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[1] On 5 August 2008, a localized heavy rainfall event caused a rapid increase in drainpipe
discharge, which killed five people working in a drainpipe near Zoshigaya, Tokyo. This
study compared the effects of artificial land cover and anthropogenic heat on this localized
heavy rainfall event based on three ensemble experiments using a cloud-resolving model
that includes realistic urban features. The first experiment CTRL (control) considered
realistic land cover and urban features, including artificial land cover, anthropogenic heat,
and urban geometry. In the second experiment NOAH (no anthropogenic heat),
anthropogenic heat was ignored. In the third experiment NOLC (no land cover), urban
heating from artificial land cover was reduced by keeping the urban geometry but with
roofs, walls, and roads of artificial land cover replaced by shallow water. The results
indicated that both anthropogenic heat and artificial land cover increased the amount of
precipitation and that the effect of artificial land cover was larger than that of anthropogenic
heat. However, in the middle stage of the precipitation event, the difference between the two
effects became small. Weak surface heating in NOAH and NOLC reduced the near-surface
air temperature and weakened the convergence of horizontal wind and updraft over the
urban areas, resulting in a reduced rainfall amount compared with that in CTRL.
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1. Introduction

[2] In recent years, localized heavy rainfall events over
urban areas have caused severe damage in Japan. Although
localized heavy rainfall events produce low total rainfall
amount, they can produce very intense rainfall in a limited
area and in a short time period. Intense rainfall in urban river
basins with small catchments and impervious land cover
can cause inundation of areas inside levees and increase
river channel and drainage pipe water levels rapidly. For

example, the severe localized heavy rainfall that occurred
near Zoshigaya, Tokyo, on 5 August 2008, caused a rapid
increase in discharge and killed five people working in a
drainage pipe.
[3] To improve the skill of numerical weather prediction,

considerable efforts have been made to data assimilation to
improve the initial conditions of numerical forecast models
[e.g., Kawabata et al., 2007]. Urban canopy models used in
cloud-resolving models are also being improved [e.g.,
Tanaka and Ikebuchi, 1994; Kusaka et al., 2001; Kusaka
and Kimura, 2004; Tanaka, 2004; Kanda et al., 2005; Lei
et al., 2008].
[4] Pielke et al. [2007, 2011] indicated that the urbanization

is one of the important issues for the impacts of land use and
land cover on local, mesoscale, and regional climate, includ-
ing rainfall. The Metropolitan Meteorological Experiment
conducted in St. Louis, MO, USA, in 1970, showed that urban
conditions led to increased precipitation during summer [e.g.,
Changnon and Huff, 1986; Shepherd, 2005]. Shepherd and
Burian [2003] indicated that rainfall has increased downwind
of Houston, Texas, using data derived from the precipitation
radar onboard the Tropical Rainfall Measuring Mission.
Niyogi et al. [2010] indicated that thunderstorms occurred
more frequently over Indianapolis, IN, USA, than over a rural
area based on an analysis of the radar-based climatology
of 91 summertime thunderstorm cases from 2000 to 2009.
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Kishtawal et al. [2009] found that the increasing trend in the
frequency of observed heavy rainfall events over Indian
monsoon region is more likely in regions where the pace of
urbanization is faster, by using in situ and satellite-based
precipitation and population data sets. In the Tokyo
metropolitan area, Japan, observational studies have also
suggested that the urbanization affects summer rainfall,
including localized heavy rainfall. In an analysis of 16 year
Automated Meteorological Data Acquisition System
(AMeDAS) rain gage data, Fujibe [1998] found a positive
precipitation anomaly related to the urban effect over the
central and inland areas of Tokyo. Sato et al. [2006] found that
the precipitation frequency in the metropolitan area in and
around Tokyo was remarkably higher than that in the
surrounding areas based on an analysis of 12 year radar data.
[5] Some researchers have attempted to investigate the ef-

