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This study utilized the Weather Research and Forecasting (WRF) model version 3.5.1 to evaluate the impact of urbanization on
summertime precipitation in Osaka, Japan. The evaluation was conducted by comparing the WRF simulations with the present
land use and no-urban land use (replacing “Urban” with “Paddy”) for August from 2006 to 2010.The urbanization increased mean
air temperature by 2.1∘C in urban areas because of increased sensible heat flux and decreased mean humidity by 0.8 g kg−1 because
of decreased latent heat flux. In addition, the urbanization increased duration of the southwesterly sea breeze. The urbanization
increased precipitation in urban areas and decreased in the surrounding areas.Themean precipitation in urban areas was increased
by 20mmmonth−1 (27% of the total amount without the synoptic-scale precipitation).The precipitation increase was generally due
to the enhancement of the formation and development of convective clouds by the increase in sensible heat flux during afternoon
and evening time periods. The urbanization in Osaka changes spatial and temporal distribution patterns of precipitation and
evaporation, and consequently it substantially affects the water cycle in and around the urban areas of Osaka.

1. Introduction

Since the last century, rapid urbanization has spread across
the world.The associated land cover alteration has resulted in
the change of the surface energy budget and the local climate
in urban areas. The well-recognized impact of urbanization
is the urban heat island (UHI) effect characterized by higher
temperature in urban areas relative to their surrounding
areas.TheUHI effect may influence local circulation patterns
and precipitation events [1].

A number of studies have investigated the urbanization
impact on precipitation based on analyses of observation
data. Changnon and Huff [2] analyzed precipitation pat-
terns during the Metropolitan Meteorological Experiment
(METROMEX) in St. Louis, USA, and indicated that urban
region influenced afternoon and nocturnal heavy precipita-
tion events. Shepherd [3] analyzed 108-year precipitation data
in arid urban areas of Phoenix, USA, and revealed statisti-
cally significant increases in precipitation during monsoon

season from a preurban (1895–1949) to posturban (1950–
2003) period. Fujibe et al. [4] analyzed the long-term trend
of observed precipitation in Tokyo, Japan, and showed an
increasing trend of precipitation in the afternoon of the warm
season due to the UHI effect.

Numerical studies usingmeteorological models also have
investigated the urbanization impact. Shem and Shepherd [5]
simulated convective precipitation for two cases in Atlanta,
USA, and showed that urban areas caused precipitation
increase at downwind of the city by 10 to 13%. Zhang et al.
[6] evaluated the urbanization impact in the Yangtze River
Delta of China and showed that precipitation increased about
15% over urban or leeward areas in summer and changed
slightly in winter. Zhao et al. [7] simulated the impact of
future urbanization in the Pearl River Delta of China and
showed an important role of the urban area in enhancing the
convective circulation over the region.

Although there are many studies on the urbanization
impact on precipitation as described above, the mechanism
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Figure 1: Modeling domains with elevation, location of Osaka meteorological observatory, and southwest to northeast cross-section line (a)
and with dominant land use (b).

on the urban-induced precipitation is less understood com-
pared to that on the urban-induced higher temperature.
Therefore, further studies are still required to improve the
basic understanding of urban-induced precipitation.

This study evaluated the urbanization impact on sum-
mertime precipitation in Osaka using the Weather Research
and Forecasting (WRF) model [8] version 3.5.1. In August,
in Osaka, the mean ground-level air temperature reaches
nearly 30∘C and the daily maximum value often exceeds
35∘C. Osaka prefecture includes the third largest megacity in
Japan and is characterized by a small fraction of forest areas
and particularly high fraction of urban areas. Because Osaka
shows the largest UHI intensity among large Asian cities [9],
this study contributes to a better understanding of the impact
of urbanization on precipitation.

