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Abstract Recent studies have demonstrated that mechanical effects have a greater contribution to the
East Asian summer monsoon (EASM) than thermodynamical effects. However, a theoretical basis for

the underlying dynamical mechanism has not been elucidated. The present study shows that
topographically forced barotropic Rossby wave theory well explains the seasonal evolution of the monsoonal
precipitation and its amplitude and peak location. The subtropical zonal wind impinging on the Tibetan
Plateau is a key factor, and the resulting downstream cyclonic and anticyclonic circulation anomalies form a
peak zonal geopotential height gradient in between, leading to the development of the meridional wind
and the accompanying moisture transport to the EASM region. As the season approaches the summer
monsoon period, the peak geopotential height gradient—thus the monsoonal rainband—shifts to the west
from the western North Pacific to East Asia. The findings in this study can be applied to subtropical
monsoons worldwide.

Plain Language Summary Recent observational and modeling studies have demonstrated that
the Northern Hemispheric sole subtropical-midlatitude monsoon occurring downstream of the Tibetan
Plateau is controlled by both thermodynamical and dynamical factors. The former involves the land-sea
temperature contrast and Tibetan Plateau-related elevated heating, whereas the latter includes the
dynamical effects due to the squeezing of the air crossing the Tibetan Plateau, which provides a greater
contribution to the East Asian summer monsoon (EASM) than the former effect. However, a theoretical
basis for the underlying physical mechanism responsible for the EASM precipitation has not been
elucidated. The topographically forced barotropic stationary Rossby wave theory, which corresponds to
traditional midlatitude atmospheric wave dynamics with topographical forcing, well explains the seasonal
evolution of the downstream East Asian precipitation. The subtropical westerly wind impinging on the
Tibetan Plateau and the vertical squeezing of the air result in the downstream cyclonic and anticyclonic
circulation flow fields, which leads to the development of the southerly wind in between these anomalies
and produces moisture transport to the EASM region.

1. Introduction

The Earth's large-scale atmospheric circulation controls the transport of moisture and modulates the global
hydrological cycle. The Hadley circulation is a distinct global-scale meridional overturning circulation, and
its downward branch is formed over the subtropics owing to energetic constraints and conservation of angu-
lar momentum (Held & Hou, 1980). The most natural adjustment of this sinking motion is the development
of the zonally symmetric subtropical high and therefore the related climate at this latitude is expected to be
dry (Figure S1 in the supporting information). However, in reality, some countries in the subtropics and mid-
latitudes experience a large amount of precipitation (Rodwell, 1997; Rodwell & Hoskins, 1996, 2001), and
especially the East Asian region has long-lasting rainy periods during boreal summer (Seo et al., 2015).
This peculiar East Asian summer climate is due to the current geographical distribution of the ocean, land,
and topography. Through the land-sea thermal contrast and the resulting converging and diverging motion,
a cyclonic circulation is formed over the warm continent, whereas an anticyclonic circulation anomaly is
developed over the ocean during summer.

The combined effects of the Hadley circulation and land-sea thermal contrast with tropical monsoon
diabatic heating comprise the basic background state for the East Asian climate (Hoskins, 1996;
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Figure 1. Characteristics of the East Asian summer monsoon (EASM). (a) Climatological mean precipitation and
horizontal wind at 850 hPa in boreal summer (May to August) and (b) schematic of the EASM.

Miyasaka & Nakamura, 2005; Rodwell & Hoskins, 2001). Over the land in the subtropics, the cyclonic
circulation is formed at lower levels by sensible heat flux and latent heat release, whereas over the ocean,
the effect of the land-sea thermal contrast and the stationary Rossby wave response of diabatic heating
strengthen the high-pressure system once generated by the downward motion of the Hadley circulation
(Figure S2). Thus, it is apparent that this zonally asymmetric pressure pattern is due to the presence of
the continents and mountains across the subtropics and midlatitudes.

The most important atmospheric system during this period is the North Pacific subtropical high (NPSH),
which is enhanced as it expands to the northwest from winter and spring to summer. Therefore, because
East Asia is located in between the pressure low over the land and the NPSH, its summer climate is highly
affected by the zonal gradient between the two pressure systems (Figure 1). Thus, the southerly wind along
the western edge of the NPSH is one of the key factors in determining the overall characteristics of the East
Asian summer monsoon (EASM).

