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Abstract Record‐breaking rainfall of 524.1 mm in 24 hr occurred in the coastal metropolitan city of
Guangzhou, China, during 6–7 May 2017 and caused devastating flooding. Observation analysis and a
nested very large eddy simulation (VLES) with Weather Research and Forecasting (WRF) model were
conducted to investigate various factors that contributed to the heavy rainfall, including synoptic weather
pattern, topographic effects, cold pool, and urban effects. First, the warm and moist southerly flow in the
lower troposphere over the trumpet‐shaped topography of the Pearl River Delta continuously provided fuel
for the development of the severe rainfall. Consequently, the southerly flow from the sea in the south
strengthened with the development of the convection. Meanwhile, the precipitation‐produced weak cold
pool supported a stationary outflow boundary, where new convective cells were continuously initiated and
drifted downstream. The interaction between the cold outflows and the warm moist southerly flows in the
lower troposphere formed a back‐building convective system, which produced local persistent heavy
rainfall that lasted for more than 5 hr and reached record levels. Sensitivity experiments in which the urban
area was removed from the model indicate that the urban forcing affected the timing and location of
convective initiation and helped concentrate the maximum rain core. The nested WRF‐LES successfully
simulated this heavy rainfall, and themodel's advantages are noted for forecasting such local severe weather.

1. Introduction

Over 50% of the world's population lives in urban areas, and this proportion is still growing (Grimm et al.,
2008). By 2030, populations in 41 cities are projected to exceed 10 million, and 60% of world's population will
be urban (United Nations, 2016). Therefore, the urban weather forecast will become more and more
important. Convective storms occurring in urban areas can induce severe flooding and cause serious hazards
to lives and property. Severe convective storms that occurred in Houston, TX, USA, on 19 April 2016 brought
historic floods, and Houston faced catastrophic losses after the flood (http://floodlist.com/america/usa/
texas‐floods‐deaths‐houston‐state‐of‐disaster). Record‐breaking rainfall caused by severe storms occurred
in Guangzhou, China, on 7 May 2017, causing serious floods, loss of life, and extensive property
damage (http://floodlist.com/asia/china‐guangzhou‐floods‐may‐2017).

Most metropolises in the world are located in coastal zones (Balk et al., 2008). Land surfaces of these
metropolises, such as Houston, New York, and Guangzhou, are heterogeneous and complex, comprising
coastal terrain, land‐sea boundaries, and urban built‐up areas. These complex underlying surfaces can
significantly influence local wind circulations and convection and make weather forecasting, especially of
local severe convective storms, very challenging. Many observational and modeling studies have shown
the impacts of urban land cover on temperature, moisture, air flows, and on the location, distribution,
and intensity of convective precipitation in urban and surrounding areas (Dou et al., 2015; Han & Baik,
2008; Miao et al., 2011; Niyogi et al., 2011; Shepherd, 2005; Seino et al., 2018). Bornstein and Lin (2000)
conducted an observational analysis to show that the urban heat island (UHI) induced a convergence zone
that initiated storms in Atlanta in the period from 26 July to 3 August 1996. The numerical simulation
conducted by Miao et al. (2011) on a heavy rainfall event in Beijing in the summer of 2006 confirmed that
the urban effect of Beijing played an important role in storm movement and rainfall amount.
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A high‐resolution numerical model is necessary for understanding the
highly local urban precipitation features and the existence of highly het-
erogeneous land surface forcing (land uses and terrain). Bryan et al.
(2003) simulated squall lines and recommended a grid spacing of
O(100 m) for simulating deep moist convection. Kang and Bryan (2011)
conducted idealized large‐eddy simulations (LESs) to investigate convec-
tion initiation due to heterogeneous surface fluxes and pointed out that
increasing the model horizontal grid resolution is beneficial for forecasting
convective initiation. The turbulence‐resolving LES mode of the Weather
Research and Forecasting model (hereafter referred to as WRF‐LES) has
been used for real case studies, and with positive results beneficial to the
study of different topics such as wind energy (Liu et al., 2011), orographic
cloud seeding (Chu et al., 2014, 2017; Xue et al., 2016, 2017), and deep con-
vection (Heath et al., 2017; Parodi & Tanelli, 2010). These studies indicate
that WRF‐LES is promising for fine‐scale weather forecasts.

Although the understanding of urban weather and numerical weather
prediction models for urban weather modeling have been improving sig-
nificantly, precipitation forecast, especially quantitative precipitation
forecast, in urban areas is still a formidable challenge for weather forecas-
ters. For example, the local official forecast division predicted a moderate
shower over the coastal metropolitan city Guangzhou, China, during 6–7
May 2017, but it turned out to be a record‐breaking rainfall (a maximum
daily rainfall of 524.1 mm breaking the previous record 477.4 mm at
Paitan Town of Guangzhou on 23 May 2014) that caused devastating
flooding. Apparently, there were some unusual driving factors for the
heavy rain formation that were not properly understood or readily acces-
sible to weather forecasters during their routine forecasting practices.

This study aims to investigate themechanisms for this record‐breaking rain-
fall.We conducted detailed observational analysis and performedWRF‐LES
modeling with data assimilation to explore the potential for local severe
storm forecasting, andwe hope to provide valuable guidance for operational
forecasters for such severe storms. Weather analysis is based on observa-

tional data. High‐resolutionWRF‐LES sensitivity experiments are carried out to investigate the roles of synoptic
weather, mesoscale topographic forcing, cold pools, and urban effects during this heavy rainfall. The paper is
organized as follows. Section 2 describes the characteristics of the heavy convective rainfall and its synoptic
conditions. The data used for weather analysis and model setup are given in section 3. We validate the
WRF‐LES simulation, and the results are presented in sections 4 and 5, respectively. In section 6 are the find-
ings and summary of the study.

2. Precipitation and Synoptic Conditions

The record‐breaking torrential downpours in the metropolitan region of Guangzhou, southern China, dur-
ing 6–7 May 2017 included a record daily rainfall of 524.1 mm at Jiulong Town, Huangpu (HP) District,
Guangzhou. Figures 1 and 2 show the accumulated precipitation and hourly precipitation in Guangzhou
from 1600 UTC 06 (0000 LST 07, local standard time LST = UTC + 8 hr) May to 0000 UTC (0800 LST) 07
May 2017, respectively. The precipitation was very intense, quasi‐stationary, long‐lived, and highly
local (Figure 1).

