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Abstract

Seasonal and diurnal variations of the cloud are profoundly affected by the large-scale environment and the local topography. In

this study, the one-year-long simulation was conducted by a two-dimensional Cloud Resolving Model over the eastern Tibetan

Plateau (ETP) and two sub-region of East China (EC), which are the middle and low reaches of the Yangtze River and Pearl

River Delta. It found that deep convections (DCCs) can hardly happen in the cold season over the ETP while it can happen

all the year around over the EC, and it is about 20-30% thinner in the ETP than in the EC. Most of EC rainfall events

(Precipitation Intensity, PI> 2.5 mm hr) relates to DCCs with cloud ice processes during the warm season. Because of the

high elevation, the ETP warm-season freezing level is much lower than that of EC, making a favorable condition for cloud

ice processes. DCCs are responsible for the diurnal variations of warm-season rainfall in all the regions. Warn-season DCCs

have the greatest total cloud water content and frequency in the afternoon over the ETP, resulting in the afternoon peak of

rainfall events. Besides the afternoon peak, rainfall events also have a nocturnal peak due to the DCCs over the ETP in spring,

summer, and autumn. Strong surface heat fluxes around noon can trigger or promote DCCs in spring, summer, and autumn

over the ETP, but only produce cumulus in winter due to the cold and dry environment.
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Abstract 24 

Seasonal and diurnal variations of the cloud are profoundly affected by the large-scale 25 

environment and the local topography. In this study, the one-year-long simulation was conducted 26 

by a two-dimensional Cloud Resolving Model over the eastern Tibetan Plateau (ETP) and two 27 

sub-region of East China (EC), which are the middle and low reaches of the Yangtze River and 28 

Pearl River Delta. It found that deep convections (DCCs) can hardly happen in the cold season 29 

over the ETP while it can happen all the year around over the EC, and it is about 20-30% thinner 30 

in the ETP than in the EC. Most of EC rainfall events (Precipitation Intensity, PI> 2.5 mm hr-1) 31 

relates to DCCs with cloud ice processes during the warm season. Because of the high elevation, 32 

the ETP warm-season freezing level is much lower than that of EC, making a favorable condition 33 

for cloud ice processes. DCCs are responsible for the diurnal variations of warm-season rainfall 34 

in all the regions. Warn-season DCCs have the greatest total cloud water content and frequency 35 

in the afternoon over the ETP, resulting in the afternoon peak of rainfall events. Besides the 36 

afternoon peak, rainfall events also have a nocturnal peak due to the DCCs over the ETP in 37 

spring, summer, and autumn. Strong surface heat fluxes around noon can trigger or promote 38 

DCCs in spring, summer, and autumn over the ETP, but only produce cumulus in winter due to 39 

the cold and dry environment.  40 
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1. Introduction  41 

The Tibetan Plateau (TP) is discovered as an important heat source in boreal summer and 42 

heat sink in winter due to its towering and expansive topography [Luo and Yanai 1984; Ge et al., 43 

2019, Wang et al., 2019, Wu et al. 2012; Zhao and Chen 2001]. During the warm season, the TP 44 

acts as a great heating source in the middle troposphere and provides an effective driving force 45 

for the upward motion, which could be a complementary forcing for the cloud development and 46 

even act as a critical player the deep convection under particular conditions over the TP [Chen et 47 

al. 2017b; Luo and Yanai 1983, 1984; Fu et al. 2020].  On the other hand, the grand surface of 48 

the TP is a great heat sink during winter [Yanai and Tomita 1998; Wu et al. 2019], which will 49 

make the atmosphere stable and impose a negative effect on the cloud development. The 50 

particular terrain of the TP as well as the large-scale circulation will lead to distinguished 51 

seasonal variations in cloud systems. Previous studies have suggested that the precipiatation over 52 

the TP, espically for the heavy rainfall, shows solid relationship to the moisture transported from 53 

the south. This process closely related to circulation and moisture condition over the India  54 

peninsula, which depens on the India Summer Monsoon (ISM) activities. Similarly, affected by 55 

the East Asia Monsoon (EAM), East China shows remarkable seasonal variations in cloud 56 

features (e.g., cloud cover, cloud water, precipitation) [Huang and Chan 2012]. During the warm 57 

season, there are amount of water vapor transported from the ocean by the monsoon circulation, 58 

resulting in more frequency of high cloud water content and plenty precipitation. Therefore, 59 

drastic seasonal variations in the cloud systems are expected over the East China because of the 60 

activities of the monsoon circulation [Chen et al. 2011; Ding 1992]. 61 

 62 
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Cloud, which includes plenty of hydrometeor particles and water vapor, is important 63 

player in the earth-atmosphere energy balance through absorbing or reflecting the radiation.  64 

Cloud also acts as a key role in the water cycle and modifies the energy budget through 65 

releasing/consuming heat in water phase transition processes in cloud generation and 66 

precipitation processes [Dai 2001; Dai et al. 1999]. The macroscopic climatological properties 67 

(e. g., cloud cover, cloud water path) of cloud over the East China have been widely studied [Dai 68 

et al. 2007; Zhou et al. 2008]. Because precipitation over most of China occurs mainly from June 69 

to August [Tao and Chen 1987; Ding 1992] and the diurnal cycle is strongest during the summer 70 

[Dai et al. 2007], most previous studies focus on the characteristics of precipitation in the warm 71 

season [Zhou et al. 2008]. It has been reported that the diurnal harmonic dominates daily 72 

variations of precipitation over most of eastern China. For example, a late-afternoon maximum 73 

over southeastern and northeastern China, and a near-midnight maximum over the eastern 74 

periphery of the Tibetan Plateau are seen in rain gauge measurements [Zhou et al. 2008]. 75 

Nocturnal precipitation is also reported by previous studies [e.g., Chen et al. 2018; Singh and 76 

