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Abstract

Increased atmospheric moisture content and changing land‐ocean thermal contrasts are
usually implicated in the East Asian summer rainfall response to global warming. We highlight an
additional inﬂuence whereby increased meridional stationary eddy circulation downstream of the Tibetan
Plateau drives a stronger moisture ﬂux convergence over southeastern China, intensifying the early summer
rainband. This effect occurs robustly across the Community Earth System Model large ensemble
Representative Control Pathway 8.5 simulations, and only for its pre‐Meiyu stage (mid‐May through late
June). The westerly jet impinging on the Plateau is also enhanced, suggesting an orographic inﬂuence on the
westerlies as the root cause. The increased westerlies result from warmer tropical tropospheric temperatures
that enhance the meridional temperature gradient at the latitudes of the Plateau. Our results highlight
the potential role of the westerlies in altering the East Asian early summer monsoon rainfall in the late
21st century.

Plain Language Summary Early summer rainfall over East Asia is projected to increase in the
future as consequence of two related physical changes resulting from global warming: more moisture in
the air with warmer temperatures, and stronger monsoonal circulations. A set of state‐of‐the‐art simulations
of the future climate that we analyzed suggests that the rainfall increase will be especially pronounced in
the “pre‐Meiyu” stage (mid‐May to late June) when the East Asian rainband extends from southeastern
China to southern Japan; at the end of the century, rainfall over southeastern China is projected to increase
up to 40%. The cause of this intensiﬁcation is different: it occurs because the westerlies “linger” at the
latitudes of the Tibetan Plateau during this time instead of migrating northward, and the resulting
atmospheric ﬂow downstream brings about stronger convergent ﬂows that concentrates and delivers more
moisture to the pre‐Meiyu rainband. More work, and using other models, will be needed to demonstrate that
this future pre‐Meiyu intensiﬁcation is real. However, the signiﬁcance of our result from a climate
science viewpoint is in demonstrating that the change in the westerlies impinging on the Tibetan Plateau
can have a ﬁrst‐order effect on future changes to the East Asian summer rainfall climate.

1. Introduction
Summer rainfall over the East Asian monsoon region increases in response to future greenhouse warming
(Kitoh et al., 2013; Zou & Zhou, 2013). Attribution to speciﬁc mechanisms points to the thermodynamic
effect of increasing speciﬁc humidity under warming (Chen & Bordoni, 2016; Held & Soden, 2006) and also
to the increasing land‐ocean contrast between eastern Asia and the western North Paciﬁc and associated circulations (Kamae et al., 2014). Recent studies split the land‐sea contrast response to global warming into
“fast” and “slow” components whereby the fast warming over land leads to a stronger Asian monsoon
cyclone and North Paciﬁc anticyclone, but the slower ocean warming counters the circulation induced by
the initial enhanced land‐ocean contrast (Shaw & Voigt, 2015). Chen and Bordoni (2016) found this to be
the case for an early summer enhancement of the East Asian monsoon rainband in the multimodel
Coupled Model Intercomparison Project phase 5 (CMIP5) 4xCO2 simulations.
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There is also emerging interest in the role of the Tibetan Plateau on the formation of the East Asian climate
and its changes; indeed, the Plateau is crucial to the existence of the East Asian summer rainband (Chen &
Bordoni, 2014; Kitoh, 2004). Molnar et al. (2010) argued for a mechanistic effect of the Plateau on the
impinging westerlies that produces a downstream stationary eddy circulation that forms the rainband and
that the latitudinal migration of the westerlies off the Plateau leads to the latter's demise; this view was
subsequently supported in a study by Park et al. (2012). Chiang et al. (2015) followed Molnar et al.'s
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Figure 1. Community Earth System Model version 1 Large Ensemble Project ensemble mean climatological rainfall over East Asia in the early 21st century and
changes at the end of the century. (a) Hovmoller of climatological rainfall (early 21st century) for June zonally averaged over East Asia 110°–125°E. (b) Same as
(a) but for the difference between the early and late 21st century. Only data that are signiﬁcant at the 1% level, according to a two‐sample t test, are shown. Note
the marked increase over southeastern China between mid‐May and end of June, marked by the green contour which is the 2.5 mm/day contour.
(c) Climatological rainfall for June over East Asia (contour interval 1 mm/day, shown are contours between 4 and 12 mm/day) overlaid on top of climatological
difference between the early and late 21st century (shading). For the latter, only data that is statistically signiﬁcant at the 1% level according to a two‐sided t test
is shown. (d) Same as (c) but for July. While rainfall is increased in July, it is spatially diffuse and there is no marked intensiﬁcation of the rainband.

