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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

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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1. Introduction

The Tibetan Plateau (TP) is discovered as an important heat source in boreal summer and
heat sink in winter due to its towering and expansive topography [Luo and Yanai 1984; Ge et al.,
2019, Wang et al., 2019, Wu et al. 2012; Zhao and Chen 2001]. During the warm season, the TP
acts as a great heating source in the middle troposphere and provides an effective driving force
for the upward motion, which could be a complementary forcing for the cloud development and
even act as a critical player the deep convection under particular conditions over the TP [Chen et
al. 2017b; Luo and Yanai 1983, 1984; Fu et al. 2020]. On the other hand, the grand surface of
the TP is a great heat sink during winter [Yanai and Tomita 1998; Wu et al. 2019], which will
make the atmosphere stable and impose a negative effect on the cloud development. The
particular terrain of the TP as well as the large-scale circulation will lead to distinguished
seasonal variations in cloud systems. Previous studies have suggested that the precipiatation over
the TP, espically for the heavy rainfall, shows solid relationship to the moisture transported from
the south. This process closely related to circulation and moisture condition over the India
peninsula, which depens on the India Summer Monsoon (ISM) activities. Similarly, affected by
the East Asia Monsoon (EAM), East China shows remarkable seasonal variations in cloud
features (e.g., cloud cover, cloud water, precipitation) [Huang and Chan 2012]. During the warm
season, there are amount of water vapor transported from the ocean by the monsoon circulation,
resulting in more frequency of high cloud water content and plenty precipitation. Therefore,
drastic seasonal variations in the cloud systems are expected over the East China because of the

activities of the monsoon circulation [Chen et al. 2011; Ding 1992].
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Cloud, which includes plenty of hydrometeor particles and water vapor, is important
player in the earth-atmosphere energy balance through absorbing or reflecting the radiation.
Cloud also acts as a key role in the water cycle and modifies the energy budget through
releasing/consuming heat in water phase transition processes in cloud generation and
precipitation processes [Dai 2001; Dai et al. 1999]. The macroscopic climatological properties
(e. g., cloud cover, cloud water path) of cloud over the East China have been widely studied [Dai
et al. 2007; Zhou et al. 2008]. Because precipitation over most of China occurs mainly from June
to August [Tao and Chen 1987; Ding 1992] and the diurnal cycle is strongest during the summer
[Dai et al. 2007], most previous studies focus on the characteristics of precipitation in the warm
season [Zhou et al. 2008]. It has been reported that the diurnal harmonic dominates daily
variations of precipitation over most of eastern China. For example, a late-afternoon maximum
over southeastern and northeastern China, and a near-midnight maximum over the eastern
periphery of the Tibetan Plateau are seen in rain gauge measurements [Zhou et al. 2008].
Nocturnal precipitation is also reported by previous studies [e.g., Chen et al. 2018; Singh and
Nakamura 2009]. The cloud and precipitation closely link to the large-scale circulation and local
environment (e.g., land use, terrain) and their characteristics will differ from place to place [Chen
et al. 2017a; Dai 2001; Dai et al. 2007]. The particular effects of the TP’s topography (e.g,
surface heating, terrain blocking) profoundly affect the seasonal variations and diurnal structure
of cloud system and precipitation [Fujinami et al. 2005; Xu and Zipser 2010]. However, the
detailed and systematic seasonal characteristics of the cloud system over the TP are still need to
be further investigated, e.g., the cloud properties that caused the diurnal cycle of precipitation in

different seasons.
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The objectives of the study are to simulate seasonal and diurnal variations of clouds and
precipitation over two distinct regions (ETP and EC) using the cloud-resolving model, and to
understand the impacts of large-scale circulation, topography and physical processes on the
precipitation and cloud characteristics. The paper is organized as follows. Section 2 describes the
datasets and model configuration. Seasonal and diurnal variations of precipitation and clouds are
discussed in Section 3 and Section 4, respectively. Summary and discussion are given in Section

5.

2. Data and Model
a. Model descriptions

Usually, the cloud-scale simulation of year-long period could consume plenty of
calculation and storage resource, and it is expansive to complete such experiments. In this study,
a two-dimensional cloud-resolving model (CRM) is employed to conduct the year-long cloud-
scale simulation. This model is an anelastic cloud model version originally developed by Clark et
al. [1996] and was imposed with large-scale forcing and the modifications to physical processes
for the long-term simulations of cloud systems [e.g., Grabowski et al. 1996; Wu et al. 1998; Wu
et al. 2007; Wu et al. 1999]. The Kessler-type bulk warm rain parameterization [Kessler 1969]
and the Koenig-Murray bulk ice parameterization [Koenig and Murray 1976] are involved in the
model. Two classes of ice, referred to as ice A and ice B, are considered by the model, for which
both the mixing ratio and the number concentration equations are solved. Ice A field (typically
associated with unrimed or lightly rimed ice particles) is formed by either heterogeneous
nucleation of pristine ice crystals, and ice B is usually associated with heavily rimed particles

(e.g., graupel) of fast-falling speed and high-density, which originates from the interaction of the
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rain field with the ice A. The surface heat fluxes in the model is calculated by the
parameterization based on the study of Liu et al. [1979]. However, this parameterization is
developed for the tropical ocean regions is not suitable over the land. For simplification, the
surface heat fluxes are prescribed by the ERA-Interim surface heat fluxes dataset in the model.
More detailed information about this model can refer to the cited literatures [e.g., Clark et al.

