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The topography of the Tibetan Plateau (TP) has shaped the paleoclimatic evolution of the Asian monsoon.
However, the influence of the TP on the global climate, beyond the domain of the Asian monsoon, remains
unclear. Here we show that the Pacific and Atlantic Oceans act as efficient repeaters that boost the global
climatic impact of the TP. The simulations demonstrate that oceanic repeaters enable TP heating to
induce a wide-ranging climate response across the globe. A 1 °C TP warming can result in a 0.73 °C tem-
perature increase over North America. Oceanic repeaters exert their influence by enhancing the air-sea
interaction-mediated horizontal heat and moisture transport, as well as relevant atmospheric circulation
pathways including westerlies, stationary waves, and zonal-vertical cells. Air-sea interactions were fur-
ther tied to local feedbacks, mainly the decreased air-sea latent heat flux from the weakening air-sea
humidity difference and the increased shortwave radiation from sinking motion-induced cloud reduction
over the North Pacific and Atlantic Oceans. Our findings highlight the crucial influence of TP heating vari-
ation on the current climate under a quasi-fixed topography, in contrast to topography change previously
studied in paleoclimate evolution. Therefore, TP heating should be considered in research on global cli-
mate change.

© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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1. Introduction

The impact of the Tibetan Plateau (TP) topography on climate
has been investigated for more than one and one-third centuries
[1]. Early research has focused on atmospheric circulations [1-3],
especially the influence of the TP on the surrounding Asian mon-
soon and desert regions [4-6]. By influencing atmospheric circula-
tions, the uplift of the TP topography has been suggested to have
shaped the stages in the paleoclimate evolution of the Asian mon-
soon and formation of the Central Asian desert [4-9]. Atmospheric
circulation models without ocean coupling were used in early
research. Therefore, the influence of the TP uplift on remote regions
beyond Asia and the pertinent effects of oceans have not been
extensively studied in the early research.

* Corresponding authors.
E-mail addresses: hjp@lzu.edu.cn (J. Huang), gxwu@lasg.iap.ac.cn (G. Wu).
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The influence of the TP uplift on oceans was first investigated
three decades ago [10]. However, only the ocean surface, namely
the sea surface temperature or mixed layer, was examined
[10,11]. The ocean models used were simple slab ocean models
with a 50 m mixed layer. Two decades ago, fully coupled oceanic
circulation models were used to examine the influence of the TP
uplift on the ocean [12]. Subsequently, the feedback of the coupled
ocean on the climate effect of TP uplift was investigated [13]. How-
ever, these simulations were integrated for <50 years [12,13],
which are not sufficient for large-scale oceanic circulation to reach
an equilibrium state, especially in response to strong paleoclimatic
forcing, such as topography modification [14-16].

Therefore, the influence of the TP uplift on the ocean or the
reverse feedback of the ocean should be further investigated using
updated simulations. Recently, the influence of the TP uplift on
oceans was investigated using fully coupled climate models that
have been integrated for long periods of 4 to 18 centuries
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[14-16]. These long-term integrated simulations have suggested
that the TP uplift was crucial for the formation of the modern
Atlantic Meridional Overturning Circulation and collapse of the
Pacific Meridional Overturning Circulation, which was also sug-
gested by paleoclimate records [17]. Therefore, regarding the over-
all effect of the TP topography, the role of large-scale oceanic
circulation is crucial and needs to be considered. However, the
paleoclimatic impact of the TP uplift on large-scale oceanic over-
turning circulation has limited implications for current climate
variability. This is because topography can be considered quasi-
fixed in the context of the modern climate. In contrast, the effect
of TP heating or thermal forcing is of considerable importance,
because TP heating has shown pronounced variability across scales
from interseasonal to interdecadal [18,19]. In addition to pure
mechanical forcing [20-24], TP heating has been suggested to be
crucial for the Asian summer monsoon [25-28].

