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Abstract The Weather Research and Forecasting (WRF)
model, configured with a single-layer urban canopy model,
was employed to investigate the influence of urbanization on
boundary layer meteorological parameters during a long-
lasting heat wave. This study was conducted over Nanjing
city, East China, from 26 July to 4 August 2010. The impacts
of urban expansion and anthropogenic heat (AH) release were
simulated to quantify their effects on 2-m temperature, 2-m
water vapor mixing ratio, and 10-mwind speed and heat stress
index. Urban sprawl increased the daily 2-m temperature in
urbanized areas by around 1.6 °C and decreased the urban
diurnal temperature range (DTR) by 1.24 °C. The contribution
of AH release to the atmospheric warming was nearly 22 %,
but AH had little influence on the DTR. The urban regional
mean surface wind speed decreased by about 0.4 m s−1, and
this decrease was successfully simulated from the surface to
300 m. The influence of urbanization on 2-m water vapor
mixing ratio was significant over highly urbanized areas with
a decrease of 1.1–1.8 g kg−1. With increased urbanization
ratio, the duration of the inversion layer was about 4 h shorter,

and the lower atmospheric layer was less stable. Urban heat
island (UHI) intensity was significantly enhanced when syn-
thesizing both urban sprawl and AH release and the daily
mean UHI intensity increased by 0.74 °C. Urbanization in-
creased the time under extreme heat stress (about 40 %) and
worsened the living environment in urban areas.

1 Introduction

A rapid increase of the global mean air temperature has been
observed since the 1970s, the majority of which can be attrib-
uted to changes in anthropogenic greenhouse gases (GHGs),
aerosol loading, and land use land cover (LULC) (IPCC
2007). Future climate predictions indicate an increase in the
frequency and intensity of extreme weather events, such as
heat waves, with global warming (Meehl and Tebaldi 2004;
Della–Marta et al. 2007). The impact on human comfort and
health should not be neglected when considering severe
anomalous weather scenarios (McMichael et al. 2006), espe-
cially when urban areas are continuously growing through the
process of urbanization.

Urbanization, an extreme example of LULC change caused
by human activities, is rapidly increasing globally. It increases
surface roughness by forming urban canopy layers, decreases
evapotranspiration by changing land cover from vegetated or
natural surfaces to impervious surfaces, influences the surface
energy balance by absorbing and reflecting solar radiation,
and modifies thermal and dynamic characteristics by
discharging additional anthropogenic heat (AH). These
changes will certainly lead to modifications of the planetary
boundary layer (PBL) structure in and around urban areas by
perturbing the wind, temperature, moisture, and turbulence
(Miao et al. 2009). This would then change local and regional
weather and climate and impact the transport and distribution
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of air pollutants (Arnfield 2003; Parker 2006; Miao et al.
2011; Wang et al. 2014).

The percentage of the total human population that lives in
cities continues to grow. The World Health Organization re-
ported that the urban population in 2014 accounted for 54 %
of the total global population, up from 34 % in 1960. This
percentage is expected to increase continuously and rapidly in
the coming decades (Martine and Marshall 2007). Therefore,
estimation of the impacts of urbanization on the local and
regional boundary layer and human comfort and health, espe-
cially in extreme weather conditions (such as heat wave
events), is an important research topic.

A variety of studies have been carried out to research the
effects of urbanization on urban climate and the meteorological
background (Jones et al. 1990; Tran et al. 2006; Miao et al.
2011; Zhang et al. 2011; Wang et al. 2012; Yang et al. 2014).
Based on a reanalysis of global weather data over the past
50 years, Kalnay and Cai (2003) showed that half of the ob-
served decrease in diurnal temperature range (DTR) was due to
urbanization in the continental USA. Jones et al. (2008) used
sea surface temperature data in place of a rural network because
there were few truly rural sites to assess urban-related warming
over China. Their results showed a warming trend of about
0.1 °C per decade caused by urbanization over the period
1951–2004. Xu et al. (2009) and Yu et al. (2013) analyzed
observational data from the Beijing meteorological tower and
found a significant increase in air temperature related to urban-
ization over the last few decades. Azorin-Molina et al. (2014)
showed that urbanization strengthened the observed atmospher-
ic wind speed decline in three major Spanish cities, using near-
surface wind speed trends recorded at 67 land-based stations.
The dramatic development of computational capacity has en-
abled modeling research that can provide quantitative conclu-
sions from a new perspective. Feng et al. (2012) assessed the
impact of urbanization with the Weather Research and
Forecasting (WRF) model, and found an increase of more than
1.44 °C in the regional average summer temperature in the
Yangtze River Delta region. With and without AH emissions,
Bohnenstengel et al. (2014) found that the AH flux was an
important factor in the London urban heat island, using the
UK Met Office Unified Model. Yang et al. (2014) suggested
that urbanization played an important role in the precipitation
distribution and rainfall pattern over the Milwaukee–Lake
Michigan region, based on WRF modeling analyses. Chen
et al. (2014) simulated a typical July heat wave in the
Hangzhou province in China, and their results showed that
AH release contributed about 30 % (0.22 °C) to the urban heat
island effects.

Aside from changing the regional meteorology, urbaniza-
tion also affects human health. Wang et al. (2012) and Fischer
et al. (2012) calculated the Simplified Wet-Bulb Globe
Temperature (SWBGT), a common heat stress index, to ana-
lyze the influence of urbanization on human health during heat

waves. Sherwood and Huber (2010) showed that climate
warming could reduce the human body’s ability to dissipate
metabolic heat through the perspirationmechanism. This has a
considerable knock-on effect on human thermal comfort, la-
bor productivity, and heat-related mortality and morbidity
(Kjellstrom et al. 2009).