1996; Chen et al. 2017b].

b. Data and experimental designs
The model is forced by the large-scale advection terms, which mimics the effects of the

large-scale flow on the temperature and moisture fields [e.g., Yanai et al. 1973]. Here, the large-
scale horizontal and vertical advection of temperature and moisture is computed from the ERA-
Interim reanalysis (hereafter ERAINT) [Dee et al. 2011]. According to the study of Yanai and
Tomita [1998], the calculation results are sensitive to the p-velocity. Therefore, the p-velocity is
recalculated from the horizontal divergence by vertically integrating the continuity equations.
The detailed descriptions of the calculation processes are referred to Yanai and Tomita [1998]

and Chen et al. [2015].

Based on the previous studies [Chen et al. 2017, 2019], the model performance shows
great dependency on the reliability of the input data and varies in different regions. Therefore,
the eastern Tibetan Plateau (ETP) is selected to investigate the cloud seasonal variations over the
TP. The weather and climate of East China are profoundly affected by the EAM [Ding 1992].
According to the invading processes and route of EAM, the Pearl River Delta (PRD) and the

Middle and Lower reaches of Yangtze River (MLYR) are influenced by the EAM in different
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degrees. Usually, the PRD is firstly affected by the monsoon circulation in early May and the
effects of EAM fade away in September [Ding and Chan, 2005]. The MLYR is a flatland in East
China and is famous in the meteorology field for the Meiyu period during the early summer,
which also is a distinct seasonal characteristics for this region. These three regions are shown in
Fig. 1 and they experience different circulation patterns and moisture conditions, which will lead
to distinguishing cloud and precipitation Then, one-year simulation (2010) is conducted for each

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

3. Seasonal variations of precipitation and clouds

Figure 2 shows the year-long daily precipitation from simulations, TRMM observations
and ERAINT reanalysis system. The model can capture the seasonal variations of the
precipitation for PRD, MLYR and ETP, and shows a better performance over the MLYR, which
has a highest correlation coefficient (0.44) with the TRMM dataset among all the regions.
Comparing to TRMM dataset, the model underestimated the heavy rainfall events over these
three regions (e.g., 21/May of PRD, 17/Dec of MLYR and 21/May of ETP in Fig. 2). The large-
scale forcing used to drive the model is computed from the ERAINT reanalysis dataset.
Therefore, the simulated precipitation displays a similar evolutions with the ERAINT (Fig. 2).
On the other hand, the uncertainties of the reanalysis dataset can be brought into the model
results. For example, when the reanalysis lost its reliability (e.g., the rainfall event around 8/Oct.
of PRD), the model does not reproduce the precipitation like the observation. The ETP
experiences a dryer climate than that of MLYR and PRD (Fig. 2), and its precipitation mostly
concentrated in the period from May to August. While heavy rainfall events (> 10 mm d?)

occurres during the cold season (e.g., December) in the flatland (e.g., PRD and MLYR).
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Comparing with MLYR and PRD, the model and the ERAINT show wet biases over the ETP as
well as the ERAINT (Fig. 2¢). According the study of Gao and Liu [2013], the TRMM
precipitation generally tends to overestimate light rainfall (0-10 mm d!) and underestimate
moderate and heavy rainfall (>10mm d*). These features would bring some uncertainties to the
assessment of the rainfall amount. Overall, the model captures the features of the seasonal

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

(Fig. 2).

Figure 3 presents the monthly averaged profiles of total cloud water content (TCWC) and
the temperature for three regions. Evolutions of temperature and clouds for MLYR and PRD
represent typical seasonal variations of a summer monsoon climate. The temperature reaches the
maximum over two regions reach their maximum temperature in summer (June, July and
August, or JJA) and the highest monthly temperature near the surface is over 25 °C (Figs. 3b and
d). Meanwhile, the level of the maximum TCWC in PRD is increasing in April (Fig. 3a) when
PRD experiences a pre-rainy season. The temperature near the surface in the ETP is much lower
than in the lowland (e.g., PRD and MLYR), which is a consequence of its extreme high
elevation. When the warm season arrives, the clouds become active over the ETP (Fig. 3e).
However, the ETP clouds do not develop as high as the flatland clouds (Fig. 3a, c and e).
Meanwhile, it is noticed that the monthly domain-averaged near-surface temperature is below 10
°C even in the warmest month (July in Fig. 3f) over ETP, and the temperature dropsto 0 °C
below 1 km above the ground level (AGL). This feature would induce to cloud ice processes
occurring below 1 km AGL in the warm season over ETP, which is much lower than that of the