fect of urban areas on localized heavy rainfall based on

numerical model experiments. Gero and Pitman [2006]
reported that the size of the urban area on the western plain
of central Taiwan affected the location of thunderstorms
and precipitation. Shem and Shepherd [2009] indicated that
the existence of urban areas contributed to the intensification
of convective rainfall systems in two rainfall events over
Atlanta, GA, USA. Shepherd et al. [2010] indicated that fu-
ture growth of urban land cover could cause an expansion
of heavy rainfall area over Houston, Texas. Niyogi et al.
[2010] showed that a typical storm over Indianapolis was
greatly affected by the existence of an urban area.
[6] Focusing on the Tokyo metropolitan area, Kanda et al.

[2001] carried out numerical simulations for a cumulus cloud
line over a major street in Tokyo under summer conditions
and showed that the cloud line weakened and shifted toward
a suburban area without urban heating. Moteki et al. [2005]
found that the existence of the urban area intensified a
convective rainfall event occurred in Tokyo in 1999.
Matheson and Ashie [2008] identified different urban effects
on precipitation based on numerical experiments for several
rainfall events in Tokyo.
[7] Although the impact of the urban heat island on precip-

itation over and leeward and windward of cities has been
studied using numerical models, most of them have focused
mainly on the existence of a city, based on sensitivity exper-
iments with the city artificially replaced by grassland or
forest. The influences of urban areas on the urban heat island
and precipitation include the effects of anthropogenic heat,
artificial land cover, and three-dimensional urban geometry
[e.g., Ryu and Baik, 2012]. To appropriately improve numer-
ical weather predictions and apply the results to mitigation
policies in urban planning, the impacts of urban on both
momentum exchange and heat transfer need to be assessed
separately. In addition, there is a need to understand how
individual components of the urban environment may
affect precipitation.
[8] Urban environmental components that may affect heat

transfer include anthropogenic heat from devices, such as air
conditioners and automobiles, and artificial land cover, such
as asphalt. Particularly, artificial changes in land cover and
land use simultaneously modify momentum transfer. So far,
few studies have attempted to understand the individual
effects of artificial land cover and anthropogenic heat on pre-
cipitation in urban areas. Artificial land cover on one hand
suppresses surface evaporation and on the other hand con-
verts incoming solar energy to surface sensible heat.
[9] With the aforementioned considerations, in this study

we conducted ensemble experiments using a cloud-resolving

Figure 1. Model domain (with 2 km horizontal resolution
and 45 vertical layers) and analysis regions. The thin black
contours indicate terrain heights of 100, 500, 1000, and
2000m, and the thick black contour shows the terrain height
of 0m. Region C was defined as the area in region B in which
the fraction of urban area within the 2 km grid cell exceeds
30%.
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Figure 2. Schematic diagram showing the heat budgets for the land surface in three ensemble simula-
tions: (a) CTRL, (b) NOAH, and (c) NOLC.
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model to assess the individual effects of artificial land cover
and anthropogenic heat on a localized heavy rainfall event
that occurred over Zoshigaya in Tokyo in 2008. The rest of
the paper is organized as follows. The next section describes
the numerical model used and the design of numerical exper-
iments. The results are presented and discussed in section 3.
Main conclusions are given in the last section.

Figure 3. Three hour accumulated precipitation from 11:00 to 14:00 LST (02:00 to 05:00 UTC) on 5 August
2005 from radar-AMeDAS data over region B (shown in Figure 1). The thin solid contours denote terrain
heights of 15, 30, 50, 80, 120, 200, and 300m, and the thick solid contour indicates the terrain height of 0m.
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Figure 4. Surface wind and air temperature observed by the
Automated Meteorological Data Acquisition System
(AMeDAS) averaged from 10:00 to 11:00 LST (01:00 to
02:00 UTC) over region A in Figure 1. The values of air tem-
perature were adjusted to the mean sea level. The contours
have their meanings same as those in Figure 3.

