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ABSTRACT

A summer strong convective precipitation event on 10 July 2004 over Beijing is numerically simulated
in this paper, and the impact of urban heat island (UHI) on summer convective rain is investigated. The
analysis reveals that a mesoscale convective cloud cluster system leads to this heavy rainfall event, suggesting
the supply of moisture by the large scale circulation before the initiation of precipitation, a generally weaker
UHI of 2-3◦C existed in the urban area. Much like a sea breeze, the anomalously warm urban air created
relatively low pressure, inducing the inflow of cooler rural air towards the urban center, which is favorable
to the ascending motion and the formation of convective precipitation over the urban area. In addition,
the numerical simulation of the strong convective precipitation event suggests that the simulated result of
precipitation using the 2002 LANDSAT-7 land-use data with 30-m resolution is much better than that using
the 1992-1993 USGS land-use data with 1-km resolution, whether in the magnitude of rainfall or in the
location of precipitation. The simulation confirms to some extent that the UHI has a significant role in
causing extreme rainfall event.
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1. Introduction

In the past 30 years, Beijing has rapidly become a

metropolitan city for commerce, industry, and trans-

portation. The fraction of urban population, defined

by the Chinese Census Bureau, has increased to 72%

since 1990, and increased by 17% since 1978. With the

development of the city, on the one hand, the econ-

omy increases tremendously; on the other hand, more

and more land surface becomes urbanized. The urban-

ization causes unique phenomena owned by the city,

such as the urban heat island (UHI). Meanwhile, the

summertime convective rainfall events increase signif-

icantly. Weather anomalies in the urban area can be

attributed to the change of land surface and the de-

forestation.

In the 1970s, a Metropolitan Meteorological Ex-

periment (METROMEX) project was initiated in the

United States, which was to investigate the urban im-

pacts on the convective systems (Changnon et al.,

1977, 1978; Huff, 1986). The results of this project

indicated that the urban development had a key role

in the number of convective rainfall events. The ar-

eas of increased precipitation are usually located over

the urban center and downwind of the urban area.

And the increased precipitation can be attributed to

the UHI and the change of the urban roughness. In

particular, Huff and Changnon (1973) found seven of

nine local rainfall events were caused by the urbaniza-

tion in the United States. The main area of increased

precipitation ranged from directly over the urban cen-

ter to 80-km downwind of the urban center. In more

recent studies, Bornstein and LeRoy (1990) and Born-

stein and Lin (1999) found that urban played an im-

portant role in the development and movement of the

summertime thunderstorms. They reported three UHI

events initiated precipitation in Atlanta during a 9-day

period in July and August 1996 (Bornstein and Lin,

2000). These events mainly occur in the downwind of

the urban area. The common characteristics of these

events are the existence of UHI and weak convergence

before the initiation of the precipitation. Shepherd

et al. (2002) found that urbanization in Atlanta pro-

duced 19.5% increase in precipitation downwind of the
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metropolitan area compared with an upwind control

area during the warm seasons of 1998-2000. More re-

cently, Thielen et al. (2000) studied the possible ef-

fects of urban land surfaces on rainfall development

and showed that sensible heat flux affected the devel-

opment of precipitation. The previous work indicates

that the urban development has an obvious effect on

the precipitation in summer.

In China, much work has been done to under-

stand the physical mechanisms of local convective sys-

tems. Wang and Ding (1994) and Sun et al. (1996) did

a statistical analysis about the large-scale systems in

which the local heavy rainfall developed. Through the

statistical analysis, a conceptual model was achieved

to improve the weather forecast in the local regions.

Li and Li (2000) analyzed the environment conditions

and dynamic trigger mechanism of a severe convec-

tive rainfall in Beijing. Other approaches, such as the

convective energy, were used to forecast the location

of heavy rainfall (Li et al., 2004). Satellite data are

also one of very useful methods to track the evolu-

tion of convective systems (Bai et al., 1997; Shi et al.,

1996). With the development of numerical models, the

mesoscale models are widely used to study the evolu-

tion of heavy rainfall (Lin and Bueh, 2003) and to

understand the impacts of land surface on the convec-

tive systems (Dong et al., 1999). With the urbaniza-

tion of Beijing, much effort is being made on studying

the interaction between the UHI and extreme rainfall

events.

On 10 July 2004, a heavy rainfall causes a serious

transportation problem in the urban area of Beijing.

