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Abstract

Inflow boundary conditions are critical for simulating urban wind fields by CFD methods, and wind
profiles within the atmospheric boundary layer are significantly affected by local atmosphere
circulation and diurnal variation. The Weather Research and Forecasting (WRF) model is a powerful
mesoscale weather prediction model that can be used to provide more realistic inflow boundary
conditions. To investigate the potential of a combined WRF and CityFFD method (WRF-CityFFD),
this study first validated the WRF and CityFFD models and then used the validated models in
WRF-CityFFD to calculate the wind distribution in the Kowloon district of Hong Kong within an area
of 3.5 km x 2.4 km. The wind speed data at two weather stations were used as a benchmark, and
CityFFD with inflow boundary conditions from a semi-empirical method (semi-empirical-CityFFD)
was also investigated for comparison. The WRF-CityFFD performed better than the semi-empirical-
CityFFD in calculating wind velocities in urban microclimates. The power-law exponent for wind
profiles should be carefully defined when conducting CFD simulations for complex urban layouts.
Coastal areas with onshore wind conditions were more suitable for selection as inflow boundary

conditions for WRF-CityFFD.
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1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC), more than half of the world’s
population presently lives in urban regions, and this number will rise to 70% by 2050 [1]. The urban

wind distribution around buildings in the lower portion of the atmospheric boundary layer (ABL) plays
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a significant role in the urban climatic system [2, 3]. The airflow over the roofs affects the interchange
of pollutants and heat between the street canyon and the overlying ABL [4, 5]. Furthermore, the wind
distribution within the street canyon is closely related to natural ventilation, pedestrian comfort, and
pedestrians’ exposure to pollutants [6, 7]. Therefore, it is crucial to better understand wind distributions

at the urban scale.

Numerical simulation has become one of the most popular ways to investigate urban wind distributions.
Computational fluid dynamics (CFD) has been widely utilized [4, 8-15], as it can fully model the
topography and built-up areas of the target region. For instance, van Hoof et al. [14] established a
complex geometry for a football stadium with a 500-m radius with detailed windows and steel roof
constructions. They used CFD to calculate the wind flow around the stadium to study its natural
ventilation. Toparlar et al. [15] explicitly modeled the buildings located in a circular area with a
diameter of 1200 m to investigate the urban microclimate of the Bergpolder Zuid region in the
Netherlands. Fast fluid dynamics (FFD) is a unique algorithm based on CFD, and the semi-Lagrangian
approach is used for advection terms in the Navier-Stokes equations [16, 17]. Extensive validation
efforts have demonstrated the accuracy and computing efficiency of the FFD approach [16-21]. Dai et
al. [21] evaluated the performance of the traditional CFD and FFD for outdoor airflow and pollutant
dispersion using experimental wind tunnel data as the benchmark. They found that the use of FFD with
a proper turbulence model can reduce computing time without sacrificing accuracy. Therefore, FFD
simulations have been used for urban wind modeling up to the scale of several kilometers. For example,
Mortezazadeh et al. [22] developed a simulation tool named City Fast Fluid Dynamics (CityFFD), and

they simulated the urban microclimate in a region of 3 km x 3 km.

For CFD modeling, setting inflow boundary conditions is critical for obtaining an appropriate flow field
[2, 8]. The wind profile within the urban ABL features a power-law [25-27] or a log-law expression
[23, 24]. Experimental studies have found that the log law does not adequately describe the wind speed
profile above 200 m [25, 26], while the power law fits better [27]. The power-law profile has an
exponent ranging from 0.1 to 0.5 [28, 29]. The power-law coefficient is normally determined
empirically from the urban surfaces and topography as a constant for CFD inflow boundaries [30]. The
wind speed at a reference height, such as the speed measured at a meteorological station, is also needed
[12, 13]. Therefore, this method for setting the inflow boundary conditions is a semi-empirical method.
However, it has been reported that the power-law exponents of the ABL can vary strongly with spatial
and temporal factors [31-35]. He et al. [33] investigated the wind profiles in Hong Kong under typical
summer conditions with Doppler LIDAR. They observed that wind profiles were significantly modified
by urban layouts, and the power of the wind profile was much higher in built-up areas. Halios and
Barlow [34] reported the morning transition of the ABL in London, attempting to explain the diurnal
variation of the ABL’s power-law value. Lim et al. [35] found that the power-law index for wind profiles

was time-dependent in Tokyo due to the diurnal cycle, with higher values (0.2-0.3) at night and lower



values (0.1) during the daytime. Therefore, the semi-empirical methods for generating the inflow

boundary conditions for CFD models, especially the wind profiles, are idealized and oversimplified.

