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Abstract In this study, we investigated how different degrees of urbanization affect local and regional
rainfall using high-resolution simulations based on the Weather Research and Forecasting Model. The
extreme rainfall event of 21 July 2012 in Beijing was simulated for three representative urban land use
distributions (no urbanization, early urbanization level of 1980, and recent urbanization level of 2009). Results
suggest that urban modification of rainfall is potentially sensitive to urban land use condition. Rainfall was
increased significantly over the downwind Beijing metropolis because of the effects of early urbanization;
however, recent conditions of high urban development caused no significant increase. Further comparative
analysis revealed that positive urban thermodynamical effects (i.e., urban warming, increased sensible heat
transportation, and enhanced convergence and vertical motions) play major roles in urban modification
of rainfall during the early urbanization stage. However, after cities expand to a certain extent (i.e., urban
agglomeration), the regional moisture depression induced by the prevalence of impervious urban land
has an effect on atmospheric instability energy, which might negate the city’s positive impact on regional
rainfall. Additional results from regional climate simulations for 10 Julys confirm this supposition. Given the
explosive urban population growth and increasing demand for freshwater in cities, the potential negative
effects of the urban environment on precipitation are worth investigation, particularly in rapidly developing
countries and regions.

1. Introduction

The heterogeneous land surface properties and morphological characteristics of urban areas, which are con-
siderably different from their surroundings in terms of the surface energy budget, land-atmosphere interac-
tions, and thermodynamic structure of the planetary boundary layer (PBL), act to create urban heat islands
(UHIs) [Oke, 1982]. Temperature changes induced by urbanization have been widely investigated and docu-
mented by many studies, with consistent qualitative results [McCarthy et al., 2010; Feng et al., 2012; Argüeso
et al., 2014; Georgescu et al., 2014]. However, the effect of urbanization on local or regional precipitation
remains a complex and challenging problem that continues to divide opinion [Shepherd, 2005; Guo et al.,
2006; Chen et al., 2007; Lin et al., 2008, 2011; Shem and Shepherd, 2009; Zhang et al., 2009; Miao et al., 2011;
Feng et al., 2012;Wang et al., 2012]. Nevertheless, better understanding of the role of the urban environment
on precipitation variability is critical for the development of climate adaptation strategies.

Many previous observational and modeling studies have indicated that urbanization processes might initiate
and enhance convective activity, resulting in increased summer precipitation, particularly over and down-
wind of cities [Huff and Changnon, 1973; Changnon, 1979; Shepherd et al., 2002; Shepherd and Burian, 2003;
Mote et al., 2007; Lin et al., 2008; Hand and Shepherd, 2009]. Based on observations from surface meteorolo-
gical stations in Atlanta, Bornstein and Lin [2000] found that urban-induced convergence tends to initiate
summer daytime thunderstorms. Some recent studies have documented significant increasing trends in
the frequency of heavy rainfall over intensely urbanized regions [Kishtawal et al., 2010; Li et al., 2011; Mitra
et al., 2012]. Some researchers also found that urban-related processes changed the diurnal rainfall distribu-
tion and that the average amount of warm season rainfall registered in urban areas increased by 25% from
the preurban to the posturban period [Burian and Shepherd, 2005]. Analyses of other climatic indicators, such
as the frequency of lightning activity [Steiger and Orville, 2003] and low-level-cloud cover [Inoue and Kimura,
2004, 2007], support the findings of “urban rainfall enhancement” (URE). Shem and Shepherd [2009]
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conducted numerical sensitivity tests and found that compared with nonurban cases, simulated rainfall
amounts downwind of Atlanta were higher by 10–30% within a 20–50 km strip east of the city. Shepherd
et al. [2010] used regional model simulations to determine the impact of urban land use on the temporal-
spatial evolution of precipitation and found that cumulative rainfall was more in the case with the city repre-
sented than the one without the city. Through numerical simulations, Lin et al. [2011] found that a typical
precipitation system over northern Taiwan tended to be stronger in the urban case than in the nonurban
case. There have been a number of possible mechanisms proposed that relate to URE. (1) The UHI effect
and increased surface roughness enhance convergence and thus, increase atmospheric vertical motions
and even precipitation [Oke, 1982; Bornstein and Lin, 2000; Shem and Shepherd, 2009; Shepherd et al., 2010;
Lin et al., 2011]. (2) Increased sensible heat favors the initiation and development of convective systems
[Thielen et al., 2000; Lin et al., 2008;Miao et al., 2011]. (3) Urbanization produces thermodynamic perturbations
in temperature and pressure fields and enhances the intrusion of sea or lake breezes, invigorating vertical
motions [Yoshikado, 1994; Carter et al., 2012; Yang et al., 2014]. (4) Urban regions can alter the intensity, com-
position, and structure of approaching thunderstorm [Bornstein and Lin, 2000; Niyogi et al., 2011]. Shepherd
[2005] and Collier [2006] have presented detailed literature surveys on the results of investigations into the
effects of the urban environment on precipitation.

