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1  Introduction

Cloud vertical structure (CVS), comprising the vertical dis-
tribution of cloudiness and cloud microphysical parameters 
in the atmosphere, can result from complex thermodynamic 
and dynamic processes as well as microphysical processes 
within clouds (Wang and Rossow 1998; Weare 2000; Wang 
et al. 2000). The formation and development of clouds 
cause variation of atmospheric diabatic processes, thereby 
modify the vertical distribution of atmospheric heating and 
cooling rates (McFarlane et al. 2008; Turner et al. 2018), 
which directly affects the atmospheric circulation (Cao 
and Zhang 2017). Clouds at different altitudes have differ-
ent radiation effects, their location and vertical overlapping 
affect the radiation balance of the atmosphere (Hong et al. 
2016; Hill et al. 2018). The CVS also affects the micro-
physics in clouds, influencing the occurrence and intensity 
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Abstract
Impact of cloud vertical structure (CVS) on a northward-progressing rainfall episode of the East Asian summer monsoon 
(EASM) is explored using the Weather Research and Forecasting model, in which CloudSat observation-based vertical 
structure of cloud liquid water content (LWC) can be imposed. Composite LWC anomaly from CloudSat data shows a 
northward tilted structure from the upper to the lower troposphere. Compared to the control simulation (without modifi-
cation of LWC), the one with LWC imposed, but without tilted structure, doesn’t show significant changes. When LWC 
is introduced and northward tilted, the geopotential height (HGT) decreases in the north of the convective center, which 
increases the meridional wind and provides favorable conditions for the northward shift of the precipitation belt. When 
LWC is southward tilted, HGT decreases in the middle and lower troposphere in the south of the convective center 
and increases in the north, which slows down the northward shift of the precipitation belt. Adding cloud water leads to 
increase in humidity and decrease in temperature, causing significant increase in stratiform clouds and related precipita-
tion. In the configuration of northward tilted LWC, low-temperature and high-humidity area is located on the north side 
of the convective center, favorable for the occurrence and northward shift of the precipitation belt. Deep convection is 
weakened with convective precipitation reduced, while shallow convection enhances the latent heat release in the lower 
troposphere. Therefore, more water vapor and energy are transported from boundary layer to free atmosphere, promoting 
the northward shift of the precipitation belt.
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of precipitation (Jakob and Klein 1999; Yan et al. 2018). 
Despite important progresses of research on the issue since 
a few years, CVS still remains a main source of uncertainty 
for climate studies at global scale (Jiang et al. 2012; Cesana 
and Chepfer 2012; Klein et al. 2013; Zelinka et al. 2013), or 
at regional scale in East Asia (Zhang and Li 2013; Kusunoki 
and Arakawa 2015).

CVS is strongly connected to the East Asian summer 
monsoon (EASM). Impact of the EASM activities on the 
associated cloud system has been widely studied (Luo et al. 
2011; Yuan et al. 2011; Zhang et al. 2020; Zhang and Li 
2020), but how cloud properties (macrophysics and micro-
physics) can exert impact on EASM precipitation has not 
received sufficient attention. It is to be noted that the CVS 
is northward tilted from the upper to the lower atmosphere 
during the northward shift of the EASM activity (Sun et al. 
2019a). What role does this tilted CVS play in the north-
ward shift of the EASM progress, and how does it affect the 
EASM precipitation? This is the main question to address in 
the present work, through numerical modelling. Actually, a 
CVS anomaly, as deduced from observation, is constructed 
and imposed to the Weather Research and Forecasting 
(WRF) model. It constitutes a typical case to explore the 
impact of the tilted CVS on the EASM precipitation belt. 
We also pay attention to any physical mechanisms behind 
the feedback.

The remainder of this paper is organized as follows. 
Section 2 provides a description of the data, experimental 
design and evaluation of WRF simulation. Section 3 pres-
ents the impact of the tilted CVS on the EASM precipitation 
belt, and relevant explanations are explored in Section  4. 
Finally, Section 5 concludes this paper.