The spatiotemporal distribution of hourly precipitation (Figure 2) shows that it was mainly located within
Guangzhou City, which suggests that the torrential rainfall was highly convective. By 2000 UTC 06 (0400
LST 07) May, the rainfall was mainly concentrated in Huadu District (HD). Thereafter, the strong rain cores
moved to Baiyun (BY), HP, and Zengcheng (ZC) Districts with the convection moving southeastward and
merging with newly generated convective cells. All hourly rainfall exceeded 60 mm during 1800 UTC 06
(0200 LST 07) to 0000 UTC (0800 LST) 07, and the maximum hourly accumulated rainfall was over

Figure 1. Observed accumulated precipitation (mm) from rain gauges in
Guangzhou region from 1600 UTC 06 (0000 LST 07) May to 0000 UTC
(0800 LST) 07 May 2017. The thick and thin solid black lines represent
Guangzhou City and its district borders, respectively. Tick marks are
included every 50 km. The initials in the figure are as follows:
HD = Huadu District; CH = Conghua District; BY = Baiyun District;
HP = Huangpu District; ZC = Zengcheng District; PY = Panyu
District; NS = Nansha District.
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120mm at 1900 UTC 06 (0300 LST 07), 2200 UTC 06 (0600 LST 07), and 2300 UTC 06 (0700 LST 07)May. The
maximum hourly accumulated rainfall (184.4 mm) during this event was recorded at Xintang Town, ZC, at
2200 UTC 06 (0600 LST 07) May. The slow movement and the long duration of the convective system with
intense rainfall rates resulted in large accumulations in Guangzhou.

This event took place under relatively slowly evolving synoptic conditions. The subtropical high was mainly
located over the northwestern Pacific Ocean, and mainland China was dominated by westerly flow in the
upper troposphere (not shown). In the lower troposphere (Figure 3), there were two cold highs. One was
located over the central China, and the other was over the East China Sea. Under these synoptic patterns,
there were easterly winds over the South China Sea in the lower troposphere. Southerly winds developed
and were sustained over the southern coastal regions of Guangdong Province (Figure 3). Strong winds were
found mainly in the lower levels, especially at the level of 975 hPa (Figures 3a1 and 3a2). This circulation
pattern was maintained before and during the precipitation (Figure 3), and continuously transported moist-
ure, warm air, and energy to the region of the heavy precipitation.

3. Data and Model
3.1. Data

The observations used in this study include conventional meteorological data from a dense network of auto-
matic weather stations (e.g., air temperature at 2 m, winds at 10 m, and rain gauge data), radiosondes, wind
profilers, and radars from the Meteorological Bureau of Shenzhen Municipality, China. These observations
are used for case analysis, data assimilation into the model, and model validation. Figure 4 shows the loca-
tions of dense automatic weather stations used in this study. The National Centers for Environmental
Prediction (NCEP) FNL (Final) Operational Model Global Tropospheric Analysis (NCEP‐FNL) available
every 6 hr with resolution of 1° × 1° on 31 vertical levels (http://rda.ucar.edu/datasets/ds083.2/) is used to
analyze synoptic weather (Figure 3) and drive the WRF model as well. For the initial conditions of land sur-
face model coupled with the WRF model, we used the NCEP Global Land Data Assimilation System
(GLDAS) Noah Land Surface Model data set V2.1 available every 3 hr with resolution of 0.25° × 0.25°
(Beaudoing & Rodell, 2016; https://disc.sci.gsfc.nasa.gov/datacollection/GLDAS_NOAH025_3H_V2.1.html).

3.2. WRF Modeling Design

In this study, the WRF v3.8.1 is configured with 3 one‐way nested domains at 4.5‐, 1.5‐, and 0.5‐km
horizontal grid spacings (Figure 5a). All domains use 51 vertical levels with stretching in the lowest 2 km.
The Shin‐Hong scale‐aware planetary boundary layer (PBL) scheme (Shin & Hong, 2015) is used for the
4.5‐ and 1.5‐km domains. The 0.5‐km domain is configured in LES mode, so the PBL parameterization

Figure 2. Observed hourly accumulated rainfall (mm) from rain gauges in the Guangzhou region from 1700 UTC 06 (0100 LST 07) to 0000 UTC 07 (0800 LST 07)
May 2017 at 1‐hr intervals. The thick and thin solid black lines represent Guangzhou City and its district borders, respectively. Tickmarks are included every 50 km.
The initials in the first figure are the same as those in Figure 1.
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scheme is not activated. However, we recognize that a grid interval of
0.5 km is coarse compared to that in traditional LES, so we use the term
very large eddy simulation (VLES) to describe our application of the
model. A 1.5‐order turbulent kinetic energy closure is used in the WRF‐
LES simulation for the subgrid‐scale model. Although the 0.5‐km grid
spacing falls within the “terra incognita” or “gray zone” range (i.e., 0.1–
1 km) in modeling the convective boundary layer (Wyngaard, 2004),
some studies (Heath et al., 2017; Parodi & Tanelli, 2010) have shown that
WRF‐LES in the terra incognita range can simulate deep convective
processes reasonably. We also performed experiments with the PBL
parameterization scheme activated in the 0.5‐km domain. We found that
the simulation in LES mode more closely resembles the observations than
does the simulation with the PBL parameterization scheme (Figure S1).
Other physical parameterization schemes are the same for all three
domains, including RRTMG (the revised Rapid Radiative Transfer Model)
longwave and shortwave radiation scheme (Iacono et al., 2008), Unified
Noah land surface scheme (Tewari et al., 2004), and MM5 (the Fifth‐
Generation National Center for Atmospheric Research / Penn State
Mesoscale Model) Monin‐Obukhov similarity scheme (Zhang & Anthes,
1982). Cumulus parameterization scheme is not activated.

Global analysis data including NCEP operational Global Forecast System
analysis data at 0.25° × 0.25° and 0.5° × 0.5° grid intervals, NCEP‐FNL
data and ERA‐Interim data at a 0.7° grid interval were tested for

Figure 3. (a1, a2) Geopotential height (black contours in gpm), air temperature (color shading in °C), and wind vectors (blue in m/s) at 975‐hPa levels and (b1, b2)
mean sea level pressure (black contours in hPa), air temperature (color shading in °C) at 2 m above ground level, and wind vectors (blue in m/s) at 10 m above
ground level at 1200 UTC (2000 LST) 06 and 1800 UTC 06 (0200 LST 07) May, respectively. The gray shaded areas indicate the values that are missing due to the
elevation. All these fields are from the NCEP‐FNL data set. The red and magenta solid lines represent the Guangdong Province border and land‐sea border,
respectively.

