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Anthropogenic forcing and Pacific internal variability-
determined decadal increase in summer precipitation over the

Asian water tower

Yong Liu@®'?%, Huijun Wang®>*™, Huopo Chen?, Zhongshi Zhang'?, Hua Li® and Bo Liu'?

The increased precipitation in the Asian water tower has prompted the abrupt lake expansion and increased runoff, significantly
reshaping the water resource redistribution in the Inner Tibetan Plateau (ITP). However, the dynamic attribution behind this decadal
increment remains unclear. Here, analysis of observations, large ensemble simulations, and pacemaker experiments indicates that
this decadal increase was mainly attributed to the synergistic effects of the external forcing (anthropogenic greenhouse and aerosol
emissions) and the Pacific internal variability, while the Atlantic and the Indian Ocean play a secondary role. Observations and
simulations show that thermodynamic and dynamic effects work collaboratively to this increase. Remarkably, the upper-level
dynamic convergence over the ITP would be enhanced through teleconnection and atmospheric dynamic feedback when
involving the Pacific internal variability, resulting in more precipitation occurrence. Further analyses show that the enhanced
stationary Rossby wave propagation over Eurasia and strengthened transient eddy activity over North Pacific could contribute to
the anomalous cyclone over the ITP and weakened East Asian westerly jet, which built a pathway for the external forcing and Pacific
internal variability collaboratively impacting the decadal increase in precipitation in the ITP. These results can improve our
understanding of ITP summer precipitation attribution and can be applied to emergent constraints on future decadal precipitation

prediction.
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INTRODUCTION

The water resource endowment in the Tibetan Plateau (TP) is
critical to the supply of Asia’s major rivers and feeds the
downstream Asian population'. However, the rapid warming in
recent decades has threatened the alpine water cycle and
terrestrial water storage®~’, which gives rise to the imbalance of
the Asian water tower (referring to the TP)®. In particular, the
changes in westerlies and Indian monsoon lead to the increased
warm-season precipitation®, resulting in increased runoff and
accelerating accelerated lake expansion on the TP%7'3, Hence,
trends and multi-timescale variations in TP summer (June, July,
and August) precipitation are vital to the terrestrial hydrological
cycle and water resource management throughout many parts of
Asia.

Evidence indicates that climate regime shift is the primary
mechanism shaping the spatial-temporal variation of moisture
transport and precipitation over the TP'*'8, The discrepancies in
dominant climate regimes and terrain result in substantial but
spatially heterogeneous changes in precipitation, a drastic
increase in the northern TP, and a statistical decrease in the
exorheic basins of the southern TP®'8'° Correspondingly, the
lakes’ number/area in the Inner TP (ITP) show the same decadal
characteristics as that of summer precipitation®'8. Some progress
has been made in understanding the physical mechanism of
decadal variations in precipitation on the ITP?'>'8 The basin sea
surface temperature (SST) anomalies (SSTA) in the Pacific, Atlantic,

and Indian Oceans exert great impacts in modulating global and
regional climate change through air-sea interaction and tele-
connection?°-2>, which also contribute to the moisture transport
and precipitation anomalies over the TP'>'82627  However, a
comprehensive attribution of ITP precipitation changes in recent
decades to external forcing and internal climate variability remains
poorly understood.

The spatial-temporal precipitation variations over the TP are
regulated by a combination of external forcing and internal
climate variability'”'828-3% " This raised the question of what
contributes to decadal variations in ITP summer precipitation.
Here, we used a hierarchy of Community Earth System Model
1 simulation, including the large ensemble experiments (CESM-LE)
and pacemaker runs, to identify the relative contribution and
synergistic effects of external forcing and internally-driven
variability on the decadal variations in ITP summer precipitation
(see methods). The results provide a new insight to understand
the causality of TP precipitation changes in the past and can also
provide help to studies on constraining the future TP precipitation
by the combination of external forcing and internal variability.

