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Abstract 28 

29 

By using multiple sets of assimilation and reanalysis data, the spatial distribution 30 

and temporal evolution of the precipitation over the Tibetan Plateau (TP) in boreal 31 

summer are investigated. The results show that, the climatological precipitation tends 32 

to increase towards the southeast, while it increases in the morning, reaches a peak 33 

around 21 Beijing Time Coordinate (BTC), and tends to decay after midnight in the 34 

diurnal time scale. To understand the roles of atmospheric dynamic and thermodynamic 35 

processes in causing the diurnal variation of summer precipitation over the southeastern 36 

TP, the atmospheric precipitation and moisture budget are conducted. The budget result 37 

shows that, there is a good corresponding relationship between the precipitation and 38 

moisture tendency in the night, and the anomalous vertical motion has a key effect on 39 

the diurnal variation of the precipitation. In the developing phase of the anomalous 40 

ascending motion (17-20 BTC), the anomalous linear vorticity (temperature) 41 

advections over the southeastern TP contribute to the anomalous ascending motion, and 42 

the major contribution arises from the anomalous vorticity (temperature) field over the 43 

western TP. Due to the negative zonal vorticity (temperature) gradient, the mean 44 

westerly winds induce positive advection that support the ascending motion. 45 

46 

Keywords: Tibetan Plateau; Summer precipitation; Diurnal variation; Diagnostic 47 

analysis; Mechanism. 48 

49 
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Introduction 50 

The diurnal variation of precipitation is one of the largest variabilities in the global 51 

and regional climate systems and its fundamental dynamics have been studied in great 52 

deal in past decades (e.g., Hann, 1901; Kiner, 1916; Ramage, 1952; Houze, 1993, 1997; 53 

Tao et al., 1993). It is widely known that the diurnal variation of precipitation in China, 54 

including its seasonal (Geng and Yamada, 2007; Chen et al., 2009; Yuan et al., 2010; 55 

Bao et al., 2011) and regional (Fujinami et al., 2005; Zhou et al., 2008; Yuan et al., 56 

2012a) characteristics, arises from the physical characteristic of precipitation (Yu et al., 57 

2010, 2014), the distribution of land-sea and topography (Wu et al., 2006, 2007; Singh 58 

and Nakamura, 2009; Huang et al., 2010; Yuan et al., 2012b), and the forcing of lower 59 

level atmospheric circulation (Krishnamurti and Kishtawal, 2000; Ding et al., 2001; Yu 60 

et al., 2007). 61 

As the highest and largest terrain area in the world, the Tibetan Plateau (TP) has a 62 

key effect on the synoptic-climate system (Murakami, 1987; Yanai et al., 1992; Wu and 63 

Zhang, 1998, 1999). It is known that the summer precipitation accounts for more than 64 

60% of the annual precipitation over the TP, and its mechanism arises from either the 65 

synoptic systems, including the South Asia high, the 500 hPa high over the plateau, the 66 

plateau shearline, the plateau vortex and the mesoscale convective systems over the 67 

plateau (Fujinami and Yasunari, 2001; Ueno et al., 2001; Zhu et al., 2003a, b; Zhang et 68 

al., 2016; Li et al., 2019; Ma et al., 2020; Yao et al., 2020), or the topographic forcing 69 

of the plateau, as well as the mesoscale topographic forcing (Shu et al., 2006; Wang et 70 

al., 2011). 71 
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In previous studies, emphasis was put on the qualitative analysis of synoptic 72 

system effect and topographic forcing, and also lack of the grided high resolution data. 73 

The objective of the present study is to reveal the roles of large-scale atmospheric 74 

dynamic and thermodynamic forcing effects in causing the diurnal variation of summer 75 

precipitation over the TP. To achieve this goal, by using multiple sets of assimilation 76 

and reanalysis data, a quantitative analysis (the precipitation-moisture budget analysis) 77 

is carried out. In particular, we intend to address the following scientific questions: 78 

What are the observed spatial and temporal distributions of summer precipitation over 79 

the TP? What are the mechanisms responsible for the diurnal variation of the 80 

precipitation? 81 

The paper is organized as follows. It is the datasets and analysis methods used in 82 

section 1. Section 2 illustrates the observed characteristics of diurnal variation of 83 

summer precipitation over the TP. The physical causes of the diurnal variation are 84 

explored in section 3. Finally, discussion and conclusion are shown in the last section. 85 

86 

1 Data and methods 87 

The primary precipitation datasets used in this study are the Tropical Rainfall 88 