Nakamura 2009]. The cloud and precipitation closely link to the large-scale circulation and local 77 

environment (e.g., land use, terrain) and their characteristics will differ from place to place [Chen 78 

et al. 2017a; Dai 2001; Dai et al. 2007]. The particular effects of the TP’s topography (e.g, 79 

surface heating, terrain blocking) profoundly affect the seasonal variations and diurnal structure 80 

of cloud system and precipitation [Fujinami et al. 2005; Xu and Zipser 2010].  However, the 81 

detailed and systematic seasonal characteristics of the cloud system over the TP are still need to 82 

be further investigated, e.g., the cloud properties that caused the diurnal cycle of precipitation in 83 

different seasons.  84 

 85 
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The objectives of the study are to simulate seasonal and diurnal variations of clouds and 86 

precipitation over two distinct regions (ETP and EC) using the cloud-resolving model, and to 87 

understand the impacts of large-scale circulation, topography and physical processes on the 88 

precipitation and cloud characteristics. The paper is organized as follows. Section 2 describes the 89 

datasets and model configuration.  Seasonal and diurnal variations of precipitation and clouds are 90 

discussed in Section 3 and Section 4, respectively. Summary and discussion are given in Section 91 

5.   92 

 93 

2. Data and Model 94 

a. Model descriptions 95 

Usually, the cloud-scale simulation of year-long period could consume plenty of 96 

calculation and storage resource, and it is expansive to complete such experiments. In this study, 97 

a two-dimensional cloud-resolving model (CRM) is employed to conduct the year-long cloud-98 

scale simulation. This model is an anelastic cloud model version originally developed by Clark et 99 

al. [1996] and was imposed with large-scale forcing and the modifications to physical processes 100 

for the long-term simulations of cloud systems [e.g., Grabowski et al. 1996; Wu et al. 1998; Wu 101 

et al. 2007; Wu et al. 1999]. The Kessler-type bulk warm rain parameterization [Kessler 1969] 102 

and the Koenig-Murray bulk ice parameterization [Koenig and Murray 1976] are involved in the 103 

model. Two classes of ice, referred to as ice A and ice B, are considered by the model, for which 104 

both the mixing ratio and the number concentration equations are solved. Ice A field (typically 105 

associated with unrimed or lightly rimed ice particles) is formed by either heterogeneous 106 

nucleation of pristine ice crystals, and ice B is usually associated with heavily rimed particles 107 

(e.g., graupel) of fast-falling speed and high-density, which originates from the interaction of the 108 
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rain field with the ice A. The surface heat fluxes in the model is calculated by the 109 

parameterization based on the study of Liu et al. [1979]. However, this parameterization is 110 

developed for the tropical ocean regions is not suitable over the land. For simplification, the 111 

surface heat fluxes are prescribed by the ERA-Interim surface heat fluxes dataset in the model. 112 

More detailed information about this model can refer to the cited literatures [e.g., Clark et al. 113 

1996; Chen et al. 2017b]. 114 

 115 

b. Data and experimental designs 116 

The model is forced by the large-scale advection terms, which mimics the effects of the 117 

large-scale flow on the temperature and moisture fields [e.g., Yanai et al. 1973]. Here, the large-118 

scale horizontal and vertical advection of temperature and moisture is computed from the ERA-119 

Interim reanalysis (hereafter ERAINT) [Dee et al. 2011]. According to the study of Yanai and 120 

Tomita [1998], the calculation results are sensitive to the p-velocity. Therefore, the p-velocity is 121 

recalculated from the horizontal divergence by vertically integrating the continuity equations. 122 

The detailed descriptions of the calculation processes are referred to Yanai and Tomita [1998] 123 

and Chen et al. [2015].  124 

 125 

Based on the previous studies [Chen et al. 2017, 2019], the model performance shows 126 

great dependency on the reliability of the input data and varies in different regions. Therefore, 127 

the eastern Tibetan Plateau (ETP) is selected to investigate the cloud seasonal variations over the 128 

TP. The weather and climate of East China are profoundly affected by the EAM [Ding 1992]. 129 

According to the invading processes and route of EAM, the Pearl River Delta (PRD) and the 130 

Middle and Lower reaches of Yangtze River (MLYR) are influenced by the EAM in different 131 
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degrees. Usually, the PRD is firstly affected by the monsoon circulation in early May and the 132 

effects of EAM fade away in September [Ding and Chan, 2005]. The MLYR is a flatland in East 133 

China and is famous in the meteorology field for the Meiyu period during the early summer, 134 

which also is a distinct seasonal characteristics for this region. These three regions are shown in 135 

Fig. 1 and they experience different circulation patterns and moisture conditions, which will lead 136 

to distinguishing cloud and precipitation Then, one-year simulation (2010) is conducted for each 137 

region to examine the physical processes responsible for the cloud variations. 138 

 139 

3. Seasonal variations of precipitation and clouds 140 

Figure 2 shows the year-long daily precipitation from simulations, TRMM observations 141 

and ERAINT reanalysis system. The model can capture the seasonal variations of the 142 

precipitation for  PRD, MLYR and ETP, and shows a better performance over the MLYR, which 143 

has a highest correlation coefficient (0.44) with the TRMM dataset among all the regions. 144 

Comparing to TRMM dataset, the model underestimated the heavy rainfall events over these 145 

three regions (e.g., 21/May of PRD, 17/Dec of MLYR and 21/May of ETP in Fig. 2). The large-146 

scale forcing used to drive the model is computed from the ERAINT reanalysis dataset. 147 

Therefore, the simulated precipitation displays a similar evolutions with the ERAINT (Fig. 2). 148 

On the other hand, the uncertainties of the reanalysis dataset can be brought into the model 149 

results. For example, when the reanalysis lost its reliability (e.g., the rainfall event around 8/Oct. 150 

of PRD), the model does not reproduce the precipitation like the observation. The ETP 151 

experiences a dryer climate than that of MLYR and PRD (Fig. 2), and its precipitation mostly 152 

concentrated in the period from May to August. While heavy rainfall events (> 10 mm d-1) 153 

occurres during the cold season (e.g., December) in the flatland (e.g., PRD and MLYR). 154 