Studies on the effect of air-sea interactions on the climate effect
of the TP have increased in the last five years [29-32]. These stud-
ies have focused on the Asian monsoon regions [30], tropics of the
Asia-Pacific [29], North Pacific Ocean [31], and Atlantic Ocean [32].
Regarding studies on regions beyond Asia, some have focused on
the paleoclimatic TP uplift [29]. Therefore, the role of TP heating
was not separated from that of the mechanical forcing. The study
of the North Pacific Ocean has been limited to the spring and
Asia-Pacific regions [31]. The study on the Atlantic Ocean exam-
ined the isolated role of Atlantic sea surface temperatures in mod-
ulating the effect of TP heating on the climate [32], wherein TP
heating was modified by modifying the surface albedo. Given that
the response of the atmospheric circulation to heating anomalies
in different Tibetan Plateau domains may vary [33], the discrepan-
cies between the locations of heating anomalies in albedo-
modification-based simulations [32-34] and in observations (Sec-
tion 2.2) have indicated that studies using albedo-modification-
based simulations have limited implications for the current climate
variability.

Therefore, the influence of TP heating on the global climate
beyond Asian monsoon regions and pertinent air-sea interactions,
focusing on the current climate rather than the paleoclimate, has
not been previously studied. This study aims to advance the Asian
monsoon-centered knowledge of the climate effect of TP heating to
a global scale and determine the role of air-sea interactions using
updated numerical simulations that are constrained by current
observations. To improve robustness, simulations from the global
monsoons model inter-comparison project (GMMIP) [35] were
used.

2. Data and methods
2.1. Data

GPCP observational precipitation data were obtained from the
NOAA/OAR/ESRL PSL [36]. The observational near-surface air tem-
perature data were GISTEMP from NASA/GISS [37]. The reanalysis
data were ERA5 [38], provided by ECMWEF, and NCEP-2 [39], pro-
vided by NCEP/DOE. All the data were monthly mean. Additional
details regarding the data, numerical simulations, and statistical
methods are provided in the Supplementary materials (online).

2.2. Numerical simulations

Two groups of numerical simulations were examined, that is,
GMMIP [35,40-42] experiments from the coupled model inter-
comparison project in the 6th phase (CMIP6) and the community
Earth system model (CESM) experiments we performed (Table S1
online). There were two GMMIP experiments, namely amip-hist
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and amip-TIP-nosh, where TIP indicates Tibetan-Iranian Plateau
coupling system. There were six CESM experiments, namely
amip-hist, amip-TIP-nosh, amip-TIP-alb0.5, amip-TIP-sh0.5, cmip-
hist, and cmip-TIP-sh0.5. The CESM model (version 2.1.3) was pro-
vided by NCAR/UCAR [43]. In all the experiments, historical (hist)
experiments were control runs, whereas the TIP-labeled experi-
ments were sensitivity runs. As shown in Fig. S1 (online), the con-
trol runs could reproduce the current climate in the observations
from 1979 to 2014, thereby assuring the basis for further analyses
of the sensitivity runs.

The benchmark amip-TIP-nosh (no sensible heat) experiment
removed the sensible heat over the Asian topographies above
500 m as shown in Fig. 13, i.e.,, TIP [35]. Modifying topography or
heating over the large domain could avoid artificial forcing from
the sharp topography or heating gradients when a cut-off was sud-
denly implemented [35]. Consequently, the magnitude of the tem-
perature changes was the largest over the TIP and gradually
decreased outward (Fig. 1a). Given that the largest changes were
over the high elevation plateau such as 1.5 km (Fig. 1a), the atmo-
spheric circulation response could still be predominantly attribu-
ted to the TIP when higher criteria than 500 m were used to
identify the plateau.

For technical details, the sensible heat, that is, vertical diffusive
heat [22], on the entire column of the atmosphere was modified in
each time step of model integration. This assured the vertical con-
tinuity of total diabatic heating of the atmosphere. Therefore, the
term “sensible heat” in the experimental designs was not the same
as the single level “sensible heat flux” at the surface. Given that the
feedbacks were fully active, the response to the sensible heat mod-
ification in the experiments was not solely from sensible heat but
also the pertinent feedbacks that influenced the total diabatic heat-
ing of the atmosphere, that is, TP heating, such as the land-atmo-
sphere coupling processes, vertical motion-induced adiabatic
heating, and longwave cooling [44,45]. Our method was different
from that of FGOALS-f3-L, which set the vertical temperature diffu-
sion term to zero in the atmospheric thermodynamic equation at
the bottom boundary layer [41]. However, the results were consis-
tent, as shown in Section 3.1.

