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Abstract 21 

From spring to summer, the East Asian summer monsoon (EASM) rainband migrates 22 

northwestward. During summer, East Asian countries experience extensive precipitation due 23 

to the EASM rainband, but the springtime monsoon rainband lies over the Pacific. The seasonal 24 

evolution of the EASM rainband is influenced by the mechanical effect of the Tibetan Plateau, 25 

and seasonal changes in the westerly wind speeds impinging on the Tibetan Plateau are a key 26 

driver of this process. In this study, using interannual variability of the upstream zonal wind 27 

speed, the dynamical mechanism for the interannual variations of the EASM precipitation is 28 

revealed based on the topographically forced stationary Rossby wave theory. The dynamical 29 

mechanism regulating interannual variability in the EASM rainband is essentially the same 30 

mechanism that drives the seasonal evolution of the climatological EASM rainband. If the 31 

westerly winds impinging on the Tibetan Plateau are stronger (weaker) than average, then the 32 

EASM rainband shifts eastward (westward). Large variations in the upstream westerly wind 33 

during May induced considerable interannual variation in the zonal location of the rainband 34 

(up to a 20–30º shift). The westerly wind speed exhibited less variations in June and July, 35 

resulting in a smaller zonal shift of approximately 10º. 36 

 37 

Keywords: East Asian summer monsoon, rainband, precipitation, Interannual variability, 38 

Tibetan Plateau  39 
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1. Introduction 40 

Variations in weather and climate are known as one of the most important factors affecting 41 

human activities, including the economy, industry, agriculture, environment, and recreation. In 42 

particular, East Asian countries experience significant interannual variability in summer 43 

monsoon precipitation; therefore, understanding of underlying physical mechanisms for the 44 

East Asian summer monsoon (EASM) has long been challenged. 45 

Interannual variations in EASM precipitation are controlled by numerous continental, 46 

oceanic, and atmospheric factors. For example, positive sea surface temperature anomalies in 47 

the equatorial eastern Pacific during the previous winter season as characterized by El Niño 48 

tend to suppress convection over the Philippine Sea, generating poleward atmospheric Rossby 49 

wave teleconnections and enhancing the North Pacific subtropical high, which in turn enhances 50 

EASM precipitation (e.g., Nitta 1987; Seo et al. 2015; Wang et al. 2000). Furthermore, a 51 

circumglobal teleconnection pattern produced by zonally propagating stationary Rossby waves 52 

emanating from the North Atlantic or northern Indian subcontinent can also cause anomalous 53 

EASM precipitation (e.g., Ding and Wang 2005; Enomoto et al. 2003; Kim et al. 2017; Li and 54 

Ruan 2018; Lu et al. 2002; Seo et al. 2012; Wu et al. 2009; Son et al. 2021). Springtime 55 

Eurasian snow cover dipole anomaly, above normal in western Eurasia and below normal in 56 

eastern Eurasia, induces temperature and circulation anomalies around East Asia that lead to 57 

enhanced EASM precipitation (Yim et al. 2010). 58 

The Tibetan Plateau plays various roles in EASM variability. Anomalous Tibetan Plateau 59 

heating intensifies the cyclonic circulation which is once developed through the land–sea 60 

thermal contrast (Wu et al. 2007), and intense snow melting over the Tibetan Plateau supplies 61 

more moisture to the downstream EASM region and increases precipitation (Zhang et al. 2004; 62 

Xiao and Duan 2016). The mechanical effect of the mountains induces a faster northward 63 

migration of the midlatitude westerly wind across the Tibetan Plateau and tends to result in a 64 

shorter duration of monsoon rainfall (Chiang et al. 2017; 2020; Kong and Chiang 2019). Apart 65 

from the abovementioned factors, a variety of surface boundary forcing existing in the Pacific, 66 

Atlantic, and Indian Oceans; the Eurasian continent; and the Arctic can also influence the 67 

intensity of EASM precipitation (e.g., Guo et al. 2014; Kim et al. 2017; Seo et al. 2012; 2015; 68 

Xu et al. 2021). 69 



4 

 

Recently, Son et al. (2020) showed that the climatological seasonal evolution of the EASM 70 

rainband is controlled by variations in the upstream zonal wind speed impinging on the Tibetan 71 

Plateau. This is due to the fact that the geopotential height response in topographically forced 72 