Previous studies have used observational data to determine
the influence of urbanization on weather and climate
(Bornstein and Lin 2000; Lin et al. 2011). This method is
limited by the number and location of meteorological stations,
and uncertainties arise due to systematic errors and unique
surrounding environments, such as different altitude and to-
pography. In addition, it is difficult to designate sites as truly
rural stations because of the effect of urban sprawl (Ren et al.
2007; Jones et al. 2008). Some studies considered urbaniza-
tion using global climate models (GCMs) (Jin and Shepherd
2005; Oleson et al. 2010) but the resolution with a GCM is
possibly too coarse to accurately describe the underlying sur-
face characteristics of urban areas.

Therefore, a nested high–resolution mesoscale numerical
model, WRF model, coupled with an urban canopy model
(UCM), was employed in this work to discuss the influence
of urbanization. Many researchers have shown that this com-
bination is capable of capturing the impacts of urbanization on
the local and regional meteorology (Miao et al. 2009; Shastri
et al. 2014; Kang et al. 2014; Feng et al. 2014; Kusaka et al.
2014). In addition, a heat stress index (the SWBGT) was ap-
plied to determine the influence of thermal environment on
human health.

This study was conducted to simulate a long-lasting heat-
wave over Nanjing city, East China, from 26 July to 4 August
2010. The first aim of this paper is to demonstrate that the
WRF/UCM model can accurately simulate basic meteorolog-
ical fields (2-m temperature, 2-m water vapor mixing ratio,
and 10-m wind speed) during the hot weather episode. The
second aim is to investigate to what extent urban sprawl and
AH release influence local and regional boundary layer mete-
orological variables.We then analyze the relationship between
urbanization and the heat stress index. The results of this paper
are intended to quantify how urbanization acts on extreme
heat events. Understanding the impacts of urbanization on
air temperature, humidity, wind speed, and heat stress intensi-
ty can improve high-temperature forecasts and enhance the
adaptive capacity of Nanjing city, which is popularly known
as one of the cities in BChina’s four furnaces^.

2 Model and data

2.1 Study area

Our study focuses on Nanjing, the capital of Jiangsu Province
in Eastern China and an important industrial production
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center. Located on the broad flat alluvial plains of the Yangtze
River Delta, on average the city stands about 10 m above sea
level. It has a typical East Asian monsoon climate with an
annual average temperature of 2–26 °C and a rain period from
mid-June to July. Known as one of the hottest cities in China,
the average air temperature can reach 35 °C and the extreme
highest point can reach 40 °C during a summer period.

As a result of the economic reform in the late 1970s,
Nanjing has experienced significant industrial and economic
growth and consequently an expansion of its urban area. This
is illustrated by the increase in the total non-agricultural pop-
ulation, which was less than 2 million in the 1990s but is now
around 7 million. Furthermore, increases in both the popula-
tion and the extent of the urban area are expected to continue
in the future.

2.2 Synoptic background

During late July and early August 2010, a strong heat-wave
swept across Nanjing city. The observed monthly mean max-
imum temperature from July to August was 32 °C. On the 3
August, the observed maximum temperature at the Nanjing
station (58,238) reached 38.3 °C, which was the highest tem-
perature observed by this station from 2005 to 2010. Figure 1
shows the synoptic pattern background at 1400 LST 3 August
2010 from the National Center for Environment Prediction
(NCEP) reanalysis data at 500 hPa geo-potential height and
850 hPa wind field and temperature. The entirety of Nanjing
city was under the control of the west Pacific subtropical high,
which is usually identified by a 588 dgpm contour line at
500 hPa (Wang et al. 2002), and the subtropical high system

strengthened over the next few days. This warm high pressure
system produces continuous calm, cloudless, and hot weather
in Nanjing.

2.3 Model configuration

In this study, we used theWRF version 3.5.1 model developed
by the National Center for Atmospheric Research (Skamarock
et al. 2008). The model domain was centered at (32.06° N,
118.8° E) and the horizontal grid spacings (grid numbers) of
the three nested domains were 9 km (100 × 100), 3 km
(85 × 85), and 1 km (97 × 97), respectively. The location of
the nested domains is shown in Fig. 2a. The vertical grid
contained 53 full sigma levels from the surface to 50 hPa, of
which the lowest 16 levels were below 1 km for finer resolu-
tion in the planetary boundary layer. Both the initial and
boundary conditions were from the NCEP operational
Global Final Analyses, which had 6 h interval on a
1.0° × 1.0° grid. The following physical parameterization
schemes were employed to account for different physical pro-
cesses. The Noah land-surface model, developed by Chen
et al. (1996, 1997), was used to provide surface sensible and
latent heat fluxes and the surface skin temperature as lower
boundary conditions for WRF. The single-layer urban canopy
model (SLUCM), developed by Kusaka et al. (2001) and
Kusaka and Kimura (2004), was used to represent the thermal
and dynamic effects of urban areas. This SLUCM takes urban
geometry and AH into account in its surface energy budgets
and wind shear calculation. Moreover, it has three urban cat-
egories as follows: low intensity residential, high intensity
residential, and commercial. Each category has different con-
struction materials coverage, populations, and AH values. In
this paper, we only considered the default urban category
(high intensity residential) for all urban areas. Other parame-
terizations were as follows: the Yonsei University PBL
scheme (Hong et al. 2006a), the single-moment six-class grau-
pel scheme microphysical parameterization (Hong and Lim
2006b), the Dudhia shortwave radiation scheme (Dudhia
1989), the Rapid Radiative Transfer Model long-wave radia-
tion scheme (Mlawer et al. 1997), and the Monin–Obukhov
(Janjic) surface layer scheme. The Grell 3D ensemble cumu-
lus scheme (Grell and Devenyi 2002) was only used for the
outermost domain.