Measuring Mission (TRMM) 3B42 Version 7 derived from the National Aeronautics 89 

and Space Administration (NASA) and National Space Development Agency (NSDA), 90 

and the Modern-Era Retrospective analysis for Research and Applications Version 2 91 

(MERRA-2) derived from the NASA and Global Modeling and Assimilation Office 92 

(GMAO). The TRMM product has an average 0.25°×0.25° resolution with 3hr time 93 

resolution, and it ranges from 1998 to present (Kummerow and Barnes, 1998). While 94 
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the MERRA-2 dataset has an average 0.625°×0.5°×42-level resolution with 1-3hr in 95 

the time step, and it is available from 1980 to present (Gelaro et al., 2017). The 96 

atmospheric data is also from the MERRA-2 reanalysis product. 97 

To understand the relative roles of atmospheric moisture and circulation effects on 98 

the diurnal variation of summer precipitation over the TP, we analyze the precipitation 99 

and moisture budget. The precipitation equation may be written as 100 

PRECTOT = EVAP − (DQIDTPHY + DQLDTPHY + DQVDTPHY) + QTFILL (1) 101 

where PRECTOT  denotes the total precipitation rate at the surface, EVAP102 

denotes the upward turbulence water vapor flux at the surface, (DQIDTPHY,103 

DQLDTPHY, and DQVDTPHY)  represent the vertical integrated water (solid, liquid, 104 

and vapor phase) tendency, and QTFILL denotes the residual term. 105 

In boreal summer, the tendencies of solid and liquid water are relatively small, 106 

which can be neglected, thus the moisture equation may be written as 107 

(DQVDT_PHY)′ =
∂q′∂t + (u̅

∂q′∂x + u′ ∂q̅∂x + u′ ∂q′∂x ) + (v̅
∂q′∂y + v′ ∂q̅∂y + v′ ∂q′∂y ) + (ω̅ ∂q′∂p + ω′ ∂q̅∂p +ω′ ∂q′∂p ) (2) 108 

where q and (u, v, ω) denote the atmospheric moisture and three-dimensional 109 

wind and velocity, the prime ( ′ ) and bar ( ̅  ) represent the diurnal anomaly and 110 

climatological summer mean state respectively, and all of these terms in this equation 111 

are calculated based on the 1000-100hPa vertical integrated. 112 

113 

2 Observed characteristics of diurnal variation of summer precipitation over TP 114 

The spatial distribution characteristics of summer mean precipitation (Fig. 1a, b) 115 

show that, a significant difference occurred between northwest and southeast areas over 116 
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the TP. The monthly mean precipitation is less than 30mm in the northwest, whereas it 117 

tends to increase towards the southeast. The maximum precipitation exceeds 150mm 118 

per month, with two centers located around Linzhi and north of Hengduan Mountains. 119 

Compared with TRMM and MERRA-2 datasets, it can be clearly seen that, both of 120 

them have similar spatial distribution, while the intensity of summer precipitation is 121 

relatively larger in MERRA-2. It may partly due to the overestimate of water vapor flux, 122 

which associated with the lower resolution in MERRA-2. The result (Fig. 1c, d) shows 123 

that, both of TRMM and MERRA-2 has the similar spatial distribution of the standard 124 

deviation of summer precipitation rate over the TP in diurnal time scale. The standard 125 

deviation tends to increase southeastward, with maximum valve exceeds 0.2 mm/hour 126 

in TRMM, and 0.3 mm/hour in MERRA-2 respectively. 127 

To illustrate the common features of diurnal variation of summer precipitation over 128 

the TP, an Empirical Orthogonal Functions (EOF) analysis is conducted. The first mode 129 

of EOF analysis (EOF-1) can explain 70-80% of the variance in both TRMM and 130 

MERRA-2 datasets, which can reflect the temporal and spatial distributions of summer 131 

precipitation in diurnal time scale. The spatial pattern of EOF-1 mode (Fig. 2a, b) bears 132 

many similarities with the distribution of climate mean precipitation (Fig. 1). The 133 

diurnal variation gradually increased towards the southeast, with two maximum centers 134 

located in (94ºE, 30ºN) and (101ºE, 29ºN). 135 

The temporal evolutions of diurnal variation of summer precipitation over the TP 136 

are displayed in Fig. 2c, d. It can be clearly seen that, the summer rainfall increases in 137 