 8 

Comparing with MLYR and PRD, the model and the ERAINT show wet biases over the ETP as 155 

well as the ERAINT (Fig. 2c). According the study of Gao and Liu [2013], the TRMM 156 

precipitation generally tends to overestimate light rainfall (0-10 mm d-1) and underestimate 157 

moderate and heavy rainfall (>10mm d-1). These features would bring some uncertainties to the 158 

assessment of the rainfall amount. Overall, the model captures the features of the seasonal 159 

rainfall evolutions over these three regions with some biases in the simulated rainfall amount 160 

(Fig. 2). 161 

 162 

Figure 3 presents the monthly averaged profiles of total cloud water content (TCWC) and 163 

the temperature for three regions. Evolutions of temperature and clouds for MLYR and PRD 164 

represent typical seasonal variations of a summer monsoon climate. The temperature reaches the 165 

maximum over  two regions reach their maximum temperature in summer (June, July and 166 

August, or JJA) and the highest monthly temperature near the surface is over 25 C (Figs. 3b and 167 

d). Meanwhile, the level of the maximum TCWC in PRD is increasing in April (Fig. 3a) when 168 

PRD experiences a pre-rainy season. The temperature near the surface in the ETP is much lower 169 

than in the lowland (e.g., PRD and MLYR), which is a consequence of its extreme high 170 

elevation. When the warm season arrives, the clouds become active over the ETP (Fig. 3e). 171 

However, the ETP clouds do not develop as high as the flatland clouds (Fig. 3a, c and e). 172 

Meanwhile, it is noticed that the monthly domain-averaged near-surface temperature is below 10 173 

C even in the warmest month (July in Fig. 3f) over ETP, and the temperature  drops to 0 C 174 

below 1 km above the ground level (AGL). This feature would induce to cloud ice processes 175 

occurring below 1 km AGL in the warm season over ETP, which is much lower than that of the 176 

lowland (over 4 km AGL).  177 
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 178 

The MLYR summer rainfall is profoundly affected by the EAM (Ding and Chan 2005). 179 

However, the TCWC in the cold season is not much smaller thant  the warm season TCWC in  180 

the MLYR as shown in Fig. 3c. Here, the monthly cloud liquid water content (LWC) and ice 181 

water content (IWC) are examined in Fig. 4.  It shows that the level of the maximum LWC 182 

increased in May and there is a thin cloud layer appearing few hundred meters above the surface 183 

in MLYR (Fig. 4c). The maximum monthly IWC appears in the last month of winter (February) 184 

in MLYR (Fig. 4d). The altitude of maximum IWC increase as the weather gets warmer (Fig. 4d) 185 

in MLYR. The level of maximum LWC in PRD can be as high as 4 km AGL in winter (Fig. 4a), 186 

which corresponds a 0 C level at round 4 km AGL (Fig. 3b). However, the altitude of the 187 

maximum IWC in PRD increases in the warm season and is as high as 10 km AGL in June. This 188 

reflects that deep cloud systems can develop higher in the warm season [Chen et al. 2017). Over 189 

the ETP, the level of the maximum LWC is below 1 km AGL because of the low temperature 190 

(Fig. 3f), and the maximum IWC occurres at the level around 4 km in June (Fig. 4f), which is 191 

much lower than the flatland (8 km AGL in MLYR and 10 km AGL in PRD, Figs. 3b and d). 192 

Also, it is noticed that there are two layers of LWC in ETP, the lower one has greater LWC than 193 

the upper layer. Observational results show that the cumulus cloud is an important type of cloud 194 

and is frequent in the warm season over the TP [Li and Zhang 2017; Li et al. 2004]. The low 195 

layer of high concentration LWC over ETP is mostly caused by the cumulus cloud.  196 

 197 

The top and base altitudes of all cloud cells for different regions are shown in Fig. 5. The 198 

frequency of each cloud cell is defined as the ratio of the cloud cell grids to the total grid number 199 

in the region. The deep cloud usually has characteristics of lower cloud base and higher cloud 200 
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top. When the deep cloud occurres frequently, there will be a left-plume shape in each panel of 201 

Fig. 5. This feature is obtained in spring, summer and autumn of the MLYR (Figs. 5e-g), and in 202 

spring and summer of ETP (Figs. 5i and j), suggesting that the deep cloud (e.g., deep 203 

convections) is prevailing during these seasons in these regions. When it comes to PRD, the left-204 

plume structure is not shown in the Figs.5a-d, indicating that the deep cloud with lower cloud 205 

base and higher cloud top is not dominated type of cloud. Meanwhile, the cloud top of deep 206 

cloud is over 10 km AGL in MLYR and it is below 8 km AGL in ETP. The depth of the deepest 207 

cloud (mostly the deep convection) is over 10 km in MLYR, and has no dramatically seasonal 208 

variation from spring to autumn (Figs. 5e-g). The depth of ETP deep cloud is about 20-30% 209 

thinner than that of MLYR, and has an increasing tendency of about 10% from spring to 210 

summer. This suggests that the cloud can develop higher and becomes more vigorous in the 211 

warm season because of the favorable large-scale circulation and the enhanced surface heat 212 

fluxes, which agrees with the results of the sensitive study [Chen et al. 2019]. It is noticed that 213 

there is a left-plume structure below 6 km AGL in Fig. 5k, which is not a typical cloud top 214 

altitude and depth for a deep convection. When the winter comes, the development of clouds 215 

over ETP is substantially restricted (Fig. 5f), which is largely due to the reduced  moisture and 216 

surface heating along with the retreat of the Indian summer monsoon.  217 

 218 

Benefiting to the humid and warm environment, clouds in PRD are more active and can 219 

develop to higher level throughout the year than those in other regions. For example, the cloud 220 

with a depth more than 8 km can develop to 16 km AGL in PRD during summer (Fig. 5b). 221 