To provide more realistic inflow boundary conditions for CFD simulations, mesoscale modeling is a
potential solution, such as the Weather Research and Forecasting model (WRF) [36, 37]. Simulations
with the WRF model are mainly conducted with spatial resolution from several hundred meters to
several hundred kilometers. These grand spatial scale models can rationally reproduce meteorological
phenomena, including diurnal variation, sea breezes, and heat waves [37]. Given the situation above,
multiscale modeling has been proven to be a potential method for providing CFD models with more
accurate inflow boundary conditions [38-41]. Tewari et al. [41] used WRF output data, including wind
velocity components, turbulence kinetic energy (TKE), and potential temperature, as the initial and
boundary conditions. They found that the accuracy of the CFD-Urban model has improved when using
WREF output for pollutant propagation simulations, compared with using measured data as initial and
boundary conditions. Mortezazadeh et al. [42] integrated CityFFD and WRF to investigate the urban
temperature distribution during heat waves. They used WREF results such as the wind velocity at the
height of 10 m, air temperature, and street surface temperature as input for the CityFFD simulation and
found that it is important to use microclimate simulations to study urban heatwaves. However, there has
been only limited research on the use of wind profiles obtained by mesoscale modeling for CFD models.
Therefore, it is meaningful to evaluate the performance and applicability of the time-varying wind

profiles obtained from mesoscale models.

The present study aimed to evaluate a combined WRF and CityFFD method (WRF-CityFFD) for
calculating urban wind distributions. The WRF and CityFFD models were first validated by two sets of
experimental data from field measurements and wind tunnel tests. The validated models were then
employed in the WRF-CityFFD method to calculate the wind distribution in the Kowloon district of
Hong Kong within an area of 3.5 km X 2.4 km. The wind speed data at two weather stations in the
calculation domain was used as a benchmark to evaluate the combined method. For comparison,
CityFFD with inflow boundary conditions from a semi-empirical method (semi-empirical-CityFFD)

was also evaluated. Finally, this study discussed the applicability of the combined method.

2. Methodology

2.1. CityFFD

The CityFFD model solves the following continuity, momentum, and energy equations for

incompressible flows [42]:
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where V, T, P and t are the velocity, temperature, pressure and time, respectively; Re, Gr and Pr are
the dimensionless Reynolds number, Grashof number, and Prandtl number, respectively; and v, and 9,

are turbulence-related parameters, i.e., turbulent viscosity and turbulent thermal diffusivity.

CityFFD adopts the semi-Lagrangian method for the advection term in Egs. (2) and (3). Therefore, no
iteration is needed to calculate the velocity field, and computing costs are reduced [43]. The split scheme

for the semi-Lagrangian method is shown in Egs. (4) and (5) [17]:
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where @ refers to the velocity or temperature in Egs. (2) and (3); and S represents the characteristic
curve of the fluid particle, based on which S™ and S™*1 are the positions of the particle at times n and
n+1, respectively. The detailed high-order interpolation scheme can be found in our previous work [16,
20, 44]. It has been proven that the applied 3™-order backward and forward sweep interpolation scheme
has an accuracy comparable to that of the 4"-order scheme and could significantly reduce the numerical
errors and computing time when simulations are conducted with coarse grids and large time steps. A

Poisson equation is used for updating pressure domains [20].

Large-eddy simulation (LES) was found to be potentially more accurate than Reynolds-averaged
Navier—Stokes models for outdoor simulations [8]. Therefore, LES was adopted as the turbulence model
in the present study. As CityFFD uses a high-order interpolation scheme, the Courant—Friedrichs—Lewy
(CFL) number is recommended to be between 1 and 10 [22], and this study used 6.75. The turbulence

viscosity is calculated as follows [45]:

v, = (Cs x D)?[S] (6)



where C; is the Smagorinsky constant, typically between 0.1 and 0.24 [8], and equal to 0.18 in this
study; [ is the filter width; and S is the large-scale strain rate. For calculating the filter width [ and strain

rate S, the following equations are used here [18]:
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where Ax, Ay, Az are the discrete lengths in the X, y, and z directions, respectively. Meanwhile, the i-

index indicates the x, y, and z directions.