RESULTS
Emergence of increased ITP precipitation and lake expansion

Evidence of distinct decadal characteristics emerges from the
temporal evolution of net moisture budget (Qy) on the ITP derived
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Fig. 1 The interdecadal characteristics of summer precipitation on the ITP. a The regression patterns of vertically integrated moisture flux
(WVF; integrated from surface to 100 hPa; vector; kgm~'s~") and summer precipitation (shading; mm/month) with regard to the Qr index. The
shading and black vectors indicate that anomalies are significant at a confidence level of 95%. b The regression patterns of SST with regard to
the Qr index. The dots indicate that anomalies are significant at a confidence level of 95%. ¢ Time series of IPO (red line), AMO (blue line),
IOBM (forest-green line), Qy (dark-orange line), lake numbers (cade-blue line), and total area of lakes (brown line) in the ITP. The light-pink
shadow overlaid on the lake area curve represents the error. d Time series of the net moisture budget (Qy) over the ITP (30°-36°N, 81°-91°E).
The thick black line indicates the nine-year running average. All variables used for regression and correlation analyses were conducted by
Lanczos nine-year low-pass filtering.

from ERAS5 and JRA55 (Fig. 1d and Supplementary Fig. 1). The Decadal attribution of increased ITP summer precipitation

remarkable decadal transition corresponds well with the phase Despite the changes in Qr statistically correlating with the basin
shift of the Interdecadal Pacific Oscillation (IPO), Atlantic Multi- SST variation, it is still hard to separate their roles in ITP
decadal Oscillation (AMO) and Indian Ocean Basin Mode (IOBM) precipitation changes. To address this question the observation
during 1979-2013. The dominant pattern of SST in the Pacific, and four sets of CESM ensemble simulations are employed to
Atlantic, and Indian Oceans show an intimate correlation with Q;  clarify the effects of external forcing and internally-driven
at the decadal time scale, and the correlation coefficients are 0.82,  Variability on decadal variations in ITP precipitation. The selected
0.77, and 0.57 at 0.01, 0.05, and 0.1 significance level, respectively ~ Period has been divided into two epochs P1 (1979-1998) and P2
(Fig. 1b, c). Simultaneously, there were substantial changes in (1999&ndadsh;201'3) based on the results of regime shlft detection
summer precipitation on the TP which are robust in station- (Supplementary Fig. 1; see methods). The decadal difference of

observed records and all four gridded precipitation products SST between P1 and P2 for summer in observations and

. . . simulations are shown in Fig. 2. To distinguish the impacts of
éi“sgll)em;\e::':r(;?:lg Z)GPTi(;sch(:ma(;\ZLi)s Iirrlwtgll\feesri);g:%c(z:wgt. i:1acr2:: external forcing from the internal variability in the Pacific, Atlantic,

: e > > and Indian Oceans, the CESM-LE ensemble mean is subtracted
ing precipitation accompanied by moisture convergence over the  from the CESM pacemaker ensemble experiments (Fig. 2f-h). The
ITP in the late 1990s (Fig. 1a). Consequently, the abundant  methodology used in this study is demonstrated to reasonably
precipitation prompts abrupt lake expansion over the TP, with  separate the signals and reproduce the observations to a large
lakes’ number growing from ~500 in the mid-1990s to more than  extent®2. Moreover, the synergistic effects of external forcing and
800 in 2013, directly causing the total area of lakes to increase by internally-driven variability are also presented in this study (Fig.
35% to ~32,880 km? in 2013%3 (Fig. 1¢). 2b-d). The observed SST anomalies identify an IPO-like mode in
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Fig.2 The composite SST (K) pattern between P2 (1999-2013) and P1 (1979-1998). a ERSST v5. b Sum of (e)-(h). ¢ sum of (e)-(g). d Sum of
(e, f). e CESM-LE ensemble mean (CESM-EM), indicative of external forcing. f Pacific pacemaker ensemble mean (Pac-EM) minus CESM-EM,
indicative of internal variability due to the Pacific SST changes. g Atlantic pacemaker ensemble mean (Atl-EM) minus CESM-EM, indicative of
internal variability due to the Atlantic SST changes. h Indian pacemaker ensemble mean (Ind-EM) minus CESM-EM, indicative of internal
variability due to the Indian Ocean SST changes. The dots indicate that anomalies are significant at a confidence level of 95%.

the Pacific, an AMO-like mode in the Atlantic, and an I0BM-like
mode in the Indian Ocean. This pattern can be reasonably
reproduced by involving the component of external forcing and
Pacific internal variability (Fig. 2d). This means the important role
of anthropogenic forcing and internal decadal variability in the
Pacific SST should be highlighted. However, the tropical Atlantic
and Indian Ocean cannot reproduce the observed SST pattern
(Fig. 2g, h).

