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The East Asian summer monsoon precipitation has exhibited a well-known “southern China flood and
northern China drought” pattern in recent decades. The increase in aerosols and warming oceans are
recognized as two important forcings that control of the precipitation trends over East Asian land.
However, in this study, by using large ensemble simulations from the CMIP6 Polar Amplification Model
Intercomparison Project (PAMIP), the influence of Arctic amplification, serving as the prominent
feature of global warming, is very important in modulating the East Asian summer precipitation pattern,
which is comparable to the influence of sea surface temperature (SST). Additionally, the observed
“southern China flood and northern China drought” pattern only exists in July and August, whereas a
triple pattern with the precipitation positive anomaly center over Middle China occurs in June. These
patterns are closely connected with the regional differences in Arctic sea ice loss from June to July,
affected through both the Rossby waves propagating in a weaker westerly jet and the decrease in the
large-scale meridional thermal contrast in a warming climate.

The East Asian summer monsoon (EASM) system is an important com-
ponent of the global monsoon system, which is modulated by multiple
complex forcings with a wide range of time scales'™"*. With the rapid
increase in greenhouse gases (GHGs) since the middle of the 20th century,
EASM precipitation exhibits a well-known “southern China flood and
northern China drought” pattern and is associated with surface air tem-
perature cooling for the June-July-August interdecadal trends. Numerous
studies have revealed that the increase in anthropogenic aerosols, such as
black carbon and sulfate, is the dominant control factor over surface cooling
and increasing precipitation over South China'**, while other studies have
empbhasized that warming oceans in the tropics provide more water vapor
fluxes and lead to an increase in East Asian summer precipitation™ ",
However, except for the contributions of the local anthropogenic aerosol
forcing over East Asia land and the sea surface temperature (SST) forcing at
low latitudes, the contributions of Arctic sea ice, which undergoes a rapid
decrease under global warming, to this trend have received less attention.
The climate impact of Arctic sea ice loss and Arctic amplification have
been extensively studied in recent decades™*, but most studies mainly

focus on boreal winter seasons, and the conclusions are still controversial
due to the inconsistency between the observational analysis and numerical
modeling. Observational studies highlight that Arctic sea ice loss is closely
connected to changes in the north hemispheric mid-latitude circulation and
associated weather and climate system during boreal winter, such as surface
cooling over the Eurasian continent, intensification of the Siberian High,
weakening of the westerly jet, increasing snowfall and increasing extreme
cold events”****. However, the model responses to the Arctic sea ice forcing
are diverse, and the model signals are quite weak and not easily discerned
from noise’***’. A large ensemble simulation has been proposed to reduce
the noise in climate simulations in recent years, and more robust responses
can be derived based on such experiments and additional statistical
constraints™ >, In the Polar Amplification Model Intercomparison Project
(PAMIP) of the Sixth Coupled Model Intercomparison Project (CMIP6)™,
the responses of atmospheric circulation to the changes in Arctic sea ice and
SST will be examined by a set of coordinated large ensemble simulations
with prescribed SST and sea ice concentration (SIC) for present-day (pd),
pre-industrial (pi), and future (fut) scenarios™. Based on the above datasets,
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arecent study showed that state-of-the-art models could capture the surface
cooling over eastern Eurasian land and the weakening of mid-latitude
westerlies in response to projected Arctic sea ice loss by analyzing 3000
samples of simulations™. This study also implies that the robust response of
the Eurasian summer climate to Arctic sea ice loss can be investigated in
such a manner.

Compared to the tremendous and systematic analysis of the climate
effects of Arctic sea ice loss during winter seasons, studies of the influences of
Arctic sea ice loss on East Asian summer monsoon precipitation are rela-
tively rare, and the understanding of these influences is still not clear. Pre-
vious studies have mainly focused on the interannual influence of spring
Arctic sea ice loss on summer rainfall in China. Numerous studies have
proposed that Arctic sea ice loss could result in a dipole precipitation
anomaly pattern over East Asian land, with a positive center in central China
and a negative center in southern China****”’". However, other studies show
that the decrease in Arctic sea ice will result in the weakening of the EASM
and produce more summer precipitation over South China’, Moreover, the
contribution of Arctic sea ice loss to the decadal trends of East Asian
summer precipitation has seldom been discussed. Thus, in this study, based
on large samples of multimodel simulations under pd and pi forcings in
PAMIP and by using observation constraints, the role of Arctic sea ice loss
on the EASM decadal trends is revealed, and the relative contributions
between SIC and SST and the associated physical mechanism are also dis-
cussed. This study provides an understanding of the formation of inter-
decadal trends in the EASM under global warming.