Figure 4. Automatic weather stations (black points) in domain 3 (d03) of
the Weather Research and Forecasting model setup. The blue shaded
areas indicate water. The thick and thin solid red lines represent Guangzhou
City and its district borders, respectively.
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deriving initial and boundary conditions (ICs and BCs, respectively) for the WRF simulations. Sensitivity
experiments on microphysical parameterization schemes including the WRF single‐moment 6‐class
microphysics (WSM6) scheme (Hong & Lim, 2006), Thompson two‐moment scheme (Thompson et al.,
2008) and Morrison two‐moment scheme (Morrison et al., 2009) were also conducted. Results vary in the
simulation of radar reflectivity and precipitation when compared with those of observed radar reflectivity
and precipitation. The simulation with NCEP‐FNL data for ICs and BCs and WSM6 for microphysical
parameterization is used for this study.

GLDAS analysis data were evaluated in order to properly consider the urban land surface properties.
Figure 6 shows air temperature at 2 m above ground level (AGL) and wind fields at 10 m AGL from observa-
tion and the NCEP‐FNL data set, and soil temperature at 10 cm below the surface from GLDAS and the

Figure 5. (a) The model's domain configuration (color shaded fields represent terrain elevation, in m), terrain elevation (m) in (b) domain 2 (d02) and (c) domain 3
(d03), and (d) dominant land use category in d03 (each category is described by the text on the right side of the figure). The horizontal grid spacings of d01, d02, and
d03 are 4.5, 1.5, and 0.5 km, respectively. The red rectangles (RegW, RegM, and RegE) in (b) display the positions of cross sections shown in Figure 12. The red
administrative boundaries in (a) and black administrative boundaries in (b)–(d) represent Guangzhou City and its districts. The magenta line in (b) represents the
border of Pearl River Delta (PRD). The blue thick lines in (b) and (c) indicate the trumpet‐shaped topography (more specifically, the bell of a trumpet) of PRD. The
initials in (c) and (d) are the same as those in Figure 1.
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NCEP‐FNL data set at 1200 UTC (2000 LST) 06 May 2017, respectively. The air temperature and wind fields
of the NCEP‐FNL data set resemble the observed (Figures 6a and 6c), while the soil temperature distribution
of GLDAS is more similar to that of the observed air temperature than that of NCEP‐FNL.Moreover, GLDAS
has higher resolution than has NCEP‐FNL. In the simulation, canopy moisture content, soil moisture, and
soil temperature from GLDAS were used to initialize the Noah land surface model. Land use is interpolated
from 21‐class MODIS (Moderate Resolution Imaging Spectroradiometer) data set at 30‐arcsec resolution; sea
surface temperature is from NCEP‐FNL.

The nested VLES was initialized at 1200 UTC (2000 LST) 06 May 2017 and integrated for 12 hr to test its cap-
ability simulating the storm. To achieve a realistic simulation, surface observations, soundings, and wind
profiles were assimilated by using theWRF‐based real time four‐dimensional data assimilation and forecast-
ing system, developed at the Research Application Laboratory of the National Center for Atmospheric
Research (Huang et al., 2018; Liu, Warner, Bowers, et al., 2008, Liu, Warner, Astling, et al., 2008). Data
assimilation was performed between 1200 UTC (2000 LST) 06 and 0000 UTC (0800 LST) 07 May 2017 in
the coarse domains (4.5 and 1.5 km) and also 1200 UTC (2000 LST) 06 May to 1600 UTC 06 (0000 LST 07)
May 2017 (data assimilation was stopped before observed convective initiation) in the 0.5‐km domain to
evaluate the convective initiation and development in the 0.5‐km domain. The simulated data in the
0.5‐km domain were written out every 10 min. This experiment is treated as the control experiment (here-
after CTRL). For comparison, we also conducted an experiment without data assimilation in the 0.5‐km
domain (hereafter NODA).

4. Verification of WRF Simulation
4.1. Mesoscale Circulation

The WRF model reproduced the main mesoscale pattern and flow fields during this severe rainfall event.
Figure 7 displays geopotential height and wind vectors at 850‐ and 975‐hPa levels in domain 1 (d01) from
NCEP‐FNL data and CTRL experiment at 1800 UTC 06 (0200 LST 07) May 2017. At the 850‐hPa level,
Guangdong Province and its coastal areas were mainly controlled by a high pressure, with a weak

Figure 6. Air temperature (shaded in °C) at 2 m above ground level and wind fields (wind barbs in m/s) at 10 m above ground level of the (a) observation analysis
and (c) NCEP‐FNL, and soil temperature (shaded in °C) at 10 cm below ground level of (b) GLDAS and (c) NCEP‐FNL at 1200 UTC (2000 LST) 06 May 2017. The
thin solid black lines represent Guangdong Province borders. The thick and thin solid red lines mark Guangzhou City and its districts, respectively.
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anticyclonic circulation over Guangdong Province, though the simulated high pressure was stronger than
that of NCEP‐FNL. At the 975‐hPa level, a strong northeasterly flow entered into the South China Sea from
the Taiwan Strait, driven by the high pressure over the East China Sea. This flow turned northwestward and
blew onshore along the southern coast of Guangdong Province. These southerly winds from the South China
Sea to the coast of Guangdong persisted during this rainfall event (cf. Figures 3 and 7). As analyzed in detail
later, this southerly flow brought abundant moisture and warmth from the South China Sea to the coastal
areas of Guangdong, supporting the sustainable development of the severe convective storms over
Guangzhou City.

4.2. Surface Meteorological Fields

The simulated surface wind and air temperature, especially those in the urban area within the trumpet‐
shaped topography (more specifically, the bell of a trumpet) of the Pearl River Delta, resemble the observed.
Figure 8 shows observed and simulated (domain 3 [d03] in CTRL) wind at 10 m AGL and air temperature at
2 m AGL from 1400 UTC (2200 LST) 06 to 1800 UTC 06 (0200 LST 07) May 2017. The observed 10‐m winds
and 2‐m air temperature are interpolated from the dense automatic weather station data (cf. Figure 4). The