lowland (over 4 km AGL).
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The MLYR summer rainfall is profoundly affected by the EAM (Ding and Chan 2005).
However, the TCWC in the cold season is not much smaller thant the warm season TCWC in
the MLYR as shown in Fig. 3c. Here, the monthly cloud liquid water content (LWC) and ice
water content (IWC) are examined in Fig. 4. It shows that the level of the maximum LWC
increased in May and there is a thin cloud layer appearing few hundred meters above the surface
in MLYR (Fig. 4c). The maximum monthly IWC appears in the last month of winter (February)
in MLYR (Fig. 4d). The altitude of maximum IWC increase as the weather gets warmer (Fig. 4d)
in MLYR. The level of maximum LWC in PRD can be as high as 4 km AGL in winter (Fig. 4a),
which corresponds a 0 °C level at round 4 km AGL (Fig. 3b). However, the altitude of the
maximum IWC in PRD increases in the warm season and is as high as 10 km AGL in June. This
reflects that deep cloud systems can develop higher in the warm season [Chen et al. 2017). Over
the ETP, the level of the maximum LWC is below 1 km AGL because of the low temperature
(Fig. 3f), and the maximum IWC occurres at the level around 4 km in June (Fig. 4f), which is
much lower than the flatland (8 km AGL in MLYR and 10 km AGL in PRD, Figs. 3b and d).
Also, it is noticed that there are two layers of LWC in ETP, the lower one has greater LWC than
the upper layer. Observational results show that the cumulus cloud is an important type of cloud
and is frequent in the warm season over the TP [Li and Zhang 2017; Li et al. 2004]. The low

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

The top and base altitudes of all cloud cells for different regions are shown in Fig. 5. The
frequency of each cloud cell is defined as the ratio of the cloud cell grids to the total grid number

in the region. The deep cloud usually has characteristics of lower cloud base and higher cloud
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top. When the deep cloud occurres frequently, there will be a left-plume shape in each panel of
Fig. 5. This feature is obtained in spring, summer and autumn of the MLYR (Figs. 5e-g), and in
spring and summer of ETP (Figs. 5i and j), suggesting that the deep cloud (e.g., deep
convections) is prevailing during these seasons in these regions. When it comes to PRD, the left-
plume structure is not shown in the Figs.5a-d, indicating that the deep cloud with lower cloud
base and higher cloud top is not dominated type of cloud. Meanwhile, the cloud top of deep
cloud is over 10 km AGL in MLYR and it is below 8 km AGL in ETP. The depth of the deepest
cloud (mostly the deep convection) is over 10 km in MLYR, and has no dramatically seasonal
variation from spring to autumn (Figs. 5e-g). The depth of ETP deep cloud is about 20-30%
thinner than that of MLYR, and has an increasing tendency of about 10% from spring to
summer. This suggests that the cloud can develop higher and becomes more vigorous in the
warm season because of the favorable large-scale circulation and the enhanced surface heat
fluxes, which agrees with the results of the sensitive study [Chen et al. 2019]. It is noticed that
there is a left-plume structure below 6 km AGL in Fig. 5k, which is not a typical cloud top
altitude and depth for a deep convection. When the winter comes, the development of clouds
over ETP is substantially restricted (Fig. 5f), which is largely due to the reduced moisture and

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

Benefiting to the humid and warm environment, clouds in PRD are more active and can
develop to higher level throughout the year than those in other regions. For example, the cloud
with a depth more than 8 km can develop to 16 km AGL in PRD during summer (Fig. 5b).
Meanwhile, there are seasonal variations in the deep cloud’s top with a highest in summer and

lowest in winter in PRD (Figs. 5a-d). Cloud top of deep cloud in MLYR does not show

10
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significant seasonal variations, and the cloud top of deep cloud is 4 km lower than that in PRD.
The typical deep convection, which has a cloud base below 1 km AGL and a cloud top over 10
km AGL, can occur throughout the year in the MLYR (Figs. 5e-h). Moreover, other type of deep
clouds, which has a cloud base around 2 km AGL and a depth of 6-8 km, can develop in MLYR
during spring, autumn, and winter. These clouds with deep depth mostly have great precipitation
capacities, which are mostly the deep stratiform clouds generated during synoptic processes (e.g.,
frontal systems). When it comes to ETP, it is shown that the deep cloud’s top (cloud depth > 5
km) shrinks dramatically to a level below 8 km AGL (Figs. 5i-k). Cloud depth shows seasonal
variations with the thinnest cloud in winter and the deepest cloud in ETP during summer, which
larhely relates to the its local theremal heating and moisture supply due to the large-scale
circulation. Comparing with the clouds of the lowland (e.g., the MLYR and PRD), the cloud
depth in ETP is much thinner, which is only 60-70% of the deepest cloud in the lowland for the
same season (e.g., Fig. 5). These results agree with the satellite observations [Qie et al. 2014].
The deep cloud systems can hardly develop in ETP during winter because of the dry and cold
environment, and all the cloud cells’ developments are restricted. It is noticed that there is a
maximum frequency at the lower-left corner of the Figs. 5i-I, which largely reflects the high