The averaged 2-h precipitation in most urban areas

is over 50 mm, and in some observation stations, the

maximum rainfall can reach 100 mm. From the magni-

tude and persistence of precipitation aspects, it is clear

that this heavy rainfall event is caused by a mesoscale

convective system. This study is to investigate the

impacts of urban land use on the summertime heavy

rainfall. For the purpose, the role of the land use in

the rainfall, the routine observations, reanalysis data,

satellite data, and the numerical model are used in this

study.

2. Case description

In this section, detailed precipitation analyses of

observations with hourly auto weather station (AWS)

data are examined. Currently, the AWSs cover most

parts of the Beijing area. The hourly rainfall data are

achieved by doing quality control for the AWS rainfall

data. Figure 1 presents the evolution of the rainfall

event occurred from 1400 to 2300 BT (Beijing Time)

10 July 2004. The amount of rainfall in some locations

shows a maximum value larger than 100 mm and the

averaged precipitation over the urban area was about

50 mm. It is notable that precipitation initiated in

the southwest of Beijing at 1400 BT. The intensity

of the rainfall was relatively small and the precipita-

tion rate was only 2 mm h−1. Then, the intensity

of the rainfall gradually increased and the maximum

precipitation reached 27 mm h−1. The region covered

by heavy rainfall expended and rainfall center moved

to the urban center (39.5◦N, 116.4◦E). At 1800 BT 10

July, precipitation over the whole urban area increased

and the scale of the rainfall system was around 100-

150 km. Additionally, we found that precipitation in-

creased significantly in the northeast of Beijing during

1800-1900 BT and the amount of precipitation contin-

ued to increase in the following several hours. It is not

difficult to find that the location of the rainfall sys-

tem was always in the urban center and the northeast

of urban area. This heavy rainfall case ended around

2300 BT. From the evolution of rainfall as shown in

Fig.1, it is very clear that this heavy rainfall event is

caused by a mesoscale convective system. In the next

section, we will focus on exploring the synoptic con-

ditions under which the mesoscale convective system

initiated.

3. Synoptic-scale conditions

3.1 Characters of cloud clusters

Figure 2 shows the GOES infrared weather satel-

lite image at 1400 BT 10 July 2004, from which we

can see this rainfall event occured at the end of a cloud

belt, which is Bangladesh coast and South China Sea
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Fig.1. Observed hourly rainfall (mm) on 10 July 2004. (a) 1500-1600 BT; (b) 1600-1700 BT; (c) 1700-1800
BT; (d) 1800-1900 BT; (e) 1900-2000 BT; (f) 2000-2100 BT; (g) 2100-2200 BT; and (h) 2200-2300 BT.
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Fig.2. GOES-9 infrared image at 1400 BT 10

July 2004.

monsoon cloud belt. It is unusual that rainfall occurs

at the north of monsoon cloud belt. In this case, this

cloud belt brought warm and moist air to North China,

which is very important for the development of local

storms. This case we are studying occurred under this

special condition. Warm and moist air brought by the

monsoon cloud belt, combined with local meteorolog-

ical conditions, initiates the local heavy rainfall.

To gain an insight of the development and evolu-

tion of this heavy rainfall case, blackbody brightness

temperature (TBB) is a very useful tool in discussing

the evolution of mesoscale convective systems. Previ-

ous studies have shown that TBB data can be used to

identify and track the convective system movement.

Figure 3 illustrates the temporal evolution of cloud

clusters near Beijing area by using TBB data, which

Fig.3. GOES-9-observed TBB from 1525 to 1813 BT 10 July 2004 (◦C). The dashed line delineates the
position of the convective cloud cluster, which caused the heavy rain in Beijing area.
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was derived from GOES infrared weather satellite im-

age. The dashed line represents the mesoscale cloud

cluster causing heavy rainfall in Beijing. At 1525 BT

10 July, cloud clusters developed in the southeast of

Beijing. The convective cloud cluster gradually devel-

oped and moved to the center of Beijing. By 1625

BT, the cloud cluster intensified into a well-defined

mesoscale convective system and the lowest cloud top

temperature was −60◦C. The location of this cloud

cluster was in the center of Beijing, and thus heavy

rainfall occurred during this period. The mesoscale

cloud cluster began to become progressively weaker,

and finally dissipated as shown in Fig.3f. Zhang et

al. (2003) found that precipitation can continue 1-2 h

after the mature of convective cloud cluster. But the

intensity decreased due to the lack of enough warm

and moist air. The plots of TBB show the heavy rain-

fall case on 10 July was induced by the development

and evolution of a mesoscale convective system. It

should be paid attention that the maximum precipi-

tation fell in the urban center in terms of the location

of the minimum TBB. The shape of the cloud cluster

was irregular, and the temperature gradient was not

significant.

