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ABSTRACT

This study investigated heavy frontal rainfall that occurred on 13–14 October 2011 over the Pearl River

Delta (PRD) in China. The frontal rainstormwas simulated using theWRF-ARWModel (version 3.3), which

included its urban canopymodel. Although themodel-simulated convection occurred 2 h early and the second

precipitation peak was underestimated, the model represented the formation, development, and extinction of

the frontal rainfall and captured the distribution of the peak value. In addition, the averaged value of

49.7Wm22 was taken as the anthropogenic heat flux (AHF) of the PRD, and two land-use datasets were

adopted: one for 1992 and the other for 2011. The simulation revealed that AHF and urban land-use change

(ULUC) increased the total rainfall over the PRD by 6.3% and 7.4% and increased the maximum hourly

rainfall intensity by 24.6% and 21.2%, respectively. Furthermore, to elucidate the mechanism of AHF and

ULUC influence, the rainstorm structure, low-level jet (LLJ), and CAPE of the rainfall event were analyzed.

It was found that AHF and ULUC enhanced two strong southward LLJs located over the urban areas, which

carried abundant water vapor to the PRD and generated additional upper-level CAPE. This not only sus-

tained steady ascent of the air, but it also created conditions favorable for downwardmotion, resulting in large

persistent convective clouds and heavy frontal rainfall.

1. Introduction

Human activities can cause land-use change and release

anthropogenic heat to the atmosphere. Urbanization re-

fers to the process of increase of the urban population

and expansion of urban land use. Urbanization can

notably modify local and even regional meteorological

variables—for example, temperature, wind speed, hu-

midity, and PBL height—and can affect the exchange

of surface energy between the land surface and the

atmosphere (Nemunaitis-Berry et al. 2017; Gutiérrez
et al. 2015; Dou et al. 2015). Some previous studies

explored the influence of urbanization on urban climate

processes (Jin et al. 2005), UHIs (Chen and Zhang 2018),

contributions of urban environments to global warming

(Parker 2004, 2006), changes of precipitation (Kaufmann

et al. 2007; Schmid and Niyogi 2017), and reduced air

moisture and evaporation in cities (Yang et al. 2017).

With the increase in built-up areas and intensification of

human activities over the past several decades, urbani-

zation has induced significant modifications of regional

atmospheric circulations that can result in more intense

rainfall (e.g., Alexander et al. 2006; Allan and Soden

2008). Researchers have used observational data to study

the temporal and spatial variability between urbaniza-

tion and precipitation (Hand and Shepherd 2009;

Shepherd et al. 2002). Using high-resolution radar
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reflectivity and lightning data in the southeast United

States, Ashley et al. (2012) illustrated that demographic

and land-use changes feed back to local atmospheric

processes that promote thunderstorm formation and

persistence. Grum et al. (2006) reported a clear ten-

dency that extreme precipitation events affecting urban

drainage and causing flooding will become more fre-

quent as a result of climate change.

With the rapid development of numerical models,

more and more researchers used numerical simulation

to reveal the relationship between urbanization and the

emergence and development of storms. Employing the

WRF Model, Shem and Shepherd (2009) showed that

rainfall amounts downwind of Atlanta, Georgia, could

be 10%–13% higher within a strip 20–50km east of the

city when land use changed from dry land, cropland, and

pasture to urban land cover. Using a 2-km-resolution

WRF Model, Meng et al. (2012) indicated that the UHI

of the city of Guangzhou in the Pearl RiverDelta (PRD)

in South China and the dry island effect produced by the

land surface could lead to a convergence zone with en-

hanced CAPE. In a study of four events of summertime

rainfall in Beijing, China, Nie et al. (2017) found that

anthropogenic heat increased sensible heat flux, en-

hanced mixing and turbulent energy transport, lifted

PBL height, increased dry static energy, and destabilized

the atmosphere in urban areas, which resulting in en-

hanced convergence during the major rainfall period.

At the same time, some other studies have come to the

opposite conclusion. Zhang et al. (2009) found that ur-

ban expansion can produce less evaporation, moremixing

of water vapor in the boundary layer, and therefore less

convective available potential energy and more convec-

tive inhibition energy. The combination of these factors

induced by expanding urban surfaces was helpful in

reducing precipitation for the Beijing area. Similarly,

using the fifth-generation Pennsylvania State University–

National Center for Atmospheric (NCAR) Research

Mesoscale Model (MM5), Guo et al. (2006) found that

the decrease of total accumulated precipitation in the

urbanized areas was mainly due to the effect of the de-

creases cloud peak updraft and the intensified down-

draft. Therefore, it can be inferred that urbanization

play a direct role in the initiation and development of

convection. However, rainfall processes are complicated

and the understanding of the influence of urbanization

on such processes, especially frontal rainfall processes,

remains limited, meaning further explorations are nec-

essary. To this end, this study focused on investigation of

the influence ofAHF and urban land-use change (ULUC)

on frontal rainfall using the WRF Model.