the morning, reaches a peak around 21 Beijing Time Coordinate (BTC), and tends to 138 
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decay in the night in both TRMM and MERRA-2 products. Previous studies (e.g., Yu 139 

et al. 2014) have pointed out that, there is a fast growth but slow decay occurred in 140 

diurnal variation of precipitation, thus TRMM is more objective to approach the 141 

observation. 142 

143 

3 Mechanisms responsible for the diurnal variation of summer precipitation over 144 

the southeastern TP 145 

To understand the roles of atmospheric processes in causing the diurnal variation 146 

of summer precipitation over the southeastern TP, we analyze the atmospheric moisture 147 

budget. Based on the spatial distribution of mean precipitation and EOF-1 analysis, the 148 

southeastern TP region (90º~104ºE，27º~36ºN，H>2500m) is selected. The result 149 

shows that, the summer rainfall starts to increase at 09 BTC, reaches a peak at 21 BTC, 150 

and then tends to decay (Fig. 3a). In the reanalysis data, the total precipitation rate at 151 

the surface (PRECTOT) includes contributions from convective and large-scale rain 152 

and snow, and the upward turbulence water vapor flux at the surface (evaporation from 153 

turbulence, EVAP), the vertical integrated water (solid, liquid, and vapor phase) 154 

tendency (DQIDT_PHY, DQLDT_PHY, and DQVDT_PHY), and a small residual 155 

value (QTFILL) will occur in the budget. A further examination of the total 156 

precipitation from atmospheric model physics shows that, both the evaporation and 157 

water vapor tendency contribute equally to the diurnal variation of precipitation, while 158 

the other terms are small. 159 

As shown in Fig. 3, there is a significant evolution asymmetry between daytime 160 

and nighttime in the diurnal variation of the EVAP. It starts to develop at 08 BTC, 161 
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reaches a peak at 14 BTC, and has a rapid decay in the afternoon. In the nighttime, the 162 

evaporation is close to zero, which indicates that it is saturated during this period. The 163 

growth of the evaporation at the surface tends to increases the precipitation in the 164 

daytime over the southeastern TP. However, due to the lack of the evaporation effect in 165 

the night, there is a good corresponding relationship between the precipitation and water 166 

vapor tendency after 17 BTC. 167 

To illustrate the common features of atmospheric moisture over the TP, we first 168 

plot the vertical integrated mean moisture flux and its divergence in boreal summer (Fig. 169 

4). As one can see, the major climate systems that affecting the water vapor transport 170 

over the TP lie in the Indian summer monsoon and mid-latitude westerly in boreal 171 

summer, that is, the water vapor located in the Indian Ocean can be transported 172 

northward by monsoon, whereas the westerly system transports the upstream water 173 

vapor eastward to the TP. As a result, the net inflows of water vapor occurred in the 174 

south and west boundary of the TP, and outflow in the east boundary. There is a 175 

convergence of water vapor in the southeastern TP region, which indicates that it is a 176 

water vapor sink in summer. 177 

The moisture flux and divergence over the TP also have significant characteristics 178 

in diurnal time scale (Fig. 5). In the morning (08-11 BTC), due to the net outflows of 179 

moisture from the boundary of the TP, it is an anomalous moisture source over the TP, 180 

but a sink in the south of Himalayas (Fig. 5a, b). As a consequence of the phase 181 

transition at 14 BTC (Fig. 5c), an anomalous moisture sinks with inflows from the 182 

southern and western boundary occurred over the TP, and tends to shift westward in the 183 
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afternoon (Fig. 5d-f). In the night (02-05 BTC), the sink of the moisture transfers to the 184 

surrounding regions of the TP again, which can be referred as the second transition 185 

phase (Fig. 5g, h). 186 

The moisture budget analysis is adopted to understand the role of atmospheric 187 

dynamic process in causing the growth of moisture in the afternoon (17-20 BTC). The 188 

primary mechanism for the variation of moisture tendency is anomalous vertical 189 

moisture advection term (−(𝜔 𝜕𝑞 𝜕𝑝⁄ )′ ), while the anomalous horizontal moisture 190 

advection terms (−(𝑢 𝜕𝑞 𝜕𝑥⁄ )′ and −(𝑣 𝜕𝑞 𝜕𝑦⁄ )′) can be neglected. The anomalous 191 

vertical moisture advection term can be further decomposed into three terms, and the 192 

major contributor is anomalous vertical advection induced by anomalous ascending 193 

motion (−𝜔′ 𝜕�̅� 𝜕𝑝⁄ ), which indicates the anomalous vertical motion has a key effect 194 

on the diurnal variation of the precipitation (Fig. 6). 195 

There is a significant diurnal variation of ascending motion occurred over the TP 196 