(2010) lead to propose that changes to the latitudinal migration of the westerlies across the Plateau alter the
timing and duration of the East Asian monsoon intraseasonal stages. Subsequent work has lent support to
this hypothesis for a range of climate scenarios, including the observed interannual variability (Chiang
et al., 2017), changes to Holocene climate (Kong et al., 2017), and last glacial termination (Zhang et al.,
2018). These ﬁndings beg the question of whether the westerlies play a role in future East Asian rainfall
changes.
We explore this question in the context of a pronounced East Asian rainfall response in the Community
Earth System Model version 1 Large Ensemble Project (CESM LENS) Representative Control Pathway 8.5
(RCP8.5) simulations (Kay et al., 2015). The late 21st century (2091–2100) shows an early summer rainfall
increase (Figures 1b and 1c) and a slight southward displacement of the monsoon rainband, in agreement
with Chen and Bordoni (2016). However, the pronounced enhancement occurs only for mid‐May through
late June, during the pre‐Meiyu stage of East Asian rainfall (Figure 1b). The increase is up to 40% of the mean
rainfall (Figure 1b), extending over the entire pre‐Meiyu rainband (Figure 1c). Extreme rainfall days in June
are also enhanced: the number of days where daily rainfall averaged over southeastern China (22°–26°N,
112°–120°E) exceeds 18 mm (approximate at the 90th percentile for the early 21st century, 2006–2015)
roughly double by the late 21st century (Figure S1).
This intensiﬁcation does not occur in the other summer months, and in particular the subsequent Meiyu
stage of the intraseasonal sequence in July (Figure 1d). This is surprising, as the pre‐Meiyu and Meiyu stage
rains possess similar rainband characteristics, with the latter shifted slightly northward relative to the former
(Ding & Chan, 2005). The speciﬁc timing of the intensiﬁcation suggests that the underlying cause has to be
tied to dynamics that govern East Asian summer monsoon seasonality. Chiang et al. (2015) hypothesized
CHIANG ET AL.
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that the East Asian intraseasonal stage is determined by the meridional position of the westerlies relative to
the Plateau. We similarly argue here that the westerlies are the ultimate cause of the simulated pre‐Meiyu
rainfall enhancement in the CESM LENS simulations. As we will show, the enhancement arises from an
intensiﬁed meridional circulation downstream of the Plateau resulting in stronger moisture ﬂux convergence over East Asia. This enhancement appears to be a consequence of intensiﬁed westerlies impinging
on the Tibetan Plateau and consequent modulation of the stationary eddy circulation downstream. The early
summer is a time when the late 21st century subtropical jet over Asia is strengthened due to the increased
tropical upper tropospheric warming and hence enhanced meridional temperature gradient at the edge of
the tropics, coinciding with the latitudes of the Tibetan Plateau.