Meanwhile, there are seasonal variations in the deep cloud’s top with a highest in summer and 222 

lowest in winter in PRD (Figs. 5a-d). Cloud top of deep cloud in MLYR does not show 223 
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significant seasonal variations, and the cloud top of deep cloud is 4 km lower than that in PRD. 224 

The typical deep convection, which has a cloud base below 1 km AGL and a cloud top over 10 225 

km AGL, can occur throughout the year in the MLYR (Figs. 5e-h). Moreover, other type of deep 226 

clouds, which has a cloud base around 2 km AGL and a depth of 6-8 km, can develop in MLYR 227 

during spring, autumn, and winter. These clouds with deep depth mostly have great precipitation 228 

capacities, which are mostly the deep stratiform clouds generated during synoptic processes (e.g., 229 

frontal systems). When it comes to ETP, it is shown that the deep cloud’s top (cloud depth > 5 230 

km) shrinks dramatically to a level below 8 km AGL (Figs. 5i-k). Cloud depth shows seasonal 231 

variations with the thinnest cloud in winter and the deepest cloud in ETP during summer, which 232 

larhely relates to the its local theremal heating and moisture supply due to the large-scale 233 

circulation. Comparing with the clouds of the lowland (e.g., the MLYR and PRD), the cloud 234 

depth in ETP is much thinner, which is only 60-70% of the deepest cloud in the lowland for the 235 

same season (e.g., Fig. 5). These results agree with the satellite observations [Qie et al. 2014]. 236 

The deep cloud systems can hardly develop in ETP during winter because of the dry and cold 237 

environment, and all the cloud cells’ developments are restricted. It is noticed that there is a 238 

maximum frequency at the lower-left corner of the Figs. 5i-l, which largely reflects the high 239 

frequency of cumulus clouds with small cloud depth in ETP throughout the year. 240 

 241 

4. Diurnal variations of precipitation and clouds 242 

Diurnal cycles of precipitation and cloud are important factors for local weather and 243 

climate [Zhou et al. 2008]. The model output provides an opportunity to examine the 244 

precipitation and cloud’s diurnal variations concurrently. Here, the precipitation intensity (PI) 245 

represents the domain-averaged result for each region, and rainfall events are classified into five 246 
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types as shown in Table 1. These five types (I-V) are defined as little, small, middle, strong, and 247 

heavy rain events, respectively. As a result, the precipitation capacity of the  precipitating cloud 248 

for each rainfall type becomes more and more greater from type I to type V. Based on this 249 

classification, frequencies of all these five-type rainfall events for all the three regions are 250 

obtained using the 15-minutes interval model output, which are shown in Fig. 6. The frequency 251 

of type V varies with seasons and regions. The heavy rainfall events in PRD can account almost 252 

15% of the total precipitation events in summer and it is less than 3% in winter, which 253 

corresponds with the deep cloud’s seasonal variations as shown in Fig. 5. The frequency of the 254 

rainfall events with a PI below 2.5 mm hr-1 do not show dramatically seasonal differences in 255 

PRD (Fig. 6a-d), indicating that these clouds except the deep cloud appear in similar frequency. 256 

For MLYR, each type rainfall event has seasonal variations in frequency. Heavy rainfall event 257 

reaches its most stirring period in the warm season in MLYR. The frequency of heavy rainfall 258 

over MLYR is about 10% in summer, which is smaller than that of PRD (Figs. 6b and f). 259 

Dramatically seasonal variations are obtained in ETP (Figs. 6i-k). Type V rainfall, which is 260 

largely produced by deep convections over ETP, is most frequent in summer, followed by spring 261 

and autumn. The strongest rainfall events can hardly happen in winter. These results agree with 262 

the frequency of deep cloud shown in Figs. 5i-l.  263 

 264 

Frequency of heavy rainfall shows diurnal variations with a noon peak in spring and a 265 

later-after peak in summer over PRD (Figs. 6a and b). These results suggest that the rainfall 266 

events with greatest PI (type V) mostly happen in noon (later-afternoon) in spring (summer) over 267 

PRD, which agrees with the observational results [Zhou et al. 2008].  However, other types of 268 

precipitation do not show significant diurnal variation signals in spring and autumn. In winter, 269 
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frequency of each type of rainfall event do not show dramatically diurnal variations in PRD (Fig. 270 

6d). Comparing with spring and winter, summer and autumn are the seasons with diurnal cycle 271 

variations of precipitation in MLYR (Figs. 6e-h). The little rain events’ frequency in the warm 272 

season shows doublet diurnal cycle structure with one peak in early morning and another one in 273 

later night in MLYR (Fig. 6f). Doublet structure in warm-season precipitation’s diurnal cycle is 274 

also discovered in the Middle Yangtze River Valley using the ground-based observational 275 

datasets [Zhou et al. 2008]. While the other types of rainfall events in the warm season show 276 

peak frequencies around noon in MLYR, and the PI is greater; the singlet structure is more 277 

obvious (Fig. 6f). Zhou et al. [2008] suggested that the precipitation, which is estimated using 278 

Artificial Neural Networks and Tropical Rainfall Measuring Mission 3B42, missed the early 279 

morning peak in the diurnal cycle of precipitation frequency in MLYR. The early morning 280 

frequency peak is mostly contributed by the little rain events (Fig. 6f), which implies that the 281 

dataset will underestimate the frequency of little rain events in MLYR. The diurnal cycle signals 282 

of types II-V precipitation become weak in autumn and disappear in winter in MLYR (Figs. 6g-283 

h). Meanwhile, frequencies of strong and heavy rainfall events in MLYR become small in 284 

autumn and winter. However, frequency of small rainfall events hit its maximum values in 285 

winter with no diurnal variations. Affected by the EASM, both MLYR and PRD reach their 286 

rainiest season in summer, and the rainfall events with a PI greater than 2.5 mm hr-1 have peaks 287 

at noon in MLYR and afternoon in PRD.  According the study of [Xu and Zipser 2011], the deep 288 

convection has a peak around noon in MLYR and later-afternoon in PRD. This suggests that 289 

deep convections make important contributions to the peak frequency of the warm-season strong 290 

and heavy rainfall events at around noon (afternoon) in MLYR (PRD).  291 

 292 
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Comparing to the lowland, frequencies of all the rainfall types except small rainfall in 293 