Figure 5. Surface weather map at 09:00 LST (00:00 UTC)
on 5 August 2008.
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2. Model Description and Experimental Design

2.1. Model Description

[10] In this study, the cloud-resolving model CReSiBUC
(Cloud-Resolving storm simulator coupled with Simple
Biosphere including Urban Canopy) [Souma et al., 2011,

2012, 2013; Moteki et al., 2005] was used. It consists of a
nonhydrostatic meteorological model with high parallel
computing efficiency, the Cloud-Resolving Storm Simulator
(CReSS) [Tsuboki and Sakakibara, 2002], and an advanced
land surface model including a realistic urban canopy scheme
and irrigation scheme for cropland and the Simple Biosphere
including Urban Canopy model (SiBUC) [Tanaka, 2004].
[11] The atmospheric model (CReSS) is based on non-

hydrostatic and compressible equations in terrain-following
coordinates. Prognostic variables include the three-dimensional
velocity components, perturbations of pressure and poten-
tial temperature, water vapor mixing ratio, subgrid-scale
turbulent kinetic energy, and cloud microphysical variables
[Tsuboki and Sakakibara, 2002, 2007].

Figure 6. Images obtained by infrared channel 1 of the Multi-functional Transport Satellite (MTSAT)
over Japan at (a) 10:00 LST (01:00 UTC) and (b) 13:00 LST (04:00 UTC).

I

II

Figure 7. Three hour accumulated precipitation from 11:00
to 14:00 LST (02:00 to 05:00 UTC) on 5 August 2008 in the
CTRL simulation over region B in Figure 1. The contours
have their meanings the same as those in Figure 3.
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Figure 8. Time series of maximum hourly rainfall (mmh�1)
in region D (Figure 3). The curve represents the ensemble
mean in the CTRL simulation, and the cross marks indicate
observed values derived from radar-AMeDAS. The error bars
indicate the ensemble standard deviation (spread) in CTRL.
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[12] In CReSiBUC, the land surface model (SiBUC) calcu-
lates the radiation, heat, water, and momentum budgets,
considering spatial and temporal land surface variations.
The SiBUC model includes three submodels: the green area

submodel, urban area submodel, and water body submodel.
The SiBUC model calculates grid box-averaged surface
fluxes by averaging the surface fluxes calculated in each
submodel weighted by the fractional areas of green, urban,
and water areas [Tanaka, 2004].
[13] Over urban areas, CReSiBUC considers the distribution

of heat released from anthropogenic sources, including air con-
ditioners and vehicles. CReSiBUC also considers the distribu-
tion of artificial land cover, including asphalt and geometrical
structures, such as buildings of specific heights. CReSiBUC
expresses the fraction of each building height within each grid
box in the radiation and momentum budget calculations.
[14] The urban area submodel considers the puddles on

roof, wall, and road surfaces. Their temperatures are assumed
to be the same as those of roof, wall, and road surfaces. Only
latent heat from puddles is considered in the heat budget of
roof, wall, and road surfaces.
[15] The green area submodel is based on the Simple

Biosphere Model 2 (SiB2) [Sellers et al., 1996] but includes
some simplifications from the original SiB2. The green area
submodel can consider artificial irrigation and drainage in
rice paddy fields and other croplands [Tanaka, 2004].
[16] This study used a land use data set called KS-202,

with a resolution of around 100m, prepared by the
Geographical Survey Institute (Government of Japan) to cal-
culate the fractional areas of land use.
[17] The distribution of anthropogenic heat over urban

areas was given based on data estimated by Senoo et al.
[2004] and Moriwaki et al. [2008]. They multiplied the
quantity of exhaust heat per unit area based on building
use and automobile type by distributions, such as floor
area and amount of traffic, and estimated the monthly
average anthropogenic sensible heat distribution for any
time of a day. To keep the comparison of the numerical
experiments simple, anthropogenic latent heat was not con-
sidered in this study. The fraction of each building height,
from 1 to 30 floors, within each grid box was estimated
using a data set provided by the Metropolitan Tokyo
Government Office.