2.2. Inflow boundary conditions for CityFFD

This section describes two methods applied in this study for generating inflow boundaries for the CFD
models, the semi-empirical method (for semi-empirical-CityFFD) and the mesoscale modeling (for
WREF-CityFFD). As the tallest building of the target complex urban area in this study was 284 m, both
methods approximated the wind profile at the CFD inlet boundary as a power law. The semi-empirical
method used the wind speed measured by the windward weather station nearest to the CFD domain and
an empirical power-law coefficient. For the combined method of CFD and mesoscale modeling, both
the wind speed and the power-law coefficient at the inlet boundary were extracted from WRF

simulations in this study.

2.2.1. Semi-empirical method

The wind profile was approximated as a power law, as shown in Eq. (9) [2].

7 a
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where U(z) is the wind velocity (m/s) at the height of z, U, is the velocity (m/s) at a reference height
Zrey (M), and a is the power-law coefficient. In this method, U,y was determined by the windward
weather station closest to the CFD domain, and z,.; was the height of the wind-measurement point at
the station. Meanwhile, ¢ was selected in accordance with the terrain category and the roughness.
According to previous studies, as the land surface changes from smooth (e.g., sea) to rough (e.g.,

downtown areas), the value of a gradually increases from 0.1 to 0.5 [28, 29].



2.2.2. From mesoscale modelling: WRF

In the mesoscale modeling method, the WRF model was used for calculating meteorological conditions,

as shown in Fig. 1. The WRF model is a powerful mesoscale numerical weather prediction system

consisting of advanced physics schemes and multi-physics parameterizations for modeling major

atmosphere processes with grid spacing from hundreds of meters to hundreds of kilometers [35, 37, 46].

For the land surface, planetary boundary layer, atmospheric and surface radiation, microphysics, and

cumulus convection, WRF offers various physics options that have been thoroughly proven in previous

research [47]. To obtain the wind profile at the inflow boundary, Uy¢f, Zref, and a were all extracted

from WREF results. As this work focuses on urban wind fields, the wind profiles in the bottom portion

of'the ABL, below a height of 350 m, were utilized to obtain a. 1 in the flow chart represents the vertical

layer used in the WRF model, and it was established according to the pressure gradient [55].
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Fig. 1. Flowchart to obtain inflow boundary conditions from WRF simulation.

To rationally reproduce the meteorological phenomena, the selected physical parameterization for WRF

is summarized in Table 1. In this study, the initial and lateral boundary conditions to force the WRF

simulation were obtained from the NCEP GDAS final analysis with 0.25-degree horizontal resolution



and 6-h temporal resolution [48]. The Noah land surface model (LSM) provides surface sensible and
latent heat flux as well as skin temperature as the lower boundary [49], and the urban canopy model
(UCM) provides the urban friction based on the land cover/land use at the sub-grid scale. This study
used the integrated model (SL-UCM) to determine the momentum fluxes of the urban canopy [50].
When these basic models are integrated into the WRF, the outputs can be directly adapted to the
CityFFD model.

Table 1. Physical parameterization of the WRF model.

Category Description

Planetary boundary layer scheme Mellor-Yamada-Janjic scheme [46, 51]
Microphysics Lin scheme [47, 52]

Cumulus parameterization Grell-Devenyi ensemble schemes [48, 53]
Shortwave and longwave radiation RRTM [49, 54]

Land surface model Noah [44]

Urban canopy model SL-UCM [45]

Advection scheme Runge—Kutta 3 order

3. Model validation

3.1. Mesoscale modelling: WRF

To validate the mesoscale model, we chose the Kowloon peninsula domain as the WRF study domain,
as shown in Fig. 2(a). We used WRFv4.0 to calculate the meteorological conditions, and the wind speed
measured by the four weather stations in our study area was employed as the benchmark. Star Ferry
(SF) and Shell Oil Depot (SOD) were located near the coastal areas, while the Hong Kong Observatory
(HKO) and King’s Park (KP) were situated in the downtown areas and surrounded by high-rise
buildings (see Fig. 2(a)). The exact geographical locations of the weather stations are summarized in
Table 2. As shown in Fig. 2(b), three-nested domains were configured for WRF calculation using grid
spacings of 1.8 km (113x128 grid points), 0.6 km (127x148 grid points), and 0.2 km (112x112 grid
points) for a parent domain (d01) and two nested domains (d02, d03), respectively. A two-way coupling
strategy [55] was adopted for the adjacent domains. A total of 34 sigma vertical levels were used for all
domains, and 13 of the layers were under 1 km in height. Three typical calm wind days (from 08:00 on
19 October to 14:00 on 22 October 2016) were simulated to represent typical wind conditions in Hong
Kong. The mean daily wind speed during selected simulation period was 2.95 m/s, 3.70 m/s and 9.04
m/s, respectively. According to the Hong Kong Observatory, the mean daily wind speed in Hong Kong
ranges from 2 m/s to 10 m/s. Therefore the chosen days are typical in Hong Kong. The first 26 hours

were taken as the spin-up period. WRF results were recorded every 20 min.
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Fig. 2. (a) Four weather stations located in the innermost domain and (b) domain setup of the WRF