Some studies have found contrasting effects of urbanization on precipitation [Guo et al., 2006; Kaufmann et al.,
2007; Zhang et al., 2009; Wang et al., 2012]. Kaufmann et al. [2007] analyzed the temporal and spatial relation-
ships between precipitation and urban land use and suggested that changes in regional surface hydrology
related to urbanization reduce local precipitation. Guo et al. [2006] found that following explosive growth of
urban areas, the simulated total accumulated precipitation produced by a severe convective precipitation sys-
temover an entire domain decreases, especially over the urbanized region. Zhang et al. [2009] used amesoscale
weather/land surface/urban coupled model and different urban land use change scenarios to conduct numer-
ical simulations for two representative summertime heavy rainfall events. Their results suggested that urban
effects are conducive to a general reduction of precipitation, particularly in downwind areas. Wang et al.
[2012] performed nested high-resolution regional climate modeling of three vast metropolitan regions in
China to investigate the impact of urbanization on summer rainfall. They found that the combination of
urban-related processes might reduce the amount of rainfall over urban areas and to some extent, change
the regional precipitation pattern. Based on the results from a suite of ensemble-based multiyear simulations,
Georgescu et al. [2012] found that the reduction of water flux via evapotranspiration, caused by the effects of
urbanization, results in a 12% decrease of total precipitation. The principal physical mechanisms responsible
for urban rainfall inhibition are the suppression of land surface evaporation and the moisture deficit of urban
areas. Decreased moisture availability was also found to inhibit the peak updrafts of convective clouds and
intensify the downdrafts [Guo et al., 2006]. Furthermore, an elevated atmospheric boundary layer leads to
greater uniformity of the water vapor in the lower level troposphere and, hence, less (more) convective
available potential energy (convective inhibition energy) [Zhang et al., 2009; Wang et al., 2012].

There appear to be two competing sides to the physical processes responsible for the rainfall modification.
For a specific urbanization condition, one or a combination of the influencing mechanisms might play the
dominant role in the urban-induced rainfall variability, thus overwhelming the effects of the others. We infer
that regional precipitation might respond differently to different degrees of urbanization (i.e., the spatial cov-
erage and density of urban areas). Previous observational analyses have also suggested that the magnitude
of urban-induced precipitation might be related to the size of the urban area [Changnon, 1992]. Miao et al.
[2011] suggested that in early urbanization stages, the main urban effect is surface moisture depression
and weaker confluence and uplift caused by the UHI, which reduces the maximum rainfall. As the degree
of urbanization increases, stronger UHI effects are conducive to the development of convection, which
results in the increase of the maximum and accumulated rainfall. As this study only investigated a single
convective rainfall event with different urban land use maps, the derived urban effects might be limited to
certain synoptic conditions. For a complete picture of the response of urban rainfall to urbanization pro-
cesses, it would be necessary to study the climatological behavior of a large sample of rainfall cases under
different synoptic conditions with representative urban land use distributions. Another recent study applied
the real atmosphere plus idealized land surface method to investigate how increasing city size affects weak
linear convection [Schmid and Niyogi, 2013]. The results showed that the magnitude of precipitation modifi-
cation by urban effects increased linearly as the size of the city increased up to 20 km, following which it
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became almost constant with increasing city size. The size of 20 km is considered the threshold scale for inter-
actions between a particular thunderstorm and the urban land surface. It was noted that the parameteriza-
tion of the urban land component in this study was simplified somewhat and that the complex processes
existing in the urban canopy and boundary layer were not properly considered. We notice that the rainfall
responses to different stages of urbanization or city size found by Miao et al. [2011] and Schmid and Niyogi
[2013] are not consistent. This might be because of differences in the selected rainfall cases, methods, and
models used. Considering the high social impacts of flash flood hazards and freshwater resource demands
in urban areas, a comprehensive understanding of how regional rainfall is modified by urbanization pro-
cesses is undoubtedly of considerable importance.

China has undergone great economic growth and rapid urban development over the past three decades. For
instance, the Greater Beijing metropolitan area has expanded quickly, from the “second ring” road in the 1980s
to the “sixth ring” road in the 2010s. The surrounding Beijing-Tianjin-Hebei region has also developed from sev-
eral scattered cities to a vast concentrated urban agglomeration. The motivations for this study could be sum-
marized as follows: (1) to explore themanner inwhich urbanwarm season rainfall responds to different size and
density of urbanization and (2) to establish the possible dominating mechanisms related to urban-induced pre-
cipitation under differing urbanization extents. The remainder of this paper is organized as follows. The data
and methodology are presented in section 2. The main results are presented and discussed in section 3, which
is followed by the discussion and conclusions in section 4.

2. Data and Methodology
2.1. Model Description

In this study, the community Weather Research and Forecasting model (WRF, version 3.6) [Skamarock et al.,
2008] coupled with a sophisticated urban canopy model (UCM) (WRF-UCM) [Kusaka et al., 2001] was used
to investigate the responses of warm season rainfall to urbanization processes. The WRF model is a state-
of-the-art atmospheric modeling system with vertical terrain-following coordinates, which has been
designed as a common framework for physical scheme improvements, numerical weather predictions, and
simulations of regional climate. The reasons for choosing the WRF model were its good performance in
the simulation of mesoscale weather systems and the full physics scheme options.

As shown in Figure 1a, three one-way nested model domains with horizontal grid points of 100 × 109,
145 × 163, and 127× 109 and spatial separations of 30, 10, and 3.3 km were configured for the current study.
The Lambert conformal map projection was used for the model horizontal coordinates with the central point
at 37.5°N, 115°E and true latitudes of 30°N and 60°N. The coarsest domain comprised most of China and
extended east into the northwestern Pacific. The finer domain covered northern China, and the innermost
domain provided full coverage over the Beijing-Tianjin-Hebei metropolitan region. In the vertical, the grid
contained 30 terrain-following eta levels from the surface up to 50 hPa. Initial and boundary conditions for
the large-scale atmospheric conditions were provided by the six-hourly 1° × 1° National Centers for
Environmental Prediction (NCEP) Global Final (FNL) reanalysis data.