ETP show more remarkable diurnal variations in spring, summer and autumn (Figs. 6i-k).  The 294 

frequency of small rainfall events shows no remarkable signal in diurnal variations in spring, 295 

summer and autumn. Here, types III-V rainfall events are considered as the great rainfall events 296 

in ETP. The great rainfall events can hardly occur in winter (Fig. 6l), leading to rainless winter as 297 

denoted in the TRMM dataset (Fig. 2c). Great rainfall events over ETP activate in spring with a 298 

frequency peak around noon (Fig. 5i). When summer comes, the great rainfall events become 299 

more active (Fig. 6j) and show doublet structure in the frequency’s diurnal variation. The main 300 

peak is at afternoon, which can be over 20% of the total rainfall events. Another peak around 301 

early morning is much weak, which is less than 10% of the total rainfall events. Using the 302 

TRMM datasets, Fu et al. [2006] found that there is a strongest diurnal cycle of precipitation 303 

occurring over the central TP with a peak at later afternoon and a low at about 05:00 LST. These 304 

results confirm the diurnal cycle structure in Fig. 6j, and indirectly indicate that most rain events 305 

are convective in the Plateau summer [Fu et al. 2006].  306 

 307 

Deep convection is a type cloud with great precipitation capacity. Here, deep convective 308 

clouds are separared out by the criterion that the cloud depth is greater than 10 km over the 309 

lowland (5.5 km over ETP), and the cloud top is greater than 12 km AGL over the lowland (6 km 310 

AGL over ETP). This definition considers the differences in cloud depth between the TP and the 311 

lowland (e.g., Fig. 5). The basic idea behind this definition is that, deep convection normally 312 

extends vertically through most of the troposphere, and the atmosphere column is much thinner 313 

in ETP than in the lowland. Comparing to the uniform definition over all the regions, this 314 

definition allows more deep convection samples over the TP. Figures 7 and 8 show the diurnal 315 
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cycle of averaged deep convection profiles of the frequency (Fig.7) and the TCWC (Fig. 8), 316 

respectively, for each season over PRD, MLYR, and ETP. The TCWC can be used to measure 317 

the precipitation capacity and intensity of deep convections, which is be helpful to understand 318 

the precipitation diurnal variations as shown in Fig. 6. The averaged profiles of deep 319 

convection’s TCWC and frequency show corresponding seasonal variations to the great rainfall 320 

events (Figs. 6, 7and 8). Both the PRD and MLYR have deep convections with great TCWC and 321 

frequency in summer (Figs. 7b, f and 8b, f), which agrees with the great rainfall events’ seasonal 322 

variations as shown Figs. 6b and f. It is notced that the MLYR deep convections shows a peak of 323 

frequency in winter. However, the mean MLYR TCWC suggests that these deep convections in 324 

winter have the smaller TCWC than in summer. The PRD deep convections show a maximum 325 

frequency and TCWC around noon in summer (Figs. 7b and 8b). However, great rainfall events 326 

(PI >2.5 mm hr-1) show great frequency in afternoon (Fig. 6b), implying that other deep cloud 327 

systems make contributions to the afternoon great rainfall events. The TCWC of the summer 328 

deep convection reaches its maximum value at around 8 km AGL and around noon in the 329 

MLYR, and it can be 10 km AGL during noon to later afternoon in PRD (Figs. 8b and f). 330 

However, it is reported that the MLYR rainfall of midsummer has a peak in later afternoon 331 

(around 16:00 LST) [Chen et al. 2009]. Figure 7f indicates that there are high frequency deep 332 

convections in later afternoon, suggesting that the later afternoon peak of the MLYR rainfall 333 

[Chen et al. 2009] relates to these high frequency deep convections. The PRD convections show 334 

a higher maximum TCWC level than that of MLYR in all the seasons (Figs. 8a-h), suggesting 335 

that convections are more exuberant in PRD than that in  MLYR. The TCWC of convections 336 

over the lowland (e.g., the PRD and the MLYR) shows the diurnal cycle in spring, summer, and 337 

autumn, and there is no significant diurnal cycle signal for the TCWC in winter over the lowland 338 
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(Figs. 8d and h). However, the frequency of the deep convections over these regions has diurnal 339 

variations in cold season over these regions (Figs. 7d and h), which could leads to a diurnal cycle 340 

in precipitation in cold season as reported by Huang and Chan [2012]. 341 

 342 

Figures 5 and 6 show that the ETP has the most remarkable seasonal variations and the 343 

most dramatically diurnal cycle in precipitation. These features also appear in the TCWC and 344 

frequency of deep convections (Figs. 7i-l and 8i-l). Deep convection gets the most favorable 345 

conditions for its triggering and development in summer, followed by spring and autumn (Figs. 346 

7i-k and 8i-k). Previous studies reported that deep convections activities and precipitation over 347 

the ETP have an afternoon peak because of the influence of the surface heat flux in the warm 348 

season [e.g., Chen et al. 2018; Chen et al. 2017a; Li 2018). Figure 9 shows that there are 349 

remarkble diurnal variations with a peak at around noon in the surface heat fluxes (including 350 

sensible heat flux and latent heat flux) over the ETP in each seasons. Figures 7j and 8j show that 351 

there are frequencnt deep convections with high TCWC at afternoon over the ETP, which will 352 

make great contribution to the early-afternoon precipitation peak (Fig. 6j). Warm-season 353 

nocturnal rainfall over the ETP has been reported by Chen et al. [2018]. The frequency of the 354 

deep convections shows a second frequency period at night in the warm season (Fig. 7j). 355 

