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Abstract

From spring to summer, the East Asian summer monsoon (EASM) rainband migrates northwestward. During summer, East
Asian countries experience extensive precipitation due to the EASM rainband, but the springtime monsoon rainband lies
over the Pacific. The seasonal evolution of the EASM rainband is influenced by the mechanical effect of the Tibetan Plateau,
and seasonal changes in the westerly wind speeds impinging on the Tibetan Plateau are a key driver of this process. In this
study, using interannual variability of the upstream zonal wind speed, the dynamical mechanism for the interannual variations
of the EASM precipitation is revealed based on the topographically forced stationary Rossby wave theory. The dynamical
mechanism regulating interannual variability in the EASM rainband is essentially the same mechanism that drives the sea-
sonal evolution of the climatological EASM rainband. If the westerly winds impinging on the Tibetan Plateau are stronger
(weaker) than average, then the EASM rainband shifts eastward (westward). Large variations in the upstream westerly wind
during May induced considerable interannual variation in the zonal location of the rainband (up to a 20°-30° shift). The

westerly wind speed exhibited less variations in June and July, resulting in a smaller zonal shift of approximately 10°.
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1 Introduction

Variations in weather and climate are known as one of the
most important factors affecting human activities, includ-
ing the economy, industry, agriculture, environment, and
recreation. In particular, East Asian countries experience
significant interannual variability in summer monsoon pre-
cipitation; therefore, understanding of underlying physical
mechanisms for the East Asian summer monsoon (EASM)
has long been studied.

Interannual variations in EASM precipitation are con-
trolled by numerous continental, oceanic, and atmospheric
factors. For example, positive sea surface temperature
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anomalies in the equatorial eastern Pacific during the pre-
vious winter season as characterized by El Nifio tend to
suppress convection over the Philippine Sea, generating
poleward atmospheric Rossby wave teleconnections and
enhancing the North Pacific subtropical high, which in turn
enhances EASM precipitation (e.g., Nitta 1987; Seo et al.
2015; Wang et al. 2000). Furthermore, a circumglobal tel-
econnection pattern produced by zonally propagating sta-
tionary Rossby waves emanating from the North Atlantic
or northern Indian subcontinent can also cause anomalous
EASM precipitation (e.g., Ding and Wang 2005; Enomoto
et al. 2003; Kim et al. 2017; Li and Ruan 2018; Lu et al.
2002; Seo et al. 2012; Wu et al. 2009; Son et al. 2021a).
Springtime Eurasian snow cover dipole anomaly, above nor-
mal in western Eurasia and below normal in eastern Eurasia,
induces temperature and circulation anomalies around East
Asia that lead to enhanced EASM precipitation (Yim et al.
2010).

The Tibetan Plateau plays various roles in EASM
variability. Anomalous Tibetan Plateau diabatic heating
directly intensifies the cyclonic circulation which is once
developed through the land—sea thermal contrast (Wu et al.
2007, 2012). The lower-tropospheric circulation anomaly
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induced by intense snow melting over the Tibetan Plateau
supplies more moisture to the downstream EASM region and
increases precipitation (Zhang et al. 2004; Xiao and Duan
2016). In addition, as an indirect way, strong Tibetan Pla-
teau heating causes intense South Asian monsoon (Boos and
Kuang 2013), and related anomalous diabatic heating affects
the variability of precipitation over the East Asia (Rodwell
and Hoskins 2001). The mechanical effect of the mountains
can induce a faster northward migration of the midlatitude
westerly wind across the Tibetan Plateau and tends to result
in a shorter duration of monsoon rainfall (Chiang et al.
2017, 2020; Kong and Chiang 2019). Recent study (e.g.
Zhou et al. 2019) pointed out that the East Asian westerly
jet is likely to shift equatorward in the early summer under
global warming, leading to corresponding changes in the
EASM. Apart from the abovementioned factors, a variety
of surface boundary forcing existing in the Pacific, Atlantic,
and Indian Oceans; the Eurasian continent; and the Arctic
can also influence the intensity of EASM precipitation (e.g.,
Guo et al. 2014; Kim et al. 2017; Seo et al. 2012, 2015; Xu
et al. 2021).