Several parameters, such as the building height, the road
width, and the fraction of urban landscape, were used in the
SLUCM to describe the geometry shape of buildings and the
structure of urban areas. Previous research has taken the de-
fault values listed in the WRF (Li et al. 2013; Wang et al.
2013b). In this study, we set these parameters following
Zhang et al. (2010a, b), who generated the values from the
building information database of three secondary cities:
Nanjing, Suzhou, and Hangzhou. The parameters can there-
fore be expected to represent the typical urban morphology of

Fig. 1 The synoptic weather pattern at 1400 LSTon August 3 2010 from
the NCEP reanalysis data, showing geo-potential height at 500 hPa (solid
lines), wind speed (arrow), and temperature (shaded) at 850 hPa. The red
contour of 588 dgpm indicates the border of the western Pacific
subtropical high. The black cross indicates the location of Nanjing.
Units: dgpm for geo-potential height, m s−1 for wind speed, and °C for
temperature
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Nanjing. We took the thermal parameters (such as the heat
capacity, the thermal conductivity, and the albedo and the heat
emission from the roof, wall, and ground) from Zhang et al.
(2013). They optimized these values based on an off-line sim-
ulation of the surface energy balance using the WRF model.
Details are listed in Table 1. The uniform morphological and
thermal parameters used in our work may cause uncertainties
in the simulation. Lin et al. (2008) illustrated that different
values of these parameters had impacts on boundary layer
development and surface air temperature. Detailed analysis
and sensitivity experiments will be considered in the future
research.

Another important parameter is AH, and its influence on
the urban environment should not be neglected (Block et al.
2004; Narumi et al. 2009; Allen et al. 2011; Giovannini et al.
2014). Feng et al. (2012) computed the daily maximum AH
release as 90, 50, and 20 W m−2 for three urban categories
(commercial, high-intensity residential, and low-intensity res-
idential, respectively) across Beijing-Tianjin-Hebei and the
Yangtze River delta area. Chen et al. (2014) set the same
values as Feng et al. (2012) in Hangzhou city. For the
Beijing and Tianjin area, Zhang et al. (2013) increased the
values to 110, 90, and 50 W m−2 for each of the urban cate-
gories, respectively. In this study, we set the daily maximum
AH value as 90 W m−2 for the high-intensity residential cate-
gory in Nanjing. This energy was treated as one part of the
sensible heat flux in SLUCM (Chen et al. 2011). The diurnal
AH profile is shown in Fig. 3. In section 3.2, we conducted
sensitivity experiments of AH to quantify its impact on mete-
orological variables.

AsMiao et al. (2009) and Dai et al. (2011) have shown, the
influence of urbanization on air temperature reaches its max-
imum on calm, cloudless, and clear days. A 9-day simulation

was conducted from 2000 LST 26 July 2010 to 1900 LST 4
August 2010 and divided into three blocks. Both the first and
second blocks were integrated for 85 h, while the third block
was integrated for the remaining 97 h. The initial 12-h period
of each simulation block was considered as a meteorological
spin up to minimize the effect of the initial conditions. The
model output was in the form of hourly results.

2.4 Case design

The default land use and land cover data (USGS 24 category)
used in the WRF/Noah/SLUCM model was based on the 1-
km Advanced Very High Resolution Radiometer data from
1992 to 1993. This database does not accurately represent
the current land surface condition, especially in urban areas.
Therefore, based on the original USGS land use data, we
updated its urban map using 1-km Moderate Resolution
Imaging Spectroradiometer (MODIS) data.

The main objective of this research is to explore the effects
of urbanization on the local and regional boundary layer me-
teorological parameters in Nanjing. Five different scenarios
(NOURB, URB93, URB01, URB09, and URB09AH) were
devised for numerical experiments, as defined in Table 2. In
NOURB (Fig. 4a), the entire urban surface was replaced by
irrigated cropland, the most common land cover type sur-
rounding the urban area of Nanjing. The default USGS data
was used in URB93 (Fig. 4b). URB01 (Fig. 4c) was the same
as URB93, except that all the urban land cover fractions were
updated using the 2001 MODIS data. All urban land cover
fractions were updated using the 2009MODIS data in URB09
(Fig. 4d). URB09AH was the same as URB09, except AH
was also considered. Simulations of NOURB, URB93,
URB01, and URB09 with different urban maps were carried

( m )

(a) (a)

Fig. 2 Simulation domain and terrain height. a The configuration of the
three two-way nested domains for the WRF simulation and b the
distribution of terrain height over domain 3. The locations of the 30
AMSs (marked with asterisks) and the XLS-II TBSS (marked with
triangle) are also shown. Red asterisks denote AMSs classified as urban
sites in 2009 comparing the urban areas of URB09 andURB01 (the urban

areas are red grids in Fig. 4). Blue asterisks denote AMSs classified as
urban sites in 2001 comparing the urban areas of URB01 and URB93.
Green asterisks denote AMSs classified as urban sites in 1993 comparing
the urban areas of URB93 and NOURB. Yellow asterisks denote rural
sites. The brown triangle denotes the location of the TBSS. The filled
areas indicate the mean terrain clearance (Unit: m)
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out to investigate the effect of urban sprawl. The results of the
URB09 and URB09AH simulations were analyzed to under-
stand the potential contribution of AH to the urban environ-
ment. All of the physics schemes were the same for the five
cases.