Figure 3 shows the decadal differences in moisture flux and
precipitation in response to individual basin internally-driven
variability and a combination of external forcing and basin SST
changes. The atmospheric circulation induced by Atlantic or
Indian internal variability does not give rise to significant

Published in partnership with CECCR at King Abdulaziz University

precipitation changes on the ITP (Fig. 3g, h). The external
forcing-induced cyclonic circulation over the western TP brings
more moisture to the ITP and generates precipitation through
enhancing westerlies (Fig. 3e and Supplementary Fig. 3e), while
the weakened East Asian westerly jet (EAWJ) traps moisture on the
ITP and increases precipitation when considering Pacific internal
SST changes (Fig. 3f and Supplementary Fig. 4f). The sum of
external and internal factors can roughly capture the atmospheric
circulation characteristics observed in the reanalysis despite an
eastward Baikal anticyclone, with the identified Rossby wave train
over the middle and high latitudes and the weakened EAW)J
(Supplementary Fig. 3a-d and Fig. 4a—d). Correspondingly, the
simulations yield a similar pattern of precipitation to the
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Fig. 3 The composite integrated moisture flux (600-100 hPa; vectors; kgm's~") and precipitation pattern (shading; mm/month)
between P2 and P1. a ERA5. b Sum of (e)-(h). ¢ Sum of (e)-(g). d Sum of (e, f). e CESM-LE ensemble mean (CESM-EM). f Pacific pacemaker
ensemble mean (Pac-EM) minus CESM-EM. g Atlantic pacemaker ensemble mean (Atl-EM) minus CESM-EM. h Indian Ocean pacemaker
ensemble mean (Ind-EM) minus CESM-EM. The shading and black vectors indicate that anomalies are significant at a confidence level of 90%.

observations over the ITP (Fig. 3a-d), while the magnitude of
precipitation decreases with additional superimposed impacts
from Indian Ocean SST changes (Fig. 3b).

To quantify the attribution of decadal precipitation changes, the
moisture budget analysis has been performed over the ITP.
Observed results indicate that precipitation changes are mainly
attributed to vertical moisture advection. Specifically, the thermo-
dynamic component has preferred impacts on decadal changes in
precipitation over the dynamic component (Fig. 4a). The strong
uplift induced by dynamic convergence over the ITP is critical to
the generation of summer precipitation (Supplementary Fig. 5a).
Despite a credible precipitation increment occurring in the
models, all simulations underestimate the climatological specific
humidity and its variations (Supplementary Fig. 6, 7), resulting in a
relatively small change of decomposed moisture budget terms
involving the specific humidity (Fig. 4b, c). The external forcing
contributes positively to the observed precipitation changes, while
the dynamic component increases by about 2 times after
considering the impacts of Pacific internal variability (Fig. 4c and
Supplementary Fig. 5). Both of them can cumulatively account for
~41% of the observed precipitation changes. However, it does not
cause additional notable changes when introducing the impacts
of Atlantic and Indian Ocean intrinsic SST changes.

npj Climate and Atmospheric Science (2023) 38

To investigate the atmospheric circulation changes in response
to external forcing and Pacific internal variability, the generation
and propagation of stationary Rossby wave were diagnosed (see
methods). Observations indicate the atmospheric circulation
anomalies related to the IPO are characterized by a distinct zonal
wave train propagation (Fig. 5a). The Rossby wave sink on the
Baikal and North Pacific caused by the vortex stretching
contributes to the generation and maintenance of anticyclones
(Supplementary Fig. 8, 9a), which further play an important role in
decelerating the background EAWJ through easterlies on the
south of anticyclones (Supplementary Fig. 10). Consequently, the
strengthened westerlies induced by the anomalous cyclone and
weakened westerlies over the eastern ITP are crucial to the
moisture convergence and precipitation generation. The simu-
lated results can capture the atmospheric dynamic feedback
similar to the observations. Evidence suggests that the external
forcing is responsible for the enhanced wave propagation over
Eurasia and results in an anomalous cyclone on the western TP
(Fig. 5b). While the Pacific pacemaker large ensemble simulations
suggest that during the negative phase of the IPO, the
convergence (divergence) over the Northwest Pacific (Northeast
Asia and the seas to its east) gives rise to the generation of the
Rossby wave source (RWS) or Rossby wave sink through vortex