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

4. Diurnal variations of precipitation and clouds

Diurnal cycles of precipitation and cloud are important factors for local weather and
climate [Zhou et al. 2008]. The model output provides an opportunity to examine the
precipitation and cloud’s diurnal variations concurrently. Here, the precipitation intensity (PI)

represents the domain-averaged result for each region, and rainfall events are classified into five

11
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types as shown in Table 1. These five types (I-V) are defined as little, small, middle, strong, and
heavy rain events, respectively. As a result, the precipitation capacity of the precipitating cloud
for each rainfall type becomes more and more greater from type | to type V. Based on this
classification, frequencies of all these five-type rainfall events for all the three regions are
obtained using the 15-minutes interval model output, which are shown in Fig. 6. The frequency
of type V varies with seasons and regions. The heavy rainfall events in PRD can account almost
15% of the total precipitation events in summer and it is less than 3% in winter, which
corresponds with the deep cloud’s seasonal variations as shown in Fig. 5. The frequency of the
rainfall events with a Pl below 2.5 mm hr* do not show dramatically seasonal differences in
PRD (Fig. 6a-d), indicating that these clouds except the deep cloud appear in similar frequency.
For MLYR, each type rainfall event has seasonal variations in frequency. Heavy rainfall event
reaches its most stirring period in the warm season in MLYR. The frequency of heavy rainfall
over MLYR is about 10% in summer, which is smaller than that of PRD (Figs. 6b and f).
Dramatically seasonal variations are obtained in ETP (Figs. 6i-k). Type V rainfall, which is
largely produced by deep convections over ETP, is most frequent in summer, followed by spring
and autumn. The strongest rainfall events can hardly happen in winter. These results agree with

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

Frequency of heavy rainfall shows diurnal variations with a noon peak in spring and a
later-after peak in summer over PRD (Figs. 6a and b). These results suggest that the rainfall
events with greatest PI (type V) mostly happen in noon (later-afternoon) in spring (summer) over
PRD, which agrees with the observational results [Zhou et al. 2008]. However, other types of

precipitation do not show significant diurnal variation signals in spring and autumn. In winter,
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frequency of each type of rainfall event do not show dramatically diurnal variations in PRD (Fig.
6d). Comparing with spring and winter, summer and autumn are the seasons with diurnal cycle
variations of precipitation in MLYR (Figs. 6e-h). The little rain events’ frequency in the warm
season shows doublet diurnal cycle structure with one peak in early morning and another one in
later night in MLYR (Fig. 6f). Doublet structure in warm-season precipitation’s diurnal cycle is
also discovered in the Middle Yangtze River Valley using the ground-based observational
datasets [Zhou et al. 2008]. While the other types of rainfall events in the warm season show
peak frequencies around noon in MLYR, and the PI is greater; the singlet structure is more
obvious (Fig. 6f). Zhou et al. [2008] suggested that the precipitation, which is estimated using
Acrtificial Neural Networks and Tropical Rainfall Measuring Mission 3B42, missed the early
morning peak in the diurnal cycle of precipitation frequency in MLYR. The early morning
frequency peak is mostly contributed by the little rain events (Fig. 6f), which implies that the
dataset will underestimate the frequency of little rain events in MLYR. The diurnal cycle signals
of types 11-V precipitation become weak in autumn and disappear in winter in MLYR (Figs. 6g-
h). Meanwhile, frequencies of strong and heavy rainfall events in MLYR become small in
autumn and winter. However, frequency of small rainfall events hit its maximum values in
winter with no diurnal variations. Affected by the EASM, both MLYR and PRD reach their
rainiest season in summer, and the rainfall events with a Pl greater than 2.5 mm hr? have peaks
at noon in MLYR and afternoon in PRD. According the study of [Xu and Zipser 2011], the deep
convection has a peak around noon in MLYR and later-afternoon in PRD. This suggests that
deep convections make important contributions to the peak frequency of the warm-season strong

and heavy rainfall events at around noon (afternoon) in MLYR (PRD).
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Comparing to the lowland, frequencies of all the rainfall types except small rainfall in
ETP show more remarkable diurnal variations in spring, summer and autumn (Figs. 6i-k). The
frequency of small rainfall events shows no remarkable signal in diurnal variations in spring,
summer and autumn. Here, types I11-V rainfall events are considered as the great rainfall events
in ETP. The great rainfall events can hardly occur in winter (Fig. 61), leading to rainless winter as
denoted in the TRMM dataset (Fig. 2c). Great rainfall events over ETP activate in spring with a
frequency peak around noon (Fig. 5i). When summer comes, the great rainfall events become
more active (Fig. 6j) and show doublet structure in the frequency’s diurnal variation. The main
peak is at afternoon, which can be over 20% of the total rainfall events. Another peak around
early morning is much weak, which is less than 10% of the total rainfall events. Using the
TRMM datasets, Fu et al. [2006] found that there is a strongest diurnal cycle of precipitation
occurring over the central TP with a peak at later afternoon and a low at about 05:00 LST. These
results confirm the diurnal cycle structure in Fig. 6], and indirectly indicate that most rain events