2  Data and methods

2.1  Data

The CloudSat 2B-cloud water content (CWC)-RVOD prod-
uct is used to reconstruct the CVS. CloudSat is a Sun-syn-
chronous polar-orbiting satellite, designed to detect clouds 
in the atmospheric column with a 1.1 km (along-track) by 
1.3 km (across-track) footprint. There are 125 bins in each 
vertical profile, and the thickness of bin is about 240 m (Ste-
phens et al. 2018). The 2B-CWC-RVOD product includes 
retrieved information of cloud ice water content (IWC) and 
cloud liquid water content (LWC), discriminated by local 
air temperature: liquid when temperature larger than 0 °C, 
ice when temperature smaller than − 20  °C, and a linear 
mixture of liquid and ice when temperature ranges from 
− 20  °C to 0  °C (Austin et al. 2009). The 2B-GEOPROF 
product also provides a confidence value for each bin. When 

it is greater than 30, clouds are correctly detected, and the 
associated uncertainty is less than 2% (Li et al. 2018). Bins 
near the ground are inevitably contaminated by the surface, 
and large uncertainties are included in these bins (Li and 
Zhang 2017). Therefore, bin samples under an altitude of 
0.5 km and confidence values of less than 30 are not used 
in this study.

Merged daily precipitation data released by the National 
Meteorological Information Center of China are used to 
evaluate precipitation from WRF. The data are formed by 
merging ground observation over land and satellite retrieval 
over ocean (Joyce et al. 2004), with spatial resolution of 
0.25°× 0.25°. In the merging procedure, the original Cli-
mate Precipitation Center Morphing satellite precipitation 
products are reprocessed and calibrated by available ground 
observations, which reduces the random errors and system-
atic biases of the satellite products (Xie and Xiong 2011). 
A quantitative assessment reported by Shen et al. (2014) 
showed that the merged data are of very good quality over 
mainland China. The northward migration of the EASM 
precipitation belt (monsoon front) is often accompanied by 
a strong convective system, and the corresponding precipi-
tation is dominated by convective precipitation (Ding and 
Chan 2005; Chen et al. 2017). Therefore, the location of 
maximum precipitation is regarded as the convective center 
in this paper.

The ERA-Interim is used to evaluate the simulated circu-
lation fields in this study. ERA-Interim is a very good mete-
orological reanalysis dataset, with many aspects improved 
compared to its predecessor, including the representation of 
the hydrological cycle, the quality of the stratospheric cir-
culation, and the consistency in time of the reanalyzed fields 
(Dee et al. 2011). The ERA-Interim data can well describe 
atmospheric temperature, winds and humidity, including 
their diurnal variation in East Asia (Bao and Zhang 2013; 
Chen et al. 2014).

2.2  Model configuration in the control simulation

Advanced Research WRF version 3.8.1 (ARW v3.8.1) 
is used to study the impact of CVS on EASM precipita-
tion belt. The IWC and LWC in WRF model are mainly 
controlled by the microphysics and cumulus convective 
parameterization schemes. Commonly used microphysics 
parameterization schemes as Lin, WSM6, Thompson, Mor-
rison and cumulus convective parameterization schemes 
as Kain-Fritsch and Grell-Freitas are selected to evaluate 
atmospheric circulation and precipitation during the north-
ward progress of the East Asian summer monsoon. The 
best performance is obtained with the configuration using 
the WSM6 microphysics scheme (Hong and Lim, 2006), 
the Xu-Randall cloud-fraction scheme (Xu and Randall 
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1996), the Kain-Fritsch cumulus convective parameteriza-
tion scheme (Kain, 2004), the CAM radiation scheme (Col-
lins et al. 2006), the YSU planetary boundary layer scheme 
(Hong et al. 2006), the revised MM5 Monin-Obukhov sur-
face layer scheme (Jiménez et al. 2012), and the Noah land 
surface scheme (Chen and Dudhia 2001). The Lambert map 
projection is used with the standard longitude at 115°E, the 
simulation center at (105°E, 30°N), and the horizontal grid 
spacing is 30 km. There are 241 grid points in the east-west 
direction, 179 grid points in the north-south direction, 30 
layers in the vertical, and the top pressure of the model is 
50 hPa. The ERA-Interim data are used as the initial field 
and boundary conditions to drive WRF, and the boundary 
field contains 1 fixed boundary layer and 9 relaxing layers. 
The deep soil temperature and sea surface temperature pro-
vided by ERA-Interim are also updated every 6 h.