Figure 7. Geopotential height (shaded in gpm) and wind vectors (m/s) at (a, b) 850‐ and (c, d) 975‐hPa level in domain 1
from (a, c) NCEP‐FNL data and (b, d) CTRL at 1800 UTC 06 (0200 LST 07) May 2017. The dot fill patterns in (b) and
(d) indicate the values that are missing due to the elevation. The black solid lines in mainland China represent Guangdong
Province and Guangzhou City borders.
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simulated wind fields and air temperature resemble the observed, especially in the urban area within the
trumpet‐shaped topography of the Pearl River Delta (Figure 8). The severe local storms occurred within
the trumpet‐shaped topography region, and the strong, warm, and moist southerly flow in the lower
troposphere in the trumpet‐shaped topography was a key factor to the record‐breaking rainfall (discussed
below). The differences in the surface winds outside the trumpet‐shaped topography between the
simulation and observation (Figure 8) do not affect the main conclusions in this study. Besides, it is still
relatively difficult for numerical model to simulate accurate surface winds over the complex mountainous
region outside the trumpet‐shaped topography (Figure 5b). The southerly winds near the Pearl River
estuary (the location shown in Figure 5c) and over the urban region dominated and maintained before
and after the convection initiation in HD (1600 UTC 06 [0000 LST 07] May), which was consistent with
the result shown in Figures 3 and 7. Besides, the air temperature in the urban area was higher than that
in other regions due to the UHI effect (Figure 8). Such surface air temperature contrast helped sustain the
southerly wind over the Pearl River estuary. The urban effect in this rainfall event will be discussed in
section 5.3.

4.3. Radar Reflectivity and Precipitation

Figure 9 displays observed and simulated composite reflectivity from 1500 UTC (2300 LST) 06 May to 0000
UTC (0800 LST) 07 May at 1‐hr intervals. From the observation (Figure 9a2), a convective cell (composite
reflectivity >35 dBZ) occurred locally in HD at 1600 UTC 06 May (0000 LST 07 May). This was the first
observed cell. As this convection was strengthening with time, new convective cells began to develop on
the north side of HD from 1700 UTC 06 May (0100 LST 07 May; Figure 9a3). Thereafter, another convective
core developed in HP on the southeast side of the old convection (Figure 9a5). Finally, these two areas of
convection began to merge over the center of Guangzhou at 2000 UTC 06 May (0400 LST 07 May;
Figure 9a6). Meanwhile, some new convective cells formed to the west of Guangzhou, then strengthened
while moving eastward, and finally merged with the aforementioned convection over the center of
Guangzhou. The resultant large region of merged convection mainly stayed in HD, BY, HP, and ZC from

Figure 8. Wind (vectors in m/s) in the (a1–c1) observations and (a2–c2) simulations (in domain 3 of CTRL) at 10 m above ground level and air temperature (shaded
in °C) at 2 m above ground level from 1400 UTC (2200 LST) 06 to 1800 UTC 06 (0200 LST 07) May 2017 at 2‐hr intervals, respectively. The solid gray lines represent
land‐sea borders. The thick and thin solid red lines represent Guangzhou City and its district borders, respectively. The diamond fill patterns indicate the
urban areas (i.e., category 13 shown in Figure 5d). The blue thick lines indicate the trumpet‐shaped topography of the Pearl River Delta.
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2100 UTC 06 (0500 LST 07) May to 0000 UTC (0800 LST) 07 May. From the simulated composite reflectivity,
it can be seen that a convective cell was also initiated (composite reflectivity >35 dBZ, Figure 9b2) in HD at
1600 UTC 06 (0000 LST 07) May, which is consistent with the observations (Figure 9a2). However, the
simulated convection is displaced southwestward from the observation. The model then simulated new
cells that grew and merged with the old convection. This process is similar to the observed. In general, the
simulated convection was positioned a little more east than observed. The convection over western
Guangzhou is not properly simulated.

The simulated hourly accumulated precipitation in d03 of CTRL (Figures 10a1–10a8) captured the intensity
and scales of the observed precipitation (Figure 2). Before 2000 UTC 06 (0400 LST 07) May, the simulated
precipitation mainly distributed in HD (Figures 10a1–10a4), which is consistent with the observations

Figure 9. (a1–a10) Observed and (b1–b10) simulated (in domain 3 of CTRL) composite radar reflectivity (dBZ) over the Guangzhou region from 1500 UTC (2300
LST) 06May to 0000 UTC (0800 LST) 07May 2017 at 1‐hr interval, respectively. The diamond fill patterns in (b1)–(b10) indicate the areas where observed composite
reflectivity is greater than 35 dBZ. The thick and thin solid black lines represent Guangzhou City and its district borders, respectively. Tick marks are included
every 50 km. The initials in (b1) are the same as those in Figure 1. The dashed magenta rectangle in (b2) represents the position of cross sections shown in Figure 11.
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(Figure 2). However, the simulated precipitation is shifted southwestward compared to the observations.
Thereafter, the precipitation moved slowly to HP and ZC, and the precipitation intensity resembled the
observations (all the maximum hourly accumulated rainfall were over 60 mm), and their scales were
smaller than 25 km (Figures 2 and 10a5–10a8). The observed and simulated accumulated precipitation in
the Guangzhou region from 1600 UTC 06 (0000 LST 07) May to 0000 UTC (0800 LST) 07 May 2017
(Figures 10b1–10b3) shows that the accumulated precipitation of CTRL (Figure 10b2) is more consistent
with observations than that of NODA (Figure 10b3), especially the maximum accumulated precipitation
center between HP and ZC. The fractions skill score (Roberts & Lean, 2008) of the accumulated
precipitation at 60‐mm threshold and 25‐km (12.5‐km radius) horizontal scale is 0.61 for CTRL, while it is
0.29 for NODA. This is an example of how data assimilation can be important for providing more
accurate mesoscale weather environments for forecasting convective‐scale weather.

Compared to NODA, the CTRL better captured the warm moist southerly flow and NODA underestimated
it. Thus, it is possible to study the impact of the warmmoist southerly flow on the heavy rain development by