Wind measurement data with a temporal resolution of 1 min was available from local authorities. The
most recent 20-min averaged wind speed was used to represent the wind speed at this time point. For
instance, the wind speed at 10:00 was calculated as the average wind speed from 09:40 to 09:59. Fig. 3
compares the measured wind speed and the WRF-simulated results over time for the four weather
stations. The simulation results at all four stations captured the trend in the wind speed as it gradually
increased from 20 October to 21 October and then decreased. The simulated results exhibited the best
agreement with the measured data at the SF station. However, WRF significantly overpredicted the

wind speed for HKO and KP during the period from 23:20 on 20 October to 00:20 on 22 October. The



largest discrepancies were 8.24 m/s and 10.66 m/s for HKO and KP, respectively, occurring at 08:20
and 09:00, respectively, on 21 October. As shown in Fig. 3, the measured wind speed in the downtown
area (HKO and KP) was relatively stable compared with that in the upstream station (SF). This
phenomenon may be attributed to the complexity of the urban layouts, especially associated with the
high-rise buildings in Kowloon, and it is consistent with the field test by He et al., [33]. However, in
WREF simulations, the urban canopy was parameterized by the drag force with the specific value of
building height of 10 m [50]. A high consistency of simulated wind speed can be found at the upstream
station (SF) and downtown stations (HKO and KP). Therefore, the discrepancies between measured

data and simulated results could be caused by the urban canopy model used in WRF.
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Fig. 3. Comparison of measured wind speed and WRF-simulated results over time for the four

weather stations: (a) SF, (b) SOD, (c) HKO, and (d) KP.

To quantitatively analyze the performance of the mesoscale model, the mean bias error and the root
mean square error were prevalently used [38, 41]. Thus, these two parameters were calculated in this
work to evaluate the performance of WRF simulations. The mean bias error (MBE) assesses whether

the simulated wind velocity is overestimated or underestimated compared to the measured values (see



Eq. (10)). The root mean square error (RMSE) is widely used to indicate the deviation of the simulated
results (see Eq. (11)).

S _yM
MBE = M (10)
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where U; and UM are the simulated and measured wind velocity, and n is the number of measured data
points for one sampling location. In this study, n was 158. As summarized in Table 2, WRF exhibited
the best performance at SF and the worst at HKO. The MBE and RMSE for SF were 0.58 m/s and 1.79
m/s, respectively, and those for HKO were 3.89 m/s and 5.49 m/s, respectively. Wong et al. [40] recently
compared WREF results with measured data for five locations on a university campus in Singapore. The
MBE in their study ranged from 2.58 to 3.90 m/s, and the RMSE from 2.69 to 4.13 m/s. Thus, our WRF

results showed similar accuracy to those in the literature for dense urban areas.

Table 2. Geographical locations, MBE and RMSE at each weather station.

Station Name Star Ferry Shell Oil Depot Hong Kong Observatory King’s Park

(SF) (SOD) (HKO) (KP)
Position Coastal Coastal Downtown Downtown
Latitude (°N) 22.29 22.34 22.30 22.31
Longitude (°E) 114.17 114.08 114.17 114.17
Elevation (m) 18 43 32 65
MBE (m/s) 0.58 1.67 3.89 2.68
RMSE (m/s) 1.79 2.75 5.49 3.95

3.2. CityFFD

A wind tunnel experiment for the Japanese city of Niigata conducted by Tominaga et al. [56] was used
for CityFFD validation, as described in this section. The tallest structure was 60 m high in full scale,
and the radius of the urban building geometries was 500 m, as shown in Fig 4(a). The experiment
measured the time-averaged wind speed at 80 sampling points, as shown in Fig. 4(b) [56]. All the
sampling points were located at the height of 8 mm above the ground in the downscaled model, which
corresponded to 2 m in full scale. Three sets of grid were tested with the total the cell number of 3.9
million, 19.4 million, and 40.4 million, and the grid with 19.4 million cells was sufficient for this case.
Structured grids were used in this model, as shown in Fig. 4(c), and uniform grids were distributed near

the zone in which the buildings were situated, with dimensions of 1 m horizontally and 0.5 m vertically.