A strong northward-shifting EASM event occurred in 
June 2007. There were three distinct precipitation episodes 
from June 6 to June 22 (Beijing time, idem hereafter). The 
northward shift is an obvious feature, constituting a typi-
cal northward-shifting EASM event. The daily precipitation 
observed in China is reported as accumulated amount from 
20:00 of the previous day to 20:00 on the nominative day. 
To match the precipitation timing, our study time is set from 
20:00 on June 5 to 20:00 on June 22. The first 24 h of the 

simulation are taken as spin-up time, so the model is run-
ning from 20:00 on June 4 to 20:00 on June 22. The integra-
tion time step is 120 s, and the simulation output is recorded 
every 3 h.

2.3  Evaluation of the WRF model

Large-scale atmospheric circulation is the key indicator to 
assess against the ERA-Interim reanalysis data and WRF 
simulations. Although the simulated 500 hPa geopotential 
height (HGT) and wind speed are slightly larger, WRF is 
able to reproduce the basic characteristics of the regional 
atmospheric circulation (Fig. 1a-b) and its northward shift 
(figure omitted). Simulated precipitation is larger in the 
tropics, but WRF well represents the spatial distribution and 
northward shift of the precipitation belt (Fig. 1c-f).

Hourly averaged precipitation (averaged from 110°E to 
120°E) is used to determine the position of the convective 
center (black line in Fig. 1e). There are three precipitation 
episodes during our simulation. They represent a typical 
northward shift of the EASM front and related precipitation 
belt. Such simulated features are consistent with observa-
tion (Fig. 1f). A linear regression is performed in the merid-
ional-temporal diagram of precipitation to estimate the 
northward-shifting speed of the EASM precipitation belt, 

Fig. 1  Averaged 500 hPa HGT 
(shaded, unit: gpm) and wind 
(vector, unit: m/s) of the (a) 
ERA-Interim and (b) WRF. Spa-
tial distribution of accumulated 
precipitation (unit: mm/day) of 
the (c) observation and (d) WRF. 
Daily precipitation (unit: mm/
day) averaged from 110°E to 
120°E during June 6 to June 22 in 
(e) observation and (f) WRF. The 
black line indicates the linearly 
fitted precipitation center
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2.5  Experimental design

The control simulation (CTRL) is the basic simulation per-
formed with WRF after a careful tuning of parameteriza-
tions and parameters. It mainly serves as an assessment 
of WRF’s performance. It also served to determine the 
geographical positions of convection centers (as shown in 
Fig. 1e-f) which are useful for the prescription of CVS in the 
sensitivity experiments. The comparison of CTRL and the 
subsequent sensitivity experiments allows us to appreciate 
the primary effect of introducing CVS in the model.

The sensitivity experiment protocol consists of three fur-
ther simulations with artificially-modified IWC and LWC 
in WRF. The IWC and LWC are model variables used to 
calculate the impact of cloudiness on radiative transfer in 
WRF and to describe the cloud microphysics. To imple-
ment the above-described CVS into the model, we over-
write the model’s variables QCLOUD and QICE with the 
reconstructed LWC and IWC structures (Fig.  3c-d) from 
CloudSat observations, respectively. We use the convective 
center to locate our imposed CVS. When LWC and IWC 
is perturbed, other geophysical variables are also affected 
and they make adjustment to follow the new configura-
tion. The operation is performed at each time step involv-
ing clouds, and in a dynamic way following the linear track 
deduced from the convective centers in the CTRL (black 
line in Fig.  1f). We also take into account the northward 
displacement of the synoptic system during our investiga-
tion period. In the meridional direction, there was a general 
northward displacement during the time of our interest, but 
high-frequency irregular north-south movements were still 
observed. For our purpose, we just ignore these movements 
by using a linear function to approximate the change of 
position in latitude. Sensitivity experiments are as follows:

(1) Test CWC-V. The tilting angle of LWC is zero (no 
tilting configuration).

(2) Test CWC-N. The profile of IWC/LWC is northward 
tilted (roughly from the middle troposphere to the surface).

about 0.576 degrees of latitude per day, which is also very 
close to the observation of 0.629 degrees of latitude per day.

2.4  Construction of the tilted CVS

We use IWC and LWC from CloudSat data to construct the 
vertical structures of cloudiness (Fig. 2), in such a way that 
the CVS imposed in WRF is as close as possible to actual 
observations (Sun et al. 2019b). Anomalous values were cal-
culated by IWC and LWC from June 5 to 22 in 2007 minus 
their climatological values (from 2006 to 2010). Composite 
IWC anomaly does not show any tilted structure (Fig. 2a), 
while LWC anomaly is northward tilted (seen from upper to 
lower layers, Fig. 2b).