2. Materials and Methods

2.1. Study Area. This study focused on the urbanization
impact on summertime precipitation in Osaka, Japan.
Figure 1 shows the WRF modeling domains on the Lambert
conformal conic projection map. Domain 1 (D1) and domain
2 (D2) cover the Kinki Region of Japan and areas in and
around Osaka Prefecture, respectively. The WRF perfor-
mance was evaluated with observation data of the Japan
Meteorological Agency (JMA) at the Osaka meteorological
observatory, which is located at 135.518∘ E and 34.682∘N in
the center of the prefecture. Topography and land use in the
modeling domains were derived from the 30 sec resolution
data of the United States Geological Survey (USGS) and the
100m resolution National Land Numerical Information data
of the Geospatial Information Authority of Japan (GIAJ),
respectively. While most parts of the land areas of the Kinki
region are mountains covered with “Forest” land use, some

coastal lowlands are dominantly covered with “Urban” land
use. Since Osaka has a particularly high fraction of “Urban”
land use, the Osaka prefecture is suitable for this study.

2.2. WRF Configuration. The WRF simulations were con-
ducted with on-line one-way nesting in the two domains
(Figure 1).The horizontal grid resolutions and the number of
grid cells in the domains are 3 and 1 km and 90 × 90 and 90 ×
90 for D1 and D2, respectively. The vertical layers consisted
of 30 sigma-pressure coordinated layers from the surface
to 100 hPa with the middle height of the first layer being
approximately 28m. The land use dependent parameters
for “Urban,” “Paddy,” “Cropland,” “Grassland,” “Forest,” and
“Water” categories (Figure 1(b)) were derived from theWRF-
default parameters for “Urban and Built-Up Land,” “Irri-
gated Cropland and Pasture,” “Cropland/Grassland Mosaic,”
“Grassland,” “Mixed Forest,” and “Water Bodies” categories in
the USGS 24-category land use data, respectively.

Initial and lateral boundary conditions were derived from
the mesoscale model grid point value (MSM GPV) data
by JMA. Sea surface temperature was derived from the
high-resolution, real-time, global sea surface temperature
analysis data (RTG SST HR) by the US National Centers for
Environmental Prediction (NCEP). Variables on the ground
and in soil layers were derived from the final operational
global analysis data by NCEP (NCEP FNL). The MSM
GPV data have spatial resolutions of 0.0625∘ (longitude) ×
0.05∘ (latitude) for surface data and 0.125∘ (longitude) × 0.1∘
(latitude) for pressure level data and a temporal resolution
of 3 hours. The RTG SST HR data have a spatial resolution
of 0.0833∘ and a temporal resolution of 24 hours. The NCEP
FNL data have a spatial resolution of 1∘ and a temporal
resolution of 6 hours.The four-dimensional data assimilation
technique was not applied to the WRF simulations.
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The physics options used in this study include the Yonsei
University scheme [10] for the planetary boundary layer
(PBL) parameterization, the WRF single-moment 6-class
microphysics scheme [11], the Noah land surface model [12],
the rapid radiative transfer model [13] for the longwave
radiation, and the Dudhia scheme [14] for the shortwave
radiation. The cumulus parameterization was not activated
because of the fine horizontal grid resolutions. The urban
canopymodel (UCM)was not used based on our preliminary
test runs in which UCM caused questionable results such as
stronger surface wind speed than that in runs without UCM
(not shown).

2.3. Method for Evaluating the Impact of Urbanization. The
impact of urbanization was evaluated by comparing the
following two simulation cases: the baseline case with the
present land use data shown in Figure 1(b) and the case
with modified land use data in which “Urban” land use was
replaced by “Paddy” land use in D2.The former and the latter
cases are, respectively, referred to as URBAN and U2PAD
cases in this paper. The two simulation cases were conducted
for August of five years from 2006 to 2010 with three-day
spin-up periods from July 29 to 31.

The target region for the evaluation of urbanization
impact was defined as the “Urban” dominant grid cells in
the URBAN case in D2 except near the lateral boundaries
(distance of six grid cells). Because this study focused on
local-scale urbanization impact on precipitation, days on
which a weather front and/or tropical cyclone controlled
meteorological conditions in the target region were excluded
from the target period in order to minimize the effect of
synoptic-scale precipitation. The excluded days were those
on which a weather front stayed over or passed through
D1 according to weather maps released by JMA and/or the
minimum distance between the center of a tropical cyclone
and the lateral boundaries of D1 was less than 300 km. Based
on the definition, the target period included 22, 21, 19, 22,
and 29 days in August of 2006, 2007, 2008, 2009, and 2010,
respectively (total 113 days out of 155).

