seasonal and land-ocean contrasts are also confirmed
by using two additional large ensembles of model simulations
from the Max Plank Institute Grand Ensemble39 (MPI-GE) and
the Model for Interdisciplinary Research40 (MIROC6-LES) that
are available to us (Figs. S2 and S3).

On average, precipitation is balanced by atmospheric moisture
convergence and surface evaporation15,32. The seasonal and land-
ocean contrasts in the precipitation scaling are closely mirrored
by those in the moisture convergence change (Fig. 1c, d). We
therefore use the moisture convergence to deconvolute the roles
of thermodynamical and dynamical processes in the precipitation
scaling. We separate these processes into local thermodynamics,

spatial thermodynamics, dynamics of the time mean (stationary)
circulation, and transient eddy transport described by the
following equation (see Methods in SI). This separation is not
merely a mathematical decomposition, but rather a useful
approach to decipher precipitation change and its physical causes
that vary greatly in space and time. The local thermodynamics
describes the impact of the holding capability change of water
vapor in the atmosphere on precipitation. The spatial thermo-
dynamics portrays the impact of this capacity change in
neighboring regions. The dynamics represents the change of
wind divergence. The eddy contribution characterizes the degree
of atmospheric transience. Previous studies have used local
thermodynamics and dynamics to demonstrate the regional
impact of the dynamics10. Here, we have included the additional
processes from the spatial variation of the thermodynamics and
eddies that will be shown as necessary to explain the precipitation
scaling in East Asia. The scaling of the local thermodynamics
follows the CCS at about 7%/K. If it is the sole source of
precipitation or if its ratio with the other sources remains the
same in climate change, precipitation would scale at the same rate
as that of the local thermodynamics. It is the basis of the theory of
“wet gets wetter, dry gets drier (WWDD)”8,11–13,17. This study
will focus on the deviations from the CCS depicted in Fig. 1a, b
that are contributed by the other three processes.
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We find that the changes in the three processes from spatial
thermodynamics, dynamics of the mean circulation, and transient
eddy transport all act to dry over the land in the summer (Fig. 2a,
c and e), leading to the muted scaling of summer precipitation
over land. The impact of the first process—the spatial thermo-
dynamics—is caused by the enhanced moisture gradient from
land to the ocean in the warmer climate that is collocated with the
prevailing climatological westerly (see shading and vectors in
Fig. 3a). Without changes in the circulation and mean specific
humidity, the change in spatial gradient alone will lead to more
moisture divergence and thus drying over land. This process does
not necessarily follow the WWDD role since the collocation of
the mean winds and changes in moisture gradient does not
always coincide with the regions of large precipitation, such as in
the present case when summer precipitation over East Asia is
“rich” and “wet”. The impact of the second process—the
dynamics of the mean circulation—is explained by larger
subsidence over the land in this region associated with the
anticyclonic motion due to weakening of the westerly jet in the
warmer climate (see vectors in Fig. 3c). This weakening is
consistent with the reduction of meridional temperature gradient
in the lower troposphere and expansion of the subsiding branch
of the Hadley circulation in climate change41. The impact of the
third process—the moisture transport by transient eddies—is
consistent with the reduction of eddy dynamical strength
associated with the reduction of westerly jet, despite the increased
magnitude of moisture eddy amplitude, which is further
discussed later.

The above interpretations can be directly applied to the summer
precipitation scaling over the subtropical ocean. The scaling is
increased by the positive contributions from both the spatial
thermodynamics and dynamics changes of the mean circulation.
The prevailing climatological winds over the subtropical ocean is
southwesterly as part of the East Asia monsoon that blows down
the enhanced moisture gradient, creating larger moisture
convergence in a warmer climate even if winds do not change.
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The region of the subtropical ocean is also under the influence of
an anomalous cyclonic circulation to the south of the weakened
westerly jet. Hence, there is anomalous wind convergence in the
mean circulation. The change in the dynamical circulation
dominates the enhanced scaling of summer precipitation over
the ocean.

Winter offers additional insights into the separate roles of the
three processes (Fig. 2b, d, f). Because the prevailing climatolo-
gical westerly and northwesterly winter monsoon blow toward a
steeper moisture gradient from the land to the ocean (Fig. 3b), the
effect of the spatial thermodynamics is to dry the region both over
land and ocean, reducing the precipitation scaling. The change of
the dynamics in mean circulation also acts to dry the region
because the anomalous anticyclonic motion associated with the
weakening of the westerly jet is displaced further south in the
winter (Fig. 3d). Over the land, these two drying effects are,
however, greatly opposed, and more than compensated, by the
increased scaling due to enhanced eddy moisture convergence.
The effect of eddy transport over the subtropical ocean is nearly
zero due to the weakened eddy dynamics as a result of the jet
weakening in the region.

