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ABSTRACT:

Asian large-scale orography profoundly influences circulation in the North Hemisphere.
Considerable spring top-of-the-atmosphere (TOA) radiative cooling over Southeast
China (SEC) is very likely related to upstream orography forcing. Here we investigate
the mechanical and thermal forcings of Asian large-scale orography, particularly the
Tibetan Plateau (TP), on downstream East Asian cloud amount and atmospheric
radiation budget during March-April using the Global Monsoons Model
Intercomparison Project simulations. The thermal forcing drives significant surface
heating and a low-level cyclone over the TP, pumping low-level air to the middle
troposphere. Ascent and water vapor convergence triggered by the thermal forcing
favor air condensation, low-middle clouds, and resultant strong spring cloud radiative
cooling over SEC. Moreover, the thermal forcing moves the position of cloud radiative
cooling westward towards the TP. The TP’s blocking role weakens low-level westerlies
over SEC, but its deflecting role increases downstream high-level westerlies,
dynamically favoring cloud formation over SEC and the eastward ocean. In addition,
the TP can force ascent and increase cloud amounts over the western and central TP.
The thermal forcing contributes to 57.1% of total cloud amount and 47.6% of TOA
cloud radiative cooling induced by the combined orography forcing over SEC while the
mechanical one accounts for 79.4% and 95.8% of the counterparts over the ocean to the
east of SEC. Our results indicate that Asian large-scale orography shapes the
contemporary geographical distribution of spring East Asian cloud amount and

atmospheric radiation budget to a large extent.

KEY WORDS: Large-scale orography forcing, Tibetan Plateau, Southeast China,
cloud amount, atmospheric radiation budget

SIGNIFICANCE STATEMENT:
Clouds tied to large-scale topography and circulation exhibit some remarkable

geographical distributions. The global strongest cloud radiative cooling, with an

intensity of up to -90 W m-2, occurs over Southeast China (SEC) during March-April.
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The primary purpose of this study is to understand the influences of Asian large-scale
orography, particularly the Tibetan Plateau (TP), on this unique climatic phenomenon
using the latest climate model simulations. Our results show that Asian large-scale
orography forcing significantly increases ascent, low-middle cloud formation, and
resultant strong spring cloud radiative cooling over SEC and downstream ocean. The
sensible-heat-driven air pump induced by the TP’s thermal forcing maintains strong
cloud radiative cooling over SEC. This study provides valuable insights that link Asian

large-scale orography forcing to downstream cloud-radiation characteristics.
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1. Introduction

Clouds strongly modulate the global energy balance via their shortwave reflecting,
longwave trapping, and radiative heating in the atmosphere (Allan, 2011; Lietal., 2015;
Loeb et al., 2018; Wild, 2020; Forster et al., 2021). In recent decades, the cloud-
radiation process continues to be one of the key influencing factors and uncertainties
for climate simulation and future projection under global warming (Cess et al., 1990;
Stephens, 2005; Bony et al., 2015; Zelinka et al., 2020). At the regional scale, cloud
amount and cloud radiative effects tied to large-scale topography and circulation exhibit
remarkable geographical distribution. Notably, large amounts of low-middle clouds

accompanied by the global strongest cloud radiative cooling at the top of the
atmosphere (TOA) in spring, with an intensity of up to -90 W m-? (Fig. 1a), occur over

Southeast China (SEC) located downstream of the Tibetan Plateau (TP) (Klein and
Hartmann, 1993; Zhang et al., 2013; Li et al., 2017, 2019). This distinctive cloud
radiative cooling over SEC stably maintained in March-April can regulate atmospheric
radiation budget and surface temperature (Yu et al., 2004; Guo et al., 2015; Li et al.,
2021). Spring is a crucial transition season for the East Asian climate and agriculture.
The onset and migration of East Asian subtropical monsoon highly rely on spring
atmospheric thermal states that are closely related to atmospheric diabatic heating and
radiation budget (Ding and Chan, 2005; Yanai and Wu, 2006; Zhao et al., 2007; He et
al., 2008). Thus, distinctive spring cloud amount and radiative cooling over SEC very
likely play a vital role in the East Asian subtropical monsoon process. Hence, it is
essential to reveal the primary climatic factors that dominate East Asian cloud and
atmospheric radiation budget in spring.

Numerous studies pointed out that the East Asian climate is profoundly influenced
by the mechanical and thermal forcings of Asian large-scale orography, especially the
TP (Yanai et al., 1992; Kitoh, 2004; Wu et al., 2015; Duan et al., 2020). The TP covers
an area of about 2.5 million square kilometers with an average altitude of over 4000 m
(You et al., 2021). In spring, the TP’s detouring role and the cyclonic low pressure

caused by the sensible heating over the Southeast TP can force low-level southerly wind

4
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and water vapor to converge in its downstream region, favoring persistent precipitation
and cloud amount over SEC (Wan and Wu, 2007; Li et al., 2019). The dynamic drag
and thermal advection of the TP cause the low-level convergence, mid-level divergence,
and resulting ascending motion over eastern China in late winter and early spring (Yu
et al., 2004; Li and Gu, 2006; Wu and Chou, 2013; Zhang et al., 2013). Moreover, the
TP can modulate the position of a high-level westerly jet, and the interplay between
low-level and high-level TP’s dynamic roles can affect the existence of spring
precipitation and its subsequent northward propagation (Molnar et al., 2010; Chiang et
al., 2020). On geologic timescales, previous studies have argued that the TP’s
mechanical and thermal forcings arising from its significant topography shape the
contemporary geographical distribution of summer East Asian monsoon circulation and
rainfall to a large extent (Wu et al.,, 2007; Boos and Kuang, 2010). Some ancient
Chinese literature reported perennial mountain clouds over SEC. For example, a famous
allusion is that dogs often bark once the sun comes out in South Sichuan of SEC where
strong sunshine is rare (Liu, 813). Given the strong linkage between the TP’s forcing
and its downstream East Asian circulation, it is very likely that clouds and the resultant
atmospheric radiation budget over East Asia that are sensitive to regional circulation
are also susceptible to the large-scale orography forcings mentioned above.

