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Abstract: Due to model errors caused by local variations in cloud precipitation processes, there are
still significant uncertainties in current predictions and simulations of short-duration heavy rainfall.
To tackle this problem, the effects of warming on cloud-precipitation efficiency was analyzed
utilizing a weather research and forecasting (WRF) model. The analysis focused on a rainstorm
corridor event that took place in July 2020. Rainstorm events from July 4 to 6 formed a narrow rain
belt with precipitation exceeded 300 mm in the middle and lower reaches of the Yangtze River.
Temperature sensitivity tests revealed that warming intensified the potential temperature gradient
between north and south, leading to stronger upward motion on the front. It also strengthened the
southwest wind, which also resulting in more pronounced precipitation peaks. Warming led to a
stronger accumulation and release of convective instability energy. Convective available potential
energy (CAPE) and convective inhibition (CIN) increased correspondingly with the temperature.
The precipitation efficiency increased sequentially with 2°C warming to 27.4%, 31.2% and 33.1%.
Warming can affect the cloud precipitation efficiency by both promoting and suppressing
convective activity, which may be one of the reasons for the enhancement of extreme precipitation
under global warming. The diagnostic relationship between upward moisture flux and lower
atmospheric stability during precipitation evolution was also revealed.

Keywords: rainstorm corridor; precipitation efficiency; extreme precipitation; convective instability
energy; WRF

1. Introduction

The abundance of evidence from observations and model analyses has underscored the dramatic
shifts occurring in the components of the water cycle due to global warming, as documented by an
array of studies [1-4]. Particularly noteworthy is the water cycle's most dynamic segment—cloud and
precipitation processes—whose significant alterations exert direct influences on terrestrial
ecosystems and have profound implications for human societies. Thus, understanding the
evolutionary dynamics of cloud-precipitation processes is crucial for enhancing climate prediction
models [5-7]. While the global mean precipitation trend is slight [8,9], regional disparities are
pronounced, and there is a notable surge in extreme precipitation events [10-12]. This trend
exacerbates the existing disparities in precipitation distribution, with significant consequences for the
human environment and the sustainability of societal development [13-15]. Given the high degree of
uncertainty in current models and operational forecasts for local precipitation extremes, it is
imperative to enhance our comprehension of the mechanisms by which they respond to climatic
warming.

The precipitation efficiency in cloud systems serves as a crucial gauge for exploring the
distribution and metamorphosis of atmospheric cloud water resources. Typically, precipitation
efficiency is defined as the proportion of precipitation to the volume of condensed water that ascends
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adiabatically within clouds in a specific region [16,17]. The computation of this cloud-to-precipitation
conversion efficiency forms an essential prerequisite for the judicious enactment of artificial weather
alteration, along with storm warning and disaster prevention and mitigation [18,19]. The assessment
of cloud water resources and their transformation via precipitation remains relatively underexplored
[20,21]. In a notable study, Liu et al. [22] utilized the ratio of precipitation to cloud water path to
represent cloud precipitation efficiency. Their findings highlighted an increase in the cloud water
content in the arid and semi-arid regions of East Asia, counterbalanced by a decrease in cloud
precipitation efficiency within recent decades. The influence of global warming on the capacity for
cloud-precipitation conversion is increasingly the focus of contemporary research. However,
consensus remains elusive regarding the response of cloud precipitation efficiency to climatic shifts.
Lutsko and Cronin [23] and Narsey et al. [24] evaluated the impact of warming on precipitation
efficiency. while the former implied a statistical increase in precipitation efficiency with warming,
the latter identified a decline in precipitation efficiency with warming in the context of small-scale
convection.

Precipitation is fundamentally driven by cloud microphysical processes, while its occurrence is
also shaped by the dynamic and thermal processes within the surrounding atmosphere [25,26].
Warming-induced changes in convective activity notably influence both the mechanism and
effectiveness of precipitation. Studies through model simulations reveal that while convective
activity tends to rise with increasing temperatures, leading to enhanced precipitation, there is a
threshold beyond which further intensification of convection does not correspond to increased
precipitation intensity [27]. The dynamics of convective activity are governed by the interplay of
convective available potential energy (CAPE) and convective inhibitory energy (CIN), each exerting
both positive and negative influences. Although CAPE escalates with warming, boosting convective
occurrences, this does not inherently translate to more intense precipitation. The intricate balance of
convection's facilitating and inhibitory roles plays a pivotal part in the fluctuations of precipitation
and its effectiveness, elucidating how precipitation processes react to warming and offering crucial
insights into the emergence of extreme precipitation events. Recent trends of stronger precipitation
events alongside a decline in weaker ones, in the context of rising convective intensity, hint at an
amplifying suppressive effect of CIN in a warming climate.

