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Climate change and heatwaves challenge urban dwellers’ thermal comfort and health. In Hong Kong, more
frequent and intensive extreme heat has been observed recently. This study uses Light Detection and Ranging
(LIDAR) to observe vertical wind profiles and calibrate numerical simulation methods for urban ventilation
High-density city assessment in nighm‘mel: elxtl'eme heat (i.e. hot nights (HNs)) at a !n'gh—derllsity site. A cross-comparison is cron—
Doppler LiDAR ducted to the characteristics between the observed HN-averaged wind profiles and commonly-used 24-h-period-
CFD averaged wind profiles in summer. The observation reveals a weaker wind environment in HNs than 24-h-pe-
riods, and the weakest condition is found in HNs during prolonged extreme heat where the impacts of weak-
ened advection surpass enhanced thermal buoyancy. Furthermore, CFD simulations are conducted to evaluate
the deviations on urban ventilation assessment caused by the lack of consideration of nighttime extreme heat
when setting inlet wind profiles and site thermal conditions. In the simulation results, the 24-h-period-averaged
wind profiles cause significant deviations on pedestrian-level wind speed and velocity ratio (empirical model
(>>45%); LiDAR observation (>>20%)). Considerable deviations are found when unstable thermal stratification is
ignored (>>20%). Consistent deviations on vertical turbulent flow structures induced by the inexplicit coupling
between thermal buoyancy and advection are found. The findings call for urgent attention to the wind conditions
in HNs since they are most needed for releasing heat stress and urban overheating. It is recommended to include
explicit buoyancy effects in both measurement and modeling works to optimize urban ventilation assessment for
tackling extremely high-temperature and weak-wind conditions.

Vertical wind speed profile
Urban ventilation

1. Introduction high-density cities to establish and optimize urban ventilation assess-
ment tools and relevant urban planning/design guidelines for designing
a better-ventilated city and solving the weak-wind related environ-

mental problems [6-8].

1.1. Background

In tropical and subtropical climates, urban ventilation is important in
promoting human thermal comfort and health as well as mitigating the
Urban Heat Island (UHI) effects [1,2]. A previous study has suggested
that every 1 m/s increase in wind speed can mitigate a 2 °C rise in urban
air temperature in summer [3]. However, the urban wind environment
is sensitive to its surrounding morphological features, especially in
high-density cities [4,5]. Thus, continuous efforts have been made in
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The recent trend of global climate change presents a new challenge
to urban ventilation assessment. According to the latest report of the
Intergovernmental Panel on Climate Change (IPCC) in 2021, the global
surface temperature is successively higher in each of the last four de-
cades and it is likely to reach an additional increment of 0.5 °C earliest in
2030 if the current warming rate continues [9]. It is virtually certain that
extreme heat, including heatwaves, have clearly discernible increases in
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their frequency and intensity on most of the land regions [9]. They have
been regarded as one of the major causes of heat-related mortality
worldwide [10-14]. Worse still, cities intensify human-induced warm-
ing locally, and urbanization consequently increases the severity of
these extreme heat [15-17]. Under this circumstance, a better under-
standing on how the wind behaves in extreme heat is required to support
accurate urban ventilation assessment when the wind is most needed for
heat-stress relief. Yet, the progress so far is hindered by the lack of field
observation data and the complex heatwind interactions in urban
boundary layers [18].

1.2. A “new normal” in Hong Kong

As one of the most representative high-density cities, Hong Kong
suffers from high-temperature and weak-wind conditions in summer.
Additionally, in line with the recent trend of global climate change,
Hong Kong Observatory (HKO) has observed a faster annual mean
temperature rise [19]. Such changing climate has consequentially led to
a substantial increase in local extreme heat, which can be identified by
hot nights (HNs: daily minimum air temperature >28 °C [20]) and very
hot days (HDs: daily maximum air temperature >33 °C [21]). For
example, the number of HNs in the summer months (i.e. June to August)
has gone up by 3 times from 2000 to 2020 (Fig. 1a). During these two
decades, a total 45 HNs in maximum have been identified in summer
2020, constituting half of the entire summer (Fig. 1b). This upward
increasing trend of extreme heat is expected to continue in the fore-
seeable future [22].

