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Abstract
The springtime persistent rainfall (SPR) is the major rainy period before the onset of
summer monsoon in East Asia, which profoundly affects the regional and even global
hydrological cycle. Despite the great importance of the mechanical and thermal effects of the
Tibetan Plateau (TP) large-scale orography on the formation of SPR, the impact of small-
scale orography over the TP remains poorly understood. Here we show that upward-
propagating orographic gravity waves (OGWs), which occur as the subtropical westerlies
interact with the TP’s small-scale orography, contribute importantly to the SPR. The breaking
of OGWs induces a large zonal wave drag in the middle troposphere, which drives a
meridional circulation across the TP. The rising branch of the meridional circulation acts to
lower the pressure and increase the meridional pressure gradient to the south of the TP by
dynamically pumping the lower-tropospheric air upwards. The southwesterly monsoonal flow
on the southeastern flank of the TP thus intensifies and transports more water vapor to East
Asia, resulting in an enhancement of the SPR. This finding helps more completely understand
the impacts of TP’s multiscale orography on the SPR and provides a new perspective on the

westerly-monsoon synergy in East Asia.
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1. Introduction

In boreal spring (i.e., March to May), persistent rainfall often occurs in East Asia,
forming a rain belt that stretches from South China to the east of Japan. This springtime
persistent rainfall (SPR) accounts for about 35% of the annual precipitation in South China,
which brings plentiful water for agricultural and industrial use but can also cause heavy
rainfall and flash flooding (Ding, 2019; Luo et al., 2017; Li et al., 2018). Moreover, large
amounts of stratus clouds are generated in East Asia during SPR, which play a vital role in the
regional and even global energy budget and hydrological cycle via the cloud radiative effect
(e.g., Wang et al., 2014; Li et al., 2019).

The formation of SPR in East Asia is closely related to the water vapor transport by the
southwesterly monsoonal flow originating from the Indian Ocean (Zhao et al., 2007). Tian
and Yasunari (1998) attributed the southwesterlies to the west-east thermal contrast between
the Indochina Peninsula and the western North Pacific, owing to the time-lag of seasonal
warming in spring. However, Wan and Wu (2007) concluded that the southwesterlies are
climatically caused by the mechanical and thermal forcings of the Tibetan Plateau (TP) using
numerical sensitivity experiments. For one thing, the mid-latitude westerly flow is blocked by
the large-scale orography of the TP and splits into northern and southern branches that
reconverge downstream of the plateau (Yeh, 1950). The southwesterly flow is just part of the
southern branch of the mechanically-deflected flow. For another, the sensible heating (SH) at
the surface of the TP can induce a low-level cyclonic circulation through the sensible heating
air pump (SHAP) effect (Wu et al., 2007), which additionally strengthens the southwesterly
flow (Wu et al., 2012). Although the mechanical and thermal effects of the TP’s large-scale
orography are generally well represented in climate models, the SPR and stratus clouds in
East Asia are systematically underestimated in even state-of-the-art climate models, e.g.,
models adopted by Phase 6 of the Coupled Model Intercomparison Project (CMIP6) and the
modern-era reanalysis datasets (Li et al., 2018; Wang et al., 2014) (see Figure S1).

Given its complex terrain, the TP consists of multiscale orography, including not only
the large-scale plateau but also small-scale mountains of horizontal lengths ranging from a

few to tens of kilometers that cannot be fully resolved in climate models, i.e., subgrid-scale
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orography (SSO). These small-scale mountains are capable of triggering upward-propagating
orographic gravity waves (OGWSs) which can produce a drag force known as orographic
gravity wave drag (OGWD) via wave breaking. It has been well recognized that OGWD can
notably affect the atmospheric circulation at both global and regional scales, such as the
Brewer-Dobson circulation in the middle atmosphere and the tropospheric jets, blocking and
storm tracks (e.g., Sigmond and Shepherd, 2014; Pithan et al., 2016; Choi et al., 2017; Sato
and Hirano, 2019; Zhang et al., 2020). The TP is one of the OGW hotspots around the world
which provides the largest source of OGWD (Eckermann and Preusse, 1999; Sato et al.,
2009). Recently, there is a growing interest in the impacts of OGWD over the TP. For
instance, Sacha et al. (2021) revealed that the strong OGWD over the TP can decelerate the
polar vortex by enhancing the upward propagation of planetary Rossby waves into the polar
stratosphere. Cohen and Boos (2016) found a close relation between the Madden-Julian
oscillation (MJO) convective activities and the TP’s OGWD in winter. The incoporation of
OGWD parameterization in numerical models can improve the simulations of wintertime
circulation and precipitation over the TP (Zhou et al., 2017). However, the impacts of OGWD
over the TP on the springtime rainfall in East Asia has rarely been considered.