3. Results and Discussion

3.1.Model Performance. Theresults of theWRF simulation in
the URBAN case were compared with observation data at the
Osaka meteorological observatory. The model performance
was evaluated using Pearson’s correlation coefficient (𝑟), the
mean bias error (MBE), the mean absolute error (MAE), the
root mean square error (RMSE), and the index of agreement
(IA). Emery et al. [15] set benchmarks with statistical
measures for the performance of meteorological models:
MBE ≤ ±0.5∘C,MAE ≤ 2∘C, and IA ≥ 0.8 for air temperature;
MBE ≤ ±1 g kg−1, MAE ≤ 2 g kg−1, and IA ≥ 0.6 for humidity;
MBE ≤ ±0.5m s−1, RMSE ≤ 2m s−1, and IA ≥ 0.6 for wind
speed. Table 1 summarizes statistical values for the WRF
performance at the Osaka meteorological observatory in
August from 2006 to 2010. For air temperature, the model
tended to overestimate it but met the benchmark for MAE
and IA in all the five years. For humidity, the model met all
the benchmark in all the five years. For wind speed, themodel

met all the benchmark in all the five years except MB in
2009. These results and the good correlation coefficients
between the observed and simulated values indicate that
WRFwell simulatedmeteorological fields in the study period
and therefore was suitable for the evaluation of urbanization
impact.TheWRF performance in this study is comparable to
the performance of meteorological models for one- to two-
month-long simulations in Japan in the earlier studies [16, 17].

Figure 2 shows hourly time series comparisons of the
observed and simulated ground-level meteorological vari-
ables in August 2010, in which the number of the target days
for the evaluation of urbanization impact was the largest
among the five years. The simulated temporal variations of
air temperature, humidity, wind speed, and direction in the
URBAN case fairly well agreed with the observations. In
summer, meteorological conditions in the main island of
Japan are typically controlled by the Pacific high-pressure
system prevailing over the Northwest Pacific Ocean. Local
sea and land breeze circulations are well developed under the
condition. InAugust, inOsaka, air temperature is consistently
high and often exceeds 35∘C. In addition, humidity is also
consistently high because substantial amount of moisture is
supplied from the ocean. As shown in Figures 2(c) and 2(d),
while the daytime southwesterly sea breeze generally prevails
in Osaka, the nocturnal northeasterly land breeze is generally
weak and sometimes calm. Although WRF well simulated
temperature, humidity, and wind field, the model had dif-
ficulty in accurately simulating precipitation in August at
the Osaka meteorological observatory. The result indicates
that there are large uncertainties in numerical evaluations of
summertime precipitation only at specific point and/or time.
Therefore, this study evaluated the impact of urbanization for
the target region and period defined in Section 2.3.

3.2. Impact of Urbanization. Figure 3 shows spatial distri-
butions of the simulated mean ground-level meteorological
variables in the URBAN case and the differences between
the URBAN and U2PAD cases in the target period. The
differences indicate the impact of urbanization. The urban-
ization caused obvious increase of air temperature in the
target region and slight increase in the surrounding region.
The mean impact of urbanization on air temperature, which
is equivalent to the UHI intensity, was +2.1∘C in the target
region and period. At the same time, the urbanization caused
obvious decrease of humidity in the target region and slight
decrease in the surrounding region. The mean impact of
urbanization on humidity was −0.8 g kg−1 in the target region
and period. The impact of urbanization on mean wind speed
was not clear compared to air temperature and humidity.The
mean impact of urbanization on wind speed was +0.1m s−1
in the target region and period. The urbanization caused an
increase of precipitation in the target region and a decrease
in the surrounding region. The mean impact of urbanization
on precipitation was +20mmmonth−1, which was equivalent
to 27% of the total amount without the synoptic-scale
precipitation, in the target region and period.