Recently, Son et al. (2020) showed that the climatological
seasonal zonal evolution of the EASM rainband is controlled
by variations in the upstream zonal wind speed impinging
on the Tibetan Plateau. This is due to the fact that the geo-
potential height response in topographically forced Rossby
wave theory (Held 1983) is a function of the westerly wind
speed, damping time scale, and topographical height. Thus,
if the damping time scale and mountain height are set, the
geopotential height response can be solely determined
using the upstream zonal wind speed. The importance of
the dynamical effect (i.e., circulation) in determining EASM
precipitation was demonstrated using a series of sensitiv-
ity experiments with a simplified general circulation model
(Son et al. 2019).

Motivated by these previous studies, in this study, rather
than using the aforementioned continental, oceanic and
atmospheric factors responsible for the variation of EASM
precipitation on the interannual time scale, we use the year-
to-year variation of the westerly wind forcing upstream of
Tibet to examine the precipitation variation. As shown by
Son et al. (2020), it is expected that the upstream mechanical
forcing with a stronger wind speeds induce a more eastward
formation in the area of the major northward moisture flux
and rainband.

2 Datasets and methods

Monthly climate data derived from the Global Precipita-
tion Climatology Project version 2.3 (Adler et al. 2003) and
European Centre for Medium-Range Weather Forecasts
Interim Reanalysis (Dee et al. 2011) over the 1979-2018
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period were used in this analysis. The Earth Topography
Five Minute Grid dataset interpolated to a 2.5° horizontal
resolution was used for the theoretical calculation of geo-
potential height.

The topographically forced stationary Rossby wave
response (¢,, geopotential height in Fig. 1) is expressed
using a theoretical solution derived from the potential vor-
ticity conservation equation as follows (Held 1983; Son et al.
2020, 2021b):

_ fohn
b= gH (K2 — K2 — irK? /Kii) M

where f; is the Coriolis parameter (10~*s™1); A, is the topo-
graphical height (km); g is acceleration due to gravity
(9.8 m s72); H is the scale height (8 km); K> = k> + [?is the

total wavenumber, where k = 27 is the zonal
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wavenumber and [ = —Z— is the meridional wavenumber,
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where % means a meridional half-wavelength of 35°;
K? = f/u is the stationary wavenumber; i = \/% is the unit
imaginary number; a is the radius of the Earth (6371 km); r
is the inverse of the spin-down time (1/5 day™'); and % is the
zonal wind speed (m/s) at the higher level measured over the
immediate upstream region of the mountain range (200 hPa;
60-80° E, 27.5-35° N). Using a Fourier transform, the

Geopotential height anomaly calculated by Rossby wave theory
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Fig. 1 Theoretical prediction of the geopotential height calculated
using zonal wind speeds from 6 to 26 m/s (top panel) and Eurasian
topography along 30° N (bottom panel). The thick line sections in the
top panel represent regions with a positive geopotential height gradi-
ent
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forced topographic wave is determined by calculating 4,,,
here n denotes natural number from one to total number of
zonal grid point.