Themain physics schemes used in this study included the new version of the rapid radiative transfermodel (rapid
radiative transfer model for general circulation models) [Iacono et al., 2008], WRF single-moment 6-class graupel
microphysics scheme [Hong and Lim, 2006], Kain-Fritsch cumulus parameterization [Kain, 2004], Yonsei University
PBL scheme [Hong et al., 2004], Mesoscale Model version 5 (MM5) Monin-Obukhov surface layer scheme, and
Noah land surface model [Chen and Dudhia, 2001] coupled with a single-layer urban canopy model (SLUCM)
[Kusaka et al., 2001]. The SLUCM considered the shadowing, reflection, and trapping of radiation in a street
canyon, and it prescribed an exponential wind profile. Surface skin temperatures of roofs, walls, and roads were
calculated from the urban surface energy budget, and the temperature profiles within the roofs, walls, and roads
were estimated using thermal conduction equations. Heat fluxes from the urban land surface were added to the
atmosphere component through the urban fraction parameter that represents the proportion of impervious sur-
faces in themodel grid. The key parameters of SLUCMused in this study are listed in Table 1. Note that the effects
of anthropogenic heat (AH) associated with human activities were not considered in the simulations.

Previous studies considered only the most abundant or dominant land cover category within each grid cell in
the WRF-UCM simulations [Zhang et al., 2009;Miao et al., 2011]. In reality, the land surface characteristics in an
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urban grid cell can vary significantly; the surface heat fluxes and temperature over cities could be strongly
affected by the subgrid-scale diversity of land surface features. However, the default land cover treatment
strategy neglects this heterogeneity. It should be noted that the “subtiling” or “mosaic” option was used in
the Noah land surface scheme in this work. Rather than using the “dominant” approach as before, we initially
applied the first three land use categories in a grid box to calculate the radiation and heat flux from the land
surface. Specifically, the mosaic approach calculates surface state variables and fluxes (e.g., radiation, sensible
heat, latent heat, and momentum fluxes) for the first three land use types and aggregates them to obtain the
grid average [Li et al., 2013]. This kind of treatment strategy modification might improve the description of
land surface forcings on the atmosphere to a certain extent [Li et al., 2013].

Figure 1. (a) Weather Research and Forecasting Urban CanopyModel (WRF-UCM) configuration for three nested domains. Shaded contours represent terrain heights
and the innermost domain encompasses the Beijing-Tianjin-Hebei urban agglomeration. (b) Land use classification contained in the WRF-UCM for the innermost
domain, but with urban type removed. (c) Same as Figure 1b but with the urban land use fraction in 1980 updated based on the Model Land Cover Data. (d) Same as
Figure 1b but with the urban land use fraction in 2009. (e) Urban fractions within the model grids in 1980. (f) Same as Figure 1e but in 2009.
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2.2. Observations and Urban Land Use Data

In this study, the observed hourly surface air temperature, wind speed, wind direction, and rainfall amount
data (00:00 local standard time (LST) on 20 July to 00:00 LST on 23 July 2012) from 20 meteorological stations
operated by the Beijing Meteorological Bureau were used to describe the temporal evolution of relevant
meteorological elements and to validate the model’s skill regarding such synoptic processes.

The detailed description of the land cover data set can be found in Hu et al. [2015] and Wang et al. [2012].
Land cover data at three horizontal resolutions (30, 10, and 3.3 km) provided the nested land surface informa-
tion input for the regional climate modeling over China and its three vast metropolitan areas. This data set
adopts the International Geosphere-Biosphere Programme land cover classification scheme. The accuracy
and suitability of this data set have been validated by high-resolution satellite imagery (Landsat TM/ETM+).

2.3. Experimental Setup

The Beijing extreme rainfall event of 21 July 2012 (i.e., the 21 July rainstorm) was investigated in this study. A
detailed description of the 21 July rainstorm is presented in the following section. Case simulations were
initiated at 00:00 UTC on 20 July and ran until 00:00 UTC on 23 July 2012; the first day was considered as
the model’s spin-up time. It should be noted that the results are derived from simulations of a single case,
and thus, it is difficult to draw generalized conclusions. Ideally, the role of urbanization in a larger sample
of rainfall events under differing synoptic environments should be examined. Considering that the rainfall
in the Beijing-Tianjin-Hebei region was concentrated in July, we performed additional regional climate simu-
lations for the months of July (from 00:00 UTC on 29 June to 00:00 UTC on 1 August) for the years 2001–2010,
in which the first 2 days of eachmonth were considered as themodel’s spin-up time. Sea surface temperature
and initial soil moisture/temperature conditions were also determined and updated by the NCEP-FNL data.

Three cases were designed to simulate the different responses of the 21 July rainstorm to urbanization pro-
cesses: Case 1 (control simulation; NOURBAN) eliminated all urban land cover fractions and changed other
land cover fractions proportionately, Case 2 (URBAN1980 or U80) updated the urban land cover fractions
using the land use data of 1980, and Case 3 (URBAN2009 or U90) updated the urban land cover fractions
based on the 2009 land use data. Case 1 represents the preurban or natural vegetation condition (Figure
1b), Case 2 reflects the primary urbanization stage when the city extent was relatively small (Figure 1c),
and Case 3 represents the current/recent level of urbanization, i.e., the formation of urban agglomeration
(Figure 1d). All three cases shared the samemodel configurations and combinations of physics parameteriza-
tion schemes. The boundary conditions employed in three case simulations are exactly same as for 20–23 July
2012. The spatial patterns of urban fractions in Cases 2 and 3 are shown in Figures 1e and 1f. It can be seen

Table 1. The Key Parameters of SLUCM for Urban Land Cover Type

Parameters Values Units

FRC_URB (fraction of the urban landscape without natural vegetation) 0.9 -
ZR (roof level or building height) 7.5 m
ROOF_WIDTH (roof width) 9.4 m
ROAD_WIDTH (road width) 9.4 m
CAPR (heat capacity of roof) 1.0E6 J m�3 K�1