The study area was the PRD region. Rapid economic

development over the previous 30 years has meant this

region has experienced considerable urbanization, making

it an ideal testbed to explore the influence of urbanization

on rainfall. Chen et al. (2011) revealed that the urbaniza-

tion effect in the study area since 1984 has caused an in-

creasing trend in daily minimum surface temperature

with a rate of about 0.68C per decade; correspondingly,

they found decreasing trends in relative humidity in two

cities in the PRD, that is, Guangzhou and Shenzhen. Lin

et al. (2007, 2009) employed a regional climate model

(i.e., theMM5) to simulate the impact of urban expansion

in the PRD region using two different land covers. They

found that urbanization results in increased monthly mean

air temperature and sensible heat flux (SHF) anddecreased

diurnal temperature range, relative humidity, atmospheric

water vapor, and latent heat flux (LHF). To further confirm

and improve our understanding of the influence of ur-

banization on rainfall over the PRD region, this study

considered a heavy frontal rainstorm as a case study.

The remainder of this paper is structured as follows.

Section 2 introduces the data used and the model setup,

and section 3describes the synoptic environment of the case

study. Section 4 presents validationof themodel simulation,

and section 5 provides the study results. The paper ends

with the presentation of our conclusions in section 6.

2. Research data and model setup

The research data used in this study included rainfall

data at 1-h intervals and near-surface meteorological

data at 3-h intervals, which consisted of air temperature

and dewpoint temperature at 2m above the ground,

sea level pressure, and wind speed and wind direction

at 10m above the ground. These data were derived

from the Meteorological Information Comprehensive

Analysis and Processing System created by the China

Meteorological Administration, and this study used

data recorded at more than 4000 automatic weather

stations in South China.

This study adopted the WRF-ARW Model, version

3.3 (Skamarock et al. 2008), which is a nonhydrostatic,

fully compressible, primitive equation model, to simulate

the frontal rainstorm. The effort to develop the WRF

Model has been a collaborative partnership, principally

among the NCAR, National Atmospheric and Oceanic

Administration, National Centers for Environmental

Prediction (NCEP), and other governmental agencies in

the United States. In this study, the WRF Model used a

threefold one-way nesting system, 31 vertical levels, and a

nesting system that included three model domains with

three spatial resolutions of 27, 9, and 3km (Fig. 1a). The

initial and boundary conditions for the model were in-

terpolated from the NCEP Global Final reanalysis data-

set, which has 18 3 18 spatial resolution and 6-h temporal

364 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 59

Unauthenticated | Downloaded 04/06/21 03:25 PM UTC



FIG. 1. (a) Domains and terrain elevation (shading; m) used for the WRF-ARW simulation, (b) D03 land use of

USGS and MODIS with 3 3 3 km resolution, and (c) hourly anthropogenic urban heat flux (Wm22) in 2011.
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resolution. The model simulation duration for all three do-

mains was from 0800 local standard time (LST) (in this

study, LST5 coordinated universal time1 8h) 13October

2011 to 0800 LST 14 October 2011 (i.e., a 24-h period).

Certain schemes were selected in the WRF-ARW

Model to simulate some physical processes of the atmo-

sphere. This study focused on the application of the mi-

crophysics and cumulus schemes (Wang and Seaman

1997; Giorgi and Shields 1999). Thus, the WRF single-

moment 6-class microphysics scheme (Hong and Lim

2006) was selected for the gridscale cloud and precipita-

tion processes because this scheme has performed suc-

cessfully for some heavy rainfall simulations (e.g., Choi

et al. 2011; James et al. 2011; Shin and Hong 2009).

Cumulus schemes are responsible for the subgrid-scale

effects of convective and shallow clouds. In general, cu-

mulus parameterizations should not be used in a grid

with less than 5-km resolutionwhen themodel can resolve

the convective eddies itself (Skamarock et al. 2008).

Therefore, in this study, the Grell-3 cumulus parameteri-

zation (Grell andDevenyi 2002) was used for the first and

second domains, and the no-cumulus parameterization

was selected for the third domain. This study selected the

Yonsei University scheme for simulating the PBL (Hong

and Pan 1996) and the Noah land surface model (Chen

and Dudhia 2001) for simulating terrestrial physical pro-

cesses. In addition, for radiation processes, this study

employed the RRTM for longwave radiation (Mlawer

et al. 1997) and simple shortwave radiation (Dudhia 1989).

For the third domain only (i.e., the inner domain,

D03), we applied the urban canopy model (UCM) to

simulate the influence of urbanization. The UCM is

a single-layer model for simplifying urban geometry.

Some of the features of the UCM include shadowing

from buildings, reflection of shortwave and longwave

radiation, the wind profile in the canopy layer, and a

multilayer heat transfer equation for roof, wall, and road

surfaces (Kusaka et al. 2001; Kusaka and Kimura 2004).