3 Climatological characteristics of the EASM

Following the change of season from spring to summer, the
EASM rainband propagates northward; however, in fact,
zonal migration of the precipitation is more prominent than
meridional movement (Son et al. 2020). The zonal position
of the East Asian monsoon rainband is dynamically linked to
the flow uplift effect of the Tibetan Plateau (Son et al. 2019).
According to Eq. (1), the downstream phase of the Rossby
wave is dependent on the upstream westerly wind speed. The
upper panel of Fig. 1 shows the geopotential height response
to zonal wind forcing. Figure 1 is the same with Fig. 3 in
Son et al. (2020) except for the zonal wind speed interval.
When the wind speed is 6 m/s (purple line in Fig. 1), a posi-
tive zonal geopotential height gradient region lies over the
western part of East Asia (approximately 110° E; thick line).
As the westerly wind strengthens, the positive geopotential
height gradient region shifts to the east (Fig. 2). The clima-
tological seasonal evolution of the EASM rainband is deter-
mined by the zonal migration of this positive geopotential
height gradient region (Son et al. 2020). Furthermore, the
positive zonal gradient of geopotential height is geostrophi-
cally balanced with the southerly wind, which is crucial for
moisture transport to East Asia. However, the amplitude of
Rossby wave response in the downstream area shows a non-
linear change with a linear increase of the westerly wind.
The zonal winds impinging on the Tibetan Plateau
(60-80° E, 27.5-35° N) and the zonal location of the
EASM rainband are highly correlated in monthly dataset
from 1979 to 2018 (r=0.73; Fig. 3), and the climatologi-
cal upstream westerly wind speed gradually weaken from
February to July (Fig. 4b). Precipitation averaged over
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Fig.3 Scatter plot of westerly wind speed averaged in 60-80° E
27.5-35° N at 200 hPa, and EASM rainband longitude in monthly
data from 1979 to 2018. The longitude of the rainband is calculated
as the maximum precipitation region averaged in 25-40° N. To
remove local convection effects, and for the smoothing, the zonal
moving average technique is applied with a longitudinal window size
of 25°

the East Asian domain (115-140° E, 25-40° N) increases
over the same period from winter to summer. In May,
June, and July, the mean 200-hPa upstream westerly wind
speed is 26.9, 16.9, and 6.03 m/s, respectively; the respec-
tive East Asian precipitation rate is 5.0, 6.8, and 5.8 mm/
day. The downstream stationary Rossby wave response
induced by the air uplift effect of the Tibetan Plateau
causes a geopotential height anomaly, and the south-
erly wind shifts east-westward according to the change
in the upstream wind speed. In this situation, southerly
winds and precipitation mostly cover the EASM domain
in June (Son et al. 2020). The zonal wind speed is much
weaker in July and August compared to that observed
in June; hence, the downstream southerly wind region is

Flow uplift effect of the westerly wind forcing and downstream Rossby wave response
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Fig.2 Schematic showing the eastward shift in the Rossby wave phase due to increased zonal wind forcing
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Fig.4 a Climatological precipitation (shading) and 200-hPa westerly
winds (contour) averaged over May, June, and July (MJJ). The black
contour denotes topography exceeding 1500 m altitude, westerly
winds impinging on the Tibetan Plateau are denoted by the purple
box [60-80° E, 27.5-35° N], and the domain for East Asian summer
monsoon (EASM) precipitation is denoted by the red box [115-140°
E, 25-40° N]. b Domain averaged climatological monthly mean 200-

shifted westward compared to its location in June. Note
that the upstream zonal wind speed tends to balance with
the local meridional gradient of the surface temperature
field through the thermal wind relationship (Fig. 5).
Over the middle latitude, lower level zonal wind speed
is much weaker than that of upper level. Therefore, the
upper level wind speed is approximately balanced with
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hPa westerly wind speeds and interannual variation (+ 1.0 standard
deviation; denoted by the red error bars) for winds impinging the
Tibetan Plateau. ¢ Time series of monthly mean 200-hPa westerly
wind speeds in May, June, and July for winds impinging the Tibetan
Plateau. d and e are the same as b and ¢, respectively, except they
show East Asian domain averages of precipitation

the surface meridional temperature gradient. This zonal
wind response to the surface temperature anomaly can
be reproduced by the modification of the local surface
albedo in the dynamical model (not shown).
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Fig.5 Composite a surface temperature, and b zonal wind at 200 hPa
differences between years with normalized zonal wind index stand-
ard deviations above 0.5 and below — 0.5 m/s in May, June, and July.