Many studies have examined the impacts of Asian large-scale orography on East
Asian circulation and precipitation (e. g. Flohn,1957; Ye et al., 1959; Wu et al., 2007;
Duan et al., 2011; He et al., 2019; Chiang et al. 2020). However, the climatic behaviors
of spring clouds differ from precipitation in term of the spatial distribution, intensity,
and lifetime over East Asia (Li and Yu, 2014; Li et al., 2019). It remains unclear how
the mechanical and thermal forcings of Asian large-scale orography influence the
generation of springtime cloud amount and atmospheric radiation budget over East Asia,
especially for SEC. The answers to these issues are promising to provide new insights
into the climatic mechanisms of East Asian cloud-radiation characteristics mentioned
above. The difficulties of the previous study lie in the mechanical and thermal effects

of Asian large-scale orography mixed in the current topography state. We can’t identify
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their separate roles with observational analysis alone. Recently, the climate model
simulations from the Global Monsoon Model Comparison Plan (GMMIP) in the
Coupled Model Intercomparison Project Phase 6 (CMIP6) were released (Eyring et al.,
2016; Zhou et al., 2016). Orography sensitivity experiments in GMMIP have proved
valuable in distinguishing the roles of Asian large-scale orography’s mechanical and
thermal forcings on the precipitation over Asian monsoon and arid regions (e.g. Sun

and Liu, 2021; Luo et al., 2022).
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FIG. 1. (a) March-April mean net cloud radiative effect (NCRE: W m2) from CERES-EBAF
satellite data during 2001-2014; (b) Topography (km) of Asian large-scale orography and the study
regions. Dark orchid rectangles indicate Southeast China (SEC; 22-32°N, 102—122° E), the ocean
to the east of Southeast China (ECO; 22-32 °N, 122—-140° E), and the Tibetan Plateau (TP; 28—38°
N, 76-100° E). The solid black line denotes the TP’s boundary over 3000m.

This study uses two terrain sensitivity experiments from the GMMIP to investigate
how Asian large-scale orography forcing affects cloud amount and atmospheric
radiation budget over its downstream East Asian regions, emphasizing SEC. This paper

is organized as follows. Section 2 introduces the data and methods. Section 3 evaluates
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the simulation performances of the climate model used in this study. Section 4 shows
the major impacts of the mechanical and thermal forcings of Asian large-scale
orography on cloud amount and atmospheric radiation budget over East Asia. Section
5 examines the influencing mechanisms for the above impacts through the relationship
between changes in dynamical and thermal conditions and cloud amounts mainly
arising from the TP’s forcings. Section 6 summarizes the main conclusions of this study

and gives a brief discussion.

2. Data and Method
a. Data

The monthly outputs from the GMMIP Tier-1 and Tier-3 experiments are used in this
study. Tier-1 is the standard Atmospheric Model Intercomparison Project (AMIP)
experiment that runs with CMIP6 natural and anthropogenic historical forcings and
observational sea surface temperature during 1870-2014 (Eyring et al., 2016; Zhou et
al., 2016). Tier-1 is approximately historical climate and is used as the control
experiment (hereafter Exp. CTL). We additionally use two orographic sensitivity
experiments from Tier-3 covering 1979-2014. The first reduces large Asian orography,
including the Tibetan-Iranian-Plateau, to 500m (hereafter Exp. TIP), with other surface
properties unchanged. The second keeps modern orography but turns off the sensible
heat at elevations above 500 m by setting the vertical temperature diffusion term to zero
in the atmospheric thermodynamic equation at the bottom boundary layer (hereafter
Exp. TIP_nosh). Other model configurations in TIP and TIP_nosh are identical to CTL.
More details about the model experiments can be found in Zhou et al. (2016). Two
climate models in GMMIP Tier-1 conducted these three experiments, and one model is
the First Institute of Oceanography-Earth System Model version 2 (FIO-ESM-2-0)
(Qiao et al., 2013; Song et al., 2020), with a horizontal resolution (0.9° latitude x 1.25°
longitude) and 30 vertical layers. FIO-ESM-2-0 outputs complete radiation fluxes and
three-dimensional cloud amounts and cloud water content that are needed to examine
cloud amounts and atmospheric radiation budget. FIO-ESM-2-0 can reproduce major

global climatic features, including the Asian monsoon circulations and precipitation

7
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(Ying et al., 2020). This study therefore chooses the simulations from FIO-ESM-2-0
model.

To evaluate the performance of FIO-ESM-2-0 in the cloud-radiation characteristics,
we utilize monthly radiation data from the CERES-EBAF Ed4.1 product since 2000
(Loeb et al., 2018). CERES-EBAF gridded at a spatial resolution of 1°X1° is the most
reliable dataset for TOA and surface radiative fluxes, which are widely used as
observations to evaluate the Earth’s radiation balance and cloud roles (Wild et al., 2020;
Forster et al., 2021). ERAS reanalyzed data (Hersbach et al., 2020) since 2001 are used

to assess the skill of the simulated meteorological fields.

b. Model experiments and analysis method

In this study, the thermal, mechanical, and combined forcings of Asian large-scale
orography are defined as CTL minus TIP_nosh, TIP_nosh minus TIP, and CTL minus
TIP, respectively. This method of separating thermal and mechanical forcings was also
used in previous studies (Boos and Kuang 2010, 2013; Wu et al. 2007, 2012; Sun and
Liu, 2021). Note that the TP includes most areas above 3000 m in CTL and TIP_nosh
runs, implying the TP’s mechanical forcing may have a central role in local dynamical
response over East Asia. In addition to the TIP, the Mongolia, Loess, and Yungui
plateaus covering large areas with elevations over 500 m can somewhat pose a thermal
forcing on regional circulation. The three model runs are driven by observational sea
surface temperature, and the interaction between air and sea is excluded. In this context,
the simulated circulation changes arise mainly from the atmospheric and land processes
associated with Asian large-scale orography.

This study focuses on the changes in the spatial distribution and intensity of cloud
amount and water content as critical cloud properties. We measure atmospheric
radiation budget through the TOA net radiative flux (Rt) and cloud radiative effects
(CREs) that are strongly regulated by cloud amount. The Rt and CREs can represent
the Earth’s energy budget and climate sensitivities caused by natural and anthropogenic
forcings (Kiehl and Trenberth, 1997; Flato et al., 2013; Wild et al., 2014, 2020). The

Rr is the difference between absorbed shortwave radiation (ASR) and outgoing

8
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longwave radiation (OLR) at the TOA (Fasullo and Trenberth, 2008). CREs are
calculated from the difference in radiative fluxes between clear-sky and all-sky
radiative fluxes for the TOA, atmosphere, and surface (Ramanathan, 1987; Allan, 2011).
The formulas of CREs are listed in the Appendices. We focus on TOA and atmospheric
CREs, including longwave, shortwave, and net items, and hereafter they are abbreviated
as LWCRE, SWCRE, and NCRE at the TOA and LWCREA, SWCRE,, and NCRE4 in
the atmosphere. Other abbreviations are listed in Table Al. The signs of SWCRE and
NCRE are usually negative, and their decrease in absolute values denotes the decrease
in cloud radiative cooling at the TOA.