To evaluate the impacts ofULUCon the PRD (Fig. 1b),

this study used two land-use datasets. One dataset

comprised original USGS 24-category land-cover data

for the 12-month period from April 1992 to March

1993, and the other dataset was derived from current

MODIS satellite imagery with 500-m spatial resolution.

Comparison of the USGS and MODIS land-use data

revealed substantial increase of the urban areas in

midsouthern Guangdong, (i.e., the PRD region) within

the region 22.008–23.708N, 113.008–114.258E.
To explore the influence of AHF on rainfall, this study

estimated the AHF value for the PRD. Some previous

studies have analyzed the diurnal AHF range (e.g.,

Sailor and Lu 2004; Lin et al. 2008) and they found that

the average AHF emissions in large cities are mostly

within 5–60Wm22 (Allen et al. 2011). Taking into ac-

count the different sources of AHF, for example, fac-

tories, vehicles, and residents, Wang and Wang (2011)

estimated the average value of AHF in Guangzhou in

2009 was 41.1Wm22. In accordance with the method-

ologies described in both Sailor and Lu (2004) and Sailor

and Hart (2006), this study used an AHF diurnal varia-

tion curve from the National Urban Database and

Access Portal Tool (Ching et al. 2009). Furthermore, using a

weighted average algorithm (Wang and Wang 2011) for

the increased rates of power consumption and car own-

ership (see Table 1) from 2009 to 2011, this study assigned

the daily averagedAHF as 49.7Wm22 and the dual-peak

AHF value at 0800 and 1700 LST as 87.3Wm22 (Fig. 1c).

Given the above model setup, this study further

designed three experiments to explore the impacts of

urbanization on the case study frontal heavy rainstorm.

We designed a control test (hereinafter CTL), which

used theMODIS land-cover data and the above assigned

AHF values, and an experiment using the MODIS data

without AHF (hereinafter MOD). Through compar-

ison of the CTL and MOD experiments, we explored the

sensitivity of the simulation of this heavy rainstorm event

to the treatment of AHF. Then, with the third experiment

(hereinafter USG), which used theUSGS land-cover data

without AHF, we investigated the response of precipita-

tion with respect to ULUC through comparison with the

MOD experiment. In addition, the effect of AHF associ-

ated with ULUC on the frontal rainfall was examined

through comparison of the CTL and USG experiments.

3. Synoptic environment of the case study
rainstorm

To understand the mechanism of the heavy frontal

rainstorm over the PRD that started on 13 October 2011,

we first analyzed the related synoptic atmospheric

TABLE 1. Anthropogenic heat flux.

Increasing rate of power

consumption (%)

Change in rate of car

ownership (%)

Change in rate

of AHF (%) Avg AHF (Wm22) AHF peak (Wm22)

2009 — — — 41.1 73.2

2010 12.5 8.12 11.77 45.9 80.8

2011 8.35 6.80 8.09 49.7 87.3
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conditions. Figure 2a shows the 500-hPa geopotential

height obtained from the NCEP–NCAR reanalysis data

(2.58 3 2.58) over Eurasia at 2000 LST 13 October 2011,

that is, when the rainfall commenced. Before the rainfall

started, it can be seen that a deep area of low pressure

developed over the midlatitude region of northeastern

China. In addition, subtropical areas of the western

Pacific Ocean were dominated by an extensive area of

high pressure at 500 hPa, namely, the western Pacific

subtropical high. As the deep low pressure over

northeastern China developed steadily and moved

southeastward, it combined with a westerly trough ex-

tending from Mongolia to southern China, which af-

fected much of South China at 2000 LST 13 October

2011. Under the influence of the western Pacific sub-

tropical high, a southerly airflow appeared toward the

northern side along the isobaric line, which provided the

macroscale circulation for the heavy rainstorm (Fig. 2a).

FIG. 2. Synoptic charts at 2000 LST 13 Oct 2011 obtained from the NCEP–NCAR reanalysis

(2.58 3 2.58): (a) 500-hPa geopotential height (isolines; m), and (b) sea level pressure (isobars;

hPa) and wind vectors (m s21), showing troughs of low pressure (red solid lines) and ridges of

high pressure (blue H symbols) in (a) and cold fronts over Eurasia in (b).
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Consistent with the mid–upper-atmospheric situation, a

strong area of high pressure was located over Siberia

(Fig. 2b). A strong northerly surface wind dominated

North China, and a cold front moved from the northwest

toward the southeast, which affected Guangdong

Province at 2000 LST 13 October 2011. Furthermore,

abundant water vapor accumulated over Guangdong

Province because a cold dry northwesterly wind from

the Mongolian Plateau met with a warm moist south-

easterly wind from the western Pacific Ocean. This

vertical synoptic structure with a warm wet inflow at

the lower level and cold dry air at mid–upper levels

provided unstable conditions beneficial for a convective

system, which caused the heavy rainstorm event.