The amip-TIP-alb0.5 (half albedo) experiment used a distinct
method from that used in sensible heat-based experiments to
modify TP heating. The spatial pattern of anomalous TP heating
reflected by temperature in the albedo-based experiment was
mainly determined by the snow cover where the albedo was high
(Fig. S2 online). Therefore, in the albedo-based experiment, the
variation in TP heating was substantial only during the cold season,
whereas the observed variation in TP heating was strong in all the
seasons (Fig. S3 online). The variability observed in TP heating was
large around the southern slope because of the sensible heat
(Fig. S3 online). Meanwhile, a substantial variation was observed
over the central platform in the albedo-based experiment (Fig. S2
online). In contrast, the sensible heat-based experiments showed
greater similarity with observations in spatial patterns and season-
ality, because sensible heat was an important part of the total heat-
ing (Fig. S3 online).

Therefore, the sensible heat-based experiments were better at
representing the characteristics observed in TP heating than the
albedo-based experiments. The heating forcing was far stronger
in the non-sensible heat experiment than in the variability range
observed. Based on the observational constraint concept, a half-
sensible heat experiment (sh0.5) was designed to simulate the cur-
rent climate more effectively. TP heating anomalies in the half-
sensible heat experiment correspond to a 2.5 °C average warming
over the TP, which is within the range observed for current TP cli-
mate variations, thereby having direct implications for the current
climate. Nonetheless, for the highest level of robustness, the nosh
experiment based on multiple models was examined in Section 3.1
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Fig. 1. Impact of TP heating on temperature, precipitation, and horizontal heat and moisture transport in summer. Differences in June to August (JJA) mean near-surface air
temperature (a) and precipitation (b) determined using amip-hist minus amip-TIP-nosh for 1979-2014. The stripe in (a) and (b) indicates both the significant differences at
the 95% confidence level and the consistent signs across three models. Differences in JJA mean vertically-integrated horizontal heat (c) and moisture flux (vector) (d) and their
zonal components (color shading) determined using amip-hist minus amip-TIP-nosh from CESM for 2000-2014 (Section 2.3). The vectors with insignificant (95% confidence
level) differences in both zonal and meridional components were not shown in (c¢) and (d); the green arrows indicate the pathways of heat or moisture flux. The thick grey
contour indicates 1.5 km elevation, while the thin grey contour in (a) indicates 500 m elevation.

because the GMMIP has the nosh experiment but no sh0.5 experi-
ment. The amip-labeled experiments used atmospheric circulation
models without ocean coupling, whereas the cmip-labeled experi-
ments used fully coupled climate models. The differences between
the cmip and amip experiments indicate the role of the air-sea
interactions. The concepts underlying the experimental designs
addressed above are schematically summarized in Fig. S4 (online).
The amip and cmip simulations were analyzed for 1979-2014 and
1850-2014 based on monthly outputs, respectively, except for the
horizontal heat and moisture flux of the atmosphere which was
analyzed for 2000-2014 based on three-hourly outputs.

2.3. Horizontal heat and moisture flux of the atmosphere

The horizontal heat flux was formulated as H = pVO, where p,

7, and 0 indicate the density, horizontal velocity, and potential
temperature of the atmosphere, respectively. The vertically inte-
grated horizontal heat flux was calculated according to the formula
{ﬁ} = Jo Hdz = —é j;)s Vedp, where g, p, and p, indicate the accel-
eration of gravity, pressure, and surface pressure, respectively. The

horizontal moisture flux was formulated as M — qu, where g
indicates the specific humidity. The vertically integrated horizontal

2227

moisture flux was {M } = Jo Mdz = 3 fp(l Vqdp. Given that the
flux is nonlinear, we calculated the heat and moisture flux using
the three-hourly output from 2000 to 2014. The high-frequency
outputs were only available for 15 years because of the large stor-
age cost.

2.4. Energy budget of the ocean mixed layer and sea surface
The energy budget of the ocean mixed layer is based on the

potential temperature (0) tendency equation of the mixed layer,
which is represented as a 0-50 m subsurface ocean as follows:

- E' . —E
[0:0) = —[V - V0] —[W,0] + 2P 4o (1)
— N——— N — pOCPH
TEND ADV MIX

ENE

where V and w indicate the horizontal and vertical velocities,

respectively. E.,. indicates the net atmospheric energy input at

the sea surface, as indicated by Eq. (2).
The energy budget at the sea surface is formulated as follows:

Ely=SW'—SW' + W' — W' +SH' + LH', 2)
sw! LW

net net
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where SW, LW, SH, and LH indicate shortwave/longwave radiation
and sensible/latent heat flux, respectively, and the arrows indicate

the downward and upward directions, respectively. Eéen indicates
the energy penetrating the mixed layer inferred from the down-
ward shortwave radiation at the sea surface, as Eq. (7) in Ref.
[30]; po, cp, and H indicate the density, specific heat, and depth of
the mixed layer, respectively [30]. The Eéen can be inferred from
the downward shortwave radiation because shortwave radiation
was less reflected at the sea surface. The empirical formulation
was based on observations over the Pacific [46]. The left-hand term
is the local tendency term of the potential temperature (TEND) cal-
culated as the potential temperature difference between two
sequential months and in units of K month™! [30,31]. Meanwhile,
the right-hand terms are the potential temperature tendency
induced by horizontal advection (ADV), vertical mixing (MIX),
atmospheric energy input (ENE), and the residual term (¢). The sym-

bol [] =4 [¢ dz indicates the vertical mean across the mixed layer.

Based on the bulk parameterizations [47], the latent heat flux at
the sea surface is proportional to the air-sea humidity difference
and near-surface wind speed. The air-sea humidity difference is
defined as the saturation specific humidity at the sea surface minus
the specific humidity of near-surface air, namely, qs(Ts)-qa; gs(Ts) is
saturation specific humidity at sea surface temperature (Ts) calcu-
lated as gs = 0.622es/(p—es) [48], where es was calculated as Eq. (17)
of Ref. [49] and p indicates pressure.

2.5. Statistical methods

The statistical significance of the differences between the con-
trol and sensitivity runs was estimated using two-tailed Student’s
t-test. For the multiple model results, the overall significance of the
results was jointly estimated using a t-test of the ensemble mean
differences and the consistency of the signs in differences across
the models. The Pearson sample linear cross-correlation coefficient
was used to examine the correlation between two variables. The
statistical significance of the linear correlation coefficient was
determined using a two-tailed Pearson’s r-test.

3. Results
3.1. Atmospheric response without ocean coupling

Given that the TP heating was strongest in the summer (Fig. S3
online), only the summer situation was examined. Multimodel
simulations (amip-hist minus amip-TIP-nosh) from GMMIP and
CESM demonstrated a robust response of the atmosphere to TP
heating without ocean coupling. Relative to previous studies that
used single model-based simulations, the robustness of the results
was enhanced by consistency among the three models. TP heating
induced significant changes in temperature over many regions of
the Northern Hemisphere (Fig. 1a), which were positive over most
regions. In the observations, the TP temperature was also posi-
tively correlated with the temperature over many regions across
the globe (Fig. S5 online). The following analysis made advance-
ments with respect to previous studies by separating the individ-
ual effect of TP heating from the overall effect of TP or extending
the Asian monsoon-centered research to the global scale. Outside
the TP and its surroundings, the most prominent positive temper-
ature changes occurred over North America. The temperature
changes averaged over the TP and North America were approxi-
mately 8 and 3 °C, respectively, with a response-to-forcing ratio
of 3/8. The positive correlation between temperature over the TP
and North America was also significant concerning year-to-year
variability in observations (Fig. S5 online). For the other regions,
although they were robust with consistent signs among models
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and statistically significant, the response-to-forcing ratio was rela-
tively low.

In line with the findings of previous studies [25,27,33], TP heat-
ing significantly increased precipitation over most of the Asian
monsoon regions (Fig. 1b). However, the results indicated that
the change in precipitation around the south of the TP and over
the belt from the lower Yangtze River to Japan was statistically
insignificant. Outside the TP, TP heating significantly suppressed
precipitation over the regions from Central Asia to Europe and
Africa and from the mid-latitudes of the North Pacific to the Atlan-
tic and North Indian Ocean. TP heating increased precipitation over
the western subtropical Pacific, eastern tropical Pacific, and high
latitudes from the North Pacific to North America.