Published in partnership with CECCR at King Abdulaziz University
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Fig.4 The decadal difference of moisture budget components averaged over the ITP between P2 and P1. a ERA5. b, c CESM-EM (indicative
of external forcing; red rectangle), external forcing plus Pacific internal SST changes (light-blue rectangle), external forcing plus Pacific and
Atlantic internal SST changes (blue rectangle), and external forcing plus Pacific, Atlantic and Indian Ocean internal SST changes (green
rectangle). P’ (mm/day) and E’ (mm/day) indicate the decadal difference of precipitation and evaporation, respectively. —(V}, - V4q)', —<wapq>'
and 6 represent the changes in horizontal and vertical moisture advection, as well as the residual term, respectively. —<68pq’> indicates the
thermodynamic effects (the contribution of moisture change), —<w’ap§> indicates the dynamic effects (the contribution of atmospheric

circulation change), and 7<w’6pq’> indicates the nonlinear component.

stretching, stimulating the meridional wave propagation and
resulting in the anomalous dipole quasi-geostrophic stream
function pattern on the North Pacific (Fig. 5c and Supplementary
Fig. 8, 9b). Simultaneously, the advection of upper-level absolute
vorticity by the southerly and westerly divergent flow on the
North Pacific are nontrivial for changes in the RWS. Hence, the
easterlies induced by the dipole pattern led to the deceleration of
EAWJ.

The interaction between the mean flow and synoptic baroclinic
eddies caused by the baroclinic instability has been reported to
exert great impacts on westerly jet variations**33, To further
investigate the role of transient eddies in EAWJ, the transient eddy
kinetic energy (TEKE) and E vector were applied (see methods).
Both observations and simulations suggest the negative TEKE
dominating East Asia was consistent with the convergence of the
E vector, indicating the weakened transient eddy activities in
response to a combination of external forcing and Pacific internal
SST changes (Fig. 6). The reduced energy transformation from
synoptic transient eddies to mean flow led to the weakened EAWJ.

CMIP6 validation

To illustrate whether this result is model-dependent, we use the
pacemaker experiments from the Decadal Climate Prediction
Project (DCPP) and Global Monsoons Model Intercomparison
Project (GMMIP). Multi-member ensemble mean in different
models can roughly reproduce the atmospheric circulation
anomalies resembling CESM when involving the synergistic effects

Published in partnership with CECCR at King Abdulaziz University

of external forcing and Pacific internal variability, but the focus
varies slightly between models (Supplementary Figs. 11-24).
Results from IPSL-CM6A-LR large ensemble simulation indicate
the external forcing exerts great impacts on the decadal
enhancement of wave train propagation over Eurasia, and the
weakened EAWJ could be attributed to the combination of
external forcing and Pacific internal variability (Supplementary
Figs. 12-14), which is also found in FGOALS-f3-L ensemble
simulation (Supplementary Fig. 21). While the MRI-ESM2-0
ensemble mean yields a similar pattern with the observed
atmospheric circulation for the decadal increased precipitation
in the ITP (Supplementary Fig. 17-19). Additionally, all three CMIP6
models have better performance in simulating the summer
specific humidity in the TP than CESM1.1, which can roughly
capture the observed climatological mean precipitable water
(figure not shown). Especially, among these CMIP6 models, MRI-
ESM2-0 can basically reproduce the physical process of the
decadal increased precipitation in the ITP, which highlights the
synergistic effects of the thermodynamic effects and dynamic
effects resembling the observations (Supplementary Fig. 20).

DISCUSSION

Over the past decades, the warming and wetting TP have shaped
the water resource distribution pattern and resulted in the
imbalance of the Asian water tower®. The decadal increase of
precipitation accelerates lake expansion and keeps the glaciers in

npj Climate and Atmospheric Science (2023) 38
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Fig. 5 Observed and simulated stationary wave propagation in summer. a The regression patterns of quasi-geostrophic stream (shading;
10% m? s~) function and wave activity flux (vectors; m? s—2) at 200 hPa with regard to the IPO index (multiplied by —1). The decadal changes
in quasi-geostrophic stream (shading; 10° m? s~') function and wave activity flux (vectors m? s~2) between the P2 and P1 in (b) CESM-LE and
(c) Pac-EM. The dots indicate that anomalies are significant at a confidence level of 95%.

the region dominated by the westerlies from shrinking under
warming*~36, Concerns are growing over the decadal increase of
summer precipitation and lakes’ number/area over the ITP%>1837,
Despite some efforts having been made, the attribution of the
decadal increase in ITP precipitation remains unclear.