Figure 4 shows diurnal variations of the simulated mean
ground-level meteorological variables in the URBAN and
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Table 1: Statistical comparisons between observed and simulated (URBAN) hourly meteorological variables at Osaka meteorological
observatory in August from 2006 to 2010.

2006 2007 2008 2009 2010

Temperature

Mean obs. (∘C) 29.8 29.8 28.4 28.0 30.5
Mean sim. (∘C) 30.6 30.2 29.5 29.0 30.8
𝑟 0.91 0.91 0.91 0.89 0.93

MBE (∘C) 0.8 0.3 1.1 1.0 0.3
MAE (∘C) 1.1 0.8 1.3 1.3 0.7

IA 0.93 0.94 0.92 0.91 0.96

Humidity

Mean obs. (g kg−1) 16.6 16.6 15.9 15.4 17.2
Mean sim. (g kg−1) 15.9 16.4 15.9 15.1 17.2

𝑟 0.69 0.67 0.74 0.86 0.72
MBE (g kg−1) −0.6 −0.2 0.0 −0.3 0.0
MAE (g kg−1) 1.3 1.1 1.1 1.2 0.9

IA 0.79 0.80 0.86 0.92 0.84

Wind speed

Mean obs. (m s−1) 2.7 2.6 2.7 2.3 2.5
Mean sim. (m s−1) 2.7 2.8 3.1 2.9 2.7

𝑟 0.66 0.72 0.60 0.60 0.72
MBE (m s−1) 0.0 0.2 0.3 0.6 0.2
RMSE (m s−1) 1.3 1.2 1.4 1.3 1.0

IA 0.81 0.84 0.76 0.73 0.84
Note: 𝑟, MBE, MAE, RMSE, and IA denote Pearson’s correlation coefficient, the mean bias error, the mean absolute error, the root mean square error, and the
index of agreement, respectively.
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Figure 2: Hourly time series comparisons of observed and simulated (URBAN case) ground-level meteorological variables at Osaka
meteorological observatory in August 2010.
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Figure 3: Spatial distributions of simulated mean ground-level meteorological variables in URBAN case and the differences of the variables
between URBAN and U2PAD cases in D2 in the target period for the evaluation of the impact of urbanization.

U2PAD cases in the target region and period. The urbaniza-
tion increased air temperature because of increased sensible
heat flux. The increase from midnight to dawn was remark-
able (up to 3.1∘C at 0500 local time) because large part of
the sensible heat was transported to the upper air by vertical
mixing in daytime. In addition, a part of heat accumulated
in soil layers in daytime was released to the atmosphere
as sensible heat after sunset. The urbanization decreased
humidity because of decreased evaporation from the surface,
that is, latent heat flux (almost zero in “Urban” land use).
The increased surface drag in “Urban” land use generally
decreases ground-level wind speed. On the other hand,
the increased ground-level air temperature enhanced sea
breeze circulation, which resulted in longer duration of the
southwesterly sea breeze in the target region. The above two
effects compensated each other and therefore the apparent
impact of urbanization on mean wind speed was relatively
small as shown in Figure 3(c). The increased sensible heat
flux caused remarkable increase of PBL height from noon
to evening (up to 449m at 1700 local time). This indicated
that the atmosphere over “Urban” land use was relatively
more unstable in the period and therefore convective clouds
were more easily formed and developed. As a result, the
urbanization caused obvious increase of precipitation from
afternoon to evening. The results indicate that, in the target
region, in which substantial amount of moisture is supplied
from the ocean, the sensible heat flux plays a much more
important role in summertime local precipitation than the
evaporation from the ground surface.