Rossby wave theory (Held 1983) is a function of the westerly wind speed, damping time scale, 73 

and topographical height. Thus, if the damping time scale and mountain height are set, the 74 

geopotential height can be solely determined using the upstream zonal wind speed. The 75 

importance of the dynamical effect (i.e., circulation) in determining EASM precipitation was 76 

demonstrated using a series of sensitivity experiments with a simplified general circulation 77 

model (Son et al. 2019). 78 

Motivated by these previous studies, in this study, rather than using the aforementioned 79 

continental, oceanic and atmospheric factors responsible for the variation of EASM 80 

precipitation on the interannual time scale, we use the year-to-year variation of the westerly 81 

wind forcing upstream of Tibet to examine the precipitation variation. As shown by Son et al. 82 

(2020), it is expected that the upstream mechanical forcing with a stronger wind speeds induce 83 

a more eastward formation in the area of the major northward moisture flux and rainband. 84 

 85 

2. Datasets and Methods 86 

Monthly climate data derived from the Global Precipitation Climatology Project version 2.3 87 

(Adler et al. 2003) and European Centre for Medium-Range Weather Forecasts Interim 88 

Reanalysis (Dee et al. 2011) over the 1979–2018 period were used in this analysis. The Earth 89 

Topography Five Minute Grid dataset interpolated to a 2.5º horizontal resolution was used for 90 

the theoretical calculation of geopotential height. 91 

The topographically forced stationary Rossby wave response (��, geopotential height) is 92 

expressed using a theoretical solution derived from the potential vorticity conservation 93 

equation as follows: 94 

�� =
�������(����������� ���⁄ )

  [1] 95 
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where �� is the Coriolis parameter (10�� s��); ℎ� is the topographical height (km); � is 96 

acceleration due to gravity (9.8 m s��); � is the scale height (8 km); �� = �� + �� is the 97 

total wavenumber, where � = ����� × ��������������� �� × � is the zonal wavenumber and � = ��������� 98 

is the meridional wavenumber; ��� = �/��  is the stationary wavenumber; � = √−1  is the 99 

unit imaginary number; � is the radius of the Earth (6371 km); � is the inverse of the spin-100 

down time (1/5 �����); and �� is the zonal wind speed (m s��) at the higher level measured 101 

over the immediate upstream region of the mountain range (200 hPa; 60–80ºE 27.5–35ºN). The 102 

forced topographic wave is determined by calculating ℎ�, using a Fourier transform (Held 103 

1983; Son et al. 2020). 104 

 105 

3. Climatological characteristics of the EASM 106 

Following the change of season from spring to summer, the EASM rainband propagates 107 

northward; however, in fact, zonal migration of the precipitation is more prominent than 108 

meridional movement (Son et al. 2020). The zonal position of the East Asian monsoon rainband 109 

is dynamically linked to the flow uplift effect of the Tibetan Plateau (Son et al. 2019). 110 

According to Eq. [1], the downstream phase of the Rossby wave is dependent on the upstream 111 

westerly wind speed. The upper panel of Fig. 1 shows the geopotential height response to zonal 112 

wind forcing. When the wind speed was 6 m/s (purple line in Fig. 1), a positive zonal 113 

geopotential height gradient region lies over the western part of East Asia (approximately 110 114 

ºE; thick line). As the westerly wind strengthens, the positive geopotential height gradient 115 

region shifts to the east. The climatological seasonal evolution of the EASM rainband is 116 

determined by the zonal migration of this positive geopotential height gradient region (Son et 117 

al. 2020). Furthermore, the positive geopotential height gradient of geopotential height is 118 

geostrophically balanced with the southerly wind, which is crucial for moisture transport to 119 

East Asia. 120 

Zonal winds impinging on the Tibetan Plateau (60–80ºE 27.5–35ºN) gradually weaken from 121 

winter to summer (February to July; Fig. 2b). Conversely, precipitation averaged over the East 122 

Asian domain (115–140ºE 20–40ºN) increases over the same period. In May, June, and July, 123 
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the mean 200-hPa upstream westerly wind speed is 26.9, 16.9, and 6.03 m/s, respectively; the 124 

respective East Asian precipitation rate is 5.0, 6.8, and 5.8 mm/day. The downstream stationary 125 

Rossby wave response induced by the air uplift effect of the Tibetan Plateau causes a 126 

geopotential height anomaly, and the southerly wind shifts east-westward according to the 127 

change in the upstream wind speed. In this situation, southerly winds and precipitation mostly 128 

cover the EASM domain in June (Son et al. 2020). The zonal wind speed is much weaker in 129 

July and August compared to that observed in June; hence, the downstream southerly wind 130 

region is shifted westward compared to its location in June. Note that the upstream zonal wind 131 

speed tends to balance with the local meridional gradient of the surface temperature field 132 

through the thermal wind relationship (Fig. 3). 133 

 134 

4. Response of the EASM rainband to variations in upstream wind forcing on an 135 

interannual time scale 136 

Numerous studies have reported that interannual variability is prominent in EASM 137 

precipitation (Fig. 2e). Furthermore, Fig. 2c shows that westerly winds impinging on the 138 