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

Deep convection is a type cloud with great precipitation capacity. Here, deep convective
clouds are separared out by the criterion that the cloud depth is greater than 10 km over the
lowland (5.5 km over ETP), and the cloud top is greater than 12 km AGL over the lowland (6 km
AGL over ETP). This definition considers the differences in cloud depth between the TP and the
lowland (e.g., Fig. 5). The basic idea behind this definition is that, deep convection normally
extends vertically through most of the troposphere, and the atmosphere column is much thinner
in ETP than in the lowland. Comparing to the uniform definition over all the regions, this

definition allows more deep convection samples over the TP. Figures 7 and 8 show the diurnal
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cycle of averaged deep convection profiles of the frequency (Fig.7) and the TCWC (Fig. 8),
respectively, for each season over PRD, MLYR, and ETP. The TCWC can be used to measure
the precipitation capacity and intensity of deep convections, which is be helpful to understand
the precipitation diurnal variations as shown in Fig. 6. The averaged profiles of deep
convection’s TCWC and frequency show corresponding seasonal variations to the great rainfall
events (Figs. 6, 7and 8). Both the PRD and MLYR have deep convections with great TCWC and
frequency in summer (Figs. 7b, f and 8b, f), which agrees with the great rainfall events’ seasonal
variations as shown Figs. 6b and f. It is notced that the MLYR deep convections shows a peak of
frequency in winter. However, the mean MLYR TCWC suggests that these deep convections in
winter have the smaller TCWC than in summer. The PRD deep convections show a maximum
frequency and TCWC around noon in summer (Figs. 7b and 8b). However, great rainfall events
(P1>2.5 mm hr) show great frequency in afternoon (Fig. 6b), implying that other deep cloud
systems make contributions to the afternoon great rainfall events. The TCWC of the summer
deep convection reaches its maximum value at around 8 km AGL and around noon in the
MLYR, and it can be 10 km AGL during noon to later afternoon in PRD (Figs. 8b and f).
However, it is reported that the MLYR rainfall of midsummer has a peak in later afternoon
(around 16:00 LST) [Chen et al. 2009]. Figure 7f indicates that there are high frequency deep
convections in later afternoon, suggesting that the later afternoon peak of the MLYR rainfall
[Chen et al. 2009] relates to these high frequency deep convections. The PRD convections show
a higher maximum TCWC level than that of MLYR in all the seasons (Figs. 8a-h), suggesting
that convections are more exuberant in PRD than that in MLYR. The TCWC of convections
over the lowland (e.g., the PRD and the MLYR) shows the diurnal cycle in spring, summer, and

autumn, and there is no significant diurnal cycle signal for the TCWC in winter over the lowland
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(Figs. 8d and h). However, the frequency of the deep convections over these regions has diurnal
variations in cold season over these regions (Figs. 7d and h), which could leads to a diurnal cycle

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

Figures 5 and 6 show that the ETP has the most remarkable seasonal variations and the
most dramatically diurnal cycle in precipitation. These features also appear in the TCWC and
frequency of deep convections (Figs. 7i-1 and 8i-1). Deep convection gets the most favorable
conditions for its triggering and development in summer, followed by spring and autumn (Figs.
7i-k and 8i-k). Previous studies reported that deep convections activities and precipitation over
the ETP have an afternoon peak because of the influence of the surface heat flux in the warm
season [e.g., Chen et al. 2018; Chen et al. 2017a; Li 2018). Figure 9 shows that there are
remarkble diurnal variations with a peak at around noon in the surface heat fluxes (including
sensible heat flux and latent heat flux) over the ETP in each seasons. Figures 7j and 8j show that
there are frequencnt deep convections with high TCWC at afternoon over the ETP, which will
make great contribution to the early-afternoon precipitation peak (Fig. 6j). Warm-season
nocturnal rainfall over the ETP has been reported by Chen et al. [2018]. The frequency of the
deep convections shows a second frequency period at night in the warm season (Fig. 7j).
However, deep convections at night has smaller TCWC than the afternoon deep convections
(Fig. 8j), which implies that the intensity of the nocturnal rainfall events is relative weak. The
warm-season doublet structure in the deep convections’ diurnal frequency and the TCWC (Figs.
7j and 8j) corresponds to the diurnal structure of the rainfall events greater than 2.5 mm hr?! (Fig.
6]). According to the TRMM observations [Singh and Nakamura 2009], precipitation of the

central TP shows a second peak at midnight in the warm season, which is similar to the diurnal
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structures of TCWC and the frequency of the deep convection over the ETP (Figs. 7j and 8j).
This suggests that deep convections not only take the main responsibility for the afternoon peak
of precipitation but also make a great contribution to the nocturnal precipitation peak. Doublet
structure in deep convection frequency is also obtained in spring and autumn (Figs. 7i and k) and
the maximum frequency in autumn appears during the night (Fig. 7k). However, nocturnal deep
convections are small in the TCWC (Figs. 8i and k), which will possibly lead to weak-intensity
rainfall events. Winter is an unamiable season for the trigger and development of deep

convections (Figs. 71 and 8l) in the ETP, which is mostly due to the dry and cold conditions.