The total grid number was 19.4 million. The ground surface and building walls were set as non-slip
conditions with smooth surfaces. Currently, CityFFD does not include wall functions, as our previous
validation studies at the urban scale demonstrated acceptable accuracy for the outer layers and regions
away from the surface without these functions [18, 57]. Additionally, for large urban scale simulations,
the Y+ values are typically high, so a wall function may be beneficial in enhancing accuracy. This is a
limitation of the current version of CityFFD, and we intend to implement wall functions to improve the
simulation near surfaces. The downstream boundary was set as the pressure outlet, and the top and
lateral boundaries were set to be symmetric. The inflow boundary condition was set as the measured

results from the original study [56].
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Fig. 4. (a) Geometrical models of the urban area used for validation, (b) positions of the sampling

points in the wind tunnel experiment [56], and (c) mesh design for the simulation.

Fig. 5 compares the measured results, the simulated results in this study, and the CFD results reported
by Tominaga et al. [56]. The wind speed ratio was defined as the ratio between the wind speed at each
measuring location and that at the inflow border at the same height. For CFD simulations , mean relative
errors are more widely used to evaluate the simulation performance [11, 12, 14]. Thus, using this

parameter made it easier to compare our simulation performance with previous work. The mean relative



error of our calculation was -30.25% for the wind speed ratio, and the mean relative error for the same
case in the literature [56] was -29.28%. The relative error of the CityFFD simulation was within
acceptable limits based on previous studies on urban wind fields [12]. Therefore, our CityFFD results

showed similar accuracy to that in the literature on an urban layout.
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Fig. 5. Comparisons of the measured wind speed ratio and calculated results

4. Case setup

The Kowloon district in Hong Kong was selected for evaluation of the performance and applicability
of the time-varying power-law wind profiles obtained from mesoscale models. Kowloon, one of the
first few areas to be developed in Hong Kong, has an extremely complex and dense urban morphology
[58]. During the time period between 16:00 and 24:00 on 21 October 2016, the wind direction was
stable at the southeast. Therefore, CFD inflow boundary can be set at the same locaton, and this time

period was chosen for the CityFFD simulation.

4.1. Computational domain and mesh design

According to the meteorological data, the wind direction for the Kowloon district during the calculation

period was southeast (i.e., the wind-from direction was between 180° and 270°). Therefore, a domain



of 3.5 km by 2.4 km in the Kowloon Peninsula, as shown in Fig. 6(a), was chosen for this study. The
weather station SF was in the windward direction, so the boundary of the study domain was set near SF.
Fig. 6(b) shows the three-dimensional geometric model of the selected area. Note that all buildings and
terrain were explicitly resolved in this model; other obstacles, such as greenery and roads, were
neglected. The geometric data was transformed from public sources such as OpenStreetMap, NASA,
and USGS [59]. An et al. [10] recommended the inclusion of buffer areas for geometric models with
topography. These areas should ideally be sloped at an inclination angle (0) of less than 30° in order to
minimize the impact of an elevated terrain border on the simulation results. Therefore, buffer areas
indicated by the dark grey shading in Fig. 6(b) and (c) with 6 of 20° were included in the geometric
model. This is also the reason that SF was set near the geometric boundary rather than at the boundary.
Two meteorological stations, KP and HKO, were located in the study area, and their measured data

were used as a benchmark.

Buffer area

Fig. 6. Study area for CityFFD simulation: (a) plane view of the target area (where weather stations

are marked with stars), (b) geometries of buildings and terrain, (c) setting of buffer areas.

This study followed the recommendations of AlJ [29], COST guidelines [60], and An et al. [10] to
determine the computational domain size for CityFFD simulation. The vertical length of the
computational domain should be no less than 5H,,,,, where Hy,,,, is the height of the tallest building
within the target area. The lateral boundaries of 5H,,,, are recommended. Meanwhile, the blockage
ratio should be less than 3%, and artificial acceleration should not be observed near the borders. In this
case, the tallest structure located in the study area was 284 m high (H;,4,), so the whole model was

5.30 km long, 5.08 km wide, and 1.45 km high (see Fig. 7(a)). Note that the lateral boundaries in the



downstream area were 4H,,,,,, due to the limitations of computing capacity. The blockage ratio was

1%, and no artificial acceleration was observed.
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Fig. 7. Setup of CityFFD simulations: (a) computational domain, (b) mesh design in the horizontal

direction and (c) vertical direction, (d) details of the grid transition section.