Why the TP heating could have a near-global influence on tem-
perature and precipitation was explained by the horizontal heat
and moisture transport and the three-dimensional circulation of
the atmosphere (Figs. 1c, d and 2). The TP heating disturbed the
global heat and moisture transport along the three and four green
arrow-marked pathways in Fig. 1c, d, respectively. The subtropical
westward and extratropical eastward belts of the heat flux (Fig. 1c)
jointly determined the influence of TP heating on large-scale circu-
lation (Fig. 2) across the Northern Hemisphere, especially, the
upper-level anticyclonic circulation occupying the Northern Hemi-
sphere (Fig. 2c). The other weaker branch from the tropics to the
Southern Hemisphere determined the weaker influence of the TP
heating on the Southern Hemisphere. Regarding precipitation,
the northward belt of the moisture flux (Fig. 1d) determined the
increased precipitation from South Asia to North America and the
western subtropical Pacific (Fig. 1b). In contrast, the three south-
ward belts determined the decreased precipitation over Central
Asia, Europe, Africa, and North Pacific and Atlantic Oceans.

Besides the thermodynamic factor of moisture supply (Fig. 1d),
precipitation anomalies were also dynamically constrained by
changes in the vertical motion (Figs. 1b and 2a); that is, the ascend-
ing/sinking motion corresponds to more/less precipitation. For
regions of Central Asia, Europe, Africa, and the North Pacific and
Atlantic Oceans, the sinking motion and reduced moisture from
southward dry air flow jointly influenced the decreased precipita-
tion. In contrast, the enhanced moisture supply of the Asian sum-
mer monsoon [25] partially offset the influence of the sinking
motion from East China to Japan on precipitation. Therefore, a pre-
cipitation decrease was observed in a smaller area relative to the
area of sinking motion (Figs. 1b, d and 2a).

Over the Asian monsoon regions, the TP heating-driven ascend-
ing motion rendered the large-scale circulation baroclinic, namely
the opposite in the lower and upper levels (Fig. 2b, c). This baro-
clinic structure is explained by the TP heating-driven air-pump
mechanism [22,25,27,45] as follows: TP heating triggered near-
surface convergence, cyclonic circulation (Fig. 2b), and ascending
motion (Fig. 2a). The feedback of condensation latent heat from
precipitation (Fig. 1b) further promoted the vertical motion and
upper-level anticyclone (Fig. 2c¢). The increased precipitation in
the western subtropical Pacific (Fig. 1b) was also associated with
a baroclinic structure (Fig. 2b, c) and was further facilitated by
more moisture supply (Fig. 1d). The TP heating-induced strong ver-
tical motion generated zonal- or meridional-vertical circulation
cells [34,45,50-54] ascending from the TP. The sinking branch of
the zonal- and meridional-vertical cells was over the regions of
Central Asia/Europe/Africa and the North Indian Ocean, respec-
tively (Fig. 2a). The North Indian Ocean sinking branch may also
have contributed to the increased precipitation in the eastern trop-
ical Pacific via tropical Walker circulation [55] (Figs. 1b and 2a).

Outside the Asian monsoon regions, large-scale circulation was
generally barotropic (Fig. 2b, c¢). This was constrained by the circu-
lation development associated with disturbances in the westerlies,
jet streams, and stationary waves [56,57]. Corresponding to the
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Fig. 2. Impact of TP heating on atmospheric circulations in summer. Differences in JJA mean vertical velocity in isobaric coordinate at 500 hPa («500) (a), sea level pressure
(b), and geopotential height at 200 hPa (Z200) (c) determined using amip-hist minus amip-TIP-nosh for 1979-2014. The positive and negative values in (a) indicate sinking
and ascending motions, respectively. The stripe indicates both the significant differences at the 95% confidence level and the consistent signs across three models. The thick

grey contour indicates 1.5 km elevation.

two belts of the heat flux (Fig. 1c), the TP heating induced the
upper-level anticyclonic circulation to develop into a prominent
high-pressure belt occupying the Northern Hemisphere (Fig. 2c).
This upper-level circulation was coupled with low-level circulation
in a barotropic structure, such as high sea level pressure from the
Pacific to the Atlantic (Fig. 2b). For those barotropic structures, the
low-pressure system generally corresponded to the ascending
motion, whereas the high-pressure system corresponded to the
sinking motion (Fig. 2).

Therefore, the high pressure in the North Pacific and Atlantic
Oceans corresponded to sinking motion (Fig. 2) and decreased pre-
cipitation (Fig. 1b). Meanwhile, the low pressure at the high lati-
tudes of the North Pacific and North America corresponded to
ascending motion and increased precipitation, in which the
upper-level pressure was low relative to the same latitude. The
change in the extratropical Southern Hemisphere was a classic bar-
otropic stationary wave pattern (Fig. 2) and corresponded to the
heat flux belt from the tropics to Southern Hemisphere (Fig. 1c).
This wave was also observed in the experiments removing the TP
topography [58], which further suggested that the anomalies over
the Indian Ocean were crucial for the TP-induced wave train in
Southern Hemisphere.