Beside deep convections, cumulus cloud (Cu) plays an important role in the earth-
atmosphere energy budget, and is one of the dominant cloud types over the TP [Li and Zhang
2017]. Cu could transport heat and moisture near the surface to the free atmosphere [Wang and
Zhang 2014], causing ventilation of the planet boundary layer. Meanwhile, convections over the
TP can evolve from dry and shallow convection in the morning to wet and deep convection in
the afternoon [Yang et al. 2004]. Here, Cu is defined as a cloud cell with a depth smaller than 1.5
km and cloud top height below 6.5 km AGL, which can exclude high-level thin cloud (e.g.,
cirrus). Figure 10 shows the diurnal cycle for the averaged TCWC of the shallow clouds with
different cloud bases. For PRD, Cu is active throughout the year and there is no significant signal
in the TCWC diurnal cycle for each season (Figs. 10a-d). The diurnal cycle of Cu’s frequency
shows a double layers of maximum frequency in spring (Fig. 11a) over PRD, one is around 2 km
AGL and another is around 3.5 km AGL. The other seasons show maximum frequencies at
around 2 km (Figs. 11b-d). Comparing to the PRD, the MLYR Cu is lower in the TCWC (Figs.

10e-h) and has diurnal variations in the TCWC and frequency (Figs. 10e-h and 11e-h). The most
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frequent season for the MLYR Cu is winter while Cu has the greater TCWC in summer (Figs.
10f and h). The cloud base of the Cu with the maximum TCWC in MLYR increases after 07:00
LST in spring, summer and autumn (Figs. 10e-g). The period with the most frequency period of
Cu is at night in spring, summer and autumn, and it becomes around noon in winter in the
MLYR. Moreover, the cloud base of the most frequency Cu in winter is about 2 km AGL (Fig.
11h) over the MLYR, which is higher than in other seasons (Figs. 11e-h). Figures 7e-h show that
the deep convection has an antiphase in the diurnal frequency variation with the frequency of Cu
(Figs. 11e-h), implying that the maximum time of Cu frequency corresponds to a small
frequency of deep convection, and vice versa. Moisture and energy will be transported to the
MLYR by the monsoon circulation during the warm season [Ding and Chan 2005), which can
make a favorable environment for the trigger and development of deep convection. Moreover,
the warm-season precipitation and deep convection prefer to occur during noon to afternoon [Li
et al. 2018] (e.g., Figs. 7 and 8), which implies that the thermal convection is vigorous and can
develop to deep convection. When the monsoon fades out in winter, the atmosphere becomes dry
and deep clouds cannot be triggered frequently in the MLYR, leading to more opportunity to

generate Cu.

Cu over the ETP shows clearly seasonal variations in the TCWC with the maximum
value in summer, followed by autumn, spring and winter (Figs. 10i-1). These seasonal variations
reflect the moisture and thermal conditions associated with the India Monsoon circulation. The
cloud base of Cu with the maximum TCW(C increases after 09:00 LST and reaches its maximum
value at around noon in the ETP (Figs. 10i-1), which is mostly affected by the surface sensible

heat fluxes (Fig. 9). Cu’s maximum frequency period is around 07:00~08:00 LST in spring,
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summer and autumn, and it is around 14:00 LST in winter (Figs. 11i-1). Moreover, Cu’s
frequency is increasing after 18:00 LST in spring, summer and autumn in the ETP. Panels i-k in
Figs 6, 7 and 8 show that most deep convections with great TCWC develop during the noon to
afternoon and leads to great rainfall events. The precipitation process will consume the moisture
of the deep convections and terminate deep convections. When the rainfall events associated
with deep convections are over, shallow clouds remain and contribute to the increasing of the
Cu’s frequency after 18:00 LST. The maximum frequency of Cu occurs at round 13:00 LST in
winter over the ETP (Fig. 111)., which corresponds to the period of strong surface heat fluxes
(Fig. 9l). While the maximum frequency and TCWC of deep convection in other seasons is
around 13:00 LST (Figs. 7i-k and 8i-k) in the ETP. According to the sensitivity study [Chen et
al. 2019], the surface heat flux is an important player in the triggering and development of warm-
season deep convections and the heavy rainfall events. When winter is coming over the ETP, the
atmosphere becomes cold and dry, which is a tough environment for deep cloud’s development,
especially for the deep convections. Under this background, the strong surface heating around
noon (Fig. 9l) can hardly trigger deep convections but trigger cumulus in winter (Fig. 111) in the
ETP. Moreover, Cu around noon has much smaller TCWC in winter that in the other seasons
(Figs. 10i-k). This suggests g that Cu can be triggered by the surface heating effects around
noon, and its TCWC is low due to the cold and dry environment in winter. However, the
enhanced surface heat fluxes (Fig. 9b) is helpful to trigger deep convections in the warm and

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

5. Conclusion and discussion
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Seasonal and diurnal variations of cloud and precipitation are investigated by the 2D
Cloud-Resolving Model over the monsoon areas (East China) and the Eastern Tibetan Plateau.
Differences in clouds between the monsoon areas and ETP in seasonal and diurnal variations are
discussed. The highlighted conclusions are summarized as follow.