2.5 Observation data

The observation data used to evaluate the model performance
in this study were obtained from 30AutomaticMeteorological
Stations (AMSs) in Nanjing. Meteorological variables such as
hourly 2-m temperature, 2-m relative humidity, and 10-m
wind speed were selected, and the records were evaluated
under automated quality control. In addition, one XLS-II teth-
ered balloon sounding system (TBSS) was used to examine
the profile of wind speed simulated by the WRF model. A
correction of the measured wind speed was followed as de-
scribed byWang et al. (2013a). More information about XLS-
II TBSS can be found in Wang et al. (2004). The locations of
the 30 AMSs and the TBSS are given in Fig. 2b.

3 Results

3.1 Model evaluation

The URB09AH case has the latest land use and land cover
data including AH emission and represents the closest scenar-
io to the actual situation of Nanjing city. Therefore, in this
section, the simulation results of URB09AH are used to vali-
date the performance of the WRFmodel system by evaluating
it against all meteorological station observations. We investi-
gate 2-m temperature (T2), 2-m relative humidity (RH2), 10-m
wind speed (WS10), and wind speed profiles.

The time series of the observed and simulated hourly T2
and RH2 averaged using data from 21 urban stations and 9
rural stations are shown in Fig. 5. The differences between
observed values and those simulated for urban and rural sta-
tions are also shown. The model captures well the diurnal
variations of T2 and RH2 at both urban and rural stations.
The correlation coefficients of T2 and RH2 at urban and rural
stations are all larger than 0.92. According to the bias of T2
(RH2), there is a better match in urban stations than in rural
stations. The mean error is −0.05 °C (0.65 %) for urban sta-
tions and −1.25 °C (6.07 %) for rural stations. The maximum
deviation in urban stations is nearly 4 °C (−14.4 %) at 1700
LST 30 July 2010. This difference was caused by the occur-
rence of precipitation during the period from 1500 LST 30
July to 0500 LST 31 July, so the observed T2 (RH2) declined
(increased) swiftly. However, our model was unable to simu-
late this weather condition well. Further research will be car-
ried out in the future to analyze the WRF model’s simulation
capability for precipitation. The bias of T2 in rural stations is
consistently negative. This underestimation of the temperature
during the daytime indicates that the model may underesti-
mate the absorbed solar radiation in rural areas. The underes-
timation during the night indicates that the model may over-
estimate the outgoing long-wave radiation or underestimate
the upward surface heat flux. Unfortunately, since there is no
detailed energy budget data, the real cause of this underesti-
mation cannot be determined. However, similar results have
also been noted in the previous studies (Ferretti et al. 2003;

Table 1 Summary of the parameters used in the WRF/Noah/SLUCM model

Parameters Description Value Units

ZR Building height 20 m

ROAD_WIDTH Road width 20 m

FRC_URB Fraction of the urban landscape occupied by artificial materials 0.9 –

CAPR/CAPB/CAPG Heat capacity of the roof/building wall/ground 1.75E + 06 Jm−3 K−1

AKSR/AKSB/AKSG Thermal conductivity of the roof/building wall/ground 1.5 Jm−1 s−1

ALBR/ALBB/ALBG Surface albedo of the roof/building wall/ground 0.05 –

SPSR/SPSB/SPSG Surface emissivity of the roof/building wall/ground 0.98 –

AH Anthropogenic heat 90 Wm−2

Fig. 3 The diurnal profile of anthropogenic heat. Unit: W m−2
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Miao et al. 2007). The bias of RH2 in rural stations is positive
almost consistently. This overestimation may be caused by the
lower simulated T2, and the resultant smaller equilibrium va-
por pressure of water leads to a larger relative humidity.

Figure 6 shows the time series of the observed and simu-
lated hourly WS10. The average WS10 observed in urban sta-
tions is only 0.7 m s−1, but the simulated result is nearly
2 m s−1. The mean bias (MB) is greater than 180 %. The
overestimation of WS10 in urban areas occurs because of the
importance of local underlying surface characteristics (Guo
et al. 2011; Wang et al. 2014) and PBL schemes (Zhang and
Zheng 2004; Hu et al. 2010) inWS10 prediction. Additionally,
calm weather conditions prevailed during the study period and
this synoptic background resulted in a horizontal wind field
that was weaker than observed in other time periods, especial-
ly in urban areas. As explained by Papanastasiou et al. (2010),
the deviation of simulationmay be large when lowwind speed

is analyzed during theWRFmodel process. This phenomenon
is very common when wind speed is analyzed in urban ag-
glomerations under calm weather conditions. Despite this po-
tential issue, the model can generally simulate the character-
istics of the diurnal variation of WS10, giving a correlation
coefficient of 0.72. In rural stations, the model is more capable
of reproducing the variable characteristics and magnitudes of
WS10; the MB is less than 0.6 m s−1 and the correlation coef-
ficient is larger than 0.88.