4 Response of the EASM rainband
to variations in upstream wind forcing
on an interannual time scale

Numerous studies have reported that interannual variabil-
ity is prominent in EASM precipitation (Fig. 4e). Further-
more, Fig. 4c shows that westerly winds impinging on the
Tibetan Plateau also show strong interannual variability. The
standard deviations of the interannual zonal wind velocity
in May, June, and July are 5.9, 4.3, and 3.8 m/s, respec-
tively. Figure 1 shows that a large change in zonal wind
speed can induce significant zonal movement of the major
monsoon rainband; therefore, interannual variation in the
peak monsoon precipitation region during July is expected
to be smaller than that in May.

Composite differences of the East Asian precipitation
between those using above 0.5 and below — 0.5 standard
deviations of the normalized upstream zonal wind index in
May, June, and July (Table 1) are shown in Fig. 6. Green
(brown) shading represents a positive (negative) precipi-
tation anomaly for the case when the impinging westerly

o (b) Zonal wind at 200 hPa
% :

May
H

June

July

Dotting and hatching represents regions that are significant at the 95%
confidence level

wind speed is stronger than normal years. From May to June,
the climatological evolution of the EASM rainband (black
contour in Fig. 6) is characterized by the northwestward
propagation; however, the rainband shifts eastward com-
pared to the climatological region due to positive forcing
induced by zonal wind anomaly. This dynamical process
is captured as the first leading mode in the SVD analysis
using the upstream zonal wind speed and downstream pre-
cipitation or geopotential height anomaly, and this mode
explains 33.08-43.47% of total variance from May to July
(not shown). The eastward shift of the precipitation region in
the monthly dataset is caused by the slower northwestward
migration of the monsoon rainband. This means that the
onset and withdrawal dates of the EASM are partly con-
trolled by the westerly wind speed impinging on the Tibetan
Plateau. One more interesting point of this result is that the
extent of zonal shift in the rainband is greatest (lowest) in
May (July), corresponding with the month-to-month interan-
nual variability of the upstream zonal wind velocity.
Figure 7 shows the climatological 850-hPa geopoten-
tial height (contour) and the composite difference field of
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Table 1 Strong and weak westerly wind speed years sorted by using criteria above 0.5, and below — 0.5 standard deviations of the normalized