Figure 10. (a1–a8) Simulated hourly accumulated precipitation (mm) in the Guangzhou region in domain 3 of CTRL experiment from 1700 UTC 06 (0100 LST 07)
May to 0000 UTC (0800 LST) 07 May 2017 at 1‐hr interval, respectively. Accumulated precipitation (mm) in the (b1) observations, (b2) domain 3 of CTRL, and
(b3) NODA in the Guangzhou region from 1600 UTC 06 (0000 LST 07)May to 0000 UTC (0800 LST) 07May 2017. The blue crosses in (b1)–(b3) indicate the center of
maximum accumulated precipitation in the observations. The thick and thin solid black lines represent Guangzhou City and its district borders, respectively.
The initials in (a1) and (b1)–(b3) are the same as those in Figure 1. Tick marks are included every 50 km.
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comparing the NODA and CTRL runs. Figure 11 shows the height‐latitude cross sections of meridional
wind, vertical velocity, water vapor mixing ratio, and perturbation potential temperature in d03 of CTRL
and NODA and their differences at 1600 UTC 06 (0000 LST 07) May 2017, the initiation time of the first
convection in HD. The winds were mainly southerly from the surface to 5 km to the south of 23.5°N, and
strong winds were found below 1 km. In the north, weak northerly wind existed below 1 km
(Figures 11a1 and 11b1). Therefore, the moisture flux was convergent in the lower troposphere at around
23.4° N (Figures 11a3 and 11b3). Meanwhile, the perturbation potential temperature fluctuated and had
large horizontal gradients in this region (Figures 11a4 and 11b4) and strengthened with time (not shown).
Compared to NODA, there are stronger southerly winds (Figure 11c1), more moisture (Figure 11c3), and
warmer air (Figure 11c4) near the surface in CTRL, indicating the role of data assimilation in the stronger
simulated warm moist southerly wind. Finally, convection was initiated earlier in CTRL than in NODA
(vertical velocity shown in Figures 11a2–11c2). Therefore, the stronger warm moist southerly wind in the
lower troposphere in CTRL appears to be very important for this severe rainfall event.

Overall, CTRL reasonably simulated the initiation and development of the observed convection and the
intensity and scale of precipitation of the heavy rainfall event. In the following section, the mechanisms
for the formation of the record precipitation between HP and ZC are analyzed based on the WRF
model simulation.

Figure 11. Height‐latitude cross sections of simulated (a1, b1) zonal‐mean meridional wind (in m/s), (a2, b2) vertical velocity (in m/s), (a3, b3) water vapor mixing
ratio (in g/kg), and (a4, b4) perturbation potential temperature (in K) in the regions shown in Figure 9b2 in domain 3 of (a1–a4) CTRL and (b1–b4) NODA, and
(c1–c4) their differences (CTRL − NODA) at 1600 UTC 06 (0000 LST 07) May 2017, respectively. The white areas indicate the values that are missing due to
the elevation.
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5. Analysis of Key Factors for the Heavy Rainfall
5.1. Topographic Effects

Guangzhou City is situated in the hinterland of the Pearl River Delta (Figure 5b), which is the low‐lying area
surrounding the Pearl River estuary (Figure 5c). From the topography of Guangdong Province shown in
Figure 5b, the west, north, and east sides of the Pearl River Delta are mountainous, and its south side is
opened to the South China Sea. Hence, Guangzhou is located in a trumpet‐shaped topography area
(Figure 5c), which is favorable for the convergence of air flow and water vapor.

To investigate the effect of topography on this severe torrential rainfall, three regions were selected to study
the flow features based on their topography. They are the region to the west of the Pearl River Delta (RegW),
the region through Guangzhou City in the middle of the Pearl River Delta (RegM), and the region to the east
of the Pearl River Delta (RegE) as marked in Figure 5b. Figure 12 shows the simulated zonal‐mean meridio-
nal water vapor flux in these three regions in domain 2 (d02) of CTRL at 1400 UTC (2200 LST) 06, 1600 UTC
06 (0000 LST 07), and 1800 UTC 06 (0200 LST 07) May 2017, respectively. Due to the distribution character-
istics of circulation, the intensity of the wind blowing toward the shore of southern Guangdong was different
along the coast and was particularly strong on the western coast of Guangdong (Figure 7). Therefore, there
was stronger meridional moisture flux in RegW compared to those in RegM and RegE over the sea
(Figure 12). Southerly moisture flux was enhanced in all these three regions from 1400 UTC (2200 LST)
06 May to 1800 UTC 06 (0200 LST 07) May 2017 (Figure 12). However, moisture flux was blocked by the ter-
rain in RegW and mainly was focused at the southern foot of the mountain near the coast (Figures 12a1–
12c1). In RegM, strong southerly moisture flux in the lower troposphere, mainly below 1 km, expanded
far inland (Figures 12a2–12c2) to roughly 23.5°N due to the north mountain and northerly wind induced

Figure 12. Height‐latitude cross section of zonal‐mean simulated meridional water vapor flux (shaded in g/kg·m/s) in domain 2 of CTRL in the three regions
(RegW, RegM, and RegE) shown in Figure 5b from 1400 UTC (2200 LST) 06 May to 1800 UTC 06 (0200 LST 07) May 2017 at 2‐hr intervals, respectively. The
white areas indicate the values that aremissing due to the elevation. The thick solid lines at 0‐km height indicate ocean surface (green) and continent surface (gray).
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by high pressure in the north (Figure 7). It was very favorable for the accumulation of water vapor and
instability before convective storms were initiated. After initiation (1600 UTC 06 May 2017), southerly
moisture flux continued enhancing (Figures 12b2 and 12c2) and providing sufficient water vapor for the
development of more convection. Due to the weaker southerly flow and the topographic countercheck,
there was weaker southerly moisture flux in RegE region compared to those in RegW and RegM
(Figures 12a3–12c3). Therefore, the topographic effect of the Pearl River Delta, which channeled
abundant water vapor to the Guangzhou region, is one of the key factors for the initiation and
maintenance of these severe storms. The synoptic pattern drove sustaining southerly flow in the Pearl
River Delta. Figure 12 also shows that after convection occurred, the convergence in the lower level was
enhanced, and the southerly flow strengthened, which brought in plentiful water vapor to support the
development of the rainstorm.

5.2. Development of Sustained Stationary Outflow Boundaries

Evaporation of raindrops in precipitation generates cold air pools in the lower troposphere. Figure 13 shows
the simulated wind vectors, density potential temperature θρ, and updraft velocity at 300 m above mean sea
level from 1800 UTC 06 (0200 LST 07)May to 2200 UTC 06 (0600 LST 07)May 2017 at 2‐hr intervals in d03 of
CTRL. Following Emanuel (1994) and Panosetti et al. (2016), θρ is defined as

θρ ¼ θ
1þ Rv

Rd
Qv

1þ QT
;

where θ is the potential temperature, Rv and Rd are the gas constants for water vapor and dry air, respec-
tively,Qv is the water vapormixing ratio, andQT =Qv +Ql +Qi is the net water mixing ratio including liquid
and ice water. The value of θρmay be either less or greater than the actual potential temperature θ depending
on the relative amounts of water vapor and condensed water. The cold pools are visible as regions of low θρ
(low θ and high QT; Panosetti et al., 2016) in Figure 13. After the first convection formed in HD (Figure 9),
the precipitation intensified (Figure 10), and then cold pools formed and expanded in the lower troposphere
(Figure 13). The interaction between the southern cold outflow boundaries and the warm moist southerly
flow triggered new updrafts in the front of the cold pools, and new convective cells were initiated
(Figures 9 and 13). Therefore, during both the initial convective initiation and the later development, the
sustaining warm moist southerly flow in the lower troposphere played the key role.