Regarding temperature over land, the significant warm temper-
ature in North America, Europe, and Africa (Fig. 1a) was associated
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with high pressure and sinking motion (Fig. 2). The warm temper-
ature over the North Indian Ocean was also induced by the sinking
motion. Meanwhile, the warm temperature over the western Paci-
fic was associated with the downstream advection of TP heating
(Fig. 1c) and sinking motion (Fig. 2a) in the north and south flanks,
respectively. However, given that the air temperature over the
ocean was constrained by the prescribed sea surface temperature,
the influence of TP heating on the temperature over the ocean was
investigated further using coupled experiments, the results of
which are presented in the next section.

3.2. Effect of air-sea interactions

To shed light on the current climate, the effect of air-sea
interactions was investigated using half-sensible heat experi-
ments. The primary differences between the amip and cmip
experiments were not in the patterns but in the magnitudes
(Fig. 3a, b). The all-positive and all-negative configurations in
the signs of cmip, amip, and cmip minus amip indicate the
amplification effect of air-sea interactions on the magnitudes.
Air-sea interactions amplify anomalous temperature magnitudes
over the TP and remote regions, especially in the downstream
Pacific, North America, and Atlantic regions (Fig. 3a). However,
the ratios of magnitude amplification were substantially stronger
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amip (amip-hist minus amip-TIP-sh0.5) experiments for 1850-2014 (Fig. S6 online). The stripe indicates significant differences in cmip minus amip at the 95% confidence
level; the red and blue colors further indicate all-positive and all-negative configurations in the signs of cmip, amip, and cmip minus amip, suggesting consistency in patterns.
The thick grey contour indicates 1.5 km elevation. The dashed polygons indicate domains examined in (c) and (d). (c) Regional mean temperature differences averaged over
North America and TP above 1.5 km, using amip-hist minus amip-TIP-nosh or amip-TIP-sh0.5, and cmip-hist minus cmip-TIP-sh0.5 experiments, respectively. The ratios of
temperature differences between the two regions are marked. (d) Regional mean temperature differences averaged over the Pacific and Atlantic Oceans by using cmip-hist
minus cmip-TIP-sh0.5 and amip-hist minus amip-TIP-sh0.5, respectively. Shown in the box was the regional mean temperature averaged over the TP above 1.5 km.

over the remote regions than over the TP (Fig. 3c, d). The ampli-
fication effect of air-sea interactions increases the response-to-
forcing ratio of remote regions with respect to TP. The ratio of
anomalous temperature in North America relative to that in
the TP was 0.37 or 0.51 without air-sea interactions, and this
ratio increased to 0.73 when active air-sea interactions were
involved (Fig. 3c).

The most prominent differences were over the downstream
oceans (Fig. 3a), indicating that air-sea interactions over the Pacific
and Atlantic Oceans are crucial for modulating the climate impact
of TP heating. Air-sea interactions amplified the temperature
changes over the Pacific and Atlantic by 10.9 and 6.6 times, respec-
tively, in contrast to 1.7 times over the TP (Fig. 3d). Furthermore,
air-sea interactions amplified the TP heating-induced high-
pressure anomalies in the westerlies of the Northern Hemisphere
(Fig. 3b) and the corresponding pathways of horizontal heat trans-
port (Fig. 1c and Fig. S7a online). Outside the TP regions, the most
prominent amplifications in upper-level circulation were also cen-
tered over the western North Pacific, North America, and Atlantic.
Here, the magnitudes gradually decayed from the Pacific to the
Atlantic (Fig. 3b). Therefore, we concluded that the Pacific and
Atlantic Oceans act as two repeaters that amplify TP heating-
induced disturbances from near to distant locations via air-sea
interactions.
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Air-sea interactions also amplified the magnitudes of the large-
scale patterns of sea level pressure and vertical motion (Fig. S8
online), except for the Indian Ocean. The sinking motion of the
zonal-vertical cell from the TP to upstream Central Asia, Europe,
and Africa and the barotropic high pressure over the North Pacific
and Atlantic Oceans became stronger (Fig. 3b and Fig. S8 online).
However, the air-sea interactions over the Indian Ocean generated
an indirect meridional-vertical cell that is opposite to the
meridional-vertical cell directly induced by TP heating [30]. There-
fore, in contrast to the Pacific and Atlantic Oceans, the Indian
Ocean is not an effective repeater, because it partially offsets the
direct effect of TP heating.