CAPB (heat capacity of building wall) 1.0E6 J m�3 K�1

CAPG (heat capacity of ground) 1.4E6 J m�3 K�1

ASKR (thermal conductivity of roof) 0.67 Jm�1 s�1 K�1

ASKB (thermal conductivity of building wall) 0.67 Jm�1 s�1 K�1

ASKG (thermal conductivity of ground) 0.4004 Jm�1 s�1 K�1

ALBR (surface albedo of roof) 0.20 Fraction
ALBB (surface albedo of building wall) 0.20 Fraction
ALBG (surface albedo of ground) 0.20 Fraction
EPSR (surface emissivity of roof) 0.90 -
EPSB (surface emissivity of building wall) 0.90 -
EPSG (surface emissivity of ground) 0.95 -
Z0R (roughness length for momentum over roof) 0.01 m
Z0B (roughness length for momentum over wall) 0.0001 m
Z0G (roughness length for momentum over ground) 0.01 m
AH (anthropogenic heat) 0 Wm�2
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that the urban size for Case 3 is much larger than Case 2. Additional regional climate simulations for the
10 Julys of 2001–2010 shared the same experimental setup as the 21 July rainstorm. The boundary conditions
for three regional climate simulations are exactly same and cover the periods of 29 June to 1 August for the
years of 2001–2010.

To display the consecutive responses of the 21 July rainstorm to the urbanization processes, additional
simulations with urban land use conditions corresponding to other representative urbanization extents
(the 1990s, the 2000s, and a future high urban-development stage) were performed. The urban fractions
for the future high urban-development stage are the corresponding values for the year of 2009 plus 25%.
Urban fractions in some grid cells exceeding 100% were forced to be 100%. After the urban land cover frac-
tions were determined, other land cover fractions changed proportionately. All the runs shared the same
model configurations, combinations of physics parameterization schemes, and boundary conditions as
NOURBAN, URBAN1980, and URBAN2009.

2.4. Synoptic Characteristics of the 21 July Rainstorm

The Greater Beijing Region endured an extreme rainfall event on 21–22 July 2012, which produced record-
breaking amounts of precipitation in many areas. Figure 2a shows the hourly time series of rainfall amount
observed at three meteorological stations (Fangshan, Haidian, and Beijing) in Beijing. Rainfall started at
13:00 LST on 21 July reached its peak at about 20:00 LST and ended at 04:00 LST of the following day.
Hourly precipitation rates at Fangshan exceeded 90mmh�1. Figure 2b shows the 24 h accumulated rainfall
ending at 06:00 LST on 22 July, collected by the rain gauges in the Greater Beijing area. Total rainfall amount
reached its maximum in southwestern Beijing and decreased northeastward. Using the 1° × 1° NCEP-FNL data
set for four representative times, the temporal evolutions of the synoptic patterns of wind speed, relative
humidity at 850 hPa, and geopotential height at 500 hPa during the rainfall processes are presented in
Figure 3. At 08:00 LST on 21 July, weak cyclonic wind circulation and high humidity centers were located over
southwestern parts of the Beijing-Tianjin-Hebei region. At around 14:00 LST, the southerly flow strengthened
over southwestern Beijing, which increased the levels of water vapor. Meanwhile, a wind-shift line formed
over the mountainous regions of Beijing. By 20:00 LST, the southerly flow became southwesterly as a cold
front approached western parts of Beijing. Wind speed at 850 hPa over southern areas of Beijing was
>10m s�1. This strong moisture transport might have been the direct cause of the persistent and heavy rain-
fall. At 02:00 LST on 22 July, the cold front passed through Beijing and the southwesterly flow moved away
from the Beijing-Tianjin-Hebei urban agglomeration. At this time, the atmospheric relative humidity above
Beijing also decreased sharply. It is noteworthy that all the rainfall processes occurred over or passed through
the Beijing metropolitan region. This torrential rain provides a good case for studying the potential sensitivity
of warm season rainfall to urbanization processes.

3. Results
3.1. Model Validation

To verify the skill of the WRF modeling system, we compare the simulation results of URBAN2009 with
observations, because the land use condition in 2009 is most similar to the current underlying surface. The
meteorological elements of hourly surface air temperature, wind speed, wind direction, and rainfall amount
are examined.

Figures 4a–4d show the observed and simulated surface air temperature at three stations during 21–22 July
2012. The diurnal variations of surface air temperature are well captured by the WRF model. However, the
model tends to overestimate surface air temperature, which might be induced by inaccuracies of the bound-
ary conditions and sensitivities of the physics parameterization schemes (i.e., the PBL scheme and radiation
transfer parameterization). Another possible cause is that we dismiss the radiation effects of aerosols on the
surface energy budget. The mean bias and root–mean-square error between the WRF-simulated and
observed surface air temperature fields at the Beijing stations are 1.55°C and 1.33°C, respectively (Figure 4b).
Some previous studies have also found a positive bias in theWRFmodel’s simulation of surface air temperature
[Kusaka and Hayami, 2006; Yang et al., 2014].

We also provide comparisons of the observed and simulated 10m wind speed and wind direction. As Figures
4e–4h show, the model can capture the temporal evolution of near-surface wind speed well, but it
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overestimates the magnitudes of the wind speed to a certain extent. In general, the simulated wind speed in
urban areas (such as the Beijing stations; Figure 4f) is more consistent with the observations. The time series
of simulated wind directions are generally in good agreement with observations (Figures 4i–4l). Before the
onset of the 21 July rainstorm, the wind was dominated by a southerly flow, which backed southeasterly
or easterly when the rainfall started. After the storm cleared the region, thewind direction veered southwesterly
and westerly on 22 July 2012. The consistency between the observed and simulated wind directions provides
confidence in the simulated moisture transport and storm tracks.