Results

The observed EASM interdecadal trends from 1951 to 2000

The observed interdecadal trends of EASM precipitation and 850 hPa wind
from 1951 to 2000 are investigated in this study. There are three reasons for
adopting this period. First, the global surface temperature increased rapidly
after the 1950s, driven by well-mixed greenhouse gases (GHGs) related to
human activities, while global precipitation over land has likely increased
since 1950 and increased rapidly after the 1980s”. The global warming
hiatus appeared after the 2000s, which implies that natural variability makes
an important contribution to the continuous global warming trend*”*”. The
interdecadal variability in precipitation also shows considerable variation
after the 2000s. For example, we present the time series of precipitation over
East Asian land during June-July-August from 1901 to 2019 in Supple-
mentary Fig. 1 based on GPCC datasets. A 10-year running mean is applied
to filter the interannual variabilities. It is clear that there are significant
changes in precipitation during this period, while the application of satellite
observations after 1979 makes precipitation data more reliable. Thus, the use
of the period of 1951 to 2000 will be a better choice for understanding the
EASM interdecadal trend responses to imposed external forcings. Second,
according to the design of the PAMIP, the 1979-2008 global mean surface
temperature is defined as the present-day forcing, while the removal of the
estimate of the global warming index (0.57 °C) is used to derive the pre-
industrial forcing. The magnitude of the SST forcing between present-day
and pre-industrial times is comparable to the interdecadal trends from 1951
to 2000. Finally, this period is frequently studied in previous
literature'>'”*"*%*”, Thus, the analysis in this study can also be compared with
previous related works to some extent. It is worth noting that the current
study does not include recent decades.

The observed interdecadal trends of EASM precipitation and 850 hPa
winds are investigated for June, July, and August. It is quite surprising that
the traditional “southern China flood and northern China drought” pattern
only appears in July (Fig. 1b) and August (Supplementary Fig. 2), with a
meridional dipole precipitation pattern and northeast wind anomaly over
East Asia. However, in June, the precipitation trend shows a triple pattern
with an increased center in middle China and two decreased centers in
northern and southern China. The 850 hPa wind trend shows a regional
cyclonic circulation, which favors the precipitation increase in central
China. In summary, the precipitation trend pattern in June is roughly
reversed in July and August, which implies that the causes and associated

physical processes of the precipitation trends from June to July greatly differ.
Since the precipitation patterns in July and August are quite similar, we only
compare the analysis between June and July in the following sections.

EASM responses to SST and SIC forcings in a warming climate
The EASM precipitation and 850 hPa wind responses to the difference
between present-day and pre-industrial forcings from PAMIP experiments
(Table 1) are recognized as the responses of the monsoon system to overall
global warming and are first examined. To reduce the influences from the
model bias on the model responses, an observation constraint method is
applied (see Methods) to the precipitation simulation in June (Fig. 1¢) and
July (Fig. 1d). The experiment_id “ALL” denotes the model responses to
changes in both SST and SIC. In June, the constrained precipitation
anomaly shows a clear meridional triple pattern with increasing precipita-
tion in central China and decreasing precipitation in both northern and
southern China, which is very similar to the observed trends (Fig. 1a). The
corresponding 850 hPa wind responses show a clear cyclonic shear over the
precipitation positive anomaly center, which is also close to the observed
pattern. Over the ocean regions, an anticyclone anomaly is simulated over
the South China Sea, which is west of the observed anticyclone. In July
(Fig. 1d), the model response in ALL reproduced the traditional “southern
China flood and northern China drought” pattern. The simulated 850 hPa
wind shows strong northeast air flows over East Asian land and a uniform
westerly over subtropical ocean regions, which is close overall to the
observed wind trends (Fig. 1b). The above analysis indicates that the con-
strained multimodel mean responses could capture the observed inter-
decadal trends of the EASM well. This result provides a robust basis for
understanding the individual effects of SST increase and Arctic SIC loss on
the EASM.

We show the EASM responses to the separate SST and Arctic SIC
forcing in Fig. 1e-h. The SSTR (Table 1) is the model response between the
present-day and pre-industrial SST forcings when keeping the SIC forcing
unchanged. The simulated precipitation in June (Fig. le) shows a clear
meridional triple pattern over East Asia, which is also very similar to the
results in ALL (Fig. 1¢), except that the intensity is slightly weak. The 850 hPa
wind mainly shows cyclonic shear over the precipitation. Interestingly, the
precipitation responses to only Arctic sea ice loss (Fig. 1g) also show a
meridional triple pattern similar to that in SSTR and ALL, which indicates
that the contributions from Arctic sea ice loss to EASM cannot be neglected.
The 850 hPa wind mainly shows an anticyclonic anomaly over the western
Pacific and is quite different from the wind response in the SSTR, which
implies that the formation mechanisms of the triple patterns in the SSTR and
ARC are different. In July, the precipitation responses to SST and SIC both
exhibit the traditional dipole pattern, while the precipitation intensity in the
ARC is overall slightly weaker than that in the SSTR. The 850 hPa wind
responses in SSTR and ARC both appear as large-scale cyclonic anomalies
over East Asia, which are both similar to those in ALL (Fig. 1d), except that
the response in ARC is slightly weaker. These results indicate that both the
SST increase and Arctic sea ice loss contribute to the interdecadal trends of
the EASM. Moreover, the results highlight that the influences from Arctic sea
ice loss are almost as important as the SST increase.