However, deep convections at night has smaller TCWC than the afternoon deep convections 356 

(Fig. 8j), which implies that the intensity of the nocturnal rainfall events is relative weak. The 357 

warm-season doublet structure in the deep convections’ diurnal frequency and the TCWC (Figs. 358 

7j and 8j) corresponds to the diurnal structure of the rainfall events greater than 2.5 mm hr-1 (Fig. 359 

6j). According to the TRMM observations [Singh and Nakamura 2009], precipitation of the 360 

central TP shows a second peak at midnight in the warm season, which is similar to the diurnal 361 
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structures of TCWC and the frequency of the deep convection over the ETP (Figs. 7j and 8j). 362 

This suggests that deep convections not only take the main responsibility for the afternoon peak 363 

of precipitation but also make a great contribution to the nocturnal precipitation peak. Doublet 364 

structure in deep convection frequency is also obtained in spring and autumn (Figs. 7i and k) and 365 

the maximum frequency in autumn appears during the night (Fig. 7k). However, nocturnal deep 366 

convections are small in the TCWC (Figs. 8i and k), which will possibly lead to weak-intensity 367 

rainfall events. Winter is an unamiable season for the trigger and development of deep 368 

convections (Figs. 7l and 8l) in the ETP, which is mostly due to the dry and cold conditions. 369 

 370 

Beside deep convections, cumulus cloud (Cu) plays an important role in the earth-371 

atmosphere energy budget, and is one of the dominant cloud types over the TP [Li and Zhang 372 

2017]. Cu could transport heat and moisture near the surface to the free atmosphere [Wang and 373 

Zhang 2014], causing ventilation of the planet boundary layer. Meanwhile, convections over the 374 

TP can evolve from dry and shallow convection in the morning to wet and deep convection in 375 

the afternoon [Yang et al. 2004]. Here, Cu is defined as a cloud cell with a depth smaller than 1.5 376 

km and cloud top height below 6.5 km AGL, which can exclude high-level thin cloud (e.g., 377 

cirrus). Figure 10 shows the diurnal cycle for the averaged TCWC of the shallow clouds with 378 

different cloud bases. For PRD, Cu is active throughout the year and there is no significant signal 379 

in the TCWC diurnal cycle for each season (Figs. 10a-d). The diurnal cycle of Cu’s frequency 380 

shows a double layers of maximum frequency in spring (Fig. 11a) over PRD, one is around 2 km 381 

AGL and another is around 3.5 km AGL. The other seasons show maximum frequencies at 382 

around 2 km (Figs. 11b-d). Comparing to the PRD, the MLYR Cu is lower in the TCWC (Figs. 383 

10e-h) and has diurnal variations in the TCWC and frequency (Figs. 10e-h and 11e-h). The most 384 
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frequent season for the MLYR Cu is winter while Cu has the greater TCWC in summer (Figs. 385 

10f and h). The cloud base of the Cu with the maximum TCWC in MLYR increases after 07:00 386 

LST in spring, summer and autumn (Figs. 10e-g). The period with the most frequency period of 387 

Cu is at night in spring, summer and autumn, and it becomes around noon in winter in the 388 

MLYR. Moreover, the cloud base of the most frequency Cu in winter is about 2 km AGL (Fig. 389 

11h) over the MLYR, which is higher than in other seasons (Figs. 11e-h). Figures 7e-h show that 390 

the deep convection has an antiphase in the diurnal frequency variation with the frequency of Cu 391 

(Figs. 11e-h), implying that the maximum time of Cu frequency corresponds to a small 392 

frequency of deep convection, and vice versa. Moisture and energy will be transported to the 393 

MLYR by the monsoon circulation during the warm season [Ding and Chan 2005), which can 394 

make a favorable environment for the trigger and development of deep convection. Moreover, 395 

the warm-season precipitation and deep convection prefer to occur during noon to afternoon [Li 396 

et al. 2018] (e.g., Figs. 7 and 8), which implies that the thermal convection is vigorous and can 397 

develop to deep convection. When the monsoon fades out in winter, the atmosphere becomes dry 398 

and deep clouds cannot be triggered frequently in the MLYR, leading to more opportunity to 399 

generate Cu.   400 

 401 

Cu over the ETP shows clearly seasonal variations in the TCWC with the maximum 402 

value in summer, followed by autumn, spring and winter (Figs. 10i-l). These seasonal variations 403 

reflect the moisture and thermal conditions associated with the India Monsoon circulation. The 404 

cloud base of Cu with the maximum TCWC increases after 09:00 LST and reaches its maximum 405 

value at around noon in the ETP (Figs. 10i-l), which is mostly affected by the surface sensible 406 

heat fluxes (Fig. 9). Cu’s maximum frequency period is around 07:00~08:00 LST in spring, 407 
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summer and autumn, and it is around 14:00 LST in winter (Figs. 11i-l). Moreover, Cu’s 408 

frequency is increasing after 18:00 LST in spring, summer and autumn in the ETP.  Panels i-k in 409 

Figs 6, 7 and 8 show that most deep convections with great TCWC develop during the noon to 410 

afternoon and leads to great rainfall events. The precipitation process will consume the moisture 411 

of the deep convections and terminate deep convections. When the rainfall events associated 412 

with deep convections are over, shallow clouds remain and contribute to the increasing of the 413 

Cu’s frequency after 18:00 LST. The maximum frequency of Cu occurs at round 13:00 LST in 414 

winter over the ETP (Fig. 11l)., which corresponds to the period of strong surface heat fluxes 415 