(Fig. 7). In the morning (08-11 BTC), it is anomalous descending motion over the TP, 197 

and the centers located in the south and north slopes of TP at 850-700hPa (Fig. 7a, b). 198 

Due to the phase transition at 14 BTC (Fig. 7c), the anomalous ascending motions with 199 

two branches occurred over the TP at 500-400hPa in the afternoon (Fig. 7d-f). In the 200 

night (02-05 BTC), the anomalous ascending motion tends to transfer to descending 201 

one over the TP in the second transition phase (Fig. 7g, h). 202 

To clearly understand the roles of atmospheric processes in affecting the diurnal 203 

variation of anomalous vertical motion, the distributions of atmospheric vorticity 204 

advection and circulation are displayed in Figure 8. It can be seen that, the anomalous 205 
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horizontal vorticity advection increases with height over the southeast TP in the 206 

afternoon (17-20 BTC), which may contribute to the anomalous ascending motion (Fig. 207 

8a). To examine whether the positive vorticity advection is attributed to anomalous 208 

circulation or anomalous vorticity field, we calculated their relative contributions 209 

separately (Fig. 8b-c, Tab. 1). The result shows that, the major contribution arises from 210 

the anomalous vorticity field (−𝑉 ⃑̅ ∇𝜁′, Fig. 8b). There are pronounced mean westerly 211 

wind over the TP in boreal summer. Because the anomalous zonal vorticity gradient is 212 

negative ( ∂𝜁′ ∂x⁄ < 0 ), the mean westerly winds induce positive advection 213 

( −�̅� ∂𝜁′ ∂x⁄ > 0 ). Meanwhile, the anomalous vorticity advection induced by 214 

anomalous circulation (−𝑉 ⃑ ′∇𝜁,̅ Fig. 8c) also has positive contribution, but is relatively 215 

small. And the nonlinear process (−𝑉 ⃑ ′∇𝜁′, Fig. 8d) has no effect on the anomalous 216 

ascending motion (Tab. 1). 217 

In addition to the anomalous vorticity advection effect, the anomalous temperature 218 

advection effect also contributes greatly to the diurnal variation of ascending motion. 219 

Figure 9a shows the spatial distribution of anomalous atmospheric temperature 220 

advection at 400hPa, and the warm advection can induce anomalous ascending motion 221 

over the southeastern TP. To demonstrate whether the warm advection is attributed to 222 

atmospheric circulation or temperature anomaly field, their relative contributions are 223 

conducted separately (Fig. 9b-c, Tab. 2). As one can see, the major contribution arises 224 

from the anomalous linear terms (−𝑉 ⃑̅ ∇𝑇′  and −𝑉 ⃑ ′∇�̅� , Fig. 9b-c), whereas the 225 

nonlinear process (−𝑉 ⃑ ′∇𝑇′ , Fig. 9d) has negative contribution to the anomalous 226 

ascending motion (Tab. 2). In the anomalous atmospheric temperature field, the west is 227 
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warmer than the east over the TP, thus the anomalous zonal temperature gradient is 228 

negative (∂𝑇′ ∂x⁄ < 0), and the warm mean westerly can support the ascending motion 229 

(−�̅� ∂𝑇′ ∂x⁄ > 0). Meanwhile, due to the anomalous divergence wind at 400hPa over 230 

the southeastern TP, the anomalous warm advection induced by anomalous southerly 231 

has positive contribution (−𝑣′ ∂�̅� ∂y⁄ > 0). 232 

Due to the decrease of the ascending motion, the precipitation tends to reduce over 233 

the southeastern TP after midnight (02-05 BTC). The budget results show that, the 234 

temporal evolution of the anomalous vertical motion is associated with the diurnal 235 

variations of anomalous atmospheric circulation and temperature field (Fig. 10-11, Tab. 236 

3-4). In the developing phase of the anomalous descending motion (02-05 BTC), there 237 

is an anomalous negative atmospheric vorticity occurred over the TP, with a minimum 238 

center in the west (Fig. 10b). As a result, the anomalous zonal vorticity gradient 239 

transforms into positive (∂𝜁′ ∂x⁄ > 0 ), and the anomalous descending is mainly 240 

attributed to the anomalous negative vorticity advection induced by mean westerly wind 241 