The primary mechanisms of the NPSH formation and development have been previously proposed as
follows: elevated heating due to the Tibetan Plateau (which enhances the land-sea heat contrast)
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(Wu et al., 2007), downstream Rossby wave circulation response to the continental-scale heat source (Chen
et al., 2001; Rodwell & Hoskins, 2001), meridional overturning circulation due to the Pacific ITCZ (Park
et al., 2010), zonal overturning circulation response to convective heating over the northern Bay of Bengal
and Indian subcontinent (i.e., ITCZ over the Indian monsoon region) (Liu et al., 2004), downstream
response of topographically forced Rossby waves (Son et al., 2019), mechanically driven downstream
convergence (Kitoh, 2004; Wu et al., 2007), and interactions with the diabatic heating resulting from the
downstream response generated mechanically by the Plateau (Biasutti et al., 2018; Miyasaka &
Nakamura, 2005). The relative role of all of these possible influences needs to be investigated with carefully
designed sensitivity experiments.

Contrary to the traditional understanding regarding the origin of the EASM, which has been assumed to
result from the thermodynamical effects due to the land-ocean heat contrast and Tibetan Plateau-induced
elevated heating, recent studies have indicated a more crucial role played by mechanical effects due to the
existence of the Tibetan Plateau (Abe et al., 2003; Chen & Bordoni, 2014a; Chiang et al., 2015, 2017; Chou
et al., 2001; Kitoh, 2004; Molnar et al., 2010; Shaw & Voigt, 2015; Son et al., 2019; Zhang et al., 2018).
Uplift over the mountain slope, flow deflection to the north and south of the mountain, and mountain-
induced small-scale drag effect are considered as the mechanical effects of the Tibetan Plateau (Son
et al., 2019). Among these effects, the effect of mountain drag is assessed to be relatively small (Baldwin &
Vecchi, 2016; Cohen & Boos, 2017; Son et al., 2019) and the flow deflection seems to mainly affect the region
immediately downstream of the Tibetan Plateau, whereas the flow uplift generates a large-scale circulation
response according to the conservation of potential vorticity, and this circulation response is the well-known
topographically forced Rossby wave (Charney & Eliassen, 1949; Held, 1983). Valdes and Hoskins (1991)
argued that the Tibetan Plateau primarily deflects flow rather than uplifts it, although they suggested that
the northern portion of the Tibetan Plateau tends to generate uplift-induced flow. Moreover, recent studies
(e.g., Chiang et al., 2015, 2017, 2020) emphasizing that seasonal transitions of the EASM are controlled by
the meridional position of the midlatitude westerly jet with respect to the location of the Tibetan Plateau also
imply the importance of the deflection effect by the Tibetan Plateau. However, other dynamical effect such
as flow uplift may contribute to the development of EASM precipitation. In this study, we demonstrate that
the stationary Rossby wave response induced by flow uplift plays a critical role in the generation of the
EASM and its zonal evolution. The upstream subtropical westerly winds crossing the Tibetan Plateau experi-
ence a change in thickness, which leads to stationary barotropic Rossby waves (Hoskins & Karoly, 1981).
These Rossby waves cause the development of a cyclonic circulation to the east of the Tibetan Plateau and
an anticyclonic circulation further east. These two pressure anomalies act to generate the southerly wind
flow, transporting warm and moist air to the EASM domain (Chang et al., 2000; Chen & Bordoni, 2016;
Chou et al., 2009; Seo et al., 2012, 2013; Wang et al., 2013). The advection of heat and moisture from the
south induces the confrontation of the different air masses, leading to the formation of the EASM front
and therefore precipitation.

The impinging subtropical westerly flow has an apparent annual cycle, with the summer wind being much
weaker than that of winter (Figure S3). Here, we demonstrate that this change in the speed of the westerly
wind induces a change in the longitudinal location of the ridge and trough of the stationary waves.
Consequently, this subtropical westerly flow controls the evolution of the EASM rainband and hydrological
cycle through the generation of the downstream Rossby wave.

2. Data Sets and Methods

The Global Precipitation Climatology Project (Huffman et al., 2001) daily precipitation and the European
Centre for Medium-Range Weather Forecasts Interim Reanalysis (ERA-Interim) (Dee et al., 2011) products
are used. The climatological average for all variables is calculated from 1979 to 2018, except for precipitation
(1997-2015). The Earth Topography Five Minute Grid (ETOPO5) data set is downloaded from https://www.
ngdc.noaa.gov/mgg/global/etopo5.HTML and interpolated to a 2.5° X 2.5° horizontal resolution for the the-
oretical prediction of the EASM (National Geophysical Data Center, 1988).