A further comparison between the observed and simulated
wind profiles is shown in Fig. 7. The sounding data was col-
lected by the XLS-II TBSS up to 700m at 0200 and 1400 LST
3 August 2010. The TBSS is located at Nanjing University of
Information and Science Technology (32.2° N, 118.7° E), as
shown in Fig. 2b. The model can capture the vertical profile of
wind speed relatively well at night, but a little deviation occurs
at the height of 300–400 m in the daytime.

Table 2 Summary of the five cases considered

Case name Land use and land cover map Urbanization ratio (%) AH option

NOURB USGS with all urban cover replaced by irrigated cropland 0.00 OFF

URB93 USGS land use data 1.20 OFF

URB01 USGS with all urban cover updated from 2001 MODIS satellite data 6.80 OFF

URB09 USGS with all urban cover updated from 2009 MODIS satellite data 9.82 OFF

URB09AH USGS with all urban cover updated from 2009 MODIS satellite data 9.82 ON

Urban and Built-up Land

Dryland Cropland and Pasture

Irrigated Cropland and Pasture

Mixed Dryland/Irrigated Cropland and Pasture

Cropland/Grassland Mosaic

Cropland/Woodland Mosaic

Grassland

Shrubland

Mixed Shrubland/Grassland

Savanna

Deciduous Broadleaf Forest

Deciduous Needleleaf Forest

Snow or Ice

Bare Ground Tundra

Mixed Tundra

Wooded Tundra

Herbaceous Tundra

Barren or Sparsely Vegetated

Wooded Wetland

Herbaceous Wetland

Water Bodies

Mixed Forest

Evergreen Needleleaf Forest

Evergreen Broadleaf Forest

Fig. 4 Land use classification used in theWRFmodel for Domain 3. aUSGSwith all urban cover replaced by irrigated cropland, bUSGS land use data,
c USGS with all urban cover updated from 2001 MODIS satellite data, and d USGS with all urban cover updated from 2009 MODIS satellite data
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The verification statistics of T2, RH2, and WS10 for all five
cases for the entire time period are also listed in Table 3. The
average value, MB, and the root mean square error (RMSE)
are calculated. Comparing with all cases, URB09AH has the
lowest mean bias for T2 (−0.36 °C) and RH2 (1.88 %). The
RMSE of RH2 for URB09AH is also the lowest (8.60 %). The
RMSE of T2 from URB09AH is 1.79 °C, a little greater than
1.67 °C in URB01, but within the range of 0.5 °C–2.74 °C
calculated by Zhang et al. (2010a, b), Zhang et al. (2011),
Wang et al. (2013c), and Wang et al. (2014). This implies that
the updated land surface information and consideration of AH
release can improve the simulation results of T2 and RH2. The
mean bias of WS10 from URB09AH (0.97 m s−1) is a little
larger than that from URB09 (0.90 m s−1). This is because
when AH is added, more energy heats the lower atmosphere
and strengthens the urban-breeze circulation.

In summary, URB09AH simulated by the WRF/Noah/
SLUCM model compares reasonably well with the observa-
tions. The sensitivity experiments designed in our research
will next examine at the differences between each case, which
can reduce the impact of systematic differences (such as dif-
ferent model physics schemes). We therefore believe that the
WRF model is suitable and appropriate in this research.

3.2 Sensitivity experiments

3.2.1 Changes in 2-m temperature

To investigate the impact of urban expansion and AH release
on T2, simulations from five cases are compared with each
other. Figure 8a–d show the spatial differences in the 9-day
average 2-m temperature. It is clear that urban expansion and

26July
2010

4Aug
2010

( T2 )

( T2 )

( RH2 )

( RH2 )

(a)

(b)

(c)

(d)

Fig. 5 The time series of the
observed (black dot) and
simulated (red line and cross) 2-m
temperature (T2) and 2-m relative
humidity (RH2) averaged across
21 urban stations (a, c) and 9 rural
stations (b, d) from 2000 LST
July 26 2010 to 1900 LSTAugust
4 2010. Their differences are also
shown (green line and dot). The
simulation results are from
URB09AH and the gray shaded
area from 1500 LST 30 July to
0500 LST 31 July represents the
precipitation event. Units: °C for
temperature and % for relative
humidity
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AH release have a positive effect on air temperature increase.
Once the land surface type is changed from irrigated cropland
to an impervious surface with a larger heat capacity and a
more efficient heat transfer, there is a clear warming effect of
about 1.6 °C in urbanized areas on average and the maximum
warming is over 2.5 °C.

The simulated regional influence of urbanization can be
assessed by the effect index (EI) described by Zhang et al.
(2010a, b):

EI xð Þ ¼ Achange xð Þ
Aurban

; ð1Þ

where the variable x can be any meteorological parameter,
Achange xð Þ is the area in which the variable x differs between
other simulations, and Aurban is the area in which other land
use types are urbanized. Therefore, if EI xð Þ < 1, we can de-
termine that only part of the urbanized area is affected; if
EI xð Þ ¼ 1, then the entire urbanized area is affected; if