The physical processes of the air-sea interactions over the Paci-
fic and Atlantic Oceans were examined further. In line with the
near-surface air temperature anomalies (Fig. 3a), upper-layer sub-
surface ocean temperature anomalies were the most evident in the
North Pacific and Atlantic Oceans (Fig. S9 online). Based on the
energy budget of the ocean mixed layer (0-50 m) and sea surface
(Fig. 4), the factors contributing to ocean temperature changes
were determined. The amplified warming in the Pacific and Atlan-
tic Oceans was dominated by enhanced atmospheric energy input
(Fig. 4a; Eq. (1)), which indicated that air-sea interaction processes
determined the mixed layer temperature changes rather than the
internal oceanic advection and mixing processes.
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The atmospheric energy input term is equal to and larger than
the potential temperature tendency term for the Pacific and Atlan-
tic Oceans, respectively (Fig. 4a). Vertical potential temperature
mixing weakened the warming of the mixed layer by transporting
the input energy to the deeper ocean. The horizontal potential tem-
perature advection and residual terms contribute positively and
negatively, respectively, to the Pacific and Atlantic Oceans. How-
ever, the horizontal advection and residual terms had small-scale
signals that were inconsistent with the potential temperature ten-
dency term (Fig. S10 online). In contrast, the spatial pattern of
atmospheric energy input resembles that of the potential temper-
ature tendency. Moreover, the balance relation among the energy
budget terms was not sensitive to other subset periods chosen to
examine, as indicated by the time-series shown in Fig. S11 (online).
Therefore, the dominance of atmospheric energy input was
demonstrated by the regional mean magnitudes and spatial pat-
terns (Fig. 4a and Fig. S10 online).

Although the regional mean results were different (Fig. 4b), the
dominant processes contributing to anomalous atmospheric
energy inputs over the Pacific and Atlantic Oceans were consistent
(Fig. 4c, d). The regional mean differences between the two oceans
were because of the dipole spatial patterns in energy budget terms
(Fig. 4c, d). For the two oceans, the positive changes in the latent
heat in the north and net shortwave radiation in the south were
dominant factors causing the enhanced atmospheric energy inputs
to oceans (Fig. 4c, d). The longwave radiation and sensible heat also
had positive contributions in the north but in smaller magnitudes
and areas.

The air-sea interactions underlying the shortwave radiation and
air-sea latent heat flux changes over the two oceans were eluci-
dated as follows. The increased net shortwave radiation in the
south was induced by an increase in downward shortwave radia-
tion (Fig. S12 online), which was because of the sinking motion-
induced reduction in clouds (Fig. 5a-c). The sinking motion was
caused by the TP heating-induced horizontal heat transport and
barotropic high-pressure circulation anomalies, as shown in Sec-
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a) Differences in JJA mean energy budget terms (Eq. (1)) of mixed layer averaged over

tion 3.1. Given that the air-sea interactions amplified the subtrop-
ical westward and extratropical eastward belts of the horizontal
heat flux across the Northern Hemisphere (Fig. 1c and Fig. S7a
online), the barotropic circulation development and pertinent sink-
ing motion were also enhanced.

The positive changes in latent heat in the north (Fig. 4c, d) cor-
respond to the decrease in upward air-sea latent heat flux and less
evaporation at the sea surface. The latent heat flux and evaporation
are proportional to the air-sea humidity difference and near-
surface wind speed according to bulk parameterizations (Sec-
tion 2.4). The air-sea humidity difference decreased in the north
over the two oceans (Fig. 5d), favoring the decrease in air-sea
latent heat flux. In contrast, the near-surface wind speed increased
in the north (Fig. S13c online), which favored an increase in air-sea
latent heat flux. The air-sea humidity difference decreased because
the specific humidity of the near-surface air increased more than
the saturation specific humidity at the sea surface (Fig. S13a, b
online). The increase in specific humidity of the near-surface air
was favored by the moisture convergence in the north and
enhanced moisture source from the sea surface in the south
(Fig. S14 online), respectively. The moisture convergence in the
north further links to the enhanced moisture transport along the
northward pathway in Fig. 1d, which was amplified by the air-
sea interactions (Fig. S7b online). Therefore, the enhanced moisture
transport from air-sea interactions and corresponding decreased
air-sea humidity difference was responsible for the decrease in
air-sea latent heat flux in the north of the two oceans.