The IWC does not show any tilted structure in the com-
posite, and its anomalies are directly averaged in the verti-
cal to obtain the distribution function (Fig. 3a, black curve) 
which is axis-symmetric around the convective center 
(Fig. 3a, red curve). For the sake of applicability, the distri-
bution is further fitted with a quartic function (Fig. 3a, blue 
curve), and expressed as:

y = 47.761 + 8.126x2 − 0.861x4� (1)

where y is the value of IWC and x is the distance from the 
convective center, expressed in degree of latitude. Finally, a 
new vertical structure of the IWC is constructed as a vertical 
cylinder (Fig. 3c). Similarly, we also use a quartic function 
to mimic its distribution around the convective center for 
LWC, as displayed in Fig. 3b, and expressed as:

y = 26.212− 3.935x2 + 0.019x4� (2)

However, LWC has a tilted vertical structure (a tilted cyl-
inder, Fig.  3d). Its calculation is strongly inspired from 
observations.

Fig. 2  Composite (a) ice water 
content (IWC) and (b) liquid 
water content (LWC) anomalies 
(10− 6 kg/kg) from CloudSat data 
following the convective center 
during the northward-shift of the 
EASM precipitation belt from 
5 to 22 June 2007. The X-axis 
is the relative distance to the 
convective center in degree of 
latitude, negative values indicate 
south to the convective center, 
and positive values north to the 
convective center
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structure in CWC-V and LWC-V experiments, while the 
CVS tilts northward (southward) from upper to lower in 
CWC-N and LWC-N (CWC-S and LWC-S) experiments. 
Compared with the CTRL, cloud amount extends from the 
upper troposphere to the near surface in the CWC experi-
ments (Fig. 4a-c), while remains in the lower and middle 
troposphere in the LWC experiments (Fig. 4d-f).

(3) Test CWC-S. The same as test CWC-N, but the tilting 
angle of LWC is inversed (opposite to what observed).

To isolate the only effect of tilting LWC with IWC 
unchanged, we also design a second set of sensitivity simu-
lations, with only LWC profiles imposed in the model. They 
are referred to as LWC-V, LWC-N, LWC-S, respectively.

Figure  4 shows the vertical profile of the composite 
cloud amount at 115°E from June 6 to 22 in CWC and LWC 
experiments. Black quadrangles mark the vertical structure 
of IWC and LWC imposed in the model. As shown in Fig. 4, 
cloud amount increased significantly in the regions where 
CWC imposed in the experiments. There is no tilted vertical 

Fig. 4  Composited vertical cloud 
amount (unit: %) at 115°E based 
on daily convective centers from 
June 6 to 22. (a-c) imposed both 
IWC and LWC, while (d-f) only 
imposed LWC. The black quad-
rangles show vertical structure 
of imposed IWC and LWC in 
WRF. The X-axis is the same as 
in Fig. 2

 

Fig. 3  Distribution function of the 
(a) IWC and (b) LWC anomalies 
(black: vertical average; red: 
averaged on both sides of the 
convective center; blue: quartic 
fitting curve). The constructed 
vertical structure of the (c) IWC 
and (d) LWC anomalies (unit: * 
10− 6 kg/kg). The values of the 
X-axis are the relative distance to 
the convective center in degree of 
latitude, negative values indicate 
southern distances to the convec-
tive center, and positive values 
indicate northern distances to the 
convective center
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the convective center decreases (increases), which is not 
conducive to the northward shift of the precipitation belt. 
Therefore, the LWC-S experiment has a slower northward 
shift of the precipitation belt.

To clearly show the change in vertical atmospheric circu-
lation, hourly HGT difference between the sensitivity exper-
iment and CTRL on the 115°E vertical section (Fig. 7). As 
previously practiced, the diagrams were composited ones 
during June 6 to June 22 following the moving convec-
tive center (Fig. 1f). There is no significant HGT difference 
between the north and south sides of the convective center 
when LWC without tilt is imposed (Fig. 7a), so there is no 
significant change in the EASM precipitation belt. Negative 
HGT anomaly is located at approximately 6 degrees north 
of the convective center, with a drop up to 3 gpm (Fig. 7b), 
which increases the meridional wind speed and promotes the 
northward shift of the precipitation belt. Conversely, when 
the southward tilted LWC is imposed, negative HGT anom-
aly is located in the middle and lower troposphere south of 
the convective center, while opposite on the northern side 
(Fig.  7c). The variation in HGT decreases the meridional 
wind speed, which is not favorable to the northward shift of 
the EASM precipitation belt.