March-April is selected as the spring period when the TP’s thermal and mechanical
forcings coexist and regional NCRE is the strongest over SEC (Fig. 1a). Besides, the
circulation pattern and cloud distribution are stable in eastern Asia continents and
surrounding ocean regions in March-April. In contrast, May is not a typical spring
period over SEC. Summer monsoon rain usually breaks over the South China Sea and
SEC in late May when circulation conditions exhibit abrupt variations relative to early
May (Ding and Chan, 2005; He et al., 2008). Observational and simulated data during
2001-2014 are extracted to evaluate FIO-ESM-2-0 simulations. The 30-yrs data in three
orography experiments during 1985-2014 are selected to examine Asian large-scale
orography. Based on the position of East Asian cloud regime and large-scale orography,
this study selects three study domains, including SEC (104-122°E and 22-32°N), the
TP (76-102°E and 28-38°N), and the ocean to the east of Southeast China (ECO: 122-
140°E and 22-32°N) (Fig. 1b). SEC is our emphasized region, and other two are as

comparison regions.

3. Model evaluation
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FIG. 2. March-April mean (a) observational 850-hPa horizontal wind (vector; m s!') from ERAS
reanalysis (Hersbach et al., 2020) and NCRE (shading; W m?) from CERES-EBAF satellite data
(Loeb et al., 2018) and (b) simulated counterparts in AMIP_hist run; (c) observational 200-hPa
horizontal wind speed (contour; m s') and surface temperature (shading; Ts, °C) from ERAS5
reanalysis and (d) simulated counterparts in AMIP_hist run. Here, the period is 2001-2014. The
solid black line denotes the TP’s boundary over 3000m. The 850-hPa wind is masked when the grid
surface pressure is less than 850 hPa.

At the beginning of this study, it is necessary to evaluate the model performance in
clouds and circulation in March-April to verify FIO-ESM-2-0 model results. Here we
select NCRE calculated from CERES-EBAF surface temperature (Ts), low-, and high-
level wind fields from ERAS reanalysis during 2001-2014 as key assessment variables
tightly connected with the regional cloud-radiation process. In the observation, strong
NCRE occurs in the south flank of the TP and SEC, with the maximum intensity up to
~90 W m™. The large magnitude of NCRE extends to the eastern ocean adjacent to SEC
(Fig. 2a). A low-level westerly detouring wind is located south of the TP. A low-level
anticyclone appears over the northwestern Pacific, along the west side of which the

southerly wind comes to SEC (Figs. 2a,b). Meanwhile, northern detouring currents
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appear in the northern TP, north China, and Japan (Figs. 2a.b). In addition, the
subtropical 200-hPa westerly jet passes south of the TP. The jet axis appears over the
north of SEC, causing a pumping role in the low-middle atmosphere (Fig. 2c). High-
level westerly jet is critical to East Asian climate (Liang and Wang, 1998). These low-
and high-level circulation conditions in March-April are closely related to the TP’s
forcing (Kitoh, 2004; Wu et al., 2007), and they favor water vapor convergence, updraft,
and cloud formation over SEC and its eastern coasts (Zhang et al., 2013; Li et al., 2019).

The FIO-ESM-2-0 model can reproduce the spatial pattern of NCRE, including its
central location and intensity over SEC, corresponding to well-simulated circulation
and Ts over Asian continents and adjacent oceans (Figs. 2b,d). The simulated domain-
mean NCRE over SEC is —=66.0 W m%, comparable to the observational counterpart (~
63.9 W m). Simulated NCRE magnitude (cooling effect) is stronger between the North
Indian Ocean and western Pacific and weaker over the eastern TP compared with the
observation (Fig. 2b). As for atmospheric models in CMIP6 GMMIP Tier-1
experiments, three models (CESM2, FIO-ESM-2-0, and TaiESM1) show high
capabilities in reproducing March-April mean NCRE and circulation over East Asia.
The position and intensity of NCRE, 850-hPa wind, 500-hPa ascending, and 200-hPa
westerly are well captured in these three models (Figs. S1-S2). It is worth noting that
FIO-ESM-2-0 and TaiESM1 belong to the Community Earth System Model (CESM)
family of models and have similar atmospheric parameterizations to those in CESM
(Hurrell et al., 2013; Ying et al., 2020; Wang et al., 2021). Recent work has pointed out
that CESM2 model better simulates the climatological mean state of the circulation and
relevant TOA cloud-radiation characteristics over Asian monsoon regions relative to
most CMIP6 models (Li et al., 2021; Yu et al.,, 2022). Thus, the good model
reproducibility of FIO-ESM-2-0 in key cloud radiative effects and circulation over the
Asian region ensures that the following model experiments can provide confident

results for our study targets.

4. Simulated cloud amount and atmospheric radiation budget

This section first presents climatological March-April mean simulations from 1985-

11



270 2014 from three GMMIP experiments. We compare these results and then identify
271 possible impacts of Asian large-scale orography on cloud amount and atmospheric
272  radiation budget over East Asia, especially SEC. Atmospheric radiation budget focuses
273  on radiation fluxes and CREs at the TOA and atmospheric radiative cooling (heating)

274  role due to clouds.

275  a. Geographical distribution of cloud-radiation variables and circulation
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277  FIG. 3. March-April mean total cloud fraction (TCF; %) in (a) CTL, (b) TIP, and (c) TIP_nosh runs
278  during 1985-2014. (d)-(f) are NCRE at the TOA (W m2) in these three runs. (g)-(i) are NCRE4 in
279  the atmosphere (W m?) in these three runs. The solid black line denotes the TP’s boundary over
280  3000m.

281 Figure 3 shows the geographical distribution of cloud amount and CREs in three
282  experiments, and Figure 4 gives TOA radiation budget. To compare regional differences,
283  Table 1 lists cloud-radiation variables averaged over SEC, the TP, and ECO. In the
284  control experiment, large amounts of cloud fractions (>70%) occur over the TP, SEC,
285 and tropical region (Fig. 3a), corresponding to apparent ascending motion (Fig. S3g).