The dynamical response due to orographic forcing can be expressed as the following theoretical solution
derived from the potential vorticity conservation equation. Through the midlatitude beta plane approxima-
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Figure 2. Vertical structure of the atmosphere around the Tibetan Plateau.
Vertical and zonal cross section of (a) zonal wind (m s_l) and

(b) geopotential height (m), averaged over 25-35°N during May-August.
The geopotential height anomaly is calculated by deviations from the zonal
average at each pressure level.

(b) HGT anomaly
U

o tion and introduction of the Rayleigh friction, the forced topographic

wave solution (Held, 1983), ¢,, is given by

_ fo’hn
= gH(K? — K% — irk?/ku)’ W

where ¢,, is the geopotential height (m); fy = 10~*s™* is the Coriolis para-
meter; h,, is the topographical height (km); g is the gravitational constant;
H = 8 km is the scale height; K> = k* + I is the total wavenumber, where

2 2
k= T[_ is the zonal wavenumber, [ = o is the
5 latitude Eﬂ
7Ta X COS 180 180

meridional wavenumber (a meridional wave number corresponding to a
latitudinal half-wavelength of 35°), and a = 6,371 km is the Earth radius;
K = /U is the stationary wavenumber, i = /=1, r= 1/5 day ™" is the
inverse of the spin-down time, and @ (m s ') is the zonal wind speed
at upper levels measured over the region immediately upstream of the
mountain. The forced topographic wave is determined by calculating
hy,, using the Fourier transform (Held, 1983). Geopotential height ¢, is
calculated as a function of only u if h,, is prescribed by topography input
data and r is fixed.
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For a comparison of meridional wind and precipitation between the the-
oretical solution and observations, an empirical method is used to derive
the theoretical meridional wind or precipitation variation. The following
formula estimates the fitted slope and intercept:

1

OBS(precipitation or wind) ~ & X Theory(¢n> + Bv (2)

where fitting coefficients o and {3 are obtained by the least squares
method.

3. East Asian Summer Climate

The wind direction determines the East Asian weather and climate—the

southerly wind prevails in summer, whereas the northerly wind domi-
nates in winter. The change in wind direction during the warm and cold seasons corresponds to the tradi-
tional definition of the monsoon (Halley, 1686). These wind changes are accompanied by a variation in
precipitation over the monsoon region; during summer, East Asia experiences a massive amount of
precipitation.

As mentioned in section 1, the thermodynamical forcing due to the land-sea distribution and elevated ter-
rain contributes to the generation of the EASM; however, the mechanical effects of the Tibetan Plateau
are essential for the existence of the EASM (Chen & Bordoni, 2014b, 2016). Among the various mechanical
influences of the mountain, the dynamical factor related to the vertical squeezing of the air is the primary
source of precipitation formation, which is assessed to account for more than 60% (Son et al., 2019). The
Tibetan-Plateau-forced stationary barotropic Rossby wave is conjectured to be a main agent for the enhance-
ment of the NPSH, southerly wind, and monsoonal precipitation.

The topographically forced Rossby wave dynamics can be described by the barotropic stationary wave the-
ory; however, subtropical and midlatitude atmospheric variables, including the westerly jet, do not exhibit
a perfectly barotropic structure (Figure 2). Thus, the application of the theory (Equation 1) using the
observed field requires a preliminary investigation of the vertical structure and proper consideration of zonal
wind forcing. Figure 2a shows that the most vigorous westerly wind (approximately 18 m s™') appears at
200 hPa over the upstream region of the Tibetan Plateau, and the zonal wind gradually decreases as the
height falls. Over the Tibetan Plateau, the westerly wind speed decreases due to mountain drag or the
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Figure 3. Theoretical prediction of forced topographic wave. The geopotential

height response to the zonal wind speeds of 10, 15, 20, 25, 30, and 35 m st
derived from Equation 1. Thick lines show the maximum pressure gradient
regions around East Asia and the western North Pacific. The bottom panel

denotes the Eurasian topography (h,, in Equation 1) averaged over 25-35°N.

barrier effect. Recently, the top of the planetary boundary layer over
the Tibetan Plateau was discovered to reach up to 300 hPa in spring
and early summer (Chen et al., 2013, 2016). Thus, the region slightly
west of the Plateau (20-45°E and 500-150 hPa) is selected for the cal-
culation of the impinging westerly wind on the Tibetan Plateau in
Equation 1 to minimize the effect of wind deceleration.