Here, we found that SPR is substantially weaker in the absence of OGWD, indicating
the previously unreported importance of small-scale orography over the TP. The OGWD can
dynamically drive a meridional circulation across the TP, which acts like an air pump in a
similar manner to the well-known SHAP induced by the large-scale orography of the TP. This
dynamical air pump can notably strengthen the low-level southwesterly flow on the

southeastern flank of the TP and hence enhance SPR in East Asia.

2. Materials and methods
2.1 Precipitation and reanalysis datasets

The Climate Prediction Center Morphing (CMORPH) precipitation (Joyce et al., 2004)
during 2000-2017 is utilized, with a temporal resolution of 3 hours and horizontal grid
spacing of 0.25°. Also used are the simulated precipitation in 12 high-resolution CMIP6
models (see Table. S1). For the atmospheric conditions, the 6-hourly, 0.75° ERA-Interim

reanalysis (Dee et al., 2011) is used, which is produced by the Integrated Forecasting System
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(IFS) at the European Centre for Medium-Range Weather Forecasts (ECMWF). Moreover,
the ERA-Interim reanalysis provides the initial and boundary conditions for the ARW

Weather Research and Forecast (WRF) simulations described below.
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Figure 1 (a) Terrain elevation (unit: m) and (b) standard deviation of subgrid-scale orography
(unit: m) in the WRF model. Red contours in (a) represent the terrain elevation of 1 km. Black

rectangles represent the region of the TP (20—45°N, 65-105°E).

2.2 Model configuration and design of numerical experiments
The springtime rainfall in East Asia during 2000-2017 is simulated using the WRF-ARW
(V4.0), with a horizontal resolution of 27 km (Figure 1a). The model is configured with 50

vertical levels, with the model top located at 30 hPa. For the model physics, the WRF single-



moment 5-class scheme (WSM5) is employed for microphysics, along with the Kain—Fritsch
convective scheme, the Yonsei University (YSU) planetary boundary layer scheme, the Noah
land surface model, and the Community Atmosphere Model (CAM) for both longwave and
shortwave radiation. The effect of OGWD is parameterized using the scheme developed by
Kim and Doyle (2005).

Three sets of numerical experiments are conducted. In the control simulation (CTL) the
parameterization of OGWD is activated over the whole domain. In the TP_NoOGWD
experiment, we turn off the OGWD in the TP area (black box in Figure 1b) by removing the
SSO there. (This is achieved by setting the standard deviation of SSO to zero, which has no
influence on the model resolved orography.) The difference between the two experiments
(CTL minus TP NoOGWD) therefore reflects the impacts of the parameterized OGWD over
the TP. As noted in introduction, previous studies found an important role of surface SH over
the TP on the springtime rainfall in East Asia. To examine the relative importance of OGWD
and SH, we perform another sensitivity experiment, i.e., TP. NoSH in which surface SH is
turned off in the TP region (>1 km terrain elevation, i.e., red isoline in black box in Figure 1a)
by setting the variable SHEAT (which denotes sensible heat flux) to zero in the Noah LSM
parameterization scheme. All three numerical experiments consist of 18 individual runs, each
of which starts on 0000 UTC of 15 February and ends on 0000 UTC of 1 June in each year of

2000-2017.

3. Simulated rainfall and circulation in East Asia

Figures 2a—d display the spatial distributions of the observed and simulated spring
rainfall in East Asia during 2000-2017. In the CTL experiment, the WRF model well captures
the southwest-northeast orientated rain belt in East Asia which stretches from South China to
the east of Japan (Figure 2b). Although the intensity of the rainfall center in southeastern
China (SEC) is a little bit stronger than observations, both its interannual variability and
intraseasonal evolution revealed in Figures 2e, f are successfully reproduced. The correlation
coefficients between the time series of the observed and simulated rainfall exceed 0.9 which
is statistically significant at the 99% confidence level according to the student- test.