To quantitatively understand the role of Arctic sea ice loss on the
precipitation trends over East Asia, we created a box plot to under-
stand the distributions of precipitation responses in each experiment
(Fig. 2). Figure 2a shows the precipitation response in central China in
June (red box in June, Fig. 1c). The precipitation anomaly in ALL
ranges from —0.92 mm day ' to 7.73 mm day ', with a mean value of
2.70 mm day . The precipitation response to SST only (SSTR) shows a
larger range (—2.55 mm day ' to 9.70 mm day ') than in ALL, with a
mean value of 1.86 mm day~". Finally, the precipitation response to
SIC only (ARC) shows the largest range from —2.43 mm day ' to
11.10 mm day ', with a mean value of 1.72 mm day ™.

Two important features can be derived from this box plot. First,
the quantitative calculation showed that the influence of Arctic sea ice
loss on the increasing trend over central China is as important as SST.
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Fig. 1 | Trends and responses of precipitation and
850 hPa wind in June and July. Precipitation
(shading, units: mm day ') and 850 hPa wind
(vector, units: m s ') trends in June (a) and July (b)
for GPCC/ERA5 during 1951-2000. The pre-
cipitation (shading, units: mm day ') and 850 hPa
wind (vector, units: ms~') responses to ALL in June
(c) and July (d). The precipitation (shading, units:
mm day ') and 850 hPa wind (vector, units: m s ')
responses to SSTR in June (e) and July (f). The
precipitation (shading, units: mm day ) and 850
hPa wind (vector, units: ms ) responses to ARC in
June (g) and July (h). The red box represents

the northern part of East Asia (26°N-33°N,
105°E-122°E in Fig. 1c) (33°N-40°N, 107°E-120°E
in Fig. 1d), and the blue box represents the south-
ern part of East Asia (21°N-26°N, 105°E—120°E in
Fig. 1c) (21°N-30°N, 107°E—120°E in Fig. 1d).
Stippling and red vectors indicate where the trends
or the multimodel ensemble mean response is
significant (90% confidence).
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Moreover, the linear response of precipitation in the northern region  have the largest uncertainty, which implies that the EASM response is

in June to SSTR and ARC is 3.58 mm day '

(PREgstr + PREARc),  quite sensitive to the Arctic sea ice forcing, especially in June. How-

which is higher than the value 0f 2.70 mm day ' when the two forcings  ever, for the precipitation decrease trend over South China in June
are prescribed together in the model (Fig. 2a). This suggests that (Fig. 2b), the mean precipitation anomaly in ALL is —1.23 mm day ™",
nonlinear interactions of SST and SIC have weakened this response. ~ which is lower than the linear sum of the precipitation anomalies in
Second, the precipitation responses to Arctic sea ice loss appear to  SSTR (—0.38 mm day™') and ARC (—0.40 mm day'). This result
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Table 1 | Introduction to the PAMIP experiments used in the research

Number Experiment Name Description

No.1 pdSST-pdSIC Time slice forced by climatological monthly mean SST and SIC for the present day (pd).

No.2 piSST-piSIC Time slice forced by climatological monthly mean SST and SIC for pre-industrial (pi) conditions.

No.3 piSST-pdSIC Time slice forced by pi SST and pd SIC.

No.4 pdSST-piArcSIC Time slice forced by pd SST and pi Arctic SIC.

No.5 ALL pdSST-pdSIC (NO.1) minus piSST-piSIC (NO.2) to characterize the response of the atmosphere to SST rise and SIC loss.
No.6 SSTR pdSST-pdSIC (NO.1) minus piSST-pdSIC (NO.3) to characterize the response of the atmosphere to SST rise.

No.7 ARC pdSST-pdSIC (NO.1) minus pdSST-piArcSIC (NO.4) to characterize the response of the atmosphere to Arctic SIC loss.

Fig. 2 | Box plot analysis of precipitation in June
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indicates that the combined effect of SST and SIC amplifies the
influence of individual SST and SIC on the precipitation trend over
South China in June.

The quantitative calculations for the precipitation dipole pattern in July
are shown in Fig. 2¢, d, respectively. There are two main features that are
quite different from the precipitation trends in June. First, the sums of the
mean precipitation anomaly (—2.02 mm day ' in the northern area and
3.19 mm day ' in the southern area) in the SSTR and ARC are both very
close to the means in ALL (—1.84 mm day™" for the northern area and
3.15mm day’1 for the southern area), which denotes that the mean com-
bined effect of SST and SIC on EASM precipitation is quite close to the sum
of the mean individual effect from the SST and SIC forcing in July. Second,
the range of the precipitation response in the ARC is —5.53 to 3.07 mm day "
in the northern region and —5.24 to 6.09 mm day ' in the southern region,

which are close to the precipitation ranges in the ALL and SSTR. This result
implies that the precipitation response to the Arctic sea ice forcing is less
sensitive in July than in June. To understand the associated atmospheric
circulations and hydrological cycle in response to the different forcings, we
analyze the atmospheric moisture budgets in the following sections.