(−�̅� ∂𝜁′ ∂x⁄ < 0; Tab. 3). Meanwhile, due to the anomalous convergence wind over the 242 

southeastern TP at night (Fig. 11c), the anomalous cold advection induced by 243 

anomalous northerly also has a great contribution to anomalous descending motion 244 

(−𝑣′ ∂�̅� ∂y⁄ < 0; Tab. 4).245 

An interesting phenomenon is that the peak phase of diurnal precipitation over the 246 

TP is 4-5 hours behind the strongest ascending motion. As compared, the Yangtze-247 

Huaihe River basin which has the same latitude (110º~123ºE, 28º~34ºN) is selected. It 248 

can be seen that the peak phase of precipitation over the TP appears around 21 BTC, 249 
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and the minimum value appears at 09 BTC (Fig. 6, 12a). In contrast, the maximum 250 

diurnal precipitation in the Yangtze-Huaihe River basin appears in the morning (around 251 

08 BTC), and the minimum value appears at night (at 22 BTC; Fig. 12b). The distinctive 252 

evolutions of diurnal precipitation between TP and Yangtze-Huaihe River basin may 253 

arise from the different atmospheric moisture conditions. In the TP, the water vapor is 254 

relatively thin. When the vertical movement reaches a peak (17 BTC), the water vapor 255 

in the lower layer of the atmosphere has not yet reached saturation. As a result, there is 256 

a phase lag occurred between the strongest ascending motion and the most abundant 257 

moisture condition. However, in the Yangtze-Huaihe River Basin, where the moisture 258 

is more abundant, the diurnal precipitation reaches a peak along with the strongest 259 

ascending motion. 260 

261 

4 Conclusions and discussions 262 

By using multiple sets of assimilation and reanalysis data (TRMM 3B42 V7 and 263 

MERRA-2), the spatial distribution and temporal evolution of the summer precipitation 264 

over the TP are conducted. The results show that, the monthly mean precipitation tends 265 

to increase towards the southeast, with two centers located around Linzhi and north of 266 

Hengduan Mountains. The EOF analysis result also shows that summer precipitation 267 

over the TP has a significant characteristic of diurnal variation, while the summer 268 

rainfall increases in the morning, reaches a peak around 21 BTC, and tends to decay 269 

after midnight. 270 

To understand the roles of atmospheric dynamic and thermodynamic processes in 271 
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inducing the diurnal variation of summer precipitation over the southeastern TP, we 272 

analyze the atmospheric moisture budget. The budget results show that, both the 273 

evaporation and water vapor tendency contribute equally to the diurnal variation of 274 

precipitation. The growth of the evaporation at the surface tends to increases the 275 

precipitation in the daytime, while there is a good corresponding relationship between 276 

the precipitation and water vapor tendency in the night. The primary mechanism for the 277 

variation of moisture tendency is anomalous vertical moisture advection term, and the 278 

anomalous vertical motion has a key effect on the diurnal variation of the precipitation. 279 

There is a significant diurnal variation of ascending motion occurred over the TP, with 280 

anomalous ascending motion within afternoon to night (14-23 BTC), and reduced 281 

vertical motion after midnight (02-11 BTC). The temporal evolution of the anomalous 282 

vertical motion is associated with the diurnal variations of anomalous atmospheric 283 

circulation and temperature field. In the developing phase of the anomalous ascending 284 

motion (17-20 BTC), the anomalous linear vorticity (temperature) advections over the 285 

southeastern TP may contribute to the anomalous ascending motion, and the major 286 

contribution arises from the anomalous vorticity (temperature) field. Because the 287 

anomalous zonal vorticity (temperature) gradient is negative, the mean westerly winds 288 

induce positive advection. In contrast, during the reduced phase of vertical motion (02-289 

05 BTC), due to the significant phase change of atmospheric vorticity (temperature) 290 

field over the western TP, and also the anomalous convergence wind over the 291 

southeastern TP, there are anomalous negative atmospheric vorticity (temperature) 292 

advections occurred, which induced anomalous descending motion. 293 
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There is a significant phase lag occurred between the diurnal variations of the 294 

ascending motion and precipitation over the TP. Compared to the Yangtze-Huaihe River 295 

basin, the water vapor is relatively thin over the TP. When the vertical movement 296 

reaches a peak, the water vapor in the lower layer of the atmosphere has not yet reached 297 

saturation. As a result, the peak phase of diurnal precipitation located within the 298 

moments of the strongest ascending motion and the most abundant moisture condition. 299 