4  Explanation on the role of tilted CVS

Clouds in WRF are regrouped into three types: stratiform 
clouds, deep convective clouds and shallow convective 
clouds. Figure  8 shows the composite difference of LWC 
in stratiform clouds, deep convective clouds and shallow 
convective clouds on the 115°E vertical section. Strati-
form clouds increase significantly after imposing LWC in 
the model, and its amount increases more than 40% in the 
region where LWC is imposed (Fig. 8a-c). Deep convective 

3  Impact of the tilted CVS

Compared with CTRL (Fig. 1f), the sensitivity experiments 
show significantly increased precipitation after imposing 
CWC (Fig.  5a-f). When the CVS without tilt is imposed, 
only the values of precipitation are increased, but the pre-
cipitation belt has little changes (Fig. 5a). The precipitation 
belt significantly shifts northward when the CVS is north-
ward tilted (Fig. 5b). In contrast, the precipitation belt shifts 
southward substantially when imposing the southward tilted 
CVS (Fig. 5c). These results suggest that changing the CVS 
can affect the direction and speed of the EASM movement. 
The variation of the precipitation belt by only changing 
LWC (Fig.  5d-f) is very similar to that by changing both 
LWC and IWC (Fig. 5a-c). Changes in the precipitation belt 
are mainly caused by changes in the LWC. Therefore, only 
the impact of vertical structure of the LWC on the EASM 
precipitation belt is analyzed in the following.

To further highlight the impact of CVS on EASM pre-
cipitation, the differences in 500 hPa HGT and wind fields 
between the LWC experiments and CTRL are shown in 
Fig. 6. The CVS has little effect on the EASM precipitation 
belt at the beginning. Negative anomaly of 500 hPa HGT in 
the LWC-V experiment is nearly located in the convective 
center, so the location of the precipitation belt in LWC-V 
experiment has little change. Imposing LWC only causes 
the increase of precipitation amount. With the change in 
vertical structure of the LWC, the CVS has increasingly 
more influence on the EASM precipitation belt and affects 
more surrounding areas. The HGT on the northern side of 
the convective center decreases after imposing the north-
ward tilted CVS and is accompanied by cyclonic wind field 
differences, which is conducive to the northward shift of 
the precipitation belt. However, when the southward tilted 
CVS is imposed, HGT on the southern (northern) side of 

Fig. 5  Daily precipitation averaged from 110°E to 120°E during June 
6 to June 22 (unit: mm/day). (a-c) Imposing the IWC and LWC, (d-f) 
imposing only the LWC, (a, d) imposing the CVS without tilt, (b, e) 
imposing the northward tilted CVS from the upper to the lower atmo-

sphere, and (c, f) imposing the southward tilted CVS from the upper 
to the lower atmosphere. The black solid line is the fitted precipitation 
center
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Fig. 7  Differences in composited 
HGT on the 115°E vertical sec-
tion between the LWC experi-
ments and CTRL (unit: gpm) dur-
ing June 6–22. Tests (a) LWC-V, 
(b) LWC-N and (c) LWC-S. The 
X-axis and black quadrilateral are 
same as Fig. 4d-f

 

Fig. 6  Differences in the 500 hPa HGT (shaded, unit: gpm) and the wind field (vector, unit: m/s) between the LWC experiments and the CTRL on 
(a-c) June 6, (d-f) June 10, (g-i) June 14 and (j-l) June 18. Tests (a, d, g, j) LWC-V, (b, e, h, k) LWC-N and (c, f, i, l) LWC-S
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atmospheric temperature (Fig.  9c). Low-temperature and 
high-humidity air is located on the north side of the convec-
tive center, which is more conducive to precipitation on the 
north side of the convective center and promotes the north-
ward shift of the precipitation belt. Water vapor decreases 
and temperature increases on the north side of the convective 
center in the sensitivity experiments (Fig. 9b and d), indi-
cating weakened deep convective activity. With increased 
shallow convective clouds, condensation heating of shallow 
convection in the lower troposphere increases significantly, 
water vapor and energy transport from lower troposphere to 
free atmosphere increase accordingly. Both of these factors 
would cause the decrease of HGT north of the convective 
center, thereby promoting the northward shift of the EASM 
precipitation belt.