The mesh generation techniques of the CityFFD simulation were based on the staggered Cartesian
meshes, and more information about this technique can be found in our previous work [22, 61]. Three
sets of grid were tested with the grid number of 35.3 million, 105.6 million, and 229.4 million, and the
105.6 million grids were chosen after the grid independence test. The details of the mesh design are
shown in Fig. 7(b-d). The grid size near buildings and terrain was 4 m horizontally and 2 m vertically,
which satisfied the grid size requirement [22]. The grid size gradually increased to 60 m in all directions
at a stretching ratio of 1.2. The total grid number was 105.6 million. The numerical simulations were
conducted by a PC with GPU NVIDIA GeForce RTX 3080, and the computing time for each case was
10 h.



4.2. Inflow boundary conditions

The wind during the simulated duration was sweeping from the southeast across the calm sea surface.
Thus, the transition area upstream of the study domain was assumed to have no effect on the approach
wind. Based on the assumptions, this study used the wind profile at SF as the inflow boundary condition.
The inflow boundary was set as the velocity inlet, and this study approximated the wind profile at the
inlet as a power law following Eq. (9). The obtained U, a, and z,..s for the inflow wind profile in

the two methods are described below.

4.2.1. Semi-empirical method

In the semi-empirical method, the measured wind speed and direction at SF were used for the inflow

boundary conditions. The power-law coefficient a in this method was set as 0.18 [10], and z,.. for SF

was 18 m above sea level. The measured wind speeds at SF (Fig. 3(a)) were used as Uy.

4.2.2. From mesoscale modelling: WRF

Similarly, the WRF-calculated wind profile at SF was used for the inflow boundary conditions in this
method. The WRF case setup was the same as that for the WRF validation case in Section 3.1. The
innermost domain of WRF contained the built-up areas in Kowloon and covered the CityFFD simulated
area. The calculated SF wind profile was obtained from data at the grid point closest to SF. Note that
the WRF model has a horizontal grid resolution of 200 m in that region; thus, SF and the windward

boundary of the study domain were in the same element. The power-law coefficient a and U,..y were
obtained for 22.29 °N and 114.17 °E, and z,..; for SF was 18 m above sea level. Unsteady simulation

was conducted for WRF simulation, and the results were extracted with an interval of 20 min. The

calculated wind speeds at SF can be found in Fig. 3(a).

Fig. 8 compares the time-varying power-law coefficient « from WRF simulation and the empirical
value within the calculation period. The calculated power-law values of wind profiles from WRF varied
between 0.133 and 0.359, and the empirically determined power-law value was within this range. In
addition, the calculated power-law value was lower than the empirical value (0.18) in the afternoon
(before sunset at 18:00), while it rose over 0.18 in the evening (after sunset). The calculated power-law
coefficient then dropped slightly during the night. Thus, the local atmospheric circulation and diurnal

variations can lead to changes in the power-law coefficients.
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Fig. 8. Variation of the extracted power-law coefficient a during the simulation period on 21 October

2016.

5. Results and discussion

To evaluate the combined method, we compared the simulated wind speeds from WRF-CityFFD and
semi-empirical-CityFFD with the measured wind speeds at KP and HKO as the benchmark. We further
compared the two methods in calculating flow distributions at the height of the two stations. Finally,
we assessed the WRF prediction capacity at different weather stations to explore the applicability of the

combined method.

5.1. Comparison between WRF-CityFFD and semi-empirical-CityFFD

The comparisons of WRF-CityFFD and semi-empirical-CityFFD with the measured data at KP and
HKO are shown in Fig. 9(a) and (b), respectively. The results of WRF-CityFFD were mostly
comparable with the measured values, while those of the semi-empirical-CityFFD significantly deviated
from the measured data at some time points. For example, at 19:40 for KP, the wind speed obtained by
WRF-CityFFD was 4.12 m/s, comparable with the monitored data (3.54 m/s). In contrast, the result
from semi-empirical-CityFFD was 6.97 m/s, and it was 96.9% higher than the benchmark. For HKO,
the measured wind speed at 17:00 was 5.51 m/s. Compared with the measured result, WRF-CityFFD
predicted a similar speed of 5.35 m/s, while that from semi-empirical-CityFFD (7.96 m/s) was
significantly higher. Therefore, WRF-CityFFD performed better than semi-empirical-CityFFD in

calculating wind velocities in urban microclimates. Note that the inflow boundary condition of City-



FFD simulations were determined by both a and wind speed at SF station (U,..5) as in Eq. (9). Therefore,

the simulated wind speed variation trend between the two methods was not necessarily the same as that

of a in Fig. 8.
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Fig. 9. Comparisons of the semi-empirical-CityFFD results and WRF-CityFFD results with the wind
speed measured at (a) KP and (b) HKO on 21 October 2016.

