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A B S T R A C T

This study examines turbulent airflow and upward heat transport in real urban environments using a building- 
resolving large-eddy simulation model to understand the characteristics of turbulent airflow and upward heat 
transport when geometrical distributions of buildings are modified. The target areas were two real urban districts 
within Osaka City, Japan, having different morphological features. In the numerical experiments, the initial 
condition was set to a neutral condition in which temperature is uniformly distributed vertically, and buildings 
emitted heat at a constant rate. The results in the two districts indicated that the features of turbulence and heat 
transport distinctly differed with different building arrangement. Specifically, taller buildings significantly 
decelerated airflows and induced warming behind buildings. More high-rise buildings (which resulted in a larger 
building variability) in a district with a larger building density caused a large heat flux and warming at higher 
levels. The sensitivity experiments in which a density and height variability of buildings were modified showed 
that a building density at higher levels and a building height variability significantly influenced warming at 
upper levels. An increased building height variability weakened wind speed and disturbed horizontal heat 
advection, whereas a large building density caused numerous heat sources.

1. Introduction

The urban heat island (UHI) is a phenomenon with which surface 
temperatures are higher in cities than in their surrounding rural areas 
(Oke, 1982). Urban heating results from their lower albedo, less water 
available for evaporative cooling, higher potential for heat storage, and 
greater heat emissions from buildings and man-made structures, 
compared with areas having other land uses (Taha, 1997; Chapman 
et al., 2018). Previous studies have simulated effects of UHI on meteo
rological fields using meso-scale numerical models (Silva et al., 2021; 
Oleson et al., 2008; Chapman et al., 2019; Dudorova and Belan, 2022).

Recent studies clarified that local warming by UHI can trigger local- 
scale rainfall and intensify convective precipitation in urban areas 
because of the destabilization by boundary-layer warming in urban 
areas. Lin et al. (2011) evaluated the effects of UHI on precipitation in 
Taiwan using the Weather Research and Forecasting (WRF) model 
coupled with an urban canopy model. They pointed out that reproduc
ing precipitation under the UHI conditions required an accurate 
land-use classification. Steensen et al. (2022) examined precipitation in 
city areas under the influences of UHI in historical and future climate 

scenarios. They demonstrated that UHI-induced precipitation decreased 
in a warmer future climate compared with a historical climate condition. 
These studies demonstrated that the UHI had an impact on precipitation 
patterns in urban areas from a mesoscale point of view. In addition, the 
effects of the UHI on precipitation should also be investigated from a 
microscale point of view through examining upward heat transports 
influenced by building structures, which may contribute to triggering 
convective clouds and precipitation.

In the atmospheric boundary layer influenced by the UHI, turbulence 
plays an important role in transporting momentum, heat, water vapor, 
pollutants etc. to upper levels. Turbulence in the atmospheric boundary 
layer develops through mechanical and/or thermal generation. The 
mechanical generation of turbulence is determined mainly by vertical 
gradients of winds that are due to the friction near the ground. This 
process is more complicated in densely built urban districts because of 
variable spatial gradients of winds especially around building walls. 
Buoyancy generated by atmospheric heating develops the thermal 
generation of turbulence. In urban districts, buildings and man-made 
structures as well as the ground surface serve as heat sources for the 
urban boundary layer, which critically depends on the geometrical 
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distribution of buildings and structures (Ichinose et al., 1999; Dong 
et al., 2017). Formation of stagnant flows within densely build envi
ronments also influences heat transfer. Duan and Takemi (2021)
examined gustiness in the urban boundary layers under stably and un
stably stratified conditions, demonstrating that gustiness increased 
monotonically with boundary-layer instability in unstable conditions 
while plateaued in stable boundary layer. Therefore, both turbulence 
generation processes interact with each other and are influenced by 
building arrangement in urban areas. In the numerical models, repro
ducing turbulent transport of momentum and heat in the urban 
boundary layer caused by these processes requires resolving explicitly 
arrangement of buildings when simulating.

The building arrangement in urban areas is characterized by various 
geometrical parameters such as maximum building height Hmax, average 
building height Have, plan area density λp, and variation of the building 
height σ (Nakayama et al., 2011; Duan and Takemi, 2021). Previous 
studies examined the relationship between these parameters and fea
tures of turbulence and heat transport by conducting building-resolving 
large-eddy simulations (LESs). For example, Yoshida et al. (2018)
investigated the relationship between building arrangement parameters 
and turbulent flow structures in Kyoto, Japan. Kanda et al. (2013) pre
cisely estimated drag over Tokyo. Duan et al. (2023) examined turbulent 
structures in real urban cities to connect ventilation with urban 
geometrical features. Park et al. (2015a) compared features of airflow 
and turbulent momentum fluxes in downstream areas of apartment 
complexes, behind high-rise buildings, and in a park area in a real city 
and identified their distinct characteristics depending on geometrical 
natures of each district within a city. These studies revealed that the 
influence of urban geometrical features on wind speed and turbulence 
structures appeared differently in real urban areas (Giersch et al., 2022; 
Wang et al., 2024). However, these previous studies mentioned above 
examined flows primarily under neutral conditions and did not consider 
heat emission and transport.