Moisture budgets diagnostics

The diagnostic equation of the moisture budget (Eq. 2, see Methods) has
conventionally been used for understanding the hydrological cycle responses
to external forcings in climate dynamics studies***. As shown in Eq. 3, the
precipitation responses to the external forcing can be calculated by the dif-
ference between perturbed evaporation and water vapor transport in the
atmosphere. In this study, since the response of evaporation is quite small and
can be neglected in all the experiments, we only show the responses of vertical
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Fig. 3 | Moisture processes driving changes in the precipitation anomaly (June).
The vertical transport differences in water vapor (7<w8pq>/, units: mm day ")

responses to ALL (a), SSTR (d) and ARC (g). The horizontal transport differences in
water vapor (—<V, - th>', units: mm day ') responses to ALL (b), SSTR (e) and

100°E 110°E 120°E 130°E
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ARC (h). The total transport differences in water vapor (—<wapq>/ — <V, V>,
units: mm day ') responses to ALL (c), SSTR (f) and ARC (i). Stippling indicates
where the multimodel ensemble mean response is significant (90% confidence).

and horizontal transport of water vapor for different experiments in Figs.
3 and 4, while the evaporation term together with the residual term are shown
in Supplementary Material (Supplementary Figs. 3, 4).

In general, the sum of the advection terms (Fig. 3¢, £, 1) reproduces the
meridional triple pattern of precipitation responses in June well, as shown
in Fig. 1c, e, g for all the experiments, which indicates that the external
transport of water vapor is crucial for the changes in precipitation under
different forcings. Moreover, the vertical transport terms (Fig. 3a, d, g)
appear as the dominant term for the positive precipitation anomaly in
middle China, while the contributions of the horizontal transport term to
the negative precipitation anomaly are overall comparable to those of the
vertical transport term. Specifically, the centers of the horizontal transport
term (Fig. 3b, e, h) are close overall to the coast of middle China and the
East China Sea, and the overall patterns are to the east of the vertical

transport term (Fig. 3a, d, ). This result implies that the dynamics of the
precipitation response may be attributed to changes in different climate
systems.

In July, the vertical transport terms (Fig. 4a, d, g) are still the dominant
terms for the total sum of the advection terms (Fig. 4c, f, i) and the pre-
cipitation responses (Figs. 1d, f, h). However, unlike in June, the horizontal
terms (Fig. 4b, e, h) did not show dipole patterns as the vertical terms were all
very weak over East Asia. Therefore, we concluded that both the vertical and
horizontal advection terms of water vapor contribute to the precipitation
responses in June, while only the vertical transport term is important for
precipitation responses in July.

We further decompose vertical moisture advection into three
components: the first part (—<a;apq’>) is the anomalous moisture
convergence caused by changes in water vapor content, namely the
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Fig. 4 | Moisture processes driving changes in the precipitation anomaly (July).
The vertical transport differences in water vapor (7<w8pq>/, units: mm day ")
responses to ALL (a), SSTR (d) and ARC (g). The horizontal transport differences in
water vapor (7<Vh~th>/, units: mm day ') responses to ALL (b), SSTR (e) and
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ARC (h). The total transport differences in water vapor (—<wapq>' — <V, V,g>,
units: mm day ') responses to ALL (c), SSTR (f) and ARC (i). Stippling indicates
where the multimodel ensemble mean response is significant (90% confidence).

thermally induced anomalous moisture convergence term; the sec-
ond part (—<a)’apq>) is the anomalous moisture convergence
resulting from changes in atmospheric circulation, namely the
dynamically induced anomalous moisture convergence term; and the
third part (—<w’8pq’>) is the nonlinear term. The third part is often
negligible and can be ignored. The contribution of the thermal term of
vertical water vapor advection to precipitation is small and almost
negligible in June and July (Supplementary Figs. 5, 6). The role of the
dynamical term dominates the response of precipitation in June and
July (Supplementary Figs. 5, 6). Changes in atmospheric circulation
in June and July caused differences in precipitation response. To
investigate the associated circulation changes and understand the
dynamics involved, the atmospheric responses in the three experi-
ments are analyzed in the following sections.

Atmospheric dynamics analysis

According to the moisture budget analysis, the change in atmospheric cir-
culation is the most important trigger for the precipitation response over
East Asian land in both June and July. Here, we show the winds and geo-
potential height responses at 850 hPa and 200 hPa, respectively, for the ALL/
SSTR/ARC experiment in Fig. 5 to understand the associated dynamics and
differences between June and July. It is clear that the cyclonic shear in middle
China, as shown in Fig. 1¢, is part of the low-pressure anomaly over Japan in
Fig. 5b. At the upper level (Fig. 5a), a strong anticyclonic anomaly is located
over southern China and the western Pacific, and a meridional wave-like
pattern appears over eastern Eurasia. The convergence in the low level and
divergence in the upper level are conducive to vertical motion, favoring
increased precipitation over the Yangtze River basin in June. In July
(Fig. 5d), the low-level atmospheric responses mainly appear as a strong
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Fig. 5 | Analysis of geopotential height and wind responses. The 200 hPa latitudinal
deviation field of geopotential height (shading, units: m) and wind (vector, units: ms™")
responses to ALL in June (a) and July (c). The 850 hPa latitudinal deviation field of
geopotential height (shading, units: m) and wind (vector, units: m s™") responses to
ALL in June (b) and July (d). The 200 hPa latitudinal deviation field of geopotential
height (shading, units: m) and wind (vector, units: m s™) responses to SSTR in June (e)
and July (g). The 850 hPa latitudinal deviation field of geopotential height (shading,

units: m) and wind (vector, units: m s™") responses to SSTR in June (f) and July (h). The
200 hPa geopotential height (shading, units: m) and wind (vector, units: m s™)
responses to ARC in June (i) and July (k). The 850 hPa geopotential height (shading,
units: m) and wind (vector, units: m s™) responses to ARC in June (j) and July (I).
Stippling and red vectors indicate where the multimodel ensemble mean response is
significant (90% confidence).