286  In contrast, less cloud amount (<40%) appears over the Arabian sea, Indian continents,
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and the Bay of Bengal (Fig. 3a), with evident descent (Fig. S3g). Strong cloud radiative
cooling occurs over the south flank of the TP, SEC, and East China Sea, with a cooling
center in SEC (Fig. 3a). The domain-mean NCRE over SEC is ~66.3 W m™ dominated
by SWCRE (-93.7 W m?) (Table 1). In the meantime, the Rt magnitude over SEC is
weaker relative to surrounding areas, and its peak center is even up to —20.0 W m~ (Fig.
4a), which is caused by the strong cloud reflecting role. Figures 5 and S4 show the
vertical distribution of cloud amount and cloud water content in three experiments.
Most cloud amounts and cloud water content over SEC are mainly distributed below
500-hPa, and the air temperature in large value areas of these cloud amounts (water
content) is higher than zero centigrade (Figs. 5a and S4a). Considerable amounts of
high clouds with a peak occurring between 200-300 hPa level over SEC, but these high
clouds have lower water content than low-level clouds (Figs. 5d and S4d). This implies
that low-level clouds over SEC mainly consist of liquid or supercooled cloud water in
March-April, which can strongly reflect shortwave radiation and cause a large radiative
cooling role (Hu et al., 2010; Matus and L'Ecuyer, 2017; Li et al., 2019). This distinctive
TOA radiative cooling over SEC relates to the favorable circulation conditions
mentioned above (Figs. 2a,b and S3g). Note that despite the substantial cloud amount
over the TP and tropical regions, the significant cancellation between LWCRE and
SWCRE allows regional NCRE to be a smaller intensity (Fig. S5a). As listed in Table
1, LWCRE and SWCRE are 39.8 and —41.5 W m™ averaged over the TP, respectively,
causing a weak NCRE (-1.7 W m™). Cloud radiative heating in the atmosphere that
relates to high clouds occurs over the TP, North China, and tropical regions (Figs. 3g
and 5a). Meanwhile, cloud longwave radiative cooling in the atmosphere appears over
SEC, where large amounts of low clouds block downward longwave radiation (Fig.
S6d). Another noticeable point is the much lower OLR over the TP relative to
surrounding and tropical ocean regions (Fig. 4g), which arises from the high TP

elevation.
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FIG. 4. March-April mean TOA radiation budget (Rt; W m2) in (a) CTL, (b) TIP, and (c) TIP_nosh
runs during 1985-2014. (d)-(f) are absorbed shortwave radiation at the TOA (ASR; W m™?) in these
three runs. (g)-(i) are outgoing longwave radiation at the TOA (OLR; W m2) in these three runs.
The solid black line denotes the TP’s boundary over 3000m.

When the TP surface sensible heat is removed in TIP_nosh run, cloud fractions over
the southeast TP and SEC markedly decrease (Figs. 3c and 5c). In contrast, cloud
fractions change little over other subtropical regions, such as South Asia and Western
North Pacific (Fig. 3c). Over SEC, strong cloud radiative cooling at the TOA weakens
in TIP_nosh, and its cooling center moves eastward relative to the control run (Figs. 3f
and S5c¢). The cloud heating role in the atmosphere also decreases due to less low clouds
and resultant cloud atmospheric shortwave heating relative to CTL run (Figs. 3g,i and
S6a,c). Meanwhile, the magnitude of ASR and OLR increase over the eastern TP and
SEC, leading to a weak positive Rt over SEC (Figs. 4c¢,f,1). When Asian large-scale
orography is reduced to 500 in TIP run, cloud amount over the TP, SEC, and ECO and
robust TOA cloud radiative cooling over SEC substantially decrease compared with the
control run (Figs. 3b,e, 5b, and S5b). In TIP run, clouds exert a heating role in the

atmosphere over the TP and SEC but a cooling role over ECO (Fig. 3h). The westerly
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wind prevails at mid-latitudes from the TP to Southern Japan, accompanied by the
descending motion (Figs. S3b,h). Compared with the other two runs, the low-level

southwesterly wind imported from the Bay of Bengal into SEC almost disappears while

the southerly from South China Sea remains in TIP run (Fig. S3h). Although the high
TP is removed in TIP run, the remaining land-sea distribution can provide an essential
land-sea thermal contrast over East Asia in spring (Rodwell and Hoskins, 2001). A low-
level southerly is induced, and water vapor is fed into SEC along the western Pacific
subtropical anticyclone (Figs. S3e,h). Thus, certain amounts of cloud fractions and
NCRE appear over SEC (Figs. 3b,e). Notably, the magnitude of OLR and Rt over the
TP and surrounding regions are much enhanced with the disappearance of their high
orography (Figs. 4b,h), which relates to enhanced surface temperature due to reduced
elevation.

TABLE 1. March-April mean cloud-radiation variables in CTL run averaged over Southeast China

(SEC: 22-32°N, 102-122°E), the ocean to the east of SEC (ECO: 22-32°N, 122-140°E), and the
Tibetan Plateau (TP: 28-38°N, 76-100°E; >3000m) during 1985-2014.

SEC ECO TP
TOA
RSDT 404.3 404.4 386.1
RSUT 157.4 123.8 136.6
ASR 246.9 280.6 208.0
Rt 8.8 33.4 22.0
RSUTCS 63.8 42.5 386.1
SWCRE
-93.7 -81.3 -41.5
OLR 238.1 247.2 186.0
OLRCS 265.4 271.8 225.8
LWCRE 27.3 24.6 39.8
NCRE
-66.3 -56.7 -1.7
TCF 69.9% 66.0% 71.8%
Atmosphere
Absorbed shortwave
o 107.7 96.5 66.7
radiation
Clear-sky absorbed
o 97.1 87.1 53.1
shortwave radiation
SWCREA 10.6 9.3 13.7
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FIG. 5. March-April mean pressure-longitude cross section of cloud fraction (shading; CF: %), air
temperature (contour; Ta: °C), and wind circulations (vector; vertical wind (multiplied by 1000) in
Pa s! and zonal wind inm s™!) in (a) CTL, (b) TIP, and (c) TIP_nosh runs averaged over 22-32°N.
(d)-(f) are for pressure-latitude cross section of CF (shading; %), zonal wind (contour; m s™"), and
wind circulations (vector; vertical wind (multiplied by 200) in Pa s and meridional wind
(multiplied by 0.05) in m s™!) averaged over 104-122°E. Here, the period is 1985-2014 and the gray
shading is the orography altitude.

b. Changes in cloud amount and atmospheric radiation budget induced by Asian large-

scale orography
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FIG. 7. March-April mean pressure-longitude cross section of cloud fraction (shading; CF: %),
relative humidity (contour; RH: %), and wind circulations (vector; vertical wind (multiplied by 1000)
and zonal wind in m s™") for the difference of (a) CTL and TIP experiments, (b) CTL and
TIP_nosh experiments, and (c) TIP_nosh and TIP experiments averaged over 22-32°N. (d)-(f) are

in Pas™!

for pressure-latitude cross section of cloud fraction (shading; CF: %), relative humidity (contour;
RH: %), and wind circulations (vector; vertical wind (multiplied by 200) is in Pa s™' and meridional
wind (multiplied by 0.05) in m s™") averaged over 104-122°E. Here, the period is 1985-2014 and
the gray shading is the orography altitude; the dotting areas are over 99% significance level based
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on the Student’s t-test for cloud fraction.