Other previous studies have investigated turbulent airflow and heat 
transports in urban boundary layers under various stability conditions 
(Duan and Ngan, 2019; Hong and Lin, 2015). For example, Park and 
Baik (2013) explored the structure of turbulent flows in unstably strat
ified environments, while Duan and Takemi (2021) quantified the 
relationship between airflow variability and urban geometrical features 
in a real urban district (Osaka, Japan). Pedestrian-level thermal envi
ronments have also been a focus of research. Wang et al. (2021) inves
tigated how urban geometrical features and thermal conditions 
influenced pedestrian-level ventilation, and Oh et al. (2024) examined 
the combined effects of the UHI on thermal comfort in Seoul, Korea. 
Mortezazadeh et al. (2021) assessed an impact of urban heatwaves on 
thermal conditions around buildings in real urban settings. Although 
these studies have advanced our understanding of turbulent airflow and 
heat transfer in urban environments, they have primarily focused on 
ground-level heat exchanges. The role of upward heat transport, 
particularly in connection to urban heat emissions from buildings, has 
not been extensively addressed. This upward heat transport plays a 
critical role in urban meteorology by potentially triggering localized 
rainfall events. Addressing this gap is essential to advancing our un
derstanding of the UHI effects and its broader meteorological impacts.

The purpose of this study was to investigate the impacts of the urban 
geometrical features on turbulence and upward heat transport in real 
urban districts. Urban heating was represented with the heat release 
from building surfaces; we ignored the sensible heat flux from the 
ground surface to reveal the influence of building-façade heating. Real 
urban geographical information data were used as the building geom
etry. A building-resolving LES model was used to simulate airflow and 
upward heat transfer in two actual urban districts, with the real building 
geometry explicitly resolved. We conducted sensitivity experiments 
with the urban geometry varied through changing the density and 
height of buildings.

This paper is organized as follows. Section 2 describes the actual 

urban areas and the configuration of the LES model. Section 3 presents 
the results of the numerical simulations. Conclusions are given in Sec
tion 4.

2. Numerical model and simulation setups

2.1. Numerical model and experimental configurations

We used PALM (Parallelized Large-eddy Simulation Model) v22.10 
(Maronga et al., 2020) which was developed by Leibniz Universität 
Hannover, Germany. PALM solves the Navier-Stokes equations with the 
Boussinesq approximation in a non-hydrostatic, incompressible frame
work. A 1.5-order closure scheme of Deardorff (1980) was implemented 
as the subgrid-scale model of turbulence.

To generate turbulence, we conducted experiments comprising two 
stages: the precursor and the main run. The precursor run was intended 
to generate a fully developed turbulent inflow for the main run by 
employing the periodic lateral boundary conditions for the precursor 
computational domain. The boundary condition at the inlet of the main 
run was the Dirichlet condition combined with the turbulence recycling 
method (Lund et al., 1998; Kataoka and Mizuno, 2002). This recycling 
method extracted turbulent components φʹ(y, z, t) from a recycling plane 
at a fixed location xrec, which was a distance from the inlet. φʹ(y, z, t) was 
computed by 

φʹ(y, z, t)=φ(xrec, y, z, t) − 〈φ〉y(z, t), (1) 

where 〈φ〉y(z, t) was the averaged prognostic variables along the y 
(spanwise) direction at x = xrec. The inflow profiles φinlet(y, z, t) were 
computed using φʹ(y, z, t) and 〈φinlet〉y(z) as 

φinlet(y, z, t)= 〈φinlet〉y(z) + φʹ(y, z, t). (2) 

At the outflow boundary, the velocity components satisfied the ra
diation boundary conditions.

We configured a three-dimensional computational domain on the 
Cartesian coordinates with the eastward direction (streamwise) defined 
as the x-axis, the northward direction (spanwise) as the y-axis, and the 
vertical direction as the z-axis. No-slip boundary conditions were 
applied for the velocity components on solid surfaces, and Neumann 
boundary conditions were imposed at the domain top. Neumann 
boundary conditions were also applied for the potential temperature at 
solid boundaries. Periodic boundary conditions were imposed at the 
lateral boundaries along the y-axis. The bottom boundaries and the walls 
of all buildings were Neumann conditions for potential temperature. We 
implemented the Monin–Obukhov similarity theory near solid surfaces 
with a roughness length of z0,m = 0.1 m for the momentum and scalars 
(Park et al., 2015b; Duan et al., 2023).