(Fig. 9l). While the maximum frequency and TCWC of deep convection in other seasons is 416 

around 13:00 LST (Figs. 7i-k and 8i-k) in the ETP. According to the sensitivity study [Chen et 417 

al. 2019], the surface heat flux is an important player in the triggering and development of warm-418 

season deep convections and the heavy rainfall events. When winter is coming over the ETP, the 419 

atmosphere becomes cold and dry, which is a tough environment for deep cloud’s development, 420 

especially for the deep convections. Under this background, the strong surface heating around 421 

noon (Fig. 9l) can hardly trigger deep convections but trigger cumulus in winter (Fig. 11l) in the 422 

ETP. Moreover, Cu around noon has much smaller TCWC in winter that in the other seasons 423 

(Figs. 10i-k). This suggests g that Cu can be triggered by the surface heating effects around 424 

noon, and its TCWC is low due to the cold and dry environment in winter. However, the 425 

enhanced surface heat fluxes (Fig. 9b) is helpful to trigger deep convections in the warm and 426 

humid atmosphere of the warm season (Figs. 7j and 8j).  427 

 428 

5. Conclusion and discussion 429 
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Seasonal and diurnal variations of cloud and precipitation are investigated by the 2D 430 

Cloud-Resolving Model over the monsoon areas (East China) and the Eastern Tibetan Plateau. 431 

Differences in clouds between the monsoon areas and ETP in seasonal and diurnal variations are 432 

discussed. The highlighted conclusions are summarized as follow.  433 

Affected by the monsoon system, most of the precipitation happens in the warm season 434 

over the monsoon regions. In PRD, the maximum values of the TCWC and its level are getting 435 

higher and higher from April to June. This suggests that the cloud systems become deeper and 436 

the cloud ice process is active, which will lead to great rainfall events in the warm season in 437 

PRD. Deep cloud systems with ices become active and powerful in May, and reaches their 438 

maximum period in July, resulting in an increasing tendency in the peak level of IWC from May 439 

to July. This feature implicates that the great rainfall events due to deep cloud systems in the 440 

warm season are closely related to the cloud ice processes, which requires that the deep cloud 441 

extends to a higher level (>8 km AGL) in PRD. Most of cloud activities over ETP happen during 442 

May to October and most of the precipitation concentrates in the same period. Because of the 443 

low surface temperature due to the high elevation, clouds over ETP can reach the zero 444 

temperature level at a low altitude in the warm season, which can be smaller than 1 km AGL. 445 

This demonstrates that the cloud ice processes can happen in most clouds during the warm 446 

season. 447 

Deep convections are prevailing in spring, summer and autumn over MLYR and have the 448 

greatest TCWC in summer, which make important contributions to the warm-season rainfall 449 

amount. Comparing to MLYR, deep convections can extend to a higher level but constitute a 450 

lower percentage of the total cloud cells over PRD. However, other deep clouds are frequent in 451 

the warm season and can develop to the level over 10 km AGL, which could make contributions 452 
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to the rainfall in PRD. Affected by the thin atmospheric column, most clouds are restricted below 453 

10 km AGL over ETP. Because of the favorable large-scale circulation and strong heating effects 454 

due to surface heat fluxes, deep convections are most popular and have the greatest TCWC in 455 

summer over ETP. However, deep convections in ETP are 20-30% thinner than in the lowland 456 

(e.g., the MLYR and PRD), and can hardly happen in winter. 457 

  458 

The heavy rainfall event (PI> 5 mm hr-1) in PRD shows a diurnal cycle with a afternoon 459 

peak in spring and summer, corresponding to the diurnal variations of the deep cloud with 460 

greatest precipitation capacity. While other rainfall events do not show significant diurnal 461 

variations throughout the year in PRD. Frequency of great rainfall events (PI>2.5 mm hr-1) in 462 

MLYR shows diurnal variations with a afternoon peak in the warm season. Moreover, deep 463 

convections in MLYR can develop higher in summer, which could make great contribution to 464 

the summer rainfall. Deep convections during summer have the greatest TCWC and frequency in 465 

afternoon over ETP, resulting in the large frequency of the rainfall events (PI> 2.5 mm hr-1) 466 

during this period. Beside the afternoon peak, the great rainfall events (PI> 2.5 mm hr-1) also 467 

have another frequency period during night in ETP, which agrees the observational results (Chen 468 

et al., 2018). Deep convections also show second nocturnal peaks in frequency and the TCWC 469 

over ETP, which is responsibility for the high frequency of the nocturnal great rainfall events.  470 

 471 

Cumulus cloud does not show significant diurnal variations in all the seasons in PRD. 472 

However, diurnal variations of Cu are obtained in MLYR and ETP. Usually, the cloud base of 473 

Cu with the maximum TCWC is increasing from 09:00 LST to 13:00 LST over these two regions 474 

in spring, summer and autumn. However, the maximum frequency of Cu is at night during 475 
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spring, summer and autumn in MLYR and ETP. During the cold season, Cu reaches its 476 

maximums frequency and TCWC around noon in ETP, which is mostly caused by heating due to 477 

the surface heat fluxes. The strong surface heat fluxes around noon can promote the development 478 

of cloud or trigger deep convections under the suitable moisture and thermal conditions (e.g., the 479 

warm season) over ETP. However, the strong surface heat flux around noon can only trigger Cu 480 

due to the ETP’s cold and dry atmosphere in the cold season.  481 

  482 

The investigation and analysis of cloud systems in this study are mainly based on the 483 

simulations by the Cloud-Resolving Model. Although the model performance over several 484 

regions (e.g., the Great Plain of America, East China and the Tibetan Plateau) has been examined 485 

in previous studies [Chen et al. 2017a; Chen et al. 2017b; Grabowski et al. 1998; Wu et al. 486 

1998], uncertainties can be brought in by the experimental design (e.g., the periodic boundary 487 

condition) and the large-scale forcing (e.g., uncertainty of the reanalysis dataset). Moreover, the 488 

mechanism for the triggering and development of nocturnal deep convections over the ETP 489 

needs to be further investigated by the well-designed numerical experiments.  490 
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Table Captions 621 