EI xð Þ > 1, an additional area including the newly urbanized
area is affected. At the same time, we also set a threshold value
to determine whether the absolute differences in the regional
average value between cases are caused by the land-use
change, such as 0.2 °C for the air temperature. Similar han-
dling methods were performed by Zhang et al. (2010a, b) and
Wang et al. (2014). By comparing URB93 and NOURB, the
warming phenomenon appears to extend outside of urban
areas with an EI ¼ 1:8. From cases of URB01 and NOURB,
the EI is nearly 3.6, indicating a clear regional influence. For
URB09 and NOURB, the EI is even larger, nearly 4.0.
According to these EI values, it can be concluded that urban
sprawl has a clear effect on the regional meteorological envi-
ronment. In addition, the EI value increases with the growing
urbanization ratio. This result represents evidence for the phe-
nomenon of Burban shadow^ caused by urbanization.
Figure 8d shows the impact of AH on 2-m temperature.
Because AH is only considered in urban areas in the WRF
model, the mean warming in urban areas caused by AH re-
lease is about 0.34 °C with an EI ¼ 1:1. Generally, the aver-
age surface air temperature in the whole domain area is in-
creased by 0.41 °C due to urbanization, with a total AH con-
tribution around 22 %.

The differences in the 9-day average 2-m maximum and
minimum temperatures and diurnal temperature ranges
(DTRs) are further discussed in Fig. 9. Analyzing the results
from URB09 and NOURB in Fig. 9a–c, the maximum tem-
perature at noon is increased by nearly 0.5 °C in urban areas as
a result of urban sprawl. The change in the minimum temper-
ature at night is more remarkable and the highest warming in
urban areas is more than 3 °C. Although both the maximum
and minimum temperatures are increased, the DTR is de-
creased by 1.24 °C in urban areas on average. The decreased

26July
2010

4Aug
2010

(WS10)

(WS10)

(a)

(b)

Fig. 6 The time series of the
observed (black dot) and
simulated (red line and cross) 10-
m wind speed (WS10) averaged
across 21 urban stations (top) and
11 rural stations (bottom) from
2000 LST July 26 2010 to 1900
LSTAugust 4 2010. Their
differences are also shown (green
line and dot). The simulation
results are from URB09AH and
the gray shaded area from 1500
LST 30 July to 0500 LST 31 July
represents the precipitation event.
Units: m s−1
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Fig. 7 Observed (black dot) and simulated (red line and dot) vertical
profiles of wind speed at Nanjing University of Information and
Science Technology (32.2° N, 118.7° E) at (a) 0200 and (b) 1400 LST
3 August 2010. Units: m s−1
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DTR reveals that the urban thermal environment is serious not
only in the daytime but also at night. Figure 9d–f reflects the
contribution of AH to the 2-m maximum and minimum tem-
peratures and DTRs. The 2-m maximum temperature in-
creases by 0.22 °C in urban areas, and the minimum temper-
ature increases by 0.28 °C. Although the emission of addition-
al AH has little influence on DTR (Fig. 9f), the potential for
AH to increase the near-surface air temperature should not be
neglected.

3.2.2 Changes in 10-m wind speed

Urbanization increases the surface roughness because of the
heterogeneous distribution of buildings and their consequent
friction effect which leads to a decrease in the near-surface

wind speed. The spatial differences in the 9-day average 10-
m wind speed and the change of the wind speed profiles over
urban areas are shown in Fig. 10. In Fig. 10a–c, once the
underlying surface type is changed, the increased surface
roughness weakens WS10, causing urban stilling. When com-
paring NOURB and the other three cases (URB93, URB01,
and URB09), the decrease of 10-m wind speed in urbanized
areas is similar (−0.44 m s−1, −0.46 m s−1, −0.47 m s−1 for the
three comparison cases, respectively), and each scenario
shows the decrease occurs on a reg iona l sca le
(EI ¼ 2:5; 3:0; 3:2 for the three comparison cases, respective-
ly. The threshold for WS10 is 0.2 m s−1). This reduction can
also be simulated in the wind profiles up to nearly 300 m.
Figure 10d shows the effect of AH release on WS10. When
an additional heat source is considered, the greater amount of

Table 3 Comparison of the observed and simulated meteorological variables

Meteorological

Variables
N_STD

a
CASE AVGb MB

c
RMSE

d

T2(ºC) 30

OBS 31.39

NOURB 29.51 − 1.88 2.37

URB93 29.91 − 1.48 2.06

URB01 30.54 − 0.85 1.67

URB09 30.77 − 0.62 1.69

URB09AH 31.03 − 0.36 1.79

RH2(%) 30

OBS 65.94

NOURB 79.75 13.81 15.82

URB92 76.15 10.21 12.75

URB01 71.34 5.40 9.35

URB09 69.43 3.49 8.92

URB09AH 67.82 1.88 8.60

WS10(m s−1) 30

OBS 0.98

NOURB 2.29 1.35 1.81

URB93 2.09 1.15 1.60

URB01 1.90 0.97 1.43

URB09 1.83 0.90 1.38

URB09AH 1.95 0.97 1.44

The numbers enclosed in squares represent better results compared with other cases

SIMi and OBSi indicate model predictions and observations, respectively
a N_STD is the number of stations
b AVG indicates the mean values of observed and simulated meteorological variables
cMB is the mean bias, MB = ∑N STD

i¼1 SIMi � OBSið Þ=N STD

dRMSE is the root mean square error, RMSE =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑N STD
i¼1 SIMi � OBSið Þ2=N STD

q
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Fig. 8 Differences in the 9-day
average 2-m temperature between
aURB93 andNOURB, bURB01
and NOURB, c URB09 and
NOURB, and d URB09AH and
URB09. Units: °C

Fig. 9 Differences in the 9-day
average 2-m maximum and
minimum temperatures and the
diurnal temperature ranges. a, b, c
URB09 minus NOURB. d, e, f
URB09AH minus URB09.
Units: °C
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energy heats the lower atmosphere and strengthens the urban
breeze circulation. In this study, the circulation increases by
about 0.1 m s−1 in urban areas due to AH emission.