Figures 5a–5c provide comparisons of observed and simulated hourly rainfall at three representative sta-
tions. The time series of the simulated hourly rainfall rate are generally consistent with the observations.
The simulated timing of the peak rainfall rate lags behind the observations (about 20:00 LST on 21 July),
and the magnitude of the simulated peak rainfall rate, is underestimated slightly. Accurate simulation of
rainfall has been a challenge in atmospheric modeling studies. Developments in the parameterizations
of critical physical processes (e.g., cumulus schemes and cloud microphysical schemes) could improve
the accuracy of precipitation simulation. Through a hindcast study of the record-breaking rainfall in
Beijing on 21 July 2012, Yu et al. [2013] suggested that high-resolution simulations with the WRF model
could predict the salient features of orographic precipitation reasonably well and that the rainfall amount
and spatial distribution compared reasonably well with observations. As we performed sensitivity tests to
explore the manner in which warm season rainfall responds to different urban land use conditions, the
rainfall bias between the observations and WRF simulation could be regarded as systematic model error
that would ultimately be canceled out.

Figure 2. (a) Time series of hourly rainfall amount observed by the rain gauges at Fangshan (blue), Beijing (green),
and Haidian (red) during the period 08:00 LST on 21 July to 08:00 LST on 22 July 2012. (b) Accumulated rainfall at 20
meteorological stations in the city of Beijing during the 21 July rainstorm from 08:00 LST on 21 July to 08:00 LST on 22 July.
Red rectangle indicates the “fifth ring” of Beijing. Green line represents the geographic boundary of Beijing.
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Figure 4. (a–c) Comparisons of hourly surface air temperature from 00:00 LST on 21 July to 00:00 LST 23 July 2012
between the observed (blue dots) and WRF-simulated (green dots) at Fangshan, Beijing, and Haidian stations. (d)
Same as Figures 4a–4c but for the area-averaged values over 20 stations in Beijing (shown in Figure 2). (e–h) Same as
Figures 4a–4d but for observed and simulated 10m wind speed. (i–l) Same as Figures 4a–4d but for observed and
simulated 10 m wind direction.

Figure 3. Synoptic patterns during the 21 July rainstorm from the NCEP Global Final (FNL) reanalysis data set showing wind speed (arrow) and relative humidity
(shading) at 850 hPa level and geopotential height at 500 hPa level (green lines). (a) 08:00 LST on 21 July 2012, (b) 14:00 LST on 21 July, (c) 20:00 LST on 21 July,
and (d) 02:00 LST on 22 July 2012.
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In general, the validation analyses suggest that numerical experiments using the WRF model can provide
useful information regarding the features of the urban modification of rainfall in relation to different extents
of urbanization.

3.2. Results From Case Simulation

Based on the three simulations with different urban land use modifications for the 21 July rainstorm in
Beijing, we analyze the response of warm season precipitation to urban coverage and density. Figure 6a
shows the pattern of difference in the simulated precipitation between URBAN1980 and NOURBAN. As
expected, the urban area enhances the rainfall by 3–5mmh�1 over the downwind area of the metropolis
for the period of 08:00 LST on 21 July to 08:00 LST on 22 July 2012. Over the southern side of Beijing, the
upwind rainfall is decreased because of urbanization effects. In the downwind area of another major city
(Tianjin; see Figure 1c), the rainfall is also increased considerably. The rainfall pattern induced by urbanization
(increase downwind and decrease upwind of the urban area) in URBAN1980 is consistent with the findings of
previous observational and modeling studies [Bornstein and Lin, 2000; Shepherd et al., 2002; Shepherd and
Burian, 2003; Shem and Shepherd, 2009]. The simulated accumulated precipitation in URBAN1980 shows that
after modification of the land surface with relatively low urban development, the rainfall tends to be more
widely distributed and enhanced. However, after the continuation of the urbanization process, the magni-
tude and pattern of the simulated regional rainfall in URBAN2009 returns to close to that of NOURBAN
(Figure 6b). This implies that urbanization effects hardly alter the magnitude and pattern of regional rainfall
when the urban coverage and density increase beyond a certain extent. There is even a precipitation
decrease in the upwind region of major cities, like the southeastern area of Beijing. Thus, it is inferred that
the combined urbanization effects on rainfall appear sensitive to the extent of urbanization.

The changes in urban modification of rainfall point to the usefulness of examining the related atmospheric
variables and physical processes involved in the urbanization effects for different urbanization extents. The

Figure 5. Comparisons of the hourly rainfall amount from 00:00 LST on 21 July to 00:00 LST on 23 July 2012 between the
rain gauge observed (blue lines) and WRF-simulated (green lines) at Fangshan, Beijing, and Haidian stations.

Figure 6. Changes in rainfall pattern due to urban land use (a) in 1980 and (b) in 2009 (units are in mmh�1).
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direct and primary impact of urban expansion might be near-surface warming, which could initiate and
enhance convective systems over urban areas. As shown in Figures 7a and 7b, surface air temperature prior
to the 21 July rainstorm is increased over urban areas and by much higher magnitudes in areas with high-
level development status. The regional-averaged temperature increases in URBAN1980 and URBAN2009
are about 0.45 and 1.55°C, respectively. Figures 7c and 7d illustrate the surface air pressure perturbation
caused by urban warming. Urban land use creates local low-pressure areas over central and downwind areas
of Beijing. The urban-induced anomalies of surface air pressure in URBAN2009 are much more profound than
in URBAN1980. Urban-induced surface warming, pressure perturbation, and increased roughness lead to
enhanced wind convergence (Figures 7e and 7f). As expected, the URBAN2009 simulated wind convergence
anomalies are stronger than in URBAN1980. In Figure 8, cross sections of urban-induced changes in the
vertical temperature and wind profile along the central south-to-north line, before the onset of the 21 July
rainstorm (08:00–14:00 LST on 21 July), are presented. It can be seen that urban warming could reach the
900 hPa level in URBAN1980 and even affect the lower atmosphere with a maximum height corresponding
to the 850 hPa level in URBAN2009. The vertical motions are strengthened over major urban areas for both
URBAN1980 and URBAN2009, compared with NOURBAN. However, there is little contrast in the urban-
induced enhancement of updraft motions between the two urbanization cases.