When the parameterized OGWD is turned off in the TP region, the WRF model still
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captures the elongated rain belt in East Asia (Figure 2c) and its temporal variation (Figures
2e, ). Nevertheless, the rainfall intensity is notably underestimated, especially in SEC. There
is a remarkable decrease in rainfall in the TP_ NoSH experiment as well (Figure 2d) which is
as expected given the role of SHAP (Wu et al., 2007). Taking the rainfall center in SEC as an
example, the mean rainfall intensity (averaged within the black box in Figure 2a) is
underestimated by ~24% and 34% in the TP_ NoOGWD and TP_NoSH, respectively. A close
examination of their daily evolution reveals that the simulated rainfall in TP NoOGWD has
an intensity nearly the same as that in TP_NoSH during early and middle spring, while the
latter shows a larger underestimation in May (Figure 2f). This is owing to that the OGWD
over the TP generally decreases from winter to summer (Xu et al., 2017), in contrast to the

increasing strength of surface SH during this period (Chen et al., 2019).

40°N
(a) CMORPH

30°N

20°N -; -

110°E 120°E 130°E 110°E 120°E 130°E

40°N 40°N
(c) TP_NoOGWD

(d) TP_NoSH

30°N

20°N

110°E 120°E 130°E
10
10
() — CMORPH o (f) — TP_NoOGWD
—~ l -
= g — CTL — TP_NoSH
£
E
g 61
= 5
=
g 4
[=W
2 T T T T T T T T T T T T T T T T ¥ T 0 T T
2000 2005 2010 2015 1st Mar Ist Apr 1st May Ist Jun

Figure 2 Spatial distribution of spring rainfall (unit: mm d') in East Asia obtained from (a)



CMORPH and (b) CTL, (¢) TP_NoOGWD and (d) TP_NoSH experiments during 2000—
2017. (e) Interannual variability and (f) intraseasonal evolution of spring rainfall (unit: mm d’
") in southeastern China (see black rectangles in (a—d)) during 2000-2017. A 5-point running

average is applied in (f).

From the above analyses, the OGWD over the TP has a dramatical impact on the SPR in
East Asia which is at least comparable to that of surface SH of the TP’s large-scale orography.
The impact of OGWD is proved to be robust by additional sensitivity experiments configured
with different model physics (cumulus convection, radiation, etc.; see Figure S2). In line with
the weakened rainfall in East Asia, the shortwave cloud radiation (SWCR) at the top of the
atmosphere (TOA) also decreases in the TP. NoOGWD experiment (Figure S3). This agrees
with Li et al. (2015) and Zhang et al. (2014) in that the simulated springtime rainfall and
stratus clouds in East Asia are increased with finer model horizontal resolution because more
scales of orography are resolved by the model.

Previous studies revealed that the water vapor transport by low-level southwesterly
monsoonal flow to the south of the TP is crucial for the onset and maintenance of SPR in East
Asia (e.g., Zhao et al., 2007; Tian and Yasunari, 1998). Figures 3a-d present the wind
circulation and water vapor transport at 850 hPa. The CTL simulation captures the
southwesterly winds detouring around the TP and the water vapor transport from the Bay of
Bengal (BOB) to East Asia (Figures 3a, b). In the two experiments of TP NoOGWD and
TP NoSH (Figures 3c, d), the low-level flow south of the TP becomes much weaker than in
CTL (Figures 3e, f), which thus can no longer climb over the mountains in the Indochina
Peninsula. Instead, it is deflected northward or northwestward toward the TP, resulting in a
notable reduction of water vapor transport from the BOB (Figures 3c, d). Furthermore, in
response to the weakened southwesterly flow, the western Pacific subtropical high (WPSH)
extends more westward, which acts to suppress the upward motion in South China and
contributes to the decrease of SPR as well.

Indeed, the CTL simulation produces stronger westerly and southwesterly winds than
TP_NoOGWD and TP_NoSH in a broad area from about 60°E to 140°E between 20°N and

30°N. In the case of the difference with TP NoSH (Figure 3f), a plateau-scale cyclonic
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circulation is found over the TP and surrounding areas, accompanied by negative
perturbations of geopotential height (GPH). This is in agreement with the large-scale air
pumping driven by the surface SH over the TP, i.e., the SHAP effect (Wu et al., 2007). The
westerly flow is accelerated on the southern flank of the TP where the meridional pressure
gradient is enhanced. For the difference with TP NoOGWD (Figure 3e), negative GPH
perturbations are generally confined to the south of the TP, with predominantly positive GPH
perturbations to the north/northeast of the TP. This circulation pattern is qualitatively similar
to the asymmetric dipole in winter which is due to the mechanical deflection of the impinging
subtropical westerlies by the TP’s large-scale orography (Wu et al., 2015). As will be shown
in section 4 below, the dipole pattern in Figure 3e is caused by the OGWD over the TP which
dynamically drive a meridional circulation across the plateau. Note that the SHAP effect has
little contribution to the cyclonic circulation difference to the south of the TP between CTL
and TP_NoOGWD. There is spatially inhomogeneous variation of SH over the TP (Figure

S4c). The weakening of western surface SH is likely owing to the deceleration of near-surface

wind by the OGWD.