Our results have demonstrated a robust decadal increase in
summer precipitation on the ITP from 1979 to 2013. Both
observations and large-ensemble simulations provide compelling
evidence that the external forcing and Pacific internal variability
are the dominant drivers of this increase, while the Atlantic and
Indian internal variability has little impact on the decadal increase
of ITP precipitation in the simulations. Notably, the increased
precipitation prompts the abrupt lake expansion on the ITP, which
reflects that climate warming significantly impacts the water
resource redistribution in Asian water towers. We have also shown

npj Climate and Atmospheric Science (2023) 38

that decadal changes in ITP precipitation are mainly attributed to
the combination of thermodynamic and dynamic effects. Espe-
cially, the role of dynamic convergence over the ITP is significantly
enhanced when involving the Pacific internal SST changes. Our
evidence supports that the external forcing and internal variability
induced by Pacific SSTs collaboratively result in the anomalous
cyclone over the ITP and weakened EAWJ, which benefits the
moisture convergence and precipitation generation over the ITP.

Our findings provide an in-depth understanding of decadal
changes in ITP precipitation in response to climate warming on
the decadal timescale. However, the underestimated specific
humidity in the CESM1.1 hinders further study in revealing the
thermodynamic mechanisms of precipitation changes. Evidence
has also indicated that the CESM-LE simulations could ignore the
role of specific humidity changes in precipitation generation,

Published in partnership with CECCR at King Abdulaziz University



75°N
60°N
o 45°N
l 30°N

1 15°N

(a) TEKE (ERAS5)
75°N
60°N
45°N
30°N
15°N XA =9 250 D .
T T T T
90°E 120°E 150°E 180° 150°W 120°W
e I EE—
4 3 2 1 0 1 2 3 4
2 m?s?

—

(c) E-vector (ERAS)

N

75°N

R R I D
X 2

60°N 7% i
45°N
30°N

15°N 47

90°E

120°E

150°E 180° 150°W  120°W

—~——— O —
-10-8 6 4 -2 0 2 4 6 8 10

Y. Liu et al.

(b) TEKE (Pac-EM)

90°E 120°E 150°E 180° 150°W  120°W

-1 -0.5 0

75°N 3 S S
33077 Vg
179 60°N - e ;'\’,r.r;'}-\ . :
o, «Cf b
& 45°N 7 S e
L e
] 30°N o, =
: ¥ e yf\f A5
¢ <R A R e
159N o <37 5 ¥y <oy T E
T T
90°E  120°E  150°E  180°  150°W  120°W
[ ——
16 -08 0 08 16

Fig. 6 Observed and simulated transient dynamic process in summer. The regression patterns of (a) transient eddy kinetic energy (TEKE;
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107% m s?) at 200 hPa. The dots indicate that anomalies are significant at a confidence level of 95%.

which led to a large divergence in physical attribution between
simulations and observations. Furthermore, previous studies have
highlighted the important role of AMO in modulating TP climate,
while the Atlantic internal variability in the simulations does not
cause significant changes in summer precipitation. It should be
noted that the CESM-LE ensemble mean significantly suppressed
the IPO variability, but gave rise to slightly strong AMO variability
(Supplementary Fig. 25). The unremoved AMO variability may
offset some impacts of Atlantic SST changes, resulting in the
obscure change in ITP summer precipitation. Moreover, the
complex topography of the TP may also be a reason that
constrains the models from fully reproducing the physical process
of the decadal increase in precipitation.