Figure 9. Surface wind and air temperature simulated in
CTRL averaged from 10:00 to 11:00 LST (01:00 to 02:00
UTC) over region A in Figure 1. The values of air tempera-
ture were adjusted to the mean sea level. The contours have
their meanings same as those in Figure 3.

Figure 10. Three hour accumulated precipitation from 11:00 to 14:00 LST (02:00 to 05:00 UTC) on 5
August 2008 in region B in Figure 1 simulated in (a) NOAH and (b) NOLC. The contours have their mean-
ings same as those in Figure 3.
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[18] The leaf area index in green areas was estimated using
the normalized difference vegetation index for 10 day
composite SPOT VEGETATION data (resolution of approx-
imately 1 km) according to Ebisu et al. [2002]. Soil type was
assigned by referring to a global digital soil map produced by
the Food and Agricultural Organization of the United
Nations, which has a resolution of approximately 10 km.
[19] The initial land surface temperature was assumed to be

the same as the near-surface atmospheric temperature, and the
initial soil moisture was set at a horizontally uniform wet con-
dition (matric potential of �20m). The NOAA/NASA
Advanced Very High Resolution Radiometer Oceans
Pathfinder monthly mean sea surface temperature (SST) data
set [Casey et al., 2010], obtained from the U.S. National
Oceanographic Data Center and the Group for High-
Resolution SST, was used to give the model initial SST.
This SST data set has a resolution of approximately 4 km.
[20] Realistic initial and lateral boundary conditions of the

atmospheric variables were obtained from the mesoscale
analysis (MANAL) of the Japan Meteorological Agency
(JMA). Three-hourly MANAL data were interpolated line-
arly into hourly data.
[21] The bulk mixed-phase cloud microphysics scheme

with the mixing ratios of cloud water, cloud ice, rainwater,
snow, and graupel as prognostic variables was used for

model moist physical processes [Tsuboki and Sakakibara,
2002, 2007]. A 1.5-order closure scheme with turbulent ki-
netic energy as a prognostic variable was used for subgrid-
scale turbulent mixing processes [Tsuboki and Sakakibara,
2002, 2007]. The time interval of the large time step was
set to be 3 s and that of the small time step was set to be 0.5 s.
[22] The model domain is shown in Figure 1 and the model

atmosphere was discretized with a horizontal grid spacing of
2 km and 45 layers in the vertical (interval of approximately
300m). The height of the lowest level of the model atmo-
sphere was set to be 50m to allow the lowest layer to be con-
sidered as the urban canopy layer can be treated in the urban
area submodel. Note that a surface boundary layer including
urban and vegetation canopy was calculated in the land sur-
face model, and heat, water vapor, and momentum fluxes
from the canopy layer were transferred to the atmospheric
model. Although the lowest level of the model atmosphere
is not low enough with sufficient near-surface vertical resolu-
tion to accurately simulate the nocturnal boundary layer and
minimum temperature as indicated in McNider et al. [2012],
it would not affect the main results of this study because the
major concerns of this study are daytime convective bound-
ary layer and maximum temperature.
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Figure 11. Time series of maximum hourly rainfall (mmh�1) in region D (see Figure 3). The curve rep-
resents the ensemble mean in (a) NOAH and (b) NOLC. The error bars indicate the ensemble standard de-
viation (spread).
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Figure 12. Time series of maximum hourly rainfall (mm
h�1) in region D (see Figure 3) for the ensemble mean in
CTRL, NOAH, and NOLC.
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Figure 13. Time series of t value of maximum hourly rain-
fall in region D (see Figure 3) for the differences in the en-
semble mean between NOAH and CTRL and between
NOLC and CTRL. The horizontal dashed lines indicate the
95% confidence level (t value = 2.571 and �2.571).
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2.2. Experimental Design