We prescribed a pressure gradient in the x-direction with the amount 
of ΔP = 0.6 × 10− 3Pa m− 2 between the inflow and outlet boundaries, 
and thus streamwise airflow was east direction. Initially, a uniform 
potential temperature (θ = 300 K) throughout the computational 
domain was prescribed. Under these conditions, the wind speed reached 
approximately 10 m s− 1 above 100-m height if no-building surface.

Two areas were chosen within Osaka City for the present LESs 
(described later in Section 2.3). We conducted two numerical experi
ments for each area: one with heat emission (referred to as HE) and one 
without heat emission (referred to as NH). In the NH experiment, no 
heat flux was prescribed throughout the computational domain. In the 
HE experiments, constant heat flux at a rate of 0.02 K m s¡1 was set to 
emit at all buildings. The magnitude of this heat flux was equivalent to 
about 23 W m¡2, which was comparable with the artificial exhaust heat 
estimated by Moriwaki and Kanda (2005). The configuration in this 
study served as a somewhat idealized boundary condition for the heat 
flux, deliberately excluding sensible heat flux from the ground surfaces. 
This simplification of excluding flux from the ground surface is to isolate 
and focus on the impact of heat transport caused solely by building 
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arrangement. Considering sensible heat flux would obscure the effect of 
the building arrangement near the surface, because the amount of sen
sible heat flux from the ground surface is about three times larger than 
that from building surfaces (Moriwaki and Kanda, 2005).

The horizontal grid spacing was Δx = Δy = 2 m. In the vertical di
rection, the grid spacing was Δz = 2 m below the 80-m height and was 
vertically stretched with a factor of 1.08 above the 80-m height, 
resulting in the maximum Δz of 16 m. The total number of vertical layers 
was 82, yielding a domain height of about 500 m. An iterative multigrid 
scheme was used to solve the Poisson equation for the perturbation 
pressure. We used the 5th-order upwind scheme of Wicker and Ska
marock (2002) and the third order Runge-Kutta scheme for the mo
mentum equation. The integration times were 21,600 s (6 h) for the 
precursor run to spin-up the boundary-layer flow and another 3600 s (1 
h) for the main run. We analyzed the results obtained from 3600 s 
integration in the main run. The sampling duration, i.e. 3600 s beyond a 
6 h precursor run, had proven sufficient for ensuring a fully developed 
turbulent boundary-layer flow over idealized and real urban topogra
phies (Wang et al., 2023; Duan et al., 2023). The sampling interval was 
set to be 10 s, which has proven suitable for satisfactory separation of 
adjacent correlated motions for canyon flow developed over roughness 
elements mounted on the ground surface.

Horizontal computational domains covered an area of x× y =

1184 m × 544 m in the main runs. The domain in the main run was 
wider along the streamwise direction than in the precursor run to pre
vent numerical instability near the outlet of the radiation boundary 
condition. The focused urban domains were set in a 500 m× 500 m area, 
surrounded by a buffer zone of 86 m around the inflow boundary of the 
x-direction and 22 m both side of the boundaries of the y-direction 
(Duan et al., 2023). Regularly distributed roughness blocks, each 10 m 
in height, were placed in the buffer zone to maintain inflow turbulence 
structures. Around the outlet boundary had a longer buffer zone to 
ensure computational stability.

2.2. Urban computational domains and building data

The building distributions in the real urban districts in Osaka City, 
Japan were based on the Geographic Information System data consisting 
of Digital Elevation Model (DEM) and Digital Surface Model (DSM) data 
at 2-m resolution, obtained from Kokusai Kogyo Co., Ltd. In the present 
numerical simulations, we selected two business districts within Osaka 
as areas having distinct geometrical features with each other: an area 
around Osaka Station (OS) in the northern part of Osaka City, and an 
area around Kyocera Dome Osaka (KD) in the western part of Osaka City 
(Fig. 1a and b, respectively). Fig. 2 illustrates the frequency of building 
height, as well was the values of some urban morphological parameters 
in each calculation domain. The parameters chosen here are the 
maximum building height (Hmax), the averaged building height (Have), 

Fig. 1. Building height of the calculation domains around (a) Osaka Station (OS), (b) Kyocera-dome Osaka (KD), (c) Virtual Osaka Station 1 (V-OS1), and (d) Virtual 
Osaka Station 2 (V-OS2). Upward is the north direction.