Here, the differences between the control and two orography-sensitive experiments
are calculated to identify respective impacts from thermal, mechanical, and combined
forcings of Asian large-scale orography. Figure 6 shows the geographical distribution
of cloud amount and NCRE due to orography forcing. In the combined forcing
experiment, cloud amount significantly increases by 10-30% from the TP to East China
Sea while it decreases by 5-30% from Central Asia to North China compared with the
control run (Fig. 6a). The changes over most of the afore-mentioned regions are over
99% significance level based on the Student’s t-test. Due to both orography forcings,
cloud radiative cooling at the TOA is also enhanced over the Bay of Bengal, SEC, and
East China Sea (Fig. 6d). It is noteworthy that the cloud radiative cooling doesn’t
strengthen with the increase in cloud amount over the whole TP, and it even decreases
over the eastern and western TP (Fig. 6d). This different behavior of cloud amount and
CREs over the TP very likely results from vertical cloud distribution forced by the TP’s
topography, which is shown in Figs. 7, S7, and S8. When only the thermal forcing is
introduced, increased cloud amount occurs from the central and eastern TP to South
Japan while cloud amount is reduced over South Asia and South China Sea (Fig. 6b).
Note that intensified cloud radiative cooling mainly appears over SEC (Fig. 6¢). These
changes in cloud amount and cloud radiative cooling due to the thermal forcing seem
to be limited just around the TP, and its impact scope doesn’t extend to ECO (Figs. 3¢
and 6b,e). When the mechanical forcing is considered alone, the spatial pattern of cloud
amount and NCRE is similar to those in the combined forcing, especially in mid-high
latitudes (Figs. 6¢,f). Relative to the thermal and combined forcings, the center position
of cloud amount and NCRE over SEC migrates southeastward over ocean areas in the
mechanical forcing (Figs. 6b,c,e,f).

Figure 8 gives domain-mean changes in total cloud amount (TCF) and CREs due to
large-scale orography forcing. Over SEC, the combined large-scale orography forcing
increases TCF, NCRE, SWCRE, and LWCRE by 24%, —-32.3 W m?, -39.6 W m, and

7.3 W m?, respectively. Both thermal and mechanical forcings can increase TCF and
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402  cloud radiative cooling at the TOA. The thermal forcing contributes to 57.1% and 47.6%
403 for TCF and NCRE over SEC, respectively, and the mechanical forcing accounts for
404  42.9% and 52.4% of the counterparts (Fig. 8a). Particularly, the increase in low cloud
405 amount over SEC is mainly attributed to the thermal forcing (Figs. 7b,e). As a result,
406  the primary contribution to SWCRE magnitude is thermal forcing, with a ratio of 63.6%.
407  The thermal forcing enhances high cloud amounts over SEC while the mechanical
408  forcing lightly reduces them (Fig. 7b). Thus, increased LWCRE over SEC is mainly
409  from the thermal forcing. Due to the offset between LWCRE and SWCRE, the domain-
410  mean changes in NCRE magnitude forced by the thermal and mechanical forcings are
411 close over SEC (Fig. 8a). In the atmosphere, SWCREA also increases because low
412  clouds enhanced by both orography forcings can intensify atmospheric shortwave
413  absorption while the mechanical forcing reduces LWCREA because increased low
414  clouds inhibit downward longwave radiation (Figs. 7a-c and 8a). The change in NCREA

415  due to the combined large-scale orography is thereby small over SEC (Fig. 8a).
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417  FIG. 8. March-April mean TCF (%) and CREs (W m?) induced by the thermal (red), mechanical
418  (light blue), and combined (blue) effects of Asian large-scale orography averaged over (a) SEC, (b)
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the TP, and (c) ECO. (d)~(f) are same as (a)-(c) but for radiation budget (W m2) at the TOA. Here,
the data period is 1985-2014.

Over ECO, the noticeable point is that the mechanical forcing dominates the
increases in TCF and CREs due to the combined forcing (Fig. 8c). For example, the
increases in TCF and NCRE forced by the mechanical role are 7.6%, and 9.4 W m™
averaged over ECO, respectively, which account for 79.4% and 95.8% of the combined
forcing contribution, respectively (Fig. 8c). Relatively, the changes in TOA CREs are
much more significant than atmospheric CREs over SEC and ECO, and their dominant
items are SWCRE. Over the TP, the combined forcing increases TCF, SWCRE, and
LWCRE by 33.6%, -14.8 W m?, and 19.0 W m™, respectively. The primary
contribution to TCF arises from the mechanical forcing that accounts for 64.5% of the
combined forcing (Fig. 8b). The differences in the changes in LWCRE and SWCRE
resulting mainly from the thermal forcing are not large, but their signs are opposite,
leading to a moderate decrease in NCRE in the combined orography forcing over the
TP (Fig. 8b). Moreover, the changes in LWCRE and its atmospheric counterparts are
larger over the TP than the other two regions. For example, the decreased LWCREa,
with a value of =19.6 W m™ averaged over the TP, is larger than the counterparts (-12.1
and 3.0 W m) over SEC and ECO (Fig. 8). The larger change in LWCRE4 over the TP
relates to increased low-middle cloud amount caused by the mechanical forcing (Figs.
8b and S7c), which can weaken downward longwave radiation from the atmosphere.
Here, these changes in atmospheric CREs demonstrate marked influences of Asian
large-scale orography on the vertical distribution of cloud amounts over the TP, SEC,
and adjacent Pacific regions.

The changes in Rt due to the combined orography forcing are —23.5, -5.9, and 2.8
W m averaged over SEC, ECO, and the TP, respectively (Figs. 8d-f). Asian large-scale
orography poses a TOA radiative cooling role over these regions. Over SEC, the
primary effect is from the thermal forcing, with a 60.4% contribution to the change in
magnitude of Rt (Fig. 8d). The thermal forcing decreases OLR due to low temperature

at the top of increased low-middle clouds and also reduces ASR because of the cloud
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shortwave reflecting role. Over the TP, the decreased Rt primarily arises from the
thermal forcing, with a change of -8.3 W m™, and is secondly from the mechanical
forcing, with a change of 5.5 W m™ (Fig. 8e¢). The mechanical forcing decreases ASR
and OLR by —46.7 W m? and —52.2 W m, respectively, and the counterparts by the
thermal forcing are —18.9 W m™ and —10.6 W m™, respectively (Fig. 8¢). As mentioned
above, the mechanical forcing significantly decreases surface temperature owing to the
high TP elevation and thereby decreases OLR. When the high TP is excluded, the
westerly and subtropical descent in the west of the TP position can move eastward,
which reduces regional cloud amounts. In contrast, the climbing effect forced by the TP
can increase cloud amounts over the western and central TP. Increased cloud amounts
over the TP can reflect shortwave radiation and the mechanical forcing therefore
reduces ASR over the TP. Similarly, the thermal forcing can also decrease ASR and
OLR over the TP via increasing cloud amounts over the central and eastern TP (Figs.
6b, S7b), but the induced magnitude is much weaker than those by the mechanical
forcing (Fig. 8e). Actually, the calculation method of Rt (the difference between ASR
and OLR) makes the thermal forcing seem to be the dominant role of the Rt’s change
over the TP. As for the magnitude, the mechanical forcing is still the primary contributor
to the change in ASR and OLR over the TP. Over ECO, the combined orography forcing
can decrease Rt, ASR, and OLR, and the mechanical forcing contributes to 86.3%,
93.3%, and 97.4% of the magnitude changes in domain-mean Rt, ASR, and OLR,
respectively (Fig. 8f). In contrast, the thermal forcing has a much weak contribution to
the Rt’s change over ECO. This further demonstrates that the thermal effects of Asian
large-scale orography on cloud amount and Rt are limited in the TP’s surrounding
regions and are hard to reach farther places.