The diurnal variation of the atmospheric vorticity (temperature) field in the west 300 

TP is larger than that in the east, and it has a key effect on the summer precipitation 301 

over the southeastern TP in the diurnal time scale. What physical processes are involved 302 

in the western TP and what is the fundamental mechanism responsible for the difference 303 

of atmospheric condition between the west and east TP will be investigated in future. 304 
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Table captions 409 

TAB. 1. Relative contributions of anomalous horizontal linear (−𝑽  ̅⃑ 𝛁𝜻′ and −𝑽  ⃑ ′𝛁�̅�) 410 

and nonlinear (−𝑽  ⃑ ′𝛁𝜻′ ) vorticity advections in causing the anomalous ascending 411 

motion over the southeastern TP during 17-20 BTC. 412 

413 

TAB. 2. Relative contributions of anomalous horizontal linear (−𝑽  ̅⃑ 𝛁𝑻′ and −𝑽  ⃑ ′𝛁�̅�) 414 

and nonlinear (−𝑽  ⃑ ′𝛁𝑻′) temperature advections in causing the anomalous ascending 415 

motion over the southeastern TP during 17-20 BTC. 416 

417 

TAB. 3. The same as in TAB. 1, but for the anomalous descending motion during 02-418 

05 BTC. 419 

420 

TAB. 4. The same as in TAB. 2, but for the anomalous descending motion during 02-421 

05 BTC. 422 

423 

424 
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Figure captions 425 

FIG. 1. Spatial distributions of summer (a, b) precipitation rate and (c, d) its standard 426 

deviation (unit: mm·hr-1) over the TP. 427 

428 

FIG. 2. The (a, b) spatial distributions and (c, d) time coefficient series of the first 429 

principal component of the EOF analysis of the diurnal variation of summer 430 

precipitation over the TP. 431 

432 

FIG. 3. Diurnal variations of atmospheric water processes during boreal summer area 433 

averaged in the southeastern TP (90º~104ºE, 27º~36ºN, and H>2500m). The 434 

atmospheric water cycle processes (mm·hr-1) include: the total precipitation rate at the 435 

surface (PRECTOT), the upward turbulence water vapor flux at the surface (EVAP), 436 

the vertical integrated water (solid, liquid, and vapor phase) tendency (DQIDT_PHY, 437 

DQLDT_PHY, and DQVDT_PHY), and the residual value (QTFILL). 438 

439 

FIG. 4. The spatial distributions of vertical integrated mean moisture flux (vectors, 440 

kg·m-1
·s-1) and divergence (shading, 10-5 kg·m-2

·s-1) in boreal summer. 441 

442 

FIG. 5. Diurnal variations of vertical integrated anomalous moisture flux (vectors, 443 

kg·m-1
·s-1) and divergence (shading, 10-5 kg·m-2

·s-1) in boreal summer. 444 

445 

FIG. 6. Diurnal variations of the atmospheric moisture budget analysis (mm·hr-1) 446 
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during boreal summer area averaged in the southeastern TP (90º~104ºE, 27º~36ºN). 447 

The budget results include: the anomalous moisture tendency (−∂𝑞′ ∂t⁄  ), zonal 448 

moisture advection (−(𝑢 𝜕𝑞 𝜕𝑥⁄ )′ ), meridional moisture advection (−(𝑣 𝜕𝑞 𝜕𝑦⁄ )′ ), 449 

vertical moisture transport (−(𝜔 𝜕𝑞 𝜕𝑝⁄ )′), and linear and nonlinear processes in the 450 

vertical one (−𝜔′ 𝜕�̅� 𝜕𝑝⁄ ，−ω̅𝜕𝑞′ 𝜕𝑝⁄ ，−𝜔′ 𝜕𝑞′ 𝜕𝑝⁄  ). All of the terms above are 451 

calculated based on the vertical integrated from 1000 to 100hPa. 452 

453 

FIG. 7. Diurnal variations of anomalous ascending motion (shading, Pa·s-1) over the 454 

eastern TP (90º~104ºE). 455 

456 

FIG. 8. The spatial distributions of vorticity (shading, 10-5 s-1) and horizontal circulation 457 

(vectors, m·s-1) at 400hPa during the mature phase of anomalous ascending motion 458 

(17-20 BTC). The (a) change of vorticity advection with height (difference between 459 