Fig. 2. The frequency distribution of the building height in the (a) OS, (b) KD, 
(c) V-OS1, and (d) V-OS2 areas, with the values of some urban morphological 
parameters listed in the inset of each panel. The indicated parameters in the 
insets are: the maximum building height (Hmax), the averaged building height 
(Have), the building height variability (σ), and the plan area index (λp).
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the building height variability (σ), and the plan area index (λp). Building 
height variability was defined as the standard deviation of building 
heights within the calculation domain. Noted that the sum of the values 
along the x-axis of Fig. 2 was equal to the value of λp. The OS area 
contained 5 high-rise buildings whose tops exceeded the height of 100 
m, with the average building height buildings Have being about 30 m and 
the building height variability being about 35.11 m. These parameters 
were larger than that in KD (Fig. 1a, 2a and 2b). The building packing 
density, i.e., plan area index λp, indicated that 73% of the OS area was 
covered by buildings. In contrast, the KD area had lower but wider 
buildings compared with those in the OS area. The building height 
variability, the plan area index and the average building height in the 
KD area were smaller than those in the OS area (Fig. 2b).

In addition to these real urban areas, we created virtual areas by 
modifying the height and packing density of the buildings in the OS area. 
Buildings taller than 52 m in the OS area were changed into a uniform 
height of 52 m. This height was chosen to make the height variability of 
the OS area equivalent to that of the KD area (Fig. 2c); this area is 
referred to as V-OS1 (Fig. 1c). In another experiment, we adjusted the 
building packing density to match that of the KD area by removing 
buildings in certain parts of the OS area (Fig. 2d); this modified area is 
referred to as V-OS2 (Fig. 1d). The geometrical features of the area with 
buildings removed appeared to be similar to that of the area between 
x = 400 − 500 m in the KD area, as displayed in Fig. 1d. It was noted 
that some buildings had discontinuous surfaces, which may seem to 
impact numerical stability. The choice of the areas was intended to keep 
the similarity of the urban morphological parameters. We found that the 
discontinuous buildings did not affect numerical stability; the buffer 
zone surrounding the urban domains enabled the calculation domains to 
keep calculating under numerical stability which smoothly generated 
turbulence at the inflow boundaries.

2.3. Model validation

Previous studies have validated the performance of the PALM model 
(Abd Razak et al., 2013; Kanda et al., 2013; Wang and Ng, 2018; Duan 
and Ngan, 2020; Wang et al., 2023). Park and Baik (2013) conducted 
experiments with and without heat flux from the ground surface in an 
ideal area covered with roughness blocks. Their simulation results 
demonstrated that the vertical profiles of wind velocity and temperature 
in both experiments agreed with the results from the wind tunnel 
experiment (Uehara et al., 2000). Duan and Takemi (2021) validated 
turbulent airflows over an urban area using PALM under thermally 
stratified conditions. They indicated that the estimated gustiness sta
tistically satisfied observed results in the urban turbulent boundary layer 
according to the local maximum wind speed, wind fluctuation and tur
bulence intensities and fluxes. He et al. (2022) used PALM to simulate 
airflow over urban areas and to compare the model outputs with 
wind-tunnel measurements. Their finding indicated that the coefficient 
of determination between the model results and the measurements 
exceeded 0.6, supporting the reliability of PALM to reproduce airflows 
densely built areas. We indicated especially the results of Duan and 
Ngan (2018) in the Supplement material. This work compared the result 
of a PALM simulation and a wind tunnel experiment of Brown et al. 
(2000) around the canyon (Supplement 1) with the statistical method. 
LES results of vertical wind profiles within a unit-aspect-ratio street 
canyon showed excellent agreement with the wind-tunnel data of Brown 
et al. (2000) (Supplement 2). In addition, values of the normalized mean 
square error (NMSE) were consistently low, reflecting minimal error, 
while the fractional bias (FB) remained close to zero, indicating that the 
model neither overestimated nor underestimated the velocities signifi
cantly (Supplement 3). The hit rate (q) further underscored the model’s 
robustness, remaining above 66% for all positions, close to the leeward 
wall (x/W = − 0.4), at the canyon center (x/W = 0) and near the 
windward wall (x/W = 0.4), where x is the streamwise coordinate and 

W is the canyon width (Supplement 3). Therefore, PALM is trustworthy 
for calculating airflow and heat transport in real urban areas and is 
useful for this study.

3. Results

3.1. Real urban areas

In this subsection, we present the results obtained from the real 
urban data, focusing on the differences between the NH and HE exper
iments and between the OS and KD areas.