dipole pattern over East Asian land to the western Pacific, with a cyclonic
anomaly and low-pressure anomaly from south China to south Japan,
which is different from the pattern in June (Fig. 5b). At the upper level (Fig.
5¢), a wave-like pattern is very clear over the Eurasian continent, which
propagates from the Atlantic Ocean. Moreover, the meridional triple pat-
tern of geopotential height over East Asia tilted to the east of Japan in July
compared to the meridional pattern in June. The atmospheric baroclinicity
increases over South China in July due to the changes in the vertical shear of
circulation, which favors precipitation over South China in July (Fig. 1d).
The contributions of the SST and Arctic sea ice forcing to the changes
in circulations are shown in Fig. 5e-1, respectively. In SSTR (Fig. 5e-h), the
circulation responses to the changes in SST in both June and July are similar
overall to those in ALL (Fig. 5a-d). However, there are still some differences.
In June (Fig. 5f), the cyclonic circulation anomaly center and associated low
geopotential height are in the mid-latitudes of the Pacific, which are east of
the cyclonic circulation center in ALL (Fig. 5b). Therefore, over East Asian
land, horizontal cyclonic shear prevails over middle and southern China,
which favors local precipitation (Fig. le). At the upper level, the wave pat-
terns in the mid-high latitudes in the SSTR (Fig. 5e) are similar overall to
those shown in ALL (Fig. 5a), except that the meridional triple pattern over
East Asian land in ALL shifted east to the western Pacific Ocean in the SSTR.
Therefore, the upper-level westerly anomaly over middle China is weaker in
SSTR (Fig. 5e) than in ALL (Fig. 5a). Consequently, the local atmosphere
baroclinicity is weaker and the precipitation response is also weaker in SSTR

(Fig. 1e) than in ALL (Fig. 1¢). In July, the low-level circulation responses in
SSTR (Fig. 5h) are similar overall to those in ALL (Fig. 5d), except that the
cyclonic anomaly center over the central Pacific is stronger in SSTR than in
ALL, while the horizontal cyclonic shear over South China is weaker in
SSTR than in ALL. At the upper level (Fig. 5g), the overall wave pattern in
the Northern Hemisphere in SSTR is very similar to that in ALL (Fig. 5¢),
except that the intensity of the meridional triple pattern over Eastern Eurasia
is weaker in SSTR. This result also indicates that the vertical shear of wind
over East Asian land is weaker in SSTR than in ALL; consequently, the
associated vertical velocity and precipitation response is weaker, but the
spatial pattern matches well.

The circulation responses to the Arctic sea ice forcing in the ARC show
very different patterns (Figs. 5i-1) compared with those in the ALL and SSTR
in both months. In June (Fig. 5j), the low-level circulation shows a strong
anticyclone anomaly over the South China Sea and western Pacific.
Therefore, southwesterlies prevail over South China and bring more water
vapor from the ocean to the Yangtze River basin. In the upper level (Fig. 5i),
the wave propagation is quite clear in the mid-high latitudes. There seem to
be two propagation paths. One passes through the Barents-Kara Sea (BKS)
and propagates to the southeast into the high latitudes of the Eastern Eur-
asian continent. The other passes through north Africa in the mid-latitudes
and propagates zonally to the east of China. Note that over northern China
and East Japan, there are two cyclonic anomalies. This structure produces a
weak anticyclone in the south and triggers local downward motion
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(Supplementary Fig. 7). The upper atmosphere in South China converges
and sinks, leading to adiabatic warming, which is conducive to the devel-
opment of low-level high pressure (Supplementary Fig. 7; Fig. 5j). Conse-
quently, it intensifies the low-level anticyclonic anomaly, which is crucial for
the increase in precipitation in the Yangtze River basin (Fig. 1g).

In July (Fig. 5k, 1), the circulation responses are different from those
in June. At low levels (Fig. 51), the geopotential height anomalies mainly
show a zonal dipole pattern over eastern China and the western Pacific.
This pattern is very similar to that in ALL (Fig. 5d) and SSTR (Fig. 5h), but
the intensity is much weaker. In the upper level (Fig. 5k), the wave pattern
mainly shows a meridional triple pattern over the Eastern Eurasian
continent. The negative geopotential height anomaly over middle China
produces a strong westerly on its south and enhances the local baroclinity
in south China, which favors the precipitation increase. In summary, the
circulation responses to the Arctic sea ice forcing in June and July are quite
different, which may be connected with the different sea ice losses in these
two months (Supplementary Fig. 8). However, the model results show that
the trigger and propagation of the Rossby wave in the upper level is the
most important way to modulate the Arctic sea ice forcing on the East
Asian circulation patterns.