The arrival of the annual Meiyu season in southern China is often accompanied by days of heavy
rain, like the "rainstorm corridor” events previously observed in the plains of the United States [28].
These events are characterized by mesoscale convective systems that repeatedly follow the same
west-to-east path over several days, generating heavy to torrential rains and forming narrow,
corridor-like rain bands. These rain belts can extend over 1000 km from east to west, while being less
than 300 km wide from north to south. Interestingly, these narrow rain belts can concentrate a
significant amount of precipitation, while the areas to their north and south receive almost no rainfall.
This phenomenon has been termed a "rainstorm corridor" [29]. Each year during the rainy season,
several of these heavy rainfall corridor events occur in South China and the Yangtze River basin,
resulting in large, concentrated amounts of precipitation that can lead to severe flooding. Historical
events demonstrate the impact of these rainstorm corridors. For instance, in June and July of 1998,
southern China experienced a rare mega-flood associated with frequent storm corridor events [30].
A statistical analysis by Guan et al. [28] of storm corridor events in eastern China over the past 20
years during the rainy season revealed that they typically occur in the Jianghuai Basin near 30°N and
can last for two to three days. Studying these storm events, which regularly and repeatedly generate
mesoscale convective systems within a few days, can help us understand the development
mechanisms of extreme precipitation events, which is critical for effectively responding to heavy
rainfall disasters. Furthermore, modeling serves as an important tool for studying the transformation
of water condensate and microphysical processes during cloud precipitation.

Previous studies have extensively used the Weather Research and Forecasting (WRF) model to
analyze typical individual cases of heavy rainfall events during the Meiyu period in the Jianghuai
region [31-33]. These studies have significantly contributed to our understanding of the mechanisms
behind extreme precipitation events, which have been on the rise in recent years. The Yangtze River
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basin experienced particularly long-lasting rains in 2020, resulting in cumulative precipitation that
broke records dating back to 1961. This unprecedented rainfall led to severe flooding and extensive
damage to property. According to the findings of Liu et al. [34], the main cause of this abnormal
Meiyu event was the sequence of cold and warm fronts regulated by the North Atlantic Oscillation.
While most studies on storm corridors have focused on their formation mechanisms, there has been
a relative lack of research using these regularly occurring extreme precipitation events to study how
precipitation efficiency responds to warming. This gap in research indicates a need for further
investigation into the relationship between climate change and the intensity and frequency of
extreme weather events, such as those observed during the Meiyu period. Understanding this
relationship is crucial for developing more accurate forecasting models and implementing effective
disaster response strategies.

This study focuses on a specific storm corridor event from 2020, utilizing the Weather Research
and Forecasting (WRF) model to simulate and analyze precipitation evolution through the lens of
cloud-precipitation conversion efficiency. Warming effects on the rainfall process and precipitation
efficiency were investigated via three sets of temperature sensitivity tests. In the context of escalating
urban disaster losses due to extreme precipitation, this paper explores diagnostic conditions of
precipitation evolution from the perspective of a single rainfall process, aiming to uncover the
mechanisms by which warming influences the rainfall process. Ultimately, the goal of this study is
to provide insights that could enhance short-term heavy precipitation forecasts and warning
capabilities.

2. Materials and Methods

2.1. Datasets

NCEP_FNL (National Centers for Environmental Prediction-Final) 1° x 1° reanalysis data were
used to provide the initial conditions and boundary conditions for the WRF model. For the validation
of the model simulation results, the 0.1° grid dataset of hourly precipitation merged with CMORPH
(NOAA Climate Prediction Center morphing technique) from the China Meteorological
Administration (version 1.0) was used. The dataset is based on hourly precipitation from more than
30,000 automated stations nationwide, as well as the real-time satellite inversion CMORPH
precipitation product developed by the U.S. Environmental Prediction Center. The spatial resolution
of the CMORPH raw data is 8 km and the temporal resolution is 30 min [35]. A probability density
matching error revision method combined with an optimal interpolation two-step data merge
algorithm was applied to the above two parts of the data to generate hourly precipitation fusion
products with 0.1°x0.1° resolution. Its spatial range is 70-140°E, 15-59°N, and its time range is from
January 1, 2008 to the present. This dataset boasts both high spatial and temporal resolution,
effectively merging the precision of station observations with the broad-scale representativeness of
reanalysis data, thereby offering significant convenience for the study of localized precipitation
events.

2.2. Parameterization Scheme and Sensitivity Experiment

A heavy precipitation event in the middle and lower reaches of the Yangtze River was simulated
using the Advanced Research WRF model [36] developed by NCAR in WRF 4.0. The microphysical
parameterization uses the Lin scheme [37], which increases the forecast of water condensate in the
cloud compared to the WSM3 scheme, and increases the treatment of interconversion between water
condensates below the freezing point. The Kain-Frisch scheme [38] was used for the outer cumulus
convection parameterization, and the RRTM longwave radiation scheme [39] and the Dudhia
shortwave radiation scheme [40] were chosen. The Revised MM5 Monin-Obukhov near-stratigraphic
parameterization scheme [41], the YSU boundary layer scheme [42], and the Noah land surface
scheme [43] were also chosen.