70°E__80°E__ 90°E__100°E _110°E 120°E_130°E 70°E___80°E_ 90°E__100°E_110°E_ 120°E 130"E
——— : Pt 40 3 :

Smfs

40°N 1

70°E 80°E  90°E 100°E 110°E 120°E 130°E 70°E 80°E  90°E 100°E 110°E 120°E 130°E

P

T T 1

70°E 80°E  90°E 100°E 110°E 120°E 130°E 70°E 80°E  90°E 100°E 110°E 120°E 130°E

35 25 -15 05 05 15 25 35



Figure 3 (a—d) Geopotential height (contours; unit: gpm, at an interval of 10 gpm) and
horizontal wind (vectors) at 850 hPa obtained from (a) ERA-Interim and the (b) CTL, (¢)
TP_NoOGWD and (d) TP_NoSH experiments in spring of 2000-2017. Color shading is for
the magnitude of water vapor flux integrated from 1000 to 700 hPa (unit: kg m™ s™). Thick
black lines denote the geopotential height of 1510 gpm which marks the bounday of the
western Pacific subtropical high. (e—f) are the differences between (b) and (c—d), respectively,

but with color shading for the magnitude of horizonal wind speed (unit: m s™).

4. Dynamical impacts of OGWD over the TP

Figure 4a shows the distribution of OGWD at 500 hPa in the CTL experiment.
Remarkable OGWD are found in western, central and southeastern TP which are mainly
westward. Moreover, the OGWD regions are concentrated in the middle troposphere, with
little drag in the lower levels. As a result, the 500-hPa westerlies over the TP are directly
decelerated by the elevated OGWD (Figure 4b). Based on the quasi-geostrophic

approximation to the zonal momentum equation taking into account the OGWD, i.e.,

u_ o, _ _10p
&~ fr="—232+0GWD,, (1)

which, for steady large-scale flow with little downstream variation, can be simplified to

—fv, = OGWD, , (2)
the deceleration of westerly flow by zonal drag will induce an ageostrophic southerly flow
(v,). Figure 4c clearly shows southerly wind components above the plateau. This poleward-

moving airflow produces an eastward Coriolis torque that acts to balance the westward
. S o . dv D
OGWD. Under the constraint of mass continuity in the meridional plane, i.e., % + % =0,

upward and downward motions are induced to the south and north of the plateau,
respectively, forming a meridional circulation across the TP (Figure 4c). Physically, the
poleward movement of ageostrophic southerly flow causes a mid-tropospheric pressure
minimum on the southern side of the TP, leading to an upward pressure gradient force which
dynamically pumps the lower-tropospheric air upwards and thus maintains the meridional
circulation (Haynes and Shepherd, 1989). The pressure deficit in the lower troposphere tends

to increase the meridional pressure gradient and strengthen the low-level



westerly/southwesterly winds to the south of the TP (Figure 3e). This acceleration can be

viewed as an indirect response of the model resolved dynamics to parametrized OGWD,

consistent with van Niekerk et al. (2018) (see their Figures 3b, 8b).
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Figure 4 (a) Zonal and meridional OGWD vector and its magnitude (shading; unit: m s™ d™)

at 500 hPa in spring of 2000-2017 obtained from the CTL experiment. (b) Differences

between the 500-hPa geopotential heights (black contours; unit: gpm, at an interval of 5 gpm)

and horizontal winds (vectors) and speeds (shading; unit: m s™) in CTL and TP NoOGWD

(i.e. CTL minus TP_NoOGWD). White stippling indicates horizontal speed difference that is

statistically significant at 95% confidence level using the student-¢ test. (c) Differences
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between the zonal-mean geopotential heights (red contours; unit: gpm, at an interval of 4
gpm) and zonal winds (dark green contours; unit: m s™, at an interval of 2 m s™) in CTL and
TP_NoOGWD averaged between 85°E to 95°E. Vectors denote the differences of wind in the
meridional plane with the vertical velocity enlarged by 100 times for clarity, while shading
indicates the zonal-mean zonal OGWD (unit: m s™ d™') in CTL. Grey contours in (a) and (b)

are the 3000-m elevation.

This cross-plateau meridional circulation is qualitatively similar to the secondary
circulation induced by an upper-level westward wave forcing, which can be quantified
according to the “downward-control” theory (Haynes et al., 1991). To better reveal the impact
of OGWD over the TP, this theory is employed herein to diagnose the vertical velocity in
response to the OGWD. Although it was originally derived for the response to zonally
symmetric wave forcing, the “downward-control” theory is also applicable to zonally
asymmetric wave forcing (Shaw and Boos, 2012).