[23] CReSiBUC described above was used to conduct
three ensemble experiments. The first experiment consid-
ered realistic land cover and urban features, including artifi-
cial land cover, anthropogenic heat, and urban geometry,
and was referred to as CTRL. A schematic diagram of the
heat budget for the land surface in CTRL is shown in
Figure 2a. The second experiment (NOAH) considered the
actual artificial land cover and urban geometry, but anthro-
pogenic heat was ignored (as shown in Figure 2b). The third
experiment (NOLC) also considered the actual artificial
land cover and urban geometry but roofs, walls, and roads
were replaced with shallow water of 0.1mm deep to reduce
urban heating from artificial land cover (as shown in
Figure 2c). In a previous study, we carried out the no urban
landscape experiment in which the urban area was replaced
by rice paddy field [Souma et al., 2013]. In that case, the
effect of urban heating could not be isolated from that of
urban geometry. To reduce only the heating from artificial
land cover while keep the urban geometry, the NOLC
experiment was designed in this study. Furthermore,
because the focus of this study was on the different effects
of urban heating, urban geometry (building height distribu-
tion) was prescribed.

[24] The land surface heat budget equation over an urban
area can be written as

Rn þ Qm ¼ Gþ Hs þ Le; (1)

where Rn is the net radiation, Qm is the anthropogenic heat,G
is the ground heat flux, Hs is the surface sensible heat flux,
and Le is the surface latent heat flux. In NOAH, Qm was ig-
nored; therefore, Hs was expected to be lower over the urban
area than in CTRL. In NOLC, the shallow water surface re-
duced surface heat flux as energy from solar radiation was
used mostly for surface evaporation. However, the urban
geometric shape (the building height distribution) and an-
thropogenic heat remained unchanged.
[25] Six members with initial conditions spanning 5 h from

02:00 to 07:00 local standard time (LST) on 5 August 2011
were carried out for each experiment as done in Sen et al.
[2004]. The model was integrated continuously through
18:00 LST for each member run. To reduce the effect of
chaotic behavior due to small differences in initial conditions,
results of each experiment were considered in terms of the
ensemble mean of the six member runs. For the spatial distri-
bution of each physical quantity or the peak rainfall, the values
of each ensemble member were averaged for each grid cell.

3. Results and Discussion

3.1. An Overview of the Localized Heavy Rainfall of 15
August 2008

[26] On 5 August 2008, four precipitation cells near
Tokyo’s Toshima Ward were monitored from 11:00 LST
(02:00 UTC) to 14:00 LST (05:00 UTC) by the X-band
multiparameter radar (MP-X) of the National Research
Institute for Earth Science and Disaster Prevention, radar and
surface rain gages of Japan Meteorology Agency (JMA)
[Kato and Maki, 2009]. More than 80mm of rainfall was
recorded between 12:00 LST (03:00 UTC) and 13:00 LST

Table 1. Terms of the Land Surface Energy Budget (Equation 1;
W m�2) Averaged From 10:00 LST (01:00 UTC) to 11:00 LST
(02:00 UTC) and Averaged Over Region C in Figure 1

CTRL NOAH NOLC

Hs 174.2 162.3 80.1
Le 81.5 81.2 295.0
Rn 439.4 445.1 489.1
Qm 20.0 0.0 20.0
G 203.6 221.7 134.0

Figure 14. Differences in the ensemble means of sensible heat flux (Wm�2) (a) between NOAH and
CTRL (NOAH–CTRL) and (b) between NOLC and CTRL (NOLC–CTRL) averaged from 07:00 to
08:00 LST (22:00 to 23:00 UTC) in region A (see Figure 1). Thick contours of �30, �10, and
�1Wm�2 are shown in dash, and contours of 1, 10, and 30Wm�2 are shown in solid. The contours for
terrain height are the same as those in Figure 3.
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(04:00 UTC) in a localized heavy rain area (about 5 km2).
Although the intensity was slightly smaller than that from
MP-X, radar calibrated by AMeDAS rain gage data (radar-
AMeDAS) provided by JMA (shown in Figure 3) also showed
similar localized heavy rain areas.
[27] Figure 4 shows the averaged air temperature adjusted to