The cold outflow boundaries were quasi‐stationary near HP and ZC (Figure 14), where extreme rainfall
occurred (Figure 10). Strong instability (convective available potential energy [CAPE] >700 J/kg) existed
persistently in front of the southern cold‐pool boundary (Figure 14), supporting development and maintain-
ing of updrafts.

Figure 13. Simulated wind vectors (m/s), density potential temperature θρ (shaded in K), and vertical velocity (magenta contours, >0.3 m/s) at 300 m above mean
sea level from 1800 UTC 06 (0200 LST 07) May to 2200 UTC 06 (0600 LST 07) May 2017 at 2‐hr intervals in domain 3 of CTRL, respectively. The white areas
indicate the values that are missing due to the elevation. The thick and thin solid black lines represent Guangzhou City and its district borders, respectively. The
initials in the first figure are the same as those in Figure 1. Tick marks are included every 50 km.
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The rate of change in instability is a more valuable indicator than the instability itself for evaluating the
effect on convection (Chen et al., 2014; Zhang, 2002). We computed CAPE generation rates in terms of all
forcing (dCAPE_ALL) and its three components: large‐scale advective forcing (dCAPE_ADV), microphysi-
cal forcing (moisture consumption/latent heating; dCAPE_MP), and the residual forcing (dCAPE_RES).
dCAPE_RES includes radiation and surface sensible/latent heat fluxes. The definition of dCAPE_ADV is
similar to that used by Xie and Zhang (2000) and Suhas and Zhang (2014), which accounts for the joint
impact of large‐scale upward motion and horizontal advections of temperature and moisture. dCAPE_MP
is determined by the change in temperature and moisture due to microphysical processes. dCAPE_ALL,
dCAPE_ADV, dCAPE_MP, and dCAPE_RES were calculated by

dCAPE ALL ¼ CAPE T t þ Δtð Þ;Qv t þ Δtð Þ½ �−CAPE T tð Þ;Qv tð Þ½ �f g=Δt;
dCAPE ADV ¼ CAPE T tð Þ þ adv Tð ÞΔt;Qv tð Þ þ adv Qvð ÞΔt½ �f g−CAPE T tð Þ;Qv tð Þ½ �g=Δt;
dCAPE MP ¼ CAPE T tð Þ þMP Tð ÞΔt;Qv tð Þ þMP Qvð ÞΔt½ �f g−CAPE T tð Þ;Qv tð Þ½ �g=Δt;
dCAPE RES ¼ dCAPE ALL‐dCAPE ADV‐dCAPE MP;

where T and Qv are air temperature and water vapor mixing ratio, adv(T)Δt and adv(Qv)Δt are the air tem-
perature and water vapor increments due to advection over a time interval Δt, and MP(T)Δt and MP(Qv)Δt
are the air temperature and water vapor increments due to microphysical processes over a time interval Δt.
Based on the distribution of CAPE, the strong CAPE region in front of the cold‐pool boundary marked with
white rectangles shown in Figure 14 was selected to calculate CAPE generation rates. Figure 15 displays time
series of area‐averaged dCAPE_ALL, dCAPE_ADV, dCAPE_MP, and dCAPE_RES of air parcels at different
originating levels in d03 of CTRL. Before 2100 UTC 06 (0500 LST 07) May 2017, the air parcels originated
below 0.6 km had a larger CAPE generation rate (Figure 15a), which was mainly attributable to the large‐
scale advection (Figure 15b). After 2100 UTC 06 (0500 LST 07) May 2017 when the cold‐pool boundary
moved to the region marked with white rectangles shown in Figure 14, updrafts and convection were trig-
gered (Figure 14) and CAPE was released (Figure 15a). The CAPE release was mainly attributable to the
microphysical processes (Figure 15c), andmeanwhile, CAPE was supplemented by large‐scale advective for-
cing (Figure 15b). Besides, the air parcels originating near the surface had positive dCAPE_RES due to the
heat flux from warm urban surfaces (Figure 15d). These results confirm again that the large‐scale advection
processes that maintained the sustaining moist southerly flow in the lower troposphere were crucial for the
development of the severe rainfall. We found that the dynamic pressure perturbation gradient force also
played an important role in these precipitation processes, which will be addressed in a separated article.

Heavy rainfall results from sustained high precipitation rates that accompany the rapid ascent of air contain-
ing substantial moisture (Doswell et al., 1996). Chappell (1986) noted that most flash floods are produced by
quasi‐stationary precipitation systems, whereinmany convective cells reachmaturity and produce their hea-
viest rainfall over the same area. Newton and Katz (1958) and Chappell (1986) showed that a convective

Figure 14. Simulated wind vectors (m/s), density potential temperature θρ (thick blue contour, =300 K) and vertical velocity (magenta contours, >0.3m/s) at 300 m
above mean sea level, composite reflectivity (diamond fill patterns, >35 dBZ), and maximum convective available potential energy (shaded in J/kg) from 2100 UTC
06 (0500 LST 07) May to 2300 UTC 06 (0700 LST 07) May 2017 at 1‐hr interval in domain 3 of CTRL, respectively. The white rectangles represent the
computational areas for Figure 15. The thick and thin solid black lines represent Guangzhou City and its district borders, respectively. The initials in the first figure
are the same as those in Figure 1. Tick marks are included every 50 km.
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system's motion can be identified as being the vector sum of an advective component approximated by the
mean cloud‐layer wind (direction and magnitude) and a propagation component governed by the rate and
location of new cell formation relative to existing convection. Based on this idea, a vector‐based forecast
technique was developed for predicting the motion of upwind‐ and downwind‐propagating mesoscale
convective systems (MCSs; Corfidi, 2003; Corfidi et al., 1996). Schumacher and Johnson (2005) examined
the organization and environmental properties of extreme‐rain‐producing MCSs in the United States over
a 3‐year period and showed that extreme local rainfall is often associated with back‐building/quasi‐
stationary MCSs, which occur when new convective cells repeatedly form upstream of their predecessors
and pass over a particular area. The continuous development of upstream convection requires triggering fac-
tors, for example, frontal lifting (Schumacher et al., 2011), outflow boundaries (Houston & Wilhelmson,
2011; Houze, 2004; Jeong et al., 2016; Schumacher, 2015; Schumacher & Peters, 2017; Wang et al., 2014),
interaction between the low‐level jet and the midlevel circulation (mesoscale convective vortices;
Schumacher, 2009; Schumacher & Johnson, 2008, 2009), orographic lifting (Duffourg et al., 2018;
Soderholm et al., 2014), and thermodynamic effects associated with latent heating/cooling (Wang et al.,
2016). Schumacher and Johnson (2005) also indicated that back‐building/quasi‐stationary MCSs are more
dependent on mesoscale and storm‐scale processes, particularly lifting provided by cold outflows from pre-
vious convection, than on preexisting synoptic boundaries.