2. Materials and Methods
We use the CESM LENS (Kay et al., 2015) where the CESM version 1 (Hurrell et al., 2013) model is integrated from 1920 to 2100. Years 1920–2005 use the CMIP5 historical forcing, and years 2006–2100 use the
RCP8.5 scenario. The RCP8.5 represents the high‐end emissions scenario for the 21st century, with CO2 concentrations exceeding 900 ppm and radiative forcing reaching 8.5 W/m2 at the end of the 21st century (Van
Vuuren et al., 2011). Each ensemble member is initialized from slightly different atmospheric initial conditions but with the same ocean initialization. Twenty ensemble members are used in our analysis, and only
the RCP8.5 (2006–2100) portion. Model ﬁelds are vertically interpolated at 30‐mb intervals from 30 to 990
mb prior to analysis. The CESM1 has a reasonable simulation of today's East Asian rainfall climatology,
in particular its intraseasonal stages (Figures 1a and S2 in the supporting information) and the distinct rainband structure in the early summer (Figure 1c; see also Figure 2 in Horinouchi et al., 2019, that shows the
June–July averaged rainfall simulated by various CMIP5 model historical simulations—CESM1 possesses
one of the better rainbands in terms of shape and magnitude). In our analysis, we contrast the early 21st century (2006–2015) with the late 21st century (2091–2100) climatology, focusing on monthly means for June
and July. In subsequent analysis, “change” refers to the late 21st century climatology minus the early 21st
century climatology.
To explore the role of land versus ocean warming in the late 21st century circulation response, we use the
CESM1 in an imposed sea surface temperature (SST) conﬁguration where we separately impose the greenhouse gas (GHG) forcing and SST warming for the late 21st century. The F_2000_CAM5 component set is
used, which includes the coupler, active atmosphere, land, and sea ice components, and a data ocean model
with ﬁxed SST. The atmospheric component of the CESM1 is the Community Atmosphere Model version 5
(CAM5) at 0.9° × 1.25° horizontal resolution with 30 vertical layers. We design four sets of prescribed SST
experiments: (1) with the early 21st century SST and GHG concentrations (“early 21stC”), (2) with the late
21st century SST and GHG concentrations (“late 21stC”), (3) with the early 21st century SST and the late 21st
century GHG concentrations (“late 21stC GHG”), and (4) with the early 21st century GHG concentrations
and the late 21st century SST (“late 21stC SST”). The SST boundary condition for the early 21st century is
generated from the midmonth climatology of 20 ensemble members from the CESM LENS (Kay et al.,
2015) averaged from 2006 to 2015. Similarly, the SST boundary condition for the late 21st century is generated from the midmonth climatology over 2091–2100. The GHG concentrations for the early and late 21st
century simulations are averaged values of corresponding gas concentrations from the CESM Large
Ensemble Project over 2006–2015 and 2091–2100, respectively: (early/late 21st century) CO2 391.92/
899.233 ppm, CH4 1793.32/3712.32 ppb, and N2O 323.884/429.625 ppb. Each experiment is integrated for
35 years, with the ﬁrst 5 years treated as spin‐up; the climatology derived over the last 30 years is used for
the analysis.

3. Moisture Flux Budget Analysis
The vertically integrated moisture budget is analyzed using June monthly mean data to diagnose mechanisms of the pre‐Meiyu stage rainfall increase. We follow the same budget treatment in Chen and Bordoni
(2016) except that we do not partition speciﬁc humidity changes into the temperature and relative humidity
components. The monthly mean P – E is related to the vertically integrated horizontal moisture ﬂux divergence as
CHIANG ET AL.
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Figure 2. (a–f) Ensemble mean change to the June vertically integrated (surface to 100 mb) components of the moisture budget, late 21st century (2091–2100)
minus early 21st century (2006–2015). Moisture ﬂux are shown in vectors, and its convergence is shaded. (a) Moisture ﬂux (qv) and its convergence. (b)
Contribution by the change to q. (c) Contribution by change to v. (d) Contribution by change to v and q. (e) Contribution by change to transients. (f) Contribution by
change to the zonal wind. (g) Contribution by change to the meridional wind; this term is in turn broken up into contributions by (h) meridional advection of
moisture and (i) meridional wind convergence term. Note that the color scale for (f), (g), and (i) span twice the range of the other panels.

D 
E
P−E ¼ − ∇: !
vq ;

(1)

where the overbar denotes monthly means, < > indicate the mass‐weighted vertical integral from 1000 to
100 mb, and the divergence operator acts only on the horizontal components. The transient contribution
to the vertically integrated moisture ﬂux divergence is calculated from monthly mean outputs using
E

 D 
tr ¼ ∇: !
v q − ∇: !
v qÞ

(2)

Thus, the change between late 21st century and early 21st century (δ) of equation (1) can be written as (dropping the overbars since we only deal with monthly mean quantities)
  
 
       !