4. Model simulation

Using the WRF-ARW Model and the research data

detailed above, this study simulated the process of the

case study rainstorm. To examine the detail of the

frontal rainfall, we analyzed the amount and distribution

of 24-h accumulated precipitation. Figure 3a shows the

simulated 24-h accumulated precipitation (mm) over the

second domain (denoted D02) (see Fig. 1a) from 0800

LST 13 October 2011 to 0800 LST 14 October 2011.

Figure 3b shows the 24-h accumulated observed pre-

cipitation for the study period. The observed precipita-

tion shows the rainband aligned from southwest to

northeast, matching the orientation of the cold front

(Fig. 2b). Comparison of the simulated and observed

accumulated precipitation reveals the simulation captured

the rainband satisfactorily. The observed precipitation oc-

curred in the central region of the PRD and the maximum

amount of accumulated precipitation was 319.8mm. The

averaged accumulated precipitation amount derived

from stations in the d02 region was 35.9mm. According

to the historical records of the Guangdong Province

Meteorological Observatory, this heavy rainstorm was the

most severe precipitation episode in this area since 1951.

Themaximumprecipitationof the simulationwas 278.3mm

and the center of the distribution of heavy precipitation was

located over the PRD, in agreement with the observations.

To further evaluate the performance of the simula-

tions, Table 2 lists the statistical results of the simulated

rainstorm over domain D03. These statistical results

include the mean bias (MB):

MB5
1

MN
�
M

j51
�
N

k51

(Cm
j,k 2Co

j,k),

mean absolute gross error (MAGE):

MAGE5
1

MN
�
M

j51
�
N

k51

jCm
j,k 2Co

j,kj,

root-mean-square error (RMSE):

RMSE5
1

M
�
M

j51

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N
�
N

k51

(Cm
j,k 2Co

j,k)
2

s
,

FIG. 3. (a) Simulated and (b) observed accumulated precipitation (shading; mm) from 0800 LST 13 Oct to 0800 LST 14 Oct 2011.

Observed data were obtained by interpolating precipitation data from Guangdong Meteorological Observatory [Meteorological

Information Comprehensive Analysis and Processing System (MICAPS)] using the Cressman interpolation technique (Daley 1991).
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fractional absolute error (FAE):

FAE5
1

MN
�
M

j51
�
N

k51

jCm
j,k 2Co

j,kj
(Cm

j,k 1Co
j,k)/2

,

and correlation coefficient R, where Cm and Co are

values of model prediction and observation, respec-

tively;M is the number of stations; and N is the number

of hour series. From Table 2, it can be seen that the di-

urnal variation of surface (2m) temperature T2, dew-

point temperature at 2m Td2, and sea level pressure

(SLP) were estimated very well, with values of R

reaching 0.99, 0.98, and 0.83, respectively. However, a

cold bias of up to 20.498C was found in T2, and the

associated values of MAGE, RMSE, and FAE were

0.508C, 0.548C, and 2.20%, respectively. It is known that

other meteorological models produce MBs from20.208
to20.918C for surface temperature—for example,MM5

(Gilliam et al. 2006; Chen et al. 2009), which are likely

due to limitations in the PBL scheme, LSM, and radia-

tion schemes. Although the overprediction in Td2, with

MBof up to20.638C,RMSE of 0.74, and FAEof 3.02%,

indicates small underprediction in humidity, good cor-

relation was found between the simulation and the ob-

servations, with the value of R reaching 0.98. At the

same time, the values of MB, FAE, and RMSE with

respect to SLP were 0.248C, 0.06%, and 0.75, respec-

tively, indicating good overall agreement between

the observations and the simulation. Moderate over-

prediction (MB 5 1.46ms21) for wind speed at 10m

WS10 and large underprediction (MB 5 247.868) for

wind direction at 10m WD10 were found over domain

D03. A high bias of surface wind speed over land

has been found in every version of the WRF Model,

caused by unresolved topographic features (Cheng and

Steenburgh 2005; Rontu 2006). As the surface wind

speed was overestimated, the simulation indicated the

cold front dominated the PRD earlier than observed,

TABLE 2. D03 averaged performance statistics of observed data and WRF predictions from 0800 LST 13 Oct to 0800 LST 14 Oct 2011.

Variable Data Avg MB MAGE RMSE FAE (%) R

T2 (8C) Obs 23.28 20.26 0.48 0.54 2.12 0.98

CTL 22.92

Td2 (8C) Obs 22.07 20.54 0.57 0.73 2.72 0.96

CTL 21.53

SLP (hPa) Obs 1011.19 0.15 0.76 1.01 0.08 0.49

CTL 1011.34

WS10 (m s21) Obs 2.06 1.17 1.14 1.26 41.03 0.67

CTL 3.23

WD10 (8) Obs 154.67 247.86 41.47 52.82 29.18 20.18

CTL 116.78

FIG. 4. Hourly area-averaged precipitation (mm) of observed data and WRF predictions in

PRD from 0800 LST 13 Oct to 0800 LST 14 Oct 2011.
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which led to the significant differences in angle between

the modeled and observed wind directions.