Affected by the monsoon system, most of the precipitation happens in the warm season
over the monsoon regions. In PRD, the maximum values of the TCWC and its level are getting
higher and higher from April to June. This suggests that the cloud systems become deeper and
the cloud ice process is active, which will lead to great rainfall events in the warm season in
PRD. Deep cloud systems with ices become active and powerful in May, and reaches their
maximum period in July, resulting in an increasing tendency in the peak level of IWC from May
to July. This feature implicates that the great rainfall events due to deep cloud systems in the
warm season are closely related to the cloud ice processes, which requires that the deep cloud
extends to a higher level (>8 km AGL) in PRD. Most of cloud activities over ETP happen during
May to October and most of the precipitation concentrates in the same period. Because of the
low surface temperature due to the high elevation, clouds over ETP can reach the zero
temperature level at a low altitude in the warm season, which can be smaller than 1 km AGL.
This demonstrates that the cloud ice processes can happen in most clouds during the warm
season.

Deep convections are prevailing in spring, summer and autumn over MLYR and have the
greatest TCWC in summer, which make important contributions to the warm-season rainfall
amount. Comparing to MLYR, deep convections can extend to a higher level but constitute a
lower percentage of the total cloud cells over PRD. However, other deep clouds are frequent in

the warm season and can develop to the level over 10 km AGL, which could make contributions
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to the rainfall in PRD. Affected by the thin atmospheric column, most clouds are restricted below
10 km AGL over ETP. Because of the favorable large-scale circulation and strong heating effects
due to surface heat fluxes, deep convections are most popular and have the greatest TCWC in
summer over ETP. However, deep convections in ETP are 20-30% thinner than in the lowland

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

The heavy rainfall event (P1>5 mm hr) in PRD shows a diurnal cycle with a afternoon
peak in spring and summer, corresponding to the diurnal variations of the deep cloud with
greatest precipitation capacity. While other rainfall events do not show significant diurnal
variations throughout the year in PRD. Frequency of great rainfall events (P1>2.5 mm hr?) in
MLYR shows diurnal variations with a afternoon peak in the warm season. Moreover, deep
convections in MLYR can develop higher in summer, which could make great contribution to
the summer rainfall. Deep convections during summer have the greatest TCWC and frequency in
afternoon over ETP, resulting in the large frequency of the rainfall events (P1> 2.5 mm hr?)
during this period. Beside the afternoon peak, the great rainfall events (P1> 2.5 mm hr?) also
have another frequency period during night in ETP, which agrees the observational results (Chen
et al., 2018). Deep convections also show second nocturnal peaks in frequency and the TCWC

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

Cumulus cloud does not show significant diurnal variations in all the seasons in PRD.
However, diurnal variations of Cu are obtained in MLYR and ETP. Usually, the cloud base of
Cu with the maximum TCWC is increasing from 09:00 LST to 13:00 LST over these two regions

in spring, summer and autumn. However, the maximum frequency of Cu is at night during
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spring, summer and autumn in MLYR and ETP. During the cold season, Cu reaches its
maximums frequency and TCWC around noon in ETP, which is mostly caused by heating due to
the surface heat fluxes. The strong surface heat fluxes around noon can promote the development
of cloud or trigger deep convections under the suitable moisture and thermal conditions (e.g., the
warm season) over ETP. However, the strong surface heat flux around noon can only trigger Cu

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

The investigation and analysis of cloud systems in this study are mainly based on the
simulations by the Cloud-Resolving Model. Although the model performance over several
regions (e.g., the Great Plain of America, East China and the Tibetan Plateau) has been examined
in previous studies [Chen et al. 2017a; Chen et al. 2017b; Grabowski et al. 1998; Wu et al.
1998], uncertainties can be brought in by the experimental design (e.g., the periodic boundary
condition) and the large-scale forcing (e.g., uncertainty of the reanalysis dataset). Moreover, the
mechanism for the triggering and development of nocturnal deep convections over the ETP

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

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

(PI).

Figure Captions

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

Fig. 2. Daily precipitation (mm d*) from the TRMM (green) dataset, ERAINT (blue) and
simulations (pink) for the PRD (a), MLYR (b) and ETP (c). Letters rl and r2 in the legend are
the correlation coefficients between the CRM and the TRMM, and the ERAINT respectively.

Fig. 3 Monthly averaged total cloud water content (g kg™) and temperature (°C) for the PRD (a,
b), MLYR (c, d) and ETP (e, f).

Fig. 4 Monthly averaged liquid water content and ice water content (g kg?) for the PRD (a, b),
MLYR (c, d) and ETP (e, f).

Fig. 5. Seasonal frequency of cloud base and cloud height all cloud cells for the PRD, MLYR
and ETP of the year 2010.

Fig. 6. Diurnal cycle of seasonal frequency of different precipitation intensities (mm hr-1) for
the PRD (a-d), the MLYR (e-h) and the ETP (i-I).