Fig. 3 displays the time-averaged fields of the NH experiment in the 
OS and KD areas. The period for the averaging was the entire integration 
time of the main run (i.e. 3600 s). The horizontal and vertical cross- 
sections of the OS area revealed that the wind speeds behind the 
buildings were generally weakened (Fig. 3a and b). This weakening was 
particularly obvious behind buildings taller than 100 m, as evident in 
the vertical cross-section (Fig. 3b). The regions between buildings, such 
as x = 0 − 150 m along y = 300 m and x = 60 − 400 m along y = 100 m 
in Fig. 3a, experienced wind speeds exceeding 3 m s− 1 on the horizontal 
plane. The momentum flux leeward of the tall building indicated large 
magnitudes of both positive and negative values in the OS area (Fig. 3c 
and d). The KD area exhibited stronger winds at the upper levels than the 
OS area because of the presence of fewer tall buildings, which resulted in 
less weakening of winds at upper levels (Fig. 3f). The momentum fluxes 
in most of the KD area showed negative, and their absolute values were 
larger than those in the OS area. No-building areas (i.e. x = 260 − 380 m 
on the horizontal plane in Fig. 3g and under 120 m height on the vertical 
plane in Fig. 3h) exhibited large negative momentum flux because the 
area above those levels had few buildings, and the vertical gradient of 
the wind speed was intensified. These results indicated that the KD area 
had obviously different distribution of wind speed and momentum flux 
compared with the OS area in both the horizontal and vertical planes.

Previous studies that considered sensible heat flux from the ground 
surface indicated different characteristics of wind and momentum pro
files between under neutral and unstable conditions (Park and Baik, 
2013; Wang et al., 2021; Bakkali et al., 2015). However, the 
time-averaged wind speed and momentum flux in both the OS and KD 
areas in the HE experiments had less different from those in the NH 
experiments because heating was represented with release only from 
building surfaces, and the amount of the heat in this study was small 
compared with the previous studies, and are therefore not shown here. 
Instead, the time-averaged upward heat flux and potential temperature 
from the HE experiments in the OS and KD areas are presented in Fig. 4. 
The distribution of upward heat flux and potential temperature differed 
notably between in the OS and KD areas. The heat flux was larger in the 
OS area than in the KD area, particularly in the downstream region of 
x ≥ 380 m (Fig. 4a and b). The potential temperature in the OS area was 
higher behind the buildings (Fig. 4c) and increased at the upper levels 
(Fig. 4d). In the OS area, an extremely large potential temperature was 
observed in some points over and around the building roofs, such as at 
x = 300 m − 380 m and at x ≈ 440 m, as shown in the vertical 
cross-section along y = 250 m (Fig. 4d). These warmed areas, referred to 
as heat pools hereafter, occurred because the wind speed was reduced 
behind the buildings (Fig. 3b), and the densely packed points served as 
multiple sources of heat emissions. Some points in the KD area also led to 
a large heat flux and potential temperature (Fig. 4e–g); however, there 
were fewer heat pools, and the upper layer was warmed less extensively 
compared with the OS area. For example, the region warmed more than 
300 K extended to the height above 200-m in the OS area, whereas in the 
KD area such a warmed layer was limited to the height up to about 170 
m (Fig. 4d–h).

Fig. 5 shows the vertical profiles of the mean flow properties aver
aged in time and area. The vertical profiles of the mean streamwise 
winds were approximately the same between the NH and HE experi
ments for both areas (Fig. 5a). As noted previously, earlier studies 
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demonstrated that the streamwise velocity was larger (smaller) around 
the ground surface (upper levels) in large heating conditions than in no- 
heating conditions (Park and Baik, 2013; Wang et al., 2021; Bakkali 
et al., 2015). Park and Baik (2013), which conducted heating experi
ments around roughness blocks, indicated that the momentum flux was 
larger with heating than without heating below the height of twice the 
block height. Our experiments also indicated that the momentum fluxes 
both the OS and KD areas were larger in the HE experiments than in the 
NH experiment, but the differences were not substantial (Fig. 5b). These 
results suggested that the potential temperature was regarded as a 
passive scalar, probably because of small heat emission prescribed in 
this study. The vertical profiles of heat flux in Fig. 5c exhibited that the 
characteristics were similar to the passive scalar profile reported by 
Akinlabi et al. (2022), which had a clearly peak at about 2 Have height in 
each area. The OS area had a larger difference of the momentum flux 
between the NH and HE experiments than the KD area. The difference of 
the momentum flux between the simulation with and without heating in 
the OS area is also mentioned in Section 3.2. Comparing the features in 

the OS and KD area, the mean winds were stronger in the KD area than in 
the OS area, especially at heights between 80 and 160 m. Momentum 
flux exhibited local peaks in both areas (Fig. 5b). A peak in the KD area 
was observed at 80 m height, corresponding to the maximum building 
height in the area (see Fig. 2b). In contrast, the OS area showed not a 
single sharp peak but multiple peaks at ∼ 70 m height and at ∼ 180 m. 
These levels roughly aligned with the local peaks of the building height 
in the OS area (see Fig. 2a). The OS area with heating was warmed 
largely in the upper layer than the KD area, which was confirmed in the 
vertical profile of the mean upward heat flux and potential temperature 
(Fig. 5d). Focusing the upward heat flux, the vertically integrated heat 
fluxes below 400 m height in the OS area was 1.67 times larger than that 
in the KD areas. The vertical integration was calculated by the trape
zoidal rule of the integral for the vertical direction in Fig. 5c. These 
results suggested that the two districts had different features of the 
vertical profiles of wind and heat, and the magnitude of the effect of heat 
emission from buildings on the atmosphere was diverse, despite both 
being urban areas.