Furthermore, the simulated precipitation failed in

presenting the second peak of precipitation in the PRD

at 0100 LST 14 October 2011 (Fig. 4). However, the

occurrence of the center and themaximum precipitation

of this frontal rainfall over the PRD (Fig. 4) between

1500 LST 13 October 2011 and 0000 LST 14 October

2011 was captured by the CTL between 1300 LST

13 October 2011 and 2200 LST 13 October 2011.

Comparison of the time series of hourly area-averaged

observed precipitation with the three experiments re-

vealed the tendency of the curve for the CTL was

closest to the observations. Because of the inclusion of

AHF and ULUC, the CTL showed a pattern similar to

the observations during the first major rainfall period

and it presented the significant first peak of precipitation

at 1700 LST 13 October 2011. In contrast, both the

MOD and the USG failed to present the first precipi-

tation peak and they moderately underestimated the

total amount of precipitation. The observed area-

averaged 24-h accumulated precipitation in the PRD

area was 90.26mm (not shown), whereas the precip-

itation simulated by the three experiments was 71.89,

67.63, and 66.91mm (Table 3). As incorporation of

AHF and ULUC in the simulation produced a pattern

similar to the observations, we note that the use of

AHF and ULUC in this study was rational, objective,

and necessary. However, in terms of peak precipi-

tation, the simulated rainfall was initiated two hours

earlier than observed. Similar bias was found by

Wan and Xu (2011) in their study of the third most

severe flood event in Guangdong Province from 1950

to 2010. Overall, the simulation results were rea-

sonably consistent with the actual situation, repre-

senting the formation, development, and extinction

of the frontal rainfall, even though the simulated

peak precipitation occurred two hours earlier than

observed.

Water vapor transport is one of the most important

mechanisms in relation to frontal rainfall. To investigate

the development of the heavy rainfall of the case study,

the time evolution of the water vapor mixing ratio at

850 hPa and radar reflectivity at the height of 3 km were

analyzed. Figure 5 shows the simulated 850-hPa water

vapor mixing ratio and wind. It also shows that the

simulated radar reflectivity matches well with that

observed in the PRD. The rainfall commenced over

the northern PRD at 1000 LST 13 October 2011 when

there was a sufficient band of water vapor (more than

13 g kg21) across Guangdong Province (Fig. 5a). At

that time, Fujian, Hunan, and Jiangxi Provinces were

already affected by the cold northerly winds, whereas

Guangdong Province was dominated by a warm south-

easterly flow. By 1400 LST 13 October 2011, as the up-

per trough strengthened and the surface cold air

advanced, the band of water vapor moved farther

southward (Fig. 5d). A convective cell formed and

developed at the center of the water vapor maximum

over the PRD, which provided meteorological con-

ditions beneficial for the heavy rainfall indicated by

the radar reflectivity (Fig. 5e). At 1800 LST 13 October

2011, the convective cells located over the PRD corre-

sponded to a shear line aligned from the southwest to-

ward the northeast and a decreasing water vapor mixing

ratio (Fig. 5g), which produced the heavy rainfall in the

urban areas that was indicated by the strong radar re-

flectivity (56.12 dBZ). The water vapor band moved

farther southeastward as the cold front strengthened

with increasing northerly winds and a decreasing water

vapor mixing ratio (Fig. 5j). Because of the over-

prediction of wind in the model, the cloud moved

faster compared with the observations (Figs. 5k,l).

After 0200 LST 14 October 2011, the atmosphere

over Guangdong Province was controlled by dry

northerly air, and the frontal rainfall had weakened

and moved out across the western Pacific (Figs. 5m–

o). Given the analysis above, the results of the nu-

merical simulation of this frontal rainfall event were

considered credible.

5. Urban AHF and ULUC influence

As discussed above (see Fig. 3), the center of the

distribution of the frontal rainstormwas located over the

northeastern PRD (Fig. 6a). The incorporation of AHF

caused a sharp increase of over 90mm in the 24-h ac-

cumulated precipitation over the PRD, primarily over

the western side of the Pearl River estuary (Fig. 6b),

which represents an increase of 6.30% (Table 3). It

is indicated that consideration of AHF and ULUC

had similar effect in producing increased rainfall over

the PRD by affecting surface meteorological variables.

However, the incorporation of ULUC enhanced an-

other rainstorm over the eastern side of the Pearl River

estuary (Fig. 6c), and it led to a 7.44% increase in

TABLE 3. Simulated 24-h accumulated precipitation in PRD from

0800 LST 13 Oct to 0800 LST 14 Oct 2011.

Test

PRD accumulated

precipitation (mm)

Increasing

accumulated

precipitation

in PRD (mm)

Increasing rate

of accumulated

precipitation

in PRD (%)

CTL 71.89 — —

MOD 67.63 4.26 6.30

USG 66.91 4.98 7.44
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FIG. 5. Simulated water vapor mixing ratio (shading; g kg21, scale runs from ,12 to .14) and wind