To further quantitively identify the wave propagation in the middle
and upper layers induced by different sea ice forcings, we calculated the
associated wave activity fluxes (WAFs) in the ARC case. The detailed cal-

66

culation of the WAF is shown in Eq. 6, following Takaya and Nakamura®,

which has been widely used in climate diagnostics. In June (Fig. 6a), since the
Arctic sea ice mainly decreases in the BKS, the local geopotential height
anomaly in the upper layer shows a strong meridional triple pattern from
the polar region to the Atlantic Ocean. The WAFs show two clear branches
originating from this triple pattern at both high and mid-latitudes. One
branch originates from the negative geopotential height center over
southern Greenland and propagates zonally to the high latitudes of eastern
Eurasia associated with a strong positive geopotential height anomaly. The
other branch originates from the positive center over the Atlantic Ocean and
propagates zonally to the mid-latitudes of the western Pacific associated
with the two negative centers. In July (Fig. 6b), the WAF shows a very
different pattern from that in June. The WAF is quite strong over the eastern
Eurasian continent from high latitudes to mid-latitudes. The above analysis
indicates that the location of Arctic sea ice loss is crucial for stationary wave
changes in the mid-high latitudes of the Northern Hemisphere and is also
important for precipitation distributions in East Asia at lower latitudes. The
Linear Baroclinic Model (LBM) shows similar results. In June, the reduction
of sea ice in the Barents Sea is accompanied by anomalous geopotential
heights that propagate along the westerlies to East Asia, resulting in negative
geopotential height anomalies over eastern China (Supplementary Table 2;
Supplementary Fig. 9). In July, in addition to the reduction of sea ice in the
Barents Sea, the decline of sea ice along the Russian northern coastline also
occurs, accompanied by anomalous geopotential heights that are conveyed
along the westerlies to East Asia, leading to anomalous geopotential height
patterns over eastern China (Supplementary Table 2; Supplementary
Fig. 10). The anomalous geopotential height centers in the LBM experi-
ments exhibit some discrepancies with those in the PAMIP experiments,
which may be attributed to the reduction of sea ice in other regions and the
effects of nonlinear interactions.

The westerly jet in the Northern Hemisphere acts as the wave guide for
the propagation of the Rossby wave®” ™. The changes in the westerly jet
under global warming will influence the stationary wave pattern in the mid-
high latitudes. Many previous studies have noted that Arctic amplification
and the associated Arctic sea ice loss warm the underlying surface and upper
level air, thus weakening the large-scale atmospheric meridional thermal
gradient from the equator to the polar region. Consequently, the subtropical
atmosphere baroclinicity is weakened, and the westerly jet is also weakened,
especially in the boreal winter season™’""”. To understand the responses of
the westerly jet and meridional thermal structure to the SST and SIC forcing,
we show the responses of the zonal wind at 200 hPa in the three experiments
(Fig. 7). In June, the zonal wind response shows a clear decrease over
northern China and an increase in middle China in ALL (Fig. 7a), indicating
that the westerly jet is weakened and shifts south over East Asia. This pattern
is very similar to that in the SSTR (Fig. 7b), while the zonal wind response in
the ARC is much weaker (Fig. 7c). This result means that the contributions
of Arctic sea ice loss to the weakening of the westerly jet in June are very
limited.

In July (Fig. 7d), the zonal wind response is slightly different from
that in June for the ALL case. The zonal wind increases in middle and
south China but decreases in northern China. Moreover, the wind
responses in SSTR are very similar to those in ALL (Fig. 7e), when the
wind responses are relatively weak in ARC in July (Fig. 7f), although they
are slightly stronger than those in June. The overall wind responses in the
ARC and SSTR are similar between June and July, but the locations of
the wind anomaly are slightly different over East Asia, which is crucial for
the location of the precipitation system. Furthermore, it also indicates
that the warmer SST in middle and high latitudes is crucial for the
weakness of the westerly jet under global warming, when the contribu-
tions from Arctic sea ice loss are limited. We further examine the cross-
section of the air temperature difference and the associated changes in
zonal wind for the zonal mean of 105-120°E in Fig. 8. Clearly, the air
temperature warms at the mid-high level from the tropics to the sub-
tropics and warms at the mid-low level within the latitude band between
40-70°N in ALL and SSTR in both June (Fig. 8a, b) and July (Fig. 84, e).
The warming over mid-high latitudes weakens the meridional thermal
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Fig. 7 | The 200 hPa zonal wind responses. The 200 hPa zonal wind (units: m s™) responses to ALL (a), SSTR (b) and ARC (c) in June. The 200 hPa zonal wind (units: m s™)
responses to ALL (d), SSTR (e) and ARC (f) in July. Stippling indicates where the multimodel ensemble mean response is significant (90% confidence).

gradient and leads to a reduction in the wind speed in the northern part of
the westerly jet and an increase in the wind speed in the southern part of
the westerly jet. Notably, the zonal mean responses of the air temperature
difference and zonal wind are both weak in the ARC in June and July.
Therefore, the contributions of Arctic sea ice loss to the large-scale
meridional thermal contrast are very limited. The observed weakness and
southward shift of the westerly jet should be attributed to the warming of
the global SST and not Arctic amplification.