Tibetan Plateau also show strong interannual variability. The standard deviations of the 139 

interannual zonal wind velocity in May, June, and July were 5.9, 4.3, and 3.8 m/s, respectively. 140 

Figure 1 shows that a large change in zonal wind speed can induce significant zonal movement 141 

of the major monsoon rainband; therefore, interannual variation in the peak monsoon 142 

precipitation region during July is expected to be smaller than that in May. 143 

Composite differences of the East Asian precipitation between those using above 0.5 and 144 

below –0.5 standard deviations of the normalized upstream zonal wind index in May, June, and 145 

July are shown in Fig. 4. Green (brown) shading represents a positive (negative) precipitation 146 

anomaly for the case when the impinging westerly wind speed is stronger than normal years. 147 

From May to June, the climatological evolution of the EASM rainband (black contour in Fig. 148 

4) is characterized by westward propagation; however, the rainband shifts eastward compared 149 

to the climatological region due to positive forcing induced by zonal wind anomaly. The 150 

eastward shift of the precipitation region in the monthly dataset is caused by the slower 151 

northwestward migration of the monsoon rainband. This means that the onset and withdrawal 152 
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dates of the EASM are partly controlled by the westerly wind speed impinging on the Tibetan 153 

Plateau. One more interesting point of this result is that the extent of zonal shift in the rainband 154 

is greatest (lowest) in May (July), corresponding with the month-to-month interannual 155 

variability of the upstream zonal wind velocity. 156 

Figure 5 shows the climatological 850-hPa geopotential height (contour) and the composite 157 

difference field of the geopotential height averaged over 850–300 hPa (shading) for normalized 158 

zonal wind index standard deviations above 0.5 and below -0.5 m/s in May, June, and July. The 159 

mass-weighted vertical average of the geopotential height illustrates the barotropic Rossby 160 

wave response affected by upstream zonal wind forcing. The pattern of the composite 161 

geopotential height anomaly averaged over 850–300 hPa was similar to that at 850 hPa (not 162 

shown). Since the zonal geopotential height gradient represents the strength of the meridional 163 

wind, this region is of interest. In May, this positive gradient anomaly appears over the region 164 

from 150ºE 20ºN to 165ºE 30ºN (Fig. 5), which is consistent with the positive precipitation 165 

anomaly region (Fig. 4). The positive geopotential height gradient region extends from 130 ºE 166 

20 ºN to the northeast in June and from 130 ºE 25 ºN to 140 ºE 30 ºN in July (Fig. 5). In both 167 

June and July, these gradient regions overlapped the anomalous precipitation domain. In July, 168 

more rain occurs over the monsoon rainband (Fig. 4c); however, the western part of the 169 

rainband (extending from China to Korea) shows a very slight eastward shift, whereas the 170 

eastern part shows a considerable eastward shift. Enhanced precipitation over the western part 171 

of the rainband is due to the intensified geopotential height meridional gradient (Fig. 5c), which 172 

leads to a stronger confrontation between two air masses with different thermodynamic 173 

properties over this region (Seo et al. 2015). 174 

 175 

5. Conclusion and discussion 176 

In this study, we showed that the zonal location of the EASM rainband is impacted by 177 

changes in the speed of the westerly wind impinging on the Tibetan Plateau at an interannual 178 

timescale. The EASM rainband is formed between low and high geopotential heights, and this 179 

stationary atmospheric wave pattern is shifted eastwards as the upstream wind speed 180 

strengthens (Fig. 6). In July, the Rossby wave phase shift was smaller than that observed in 181 

May or June due to a smaller variation in the upstream westerly wind speed. 182 
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The horizontal shape of the monsoon rainband in May and June can be depicted as a straight 183 

line from the southwest to the northeast; however, in July the rainband shows a peculiar stepped 184 

structure, as shown in Fig. 4. The July rainfall pattern may be related to the zonally disparate 185 

distribution of air masses. The frontal system over the western portion of the EASM rainband 186 

is formed by the warm continental and tropical monsoon air masses; however, the eastern front 187 

is developed by the confrontation of the warm North Pacific and cold Okhotsk air masses (Seo 188 

et al. 2015; Tomita et al. 2011).  189 

Topographically forced stationary Rossby wave theory is the essential mechanism for the 190 

generation and evolution of the EASM rainband. In particular, this dynamical mechanism may 191 

be one of the most fundamental processes and this explains not only climatological 192 

characteristics of the EASM but also its interannual variability. Therefore, if we observe the 193 

upstream westerly wind speed impinging on the Tibetan Plateau, the location and precipitation 194 

anomaly of the EASM rainband can be estimated. As shown in Fig. 2, interannual variability 195 

is dominant in both impinging zonal wind speed and EASM precipitation; however, global 196 

warming may also change the meridional distribution of the surface temperature, westerly wind 197 

speeds, and EASM precipitation in the future. Therefore, a more explicit understanding of the 198 