Fig. 7. Diurnal cycle of seasonal averaged frequency (%) of deep convections for the PRD (a-d),
the MLYR (e-h) and the ETP (i-1). Note that there is no deep convective cloud cell was

filtered out during winter for the ETP.
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Fig. 8. Diurnal cycle of seasonal averaged total cloud water content (g kg-1) of deep convections
for the PRD (a-d), the MLYR (e-h) and the ETP (i-1). Note that there is no deep convective
cloud cell was filtered out during winter for the ETP.

Fig. 9. Diurnal cycle of seasonal averaged surface sensible heat flux (SH) and latent heat flux
(LH) over the ETP.

Fig. 10. Diurnal cycle of seasonal averaged total cloud water content (g kg-1) of shallow
cumulus for the PRD (a-d), the MLYR (e-h) and the ETP (i-1).

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

MLYR (e-h) and the ETP (i-1).
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660 Fig. 1. Topography (m) of the domain and the selected regions: PRD, MLYR, and ETP, marked
661 with boxes.
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665 Fig. 2. Daily precipitation (mm d*) from the TRMM (green) dataset, ERAINT (blue) and

666 simulations (pink) for the PRD (a), MLYR (b) and ETP (c). Letters rl and r2 in the legend are
667 the correlation coefficients between the CRM and the TRMM, and the ERAINT respectively.
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672 b), MLYR (c, d) and ETP (e, f).

673

34



Cloud Water Content

(a)PRD Liquid Water (b)PRD Ice Water

16 16

§12 12
= 8 8
=
g 0.080
z 4 - = 8

OC' 8 £ T 28 2 5 € £ 3 g OC' s £ T 2 % 2 5 £ £ 3 4

o 1] [ o o [)

EEE%EEagﬁogg Eﬁagzg‘iggogg 0.060
16 = (c)MLYR Liquid Water 16 = (d)MLYR Ice Water
—~ 0.045
§12 12
= 8 8
5 P » 0.030
<
& a - 4

0 0 0.020

c 8 £ T 2 ¢ =2 5 4 £ 3 4J c 8 £ T 2 ¢ 2 5 g H5 93 U

5 ¢ 5823223628 = ¢ 5823223 §d 248

16 z (e)ETP Liquid Water 16 = (fIETP Ice Water 0.010
E12 12
= 0.000
2 8 8
=
<
& 4 4

| —
% £ T 22 > 5 5 ¢ 2 v % 5 €% > 8 2 & % u 2 4
(=} 18] [) o o []
S ¢ 52232288848 S ¢&5823222 3023
674 Month Month
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Frequency of all cloud cells (1072 %)
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680 Fig. 5. Seasonal frequency of cloud base and cloud height all cloud cells for the PRD, MLYR
681 and ETP of the year 2010.

682

36



683
684

685

686

(a) PRD Spring

& o @
o o o

Frequency (%)

N
o

000 0306 091215 18 21

(e) MLYR Spring

B o @
o o o

Frequency (%)
~N
o

000 0306 0912 15 18 21

(i) ETP Spring

B O ®
o o o

Frequency (%)
)
o

000 030609121518 21

(b) PRD Summer

80
60
40
20

000 03 06 09 12 15 18 21

(f) MLYR Summer

80
60
40
20

000 03 06 09 12 15 18 21
(j) ETP Summer

80
60
40
20

000 03 06 09 121518 21

LST

(c) PRD Autumn

80
60
40
20

000 03 06 09 12 15 18 21

(g) MLYR Autumn

80
60
40
20

l:'00 03 06 09 12 15 18 21

(k) ETP Autumn

80
60
40
20

000 0306 09 12 15 18 21

(d) PRD Winter

80
60
40
20

000 0306 09 12 15 18 21
(h) MLYR Winter

80
60
40
20

O00 03 06 09 12 15 18 21
(1) ETP Winter

80
60
40
20

C.00 0306 0912 1518 21

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

37

<0.2
<1
<2.5
<5
>5

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



Deep Conv. Cloud Frequency
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688  Fig. 7. Diurnal cycle of seasonal averaged frequency (%) of deep convections for the PRD (a-d),
689 the MLYR (e-h) and the ETP (i-l). Note that there is no deep convective cloud cell was filtered
690 out during winter for the ETP.
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Deep Conv. Cloud Water Content(g kg~1)
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694  Fig. 8. Diurnal cycle of seasonal averaged total cloud water content (g kg-1) of deep convections
695 for the PRD (a-d), the MLYR (e-h) and the ETP (i-1). Note that there is no deep convective cloud
696 cell was filtered out during winter for the ETP.
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Surface Heat Flux (W m~2)
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Shallow Cloud Averaged Cloud Water Content(g kg~?!)
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703 Fig. 10. Diurnal cycle of seasonal averaged total cloud water content (g kg-1) of shallow
704 cumulus for the PRD (a-d), the MLYR (e-h) and the ETP (i-1).
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Shallow Cloud Frequency
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Frequency of all cloud cells (1072 %)
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Deep Conv. Cloud Water Content(g kg~1)
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