(vectors; m s21, vector scale of 10 is under the 1168E longitude at the bottom) at 850 hPa for (a) 1000 LST 13

Oct, (d) 1400LST13Oct, (g) 1800LST 13Oct, (j) 2200LST13Oct, and (m) 0200 LST14Oct, and simulated

and radar-observed (https://nmc.gov.cn/) reflectivity (dBZ, scale runs from,0 to.70) in D03 for (b) 1000

LST 13 Oct, (c) 1200 LST 13 Oct, (e) 1400 LST 13 Oct, (f) 1600 LST 13 Oct, (h) 1800 LST 13 Oct, (i) 2000

LST 13 Oct, (k) 2200 LST 13 Oct, (l) 0000 LST 14 Oct, (n) 0200 LST 14 Oct, and (o) 0400 LST 14 Oct.

MARCH 2020 WEN ET AL . 371

Unauthenticated | Downloaded 04/06/21 03:25 PM UTC

https://nmc.gov.cn/


accumulated precipitation over the PRD (Table 3). It is

evident that the area of increased rainfall when consid-

ering AHF and LULC was in reasonable agreement

with the observations. However, there was clear dis-

tinction in the peak value of the hourly averaged PRD

precipitation, although the curves produced by the CTL,

MOD, and USG simulations were similar (Fig. 4). Peak

values of 8.40, 6.74, and 6.93mm occurred at 1700 LST

for the CTL, MOD, and USG simulations, respectively,

equivalent to an increase of 24.63% (comparing MOD

with CTL) and 21.21% (comparing USG with CTL),

despite the maximum of the MOD simulation at 1900

LST. An explanation for the earlier occurrence of the

heavy rainfall in the simulations, in comparison with the

observations, might be that the overestimated surface

wind in the simulations (Table 2) pushed the cold front

southeastward faster, which caused the cold continental

air to meet the warm maritime air prematurely.

Incorporation of AHF and ULUC caused the local

and even regional meteorological variables to be mod-

ified notably, especially surface temperature and hu-

midity. The simulated daily average temperature at 2m

and relative humidity at 2m (Fig. 7a) show that the

surface temperature decreased with increasing latitude,

and that there was a UHI effect with warmer tempera-

tures (above 258C) and an urban dry island (UDI) effect

with centers of low humidity (below 90%) in the urban

areas. The PRD average 2-m temperature of CTL was

closest to the observations with values of 24.138 and

24.198C, respectively, whereas that of the MOD and

FIG. 6. Simulated 24-h accumulated precipitation (shading; mm) from 0800 LST 13 Oct to 0800 LST 14 Oct 2011 in D03 for (a) CTL

(scale goes from ,30 to .240mm), and the difference between (b) CTL and MOD and between (c) CTL and USG [for (b) and (c) the

scale goes from ,2120 to .120 mm].

FIG. 7. (a) Simulated daily average 2-m temperature for CTL (shading; 8C, with the scale going from ,215 to .26) and 2-m relative

humidity (contours; %) from 0800 LST 13 Oct to 0800 LST 14 Oct 2011 in D03, and the difference (b) between CTL and MOD and

(c) between CTL and USG for temperature (shading, going from ,21.28 and .1.28C) and relative humidity (contours).
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FIG. 8. PRD hourly averaged (a) upward sensible heat flux at the surface,

(b) upward latent heat flux, and (c) Bowen ratio at the surface from 0800 LST 13 Oct

to 0800 LST 14 Oct 2011.
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USG simulations was 23.948 and 23.808C, respec-

tively. In the PRD, a moderate difference was found

between the CTL and MOD simulations with 2-m

temperatures 18C warmer and 2-m relative humidity

6% lower in the urban areas (Fig. 7b). As for the CTL

and USG simulations, the difference over large areas

of the PRDwas greater than 1.28C in 2-m temperature

and 28% in 2-m relative humidity (Fig. 7c). The

maximum differences attributable to the incorpora-

tion of AHF and ULUC were 1.468 and 1.448C in 2-m

temperature and 12.51% and 12.79% in 2-m relative

humidity, respectively. The similar patterns of dis-

tribution of surface temperature and relative hu-

midity were mainly attributable to the urban surface

when considering ULUC, because it has compara-

tively lower albedo and higher capacity for heat ca-

pacity from the ground to atmosphere than dry land,

cropland, and pasture, whereas consideration of AHF

intensifies the UHI and UDI effects directly. As de-

scribed above, it was evident that the area of in-

creased rainfall in the simulations was in reasonable

agreement when considering AHF and ULUC be-

cause of the UHI and UDI effects, which are condu-

cive to the convergence of air and the increase of

unstable energy in urban areas.

According to previous studies (e.g., Offerle et al.