Discussion

In this study, the role of Arctic sea ice loss and SST increase on EASM
climate changes under a global warming background is investigated by
analyzing large ensemble simulations from CMIP6 PAMIP multimodel
experiments. The results highlight that Arctic sea ice loss plays an
important role in the changes in EASM precipitation multidecadal
trends, which is comparable to the influences of SST distributions in June
and July. However, the physical mechanisms of Arctic sea ice loss on the
changes in precipitation over East Asia are quite different between June
and July.

For simplicity, we summarized the relative physical process using the
schematic diagram in Fig. 9. In June (Fig. 9a), the Arctic sea ice mainly
decreases in the BKS, and the perturbations of sea ice loss lead to an upper
level circulation anomaly, which appears as a stationary wave of a strong
triple pattern over the Atlantic sector and propagates through two path-
ways into the East Eurasia continent. Two cyclonic anomaly centers are
located over middle China and the northwest Pacific. This pattern favors a

weak anticyclone in the upper level and forms a descending motion over the
South China Sea and western Pacific. Therefore, it enhances the low-level
anticyclonic anomaly, which brings more water vapor from the ocean into
the Yangtze River basin and leads to more precipitation and forms the
meridional triple rainfall pattern. In July (Fig. 9b), except for the decrease in
sea ice in the BKS, the sea ice also decreases along the northern coast of
Russia. The decrease in sea ice produces a strong meridional triple wave
pattern over the Eastern Eurasian continent and weakens the atmospheric
baroclinicity over middle China; thus, the monsoon circulation is wea-
kened and produces a classical “southern China flood and northern China
drought” pattern.

Although Arctic sea ice loss is important for EASM multidecadal
changes, it is still not the dominant factor. The SST warming over middle
and high latitudes plays an important role in weakening the large-scale
thermal contrast and the westerly jet in the Northern Hemisphere, which
has a large impact on Rossby wave propagation in the subtropics. Moreover,
SST warming over the northwest Pacific produces low-level cyclonic cir-
culation, which favors monsoon precipitation. We want to emphasize that
although many previous studies have proposed that anthropogenic aerosols
have been the source of EASM precipitation increases in recent decades””*,
the combined effect of SST warming and Arctic sea ice loss plays a more
important role in the changes in the location and vertical structure of the
monsoon precipitation system over East Asia. The quantitative estimations
of the relative contributions of these external forcings to the changes in the
EASM need more study. Additionally, since the PAMIP experiments used
in this study are all based on AMIP-type runs, the air-sea interactions
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The green dashed line indicates the position of the jet (more than 12 ms™') in pdSST-
pdSIC (a-f).

induced by Arctic sea ice loss cannot be investigated. Therefore, air-sea
coupled models must be used in the future to understand the involved air-
sea interactions, which are important for the formation of and changes in
the Asian monsoon system.

Methods

Observational and reanalysis datasets

The following observational and reanalysis datasets are used in this
study: (i) rainfall datasets from the Global Precipitation Climatology
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Fig. 9 | Mechanisms of East Asian summer precipitation responses. Mechanisms of East Asian summer precipitation responses to Arctic sea ice loss based on the ARC

experiment in (a) June and (b) July.

Centre (1° x 1°; GPCC v7, 1901-2018)” and (ii) wind datasets from
the European Center for Medium-Range Weather Forecast
(ECMWF) and the ERAS5 Reanalysis (0.25° x 0.25°% ERA5, 1950-
2010).

PAMIP experiment in CMIP6

The experiments used are from the Polar Amplification Model
Intercomparison Project (PAMIP)*". As shown in Table 1, PAMIP
experiment 1 simulates the present-day climate using global atmo-
sphere models constrained at the surface by present-day estimates of
sea surface temperature (SST) and sea ice concentration (SIC). The
present-day SST (pdSST) and SIC (pdSIC) were obtained from the
observations, using the 1979-2008 climatology from the Hadley
Centre Sea Ice and Sea Surface Temperature dataset (HadISST)”". The
climatological SSTs and SICs are used for the PAMIP simulations. The
No. 2 experimental group, piSST-piSIC, was forced by pre-industrial
SST and SIC. The pre-industrial SST (piSST) and SIC (piSIC) were
obtained from the ensemble of 31 historical CMIP5 model outputs,
but with estimated global warming indices removed for the 1979-2008
period. No. 3 is the same as No. 1 except that SST is replaced with pre-
industrial values. No. 4 is the same as No. 1 except that Arctic SIC is
replaced with pre-industrial values. Through construction, the dif-
ference between No. 1 and No. 2 provides the simulated response to
SST rise and sea ice loss (ALL) (No. 5). As above, No. 6 can represent
the response to SST rise (SSTR), and No. 7 can represent the response
to Arctic SIC loss (ARC). The PAMIP model only integrated for
14 months, starts from April 1, 2000. We analyze the results from 6
models, each with at least 100 ensemble members (Supplementary
Table 1) and forced with the same SSTs and SICs. Details of the
number of model experiments are shown in Supplementary Table 1,
e.g., HadGEM3-GC31-MM provides 149 ensemble members of
piSST-piSIC, 150 ensemble members of piSST-pdSIC, 300 ensemble
members of pdSST-piArcSIC, and 300 ensemble members of pdSST-
pdSIC. We used all the available 6 models with more than 700
ensemble members for the analysis of the results. All data were
regridded to the resolution of the GPCC datasets (1° latitude by 1°
longitude) before use.