Fig. 3. (a, b, e, f) Time averaged streamwise wind velocity and (c, d, g, h) momentum flux of the NH experiments in the (a–d) OS and (e–h) KD areas. (First column: a, 
c, e, g) Horizontal cross-section at the average building heights (i.e. x = 31 m in the OS area and x = 21 m in the KD area). (Second column: b, d, f, h) Vertical cross- 
section at the center of the calculation domain (i.e., y = 250 m).
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Fig. 4. (a, b, e, f) Time averaged upward heat flux and (c, d, g, h) potential temperature of the NE experiments in the (a–d) OS and (e–h) KD areas. (First column: a, c, 
e, g) Horizontal cross-section along the average building heights (i.e. x = 31 m in the OS area and x = 21 m in the KD area). (Second column: b, d, f, h) vertical cross- 
section along the center of the calculation domain (i.e., y = 250 m).

Fig. 5. Vertical profiles of spatial and temporal averaged (a) streamwise velocity, (b) momentum flux, (c) heat flux, and (d) potential temperature. Circle marks and 
cross marks show the results in the OS and KD areas, respectively. Black and pink lines show the result with the NH and HE experiments, respectively. The marks are 
plotted every 5-vertical grid.
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3.2. Virtual urban areas

In this subsection, we analyzed the properties of the turbulence flow 
and heat simulated in the virtual urban areas, whereby factors associ
ated with the building arrangement that contributed to the differences in 
the turbulent flow and heat transport between the OS and KD areas can 
be more easily identified.

Figs. 6 and 7 show the time-averaged fields of the flow and turbu
lence properties of the heating experiments conducted in the V-OS1 and 
V-OS2 areas, respectively. Here, we focused on the HE experiments 
because the results of the NH experiments were qualitatively similar 
pattern of wind speed and momentum flux as those of the HE experi
ments. First, we describe the results obtained in the V-OS1 area where 
the heights of the high-rise buildings were reduced (Fig. 6). The 
streamwise velocity in the V-OS1 area was intensified above the 
maximum building height, resembling the streamwise velocity behavior 
estimated in the KD area (Fig. 6b and 3f). The absolute value of the 
momentum flux was also large near the maximum building height in the 

leeward region, particularly at locations east of x = 320 m along the 
center of the domain (i.e., y = 250 m) (Fig. 6d). A large heat flux was 
estimated at positions from x = 300 m to the outlet of the domain on the 
vertical plane along y = 250 m in the V-OS1 area, where buildings were 
densely packed (Fig. 6e and f). This position corresponded to the large 
heat flux region in the OS area (Fig. 4a and b). However, the regions of 
large heat flux and high potential temperature on the vertical plane were 
confined to lower levels below a height of 200 m (Fig. 6f–h), which was 
different from the levels with high potential temperature in the OS area 
(Fig. 4f–h).

Fig. 7 shows the characteristics of the V-OS2 area, which differed 
from those of the OS area, especially around the region where we 
removed buildings. The features of the wind velocity were similar to 
those in the OS area, and the wind speed at the upper level (e.g., 300 m 
height) exceeded 4 m s− 1 (Fig. 7b). The regions of larger magnitudes of 
the momentum flux extended leeward from the tallest buildings and 
reached the building-removed area (Fig. 7c and d). The heat flux near 
the surface, from x = 300 m − 380 m along y = 250 m, was relatively 

Fig. 6. (a, b) Time averaged streamwise velocity, (c, d) momentum flux, (e, f) upward heat flux and (g, h) potential temperature of the HE experiments in the V-OS1 
area. (First column: a, c, e, g) Horizontal cross-section along the average building height of the OS area (i.e. x = 31 m). (Second column: b, d, f, h) vertical cross- 
section along the center of the calculation domain (i.e., y = 250 m).
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Fig. 7. (a, b) Time averaged streamwise velocity, (c, d) momentum flux, (e, f) upward heat flux and (g, h) potential temperature of the HE experiments in the V-OS2 
area. (First column: a, c, e, g) Horizontal cross-section along the average building height of the OS area (i.e. x = 31 m). (Second column: b, d, f, h) vertical cross- 
section along the center of the calculation domain (i.e., y = 250 m).