The distribution of the Meiyu rainfall band is insensitive to cumulus parameterization and
spatial resolution [44]. To avoid the failure of many widely used parameterization assumptions for
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cumulus clouds in the gray zone and realistically represent convection [45], here we use two-way
nesting. The outer layer uses 9 km grid points to simulate the distribution of precipitation bands. The
inner layer uses medium grid points with a 3 km grid spacing to simulate the variation in
precipitation intensity. The simulated outer region includes most of southeast China, as shown in
Figure 1. In two-way nesting in the horizontal direction, the outer grid (d01) is 220x200 grid points
with a 9 km resolution, and the inner grid (d02) is 210x60 grid points with a 3 km resolution. As
illustrated in Figure 1a, the primary concern pertains to d02, which is situated on the plains of the
lower Tibetan Plateau, characterized by a flat topography. The vertical direction is the terrain
following coordinates of 38 layers, and the model top pressure is 50 hPa.
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Figure 1. Extent of the model's inner and outer simulation area, topographic height (in m) distribution
(a), and observed cumulative precipitation (in mm) for the July 4-7, 2020 precipitation process (b). The
black boxes d01 and d02 in the figure indicate the first and second layers of the nested grid areas,
respectively.

The cumulative precipitation in the middle and lower reaches of the Yangtze River during the
Meiyu season of 2020 broke the records of previous years, in which two consecutive gradual eastward
shift processes of rainbands, i.e., rainstorm corridor events, occurred from July 4-7. Figure 1b shows
the accumulated precipitation between July 4 and 7. A narrow rain band was formed in the middle
and lower reaches of the Yangtze River, and the accumulated precipitation reached more than 400
mm. In this paper, we uniformly use Coordinated Universal Time (UTC) to describe the time
evolution, and the simulation time period is July 4, 2020 06:00 UTC to July 6, 2020 18:00 UTC (local
time = UTC+8). The running time is 50 hours, the first 12 hours of each test are used as the spinup
time of the model, and the simulation results are output every 3 hours. To analyze the sensitivity of
the precipitation process to temperature, we increase and decrease the temperature by 2 K on each
nested layer and each grid point of the initial conditions and boundary conditions, respectively. Thus,
three comparison test simulations are performed: a control group (CTL), a cooling group (T-2), and a
warming group (T+2). The three sets of experiments use the exact same parameterization scheme and
other experimental settings except for the change in temperature.

2.3. Validation of Model Results against Observation

Figure 2 shows the cumulative precipitation distribution and the evolution of the meridional-
averaged precipitation for the observations (OBS_MERG) and WRF simulations (Wrfout_CTL) from
06:00 July 4 to 18:00 July 6, 2020. The two precipitation processes on July 4-6 form a clear rain band
from west to east in the Jianghuai Basin. The cumulative precipitation within the narrow rainbands
can exceed 300 mm, while almost no precipitation occurs on the north and south sides outside the
rainbands. The center of high precipitation values occurs near 30°N, 115°E, i.e., within our selected
inner simulation domain. The WRF simulation results are consistent with the observations and can
reproduce the precipitation distribution situation well. The simulation of the high value center of
precipitation slightly deviates, but Figure 2b shows the results of the outermost simulation domain,
which only needs to be able to simulate the rainband distribution because the strong precipitation
value mainly depends on the results of the inner simulation domain.
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Figure 2. Cumulative precipitation distribution of the observed (OBS_MERG) and WRF simulations
(Wrfout_CTL) from July 4, 2020 06:00 to July 6, 2020 18:00 (UTC) (a)(b) and the zonal evolution of
meridional mean precipitation (c)(d), all in mm.