δðP−EÞ ¼ −δ ∇: !
v q ¼ − ∇: !
v ðδqÞ − ∇: δ!
v q − ∇: δ v ðδqÞ −δðtr Þ
ðaÞ

ðbÞ

ðcÞ

ðdÞ

ðeÞ

(3)

where the terms on the right‐hand side (RHS) are the contributions from (b) the change to the speciﬁc
humidity, (c) horizontal wind, (d) the cross‐perturbation term, and (e) transients, respectively. The pattern
and magnitude of change to P – E matches well with the change to the total moisture ﬂux convergence (not
shown). The individual terms on the RHS of equation (3) are shown in Figures 2a–2e, respectively; note that
(a)–(e) of equation (3) correspond to panels (a)–(e) of Figure 2.
CHIANG ET AL.
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The ensemble mean for June at the end of the 21st century shows increased southwesterly moisture ﬂux
leading to increased total moisture ﬂux convergence coincident with the increased P – E (Figure 2a).
There is a contribution from the increased speciﬁc humidity, consistent with the thermodynamic response
to the warming, that leads to an increased moisture ﬂux convergence into central eastern China and the western Paciﬁc (Figure 2b). The increase over eastern China is somewhat north of the P – E increase, but over
the ocean the increase is coincident with the P – E increase. This thermodynamic effect on the rainband has
been noted before (e.g., Chen & Bordoni, 2016). The contribution from the cross‐perturbation term
(Figure 2d) is relatively small and largely opposes the contribution from increased speciﬁc
humidity (Figure 2b).
The interesting component of the budget, however, is the contribution from the change in the horizontal
winds (Figure 2c), whose spatial structure largely follows the change in the total moisture ﬂux convergence
and in particular over southeastern China. The contribution from the transient changes (Figure 2e) opposes
the change from the horizontal winds (Figure 2c), but the magnitude is smaller. Decomposition of the horizontal wind contribution into its zonal and meridional components shows that the convergence over the
rainband is entirely due to the ﬂux convergence by the meridional wind (Figure 2g), with the zonal component leading to a compensating drying over the rainband (Figure 2f). Notably, the contribution by the meridional wind has a structure that most resembles the change to the rainfall (Figure 1c).
This pattern of anomalous moisture ﬂuxes by the horizontal circulation change is the consequence of a
reduced northward penetration by the low‐level circulation. In the climatology, the lower tropospheric
southerlies bring moisture from the South China Sea and Western Paciﬁc into southeastern China
(Figure S4a). The pattern of low‐level wind changes (Figure S4b) indicates a southward shift of this circulation pattern. Our results up to here are consistent with the ﬁndings of Chen and Bordoni (2016) insofar as the
pattern of precipitation changes is associated with moisture ﬂux convergence induced by the
horizontal circulation.
We contrast the June changes with the same analysis but for July. July is primarily during the Meiyu phase of
rainfall, and there is a corresponding rainband in the climatology, though northward shifted compared to
the pre‐Meiyu (compare contours of Figure 1c with that of Figure 1d). While there is a July rainfall increase
over the East Asian monsoon region, it is relatively weak and spatially diffuse (Figure 1d). As previously
noted, we ﬁnd it curious that July does not experience a similar rainband intensiﬁcation, given that the mean
rainfall climatology is qualitatively similar to June. The moisture ﬂux budget analysis shows that the July
thermodynamic term (Figure S3b) qualitatively exhibits the same behavior as for June—an increase in the
northward moisture ﬂux and rainfall somewhat to the north of the rainband—but that the contribution from
horizontal wind changes (Figure S3c) and in particular the meridional component (Figure S3g) is considerably smaller. We thus conclude that it is the horizontal wind changes, and speciﬁcally the meridional component, that causes the remarkable intensiﬁcation of the June rainband.