Fig. 8. Vertical profiles of spatial and temporal averaged (a) streamwise velocity, (b) momentum flux, (c) heat flux, and (d) potential temperature. Triangle marks Y 
character marks represent the result in the V-OS1 and V-OS2 areas, respectively. Black and pink lines show the results obtained with the NH and HE experiments, 
respectively. The marks are plotted every 5-vertical grid.
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small because of the absence of heat-emitting buildings in the area 
(Fig. 7e and f). However, the upper levels on this plane indicated a larger 
heat flux over 0.01 K m s− 1 because of lack of tall building obstructions 
(Fig. 7f). For the potential temperature, the boundary of 300 K was 
lower than that in the OS area, but higher than that in the V-OS1 area 
(Fig. 7h).

These characteristics of streamwise wind speed, momentum flux, 
heat flux, and potential temperature can be more clearly observed in the 
vertical profiles of the temporally and horizontally averaged properties 
(Fig. 8). The profile of the streamwise velocity in the V-OS2 area was 
approximately the same profile as that in the OS area; however, in the V- 
OS1 area, it was intensified above the maximum building height of 52 m. 
This height corresponded to the height having the sharpest peak of the 
momentum flux in the V-OS1 area. These results demonstrated that 
lower building height variability clearly caused intensified wind speed 
and a large absolute value of momentum flux above the maximum 
building height.

The differences in the wind speed between the simulations with and 
without heating were very small; however, the differences in the mo
mentum flux were slightly shown, particularly in the areas of large 
building height variability such as the OS and V-OS2 areas. When the 
difference in momentum flux is evaluated through integrating it verti
cally, the absolute value for the difference in the vertically integrated 
momentum flux below 400 m height between with and without heating 
was larger in the OS area (2.55 m3 s− 2) than that in the V-OS1 area (1.66 
m3 s− 2). The rate of heating to without heating was also larger in the OS 
area (135%) than that the V-OS1 area (123%). Note that the vertical 
integration was calculated by the trapezoidal rule of the integral for the 
vertical direction in Fig. 8b.

The upward heat flux profiles in Fig. 8 also indicated that peak values 
occurred at various heights. These peak heights were slightly lower than 
those observed in the momentum fluxes. The peak value of the heat flux 
was largest in the V-OS1 case among all the HE experiments; however, in 
this case, the heat flux rapidly decreased above the peak height and 
became about zero at a height of around 150 m (Fig. 8c). Correspond
ingly, the potential temperature in the V-OS1 area sharply decreased 
above the peak height of the heat flux (Fig. 8d). These features in the V- 
OS1 area were caused by a large advection speed of heat due to a 
stronger horizontal wind speed (Fig. 8a) and a smaller emission of heat 
above the 50-m height (Fig. 1c and 2c). The peak height in the V-OS2 
area were not clearly identified with the profile and were generally 
smaller than those in other two OS cases (i.e., OS and V-OS1) (Fig. 8c). 
Although the peak values are different between the V-OS1 and V-OS2 
areas, the vertically integrated heat fluxes below 400 m height, which 
were calculated by the same method in the prior section, were almost 
the same between in the V-OS1 and V-OS2 areas. In contrast, compared 
with the OS area, the vertically integrated heat fluxes in the V-OS1 and 
V-OS2 areas are respectively 0.77 and 0.79 times as large as that in the 
OS area. The potential temperature above the 50-m height in the V-OS2 
area was approximately the same as that in the OS area, despite that the 
value below the 50-m height was smaller than that in the OS area 
(Fig. 8d). This result was caused by the deleted buildings in the V-OS2 
area which were less than 50 m tall, and some of the sources of heat 
emission from buildings were eliminated below this level (Fig. 1d and 
2d). Therefore, a comparison of the results in the OS, V-OS1 and V-OS2 
areas revealed two primary causes of upper-level warming. First, weak 
horizontal wind due to large variability of the building height disturbed 
horizontal heat transport from the buildings and encouraged upward 
heat transport. Second, the greater building density at higher levels 
caused larger areas of building walls and roofs that emitted heat. These 
factors associated with the building distribution led to the OS area 
warmed at upper levels more largely than the KD area in the previous 
sections because the OS area met the two features of urban morpho
logical features above.

4. Conclusions and discussion

We investigated turbulent airflow and heat transport by conducting 
numerical experiments with and without heat emission from building 
surfaces in two business districts in Osaka City. PALM was used as a 
building-resolving LES model. The two districts chosen here were the 
Osaka Station (OS) area and the Kyocera Dome (KD) area. The OS area 
was characterized with taller buildings, a larger building height vari
ability, and a larger building density than the KD area. In the experi
ments with heat emission, a constant heat flux of 0.02 K m s¡1 was 
prescribed at all the building surfaces. We also conducted numerical 
experiments in which the height and density of buildings in the OS area 
were modified to investigate factors that contributed to the different 
characteristics in the turbulent flow and upward heat transport between 
the OS and KD areas. The conclusions are summarized as follows.