Figures 2c and 2d show the zonal evolution of the observed and WRF-simulated meridional
mean precipitation, respectively. From the observation results, there are two main west-to-east move
processes of rainfall bands. Starting at 18:00 on July 4, precipitation gradually moves eastward from
near 110°E, reaching precipitation extremes between 115-120°E by 03:00 on July 5. The second process
starts after 12:00 on July 5, and then precipitation forms near 110°E and gradually moves eastward
until 120°E. WRF can simulate the gradual eastward movement of rainbands during the two
precipitation processes at 18:00 on July 4 and 12:00 on July 5. The evolution of the rainband
distribution is also consistent with the observation, and the intensity of precipitation simulated by
WREF differs from the observation due to the results of outer simulation domains. The rain intensity
of the WRF-simulated precipitation high value center is higher than that observed in both processes,
and the location of the high value center is also shifted. Therefore, for the comparison of the
precipitation intensity, we use the inner simulation domain results to compare with the observations
for verification. As shown in Figure 3, the results of the temporal evolution of the average
precipitation in the simulated domain of d02, the main concentration zone of heavy precipitation.
The evolution of precipitation over time is consistent, and the difference between the three-hours
cumulative precipitations is approximately 2 mm. Precipitation began to form after 18:00 on July 4,
with peaks at 03:00 on the 5th and 00:00 on the 6th corresponding to the center of two heavy
precipitation processes. Additionally, note that the precipitation intensity simulated by WRF
decreases rapidly with time after 00:00 on the 6th in the figure, which is not consistent with the
observed values. This is most likely due to the long running time of 50 hours in this simulation and
the rapid decrease in mode stability. Previous studies have also noted that a running time of about
36 hours is best for the simulation of a precipitation process. This stability error due to the length of
the running time can be solved by segmenting the simulation for a single long time case. However,
the simulation deviation of precipitation after the 6th here has no effect on the analysis of the two
precipitation occurrence processes in this paper. Through the comparison verification in the above
two figures, it can be said that the WRF simulation results can well reproduce the eastward shift of
the rainband and the evolution of precipitation intensity in this storm corridor event.
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Figure 3. Temporal evolution of the mean precipitation (in mm) in the simulated domain of the inner
grid d02, black lines are observations, and red lines are WRF simulations. The error bars indicate the
regional mean standard deviation.

3. Results

3.1. Analysis of Weather Field Configuration

Figure 4 illustrates the temporal progression of the 850 hPa meteorological field during two
significant precipitation events. In this figure, the brown and blue regions denote areas where the
equivalent potential temperatures exceed 355 K and fall below 345 K, respectively. Superimposed are
contours representing radar reflectivity, while directional vectors depict the horizontal wind field.
The evolution of the initial precipitation event is depicted at three-hour intervals on the left side of
the figure, contrasting with the second event displayed on the right. Radar reflectivity, indicative of
the reflection signals from hydrometeors within clouds, sheds light on the distribution of the cloud
system. During both precipitation events, areas of high radar reflectivity are consistently observed
along a narrow rain band at 30°N, marking the primary precipitation source. Over time, these regions
of heightened reflectivity expand, regularly exceeding 30 dBZ, and exhibit an eastward movement
from the southwest, tracing the Yangtze River basin. At 03:00 on the 5th and 00:00 on the 6th, the
peaks in reflectivity values are predominantly concentrated in the d02 simulation domain within the
lower Yangtze River region, aligning with the observed precipitation patterns. It is also noteworthy
that, despite the similar rain intensities in the two events, the overall radar reflectivity on the 6th,
during the second precipitation process, is higher compared to that on the 5th.
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Figure 4. Temporal evolution of the 850 hPa meteorological field during the two heavy precipitation
events, The brown and blue areas are the ranges of equivalent potential temperatures (in K) exceed
355 K and below 345 K, respectively. The contours in the figure are the radar reflectivity (in dBZ), and
vectors with arrows indicate the horizontal wind field.

The gradient of the atmospheric equivalent temperature in the horizontal direction can be used
to indicate the location of the front and its intensity variations. The brown areas contained in the
equivalent potential temperature exceeding 355 K in Figure 4 indicate warm and humid air masses,
while the light blue areas with equivalent potential temperatures below 345 K indicate dry and cold
air masses. Prior to the precipitation event at 21:00 on the 4th, an extensive warm and humid air mass
originating from the southwest accumulated south of 30°N. Over time, this warm and humid air mass
was gradually lifted northward due to southwesterly winds, crossing the 30°N line to intersect with
the dry and cold air mass from the north. The ensuing condensation of water vapor at this junction
of warm and cold air masses is mirrored in the corresponding changes in radar reflectivity. The
second precipitation process that formed at 18:00 on the 5th was similar, with warm and humid air
masses piling up south of 30°N from the start. The distribution at 21:00 on the 5th and 00:00 on the
6th clearly shows the gradual transport path of the warm and humid air mass from the southwest to
the east. The dry and cold air mass in the north is more southerly than the first process, and the cold
and warm air masses converge throughout the middle and lower Yangtze River to produce more
water vapor condensation, reflected in higher radar reflectivity than the first process. The equivalent
potential temperature and radar reflectance in Figure 4 clearly reflect the water vapor transport,
convergence and condensation processes for both precipitation processes from a horizontal direction.