What is the cause of the increase of eddy moisture convergence
in winter over land? We approach this question from two
complemental perspectives. The first is aided by distinguishing

the dynamical and hydrological eddy strengths, with the former
reflecting changes in the velocity perturbation; the latter in the
perturbation of specific humidity or precipitable water in eddies.
The dynamical eddy amplitude in the winter is larger in the warmer
climate over land (shading in Fig. 3f, blue color denotes larger
value) because of the stronger vertical wind shear (shading in
Fig. 3d) associated with smaller meridional temperature gradient
near the surface but larger gradient in the upper troposphere. The
eddy amplitude in moisture is increased even more because it
contains the additional contribution of the CCS rate of water vapor
(Fig. 3h). This is in contrast to the summer, when the dynamical
eddy amplitude is weaker due to the reduced wind shear that offsets
the change in the moisture amplitude (Fig. 3c, e and g). A second
perspective is to track eddies as cyclones. The scaling of
precipitation following a cyclone includes the local thermodynami-
cal contribution. It additionally has the larger moisture discharge
(the negative time tendency) in the warmer climate (Fig. 3i, j, see
Methods in SI)—having more moisture to store and then be
squeezed out—thus adding positively to the precipitation scaling.
The larger storage of moisture during precipitation events is
consistent with reduction of the mean relative humidity over land in
the warmer climate42,43.

While the above three processes account for the seasonal and
land-sea contrasts of precipitation scaling, surface evaporation

Fig. 1 Projected warming and scaling of precipitation with temperature. a, b Future changes of surface temperature in the CESM1-LES RCP8.5 simulations
(red contours, unit in degrees K) and percentage change of precipitation scaled by unit temperature change (color shading, unit in %/K) in JJA and DJF.
The changes are calculated as the differences between the two periods of 2070–2099 and 1975–2004. The thick black contour is the 7.3%/K scaling of
atmospheric water vapor content in JJA. Stippling represents statistical significance at 5% level in student t test with respect to the 40 ensemble variances.
c, d Same as above, but for the scaling of the total moisture flux divergence (convergence) in JJA and DJF.
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contributes ~2%/K in the summer (Supplemental Fig. S6a). In the
winter, surface evaporation is found to play a subtle role
contributing to the large precipitation scaling over land. It
reaches the CCS in two regions (see Supplemental Fig. S6b). One
is over the coastal waters, which is attributed to the winter
monsoon blowing cold and dry continental air mass over the
relatively warm water near the coast. The second region is located
to the north of the Tibet Plateau where the climatological
precipitation in the winter is very small. Evaporation from the
accumulated snow on the ground into dry air mass is likely to

scale according to CCS over ice, which could be amplified by the
snow-albedo feedback of more melting and wetter surface in
the warmer climate. Additional research is warranted about the
evaporation scaling since it should be highly dependent on land
surface properties of the specific regions.

We note that the scaling results described above are intended
to interpret precipitation response to climate change. The scaling
could be different for other types of atmospheric variabilities,
such as diurnal or sub-diurnal and seasonal variations44. This is
because the systematic changes in the spatial thermodynamics

Fig. 2 Contribution of different processes to the scaling of total moisture convergence. a, c, e For JJA; b, d, f for DJF; unit is %/K. a, b Spatial
thermodynamics. c, d Dynamics of the mean circulation. e, f Eddy moisture transport (unit: %/K). Stippling represents statistical significance at 5% level in
student t test.
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Fig. 3 Changes of physical processes in a warmer climate. a, b Changes of column water vapor content (color shading, unit in kg/m2) overlayed on its
climatology (contours) and the climatological vertically integrated winds weighted by specific humidity (vector, unit in m/s) for JJA and DJF. The panels
below are the same as (a, b) except for different fields. c, d Changes of tropospheric winds at 300 hPa (vector) and percentage changes of the magnitude
of the vertical wind shear (color shading, unit in %, blue color represents larger value to denote the relationship with precipitation). e, f Percentage changes
of the dynamical amplitude of eddies in the upper troposphere at 300 hPa (unit in %, blue color represents larger value). g, h Percentage changes in the
eddy amplitude of precipitable water (unit in %/K). i, j Percentage changes scaled by unit temperature change in the discharge rate of precipitable water
during the extreme precipitation events at 99% threshold (unit in %/K) (see Methods in SI). Stippling represents statistical significance at 5% level in
student t test.
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and dynamics will be different and the role of the transience can
be also different.

Schematics of the conceptual model. The atmospheric processes
responsible for the deviation of precipitation scaling from CCS
under climate change and the summer-winter/land-sea contrasts
in East Asia can be schematically summarized (Fig. 4). The effect

of spatial thermodynamics, with enhanced spatial moisture gra-
dient in a warmer climate, depends on the orientation of the
prevailing climatological winds relative to the moisture gradient
change. For East Asia, in JJA the prevailing westerly over land and
the southwesterly monsoon over the ocean determine the drying
effect over land and moistening effect over the ocean, respectively;
in DJF the prevailing westerly and northwesterly winter monsoon
over both land and the ocean cause drying in a warmer climate