5  Conclusions

Impact of the CVS on the EASM precipitation belt was 
explored in this paper. When LWC is imposed without 
tilt, there is no significant HGT difference and no obvi-
ous change in the precipitation belt. When the northward 

cloud amount near the convective center decreases after 
imposing LWC (Fig. 8d-f), and so is the convective precipi-
tation. Area with increased precipitation is consistent with 
the area of increased stratiform clouds (Fig. 8g-i).

In the LWC-V experiments, shallow convective cloud 
amount varies slightly and basically remains unchanged 
(Fig. 8g). Hoverer, shallow convective clouds increase sig-
nificantly at about 8 degrees north (south) of the convective 
center in the LWC-N (LWC-S) experiment (Fig. 8g-i). That 
is, shallow convection is significantly enhanced when LWC 
is imposed in lower atmosphere, and the maximum increase 
is up to 10%. Most notably, the shallow convective clouds, 
which were generally less than 6% in CTRL, correspond 
to a large increase and appear in the direction that guides 
the EASM movement. Thus, the shallow convective clouds 
may have an important impact on the EASM precipitation 
belt.

In the following, the LWC-N experiment is used as an 
example to explain the impact of the CVS on the EASM 
precipitation belt. With the addition of LWC, an increase 
in cloud water leads to an increase of evaporation in clouds 
(Fig. 9a), and an increase of atmospheric water vapor. Evap-
oration of cloud water is endothermic, thereby reducing 

Fig. 8  Same as Fig. 7 but for (a-
c) stratiform cloud amount (unit: 
%), (d-f) deep convective cloud 
amount (unit: %), (g-i) shallow 
convective cloud amount (upper 
part, unit: %) and precipitation 
(lower part, unit: mm/day)
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An artificially imposed northward tilted CVS partly 
influences the water vapor balance in WRF model, but we 
believe the conclusions are credible. The injected perturba-
tion is small enough to be below the model’s tolerance. The 
model takes into account the imposed LWC, environmental 
fields adjust with the experimental designed cloud structure. 
Actually, there is no unstable configurations in our sensi-
tivity experiments. In our case, two physical processes are 
involved, one is the radiative effect in relation to radiative 
transfer in the atmosphere, another is the thermodynamics 
in relation to changes of water phases. Our current design is 
not able to make the right distinction between them. From 
the obtained results, it seems that the thermodynamic effect 
is the dominant one. We should perform further sensitivity 
experiments to deepen our investigation in the future.
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tilted LWC is imposed, negative HGT anomaly is located at 
approximately 6 degrees north of the convective center, up 
to 3 gpm. The HGT anomaly increases the meridional wind 
speed and promotes the northward shift of the precipitation 
belt. However, when the southward tilted LWC is imposed, 
HGT decreases in the middle and lower troposphere south 
of the convective center and increases on the northern side. 
The HGT anomaly can reduce the meridional wind speed, 
which is not conducive to the northward shift of the precipi-
tation belt.

In the case that LWC is imposed to the model, evaporation 
of cloud water leads to an increase in atmospheric humidity 
and a decrease in atmospheric temperature. The increase in 
stratiform clouds is more than 40%, accompanied with more 
stratiform precipitation. In the LWC-N experiment, air with 
low temperature and high humidity is located on the north 
side of the convective center, leading to northward shift of 
the precipitation belt. In contrast, deep convection is weak-
ened, and convective precipitation is reduced significantly. 
Most notably, with the enhancement of shallow convection, 
condensation heating in the lower troposphere is signifi-
cantly increased. Therefore, more water vapor and energy 
are transported from the boundary layer to the free atmo-
sphere. The geopotential height in north of the convective 
center is reduced, thereby promoting the northward shift of 
the precipitation belt.

Fig. 9  Same as Fig. 7a but for 
(a) water vapor tendency due to 
microphysical processes (unit: 
10− 8 kg/kg s− 1), (b) water vapor 
tendency due to cumulus convec-
tion (unit: 10− 8 kg/kg s− 1), (c) 
temperature tendency due to 
microphysical processes (unit: 
10− 4 K s− 1) and (d) temperature 
tendency due to cumulus convec-
tion (unit: 10− 4 K s− 1)
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