In short, Asian large-scale orography significantly intensifies cloud amount and
cloud radiative cooling over SEC and ECO, but its thermal and mechanical forcings
have different behaviors in the two regions. The thermal forcing enables the magnitude
centers of low clouds and their radiative cooling to move westward torwards the eastern

TP, with a peak position over SEC. The mechanical forcing pushes the distribution of
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cloud amounts southeastward over SEC and ECO.

5. Possible climatic mechanisms in the perspective of meteorological conditions

Cloud formation and distribution highly depend on ascending motion and water
vapor supply (Roger and Rogers, 1989). Particularly, persistent spring ascending
motion helps to generate and maintain low-middle clouds over East Asia, especially
over SEC (Li et al., 2019). Hence, we focus on analyzing critical meteorological
conditions induced by Asian large-scale orography’s forcings.

a. The thermal forcing
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FIG. 9. March-April mean surface temperature (shading; Ts: K) and sea level pressure (contour;
SLP: hPad™!) for the difference of (a) CTL and TIP experiments, (b) CTL and TIP_nosh experiments,
and (c¢) TIP nosh and TIP experiments during 1985-2014. The dotting areas are over 99%
significance level based on the Student’s t-test for surface temperature. The solid black line denotes
the TP’s boundary over 3000m.

Figure 9 presents the distribution of Ts and sea level pressure (SLP) induced by the
orography forcing. When the thermal forcing is introduced alone, induced surface
sensible heat generates an obvious surface warming (up to 6 K) over the TP, Yungui,
and Mongolia Plateaus and Indian continents, with a cyclonic SLP anomaly (Fig. 9b).
Thus, a low-level cyclonic flow as a circulation response is triggered surrounding the
TP (Fig. 10h). Owing to the thermal forcing of large-scale orography, considerable
amounts of water vapor are imported into SEC by the southwesterly along the Bay of
Bengal and by the southerly from South China Sea (Fig. 11b). In the meantime, an
obvious 200-hPa anticyclonic caused by the thermal forcing appears over North China
and Mongolia, with a significant high-level divergence (Fig. 10b). These high- and low-
level circulation anomalies very likely relate to sensible-heat-driven air pump (SHAP)

effect caused by the TP’s thermal forcing. In spring and summer, the intense TP’s
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surface heat can reach the middle troposphere and works as an elevated SHAP.
According to the theory of thermal adaptation (Hoskins, 1991; Wu et al., 2009), the
atmosphere over the heating region at around 30°N is expected to trigger a cyclonic
circulation in the lower troposphere and anticyclonic circulation in the upper
troposphere. Meanwhile, an ascending motion tends to develop on the eastern side of
the heating region. Thus, the TP’s SHAP effect can induce a significant ascent from the
central TP to central China (Fig. 10e). As shown in Figs. 7b and S7b, the air over the
eastern TP and SEC is pumped from the surface to 300-hPa, where the atmospheric
relative humidity increases accordingly because of the air uplift and intensified water
vapor, favoring air condensation and the formation of clouds. Moreover, a 200-hPa
divergence induced by the thermal forcing further intensifies regional ascent (Fig. 10b).
Thus, the thermal forcing produces a secondary circulation over SEC between 20-40°N,
with a strong ascending motion around 30°N (Fig. 7e). It is worth noting that most of
increased cloud water content due to the thermal forcing, with a liquid phase, is mainly
distributed in low-middle levels over SEC (Figs. 7b,e and S8b,e). These clouds can
produce strong cloud reflecting and radiative cooling roles mentioned above. Due to
the thermal forcing of large-scale orography, increased low-middle clouds over SEC
cause strong SWCRE, while enhanced high clouds intensify LWCRE and LWCREA
over SEC and the eastern TP (Figs. 7 and 8). The aforementioned circulation conditions
triggered by the thermal forcing persist in March-April, when the cloud distribution
over SEC thereby stays stable, with a long lifetime. Note that more water vapor is
imported into SEC relative to the eastern TP with thinner air and lower atmospheric
water content (Wang et al., 2022). Thus, persistent low clouds with larger water content
over SEC in March-April can reflect shortwave radiation and causes a stronger SWCRE

response to the thermal forcing.
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FIG. 10. March-April mean 200-hPa horizontal wind (vector; m s ') and divergence (shading; 10°
s for the difference of (a) CTL and TIP experiments, (b) CTL and TIP_nosh experiments, and (c)
TIP_nosh and TIP experiments during 1985-2014. (d)-(f) are 500-hPa vertical velocity (shading;
hPa d!) and geopotential height (contour; 10 m) in these three runs. (g)-(i) are 850-hPa horizontal
wind (vector; m s™!) and divergence (shading; 103 s™!) for the difference. The dotting areas are over
99% significance level based on the Student’s t-test for 200-hPa divergence in (a)-(c), 500-hPa
vertical velocity in (d)-(f), and 850-hPa divergence in (g)-(i), respectively. The solid black line
denotes the TP’s boundary over 3000m.
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FIG. 11. March-April mean integrated column water vapor flux (vector; Qflux: kg m's™!) and
divergence (shading; Qdiv: 10* kg m2s™") for the difference of (a) CTL and TIP experiments, (b)
CTL and TIP nosh experiments, and (c) TIP_nosh and TIP experiments during 1985-2014. The
dotting areas are over 99% significance level based on the Student’s t-test for column water vapor
divergence. The solid black line denotes the TP’s boundary over 3000m.