Figure 5, on the other hand, shows the evolution of cold and warm air masses and vertical
velocities during the two precipitation events from a vertical direction. The equivalent potential
temperature above 10 km shows a uniform stratification structure with increasing height (Figure
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omitted). In the lower troposphere, there are two low-value centers with roughly symmetrical 30°N
lines at 4 km. Overall, the temperature was higher south of 30°N than north, which can represent the
relatively warm and wet air masses and dry and cold air masses, respectively. The cold and warm
air masses are separated from the north and south by the 350 K equivalent potential temperature.
Before the precipitation occurred at 00:00 on the 5th, the warm and wet air mass 345 K isotherm was
near 24°N, and the center of the dry and cold air mass less than 330 K was located near 33°N. At 03:00
on the 5th, as the warm and humid air mass 345 K isotherm lifted northward and the center of the
cold air mass moved southward, strong upward motion formed at its tropospheric convergence.
After that, the cold and warm air masses continue to converge, with the center of the cold air mass
330 K isotherm moving south and the 350 K isotherm crossing 30°N. The warm air on the front is
continuously lifted, generating vertical movement at the top of the troposphere moving southward.
The second precipitation process is similar, with an upward movement forming over the 350 K
equivalent potential temperature intersection at 18:00 on the 5th. The zonal gradient of dry and cold
air mass temperatures north of 30°N is greater during the second process, and the center of low 330
Kis near 30°N and gradually moves southward. The warm and humid air coming from the south is
lifted continuously, and a wide range of strong upward movement is formed in the upper
troposphere at 21:00 on the 5th. Then, the upward movement gradually moves southwest and
generates heavy precipitation on the front. Although the difference in rain intensity between the two
precipitation processes is small, the larger potential temperature gradient between the cold and warm
air masses in the second process creates a stronger vertical upward movement. Overall, the same
formation process is reflected horizontally and vertically for both precipitation processes. The cold
and warm air masses in the troposphere are bounded by the 350 K equivalent potential temperature
and converge near 30°N to form a front system. The warm and humid air masses are continuously
lifted and condensed to form precipitation. Cloud water condensed in the middle and lower reaches
of the Yangtze River by southwesterly winds carrying a constant stream of warm and humid air
serves as a direct source of precipitation.
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Figure 5. The evolution of meridional vertical profiles for equivalent potential temperature (in K)
depicted by filled colors, and vertical velocity (in m/s) outlined by red contours, along with zonal
wind speed (in m/s) indicated by black contours, in relation to the precipitation processes during two
distinct precipitation events.

3.2. Effect of Warming on Convective Activity

The enhanced atmospheric water storage capacity and altered vertical dynamics due to warming
have a notable impact on precipitation patterns. Recent decades have witnessed a surge in extreme
precipitation events globally, highlighting the critical role of temperature in shaping precipitation
dynamics. In this study, we delve into the influence of warming on convective precipitation by
adjusting the initial temperature values in the forcing field. The main factors affecting the convective
initiation during convective precipitation are convective available potential energy (CAPE),
convective inhibition energy (CIN), lifting condensation level (LCL) and level of free convection
(LFC). CAPE is defined as the cumulative buoyant energy above the free convection level and
represents the net kinetic energy gained by the rising air mass from the environment, thus reflecting
the strength of the convective system. CIN describes the limiting factor, which is able to prevent
convection even though very high values of CAPE exist. The air parcel needs to overcome a usually
stable layer between the surface and LFC. The intensity of this stable layer is defined by CIN.

Figure 6 compares the evolution of precipitation, CAPE, CIN, LCL and LFC during the whole
precipitation process in different experimental groups from July 4-7. Each of the three experiments
successfully simulates the progression of two significant precipitation events, demonstrating a
sequential increase in peak precipitation amounts with rising temperatures. Notably, the extreme
precipitation values can potentially double in experiments with a temperature differential of 2 K.
Additionally, we observed that both the onset of precipitation and the occurrence of extreme values
tend to precede earlier in response to increasing temperatures during these events. In particular,
during the second precipitation event, the extremities of precipitation advanced by approximately
three hours in a sequential manner correlating with temperature increments. This suggests that the
escalation in convective activity may reach a critical threshold for convective disturbance more
promptly following a temperature increase, thereby initiating precipitation. Intriguingly, the peak
precipitation value in the second event within the cooling test group surpassed that observed in the
first event.
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Figure 6. Temporal evolution of mean precipitation (in mm) (a), CAPE (in J/kg) (b), CIN (in J/kg) (c),
LCL (in m) (d) and LFC (in m) (e) in the d02 simulated domain for the three sets of temperature
sensitivity tests from July 4-7.