4. Role of the Meridional Circulation Over East Asia
We examine more closely the meridional circulation changes over East Asia. The vertical structure of said
changes over June in central China shows increased northerlies throughout the entire depth of the troposphere, suggesting a barotropic midlatitude inﬂuence (Figure 3a). An increase in the low‐level southerly
monsoonal ﬂow is also apparent and mainly over the South China Sea (equatorward of 23°S), only penetrating into the southernmost reaches of southeastern China. The converging ﬂows in the lower and middle troposphere enhance the pre‐Meiyu front by bringing warm and moist air from the south to meet with cold dry
air from the north; this enhances the lower‐tropospheric meridional speciﬁc humidity gradient across the
climatological position of the pre‐Meiyu front, and hence the front itself (Figure 3b). The rainfall intensiﬁcation occurs around 25°N, south of the front but coinciding with the maximum lower‐tropospheric speciﬁc
humidity change.
The timing of the increase in the midlatitude northerlies coincides exactly with the pre‐Meiyu rainfall intensiﬁcation. The midtropospheric northerly anomalies occur from mid‐May through end of June (Figure 3c)
and act to enhance the climatological northerlies during that time and extend it slightly further southward;
in the neighboring time periods, the anomalous northerlies are absent. Like the midtropospheric anomalies,
the lower tropospheric northerly anomalies also occur from mid‐May through end of June (Figure 3d),
CHIANG ET AL.
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Figure 3. Changes to the meridional ﬂow and pre‐Meiyu front, late 21st century (2091–2100) minus early 21st century (2006–2017). (a) Climatological meridional
winds (contour interval 1 m/s, thicker line is zero contour) for June and its change at the late 21st century (shaded) zonally averaged between 110° and 125°E.
(b) Same as (a) but for speciﬁc humidity. Contour interval (in black) is 2 g/kg, and the contour at the very top is 2 g/kg. The green line marks the latitude of the steepest
climatological meridional speciﬁc humidity gradient at 750 mb, marking the position of the front. (c) Hovmöller of climatological meridional wind at 500 mb
zonally averaged over East Asia 110°–125°E (contour interval is 1 m/s, and the thick contour is 0 m/s), overlaid on top of hovmöller of difference between the late 21st
and early 21st century (shading). The green contour is the 2.5 mm/day contour as in Figure 1b, showing the rainfall increase over southeastern China. (d) Same
as (c) but at 850 mb. In all cases where anomalies are plotted, only data that are statistically signiﬁcant at the 1% level according to a two‐sided t test are shown.

indicating a reduced northward penetration of the climatological southerlies; the anomalous northerlies
form a barrier to the northward moisture ﬂux. The tropical southerlies to the south of the northerly
anomalies also intensify during this time, though the start and end of this intensiﬁcation occurs later,
beginning in early June and ending in early to middle July.
These results, and in particular the concurrent timing between the circulation and rainfall, offer compelling
evidence that it is the low‐to‐middle tropospheric northerlies that initiate the rainfall intensiﬁcation. There
are plausible physical reasons to view the midlatitude northerlies as a causal inﬂuence. We break down the
meridional moisture ﬂux convergence term (Figure 2g) into its advection (Figure 2h) and wind convergence
(Figure 2i) components:
−dy ððδvÞqÞ ¼ −<δvdy q>−<qdy δv>
ðgÞ

ðhÞ

ðiÞ

(4)

The advection of cooler and drier air from the north (Figure 2h) steepens the meridional humidity gradient,
enhancing the pre‐Meiyu front (Figure 3b). Li and Lu (2017) has argued that the presence of cold dry air aloft
destabilizes the atmospheric column, promoting moist convection and intensifying rainfall over the Yangtze
River Basin. The southward advection of low moist static energy air also explains the slight southward shift
of the mean rainband, as the low moist static energy air will limit the northward penetration of the rainfall;
this is the so‐called “ventilation” mechanism advanced by Chou and Neelin (2003). The intensiﬁcation can
also be viewed as the anomalous convergence of the meridional ﬂow (Figure 2i), which by continuity is the
CHIANG ET AL.
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vertical advection of moisture contributed by the meridional ﬂow. This term explains the bulk of the meridional moisture ﬂux convergence shown in Figure 2g. The anomalous northerlies contribute substantially to
the overall wind convergence and thus to the rainband anomaly.
The lower‐tropospheric southerly anomalies contribute equally to the moisture ﬂux convergence by the meridional winds (Figure 2g), suggesting that they could cause the rainband intensiﬁcation, and not the midlatitude northerlies. However, the timing of the enhanced southerlies does not quite match the timing of the
rainfall intensiﬁcation as neatly as for the midtropospheric northerlies (Figure 3d); the southerly anomalies
both start and end later, in early June and early to middle July, respectively. The late 21st century shows an
almost complete lack of midtropospheric northerly anomalies in July, while there is still some intensiﬁcation
of the tropical lower‐tropospheric southerlies (Figure S4d). Rather than being the causal inﬂuence, we postulate that the lower‐tropospheric southerlies act as a positive feedback on rainfall intensiﬁcation. By
Sverdrup balance (βv≈f ∂ω
∂p, where v is meridional wind, f is the Coriolis parameter, and β the meridional gradient of f), the southerly ﬂow balances the vortex stretching by the increased diabatic heating (Rodwell &
Hoskins, 2001) and in turn brings more moisture to converge over the rainband.