For a quantitative assessment of the performance of the two methods, Table 3 shows the relative

deviation, MBE, and RMSE for the two methods at KP and HKO. The relative deviation of WRF-



CityFFD was 18.1% at KP and 14.7% at HKO, and the relative deviations of semi-empirical-CityFFD
were 37.2% and 26.1% at KP and HKO, respectively. The MBE and RMSE of the WRF-CityFFD
results were also lower than those of the semi-empirical-CityFFD results at both stations. In addition,
previous studies have used semi-empirical inflow boundary conditions for CFD modeling to calculate
airflows for actual urban layouts. The relative error of their numerical simulations ranged from 20.0%
to 40.8% when compared with the measured wind speed in field tests [8, 12, 13], which was higher than
the relative deviation for the combined method in this study. For instance, Liu et al. [12] established a
detailed full-scale model from a university campus to its nearest weather station, and their CFD model
overestimated the wind velocity by 20%. Therefore, WRF-CityFFD has greater potential than the

traditional CFD methods for accurately predicting urban wind distributions.

Table 3. MBE and RMSE of wind speed at KP and HKO.

Station name KP HKO
WRF- Semi-empirical- WREF- Semi-empirical-
Method
CityFFD CityFFD CityFFD CityFFD
Relative deviation 18.1% 37.2% 14.7% 26.1%
MBE (m/s) 0.55 1.23 0.34 0.84
RMSE (m/s) 1.31 2.24 1.26 1.50

Next, we compared the wind fields calculated by WRF-CityFFD and semi-empirical-CityFFD at the
height of the measuring points of HKO and KP. Fig. 10(a) and (b) compare the wind speed distribution
at HKO calculated by the two methods at 17:00. In general, the obtained wind speed distributions were
similar, while significant discrepancy was observed in the marked area. At this time point, the WRF-
simulated a (0.133) at SF was lower than the empirical coefficient (0.18); thus, semi-empirical-
CityFFD underpredicted the approach wind speed by 0.7 m/s compared with WRF-CityFFD. In contrast,
in the marked area in Fig. 10(c), semi-empirical-CityFFD underestimated the wind speed by up to 4.6
m/s. Similarly, Fig. 10(d-f) shows the results at 19:20, and the WRF-simulated a (0.359) was larger
than the empirical coefficient at that time. Compared with WRF-CityFFD, semi-empirical-CityFFD
overestimated the approach wind speed by 0.2 m/s and the wind speed in the marked area by up to 4.2
m/s. Note that the average height of the building complex on the left side of the marked area was 50 m,
and that of the building structure on the right side (represented by dashed polygons) was 23 m. Therefore,
the marked area was in the wake region of the taller building complex in this study. The results show
that the difference in the inflow boundary was exacerbated in the wake region. A similar phenomenon
was observed at the height of KP. Moreover, the selected plane was above the rooftop of the lower
construction in the marked area. Previous experimental studies found that ambient wind over rooftop

level was correlated with pollutant dispersion within the street canyon [4, 5, 62, 63]. Considering that



urban areas have large numbers of high-rise buildings, especially in high-density cities, inflow boundary
conditions could have a significant impact on the pollutant dispersion in street canyons within the wake
regions. Therefore, the power-law exponent for wind profiles should be carefully defined when

conducting CFD simulations for complex urban layouts.

WREF-CityFFD Semi-empirical-CityFFD Wind speed difference
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Fig. 10. Comparisons of the performance of the two methods at the height of HKO: When WRF-
simulated a was lower than 0.18, and wind flow field was calculated by (a) WRF-CityFFD and (b)
semi-empirical-CityFFD; and (c) the difference between the two. When WRF-simulated a was larger
than 0.18, and wind flow field was calculated by (d) WRF-CityFFD and (e) semi-empirical-CityFFD,;
and (f) the difference between the two.