the mean sea level and wind speed observed by AMeDAS be-
tween 10:00 LST (01:00 UTC) and 11:00 LST (02:00 UTC).
Overall, the northeasterly wind fromKashima Nada prevailed.
The northeasterly wind changed to the northerly wind near
Tokyo due to the temperature difference between northern
and southern Kanto and converged with wind from Tokyo
Bay. This means that the horizontal wind convergence
occurred prior to precipitation.
[28] Figures 5 and 6 show, respectively, the weather map

and the infrared images taken from an infrared sensor of the
Multi-functional Transport Satellite (MTSAT). A stationary
front and the associated clouds were detected over northern
Kanto at 10:00 LST (01:00 UTC) prior to precipitation
(Figures 5 and 6). The cloud distribution was assumed to
have suppressed temperature increase in northern Kanto,
while temperature in southern Kanto relatively increased.

3.2. Precipitation Simulated in CTRL

[29] Figure 7 shows the 3 h accumulated precipitation from
11:00 LST (02:00 UTC) to 14:00 LST (05:00 UTC) simu-
lated in CTRL. By comparing Figures 3 and 7, one can see
that the intense precipitation area in Tokyo simulated in
CTRL (precipitation area I in Figure 7) was slightly more in-
land than that observed. Furthermore, precipitation in Chiba
(precipitation area II in Figure 7) appeared to the north of that
observed (in analysis region B).
[30] The time series of the maximum hourly rainfall in

region D, where intense precipitation was observed (Figure 3),
is shown in Figure 8. The peak value of 76.4mmh�1 was sim-
ulated from 12:20 LST (03:20 UTC) to 13:20 LST (04:20
UTC) in CTRL. According to the 2 km grid-averaged value

of radar-AMeDAS, the peak rainfall of 61.0mmh�1 occurred
from 12:00 LST (03:00 UTC) to 13:00 LST (04:00 UTC). The
peak value in CTRLwas slightly larger than that observed and
was delayed by about 20min. Except for these discrepancies,
the intense precipitation event in Tokyo was simulated reason-
ably well. Therefore, CTRL provided a reasonable representa-
tion of the time evolution of hourly maximum rainfall in
Tokyo area. By comparing Figures 4 and 9, one can see that
the CTRL simulation also reproduced the temperature differ-
ence between northern and southern Kanto and the conver-
gence of the northerly wind in Tokyo with the southerly
wind from Tokyo Bay.

3.3. Precipitation in Two Sensitivity Experiments

[31] As can be seen from Figures 7 and 10a, the localized
heavy rainfall simulated over Tokyo (precipitation area I in
Figure 7) in NOAH was weaker than that in CTRL and was
clearly weakened and shifted westward in NOLC compared
to that in CTRL (Figures 7 and 10b). As shown in Figures 10a
and 10b, the reduction of precipitation was larger in NOLC
than in NOAH.
[32] The time series of the maximum hourly rainfall in re-

gion D in each ensemble experiment is shown in Figures 11
and 12. The curve represents the ensemble mean, and the er-
ror bars indicate the standard deviation (spread) among the
ensemble members. Although we used six ensemble mem-
bers in this study, the ensemble standard deviation was not
small and reflected the internal variability. Additionally,

Figure 15. Differences in the ensemble means of near-surface air temperature (K) (a) between NOAH and
CTRL (NOAH–CTRL) and (b) between NOLC and CTRL (NOLC–CTRL) averaged from 10:00 to 11:00
LST (02:00 to 03:00 UTC) in region A (see Figure 1). Contours of�2,�0.5,�0.1K are shown in thick and
dash, and contours of 0.1, 0.5, and 2K are shown in solid. The contours for terrain height are the same as
those in Figure 3.