Statistical methods

The pattern correlation is the Pearson product-moment coefficient of linear
correlation between two variables that are the values of the same variables at
corresponding locations on two different maps. The pattern correlation was
used to select the top 100 ensemble members whose precipitation responses
to ALL were consistent with GPCC precipitation trends in June (July)
(Supplementary Table 3). We used a t-test to test the statistical significance

of the response to ALL/SSTR/ARC. The t-test formula is defined as follows:

f— X — %
T 52 (1)
Vi+E

where X;, s; and N, represent the mean, variance, and number of samples,
respectively. X,, s, and N, are the same as above.

Observation constraint

To study the summer precipitation distribution in East Asia under the
influence of global warming, we firstly evaluated the model’s simulation
ability on capturing the basic responses of EASM to SST and SIC (as shown
in Table 1, No.5 ALL: pdSST-pdSIC (NO.1) minus piSST-piSIC (NO.2))
with all the available model ensemble members (749 ensemble members)
and then the first high skill 100 ensemble members are selected. These
ensemble members are shown in Supplementary Table 3.

To implement this method, the spatial correlation coefficients
between the spatial distribution of precipitation response to ALL and
the spatial distribution of interdecadal precipitation trends in the
GPCC are calculated. Next, the spatial correlation coefficients of all
ensemble members were ranked and filtered to obtain the first 100
ensemble members with higher skills. These members were con-
sidered the most reliable for characterizing the observed interdecadal
trend distribution of summer precipitation in East Asia. Finally, the
analysis was based on the ensemble average of these 100 ensemble
members, which provided a more accurate and reliable estimate of the
distribution of summer precipitation in East Asia. All the available
ensemble members of PAMIP were used. The selected ensemble
members are the members which have good skill on capturing the
observed climate trend of precipitation over East Asia, and by using
this kind of selection, the multi-model biases can be removed to some
extent. This method of observation constraint helps to improve the
accuracy of climate models and provides a better understanding of
how global warming affects summer precipitation in East Asia.

Moisture budget diagnostics

We applied moisture budget diagnostics to investigate the physical pro-
cesses driving the changes in precipitation™ . In a climate state, pre-
cipitation (P) is balanced by evaporation (E) and vertical (—<a)8pq>) and
horizontal (—<V, - V,q>) moisture advection that are related to low-level
convergence and horizontal winds, respectively.

P=E—<wd,q> — <V, -V,q>+¢ ?2)
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where g is the specific humidity, w is the vertical velocity, V}, is the horizontal
wind vector, & is the residual, and < - > = g%f ﬁf - dp denotes the vertical
integral throughout the troposphere. This equation can also characterize the
response of each term to ALL/SSTR/ARC as follows:
P =E —<wd,q> — <V, V,q> +0 3)
The response of the vertical moisture advection (— <wapq> ) can be
further divided into three terms: the ﬁrst part (—<wd,q '>), the second part
(—<w'd ,@>) and the third part (—<w apq >)87,

—<wd,g> = —<wd,q > — <w 9,q> — <w 9,q > (4)
where q is the specific humidity, w is the vertical velocity, and <- > =
1 f P . dp denotes the vertical integral throughout the troposphere. “@”
denotes the vertical velocity in the pdSST-pdSIC experiment, and
denotes the specific humidity’s response to ALL/SSTR/ARC.

« /'

Thermal wind

The geostrophic balance between the pressure gradient and Coriolis forces,
combined with the hydrostatic equation, leads to the thermal wind rela-
tionship, showing that a reduction in the meridional temperature gradient
as the Arctic warms is accompanied by a decrease in vertical wind shear.

ou_ ROT s
op apdg )

where u,T, p, and ¢ are the zonal wind, temperature, pressure and latitude,
respectively; f is the Coriolis parameter; a is the radius of the Earth; and R is
the gas constant.

Wave activity flux
The WAF derived by Takaya and Nakamura (hereafter TNO1) is used to

measure the wave propagation®. Its horizontal components in pressure
coordinates are obtained as follows:

u_{(@) o] v [(way oy
pcosg a?cos? oA 14 aA? a? cos¢ | \ 0L d¢ 14 dAdg
21Ul u_ (o) _ o] v () ey

a? cos¢ | \ 0L d¢ v dAdg a? E) v 9¢?

(©)

The quantity |U| denotes the magnitude of the wind in the pdSST-
pdSIC experiment. U and V represent the zonal and meridional wind,
respectively. y is the stream function, and p is the normalized pressure
(pressure/1000 hPa). a, A and ¢ represent the radius of the Earth, longitude
and latitude, respectively. A superscript with a prime characterizes the
variable’s response to ALL/SSTR/ARC.

Data availability

The GPCC data are downloaded from https://psl.noaa.gov/data/gridded/data.
gpcchtml. The ERA5 data are available at https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-pressure-levelsttab=overview. The PAMIP
data are available at https://aims2.1lnl.gov/search/cmip6/.

Code availability

The codes for creating the figures and analyses were written in NCAR
Command Language Version 6.6. The source codes for the analysis of this
study are available from the corresponding author upon reasonable request.
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