400hPa and 500hPa, 10-9 s-2), (b) mean circulation and anomalous vorticity (−𝑉 ⃑̅ ∇𝜁′), 460 

(c) anomalous circulation and mean vorticity (−𝑉 ⃑ ′∇𝜁 ̅), and (d) nonlinear process 461 

(−𝑉 ⃑ ′∇𝜁′). 462 

463 

FIG. 9. The spatial distributions of atmospheric temperature (shading, ºC) and 464 

circulation (vectors, m·s-1) at 400hPa during the mature phase of anomalous ascending 465 

motion (17-20 BTC). The (a) anomalous temperature advection (10-5
ºC·s-1), (b) mean 466 

circulation and anomalous temperature (−𝑉 ⃑̅ ∇𝑇′), (c) anomalous circulation and mean 467 

temperature (−𝑉 ⃑ ′∇�̅�), and (d) nonlinear process (−𝑉 ⃑ ′∇𝑇′). 468 
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FIG. 10. The same as in FIG. 8, but for the developing phase of anomalous descending 469 

motion (02-05 BTC). 470 

471 

FIG. 11. The same as in FIG. 9, but for the developing phase of anomalous descending 472 

motion (02-05 BTC). 473 

474 

FIG. 12. Diurnal variations of summer mean relative humidity (shading, %) and vertical 475 

motion (contours, Pa·s-1) over the (a) southeastern TP (90º~104ºE，27º~36ºN) and 476 

(b) Yangtze-Huaihe Valley (110º~123ºE，28º~34ºN). The green solid lines denote the 477 

peak time of precipitation, while the dashed lines represent the trough one. 478 

479 

480 
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TAB. 1. Relative contributions of anomalous horizontal linear (−𝑽  ̅⃑ 𝛁𝜻′ and −𝑽  ⃑ ′𝛁�̅�) 481 

and nonlinear (−𝑽  ⃑ ′𝛁𝜻′ ) vorticity advections in causing the anomalous ascending 482 

motion over the southeastern TP during 17-20 BTC. 483 

484 

−𝑉 ⃑̅ ∇𝜁′ −𝑉 ⃑ ′∇𝜁 ̅ −𝑉 ⃑ ′∇𝜁′ 𝑆𝑢𝑚
𝑍𝑜𝑛𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 63% -12% -18% 33% 

𝑀𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 22% 27% 18% 67% 

𝑆𝑢𝑚 85% 15% 0% 100% 

485 

486 
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TAB. 2. Relative contributions of anomalous horizontal linear (−𝑽  ̅⃑ 𝛁𝑻′ and −𝑽  ⃑ ′𝛁�̅�) 487 

and nonlinear (−𝑽  ⃑ ′𝛁𝑻′) temperature advections in causing the anomalous ascending 488 

motion over the southeastern TP during 17-20 BTC. 489 

490 

−𝑉 ⃑̅ ∇𝑇′ −𝑉 ⃑ ′∇�̅� −𝑉 ⃑ ′∇𝑇′ 𝑆𝑢𝑚
𝑍𝑜𝑛𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 55% 15% -25% 46% 

𝑀𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 -1% 74% -18% 54% 

𝑆𝑢𝑚 54% 89% -43% 100% 

491 

492 
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TAB. 3. The same as in TAB. 1, but for the anomalous descending motion during 02-493 

05 BTC. 494 

495 

−𝑉 ⃑̅ ∇𝜁′ −𝑉 ⃑ ′∇𝜁 ̅ −𝑉 ⃑ ′∇𝜁′ 𝑆𝑢𝑚
𝑍𝑜𝑛𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 44% -20% 19% 43% 

𝑀𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 32% 40% -15% 57% 

𝑆𝑢𝑚 76% 20% 4% 100% 

496 

497 
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TAB. 4. The same as in TAB. 2, but for the anomalous descending motion during 02-498 

05 BTC. 499 

500 

−𝑉 ⃑̅ ∇𝑇′ −𝑉 ⃑ ′∇�̅� −𝑉 ⃑ ′∇𝑇′ 𝑆𝑢𝑚
𝑍𝑜𝑛𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 -44% 3% 13% -28% 