1) The simulated characteristics of the streamwise wind velocity, mo
mentum flux, upward heat flux, and potential temperature obviously 
differed between the OS and KD areas, which was due to the differ
ence in building arrangement between the two areas.

2) The case in the OS area indicated weakened wind speed behind the 
buildings and a large upward heat flux and high potential tempera
ture at the upper levels. The vertically integrated upward heat fluxes 
below 400 m height in the OS area was 1.67 times larger than that in 
the KD areas.

3) These results revealed that the magnitude of the effect of heat 
emission from buildings on the atmosphere depended on the building 
arrangement there even if in the same business districts.

4) The results in the V-OS1 and V-OS2 areas indicated that the building 
density at higher levels and the variability of building significantly 
influence warming at upper levels. A large building height variability 
weakened wind speed behind the buildings and disturbed the hori
zontal advection of heat. A large building density resulted in 
numerous heat sources. These factors caused the OS area warmed at 
upper levels.

5) The results in this study suggested that modifying the building 
arrangement in urban areas can effectively control the characteris
tics of airflow and heat transport originated from heating of 
buildings.

In the present study, only two districts were selected to examine 
turbulent flow and heat transport. However, to generalize the relation
ship between building arrangement and the characteristics of turbulent 
flow and upward heat transport, several experiments are desirable 
which simulate turbulent airflow and upward heat transport in other 
districts that have a wide variety of urban morphological features. For 
example, through collecting morphological data for various types of 
urban areas and conducting numerical simulations of airflows and heat 
transports in those urban areas, developing empirical equations is 
required to relate urban morphological parameters and total fluxes 
within entire calculation domains. These empirical equations should be 
useful in explicitly estimating the effects of building arrangement on 
meteorological properties at mesoscale. Such estimates will be con
ducted by employing the results of the building-solving LES model as the 
inputs for boundary conditions of the meteorological model. We 
demonstrated in this paper that the different building arrangement in 
the urban areas caused distinct characteristics of the wind velocity, 
momentum and heat fluxes, and potential temperature. However, the 
conventional meteorological models, which is used to estimate the 
urban effects by urban canopy models (Kusaka et al., 2001; Martilli 
et al., 2002; Kondo et al., 2005), do not resolve individual buildings and 
do not distinguish building arrangement on the urban districts. 
Combining the building-resolving LES model with the meteorological 
models directly is impractical because of computing costs; however, the 
empirical equations can replace the conventional methods to consider 
the effect of building arrangement with lower computing costs. This 
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approach can be utilized to estimate the UHI effects while explicitly 
considering the building-resolving effect on the meteorological condi
tions such as local precipitation patterns in urban areas. Furthermore, 
such approach has a potential to diagnose meteorological conditions in 
response to future changes in urban building arrangement. Developing 
empirical equations to quantify the effect of building arrangement on 
meteorological properties is a challenging and valuable task. We leave it 
as a topic of future works.

The findings of this study can be novel contribution to the UHI field 
by demonstrating that artificial modifications of building arrangement 
in urban areas have a potential to mitigate local heavy rainfall events 
associated with the UHI. This mitigation is achieved through control of 
turbulent airflow and heat transport characteristics. If we can control 
the turbulent flow and heat transport in the boundary layer by modi
fying the artificial arrangement, the development of instability condi
tions can be disrupted, thereby reducing the occurrence of local heavy 
rainfalls in urban districts. Recent research by Yamaguchi et al. (2023)
demonstrated that weakening vortex tube by controlling wind velocity 
could reduce maximum rainfall intensity in a local heavy rainfall event 
by 27 %. Similar impacts on the boundary layer might be achieved 
through the modification of building arrangement. Not only modifying 
the building arrangement but also strategic placement of artificial de
vices, such as wind turbines (Dörenkämper et al., 2015; Wu and 
Porté-Agel, 2011) and air boosters, could be effective in changing the 
features of airflow and heat transport in urban areas.

The experimental design in this paper can be further refined to more 
comprehensively address the UHI phenomenon. For example, this study 
considered the heat emission only from building surfaces to evaluate the 
effects of building arrangement. However, heat flux from the ground 
surface is generally larger than that from building surfaces (Moriwaki 
and Kanda, 2005). The changes of albedo resulting from urbanization 
also influence the UHI. To fully understand the impact of human ac
tivities, these factors must be considered and cannot be overlooked.
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Gehrke, K.F., Geletič, J., Giersch, S., Gronemeier, T., Groß, G., Heldens, W., 
Hellsten, A., Hoffmann, F., Inagaki, A., Kadasch, E., Kanani-Sühring, F., Ketelsen, K., 
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