3.2 Low level and upper level circulation

Figure 4 shows the surface and upper level con-

ditions at 1400 BT 10 July and the upper level con-

ditions were plotted from NCEP 1◦ reanalysis data.

The weather conditions show that Beijing was located

Fig.4. Synoptic situation at 1400 BT 10 July 2004 geopotential heights (solid line; units: m) and wind
vectors at 200 hPa (a; the shaded areas are for horizontal wind speed greater than 20 m s−1), 500 and 850
hPa (b and c; the thick solid lines represent troughs), and surface pressure (d; the thick line delineates the
position of cold front, and ? denotes the location of Beijing).
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near a cold front, along which was warm air. When

the cold air located north of the cold front met with

the warmer air, the convection was produced. The sta-

ble longitude circulation benefited the development of

local heavy rainfall. The large-scale cloud belt was to-

wards South-North, the west of which was clear sky.

Upper level circulation made the summer South Asian

high (SAH) distinctive (Fig.4a) at 25◦N and there was

a high level jet at 5◦N, 120◦E. Beijing was located

near the high level jet shown by an arrow. The circu-

lation at 500 hPa was relatively stable, the West Pa-

cific Ocean subtropical high pressure stabilized around

25◦N, and the typical two troughs and one ridge ex-

isted. Due to standing the east of synoptic-scale ridge

which was behind the long wave trough, there was cold

advection in Beijing. The existence of cold advection

was of benefit to the development of downward mo-

tion. In the west and north of Beijing there are two

low pressure troughs at 850-hPa level (Fig.4c), and the

divergence beside the two low pressures is above Bei-

jing region (shown by dashed line). This characteris-

tic is well represented in the corresponding downward

velocity. The low level jet is clearly shown at 30◦N,

112◦E area accompanied by the low pressure trough.

The low level jet is beneficial for the feeding of moist

and warm air for the development of local storms. In

Fig.4d, a cold front is situated in North China, corre-

sponding to the low pressure trough at 850 hPa. The

cold front is approaching the northwest of Beijing in

the following hours. After 12 h, the cold front moves

over Beijing and dissociates. The role of this cold front

is obvious in the development of the heavy rainfall.

4. UHI and convective system

Much work has shown that the local heavy rain-

fall in the urban area is often related to the UHI. In

this section, we examine the impacts of UHI on the

development of the convective system. The strength

of the UHI is measured by the UHI intensity, which

describes the maximum difference in temperature be-

tween urban and rural locations within a given time

period. Here, we simply define the UHI intensity by

subtracting the near-surface temperature in the ru-

ral area from the near-surface temperature in the ur-

ban area. Figure 5a presents time series of hourly

rainfall and the time series of UHI intensity, which

is the difference of near-surface temperature between

the rural AWS (Gongrentiyuguan) and urban AWS

(Yanqing). It is obvious that the intensity of UHI is

the strongest during 1200-1400 BT and the maximum

value is 4◦C. Then, the intensity of UHI decreased

and the urban cool island appeared at 1800 BT. To

be corresponding to the evolution of UHI, most pre-

cipitation in these stations started increasing in the

following several hours. The hourly precipitation was

above 10 mm. The relationship between the UHI and

precipitation is negative; the role of UHI is evident in

the occurrence of this heavy rainfall.

Figures 5b, c, and d are the plots of near-surface

temperature, wind field, and the corresponding con-

vergence. All of the data are obtained from the

AWS. The wind field is observed at 10 m, the tem-

perature field was obtained at 1.5 m, and the di-

vergence/convergence was calculated using the wind

speed. Figure 5b is the near-surface temperature field

at 1400 BT 10 July in Beijing area. It shows that

there was a 29.5◦C high temperature center, and the

temperature in the urban center was greater than the

rural area. It is indicated that a generally weak day-

time UHI existed. Maximum UHI intensity values

ranged from 2 to 3◦C, after that, clouds were initiated.

Cloud formation gradually weakened the UHI intensity

over the subsequent 1-2-h period, due to solar block-

age. Compared with Fig.1, precipitation followed in

1 h. At the same time, the convergence that was cal-

culated from wind speed component values observed

presented in the urban center. The strongest conver-

gence of 15×10−5 s−1 was found, causing the cooler

air to converge to the urban area from the rural area.

In Fig.1, the precipitation became more and more in-

tense since 1500 BT and the maximum precipitation

reached 27 mm h−1. The convergence was responsi-

ble for the strong precipitation in the urban center.