In summary (Fig. 6), horizontal heat and moisture transport and
pertinent atmospheric circulations, including disturbances in
westerlies, stationary wave trains, and zonal-vertical cells, trig-
gered the changes over the North Pacific and Atlantic Oceans. In
turn, the air-sea interactions amplified the pathways in horizontal
heat/moisture transport and atmospheric circulations. The key
local feedback processes were associated with the air-sea latent
heat flux and the sinking motion-induced cloud and shortwave
radiation over the Pacific and Atlantic Oceans. Given that air-sea
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interactions over the Indian Ocean partially offset the direct
meridional-vertical cell induced by TP heating [30], the Indian
Ocean does not act as an oceanic repeater but changes the patterns
of the response to TP heating. Specifically, in response to the sink-
ing motion, the air-sea interactions over the Indian Ocean reversely
stimulated the ascending motion over a small region (Fig. S6i
online) [30], while the air-sea interactions over the North Pacific
and Atlantic Oceans further favored the TP heating-induced sinking
motion (Fig. 5). Nonetheless, the fundamental factors, such as the
distinct latitudinal locations, that determined the different effects
of air-sea interactions over the tropical Indian Ocean and extrat-
ropical Pacific and Atlantic Oceans still require further investiga-
tions. Therefore, the North Pacific and Atlantic Oceans are two
prominent oceanic repeaters that amplify the global climate effect
of TP heating.
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4. Discussion and conclusions

This study demonstrated the robust effect of TP heating on the
global climate beyond Asian monsoon regions and highlighted the
key role of oceanic repeaters. The regions under the influence of TP
heating, pertinent atmospheric pathways, and air-sea interactions
associated with Pacific and Atlantic oceanic repeaters are summa-
rized in Fig. 6. Given that previous studies have focused on Asian
monsoon regions or paleoclimate, our study showed that the
anomalous TP heating within the current climate variability range
can induce significant climate responses over many regions glob-
ally under a fixed modern TP topography. The high response-to-
forcing ratio because of oceanic repeaters implies that TP heating
may efficiently modulate current climate variability. Our findings
extend the prior understanding of the climate effect of TP uplift
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Fig. 6. Schematic view of the climate effect of TP heating and pertinent air-sea interactions of Pacific and Atlantic oceanic repeaters. Transparent white shading indicates the
regions where the temperature or precipitation is significantly influenced by TP heating in summer, namely the regions where the differences in temperature or precipitation
between cmip-hist and cmip-TIP-sh0.5 experiments were significant at the 95% confidence level (Fig. S6 online). The pathways of horizontal heat and moisture transport and
atmospheric circulations and the dominant local air-sea feedback processes are illustrated. The cyan color of the meridional-vertical cell indicates that air-sea interactions
have no amplification effect, whereas the warm color or transparency indicates that air-sea interactions amplify the pertinent pathways.

on paleoclimate evolution [4-17] to the current climate variability.
Consequently, further research into TP heating-modulated air-sea
interactions is necessary for a better comprehension of the current
climate change.

In addition to the air-sea interactions triggered by TP heating
we identified, oceans have inherent variability modes. The inter-
decadal Pacific oscillation [59,60] and El Nifio/La Nifia [61,62] are
prominent modes in the Pacific, and the Atlantic multidecadal
oscillation [63,64] is a prominent mode in the Atlantic. How these
oceanic modes reversely influence TP heating should also be inves-
tigated. Atlantic variability can regulate the influence of TP heating
on the climate of its upstream regions [32]. However, a detailed
understanding of the two-way interactions between TP heating
and typical oceanic modes and further modulations of the global
climate requires further investigation. Furthermore, given that
there are potential interactions between the thermal and mechan-
ical effects of the TP [65], the thermal and dynamic interactions in
our simulations should be investigated further. During the past
two millennia, the current TP warming is likely unprecedented
[66-68]. The TP temperature and sensible heating are also pro-
jected to increase continuously in the future based on multimodel
simulations [69,70]. Consequently, it is anticipated that our find-
ings will stimulate research into the effects of two-way interac-
tions between TP heating and oceanic modes on future climate
change.
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