Table 2. Precipitable Water (PW: kg m�2) and Static Stability
Index (SSI: K) Averaged From 10:00 LST (01:00 UTC) to 11:00
LST (02:00 UTC) Over Region C in Figure 1

CTRL NOAH NOLC

PW 62.7 62.6 63.2
SSI 1.2 1.2 1.4
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compared with some previous studies using five ensemble
members [e.g., Sen et al., 2004], the six ensembles used in
this study are marginally acceptable although more members
could further improve the significance.
[33] The t test was carried out to detect the confidence level

for the time series of maximum hourly rainfall in region D at
every 10min with t values shown in Figure 13. The differ-
ence in the time series of regional maximum hourly rainfall
from 11:50 to 13:30 LST (02:50 to 04:30 UTC) except for
13:00 LST (04UTC) between CTRL and either NOAH or
NOLC is statistically significant over 95% confidence level
by the t test for each time interval (as shown in Figure 13).
[34] The maximum difference between NOAH and CTRL

was�26.2mm at 12:20 LST (03:20 UTC) and that between
NOLC and CTRL was�44.2mm at 12:40 LST (03:40 UTC).
The averaged difference from 11:50 to 13:30 LST (except for
13:00 LST) between NOAH and CTRL was �19.2mm and
that between NOLC and CTRL was �33.8mm. The results
thus suggest that both anthropogenic heat and artificial land
cover intensified precipitation and the effect of artificial land
cover was larger than that of anthropogenic heat in this rainfall
event. Note that in the middle stage of the precipitation
event (13:30 LST; 04:30 UTC), the difference in area-averaged
maximum hourly rainfall between NOAH and CTRL was
�17.3mm and that between NOLC and CTRL was
�12.0mm, suggesting that in the middle stage of the precipita-
tion event, the difference between the two effects became small.

3.4. Effects of Anthropogenic Heat and Artificial Land
Cover on Precipitation

[35] Table 1 shows the land surface heat budget averaged
between 09:00 and 10:00 LST prior to precipitation, and
Figure 14 shows the differences in sensible heat flux between
NOAH and CTRL and between NOLC and CTRL, respec-
tively. As expected, the sensible heat flux from land surface
to the atmosphere was noticeably smaller in both NOAH
and NOLC than in CTRL. Consistently, as shown in

Figure 15, prior to precipitation, the temperature near the
land surface of the urban area is lower in both NOAH and
NOLC than in CTRL. In both NOAH and NOLC, the lower
temperature over the urban area weakened both the northerly
wind from the north and the southerly wind from Tokyo Bay
toward Tokyo. As a result, the horizontal wind convergence
and accompanying upward motion weakened in the urban
area, resulting in relatively less precipitation in NOAH and
NOLC, as shown in Figure 16.
[36] The differences in sensible heat flux, near-surface

temperature, and surface wind convergence between
NOAH and CTRL appeared in a more limited area over
Tokyo than those between NOLC and CTRL. The differ-
ences in a more limited area between NOAH and CTRL
resulted in a weaker effect on precipitation in NOAH than
in NOLC in the early stage of the precipitation event. This
is because high anthropogenic heat occurred in a limited area
of Tokyo. As we can see from Table 1, the averaged effect of
anthropogenic heat on sensible heat flux was smaller than
that of artificial land cover.
[37] In the middle stage of the precipitation event, the ef-

fect of artificial land cover became weaker because the sur-
faces of artificial land cover became wetter and the
incoming solar radiation became smaller due to the effect
of clouds. In contrast, the effect of anthropogenic heat
remained almost unchanged under the rainfall condition.
These explain why the difference between the two effects be-
came small in the middle stage of the precipitation event.

3.5. Associated Changes in Evaporation

[38] In NOLC, the decrease in sensible heat flux was also
accompanied by substantial decreases in the amount of stored
heat and upward longwave radiation because of the lower
surface temperature. Since a large proportion of these ener-
gies were consumed by surface evaporation, the latent heat
flux increased more in NOLC than in CTRL.