Previous modeling studies on urban rainfall effects, using simple land surface representations, have indicated
close relationships between urban-induced surface warming, wind convergence, vertical motions, and rain-
fall enhancement over and downwind of cities. Based on results from nested high-resolution simulations
using the MM5 model, Craig and Bornstein [2002] found good correlation between the surface UHI, conver-
gence, and vertical velocity. Using a storm-resolving model to detect urban effects on a storm in St. Louis,
Rozoff et al. [2003] found that urban-induced surface convergence favors the triggering of convection over
downwind areas of the city. Comparing the results from simulations with and without urban land cover,
Shepherd et al. [2010] suggested that urban-related convergence zones and low-pressure perturbations along
the inner fringes of a city might be important causes for the enhancement of rain clouds. However, all the
evidence and arguments presented in previous studies can hardly explain the insignificant rainfall change
over and downwind of the metropolis in URBAN2009.

Figure 9a shows the time series of surface sensible heat flux averaged over the entire region, highlighting
the obvious differences among the three cases. The sensible heat flux in URBAN1980 is slightly larger than
in NOURBAN. The difference in sensible heat flux between URBAN2009 and NOURBAN is more profound
than that between URBAN1980 and NOURBAN. However, the situation is reversed for the surface moisture
flux. In Figure 9b, surface latent heat flux is largely suppressed because of the removal of vegetation and its
replacement with an impervious urban surface, particularly for URBAN2009. Additionally, urban-induced
changes in the PBL height are also prominent. As Figure 9c shows, urban expansion deepens the PBL
considerably, which might enhance the mixing of water vapor in the lower atmosphere. It is found that
the surface water vapor mixing ratio is decreased substantially in URBAN2009 with the further urbanization
process (Figure 9d).

The contrast in the changes of the surface sensible heat andmoisture fluxes due to urban land use have been
indicated by previous research using observations and modeling tools. However, most of these studies
focused on the thermal effects of increased sensible heat on the triggering and development of convection
[Thielen et al., 2000; Inoue and Kimura, 2004; Lin et al., 2008]. For an expanded urban area (as in URBAN2009),
the negative role of the extensive surface moisture depression cannot be ignored in the evolution of convec-
tive systems. In fact, many previous studies have found a decrease in relative humidity in urban environments
due to the modification of the urban land surface, related to the rapid runoff of rainfall and decreased eva-
potranspiration of natural vegetation and soil [Henry et al., 1985; Ackerman, 1987; Adebayo, 1991]. Guo
et al. [2006] found that urban-induced sensible heat flux shows an earlier peak before the onset of rainfall,
whereas the modified latent heat flux decreases during the entire lifetime of a simulated storm. Zhang
et al. [2009] suggested that urban expansion results in higher surface temperatures and larger sensible heat
fluxes but also produces lower evaporation and a deeper boundary layer. This leads to less water vapor and
more mixing of moisture within the boundary layer. It is noteworthy that atmospheric instability is associated
with the vertical temperature gradient and humidity stratification. Wang et al. [2012] conducted a 3 year
modeling study over three vast urban agglomerations in China and showed that the total warm season rain-
fall over urban areas has decreased because of urbanization effects. They found that the water vapor in the
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lower atmosphere over urban areas decreases sharply because of the extensive urban land use. Feng et al.
[2012] undertook 2 year numerical experiments over all of China and found that underlying surface changes
because of urbanization reduce latent heat flux significantly, which leads to the notable decrease of precipi-
tation over the Yangtze River Delta region.

Figure 7. (a and b) Changes in surface air temperature (°C) during the prestorm period (08:00–14:00 LST on 21 July 2012)
due to urbanization in 1980 and in 2009. (c and d) Same as Figures 7a and 7b but for surface air pressure (Pa). (e and f) Same
as Figures 7a and 7b but for the divergence of 10m wind field (10�3 s�1).
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Convective available potential energy (CAPE) is the amount of energy an air mass would obtain from positive
atmospheric buoyancy when lifted from the free convection height to the equilibrium level. CAPE is an indi-
cator of atmospheric instability, which can be used to predict the potential intensity of convective activity.
Figures 10a and 10b show the patterns of time-averaged changes of CAPE due to urban effects during the

Figure 8. Cross sections of changes in air temperature and horizontal/vertical velocity during the prestorm period
(08:00–14:00 LST on 21 July 2012) along the central south-north line. Units for temperature are °C. Units for horizontal
and vertical velocities are m s�1 and dm s�1, respectively.