3.2.3 Impacts on surface water vapor

Urbanization changes land cover from natural land surfaces to
impervious surfaces, leading to less water being available for
evaporation in urbanized areas, and this may cause an BUrban
Dry Island^. Figure 11 shows the impact of urbanization on
the 2-m water vapor mixing ratio. The influence is significant
over highly urbanized regions with a decrease of 1.1–
1.8 g kg−1 (5.4–8.9 %). The EIs are 1.2 (Fig. 11a), 1.4
(Fig. 11b), and 2.0 (Fig. 11c), respectively (The threshold
for RH2 is 0.2 g kg−1). However, the effect of AH on 2-m
water vapor mixing ratio in urban areas is less clear (only
−0.1 g kg−1).

3.2.4 Changes in potential temperature

Figure 12 demonstrates the effect of urbanization on the ver-
tical profiles of potential temperature. At night (0400 LST),
thermal inversion is simulated by all cases, but the intensity
decreases from NOURB (1.13 °C per 100 m) to URB09AH
(0.53 °C per 100 m) at heights below 300 m above the urban
surface (the area used to calculate the average value in
NOURB is over the entire irrigated cropland), due to the in-
creased near-surface air temperature caused by urbanization.

At 1600 (LST), more solar radiation is absorbed by the urban
canopy and the lower atmosphere becomes warmer; the ther-
mal inversion disappears and eventually forms an unstable
stratification below 200 m. The intensity of the unstable layer
is greater when urban sprawl and AH release are both consid-
ered (nearly −0.1 °C per 100 m in URB09AH). According to
the height–time section of the potential temperature averaged
over urban areas (not shown), the isothermal of 35 °C disap-
pears earlier and appears later with the development of urban-
ization. This leads to a shorter stratification time, and the un-
stable stratification lasts longer. The durations of the unstable
stratification are about 1 h (NOURB), 2.5 h (URB93), 3.5 h
(URB01), 4 h (URB09), and 5 h (URB09AH0).

3.2.5 Changes in urban heat island intensity

Several methods exist to calculate the urban heat island (UHI)
intensity. The traditional method is to calculate the difference
of the near surface air temperature between the urban area and
its surrounding rural areas (Miao et al. 2009; Salamanca et al.
2012; Giannaros et al. 2013). In this study, UHI intensity was
calculated by subtracting the near surface air temperature in
urban areas in URB93, URB01, URB09, and URB09AH (red
grids in Fig. 2) from the temperature in the corresponding
grids in NOURB (Wan et al. 2012; Grawe et al. 2013). The
diurnal variation of the 9-day average UHI intensity is shown
in Fig. 13. The simulated diurnal cycles of UHI intensity are
similar or all cases. From 1700 (LST), around sunset, it grows

400m
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Fig. 10 Differences in the 9-day
average 10-mwind speed (shaded
and vectors) and the changes in
wind speed profiles averaged over
urban areas between a URB93
and NOURB, b URB01 and
NOURB, cURB09 and NOURB,
and d URB09 and URB09AH.
Units: m s−1
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rapidly and reaches a maximum peak about 3.3 °C at 1900
(LST), then UHI intensity declines slightly during the night-
time and in the early morning (at 0500 LST), it rapidly
plunges. After sunrise, UHI intensity reaches the minimum
about 0.26 °C. The daily average UHI intensities for
URB93, URB01, and URB09 are 1.3, 1.6, and 1.7 °C, respec-
tively. This shows that urban sprawl can increase the differ-
ence of air temperature between urban and rural areas. Many
studies reveal that AH release has an impact on UHI intensity
(Lee et al. 2009, Feng et al. 2012). In this study, when AH is
considered, the daily mean UHI intensity increases by

0.34 °C, and the largest increase happens at 0800 (LST) about
0.62 °C. This is because the emission of AH at 0800 (LST)
reaches the peak value (Fig. 3).

3.2.6 Impacts of urbanization on heat stress index

As shown above, urban amplification and AH release signif-
icantly increase the air temperature in urban areas. The rising
air temperature affects thermal comfort of human beings and
causes heat-related health problems. Several heat stress indi-
ces (HSIs) are widely used to account for the effects of air

(a) (b)

Fig. 12 Potential temperature
profiles averaged over urban areas
at a 0400 (LST) and b 1600
(LST) on 2 August 2010. The
area used to calculate average
values in NOURB is over the
entire irrigated cropland.
Units: °C

g/kg

Fig. 11 Differences in the 9-day
average 2-m water vapor mixing
ratio. a URB93 and NOURB, b
URB01 and NOURB, c URB09
and NOURB, and d URB09 and
URB09AH. Units: g kg−1
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temperature in addition to further environmental factors on
human health (Fischer et al. 2012). In this study, a
Simplified Wet-Bulb Globe Temperature (SWBGT, hereafter
denoted W) is chosen to discuss the effect of urbanization,
with

W ¼ 0:567� T þ 0:393� eþ 3:94; ð2Þ

where T is the air temperature in °C and e is the vapor pressure
in hPa. The thresholds ofW in this study are 28, 32, and 35 to
represent high, very high, and extreme risk to health (Willett
and Sherwood 2012), respectively. During this heat wave
from 26 July to 4 August in 2010, the numbers of high, very
high, and extreme heat-stress hours are 86, 88, and 42, respec-
tively, for NOURB and 48 (decreased by 44 %), 109