In the situation of steady zonal wave forcing (G), the vertical velocity associated with the

secondary circulation is given by

w®) = -2 ) Gap), 3)

where w is the vertical velocity in isobaric coordinates, » is the earth’s radius, and ¢ is the
latitude. At a given level, the wave-induced vertical velocity is proportional to the meridional
gradient of vertically-integrated wave forcing above this level. Figure 5a shows the
distribution of vertically-integrated zonal OGWD from above 500 hPa as an example, which
is averaged between 85-95°E where the meridional circulation is most remarkable. The
integrated OGWD peaks at about 31°N, giving rise to a negative (positive) meridional
gradient of OGWD and thus ascent (descent) motion to the south (north) of the TP. The
vertical velocity diagnosed from the “downward-control” theory (wp) is compared to its
model counterpart, i.e., the difference in vertical velocity (w,;) between CTL and
TP _NoOGWD. Generally, wp shows good agreement with w,, in particular for the rising
branch of the meridional circulation (Figures 5b, c). This thus helps demonstrate the

importance of OGWD over the TP in driving the meridional circulation across the plateau.
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Figure 5 (a) Meridional distribution of vertically-integrated zonal OGWD above 500 hPa
(unit: m s Pa) averaged between 85-95°E in spring of 20002017 obtained from the CTL
experiment. Grey shading represents the corresponding zonal-mean terrain (unit: km).
Profiles of wp (vertical velocity diagnosed from the downward-control theory; red line) and
w, (difference in vertical velocity between CTL and TP NoOGWD:; blue line) averaged in the
(b) rising (23-27°N; 85-95°E) and (c¢) sinking (37-41°N; 85-95°E) branches of the OGWD-

driven meridional circulation across the TP.
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5. Discussions

In this study, we found that the OGWs triggered by small-scale orography over the TP
contribute importantly to the spring rainfall in East Asia. A new type of air pump is proposed,
which is in analogy to the well-known thermal air pump (i.e., SHAP) but driven by the
OGWD. The mid-tropospheric OGWD perturbs the geostrophic balance of the large-scale
westerly flow over the TP and drives a meridional circulation across the TP (Figure 6). To the
south of the TP, the rising branch of the meridional circulation dynamically pumps the lower-
tropospheric air upwards, creating a pressure depression that acts to increase the meridional
pressure gradient. In consequence, the southwesterly monsoonal flow on the southeastern
flank of the TP is strengthened, favoring the water vapor transport from the BOB to East Asia.

Without the OGWD over the TP, the SPR is much weaker.

Figure 6 Conceptual model for the dynamical impacts of OGWD over the TP on the SPR in

East Asia.
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The impact of OGWD over the TP on the SPR is comparable to that of surface SH of the
TP’s large-scale orography, both of which can notably influence the wind circulation and
water vapor transport in the TP and the sourrounding area. Unlike the SHAP effect, the
OGWD occurs as westerlies perturbed by the small-scale complex terrain, which is thus most
prominent in the cold season (from winter to mid-spring) (Li et al., 2020). By contrast, the
surface SH over the TP peaks in late spring and summer (Fu et al., 2020). The OGWD-
induced dynamical air pump manifests as an important, but unreported, pathway of westerly-
monsoon synergy (Xu et al., 2014; Chen et al., 2021) in affecting the rainfall and hydrological
cycle in the East Asian monsoon region.

The finding also has important implications for the simulation and future projection of
SPR in climate models. It is critical to accurately represent the dynamical and thermal effects
of TP’s multiscale orography in climate models. Under a warming climate, future changes of
regional rainfall are of both scientific and societal interest. The SPR has been reported to
experience a decreasing trend in recent decades which threatens the water resources for
agricultural and industrial use (Li et al., 2018; Zhang et al., 2020). Large uncertainties exist in
the projections of regional rainfall changes, however. The OGWD is notoriously difficult to
represent and remains one of the major sources of uncertainty in climate change projections
(Shepherd, 2014; Sandu et al., 2019). New knowledge of gravity wave dynamics (e.g., Kruse,
2020; Xu et al., 2021; Teixeira and Argain, 2022; Zhou et al., 2019) as well as new
technologies like deep learning to emulate and/or optimize gravity wave parameterizations
(e.g., Matsuoka et al., 2020; Espinosa et al., 2022) are required to achieve a better
representation of small-scale orographic effects in the regions of complex terrain such as the

TP.
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