Since that time, at 1700 BT, southwest of Beijing

was a cyclone. It showed that Beijing area was lo-

cated in the strong southwesterly environment flow.

From the convergence field that calculated using

observed data, we can see two convergence centers
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Fig.5. Hourly evolution of UHI intensity (◦C) and rainfall (mm) on 10 July 2004 (a), AWS observed surface
temperature (b;◦C), pressure (c; hPa), and divergence (d; 10 s; shading: precipitation area; vector: surface
wind) patterns at 1400 BT.

situated at (40◦N, 116.2◦E) and (40.2◦N, 116.56◦E).

It was also found that one of the two convergence cen-

ters was located over the urban center; the other was

20-30-km downwind of the urban center. Correspond-

ingly, in Fig.1, precipitation initiated at the conver-

gence center that was located over the urban center.

After 1-2 h, precipitation also produced downwind of

the urban center. Precipitation continued at the two

areas in the next 3 h, and the precipitation was above

10 mm h−1.

According to the above analysis, the evolution

and distribution of precipitation was due to the low

pressure produced by the warm air at the urban center.

Because of the low pressure, the cold air converged to

the warmer area from the rural area. The convergence

at the urban center caused the updraft which resulted

in the precipitation. During the process of air ris-

ing, more air coagulated into rainwater, which brought

rainfall. In addition, the results were that the precip-

itation was initiated in the UHI-induced convergence

zones. The UHI was effective in producing vertical

motions. The vertical motions were important for the

convective precipitation. Simultaneously, influenced

by the environment flow, the warm air moved down-

wind of the urban area. When the warm air met with

the rural cold air, the precipitation increased down-

wind of the urban area. Therefore, it is clear that

the UHI played a vital role in this event, and it made

the precipitation take place over the urban center and

20-30-km downwind of the urban center. In order to

analyze the mechanism of this event, the numerical

model is used in the next section.
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5. Model configuration and experimental de-

sign

The above analysis indicates that the precipita-

tion was mainly located over the urban center and

downwind of the city. Before the initiation of precip-

itation, the UHI phenomenon was very obvious. Be-

cause the UHI was related to the development of city,

the urban may affect the convective precipitation.

The numerical model used in this study is the

Weather Research and Forecast (WRF) model develo-

peded at the national center of atmospheric research.

The WRF model is a nonhydrostatic, fully compress-

ible model with complete physical parameterizations.

The land use/cover data in the USGS high res-

olution dataset provided WRF a global land cover

database with a 1-km spatial resolution. It was ac-

quired from 1992-1993 Advanced Very High Resolu-

tion Radiometer (AVHRR) image. The data were

classified according to the 24-category USGS land

use/cover system. Urban areas were added to the

dataset after being extracted from the digital chart of

world. Because of the economy development, the ur-

ban area in the 1993 USGS land use data does not rep-

resent the new urban distribution any longer. Espe-

cially, in these decades, urban area in Beijing is much

lager than before. Therefore we should modify the

land use data in USGS data. Land cover data with

30-m spatial resolution are available for the Beijing

metropolitan region for 2002. The land cover data

were derived from the US LANDSAT-7 reflectance

data in May 2002. The data were classified for land

cover using a maximum likelihood decision rule. Then

the 2002 land cover data were incorporated into WRF

30 USGS data file to modify the land use data using

geographical information system techniques. Figure 6

shows the urban area in Beijing in 1993 and 2002. Sig-

nificant changes can be seen in the extent of the urban

area. The urban area of Beijing in 2002 grew larger

than 10 years ago.

In order to illustrate the urban impacts on the

precipitation, the simulated results were presented for

the 1993 USGS land cover data and the 2002 LAND-

SAT classification data. A two-level nesting has been

used with the spatial resolution of 12 and 4 km for

the domains D1 and D2, respectively. The initial

and boundary conditions have been obtained from the

AVN model analysis for the period of 0800 BT 10 July

to 0800 BT 11 July at 6-h interval. Two numerical ex-

periments were performed to investigate the impact of

urban treatment. One used the 1993 USGS land-use

data, and the other used 2002 LANDSAT-7 land-use

data.