5. Change in the Westerlies Impinging on the Tibetan Plateau
The anomalous midlatitude northerlies possess a barotropic structure, implying that they are produced by
midlatitude dynamical processes; in particular, a trough (and associated northerly circulation) directly
downstream of the Plateau is a characteristic response of westerlies impinging on large‐scale topography
(Charney & Eliassen, 1949). Molnar et al. (2010) demonstrated through an idealized atmospheric general circulation model simulation that mechanical forcing on the westerlies by a Plateau‐like mountain can generate meridional convergence downstream and heavy rainfall where southeastern China would be located (see
their Figure 7). Park et al. (2012) noted that the core westerlies straddle the Plateau in the early summer
(April–June) and argued that mechanical forcing by the Plateau on the circulation is responsible for the early
summer monsoon rainfall onset over the Bay of Bengal and South China. We thus posit that changes to the
westerlies impinging on the Plateau is the cause of the meridional wind changes, and hence the rainfall
intensiﬁcation, at the end of the 21st century.
Indeed, the upper‐tropospheric westerlies appear to be intensiﬁed over the latitudes of the Plateau and weakened to the north of it (Figure 4a). We examine the temporal behavior of the upper tropospheric westerly
anomalies at the western edge of the Plateau (Figure S5). In the early 21stC climatology, the maximum westerlies sit south of the Plateau until early May and then transition to the north of the Plateau by late May
(Figure S5a). In the late 21stC, however, the maximum westerlies stay within the latitudes of the Plateau
from mid‐May through end of June (Figure S5b); this timing coincides with the intensiﬁcation of the pre‐
Meiyu rainband.
The question remains as to why the maximum westerlies “linger” over the Plateau latitudes during their
northward migration in the late 21st century. Examination of the June tropospheric temperature changes
at the latitudes of the Plateau shows a pronounced warming in the tropical mid and upper troposphere
extending to around 40°N (Figure 4b, shaded). By thermal wind, the enhanced meridional temperature gradient leads to stronger upper‐tropospheric westerlies at the latitudes of the Plateau (Figure 4b, contours).
This suggests that the altered westerly circulation originates with the tropical tropospheric thermal response
to RCP8.5 forcing.
We examine the separate contributions of the SST warming and the effect of GHG forcing on land warming,
using the CESM1 simulations where we separately impose the late 21st century GHG and SST boundary conditions (see section 2). The late 21stC simulation (with late 21st century GHG and SST imposed) shows an
anomalous tropospheric temperature and westerly response across the Plateau longitudes that closely
resembles that for the late 21st century CESM LENS (ﬁgure not shown). The late 21stC GHG simulation
(compared to the early 21stC run) shows weaker westerlies across and to the south of the Plateau latitudes,
consistent with the warming restricted to the extratropics (Figure 4c). On the other hand, the late 21stC SST
run shows a response similar to the CESM1 late 21st century (compare Figure 4d to Figure 4b), but with a
more pronounced increase to the westerlies over the Plateau latitudes and to the south. We interpret the
stronger westerlies to occur in part because of the lack of enhanced greenhouse warming over the Asian
CHIANG ET AL.
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Figure 4. Changes to the westerlies and associated thermal conditions, late 21st century minus early 21st century. (a) Upper tropospheric (210 mb) climatological
zonal winds for June over East Asia (contour interval is 3 m/s, with 0 m/s denoted by the thick contour line) overlaid on top of the difference between the early and
late 21st century (shading). For the difference, only values signiﬁcant at the 1% level is shown. An outline of the Tibetan Plateau is shown in grey. (b) Late 21st
minus early 21st century change to the June tropospheric temperature (shading, K) at 80°E, at the western edge of the Plateau; overlaid on top of changes to the June
zonal winds also at 80°E. (c) Same as (b) but for the difference between the CAM5 late 21stC greenhouse gas and early 21stC simulations, showing the direct
contribution from increased greenhouse gases. (d) Same as (b) and (c) but for the difference between the CAM5 late 21stC sea surface temperature and early 21stC
simulations, showing the contribution from the altered sea surface temperature. In (b), (c), and (d), the contour interval is 0.5 m/s for the zonal winds (with 0 m/s
denoted by the thick contour line) and 1 K for the temperature. Data for the outline of the Plateau in panel (a) are from Zhang et al. (2002).