upstream zonal wind index

Strong westerly wind

Weak westerly wind

May 1984, 1986, 1988, 1996, 2002, 2003, 2004, 2005, 2010, 2013,

2018

June 1981, 1982, 1983, 1987, 1989, 1991, 1992, 1995, 2002, 2009,
2010, 2012

July 1982, 1983, 1987, 1991, 1996, 1999, 2002, 2004, 2007, 2009,
2012, 2016

August 1980, 1988, 1989, 1993, 1998, 2000, 2001, 2004, 2005, 2008,

2009, 2014, 2015, 2016, 2017

1981, 1982, 1983, 1987, 1990, 1995, 2000, 2006, 2007, 2008,
2011, 2017

1984, 1990, 1996, 2000, 2001, 2004, 2006, 2007, 2008, 2013, 2015

1984, 1985, 1986, 1988, 1992, 1994, 1995, 1997, 2005, 2006,
2013, 2015, 2017

1983, 1984, 1990, 1994, 1995, 1997, 2002, 2006, 2010, 2012,
2013, 2018
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Fig.6 Climatological mean precipitation (contour), and the com-
posite difference in precipitation (shading) between years with nor-
malized zonal wind index standard deviations above 0.5 and below
— 0.5 m/s in May, June, and July. Dotting represents regions that are
significant at the 95% confidence level. The solid red line represents
the climatological precipitation peak (i.e., solid black line) and the
dotted red line shows the precipitation peak for the composite differ-
ence (i.e., shading) in each month
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Fig.7 Climatological mean 850-hPa geopotential height (contour),
and the composite difference in the mean 850-300 hPa geopotential
height between years with normalized zonal wind index standard
deviations above 0.5 and below — 0.5 m/s in May, June, and July.
Dotting represents regions that are significant at the 95% confidence
level
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the geopotential height averaged over 850-300 hPa (shad-
ing) for normalized zonal wind index standard deviations
above 0.5 and below — 0.5 m/s in May, June, and July. The
mass-weighted vertical average of the geopotential height
illustrates the barotropic Rossby wave response affected by
upstream zonal wind forcing. The pattern of the composite
geopotential height anomaly averaged over 850-300 hPa
was similar to that at 850 hPa (not shown). Since the zonal
geopotential height gradient represents the strength of the
meridional wind, this region is of interest. In May, this posi-
tive gradient anomaly appears over the region from 150° E,
20° N to 165° E, 30° N (Fig. 7), which is consistent with
the positive precipitation anomaly region (Fig. 6). The posi-
tive geopotential height gradient region extends from 130°
E, 20° N to the northeast in June and from 130° E, 25° N
to 140° E, 30° N in July (Fig. 7). In both June and July,
these gradient regions overlapped the anomalous precipita-
tion domain. In July, more rain occurs over the monsoon
rainband (Fig. 6); however, the western part of the rainband
(extending from China to Korea) shows a very slight east-
ward shift, whereas the eastern part shows a considerable
eastward shift. Enhanced precipitation over the western part
of the rainband is due to the intensified geopotential height
meridional gradient (Fig. 7), which leads to a stronger con-
frontation between two air masses with different thermody-
namic properties over this region (Seo et al. 2015).

5 Conclusion and discussion

In this study, we show that the zonal location of the EASM
rainband is impacted by changes in the speed of the west-
erly wind impinging on the Tibetan Plateau on interannual
time scale. The EASM rainband is formed between low and
high geopotential heights, and this stationary atmospheric
wave pattern is shifted eastwards as the upstream wind speed
strengthens (Fig. 2). In July, the Rossby wave phase shift was
smaller than that observed in May or June due to a smaller
variation in the upstream westerly wind speed. This results
are consistent with the previous study (Son et al. 2021b).
The horizontal shape of the monsoon rainband in May
and June can be depicted as a straight line from the south-
west to the northeast; however, in July the rainband shows
a peculiar stepped structure. In addition, as shown in Fig. 6,
the degree of anomalous zonal shift on June and July is
much different even though the similar upstream westerly
wind forcing. These peculiar characteristics of July rainband
may be related to the distribution of four different air masses
surrounding this area. The frontal system over the western
portion of the EASM rainband is known to be formed by the
warm continental and tropical monsoon air masses; howeyver,
the eastern front is developed by the confrontation of the
warm North Pacific and cold Okhotsk air masses (Seo et al.

2015; Tomita et al. 2011). The horizontal distributions of
air masses are modulated by the meridional evolution of
the thermal equator, land—sea zonal temperature and mois-
ture contrast, large-scale stationary circulation pattern, and
local surface boundary conditions. An in-depth study using
a dynamical model is needed to clarify the detailed mecha-
nisms of the characteristic structure in July. For reference,
the topographically induced downstream stationary Rossby
waves tends to influence the zonal shift of the EASM rain-
band dominantly over the ocean far away from the Eurasian
continent; however, other thermodynamic factors are related
more to the meridional migration around the coastal region.
Topographically forced stationary Rossby wave theory is
the essential mechanism for the generation and zonal evolu-
tion of the EASM rainband. In particular, this dynamical
mechanism may be one of the most fundamental processes
and explains not only climatological characteristics of the
EASM but also its interannual variability. Therefore, if we
observe the upstream westerly wind speed impinging on the
Tibetan Plateau, the location and precipitation anomaly of
the EASM rainband can be estimated. As shown in Fig. 4,
interannual variability is dominant in both impinging zonal
wind speed and EASM precipitation; however, global warm-
ing may also change the meridional distribution of the sur-
face temperature, westerly wind speeds, and EASM precipi-
tation in the future. Therefore, a more explicit understanding
of the Rossby wave and the role of upstream westerly wind
speeds is needed to estimate future changes in the EASM.
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