Table 1. Classification of the rainfall events based on the domain-averaged precipitation intensity 622 

(PI). 623 

 624 

Figure Captions 625 

Fig. 1. Topography (m) of the domain and the selected regions: PRD, MLYR, and ETP, marked 626 

with boxes. 627 

Fig. 2. Daily precipitation (mm d-1) from the TRMM (green) dataset, ERAINT (blue) and 628 

simulations (pink) for the PRD (a), MLYR (b) and ETP (c). Letters r1 and r2 in the legend are 629 

the correlation coefficients between the CRM and the TRMM, and the ERAINT respectively. 630 

Fig. 3 Monthly averaged total cloud water content (g kg-1) and temperature (C) for the PRD (a, 631 

b), MLYR (c, d) and ETP (e, f). 632 

Fig. 4 Monthly averaged liquid water content and ice water content (g kg-1) for the PRD (a, b), 633 

MLYR (c, d) and ETP (e, f). 634 

Fig. 5. Seasonal frequency of cloud base and cloud height all cloud cells for the PRD, MLYR 635 

and ETP of the year 2010. 636 

Fig. 6.  Diurnal cycle of seasonal frequency of different precipitation intensities (mm hr-1) for 637 

the PRD (a-d), the MLYR (e-h) and the ETP (i-l). 638 

Fig. 7.  Diurnal cycle of seasonal averaged frequency (%) of deep convections for the PRD (a-d), 639 

the MLYR (e-h) and the ETP (i-l). Note that there is no deep convective cloud cell was 640 

filtered out during winter for the ETP.    641 
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Fig. 8.  Diurnal cycle of seasonal averaged total cloud water content (g kg-1) of deep convections 642 

for the PRD (a-d), the MLYR (e-h) and the ETP (i-l). Note that there is no deep convective 643 

cloud cell was filtered out during winter for the ETP.  644 

Fig. 9.  Diurnal cycle of seasonal averaged surface sensible heat flux (SH) and latent heat flux 645 

(LH) over the ETP.    646 

Fig. 10.  Diurnal cycle of seasonal averaged total cloud water content (g kg-1) of shallow 647 

cumulus for the PRD (a-d), the MLYR (e-h) and the ETP (i-l).  648 

Fig. 11.  Diurnal cycle of seasonal averaged frequency (%) of cumulus for the PRD (a-d), the 649 

MLYR (e-h) and the ETP (i-l).  650 
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 653 

Table 1. Classification of the rainfall events based on the domain-averaged precipitation intensity 654 

(PI). 655 

Type I II II IV V 

PI (mm hr-1)       PI ≤0.2 0.2 <PI ≤1 1 <PI ≤2.5 2.5 <PI ≤5 PI>5 

 656 

 657 

  658 
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 659 

Fig. 1. Topography (m) of the domain and the selected regions: PRD, MLYR, and ETP, marked 660 

with boxes. 661 

 662 

  663 
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 664 

Fig. 2. Daily precipitation (mm d-1) from the TRMM (green) dataset, ERAINT (blue) and 665 

simulations (pink) for the PRD (a), MLYR (b) and ETP (c). Letters r1 and r2 in the legend are 666 

the correlation coefficients between the CRM and the TRMM, and the ERAINT respectively. 667 

  668 
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 669 

 670 

Fig. 3 Monthly averaged total cloud water content (g kg-1) and temperature (C) for the PRD (a, 671 

b), MLYR (c, d) and ETP (e, f). 672 

  673 
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 674 

Fig. 4 Monthly averaged liquid water content and ice water content (g kg-1) for the PRD (a, b), 675 

MLYR (c, d) and ETP (e, f). 676 

 677 

  678 
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 679 

Fig. 5. Seasonal frequency of cloud base and cloud height all cloud cells for the PRD, MLYR 680 

and ETP of the year 2010. 681 

  682 



 37 

 683 

Fig. 6.  Diurnal cycle of seasonal frequency of different precipitation intensities (mm hr-1) for 684 

the PRD (a-d), the MLYR (e-h) and the ETP (i-l). 685 
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 687 

Fig. 7.  Diurnal cycle of seasonal averaged frequency (%) of deep convections for the PRD (a-d), 688 

the MLYR (e-h) and the ETP (i-l). Note that there is no deep convective cloud cell was filtered 689 

out during winter for the ETP.    690 

 691 
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 693 

Fig. 8.  Diurnal cycle of seasonal averaged total cloud water content (g kg-1) of deep convections 694 

for the PRD (a-d), the MLYR (e-h) and the ETP (i-l). Note that there is no deep convective cloud 695 

cell was filtered out during winter for the ETP.    696 
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 698 

Fig. 9.  Diurnal cycle of seasonal averaged surface sensible heat flux (SH) and latent heat flux 699 

(LH) over the ETP.    700 
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 702 

Fig. 10.  Diurnal cycle of seasonal averaged total cloud water content (g kg-1) of shallow 703 

cumulus for the PRD (a-d), the MLYR (e-h) and the ETP (i-l).  704 
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 706 

Fig. 11.  Diurnal cycle of seasonal averaged frequency (%) of cumulus for the PRD (a-d), the 707 

MLYR (e-h) and the ETP (i-l).  708 

 709 



Figure1.





Figure2.





Figure3.





Figure4.





Figure5.





Figure6.





Figure7.





Figure8.





Figure9.





Figure10.





Figure11.




	Article File
	Figure1 legend
	Figure1
	Figure2 legend
	Figure2
	Figure3 legend
	Figure3
	Figure4 legend
	Figure4
	Figure5 legend
	Figure5
	Figure6 legend
	Figure6
	Figure7 legend
	Figure7
	Figure8 legend
	Figure8
	Figure9 legend
	Figure9
	Figure10 legend
	Figure10
	Figure11 legend
	Figure11