(increased by 24%), and 59 (increased by 40%), respectively,
for URB09AH. Figure 14a shows the diurnal cycles of the 9-
day average heat stress index in urban areas simulated by
NOURB and URB09AH (the grids used to calculate average
values in NOURB are the same as in URB09AH). The max-
imum HSI appears in the afternoon at 1500–1600 (LST), and
the minimum HSI appears in the early morning at 0500–0600
(LST). Comparing the two cases, HSIs are nearly equal in the
daytime, but during the nighttime, HSI calculated by
URB09AH is 1.5 unit higher than that by NOURB, in agree-
ment with the results of Fischer et al. (2012). From 0700 to
0200 (LST) (about 83% of the time in a day), the value of HSI
is greater than 32 in the URB09AH case, compared with 54%
in NOURB case. The spatial distribution of the differences in
the maximum and minimum HSI between URB09AH and
NOURB in the whole domain is shown in Fig. 14b, c. The
simulated urban area contrast in maximum heat stress is not
apparent. This is because although urbanization increases the
air temperature in urban areas, it also decreases the humidity.
The warmer urban temperature and lower humidity have op-
posite effects on heat stress. However, the difference in the
minimum HSI is clearly apparent between the two cases, es-
pecially in urban areas. The average minimum HSI in urban
areas increases by about 1.6 unit. All results discussed above

Fig. 13 Diurnal variation of the 9-day average UHI intensity. Units: °C

Fig. 14 aDiurnal cycles of the 9-
day average heat stress index in
urban areas (The grids used to
calculate average values in
NOURB are the same as in
URB09AH). The spatial
distribution of the differences in b
the maximum and c the minimum
heat stress index between
URB09AH and NOURB are also
shown. Units: –
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show that urbanization raises the risk level in urban areas and
has the potential to make the living environment worse for a
longer amount of time.

4 Summary and conclusions

Rapid urban expansion and increasing urban populations have
caused remarkable modifications to the local underlying land
use type and regional environment. The change in meteoro-
logical variables in urban areas may have serious influences
on human health, especially in extreme weather events. This
paper focused on the development of a next generation meso-
scale model, WRF, coupled with a single urban canopy pa-
rameterization scheme. The aim was to quantify the effects of
urbanization on boundary layer meteorological parameters
and heat stress index over Nanjing, China, during a long last-
ing heat wave. Five scenarios (NOURB, URB93, URB01,
URB09, and URB09AH) were integrated from 26 July to 4
August 2010. The first four cases with different urban maps
were designed to compare the impacts of urban sprawl.
URB09 and URB09AH were designed to analyze the contri-
bution of AH. Model evaluation with the observed data of T2,
RH2, and WS10 indicates that the WRF model is capable of
capturing the features of urban meteorological variables over
Nanjing under a hot weather episode.

The simulated results demonstrate that urban expansion has
a regional influence on the 2-m temperature, and the mean
increase in the urbanized areas is about 1.6 °C. The urban-
average DTR decreases by −1.24 °C from NOURB to
URB09, indicating a potentially dangerous urban thermal en-
vironment. The total contribution of AH release to the
warming in urban areas is nearly 22 %. Urban sprawl was
found to have a negative impact on 10-m wind speed, due to
the increase of surface roughness in urban areas. By compar-
ing NOURB and URB09, we showed that WS10 decreases by
about 0.4 m s−1, and this reduction can be simulated from the
surface to 300 m in urban areas. However, the additional heat
energy from AH release heats the atmosphere and strengthens
the urban breeze circulation by about 0.1 m s−1. Replacing
vegetated surfaces and irrigation croplands with urban sur-
faces also leads to a decrease in humidity. RH2 decreases by
1.1–1.8 g kg−1 in highly urbanized areas but the effect of AH
release on RH2 is insignificant. Urbanization also has a large
effect on potential temperature. With the urbanization of
Nanjing city, the isothermal of 35 °C disappears earlier and
appears later, so the duration of the inversion layer is almost
4 h shorter. Moreover, the intensity of the unstable layer in-
creases in the late afternoon. As a result of urban expansion,
UHI intensity increases from 1.3 °C (URB93), 1.6 °C
(URB01) to 1.7 °C (URB09). When AH release is also con-
sidered, the UHI intensity increases by about 0.34 °C.
Urbanization increases the number of extreme heat stress

hours from 42 in NOURB to 59 in URB09AH during the
studied heat-wave, and the urban average minimum HSI in-
creases by 1.6 unit, indicating a worse living environment for
human beings.

In this paper, we have only considered the physical influ-
ence of urbanization (urban sprawl and AH release) on the
local and regional meteorological environment, and numerous
complex effects (air condition effect, drag effect) should be
further considered in this process. Furthermore, different pa-
rameterization schemes or different morphological parameters
of buildings used in UCM have different results. Aside from
the changed meteorological variables caused by urbanization,
it can also affect air quality. Therefore, further studies will be
carried out to quantify the effects of parameterization schemes
and morphological parameters and choose an optimal combi-
nation using up-to-date LULC data to study the influence of
urbanization on air quality including the feedback effects of
aerosol emission on urban meteorological environment.
Furthermore, a longer simulation time should be also consid-
ered to analyze the large-scale climatic effects caused by
urbanization.
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