𝑀𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 6% 106% 16% 128% 

𝑆𝑢𝑚 -38% 109% 29% 100% 

501 

502 



28

503 

FIG. 1. Spatial distributions of summer (a, b) precipitation rate and (c, d) its standard 504 

deviation (unit: mm·hr-1) over the TP.505 

506 

507 
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508 

FIG. 2. The (a, b) spatial distributions and (c, d) time coefficient series of the first 509 

principal component of the EOF analysis of the diurnal variation of summer 510 

precipitation over the TP.511 

512 

513 
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514 

FIG. 3. Diurnal variations of atmospheric water processes during boreal summer area 515 

averaged in the southeastern TP (90º~104ºE, 27º~36ºN, and H>2500m). The 516 

atmospheric water cycle processes (mm·hr-1) include: the total precipitation rate at the 517 

surface (PRECTOT), the upward turbulence water vapor flux at the surface (EVAP), 518 

the vertical integrated water (solid, liquid, and vapor phase) tendency (DQIDT_PHY, 519 

DQLDT_PHY, and DQVDT_PHY), and the residual value (QTFILL).520 

521 

522 
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523 

524 

FIG. 4. The spatial distributions of vertical integrated mean moisture flux (vectors, 525 

kg·m-1
·s-1) and divergence (shading, 10-5 kg·m-2

·s-1) in boreal summer.526 

527 

528 
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529 

FIG. 5. Diurnal variations of vertical integrated anomalous moisture flux (vectors, 530 

kg·m-1
·s-1) and divergence (shading, 10-5 kg·m-2

·s-1) in boreal summer.531 

532 

533 
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534 

FIG. 6. Diurnal variations of the atmospheric moisture budget analysis (mm·hr-1) 535 

during boreal summer area averaged in the southeastern TP (90º~104ºE, 27º~36ºN). 536 

The budget results include: the anomalous moisture tendency ( − ∂𝑞′ ∂t⁄  ), zonal 537 

moisture advection (−(𝑢 𝜕𝑞 𝜕𝑥⁄ )′ ), meridional moisture advection (−(𝑣 𝜕𝑞 𝜕𝑦⁄ )′ ), 538 

vertical moisture transport (−(𝜔 𝜕𝑞 𝜕𝑝⁄ )′), and linear and nonlinear processes in the 539 

vertical one (−𝜔′ 𝜕�̅� 𝜕𝑝⁄ ，−ω̅ 𝜕𝑞′ 𝜕𝑝⁄ ，−𝜔′ 𝜕𝑞′ 𝜕𝑝⁄  ). All of the terms above are 540 

calculated based on the vertical integrated from 1000 to 100hPa.541 

542 

543 
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544 

FIG. 7. Diurnal variations of anomalous ascending motion (shading, Pa·s-1) over the 545 

eastern TP (90º~104ºE).546 

547 

548 
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549 

FIG. 8. The spatial distributions of vorticity (shading, 10-5 s-1) and horizontal circulation 550 

(vectors, m·s-1) at 400hPa during the mature phase of anomalous ascending motion 551 

(17-20 BTC). The (a) change of vorticity advection with height (difference between 552 

400hPa and 500hPa, 10-9 s-2), (b) mean circulation and anomalous vorticity (−𝑉 ⃑̅ ∇𝜁′), 553 

(c) anomalous circulation and mean vorticity (−𝑉 ⃑ ′∇𝜁 ̅), and (d) nonlinear process 554 

(−𝑉 ⃑ ′∇𝜁′).555 

556 

557 
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558 

FIG. 9. The spatial distributions of atmospheric temperature (shading, ºC) and 559 

circulation (vectors, m·s-1) at 400hPa during the mature phase of anomalous ascending 560 

motion (17-20 BTC). The (a) anomalous temperature advection (10-5
ºC·s-1), (b) mean 561 

circulation and anomalous temperature (−𝑉 ⃑̅ ∇𝑇′), (c) anomalous circulation and mean 562 

temperature (−𝑉 ⃑ ′∇�̅�), and (d) nonlinear process (−𝑉 ⃑ ′∇𝑇′).563 

564 

565 
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566 

FIG. 10. The same as in FIG. 8, but for the developing phase of anomalous descending 567 

motion (02-05 BTC).568 

569 

570 
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571 

FIG. 11. The same as in FIG. 9, but for the developing phase of anomalous descending 572 

motion (02-05 BTC).573 

574 

575 
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576 

FIG. 12. Diurnal variations of summer mean relative humidity (shading, %) and vertical 577 

motion (contours, Pa·s-1) over the (a) southeastern TP (90º~104ºE，27º~36ºN) and 578 

(b) Yangtze-Huaihe Valley (110º~123ºE，28º~34ºN). The green solid lines denote the 579 

peak time of precipitation, while the dashed lines represent the trough one.580 

581 