Figure 9. (a) Domain-averaged surface sensible heat flux (Wm�2) simulated by three cases (NOURBAN: blue line;
URBAN1980: green line; URBAN2009: red line) during the rainstorm period (08:00 LST on 21 July to 08:00 LST on 22 July
2012). (b) Same as Figure 9a but for surface latent heat flux (Wm�2). (c) Same as Figure 9a but for atmospheric boundary
layer height (m). (d) Same as Figure 9a but for surface water vapor mixing ratio (g kg�1).
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prestorm period. It can be seen that the effects of urbanization on the CAPE are not significant in
URBAN1980 but decrease the atmospheric instability energy considerably over a wide area when the urban
area expands to a certain extent, as with the underlying surface in URBAN2009. Generally, lower CAPE is
unfavorable for the triggering and development of convection and rainfall systems. Extensive urban
expansion tends to decrease the available instability energy, which might largely counteract the positive
urban effects (e.g., lower troposphere warming, increased surface roughness, and enhanced sensible heat
flux) on regional rainfall modification. Our results regarding the CAPE changes are consistent with Zhang
et al. [2009] andWang et al. [2012]. Although the CAPE change is not linked directly to convective intensity,
the decrease of CAPE can provide unfavorable conditions for deep convection and might potentially
reduce rainfall intensity.

Figure 11a illustrates the time-height evolution of atmospheric latent heat (ALH) released from the phase
transformation of elevated water vapor in NOURBAN. The ALH almost penetrates the entire troposphere
with the maximum center located at an altitude of 6 km. As shown in Figure 11b, compared with
NOURBAN, the URBAN1980-simulated ALH is significantly stronger, whereas changes in ALH are not evi-
dent for URBAN2009 with the high urban-development condition (Figure 11c). The ALH changes are
another behavior of urban modification of rainfall simulated by two sensitive experiments with different
urbanization extents.

Figure 10. Changes in the convective available potential energy (CAPE) (J kg�1) during the prestorm period (08:00–14:00 LST
on 21 July 2012) due to urbanization (a) in 1980 and (b) in 2009.

Figure 11. Temporal-altitude distributions of atmospheric latent heat (ALH; unit: K s�1) during the entire rainstorm: (a) NOURBAN case, (b) changes due to urban
land use in 1980, and (c) changes due to urban land use in 2009.
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As stated in section 2.3, additional simula-
tions were performed with urban land use
conditions corresponding to other repre-
sentative urbanization extents. As displayed
in Figure 12, the urban-induced change of
precipitation amount depends on urbaniza-
tion extent. Rainfall amount increases with
urban expansion for the early urbanization
era before the 1990s. However, further
urbanization tends to reduce the total rain-
fall amount after the 2000s. Following this
tendency, further urbanization in the
Beijing-Tianjin-Hebei region is likely to inhi-
bit regional precipitation; however, this
supposition remains full of uncertainties.

3.3. Statistical Results From Regional
Climate Modeling

To confirm the findings obtained from
the rainfall case simulations, we con-
ducted long-term regional climate mod-

eling to examine the climatological behaviors of precipitation modification by major urban areas under
different urbanization extents of the Beijing-Tianjin-Hebei region. Figure 13a shows that the average warm
season rainfall increases by about 2.5mmd�1 over the Beijing metropolis due to the level of urbanization
simulated by URBAN1980. However, after further urban expansion, the average warm season rainfall remains
almost unchanged in urban areas of Beijing under the simulation of URBAN2009 (Figure 13b). In the southern
areas of the domain (upwind of the urban agglomeration), rainfall is decreased by about 2mmd�1, which
might be caused by urban-induced compensatory sinking motions. To explain the different precipitation
changes, some atmospheric variables were examined. Figure 14 shows the changes in the 2m water
vapor mixing ratio, PBL height, and CAPE in URBAN1980 and URBAN2009 forced by urbanization. Little
change can be seen in the 2m water vapor mixing ratio and PBL height associated with the urbanization
effects in URBAN1980. Correspondingly, the CAPE only decreases slightly over the metropolitan region
of Beijing. However, with further urbanization, the changes of 2m water vapor mixing ratio and PBL
height in URBAN2009 are profound, which reduce the CAPE over the metropolis and downwind
areas of Beijing considerably.

Figure 12. Simulated rainfall amount (mmd�1) of the 21 July rainstorm
under different urban land use conditions. Blue line: domain accumu-
lated rainfall, red line: accumulated rainfall in Beijing (geographic scope:
115.52°E–117.56°E, 39.52°N–41.03°N).

Figure 13. Changes in rainfall pattern (mmd�1) due to urbanization (a) in 1980 and (b) in 2009.
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4. Discussions and Conclusions

It has become increasingly clear that urbanization due to economic development and population growth
modifies the local and regional climate of cities and their surrounding areas. The physical and morphological
characteristics of urban areas are sufficiently different from those of their surroundings to change the

Figure 14. (a and b) Changes in surface water vapor mixing ratio (g kg�1) due to urban land use in 1980 and 2009. (c and d)
Same as Figures 14a and 14b but for atmospheric boundary layer height (m). (e and f) Same as Figures 14a and 14b but for
convective available potential energy (CAPE) (J kg�1).
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climatology of regional precipitation significantly [Oke, 1982]. The replacement of vegetation and soil by
impervious concrete leads urban areas to absorb and store more heat than rural areas. Thus, urban areas
absorb more solar radiation during the daytime, part of which is stored as ground heat. Overnight, the stored
heat is released and it warms the lower atmosphere, resulting in the UHI effect. The temperature increase pro-
duces thermodynamic perturbations in the pressure and wind fields, invigorating vertical motions and
enhancing atmospheric instability. Because of the high Bowen Ratio, the transport of sensible heat flux from
urban land surfaces increases, which is favorable for the initiation of convection. Additionally, urban-induced
surface roughness tends to enhance the wind convergence. All these positive physical mechanisms related to
the urbanmodification of rainfall can be used to explain the observed enhancement of precipitation, convec-
tion, and lightning over and downwind of cities [Shepherd, 2005]. However, the extensive expansion of imper-
vious urban land surfaces impedes water storage within the vegetation and soil. Precipitation falling over
urban areas is largely removed as runoff. Decreased moisture availability reduces surface evapotranspiration
and creates a water vapor depression in the urban atmospheric boundary layer. In addition, the elevated PBL
and enhanced turbulence flux over urban areas tend to cause more uniform stratification of water vapor in
the lower level troposphere. Therefore, in the context of the regional hydrological cycle, the effect of the
urbanmoisture deficit has potential to inhibit the development of convection and even precipitation. It could
be expected that the dominant mechanism acting in the urban modification of rainfall might vary with
different degrees of urbanization, leading to the potential sensitivity of warm season precipitation to
urbanization processes.