continental interior in the late 21stC SST run. Thus, the direct effect of greenhouse gases warming the Asian
continental interior acts to counter the inﬂuence of SST warming on the westerlies over the
Plateau latitudes.
The corresponding situation for July is shown in Figure S6. There is still some enhancement of the westerlies
over the Plateau latitudes, but it is considerably reduced and also occurs largely north of the Plateau (compare Figure S6a and S6b to Figures 4a and 4b). The late 21stC SST still shows a pronounced tropical upper
tropospheric warming and associated enhancement of the westerlies, though the increase is shifted further
to the north of the Plateau compared to June (compare Figure S6d to Figure 4d). The larger difference is with
the late 21stC GHG run, which shows increased warming in the extratropics in July compared to June, acting to reduce the westerlies over the Plateau latitudes (compare Figure S6c to Figure 4c). The separate effects
from SST and GHG forcings lead to a smaller westerly response over the Plateau in July. The CESM‐LENS
late 21st century westerly changes over the Plateau thus arise from an interplay of the SST‐induced tropical
tropospheric warming—which is year‐round and has little seasonal variation—with the GHG‐induced
direct warming over the middle‐ to high‐latitude land regions, which is more muted in early summer but
increases toward late summer.

6. Conclusions
We ﬁnd a pronounced enhancement of the East Asian rainband during the pre‐Meiyu stage (mid‐May to end
of June) for the late 21st century in the CESM LENS RCP8.5. The changes result from an intensiﬁcation of
CHIANG ET AL.
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the meridional stationary eddy circulation occurring downstream of the Tibetan Plateau that enhances the
moisture ﬂux convergence into the rainband. We link the meridional stationary eddy changes to an intensiﬁcation of the westerlies across the Tibetan Plateau, the latter originating from tropical tropospheric warming resulting from warmer tropical ocean surface temperatures that increase the equator‐to‐pole
temperature gradient at the latitudes of the Plateau during the early summer. We note the fortuitous positioning of the Plateau in this response, in that it just happens to span the correct latitudes to interfere with
enhanced westerlies resulting from the SST warming.
Our results thus highlight the potential role of the westerlies in altering the East Asian monsoon in the late
21st century. However, we note that our results arise from only one set of model simulations, so the conﬁdence we have of our result to a future global warming climate depends on how reproducible it is with other
models. Our purpose here is to argue that the stationary eddy circulation induced by the westerlies impinging on the Tibetan Plateau has a role, and perhaps a dominant one, in East Asian summer rainfall enhancement in the future. A realistic intraseasonal evolution of the simulated East Asian summer monsoon rainfall
is necessary to study this phenomenon, since this effect has a distinct intraseasonal character. We do not
expect the rainfall enhancement to appear with the exact same timing in other model simulations since
the timing of the East Asian monsoon intraseasonal stages differs from model to model. And, averaging different model responses (as one would do in multimodel studies) may have the effect of diluting the
rainfall intensiﬁcation.
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