6. Results

6.1 Near-surface air temperatures

Several studies on the sensitivity of thermal field

to the land cover showed that urban land cover had a

significant influence on the simulated near-surface

Fig.6. Beijing urban range defined by the 1-km USGS land-use map in 1993 (a) and the 30-m LANDSAT-7
land-use map in 2002 (b). Black denotes the urban area.
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Fig.7. Surface air temperatures (◦C) at 1400 BT 10 July 2004 simulated by using the 1993 USGS land-use
data (a) and the 2002 LANDSAT land-use data (b).

temperature. Figure 7 illustrates the simulated and

observed near surface air temperature for 1400 BT 10

July 2004. Figure 7a is the real-time near-surface tem-

perature. In the urban center there was the 29.5◦C

high temperature center. The temperature of the ru-

ral area was 2-3◦C lower than the urban center. A

generally weak daytime UHI center existed in the ur-

ban center, after which clouds were initiated. Cloud

formation gradually weakened the UHI over the subse-

quent 1-2-h period due to the solar blockage. Figure 7b

indicates the simulated 2-m air temperature for 1400

BT 10 July using the 1993 USGS land cover data.

The influence of land use on the simulations for the

near-surface temperature was shown in Fig.4c using

the new LANDSAT land cover data. The differences

in the maximum temperature between the lands cover

data used different data. There was a significant un-

derestimation of temperature for the 1993 USGS land

cover data in the urban center in Fig.7b. However,

the maximum temperature using the new LANDSAT

land cover data was corresponding with the real-time

near-surface temperature. In addition, the location of

the maximum temperature was the same as the real-

time temperature. As can be seen in Fig.7, land cover

changes improved the significant underestimation of

the simulated daytime temperatures. Particularly, the

simulated warmer center was located in the urban cen-

ter, and the site which experienced the highest UHI

effect. The simulated results illustrated that the UHI

existed before the precipitation. The UHI was respon-

sible for this heavy rainfall in the urban.

6.2 Simulated precipitation

For the thermal effect on the rainfall is crucial,

Fig.8 shows accumulated rainfall from 1400 BT 10

July to 0000 BT 11 July 2004 for the two simulations.

Care should be taken when comparing simulated rain-

fall with the real-time observed rainfall. First, simu-

lated rainfall near the boundaries may be the result

of spurious gradients imposed by two-way interactive

grid nesting and may not be physical. Secondly, the

models may underestimate the local maximum rainfall

for not only normal weather but also severe weather

events because the grid resolutions of mesoscale mod-

els substantially limit the predictability of fine-scale

convective systems. With these considerations, the

simulation with NCEP reanalysis initialization using

new LANDSAT land cover data best reproduced total

rainfall shown in Fig.8c. But the intensity of precipi-

tation was still weaker than the observed total rainfall.

Simulation using 1993 USGS land cover data severely

underestimated total rainfall in Fig.8b. Improved sim-

ulations using new land cover data were likely caused

by the influence of the land use. Furthermore, the

land surface data had a major impact on the location

and the intensity of precipitation. This was due to

the sensitivity of turbulence flux in planetary bound-

ary layer (PBL) and the structure of PBL to the land

cover data. On the other hand, the turbulence flux in

PBL and the PBL structure have an important effect

the thermal and dynamic components. Therefore the

simulation using the new land cover data has an
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Fig.8. Rain (mm) from 1400 BT 10 to 0000 BT 11 July 2004 simulated using the USGS land-use data (a),
the LANDSAT land-use data (b), and the observed (c).

improvement in the location and the intensity of

heavy precipitation. In conclusion, the simulated near-

surface temperature and the precipitation using the

LANDSAT land cover data were better than using the

USGS land cover data. In the new land cover data, the

urban area has expanded largely since 1993. In some

sense, it showed that the development of the city was

responsible for this event.

7. Summary and conclusions

To summarize, results of this study show that the

heavy rainfall in Beijing was caused by a mesoscale

convective system which can be demonstrated by the

TBB data. The structure of the convective cloud clus-

ter was irregular without the strong gradient of bright-

ness temperature. The surface temperature and wind

pattern indicate that the UHI plays a significant role in

producing convection over the urban center and down-

wind of the city. The low pressure produced by the

UHI drove the surrounding cooler air to convergent to

the urban center favoring the initialization of convec-

tive system. The synoptic-scale systems bring warm

and moist air to the local area to enhance the devel-

opment of the mesoscale convective system. Simula-

tions using different land-use data indicate that land-

use change has an impact on the thermal and dynamic

fields. Using the new LANDSAT land cover data sim-

ulated the total rainfall better than using the USGS

land cover data. Thus, we suggest that the effects of

land-use change were significant on the location and

the intensity of precipitation.

A number of important questions remain to be

answered. These include the following: 1) How does

the land-use data influence the location and the in-

tensity of precipitation; and 2) Other studies should

be done to provide some valuable dynamical insight

for a more thorough understanding of urban-induced

weather and climate in complex real situations.
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