Figure 5 shows vertical cross-sections of simulated mean
potential temperature with wind fields in the URBAN and
U2PAD cases at 1400, 1700, and 2000 local time in the
target period. Vertical convection was generally stronger and
PBL was consistently higher in the URBAN case than in

the U2PAD case over the target region. Difference of upper
air potential temperature between the URBAN and U2PAD
cases was remarkable during afternoon, which indicates that
the increased sensible heat from the surface (Figure 4(e)) was
efficiently transported to the upper air through the enhanced
vertical mixing over “Urban” land use. While the formation
of nocturnal surface inversion layer in the target region
was simulated in the U2PAD case, release of sensible heat
accumulated during daytime prevented the formation of the
stable layer in the URBAN case. Overall, the urbanization
caused unstable condition in the atmosphere from afternoon
to evening.

Figure 6 shows horizontal distributions of precipitation
and vertical cross-sections of cloud water mixing ratio with
wind field simulated in the URBAN and U2PAD cases at
1700 local time in August 9, 2008, as an example representing
the difference between the two cases. In both cases, upward
convection occurred by the convergence of horizontal wind
in the north central region of Osaka prefecture. However,
the atmosphere over the target region was more unstable in
the URBAN case than in the U2PAD case, and therefore the
convection in the former case was much deeper. As a result,
clouds formed and developed by the enhanced convection
increased precipitation in the target region. There were other
similar cases in which the urbanization caused local-scale
precipitation associated with convective clouds in the target
region from afternoon to evening.

Figure 7 shows frequency distribution of hourly precipi-
tation intensity at each grid cell in the URBAN and U2PAD
cases in the target region and period. The frequency in the
URBAN case was higher than that in the U2PAD case in
every precipitation intensity class. The mean frequencies at
grid cell in the target region and period for precipitation ≥0.5
and≥10mmh−1 were 2.68 and 0.36% in the URBAN case and
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Figure 4: Continued.
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Figure 4: Diurnal variations of simulated mean ground-level meteorological variables in URBAN and U2PAD cases in the target region and
period for the evaluation of the impact of urbanization.
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cases at 1700 local time in August 9, 2008.

2.17 and 0.25% in theU2PADcase, respectively.Therefore, the
urbanization increased not only precipitation intensity but
also precipitation duration.

4. Conclusion

This study evaluated the impact of urbanization on sum-
mertime precipitation in Osaka, Japan, by comparing the
WRF simulations for August of five years from 2006 to 2010.
The urbanization impact was evaluated by comparing the
URBAN case with the present land use and the U2PAD case

withmodified land use data inwhich “Urban”was replaced by
“Paddy.”The target region for the evaluation was the “Urban”
dominant grid cells in the URBAN case. The target period
was the WRF simulation periods except for days with the
synoptic-scale precipitation.TheURBAN case well simulated
the meteorological fields in Osaka, characterized by high
temperature andhumidity and relatively strong southwesterly
sea breeze and weak northeasterly land breeze circulations.

The urbanization increased mean air temperature in the
target region and period by 2.1∘C because of the increased
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Figure 7: Frequency distribution of hourly precipitation intensity at each grid cell in URBAN and U2PAD cases in the target region and
period for the evaluation of the impact of urbanization.

sensible heat flux. At the same time, the urbanization
decreased mean humidity in the target region and period
by 0.8 g kg−1 because of the decreased latent heat flux. The
impact of urbanization on mean wind speed was not clear
compared to air temperature and humidity. This is because
the effect of increased surface drag was compensated by the
enhanced sea breeze circulation. The urbanization caused an
increase of precipitation in the target region and a decrease
in the surrounding region. The mean precipitation in the
target region and period was increased by 20mm month−1,
which was equivalent to 27% of the total amount without
the synoptic-scale precipitation. In addition, the frequency
in the URBAN case was higher than that in the U2PAD
case in every precipitation intensity class, indicating that
the urbanization increased not only precipitation intensity
but also precipitation duration in the target region. The
precipitation increase was generally due to the enhancement
of the formation and development of convective clouds from
afternoon to evening by the increased sensible heat flux.
The results indicate that, in the target region, in which
substantial amount of moisture is supplied from the ocean,
the sensible heat flux plays a much more important role in
summertime local precipitation than the evaporation from
the ground surface.This study showed that the urban areas of
Osaka substantially affected spatial and temporal distribution
patterns of summertime precipitation and evaporation and
consequently the water cycle in and around the areas.
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