Over land, the vertical baroclinic structure is mainly driven by ther-
modynamic processes (Chen, 2001; Chen et al, 2001; Son &
Seo, 2020). The solar radiation warms the surface; then, the thermal
energy is transferred to the bottom layer of the atmosphere through
sensible and latent heat fluxes (Boos & Kuang, 2013; Hu &
Boos, 2017). In the planetary boundary layer, the atmospheric vari-
ables have almost uniform physical properties due to turbulent mix-
ing. The thermodynamically driven lower tropospheric warming
induces buoyancy and subsequent rising motion, which causes wind
convergence, leading to the reinforcement of a cyclonic circulation at
the lower layer of the troposphere (Wu et al., 2007, 2012). The upward
motion generates the divergent wind and anticyclonic circulation at
the upper troposphere. Therefore, the organized convection with
the upper-level divergence exports moist static energy away from
deep convection to alleviate horizontal energy imbalance (Biasutti
et al., 2018). Consequently, the first baroclinic vertical structure
around monsoon area is formed through the thermodynamic pro-
cesses (Figure 2b).

Thus far, the thermodynamically driven heat low has been regarded
as the dominant physical mechanism of the cyclonic circulation over
the Eurasian continent (Chen, 2001; Chen et al., 2001; Wu et al., 2007,
2012). However, the trough appearing in the eastern part of the con-
tinent is affected by the equivalent barotropic Rossby waves.
Therefore, the lower-level cyclonic circulation to the east of the

Tibetan Plateau is generated by the combination of dynamical (barotropic mode) and thermodynamical
(first baroclinic mode) processes. The thermodynamically induced cyclonic circulation is confined inland,
whereas the dynamically generated Rossby wave trough can be extended further east, to the western

North Pacific.

4. Evolution of the EASM

According to Equation 1, derived from the barotropic Rossby wave theory, the phase and amplitude of the
downstream stationary Rossby wave are dependent on the speed of the upstream westerly wind impinging
on the mountain. The topography data (h,,) are prescribed as shown in the bottom panel of Figure 3. The
upper panel of Figure 3 depicts the geopotential height response to the zonal wind forcing, demonstrating
that when the wind speed is weak (purple line in Figure 3), the wave amplitude is also weak, and the positive
pressure gradient (low to high pressure) region lies around East Asia (~120°E). As the westerly wind is
strengthened, the wave amplitude increases and the peak pressure gradient shifts to the east.

Following the seasonal march of the meridional temperature gradient, the zonal wind impinging on the
Tibetan Plateau is stronger in winter and weaker in summer. Similar to this theoretical prediction, the

observed climatological rainband lies over East Asia in summer and over the Pacific in winter (Figure 4).
In fact, the EASM rainband is tilted from the southwest to northeast along the northwestern boundary of
the NPSH. Therefore, the westward propagation of this tilted structure is equivalent to the northward move-
ment of the monsoon rainband. From this characteristic, the rainy period in the local EASM regions begins
sequentially. The beginning of the monsoon is often characterized by an abrupt northward shift of the rain-
band, the so-called “jump,” which is likely due to the superposition of various processes—the westward pro-
pagation of the rainband associated with the Rossby wave response to the flow forcing due to the Tibetan
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Figure 4. Seasonal evolution of East Asian monsoon precipitation. The climatological evolution of East Asian monsoon
precipitation (mm day_l) in observations (blue shading) and the positive zonal gradient of geopotential height
(0¢,,/0x, m km_l) from theoretical predictions (red contour) using the observational upstream zonal wind

(20-45°E, 30-35°N, 500-150 hPa).

Plateau, the northward shift of the thermal equator in response to the solar cycle, gradual northward
migration of the ITCZ over the Indian monsoon area and its zonal overturning circulation effect, and the
increasing land-sea heat contrast during early summer.

Even during fall and winter seasons, the theoretical prediction of the precipitation proxy field is roughly con-
sistent with the evolution of the observed precipitation field (Figure 4). In fact, during winter, even if the bar-
oclinicity is larger and the storm track dynamics are dominant in determining the spatial pattern of
precipitation, the topographically induced stationary wave also plays a role in producing additional
precipitation.