METHODS
Observational datasets

The daily in-situ precipitation from 88 meteorological stations
around the TP from 1979 to 2013 is provided by the National
Meteorological Information Center, China Meteorological Admin-
istration (CMA). The daily and monthly reanalysis dataset used in
this study is ERA5%, including geopotential height, horizontal
winds, pressure velocity, specific humidity, and precipitation. The
Japanese 55-year reanalysis (JRA-55)3? is also used in this study,
which demonstrated that it has good applicability in East Asia*°.
Moreover, multiple precipitation datasets are employed to verify
the robustness of results due to the scarcity of meteorological
stations on the central-western TP. The monthly precipitation
data from the China Meteorological Forced Dataset (CMFD) is
provided by He et al.*'. Three gridded precipitation datasets are
provided by the Asian Precipitation-Highly Resolved Observa-
tional Data Integration Toward the Evaluation (APHRODITE) of
Water Resources project®?, the Global Precipitation Climatology
Project (GPCP)*3, and the Climatic Research Unit gridded Time
Series (CRU TS) dataset**. The monthly sea surface temperature
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(SST) dataset is acquired from the National Oceanic and Atmo-
sphere Administration Extended Reconstructed SST V5 dataset®.
The lakes’ number and area data in the Inner TP (ITP) are derived
from Zhang et al3'.

CESM1 model design

To separate the influence of decadal variation in basin SST and the
external forcing, four sets of Community Earth System Model
version 1.1 (CESM1.1) experiments are used in this study. The first
experiment is the CESM Large Ensemble (CESM-LE) with 40
individual members“®. In addition to a slight difference in initial
atmospheric temperature fields, all CESM-LE ensemble members
adopt the same radiative forcing scenario, with historical forcing
during 1920-2005 and the high-emission forcing scenario of
representative concentration pathway 8.5 (RCP8.5) from 2006 to
2100. The individual CESM-LE ensemble member forced by small
initial perturbations can reflect the internally generated variability
of the climate system. When all CESM-LE ensemble members are
averaged, the internal variability of the climate system is removed,
and it represents the effects of external forcing®*. The second is
the CESM tropical Pacific Ocean pacemaker experiment, with fully
restored observational SST anomalies (SSTA) applied over the
region 15°S-15°N, 180° to the American coast, and two buffer
belts along 15°-20°S and 15°-20°N. The buffer belts are identified
as a transition region between the observational SST restored area
and SSTA evolved freely area. In these buffer belts, the fully
nudged SSTA are gradually damped to zero from the observa-
tional SST restored area to SSTA evolved freely area via a sine
function of the latitude change. The third is the CESM tropical and
North Atlantic SST, with fully restored observational SST anomalies
(SSTA) applied over the region 5°-55°N, and two buffer belts for
0°-5°N and 55°-60°N. The last is the CESM tropical Indian Ocean
pacemaker experiment, with fully restored observational SST
anomalies (SSTA) applied over the region 15°S-15°N, and two
buffer belts for 15°-20°S and 15°-20°N from the African coast to
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180°. All pacemaker experiments are identical to the external
forcing used in the CESM-LE with 10 ensemble members. Previous
studies have indicated the ensemble mean of the ocean
pacemaker experiment combines the response to external forcing
and the response to observed time-varying SST changes in the SST
restored area and buffer belts?>**74¢, When subtracting the CESM-
LE ensemble mean from the individual ocean pacemaker
ensemble mean, we can obtain the climate response to the
internal variability originating from the observed time-varying
internally driven SST changes in the Pacific, Atlantic, and Indian
Oceans, respectively. In this study, the methodology has been
adopted to isolate the impacts of tropical Pacific, tropical and
North Atlantic, and tropical Indian Ocean SST changes on the
Tibetan Plateau (TP) summer precipitation. Moreover, to compare
the synergistic effects of the external forcing and multiple Ocean
internally driven SST changes and individual effects of tropical
Pacific SST changes, we have designed two sets of experiments,
one is the sum of four components (CESM-LE, plus the three
pacemakers with external forcing removed), another one is the
sum of three components (CESM-LE, plus the Pacific and Atlantic
pacemakers with external forcing removed). But it is worth noting
that this linear summation (the sum of external forcing and SST
components) does not take into account tropical basin interac-
tions and may result in excessive influence of tropical SSTs on the
extratropical circulation®2,

CMIP6 models

To validate the robustness of results derived from CESM1
experiments, we also analyzed the results of the Coupled Model
Intercomparison Project Phase 6 (CMIP6) historical simulation,
Decadal Climate Prediction Project (DCPP) pacemaker experi-
ments, and Global Monsoons Model Intercomparison Project
(GMMIP) pacemaker experiments*. Currently, only IPSL-CMA-LR
provides both the Pacific pacemaker ensemble experiments (10
members) and Atlantic pacemaker ensemble experiments (10
members) in the DCPP, and the relevant control is the historical
simulation (33 members). While in the GMMIP, only MRI-ESM2-0
provides both the Pacific and Atlantic Pacemaker experiments (3
members), and the historical simulation includes 10 members>°.
Moreover, we also used the historical simulation with 3 members
and Pacific Pacemaker experiments with 3 members provided by
FGOALS-f3-L. All these data are interpolated to a common grid of
1.0° X 1.0° using the bilinear interpolation method.