To investigate the role of precipitation‐generated cold outflows, two other sensitivity experiments were con-
ducted. They are EVP0.5 and EVP1.5, in which rain water evaporation rate below 1 km above mean sea level
is reduced and increased by 0.5 compared to that in CTRL, respectively. Figure 16 shows mean cloud‐layer
wind vectors (average of 850‐, 700‐, and 500‐hPa wind vectors), density potential temperature θρ, and radar
reflectivity in d03 of CTRL, EVP0.5, and EVP1.5. The θρ = 300 K contours indicate the cold‐pool boundaries
(blue contours in Figure 16). The mean cloud‐layer wind vectors show that steering flow for the convection
was northeastward (Figure 16), which was the convective cells' main advection direction. Mature and decay-
ing cells moved slowly downstream, and the cold pool also elongated in the direction of the mean wind
(Figures 13 and 16). However, the cold pool's elongation was narrower in the mean wind direction in

Figure 15. Time series of area‐averaged CAPE generation rate (shaded in J·kg−1·s−1) of parcels at different originating
levels from (a) all forcing (dCAPE_ALL), (b) advective forcing (dCAPE_ADV), (c) microphysical forcing (dCAPE_MP),
and (d) residual forcing (dCAPE_RES) in the regions (white boxes) marked in Figure 14 from 2000 UTC 06 (0400 LST 07)
May to 2300 UTC 06 (0700 LST 07) May 2017 in domain 3 of CTRL, respectively.
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EVP0.5 due to the weaker evaporation rate and weaker cold pool (Figures 16b1 and 16b2). In Figure 16, the
southern peripheries of cold pools in ZC in CTRL and EVP0.5 were stationary and basically stayed in the
center of ZC (Figures 16a1–16b2), while the southern peripheries of cold pools in ZC in EVP1.5 moved
southward gradually and took 1 hr to move from the center to the southern border of ZC (Figures 16c1
and 16c2). There was a continuous supply of instability and moisture from the South China Sea
(Figures 12 and 14). In CTRL, new convective cells were repeatedly triggered upstream of their predecessors
(back‐building process) along the quasi‐stationary part of cold‐pool periphery and then moved northeast-
ward (Figures 14, 16a1, and 16a2), presenting a typical back‐building convective storm structure. The sta-
tionary properties of the convection system lasted for more than 5 hr, leading to extremely heavy rainfall
accumulation (Figure 17b). In EVP0.5, there was strong precipitation (Figure 17c) that was spatially

Figure 16. Simulated mean cloud‐layer wind vectors (average of 850‐, 700‐ and 500‐hPa wind vectors in m/s), density
potential temperature θρ (blue contour, =300 K) at 300 m above mean sea level, and radar reflectivity (shaded in dBZ)
at 2.5 km abovemean sea level at 2230 UTC 06 (0630 LST 07) and 2330 UTC 06 (0730 LST 07) May 2017 in domain 3 of (a1,
a2) CTRL, (b1, b2) EVP0.5, and (c1, c2) EVP1.5 experiments, respectively. The thick and thin solid black lines represent
Guangzhou City and its district borders, respectively. The initials in the figure are the same as those in Figure 1. Tick
marks are included every 50 km.
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concentrated due to the weaker cold pool (Figures 16b1 and 16b2), while there was less accumulated
precipitation in EVP1.5 (Figure 17d) resulting from the stronger cold pool. The domain‐averaged
accumulated precipitation in CTRL, EVP0.5, and EVP1.5 were 7.749, 7.842, and 7.744 mm, respectively,
indicating the cold pool mainly influenced the distribution of precipitation. Therefore, it can be seen that
the approximately balanced interaction between the precipitation‐generated cold pool and the strong low‐
level warm, moist southerly flow played an important role in generating the observed long‐lived back‐
building MCS and thus the extreme rainfall.

5.3. Urban Effect

To study the possible effect of the UHI of Guangzhou City on this heavy rainfall event, we conducted a sen-
sitivity experiment, NO_Urban, in which all grid points with urban land use in the Pearl River Delta in the
0.5‐km domain were replaced with cropland (which is the land use type in rural areas surrounding
Guangzhou City; Figure 5d). Soil moisture and temperature were adjusted accordingly for consistency.
The ICs/BCs, physical schemes, and other model settings in the NO_Urban run are identical to those
of CTRL.

Figure 17. Accumulated precipitation (mm) in the (a) observation, (b) domain 3 of CTRL, (c) EVP0.5, and (d) EVP1.5 in
the Guangzhou region from 1600 UTC 06 (0000 LST 07) May to 0000 UTC (0800 LST) 07 May 2017. The blue crosses
indicate the center of maximum accumulated precipitation in the observations. The thick and thin solid black lines
represent Guangzhou City and its district borders, respectively. The initials are the same as those in Figure 1. Tick marks
are included every 50 km.
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Figure 18 shows simulated wind fields at 10 m AGL and air temperature at 2 m AGL from 1400 UTC (2200
LST) 06 to 1800 UTC 06 (0200 LST 07) May 2017 in d03 of NO_Urban. Compared to that in CTRL (Figure 8),
air temperature in the original urban area in NO_Urban decreased faster at night (Figure 18). However, the
10‐m winds changed little. We infer this is because wind flows in this case are mainly controlled by large‐
scale dynamics, and the southerly wind over the Pearl River Delta does not change much just due to the
decrease of air temperature near the surface layer in a short forcing period starting from 1200 UTC (2000
LST) 06 May 2017.