2005; Sailor 2011), the UHI affects heat flux indirectly

through reducing surface reflection and promoting

additional shortwave radiation, whereas AHF affects

SHF directly. Figures 8a and 8b show that both upward

SHF and LHF at the surface increase during daylight

and decrease at night, and that the differences attrib-

utable to AHF and ULUC are considerable. In the

CTL, SHF reached a high value of 98.62Wm22 at

1300 LTS, whereas the maximum in the MOD and

USG simulations was comparatively low at 73.76 and

44.06Wm22, respectively. Furthermore, SHF main-

tained mostly positive values because of the ULUC,

while values over rural surfaces were lower or negative

overnight. Because the surface of an urban area has

little moisture, upward LHF in the USG was always

higher than the MOD and CTL simulations; the max-

imum difference between the USG and MOD simula-

tions was 51.67Wm22 at 1400 LST. The Bowen ratios

(i.e., the ratio of surface SHF to LHF; Bowen 1926) of

the CTL, MOD, and USG simulations indicate that

because of the incorporation of AHF and ULUC more

energy is put into heating the air than evaporating

water (Fig. 8c).

It is noted that strong reflectivity occurred along the

edge of the LLJ, which implies interaction occurred

between the rainfall and the LLJ (e.g., Choi et al. 2011).

Figure 9 shows the simulated low-level wind associated

with the precipitation at the time of peak rainfall over

the PRD (1700 LST 13 October 2011). At 850 hPa, a

southwesterly wind dominated over southern Guangdong,

and the synoptic-scale LLJ with a region of wind speed

greater than 12m s21 transported abundant water va-

por from the South China Sea to the center of the area

of maximum hourly rainfall (23.158N, 113.958E). For
the CTL, the LLJ located to the south of the CTL

storm enhanced the precipitation, whereas the LLJ

was located to the southeast of the storms in the MOD

and USG simulations. Comparison of the CTL and

MOD simulations revealed that the AHF enhanced

the center of maximum rainfall in the urban areas.

Because of the two land-use datasets used in the MOD

and USG simulations, another rainstorm developed

on the western side of the Pearl River estuary. The

differences in the precipitation characteristics and

FIG. 9. Simulated precipitation (shading; mm), winds (contours; m s21) and wind vectors (m s21) at the 850-hPa level at 1700 LST 13 Oct

2011 in D03 for (a) CTL, (b) MOD, and (c) USG.
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positioning of the LLJ could be explained by building

clusters associated with ULUC slowing the cold front

and generating suitable initial conditions for the rain-

storm, whereas AHF provided more energy for the

frontal rainfall of the heavier rainstorm inside the

center by strengthening the LLJ.

For the center of the storm in the CTL, two cells of

strong convergence appeared over the southeastern

portion of the area of heavy precipitation at the lower

level, as indicated by large areas of positive vorticity

of more than 0.0016 s21 and negative divergence of

less than 20.0016 s21 (Fig. 10a), whereas two cells of

divergence occupied the northwestern portion. The

same distribution of convergence and divergence also

occurred in the MOD (Fig. 10b). As for the USG, only

one cell of convergence and one cell of divergence

dominated the eastern side of the Pearl River estuary

(Fig. 10c). The counter parts of divergence at 300hPa

were roughly opposite (Figs. 10d–f) over the rainstorms.

However, positive upper-level vortices occurred in both

CTL and USG in contrast to the negative vortices in the

MOD, indicating stronger and higher development of the

convective cloud clusters.

With regard to the vertical complication within

the storms, a longitude–pressure section through the

center of the area of maximum precipitation (23.158N
in Fig. 9) is plotted in Fig. 11. The maximum rainfall of

the CTL storm was up to 74.62mm, whereas it was

FIG. 10. Simulated divergence (shading; s21) and vorticity (contours; s21) at 1700 LST 13 Oct 2011 in the PRD for (a),(d) CTL, (b),(e)

MOD, and (c),(f) USG at the (top) 850- and (bottom) 300-hPa levels.
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only 57.36 and 62.43mm in the MOD and USG sim-