Moisture budget analysis
The vertically integrated water vapor flux (Q) and net moisture
budget (Qr) are defined by Egs. (1) and (2), respectively, as

1 P

o:——/ vd M)
g Psq p

or:}z{od/ @

where g, p, ps, g, V, | is the acceleration of gravity, pressure, surface
pressure, specific humidity, horizontal wind, and the length of the
boundary, respectively. The net moisture budget is obtained by
calculating the sum of net inputs of water vapor fluxes at the four
boundaries of Inner TP (30°-36°N, 81°-91°E).

The precipitable water (W) is also employed to evaluate the
models’ performance in simulating the specific humidity:

w=11"qd
=- 3
g/QP 3)

ps

The moisture budget analysis is used to investigate the physical
mechanism of TP summer precipitation changes®'. The vertically
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integrated moisture budget equation is expressed as
P =FE — (Vy-Vnq) — (wdpq) +6 4)

where P, E, g, V,,, and w are precipitation, evaporation, specific
humidity, horizontal wind, and vertical pressure velocity, respec-
tively. o means a vertical integration from the surface to 100 hPa.
—{V} - Vpq)' and —<w8pq>/ represents the changes in horizontal
and vertical moisture advection, respectively. 6 indicates the
residual term. The changes in —<wapq>/ can be divided into the
thermodynamic (—(@d,q’)), dynamic effects (—(w'd,g)), and
nonlinear component (—(w'd,q")):

—(w3pa)' = —(@3,q") — (w'3,9) — (W3,q) )

The thermodynamic term indicates the contribution of moisture
change, while the dynamic term indicates the contribution of
atmospheric circulation change.

Eddy geopotential height

The eddy geopotential height anomalies are identified as the
height anomalies from the zonal mean.

Takaya-Nakamura (TN) wave activity flux and Rossby wave
source (RWS)

The TN wave activity flux and RWS are introduced to diagnose the
generation and propagation of stationary Rossby waves. The
horizontal wave activity flux proposed by Takaya and Nakamura®?
is defined as

o [0 v o (v, - v,
- 2u] U(zp;(p; - «p’w’xy> + V((sz - (P’%)

where U indicates the horizontal wind velocity, ¢ represents the
stream function. The overbars and primes denote the climatology
mean and seasonal disturbances, respectively.

The RWS is derived from the simplified barotropic vorticity
equation®3°%
04 _ _ @)
E + le : Vfa - *‘Sav : V)(*VX ) Vfa ==V (Vxéa)
where &,, V, and V, indicate the absolute vorticity, rotational winds,
and divergent winds, respectively. The right term (—V - (V,&,)) is
defined as the RWS*. Especially, —&,V -V, denotes the vortex
stretching, illustrating the changes in vorticity induced by upper-
tropospheric convergence and divergence. —V, - V&, denotes the
vortex advection, referring to the changes in vorticity related to the
advection of absolute vorticity gradient by the divergent flow.

(6)

Transient eddy kinetic energy (TEKE) and E vector diagnosis
The TEKE and E vector are introduced to diagnose the interactions
between the mean flow and transient eddies. The TEKE and
horizontal E vector are defined as follows:

1
TEKE = ? +v?) 8)

= E (F—F);W} )

where v’ and V' indicate the synoptic components of the zonal
and meridional winds. The transient variables are obtained by a
21-point Lanczos 2-8-day filtering and are on 200 hPa. The overbar
represents the seasonal mean. The convergence and divergence
of the E vector illustrate the feedback of transient eddies on the
mean flow. When the E vector converges, the kinetic energy from
synoptic eddies will be converted into time mean flow, which
accelerates the westerly jet, and vice versa.
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