In this study, we conducted a comparative study on the potential sensitivity of urban rainfall to the effect of
urbanization. The Beijing extreme rainfall event of 21 July 2012 was simulated using three representative
urban land use distributions. To confirm the findings from the rainfall case simulations, we further performed
long-term regional climate modeling for the 10 Julys of 2001–2010 over the Beijing-Tianjin-Hebei region.
Validation analysis showed that the WRF model simulated the diurnal variation of observed surface air tem-
perature well but tended to overestimate it by 1–2°C. The observed wind direction transitions were captured
well by the WRF model, but the wind speed was overestimated slightly. The WRF model largely reproduced
the temporal evolution of the rainstorm, but with errors in the peak rainfall amount and timing. Through
comparative analysis of the results from the three sensitivity cases, we found that urban modification of rain-
fall varies with urban land use distributions. For early urbanization stages, rainfall was enhanced significantly
downwind of the city. When the land surface was extensively urbanized, the simulated regional rainfall
showed no significant change compared with the simulation with a natural underlying surface. Therefore,
we suggest that positive urban thermodynamical effects (such as the UHI, increased sensible heat flux, and
enhanced convergence/vertical motions) play a dominant role in the urban modification of rainfall during
the early stages of urbanization. With further urbanization, scattered cities develop to become an extensive
and concentrated urban agglomeration. The large-scale development of an impervious land surface
decreased the moisture availability. Thus, the effect of the water vapor deficit caused by the reduced surface
evaporation and elevated PBL depth might counteract the positive urban effects on precipitation. Results
from the regional climate simulations for the 10 Julys also support this reasoning and indicate the critical role
of regional evapotranspiration in the urban modification of rainfall when urban areas expand to a certain
extent. It should be noted that the findings of this study are only relevant to the Beijing-Tianjin-Hebei urban
agglomeration, where the geographical locations and orientations of cities are unique. Further studies are
required to deal with the potential uncertainty related to these factors.

Most previous findings based on observational and modeling studies have indicated the positive role of
urban effects on rainfall (see the review by Shepherd [2005]). The enhancement of rainfall over and downwind
of cities has been confirmed by various observations. However, most of these studies chose individual or iso-
lated cities in order to be able to detect the urban signature within the regional rainfall anomalies.
Furthermore, many selected urban settings have been coastal cities or near water bodies (e.g., Houston)
and thus have had moisture supply from nearby seas or lakes, which would mask the effects of the urban-
induced moisture deficit on precipitation. Recent studies indicating the suppression of precipitation due to
urban expansion have usually focused on cities with high levels of urbanization or urban agglomerations,
e.g., the extensively expanded urban area of Beijing [Guo et al., 2006; Zhang et al., 2009], Pearl River Delta
urban agglomeration in China [Kaufmann et al., 2007], three vast urban agglomerations in China [Feng
et al., 2012; Wang et al., 2012], and the future higher urban-development scenario in Arizona’s Sun Corridor
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[Georgescu et al., 2012]. Based on the analysis of rain gauge observations, Tayanc et al. [1997] suggested that
urban effects on rainfall in four large cities in Turkey are not evident. Robaa [2003] found that an inverse rela-
tionship existed between rainfall and the degree of urbanization in a large city in an arid region (i.e., Cairo). It
should be noted that the four large cities in Turkey and Cairo are located in dry regions, where the effects of
urban-induced water vapor deficit might be the dominant factor in rainfall variability. These findings from
observational analyses require further testing with modeling studies but could suggest the potential sensitiv-
ity of warm season precipitation to the extent of urbanization and unknown complexities related to the
thermal-dynamical-hydrological processes in the urban modification of rainfall.

Note that the Greater Beijing Region includes complex topographic features, with terrain sloping from the
northwest to the southeast. Mountains sprawl around the Beijing city’s northwest and northeast parts.
Urbanization impacts on precipitation could be modulated by the local atmospheric circulations induced
by mountain-valley breeze (MVB). Through numerical simulations,Miao et al. [2015] indicated that the devel-
opment of the UHI circulation can be strongly influenced by the nearby MVB circulation. The role of the inter-
actions between the effects of urbanization and topography playing in the urban modification of rainfall
needs further study. Besides, due to the rapid urbanization processes and massive industrial activities, large
amounts of anthropogenic aerosols have been emitted into the atmosphere in the recent decades, causing
the heavy haze pollution over the Beijing-Tianjin-Hebei urban agglomeration. The changes and variations of
urban rainfall induced by aerosols still remain elusive [Jin et al., 2005;Wang et al., 2011]. Future works need to
further investigate the role of urbanization and aerosols in the modification of urban rainfall climatology.

Considering the explosive growth of urban populations and increasing demands on water resources, the
negative effects on rainfall induced by urbanization in the future require thorough investigation, particularly
for developing countries and regions. Future efforts will require greater sophistication of the land surface
representation, in order to study the specific roles of the thermal-dynamical-hydrological processes in urban
rainfall modification.
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