The light green and light blue shading in the figure correspond to the two precipitation
processes. Precipitation increases rapidly with time to peak in the two selected periods. In contrast,
CAPE decreases with time in both periods, indicating a gradual release of convective instability
energy during precipitation. In addition, the peak CAPE of the second precipitation process is much
larger than that of the first process. That is, CAPE accumulates before each precipitation event and
starts releasing unstable energy when it reaches a certain threshold, forming precipitation. Therefore,
the trend of its evolution over time is almost opposite to the change in precipitation, but a higher
CAPE peak leads to stronger convective activity. All three sensitivity tests increase CAPE
sequentially with increasing temperature, consistent with the change in precipitation. CIN decreases
rapidly from high values before the onset of precipitation, favoring convective development. It
remained at a low value of approximately 10 J/kg during the first precipitation, and then gradually
increased, reaching a peak during the second precipitation. That is, the first precipitation process
convection is not suppressed and CAPE is directly released to form precipitation. While the second
process has a higher CAPE peak, the CAPE release process is about 3 hours slower. Therefore,
although there is a difference between the extreme values of CAPE, the difference in precipitation
between the two processes is not significant. The boundary layer height can be approximated by the
lifting condensation level when the convective activity is strong, and the higher the LCL the stronger
the vertical mixing [46]. That is, higher CAPE and LCL and lower LFC are conducive to the strong
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convective activity generation. LCL in Figure 6 is approximately 1000 m before precipitation occurs,
while LFC decreases rapidly from high values, which is favorable for convection to occur. The LCL
decreased during the second precipitation, but the LFC remained at a lower value. Moreover, the
differences in LCL and LFC between the three sensitive test groups were not significant. That is, LCL
and LFC only need to provide conditions conducive to convective triggering, which does not change
much during the occurrence of precipitation. Overall, the combined dynamics of CAPE, CIN, LCL
and LFC play a pivotal role in dictating the conditions for convective initiation and development,
and has an important influence on convective intensity, development height and subsequent
precipitation generation.

Figure 7 gives the temporal variation of CAPE and CIN for the three sets of sensitivity tests in
terms of vertical evolution. Three accumulation and release processes of CAPE in the vertical
direction are present in all three tests. This center gradually dissipates its energy, paralleling the
precipitation process post-15:00. At 03:00 on the 5th, concurrent with the peak and subsequent decline
in precipitation, CAPE starts to accumulate again, forming a second peak. This pattern of
accumulation and release is consistent across all tests, with CAPE serving as a key driver for
precipitation dynamics. When comparing the test groups, we note a sequential increase in the
intensity of CAPE maxima with rising temperatures. The initial CAPE peak at 15:00 on the 4th is the
weakest and short-lived. In contrast, the subsequent CAPE peaks decrease in altitude, with the
control and cooling groups showing peaks near the ground level. Notably, the warming group
exhibits the strongest second CAPE maximum, exceeding 2000 J/kg, at an altitude of 1 km.
Conversely, the evolution of CIN is temporally staggered relative to CAPE, with two significant
peaks positioned between the three CAPE cycles. Similar to CAPE, the intensity of CIN maxima also
escalates with rising temperatures. The CIN peaks are predominantly maintained at an altitude of
around 1 km, aligning with the LCL. This staggered spatial and temporal configuration of CAPE and
CIN appears to be conducive to the development and occurrence of convective precipitation.
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Figure 7. Temporal evolution of the mean CAPE and CIN vertical profiles in the d02 simulation
domain for three sets of temperature sensitivity tests. The filled color represents CAPE, the contour
denotes CIN, and the units are all J/kg. The text continues here (Figure 2 and Table 2).

3.3. Mechanism of Warming Affecting Cloud Precipitation Efficiency

To analyze in detail the effect of warming on the precipitation process, Figure 8 compares the
differences in equivalent potential temperature, vertical velocity and zonal wind speed between the
warming and control tests. In the cooling test (figure omitted), the low-value center of the equivalent
potential temperature in the dry and cold air mass to the north registers at 324 K. The center in the
warm and humid air mass to the south reaches an intensity of 330 K. Relative to the control
experiments, the induced upward motions in both precipitation processes at lower temperatures
exhibit diminished strength and occur predominantly in the mid-troposphere. This observation
aligns with Figure 6, where the cooling experiment portrays the most subdued peak in precipitation.
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Figure 8. Same as Figure 5, but for the difference between the warming test and the cooling test (T+2)
- (CTL).

In Figure 8, we observe the evolution of meridional vertical profiles of equivalent potential
temperature and vertical velocity during two distinct intense precipitation events in the warming
experiment, compared to the control. With increasing temperatures, the intensity of the low-value
center of equivalent potential temperature in both cold and warm air masses is amplified. This is
characterized by a rise in the peripheral potential temperature and a decrease at the low-value center,
particularly evident during the second precipitation event. Such changes enhance the north-south
potential temperature gradient. Over time, the northern and southern air masses converge, with
warm air masses gaining in potential temperature and cold air masses experiencing a decrease,
culminating in robust upward movements above the frontal surface. Notably, the second event
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exhibits stronger vertical velocities than the first and gradually shifts southward. Post-warming
scenarios suggest a potential weakening of upward motion, and the differences in precipitation
outcomes between the two simulated events are not markedly significant. This implies that the
increase in precipitation with temperature is not solely attributable to dynamic conditions. Enhanced
convective activity, facilitating precipitation formation, and the augmented supply of water vapor
due to warming are also crucial factors. Moreover, the strengthening of horizontal zonal wind speed
above the low-value center after warming expedites the movement of rain bands and advances the
onset of precipitation. It's also noteworthy that the variations in zonal wind speed closely correspond
spatially with those in equivalent potential temperature.