Figure 16. Differences in the ensemble means of horizontal wind convergence (10�4 s�1) and near-
surface wind speed (m s�1) (a) between NOAH and CTRL (NOAH–CTRL) and (b) between NOLC and
CTRL (NOLC–CTRL) averaged from 10:00 to 11:00 LST (02:00 to 03:00UTC) in region A (see
Figure 1). Contours of �2, �0.5, and �0.1 are shown in thick and dash, and contours of 0.1, 0.5, and 2
are shown in solid. The contours for terrain height are the same as those in Figure 3.
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[39] Table 2 shows the Showalter stability index (SSI),
which describes the static stability of the atmosphere and is
defined as the difference between the temperature of an air
parcel lifted adiabatically from 850 to 500 hPa and the actual
temperature at 500 hPa. As seen from Table 2, although
evaporation (latent heat flux) increased in NOLC, no signifi-
cant differences were observed in precipitable water because
of the reduced moisture convergence from the surroundings.
In addition, surface temperature was lower in NOLC and
thus, the atmosphere was more stable in NOLC than that
in CTRL.
[40] Because Tokyo is located in the coastal region,

changes in surface evaporation were mainly compensated
by moisture convergence. As a result, changes in surface
evaporation did not significantly affect precipitation for the
studied case.

4. Conclusions

[41] This study investigated the respective effects of an-
thropogenic urban heat and artificial land cover on the local-
ized heavy rainfall event occurred on 5 August 2008 in the
Zoshigaya area of Tokyo’s Toshima Ward. Three ensemble
experiments were conducted: One experiment considered
the actual urban features, the second experiment ignored only
anthropogenic heat, and the third experiment reduced urban
heating due to artificial land cover while kept the urban
geometry unchanged.
[42] The results indicated that both anthropogenic heat and

artificial land cover intensified precipitation, significant over
95% confidence level as detected by t test. The rainfall event
examined in this study was quite similar to that studied by
Matheson and Ashie [2008], who reported a strong urban ef-
fect on rainfall amount over the urbanized area (both events
occurred over the heavily urbanized area of Tokyo). The ef-
fect of artificial land cover in this study was greater than that
of anthropogenic heat in the early stage of precipitation.
However, in the middle stage of the precipitation event, the
difference between the two effects became small.
[43] In the experiment with decreased urban heating, the

decrease in precipitation was mainly related to the lower sur-
face temperature of the urban area and the weakened horizon-
tal wind convergence and the associated upward motion. The
smaller sensible heat flux, near-surface temperature, and sur-
face wind convergence, seen in a more limited area, resulted
in a weaker effect on precipitation in NOAH than in NOLC in
the early stage of precipitation. This is because high anthro-
pogenic heat only occurred in a limited area of Tokyo and
the average effect of anthropogenic heat on sensible heat flux
was smaller than that of artificial land cover.
[44] In the middle stage of the precipitation event, the ef-

fect of artificial land cover weakened because the surfaces
of artificial land cover became wet due to precipitation and
the incoming solar radiation was reduced by clouds. In con-
trast, the effect of anthropogenic heat remained almost
unchanged even under the rainfall condition. These explain
why the difference between the two effects became small in
the middle stage of the precipitation event.
[45] In addition to the effect of urban heating, the effects of

urban geometry [e.g., Ryu and Baik, 2012] and enhanced
aerosols serving as cloud condensation nuclei in the urban
environment [e.g., van den Heever and Cotton, 2007] on

urban weather and climate have also been reported. These ad-
ditional effects could be compared with the effects of anthro-
pogenic heat and artificial land cover examined in this study
in future work. In this study, ensemble experiments were uti-
lized to assess the urban effect. However, only six members
for each experiment were conducted. In future studies, more
ensemble members and higher spatial resolution can be used
to enhance the robustness of the findings and to achieve im-
proved simulations. In addition, multiple case studies will
also be helpful for clarifying conditions under which the ef-
fects of anthropogenic heat and artificial land cover become
more important than other unban environmental conditions,
as investigated in Matheson and Ashie [2008].
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