ulations, respectively. Strong ascent with maximum

speed of more than 7m s21 was found to reach 300 hPa

above the center of maximum rainfall in the CTL

storm, while another area of strong vertical motion

with speed of 5m s21 was found around 600 hPa on the

eastern side (Fig. 11a). It was also clear that strong

downward motion occurred at the center of the con-

vective cell bringing cold dry air from the upper tro-

posphere to the west to surface, which enhanced

the convective instability. Apparently, the vertical

motion was affected considerably by the distribution

of CAPE at mid- and low levels and the maximum

CAPE of 200 J kg21 extended to 800 hPa. As discussed

above for the MOD, two rainstorms developed si-

multaneously and the sharp decrease of CAPE at

mid- and low levels led to substantial reduction of

vertical upward motion through the rainstorm and no

downward motion penetrated to the east of the rain-

fall (Fig. 11b). Consequently, the rainfall was lighter

over the eastern storm and heavier in the western

storm. For the USG, a moderate–strong rainstorm

with decreasing upward motion and CAPE, in com-

parison with the CTL, and no downward motion led to

less precipitation at the rainfall center (Fig. 11c). It

might be inferred that AHF and ULUC in producing

the UHI and UDI effects enhanced the convective

instability via the release of additional CAPE in the

middle and low levels. This powerful energy would

not only sustain the steady upward motion but it

would also create conditions favorable for downward

motion, which could have generated a tilted structure

FIG. 11. Longitude–pressure sections through the rain-

storm center at 23.158N at 1700 LST 13 Oct 2011 for (a) CTL

and differences (b) between CTL and MOD and (c) between

CTL and USG. The top part of (a) shows vertical wind

(shading; m s21), CAPE (contours; J kg21), and flow of zonal

wind u with vertical wind w 3 10 (thin streamlines) and the

top parts of (b) and (c) show differences of vertical wind

(shading; m s21) and CAPE (contours; J kg21) The bottom

part of (a) represents precipitation, and the bottom parts of

(b) and (c) show difference of precipitation.
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for the rainstorm producing larger convective clouds

with longer life-spans and heavier precipitation.

6. Conclusions and future work

A frontal rainfall event that occurred over the PRD

on 13–14 October 2011 was studied using the WRF-

ARW Model (version 3.3). Synoptic charts and radar-

observed reflectivity over southern China were analyzed

to investigate the weather conditions that generated the

rainstorm. The model predictions, which included sur-

face temperature, humidity, and sea level pressure, were

found in good agreement with the observation data

obtained from automatic weather stations, although

the simulated wind did not match the observations

precisely. Furthermore, the second precipitation peak

was underestimated, and the model-simulated convec-

tion occurred two hours early in comparison with the

observed radar data. Generally, the simulation results

conformed well to the actual situation, representing the

formation, development, and extinction of the frontal

rainfall and capturing the distribution of the peak value.

In addition, two experiments using the WRF Model

coupled with the UCM were performed to study the

impact of AHF and ULUC on the frontal rainfall.

Incorporation of AHF caused a sharp increase of over

90mm in the 24-h accumulated precipitation, primarily

in urban areas, which represented an increase of 6.30%

in the PRD accumulated precipitation, whereas the in-

corporation of ULUC caused an increase of 7.44%. In

addition, the incorporation of AHF and ULUC caused

an increase of the peak value of hourly rainfall rate by

21.21% and 21.04%, respectively. Recent studies based

on observations and numerical analyses have shown that

the urban environment can play a substantial role in

storm evolution and heavy rainfall distribution (e.g.,

Ntelekos et al. 2008).

To analyze the reasons for the distinct distribution of

precipitation, examination of the differences of several

key components over the PRD was performed. The

simulated results showed that AHF and urban expan-

sion in the PRD caused the simulated daily average

surface temperature, upward SHF, and Bowen ratio to

increase, whereas the daily average surface relative

humidity and upward LHF at the surface were reduced.

It was found that urbanization induces an intense UHI

effect by supplying additional energy that produces

unstable conditions beneficial for generating heavy

precipitation, as supported by many previous studies

(e.g., Miao et al. 2011).

The lower- and upper-level structures of the simulated

mature convective cells were analyzed at the time of

peak rainfall. Two strong southward LLJs located over

the urban areas carried abundant water vapor to the

south of the storm center at 850 hPa. Correspondingly,

two strong convective cells appeared at 850 and 300 hPa

in the scenario with greater human disturbance, while

only one strong rainstorm occurred in the scenario with

less human disturbance. The differences in precipitation

and convective cell characteristics could be explained

by building clusters associated with the ULUC slowing

the cold front and generating suitable initial conditions

for the rainstorm, whereas AHF provided more energy

for the frontal rainfall of the heavier precipitation inside

the center by strengthening the LLJ.

The differences in the vertical structure of the rain-

storm at the center of the area ofmaximumprecipitation

were also investigated. The AHF and ULUC initiated

a stronger and more powerful urban rainstorm with

greater upward motion from the cloud base to the cloud

top and downward motion at the center of the convec-

tive cell, which displayed a tilted vertical structure. From

the perspective of dynamics, additional CAPE intro-

duced from the urban surface and enhanced by the

AHF, released in the middle and low levels, would not

only sustain the steady upward motion but also create

conditions favorable for downward motion. This could

produce larger convective clouds with longer life-spans

and heavier precipitation over the PRD.

The studied frontal rainfall event occurred in October

because a cold front moved from the northwest to-

ward the southeast and interacted with a warm moist

southeasterly wind from the western Pacific Ocean.

Such frontal rainfall is different from the thunderstorms

that occur in the afternoon in July and August, which are

initiated over urban areas and incorporate water vapor

collected from the local atmosphere. Thus, the analysis

and the derived conclusions regarding the effects of

AHF and ULUC in this study might not be applicable

to summertime thunderstorm development. However,

continued urbanization throughout the world will not

only affect frontal rainfall but it will also change the

global climate through generating heavier precipita-

tion on the synoptic scale. In future studies, additional

cases over larger synoptic scales and longer periods in

all seasons should be investigated to produce results

that are more robust.
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