Fig. 4 Schematics of the three atmospheric physical processes causing deviation of precipitation scaling from the Clausius-Clapeyron scaling.
a, c, e For JJA; b, d, f for DJF. a, b Changes in spatial thermodynamics, depicting the orientation of the climatological winds over the change of moisture
gradient. c, d Changes in mean circulation, depicting jet weakening and the accompanied anomalous anticyclonic circulation to its north, anomalous
cyclonic circulation to its south. e, f Changes in eddy transport, depicting responses of the hydrological and dynamical eddy amplitudes to warming, and
moisture discharge during precipitation events using the size of the mock cloud representing the dynamical amplitude and the color intensity representing
specific humidity.
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(Fig. 4a, b). The effect of the change in the mean circulation is
expected to change greatly from one region to another. In East
Asia, it is typified by the weakening of the westerly jet centered
around 40°N in JJA and 30°N in DJF in a warmer climate. The
anomalous anticyclonic circulation north of the weakened jet
enhances subsidence to reduce precipitation scaling in the region;
the anomalous cyclonic circulation south of the weakened jet
enhances upward motion to increase precipitation scaling
(Fig. 4c, d). The effect of the eddy moisture transport on the
scaling can be understood by separating the eddy strengths in
wind and precipitable water. The moisture amplitude of eddies
increases in a warmer climate; the wind amplitude depends on
the change of the vertical wind shear. For East Asia in JJA, eddy
velocity is weakened because of the weakened westerly shear,
compensating the increased eddy amplitude in moisture. In DJF,
the amplitudes of both eddy dynamics and moisture increase in
the warmer climate, resulting in large increase of precipitation
scaling (Fig. 4e, f).

Conclusions. East Asia provides a clear case to demonstrate the
different roles of atmospheric local thermodynamics, spatial
thermodynamics, dynamics of the mean circulation, and eddies in
causing the scaling of precipitation with temperature, leading to
larger scaling of land precipitation in the winter and smaller
scaling in the summer in East Asia. These four processes can
operate independently of each other. The separation of these
processes, including the strengths of eddy dynamics and eddy
moisture, provides a useful tool to understand future changes of
precipitation in other regions with their specific settings of cli-
matology and circulation changes. It can also help to better dis-
cern what model projections of the future precipitation changes
are more trustworthy and where priorities should be placed to
further improve the climate models45.

Methods
Precipitation scaling. Seasonal means of temperature and precipitation rate are
calculated by using the ensemble mean of the 40 member CESM LES simulations,
with 1975–2004 in the historical simulation as present-day climate, 2070–2099 in
future scenario (RCP85) simulation as future climate. Precipitation scaling is
obtained by using the percentage change of precipitation scaled by surface tem-
perature change. The scaling is calculated at each grid point by using the local
seasonal means. The reference scaling of water vapor in Fig. 1a, b are calculated by
using percentage changes of precipitable water scaled by surface temperature
change. For CMIP6 results in the Supplemental Information, we selected 18 CMIP6
models based on the availability at the time of the analysis. Only one ensemble is
downloaded for each model. For future climate in the CMIP6 simulations, we used
the SSP585 scenario. As a supplement, we used MPI-GE 100 ensembles and
MIROC6-LES 50 ensembles, with the former using the RCP85 future scenario, the
latter using the SSP585 scenario.

Moisture budget calculation. The basic equation of moisture budget is a balance
between precipitation and moisture flux convergence, precipitable water change,
and evaporation.

P ¼ �∇ �
Z Ps

0
V
!

q
dp
g
� ∂

∂t

Z Ps

0
q
dp
g
þ E ð2Þ

For climatological steady state, Eq. (2) becomes32:
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where �∇ � F!q is the moisture flux convergence. For future changes of mean
precipitation, we have:
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The total moisture flux convergence (divergence) can be decomposed into
contributions from the mean state (seasonal mean) and transient eddies32:
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The first term of the right-hand side in Eq. (5) can be decomposed into
thermodynamic change (THE), dynamic change (DYN). They are written as:
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The nonlinear term −δ(THE)δ(DYN) in Eq. (6) can be neglected as it is
diagnosed to be small. The second and third terms in the right-hand side of Eq. (8)
are also small. These three minor terms are treated as residual terms δR in Eq. (1).
Combining and reorganizing Eqs. (6), (7), and (8) lead to Eq. (1). Monthly fields
are used to calculate all terms in Eqs. (7) and (8). The eddy term is calculated as
the residual from Eq. (5).

Moisture discharge during transient events. We use the CESM1-LES 6-hourly
output to track extreme precipitation events and consider them as from cyclones
(either mid-latitude or tropical). For 6-hourly output, only 1990–2005 is available
for the historical simulation, and 2071–2080 for the RCP8.5 scenario. We select
99th percentile of 6-hourly precipitation events at each grid. Using the 99th per-
centile precipitation index we perform transient moisture budget analysis at each
grid point separately because different regions have different extreme events. To
maintain spatial structure of extreme events, we calculate the moisture gradient and
wind convergence on the whole field and then perform the composition grid-by-
grid based on the 99th percentile extreme precipitation index. The basic equation
for transient moisture budget is as follows after neglecting the evaporation16:
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during, and after the extreme precipitation events. For future change, we have:
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The last term is shown in Fig. 3i, j.

Data availability
Data used in this study are available at the CMIP6 archive https://esgf-node.llnl.gov/
search/cmip6/.

Code availability
Analysis codes used in the study can be accessed at https://github.com/wenguiliang/
Scripts.
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