The simulated composite reflectivity in HD in NO_Urban reached 35 dBZ at 1630 UTC 06 (0030 LST 07) May
2017, which appeared a little (~30 min) later than that of CTRL. The location of the convection also shifted.
The differences in the simulated reflectivity between CTRL and NO_Urban were mostly before 1900 UTC 06
(0300 LST 07) May. After that, the simulations resembled each other. The hourly accumulated precipitation
in the two simulations were slightly offset, but the precipitation intensity and temporal evolution were very
similar. From the accumulated precipitation shown in Figure 19, the accumulated precipitation of CTRL is
more concentrated, and the maximum accumulated precipitation center is more consistent with observation
than that of NO_Urban. Though NO_Urban simulated faster decrease of the air temperature at 2 m AGL at
night (Figure 18), the southerly flow in the lower troposphere, which was mainly controlled by synoptic for-
cing discussed in section 4.1, was only marginally affected. The severe convective storms were still produced
in No_Urban (Figure 19c) with similar rainfall as in CTRL (Figure 19b). Therefore, for this case, evidence
suggests that urban forcing was not a necessary factor for the initiation and development of severe

Figure 18. As in Figure 8, but for NO_Urban.

Figure 19. Accumulated precipitation (mm) in the (a) observations, (b) domain 3 of CTRL, and (c) NO_Urban in the Guangzhou region from 1600 UTC 06 (0000
LST 07) May to 0000 UTC (0800 LST) 07 May 2017. The blue crosses indicate the center of maximum accumulated precipitation in the observations. The thick
and thin solid black lines represent Guangzhou City and its district borders, respectively. The initials are the same as those in Figure 1. Tick marks are included
every 50 km.
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convection, but urban forcing did slightly influence the timing and location of convection and helped to con-
centrate the maximum rain in a manner more consistent with observations.

5.4. Conceptual Model of the Heavy Precipitation

According to the above analysis of the heavy rainfall mechanisms, Figure 20 sketches a conceptual model.
Three important factors affected the development of torrential rainfall. They are favorable synoptic and
mesoscale patterns, topographic effects, and cold pools. The favorable synoptic and mesoscale patterns
and the trumpet‐shaped topographic features of the Pearl River Delta resulted in important sustained warm
moist southerly flows in the lower troposphere that supplied fuel for the convective storms over Guangzhou
(Figure 20a). The circulation pattern provided very favorable conditions for the accumulation of CAPE and
triggering initial convection. The development of the initial convection strengthened the convergence in the
lower levels, and the southerly flow further strengthened, which continuously brought plentiful water vapor
to support the continuing development of the heavy rainfall in the region. The cold‐pool outflow boundaries
of the convection storms helped trigger new convection at the quasi‐stationary part of the cold‐pool bound-
aries when they met the warm moist southerly flow, maintaining a back‐building quasi‐stationary rainfall
system, and thus led to extreme rainfall in ZC (Figure 20b). Although the urban forcing was only a secondary
driving factor for the overall system development, it affected the timing of convective initiation and the loca-
tion and the rainfall intensity.

6. Summary and Conclusions

In this study, the mechanisms for a record‐breaking rainfall in the coastal metropolitan city of Guangzhou,
China, during 6–7 May 2017 were studied with observational analysis and nested VLESs with the WRF
model. We found that the key factors affecting the development of torrential rainfall included favorable
environmental conditions (synoptic and mesoscale patterns and topographic effects), cold pools, and, to a
lesser extent, urban effects. The major findings are summarized as follows.

1. The combination of the relatively slowly evolving synoptic and mesoscale patterns and the unique topo-
graphic features of the Pearl River Delta generated and maintained the warmmoist southerly flow in the
lower troposphere and supplied fuel for the convective storms over Guangzhou. With the initial convec-
tive development, the southerly flow strengthened and continuously brought abundant water vapor to
support the heavy rainfall in the region.

2. The CAPE development in the extreme rainfall region between HP and ZC Districts was maintained by
the sustaining moist southerly flow in the lower troposphere and large‐scale advection in the middle and
upper layers, coincident with release of latent heat in these layers.

Figure 20. Schematic diagram of the main characteristics of the severe rainfall event, 6−7 May 2017 in Guangzhou:
(a) favorable synoptic and mesoscale patterns and topographic features and (b) long‐lasting quasi‐stationary convective
system. Shown in (a) are terrain elevation (shaded; the deeper gray, the higher the elevation), cold highs (blue ellipses) and
warm low (red ellipse) in the lower troposphere, and wind vectors in the lower (magenta vectors) and upper (orange
vector) troposphere. Shown in (b) are terrain elevation (shaded, same as in (a)), wind vector in the lower troposphere
(magenta vector), radar reflectivity (shaded ellipses), and motion of the cold‐pool boundary depicted by conventional
frontal symbols. The diagram in the bottom right of (b) shows the mechanism for back‐building mesoscale convective
systems (vector synthesis of orange, blue, and red vectors). The blue dashed lines in (a) and (b) mark the trumpet‐shaped
topography.
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3. The matching interaction between the precipitation‐produced cold‐pool outflows and warmmoist south-
erly flow repeatedly triggered new convection upstream at the quasi‐stationary part of the cold‐pool
boundaries, resulting in a back‐building quasi‐stationary MCS, causing extreme local rainfall in ZC.

4. The influence of urban forcing on this heavy rain event is secondary. However, urban forcing did help
earlier initiation of the convection and concentrated it to produce a higher rainfall maximum.

These results indicate the importance of understanding synoptic and mesoscale dynamics and the influence
of topography in forecasting rare but extreme heavy rainfall. In such cases, forecasters ought to assess the
southerly lower tropospheric flow and the magnitude of water vapor and thermal fluxes and their duration,
midlayer wind profiles, and potential convection cold‐pool intensity in order to predict such heavy rain
events. The successful simulation of this case using nested VLESs with the WRF model indicates that sub‐
kilometer‐scale numerical weather prediction without boundary‐layer parameterizations is promising in
certain situations for providing valuable guidance for heavy rainfall forecasts in urban areas.

Further work on quantitative analysis of this case's dynamical processes and a budget computation to inves-
tigate the thermodynamic forcing andmoisture processes is ongoing. We found that an important role might
have been played by dynamical pressure forces that supported the development of significant updrafts and
the heavy rainfall. In addition, urban areas can produce a large amount of pollution, which can influence
cloud microphysical processes, radiative processes, and surface precipitation (Rosenfeld et al., 2008; Van
Den Heever & Cotton, 2007). On the other hand, the southern side of Guangzhou City is opened to the
South China Sea where the sea salt aerosols can be brought into Guangzhou City by the southerly wind.
Work has been undertaken to explore how these aerosols might have affected the precipitation development
in this event. The results of these studies will be reported in two separated papers.
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