The prediction of the downstream geopotential height anomalies at the monsoonal latitude using the theo-
retical derivation (solid line in Figure 5a) matches the observations well (dashed line in Figure 5a). In
Figure 5, the discrepancy between the theoretical prediction and observations is thought to be mainly caused
by the neglect of topographic forcing by North America and the exclusion of the accurate effect of thermo-
dynamic processes in the theory. Based on Equation 1, the wave response is a function of the zonal wind
speed; thus, the geopotential height gradient, which drives the southerly winds, can be plotted against the
varying zonal wind speeds measured in the upstream region of the Tibetan Plateau (20-45°E, 25-40°N,
500-150 hPa). In Figure 5c, the zonal gradient of the geopotential height anomaly for the downstream area
is calculated by subtracting the averaged geopotential height anomaly for the domain representing the cyclo-
nic circulation anomaly near the land from that representing the anticyclonic circulation anomaly over the
ocean. In general, the observed precipitation follows the predicted curve (Figure 5c), with both exhibiting a
peculiar convex-shaped structure. This nonmonotonic response results from the zonal phase shift of the
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Figure 5. Theoretical prediction and observations of the EASM. Geopotential height anomalies averaged over 25°-35°N
from May to July for (a) theoretical prediction (solid line) and observations (dashed line). For observations, the
600-400 hPa averaged geopotential height anomaly (dashed line) is used. The error range is calculated using a damping
time scale of 2-8 days and a zonal wind range of 15-30 ms L (b) The Tibetan Plateau in the Eurasian continent
(0-160°E) is used as topographic forcing. Theoretical prediction and observations (daily climatological calendar mean
during April to August) of (c) the geopotential height difference (135-150°E, 25-35°N) to (120-130°E, 25-35°N),

(d) meridional wind (120-150°E, 25-35°N), and (e) precipitation (120°-150°E, 25°-40°N) for the varying zonal wind
speed (20-45°E, 25-40°N, 500-150 hPa). In (e), the numbers 8-7, 6-5, and 4-3 represent the month range.

peak zonal geopotential height gradient due to the seasonal evolution of the subtropical jet stream

(Figure 5c). The maximum response appears for a zonal wind speed near 16 m s™*.

Similar to the geopotential height gradient (Figure 5c), both the estimated meridional wind and precipita-
tion (Figures 5d and 5e) exhibit similar profiles to those of the observations. In this case, as no explicit rela-
tionship between the meridional wind or precipitation and the zonal wind exists, the geopotential height
gradient structure shown in Figure 5c is adopted to fit the observations using Equation 2. From the least
squares error method, fitting coefficients have been obtained from observations approximately as o = 0.01
and 8 = 0.23 for the meridional wind, o = 0.02 and 8 = 3.16 for the precipitation. The observed meridional
wind and precipitation generally follow a simple empirical curve (Figures 5d and 5e). To conclude, the var-
iations of the EASM in circulation and precipitation are consistent with, and appear to be caused by, the
Tibetan Plateau-forced Rossby wave dynamics (Figures 5c-5e).

5. Discussion

The change in the monsoonal wind direction modulates the East Asian climate. Thermodynamical and
dynamical processes determine the seasonally prevailing wind around East Asia. As the season approaches
the summer monsoon period, the rainband propagates to the west, reaching East Asia. This seasonal evolu-
tion of the rainband is mainly controlled by the fluid dynamical response to the Tibetan Plateau, with the
upstream subtropical westerly wind speed being the key factor. The topographically forced stationary
Rossby waves create a downstream zonal pressure gradient and southerly wind, transporting the moisture
to East Asia. The present study reveals the fundamental mechanism of the EASM in the climatological sense;
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however, its interannual or interdecadal variability needs to be investigated further. The performances of a
variety of global climate models can be tested using this theory. The preliminary application of this
approach, using the CMIP5 data set, demonstrates that a better simulation of EASM precipitation is achieved
if the theoretical prediction is well reflected in the models, which will be reported in a separate study.

Additionally, this study has ramifications for the estimation of the effect of climate change. Under
global warming, the subtropical zonal wind is expected to shift northward and weaken (Lorenz &
DeWeaver, 2007). If this is the case, the EASM is likely to take place earlier and end earlier, or the main rain-
fall region would be shifted slightly to the west, according to the above relationship between the geopotential
height gradient and upstream zonal wind forcing.

Finally, if the theoretical prediction of the EASM were a linear function of the upstream zonal wind speed,
then the East Asian climate would experience more dramatic variations in circulation and precipitation;
however, the convex-shaped quadratic solution, in reality, leads to a rather stable system. The current theory
is expected to serve as a scientific cornerstone for the development of a theoretical framework for the subtro-
pical or midlatitude monsoon system.
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