5.2. Applicability of the combined method

To assess the applicability of the combined method, we evaluated the WRF prediction capacity at
different weather stations. Fig. 11 compares the WRF-simulated wind speed (horizontal axis) with the

measured data (vertical axis) at each weather station. The solid line represents the 1:1 line, while the



dashed line is the relative error of +30%. If a point is above the 1:1 line, the WRF overpredicted the

wind speed compared to the measured data, whereas a point below the 1:1 line indicates an
underprediction. The results show that at the coastal weather stations (SF and SOD), most of the points

were within the range of +£30% relative error. However, at the downtown weather stations (KP and

HKO), wind speeds were overestimated by more than 30% most of the time, especially when the
measured wind speed was greater than 2 m/s. Therefore, the WRF performed better in the coastal area
than in the downtown area. The specific value of building height in industrial and commercial areas
was 10 m in SL-UCM [50] for WRF, while the tallest building of the target complex urban area in this
study was 284 m. Thus, the default urban canopy parameterization schemes of SL-UCM could not
represent urban morphology for high-density cities. Therefore, coastal areas were more suitable for
selection as inflow boundary conditions for WRF-CityFFD. Similarly, for the inland cities, it is
recommended that the borders of the built-up areas (for example, sub-urban or open and flat areas) be

used as the inflow boundary conditions for WRF-CityFFD.
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Fig. 11. Comparison of the WRF-simulated results and measured results at (a) SF, (b) SOD, (c) HKO
and (d) KP.



We then compared the WRF-simulated wind speed under onshore and offshore wind conditions. The
wind blew from the urban area to the SOD (offshore wind) during 26% of the simulation time; during
the other 74% of the time, the wind swept across the sea (onshore wind). For SF, onshore wind occurred
during 95% of the simulation time. Therefore, we only compared the simulated wind speed and
measured wind speed at SOD under onshore and offshore wind conditions. As shown in Fig. 12(a),
most of the time, WRF overpredicted the wind speed by over 30% under offshore wind conditions. Fig.
12(b) shows that WRF provided reasonably accurate predictions under onshore wind conditions for
SOD. Thus, for coastal areas, onshore wind conditions are more suitable for use as inflow boundary
conditions for WRF-CityFFD. For inland cities, the recommended scenario is an open area with few

structures in the upstream direction.
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Fig. 12. Comparison of the WRF-simulated results and measured results under (a) onshore wind

conditions and (b) offshore wind conditions at SOD.

6. Discussion

Note that the lateral length of the inflow was 5.08 km, which was larger than the horizontal grid
resolution of the WRF (200 m). Taking 24:00 on 21 October 2016 as an example, the lateral wind speed
ranged from 5.76 m/s to 6.98 m/s. However, only the wind conditions at the SF station were used in
this study, and the lateral wind speed difference was not considered. The usage of WRF results along
horizontal directions needs to be further evaluated for our future work. In this study, roads, and greenery
were not taken into account using ground roughness. It was because our previous work has shown that

the CityFFD with the setting of non-slip boundary conditions can provide reasonable results in both



wind-tunnel validation cases and full-scale urban simulations [18, 22]. However, future studies are

needed to consider this aspect.

The combined WRF-CityFFD method can be used to calculate wind profiles flexibly and accurately,
especially for cities with only a limited number of meteorological stations. The proposed combined
method can help improve the model’s ability to reproduce urban wind patterns. Thus, the method can
be further used to provide the high-resolution wind microclimate, modeling down to the scale of the
pedestrian level. Additionally, urban airflow plays an important role in removing and diluting pollutants.
The mass exchange occurred both in the open space (directly blown away) and the layer above the urban
canopy (pollutant removal due to turbulent fluctuations) in an urban atmosphere. Thus, accurate
calculation of the urban wind distributions will be crucial for studies on the pollutant’s transportation
in urban areas, including dispersion in far fields and street canyons. Accordingly, the pollutants

exposure for urban residents can be further investigated.

7. Conclusions

This investigation aimed to evaluate the potential of a combined WRF and CityFFD method for
calculating urban wind distributions. This study used WRF-CityFFD to calculate the wind distribution
in the Kowloon district of Hong Kong within an area of 3.5 km x 2.4 km. Semi-empirical-CityFFD was
also used for comparison. In addition, the applicability of the combined method was evaluated. Within

the scope of this study, the following conclusions can be drawn:

e The WRF-CityFFD performed better than the semi-empirical-CityFFD in calculating wind
velocities in urban microclimates.

e The power-law exponent for wind profiles should be carefully defined when conducting CFD
simulations for complex urban layouts.

e Coastal areas with onshore wind conditions were recommended for selection as inflow

boundary conditions for WRF-CityFFD.
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