Since warming increases both precipitation and cloud water condensate content, we examined
the change in cloud-precipitation efficiency with warming. Precipitation efficiency in this context is
quantified by the ratio of regionally integrated precipitation to the aggregate hydrometeor content
within the d02 simulation domain. Figure 9 presents boxcharts depicting the temperature sensitivity
test's impact on variations in precipitation, total hydrometeors, and precipitation efficiency during
the initial precipitation event. A notable trend emerges with precipitation progressively augmenting
alongside temperature, where the average value escalates from under 10 mm to over 20 mm. A
parallel trend is observed in hydrometeor content, which also surges in response to rising
temperatures. Notably, the average hydrometeor content in the control test doubles compared to the
T-2 group. Concurrently, cloud-precipitation efficiencies calculated across the three experimental sets
reveal progressive increases at 27.4%, 31.2%, and 33.1%, respectively, with escalating temperatures."
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Figure 9. Boxchart of precipitation (in mm) (a), total water condensate (in g/kg) (b) and precipitation
efficiency (in %) (c) with temperature sensitivity tests in the d02 simulation domain during the first
precipitation.

Previous studies have found that convection can reach higher heights and greater saturation
specific humidity at increasing temperatures [47]. Additionally, the daily variation in near-surface
flux under warming will significantly affect the CAPE extremes. However, the increase in vertical
velocity and CAPE with warming does not necessarily translate to an increase in precipitation
intensity [27]. Also considering the year-to-year decrease in weak precipitation and the increase in
heavy precipitation, this raises a pivotal question: does the intensification of convection owing to
warming correlate with an increased suppression of convection?

In Figure 10, the boxchart meticulously details the variations in convective conditions and
meteorological factors arising from temperature sensitivity tests. It reveals a nearly linear increase in
the maximum CAPE in the vertical direction with temperature. The average maximum CAPE in the
T+2 test surpasses 1000 J/kg, indicating an abundance of moisture static energy available to fuel the
vertical ascent of air masses. Concurrently, the maximum CIN energy in the vertical direction also
escalates progressively with warming. While CIN does hinder convective development, a higher
maximum CIN implies that air masses can accumulate greater moisture hydrostatic energy prior to
its release. The peak CIN value essentially acts as a threshold for CAPE; a scenario with minimal
CAPE and substantial CIN impedes the breakthrough of energy inhibition, making convective
development challenging. Conversely, a small CAPE can overcome a minimal CIN, leading to a swift
release of energy without significant accumulation. Hence, a balanced combination of maximum
CAPE and CIN values is crucial for fostering robust convective activity and the effective discharge of
accumulated moisture static energy, resulting in intense precipitation. Moreover, the post-warming
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sensitivity test demonstrates an increase in both CAPE and CIN, facilitating the efficient
accumulation and release of energy, which sequentially amplifies precipitation and its efficiency. The
interplay between the Lifting Condensation Level (LCL) and Level of Free Convection (LFC) mirrors
this pattern. The LCL denotes the intensity of vertical mixing in convection, while the LFC imposes
a relative boundary that must be overcome. Both incrementally increase with temperature, a
configuration imperative for bolstering precipitation and its efficiency. This simultaneous escalation
of convection and its suppression may also be a pivotal factor in the marked rise of extreme
precipitation events under global warming.
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Figure 10. The boxchart of CAPE (in J/kg) (a), CIN (in J/kg) (b), LTS (in K) (c), UMF (in g/m2/h) (d),
LCL (in m) (e) and LFC (in m) (f) with temperature sensitivity test changes in the inner d02 simulation

domain.

The occurrence of precipitation is influenced by both dynamic and thermal processes in the
atmosphere [26]. Here, the upward moisture flux (UMF) and the lower troposphere stability (LTS)
are chosen to represent the dynamic and thermal contributions, respectively. The upward moisture
flux is the actual mass flux transported vertically upward and can represent the dynamic contribution
of vertical transport. The lower troposphere stability defined as the potential temperature differential
between two atmospheric layers, substantially impacts the boundary layer height and the radiative
cooling of cloud tops, thereby critically determining cloud water content [48].