b. The mechanical forcing
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When only the mechanical forcing is included, a strong surface cooling occurs over
the TP and surrounding regions, accompanied by an anticyclonic SLP anomaly (Fig.
9¢). The TP’s surface cooling is caused by its high elevation that can lower air
temperature via the lapse rate of surface air temperature. Because surface heat transport
is excluded in the TIP nosh run, it also contributes to significant surface cooling.
However, surface cooling due to reduced surface sensible heating only accounts for a
few degrees, whereas surface cooling owing to elevation increase can be more than 20
degrees for a lapse rate of 4 degrees per kilometer. In this regard, the mechanical forcing
due to large-scale orography, especially the high TP elevation, will play a central role
in the circulation responses over the Asian monsoon region. In the low-middle level,
the TP acts as a physical obstacle in the eastern part of the Eurasian continent (Bolin,
1950; Yeh, 1957). The TP triggers a climbing effect and significant ascent along the
western flank of the TP, while decent appears over the eastern side of the TP (Figs. 10f
and S7c¢). Correspondingly, cloud amount increases over the western TP (Fig. 6c).
Comparatively, ascent and increased cloud amounts induced by the thermal forcing
occur over the eastern TP and its east (Figs. 10e and S7b). The TP’s blocking role can
directly weaken the low-level current over SEC while the TP’s deflecting effect can
increase the westerly from South China Sea to ECO (Fig. 101). A low-level convergence
and high-level divergence appear over eastern SEC and ECO, with an obvious 500-hPa
ascending motion (Figs. 10c,f,i). As a result, low-middle level relative humidity and
cloud amounts increase over eastern SEC and ECO (Fig. 7¢). Over SEC, increased
cloud amounts and cloud water content are mainly distributed in the low-level
atmosphere because of the mechanical forcing, and thereby regional SWCRE is

intensified (Figs. 7f, 8c, and S8c).

c. Comparison between the thermal and mechanical forcings

The horizontal and vertical distribution of cloud (amount and water content) and low-
level circulation in the combined orography forcing are very similar to those in the
thermal forcing over SEC (Figs. 7, 10, and S8). This demonstrates that a significant

low-middle level ascent over SEC is primarily caused by the thermal forcing of Asian
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large-scale orography. The thermal forcing drives surface heating and cyclonic
circulation surrounding the TP and pumps low-level air from the eastern TP and SEC.
On the one hand, these triggered circulation conditions can produce considerable
amounts of low and high clouds via ascent and air condensation. On the other hand, the
ascent due to the TP’s SHAP effect makes low-middle clouds migrate westward
towards the TP, leading to a strong cloud radiative cooling center over SEC in March-
April. Note that low- and high-level cloud amounts increase simultaneously over SEC,
and SWCRE and LWCRE offset each other, leading to a moderately strengthened
NCRE (Figs. 5d and 7a). The mechanical forcing secondarily contributes to low clouds
and resultant cloud radiative cooling over SEC. The relative contribution of the two
orography forcings is also shown in their relationships between vertical velocity and
TCF over SEC. As for the thermal forcing, low-middle level velocity ascent prevails
over SEC and relates well with TCF, with a correlation coefficient of —0.76 (Fig. 12a).
In contrast, low-middle level vertical velocity has a very low correlation with TCF in

the mechanical forcing (Fig. 12a).
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FIG. 12. Scatter plot of TCF (%) and vertical velocity (hPa d ') averaged between 850 and 500 hPa
over (a) SEC (22-32°N, 104—-122°E) and (b) ECO (22-32°N, 104—122°E). Here, red dots denote the
results from the thermal forcing (CTL minus CTL_TIP nosh) and red lines are the linear regression
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lines. Black colors are the counterparts from the mechanical forcing (TIP_nosh minus TIP). The
correlation coefficients are marked with numbers at the top right-hand corner in (a) and (b). Here,
the period is 1985-2014.
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As shown in Figs. 6¢ and 6f, the distributions of cloud amount and NCRE in the
combined forcing are close to the mechanical forcing over ECO. This indicates that the
TP’s mechanical deflecting effect primarily accounts for cloud amount and cloud
radiative effect over ECO closely next to SEC. Over ECO, ascent relates well with TCF,
with a correlation efficient of —0.72 for the mechanical forcing (Fig. 12b). Although the
counterpart (—0.79) due to the thermal forcing is also high, low-high level circulation
pattern and ascent forced by the mechanical effect are more consistent with enhanced
cloud amount over ECO (Figs. 7¢c, S4c, 10c,f,i, and 11f). In addition, the responses of
circulation and cloud amount to the combined orography forcing are similar to those in
the mechanical forcing at Asian mid-high latitudes, including North China and
Mongolia. For example, increased middle-level ascent over 20-25°N and descent
around 35-40°N over East China primarily result from the mechanical forcing (Figs.
7d,f). These circulation variations are likely associated with the high-level jet changes
that are strongly modulated by the TP’s high elevation (Molnar et al., 2010). In
TIP_nosh run, the mechanical forcing accelerates flow south of the TP, SEC, and ECO
compared with TIP run (Figs. S3d,3f). Thus, a meridional circulation transverse to the
jet axis is somewhat intensified, with ascent south of the jet and descent north of the jet
(Liang and Wang, 1998), which provides a favorable dynamic background for increased
(decreased) cloud amount over the south of SEC (North China and Mongolia) (Figs. 7¢
and 10c). Besides, large-scale meridional circulation dynamics may change with a
westerly jet over East Asia. In TIP run, the subtropical descent region extends from the
west of the TP to its east, and the Pacific subtropical anticyclone moves eastward
relative to TIP_nosh run (Fig. S3). So, the meridional circulation responses induced by
the TP forcing may be essential to vertical motion for cloud formation over SEC, ECO,

and North China.

6. Conclusions and discussion
This study investigates the thermal and mechanical effects of Asian large-scale
orography on spring cloud amount and atmospheric radiation budget over East Asia

using CMIP6 GMMIP numerical experiments. In current orography, large amounts of
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low-middle clouds and strong cloud radiative cooling, with the global largest value up
to —90.0 W m?, persist over SEC during March-April. This unique climatological
feature is closely linked to Asian large-scale orography’s forcing, especially the TP. The
existence of Asian large-scale orography significantly increases spring cloud amounts
and cloud radiative cooling over SEC and its eastward ocean, but the thermal and
mechanical forcings of Asian large-scale orography have different contributions. The
thermal forcing drives a significant surface heating and a low-level cyclonic flow over
the TP and adjacent regions during March-April, and further pumps air from the low
level to the middle troposphere via the TP’s SHAP role. Meanwhile, the thermal forcing
allows water vapor to be imported into SEC by the westerly from the south to the TP.
Ascent and water vapor convergence triggered by the thermal forcing therefore helps
to air condensation, low-middle clouds, and resultant strong spring cloud radiative
cooling over SEC (Fig. 13). For example, low-middle level ascent caused by the
thermal forcing relates well with TCF over SEC, with a correlation coefficient of —0.76.
Moreover, this thermal forcing enables the position of low clouds and its radiative
cooling to move westward towards the TP, with a magnitude center over SEC. The
thermal effect contributes to 57.1%, 63.6%, 47.6%, and 60.4% of the changes in TCF,
SWCRE, NCRE, and Rt due to Asian large-scale orography forcing over SEC,
respectively. Therefore, the thermal effect of Asian large-scale orography is the primary
contributor to cloud amount and TOA radiative cooling over SEC.