Rossby wave and the role of upstream westerly wind speeds is needed to estimate future 199 

changes in the EASM. 200 

 201 
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Figures 282 

 283 

Figure 1. Theoretical prediction of the geopotential height calculated using zonal wind speeds 284 

from 6–26 m/s (top panel) and Eurasian topography along 30ºN (bottom panel). The thick line 285 

sections in the top panel represent regions with a positive geopotential height gradient.  286 
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 287 

Figure 2. (a) Climatological precipitation (shading) and 200-hPa westerly winds (contour) 288 

averaged over May, June, and July (MJJ). The black contour denotes topography exceeding 289 

1500 m altitude, westerly winds impinging on the Tibetan Plateau are denoted by the purple 290 

box [60–80ºE 27.5–35ºN], and the domain for East Asian summer monsoon (EASM) 291 

precipitation is denoted by the red box [115–140ºE 20–40ºN]. (b) Domain averaged 292 

climatological monthly mean 200-hPa westerly wind speeds and interannual variation (±1.0 293 

standard deviation; denoted by the red error bars) for winds impinging the Tibetan Plateau. (c) 294 

Time series of monthly mean 200-hPa westerly wind speeds in May, June, and July for winds 295 

impinging the Tibetan Plateau. (d) and (e) are the same as (b) and (c), respectively, except they 296 

show East Asian domain averages of precipitation. 297 

  298 
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 299 

Figure 3. Composite surface temperature differences between years with normalized zonal 300 

wind index standard deviations above 0.5 and below -0.5 m/s in May, June, and July. Hatching 301 

represents regions that are significant at the 95 % confidence level.  302 
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 303 

Figure 4. Climatological mean precipitation (contour), and the composite difference in 304 

precipitation (shading) between years with normalized zonal wind index standard deviations 305 

above 0.5 and below -0.5 m/s in May, June, and July. Hatching represents regions that are 306 

significant at the 95 % confidence level. The solid red line represents the climatological 307 

precipitation peak (i.e., solid black line) and the dotted red line shows the precipitation peak 308 

for the composite difference (i.e., shading) in each month.  309 
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 310 

Figure 5. Climatological mean 850-hPa geopotential height (contour), and the composite 311 

difference in the mean 850–300 hPa geopotential height between years with normalized zonal 312 

wind index standard deviations above 0.5 and below -0.5 m/s in May, June, and July. Hatching 313 

represents regions that are significant at the 95 % confidence level.   314 
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 315 

Figure 6. Schematic showing the eastward shift in the Rossby wave phase due to increased 316 

zonal wind forcing. 317 



Figures

Figure 1

Theoretical prediction of the geopotential height calculated using zonal wind speeds from 6–26 m/s (top
panel) and Eurasian topography along 30ºN (bottom panel). The thick line sections in the top panel
represent regions with a positive geopotential height gradient.



Figure 2

(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 [60–80ºE 27.5–35ºN], and the domain
for East Asian summer monsoon (EASM) precipitation is denoted by the red box [115–140ºE 20–40ºN].
(b) Domain averaged climatological monthly mean 200-hPa westerly wind speeds and interannual



variation (±1.0 standard deviation; denoted by the red error bars) for winds impinging the Tibetan
Plateau. (c) 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 (c), respectively, except they show East
Asian domain averages of precipitation. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 3

Composite surface temperature differences between years with normalized zonal wind index standard
deviations above 0.5 and below -0.5 m/s in May, June, and July. Hatching represents regions that are
signi�cant at the 95 % con�dence level. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 4

Climatological mean precipitation (contour), and the composite difference in precipitation (shading)
between years with normalized zonal wind index standard deviations above 0.5 and below -0.5 m/s in
May, June, and July. Hatching represents regions that are signi�cant at the 95 % con�dence 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 difference (i.e., shading) in each month. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 5

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. Hatching represents regions that are signi�cant at
the 95 % con�dence level. Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning



the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.

Figure 6

Schematic showing the eastward shift in the Rossby wave phase due to increased zonal wind forcing.