The LTS distribution across all grid points, as depicted in Figure 10, demonstrates a notable
concentration, with its mean value incrementally rising with temperature in each of the three
experimental conditions. Contrarily, changes in UMF follow a divergent pattern, showing a gradual
decrease with temperature elevation. This trend likely stems from a rapid escalation in moisture
relative to precipitation, culminating in a reduced mass exchange rate. Intriguingly, a higher UMF
typically signals stronger convection, potentially leading to increased precipitation. However, our
previous findings indicate that the relationship between cloud water evolution and UMF is not linear
[49]. Specifically, when UMF is below 150 g/m?2/h, a positive correlation with precipitation is
observed. In contrast, at UMF values exceeding 150 g/m?/h, precipitation tends to stagnate or even
diminish with rising UMF. During the analyzed heavy precipitation events, the average UMF across
all three sensitivity tests exceeded 200 g/m?/h, inversely correlating with precipitation changes.
Furthermore, Guo et al. [49] also noted that precipitation efficiency first decreases and then increases
with LTS in scenarios of higher UMF. The average LTS value for all test sets surpassed 12 K,
suggesting an increase in precipitation efficiency with rising LTS, a finding aligning with our current
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results. This supports earlier statistical conclusions on a small to moderate scale, linking changes in
precipitation efficiency with the evolution of LTS and UMF distributions.

Ultimately, the aggregate outcomes of the three temperature sensitivity tests within the d02
simulation domain are summarized in Table 1. This includes data on precipitation (P), hydrometeors
(CWP), precipitation efficiency (PE), and other relevant convective condition metrics. Aligning with
the findings illustrated in the aforementioned figure, each convective parameter, barring UMF, shows
a sequential increase with temperature elevation. The collective configuration of CAPE and CIN,
alongside LCL and LFC, plays a crucial role in modulating precipitation intensity and efficiency from
an unstable energy standpoint. The combined LTS and UMF configuration also significantly
influences the precipitation process, considering atmospheric dynamics and thermal conditions,
thereby serving as a diagnostic tool for gauging the intensity of precipitation changes to a certain

extent.
Table 1. Results of three sets of WRF sensitivity tests.
P CWp PE CAPE CIN LTS UMF LCL LFC
(mm) (g/kg) (%) (J/kg) (J/kg) (K) (g/m?/h) (m) (m)
CTL 15.46 76.01 27.43 600.40 10.86 12.15 222.05 526.76 1297.27
T+2 21.41 99.45 31.20 960.59 16.00 13.01 181.37 790.95 2277.22
T-2 8.34 38.16 33.14 260.62 4.68 11.78 266.36 487.73 952.67

4. Conslusions

Regularly recurring heavy rainfall corridor events often bring severe flooding to cities, the
Yangtze River basin in China suffers from that every summer. The impact of convective activity on
cloud-precipitation efficiency during a rainstorm corridor event was analyzed using numerical
simulations in the middle and lower reaches of the Yangtze River in 2020. Warming is found to
simultaneously promote and suppress convective activity to affect precipitation, explaining the
increase in extreme precipitation intensity in a warming context.

On July 4-6, 2020, two significant precipitation events occurred when cold and warm air masses
converged near the 350 K equivalent potential temperature isotherm, leading to frontal precipitation.
The warming strengthened the considerable north-south temperature gradient and created a stronger
upward movement on the fronts. It also strengthened the southwesterly winds to transport more
moisture to lift and condense on the fronts, resulting in stronger precipitation peaks. The
intensification of convective activity and the acceleration of zonal winds advanced the onset of
precipitation processes. The cloud hydrometeor content surged with rising temperatures. The
increase in precipitation observed in temperature-sensitive tests was not solely attributed to dynamic
conditions; the augmented water vapor supply due to warming played a crucial role as well.

The convective available potential energy (CAPE) can reach 600 and 890 J/kg for the two
precipitation events. The intensity of CAPE and convective inhibition energy (CIN) increase with
rising temperatures, and convective instability energy accumulation and release processes become
more intense after warming. For effective precipitation, a reasonable combination of maximum CAPE
and CIN values is necessary, which leads to both strong convective activity and the efficient release
of accumulated moisture static energy. Similarly, the combination of the Lifting Condensation Level
(LCL) and Level of Free Convection (LFC) plays a role in enhancing precipitation efficiency. The
precipitation efficiency of the three groups of tests increased with increasing temperature to 27.4%,
31.2% and 33.1%, respectively. Warming simultaneously alters cloud precipitation efficiency by
promoting and suppressing convective activity, which may also be one of the reasons for the
enhanced extreme precipitation in the context of global warming.

The average Upward Moisture Flux (UMF) across all three sensitivity test groups exceeded 200
g/m2/h. Moreover, the mean values of Lower Troposphere Stability (LTS) consistently surpassed 12
K. The precipitation efficiency increases with LTS. This interplay between LTS and UMF significantly
influences the precipitation process, both dynamically and thermally, and serves as a diagnostic tool
for gauging the intensity of precipitation changes to a certain degree. This research contributes to
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bridging the gap in heavy precipitation forecasting and warning systems, and offers valuable insights
for disaster prevention and mitigation strategies.
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