The TP’s blocking role can weaken low-level westerly over SEC, while the TP’s
deflecting effect can increase the downstream high-level westerly, causing a low-level
convergence and high-level divergence over eastern SEC and adjacent ECO. These
induced circulation conditions provide a background for regional cloud formation over
East Asia. Thus, the TP’s mechanical forcing partly contributes to the cloud amount
and TOA radiative cooling over SEC but primarily accounts for the counterparts over
ECO. The mechanical forcing accounts for 79.4% of TCF, 93.3% of SWCRE, 95.8%
of NCRE, and 86.3% of Rt over ECO for the combined contributions of Asian large-

scale orography. Besides, the TP’s climbing role can produce ascent and increased
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cloud amounts over the western and central TP. Notably, the TP’s high elevation
significantly decreases the surface temperature and thereby highly reduces OLR. These

climatic processes are summarized in Fig. 13.

High-level Westerly Jet

Pumping role

Low-level

oz SO 700f 720F ‘ T40F

FIG. 13. Schematic diagram of Asian large-scale orography forcing on spring cloud amount over
East Asia. Here, “SHAP” represents sensible-heat-driven air pump. The pink circle over the TP
denotes the cyclone flow induced by the TP’s thermal forcing. The narrow black arrows denote low-
level currents induced by large-scale orography forcing. The wide vertical arrow denotes the low-
middle level ascent, and the crooked arrow is for the ascent related to the TP’s SHAP effect. The
high-level blue circle denotes the westerly jet core with a pumping role for the air below. The white
clouds over Southeast China denote clouds with strong shortwave reflecting cooling, while other
clouds with light grey colors have moderate radiative cooling.

Our results indicate that the mechanical influences of Asian large-scale orography on
downstream cloud and radiation budget are mainly from the TP because of its
prominent higher elevation relative to its surroundings. As for the thermal forcing, Liu
et al. (2017) suggested that the TP’s sensible heat contributes more than twice that of
the Iran Plateau and the TP plays a central role in regulating water vapor transport in
the Asian subtropical monsoon region. Moreover, the induced surface heat and low-
level cyclone can reach the Mongolia plateau and North China (Figs. 9b and 10h),
where the land-atmosphere interaction is critical to East Asian climate (Cheng et al.,
2019). In this sense, some thermal effects summarized above are probably linked to the
Mongolia plateau. On geologic timescales, the mechanical forcing may be more

prominent with the uplift of the TP, the substantial effects of which on the Asian climate
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have been supported by geological proxies and numerical simulations (Manabe and
Broccoli, 1990; An et al., 2001). In recent decades, the TP is experiencing significant
surface warming, almost two times the global mean (Duan et al., 2016; You et al., 2021).
The TP’s thermal forcing very likely plays a vital role in downstream East Asian clouds
and radiation budget on the interannual timescale. Thus, Asian large-scale orography
not only shapes the contemporary geographical distribution of spring East Asian cloud
amount and atmospheric radiation budget to a large extent but also influences their
future changes, especially in global warming.

In this study, the thermal forcing seems to be limited over East Asian continents to
many degrees and does not extend eastward or southward ocean regions. The GMMIP
experiments emphasize the roles of large-scale orography in Asian monsoon regions
using observational sea surface temperature. However, this kind of model run doesn’t
consider well the SST change. Kitoh (2004) suggested that the air-sea coupling is very
important in regulating the interplay between the Pacific subtropical anticyclone and
South Asian monsoon circulation south of the TP. Besides, CMIP6 GMMIP
experiments only provide monthly cloud amounts and radiative fluxes, which are not
enough to investigate large orography forcing on the subseasonal evolution of East
Asian cloud-radiation features. Hence, further model experiments and more thermal-
dynamic diagnoses are needed to explore Asian large-scale orography forcings,

particularly the TP, on East Asian cloud-radiation characteristics and energy budget.
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704  Data Availability

705 ERAS reanalysis data are openly available at locations cited in the reference section.
706  Cloud amounts and radiative fluxes are available from NASA CERES-EBAF satellite

707  products at https://ceres.larc.nasa.gov/. CMIP6 data are openly available from ESGF

708  nodes (https://esgf-node.lInl.gov/search/cmip6/).

709  Appendix

710 TABLE Al. Abbreviations of variable names used in this study
711
Variable name Physical meaning Unit
TOA Top of the atmosphere None
ASR TOA absorbed shortwave radiation W m™
LWCRE Longwave cloud radiation effect at the TOA W m™
LWCREA Longwave cloud radiation effect in the atmosphere W m?
NCRE Net cloud radiation effect at the TOA W m™
NCREA Net cloud radiation effect in the atmosphere W m™?
Outgoing longwave radiation flux at the TOA under ~
OLR . W m™
all-sky condition
Outgoing longwave radiation flux at the TOA under ~
OLRCS . W m™
clear-sky condition
RSDT Downward shortwave radiation flux at the TOA W m™
Outgoing shortwave radiation flux at the TOA ~
RSUT . W m™
under all-sky condition
Outgoing shortwave radiation flux at the TOA -
RSUTCS » W m™
under clear-sky condition
Radiation budget (equal to net radiative flux) ~
Rr Wm 2
at the TOA
SLP Sea level pressure Pa
SWCRE Shortwave cloud radiation effect at the TOA W m™
SWCREA Shortwave cloud radiation effect in the atmosphere W m™?
TCF Total cloud fraction %
Ts Surface temperature Kor°C
ECO East China Ocean None
SEC Southeast China None
TP Tibetan Plateau None

712

713  Text: Formulas of cloud radiative effects
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Cloud radiative effects (CREs) are widely used variables for effectively describing
the bulk cloud effects on air-surface systems (Ramanathan et al. 1989; Allan et al. 2011).
TOA CREs are defined as differences in TOA radiative fluxes between clear-sky and

all-sky conditions:

LWCRE = OLRCS — OLR, (1)
SWCRE = RSUTCS — RSUT, 2)
LWCREg = RLDS — RLDSCS — RLUS + RLUSCS, 3)
SWCREg = RSDS — RSDSCS — RSUS + RSUSCS, (4)
LWCRE, = LWCRE — LWCRE;, (5)
SWCRE, = SWCRE — SWCREj, (6)
NCRE = LWCRE + SWCRE, (7)
NCRE, = LWCRE, + SWCRE,,, (8)

where OLRCS and OLR are outgoing longwave radiation at the TOA under clear-
sky and all-sky conditions, respectively; RSUTCS and RSUT are the corresponding
outgoing SW radiative fluxes; RLDS and RLDSCS are downward longwave radiation
at the surface under clear-sky and all-sky conditions, respectively, and RSDS and
RSDSCS are the shortwave counterparts. RLUS and RLUSCS are upward longwave
radiation at the surface under clear-sky and all-sky conditions, respectively, and RSUS
and RSUSCS are the shortwave counterparts. Net CRE (NCRE) is the arithmetic sum
of LWCRE and SWCRE. The subscripts “A” and “S” denote the atmosphere and

surface, respectively.
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