As extreme heat has become a “new normal” in Hong Kong, their
impacts have aroused an emerging concern of local urban climate and
heat-related mortality [23]. In a long-term study conducted by Ren et al.
[24], extreme heat can enhance the typical UHI effects in Hong Kong by
a 1.7 °C rise in intensity and a 59% increase in duration. With the
enhanced UHI effects, the weak wind conditions in high-density cities
tend to contribute more to higher mortality, as revealed by Goggins et al.
[25]. Furthermore, extreme heat at nighttime was found to have
stronger associations with excess mortality than those at daytime [23,
26]. Particularly, Wang et al. [23] attributed the highest mortality risks
to prolonged extreme heat. Meanwhile, Shi et al. [27] investigated the
spatial variability of extreme hot weather conditions in Hong Kong.
Their regression models addressed the importance of urban ventilation
for mitigating extreme heat, especially at the nighttime. The above
findings suggest an urgent need of attentions to wind conditions in the
“new normal” in Hong Kong, as well as a critical review on relevant
urban ventilation assessment and wind-adaptive urban planning/design.
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1.3. Research gaps and objectives

To address weak-wind-related urban problems and guide wind-
adaptive urban planning/design, the Planning Department, Hong Kong
SAR Government has established the Air Ventilation Assessment (AVA)
system since 2006 [8]. AVA provides a systematic methodology to assess
pedestrian-level wind conditions using either wind tunnel or Computa-
tional Fluid Dynamics (CFD) simulations. This methodology has been
used in all major developments in Hong Kong [29], and applied into
other high-density cities [30-33]. However, the AVA system needs a
critical review and update since its existing vertical wind profile dataset,
named “site wind availability data” [34], has two main limirations.
Firstly, this dataset was developed by wind tunnel and mesoscale
meteorological modeling, and has not been validated by field observa-
tion. Secondly, this dataset does not take into account the “new normal”
wind conditions in summer. Particularly, a standard AVA test currently
adopts 24-h-period-averaged wind darta in either annual or seasonal
extracts in this dataset to reproduce inflow boundary conditions
regardless of extreme or non-extreme hot weather conditions. Therefore,
a refinement of the dataset is needed to tackle the increasingly frequent
and intense extreme heat such as HNs, where the wind is most needed
for relieving heat-stress and potentially reducing heat-related mortality
risks.

Based on Light Detection and Ranging (LiDAR) observation of ver-
tical urban wind speed profiles, which is introduced in Section 2, we aim
to address the above two limitations, by conducting two studies. The
first study (another paper [35]) is conducted to address the first limi-
tation, i.e. lack of validation, by evaluating the accuracy of wind profiles
estimated by various conventional methods, including physical models
(i.e. wind tunnel), mesoscale meteorological models, and empirical
models (e.g. Power Law (PL)). The second study (the current paper) is
conducted to address the second limitation, i.e. lack of consideration of
extreme heat in summer, by two steps: 1) cross-comparison between the
“new normal” (i.e. HN-averaged) and commonly-used (i.e. 24-hour-per-
iod-averaged) wind profiles; and 2) evaluation of the impacts of these
wind profiles on the CFD-based thermally-stratified urban ventilation
assessment results. Specifically, the HN-averaged LiDAR wind profiles
are used as a benchmark for assessing the deviations caused by the
24-h-period-averaged wind profiles reproduced by LiDAR observation
and a conventional method, respectively. In this paper, the PL (power
law) wind profile method is selected as a representative conventional
methaod to be evaluated since, compared to LiDAR observation, it is the
optimal alternative, balancing accuracy and data availability to estimate
neutrally-stratified wind profiles [35].
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Fig. 1. Statistics of hot nights (HNs) in Hong Kong: (a) number of HNs in summer from 2000 to 2020; and (b) distribution of HNs in summer 2020 for overall
situation (i.e. all HNs in summer 2020) and extreme situation (i.e. HNs in prolonged extreme heat as explained in Section 3) (source: HKO headquarter [28]).
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2. Literature review on urban wind studies in extreme heat

Extreme heat are periods that trapped by abnormal warm air induced
by synoptic-scale anticyclones [36]. Compared with non-extreme hot
weather conditions in summer, extreme hot weather conditions further
exacerbate the urban climate due to the amplified net radiation gain,
increased anthropogenic heat, increased heat storage, decreased
evapotranspiration, and decreased turbulent heat transport [37-40]. As
one of the most complex urban climatic variables, wind in extreme heat
is relatively weak due to the high-pressure circulation patterns under
anticyclones [41]. Its behaviors have been increasingly studied by both
field measurements and numerical simulations in recent years.

Based on conventional near-ground field measurements, a number of
studies have revealed the positive contribution of wind to the synergies
between heatwaves and UHI effects [42-44]. For example, in a study in
Beijing during heatwaves, Li et al. [45] found that wind played different
roles in the synergies during the daytime and nighttime. They suggested
that wind speed had a stronger impact on the sensible heat flux in urban
areas than the advection cooling effect from the rural areas during the
daytime, while an opposite trend occurred during the nighttime. In a
study in Seoul, Ngarambe et al. [46] found that UHI is more intense
during heatwaves than non-heatwave, and these synergies between
heatwaves and UHI were more obvious in densely built areas and under
low wind speed conditions. In another study in Hong Kong, Zhang et al.
[47] found that a larger background wind speed was associated with a
faster increase in daily maximum air temperature at coastal urban areas
during extreme heat.

More recently, the development of ground-based remote sensing
technologies, such as wind LiDAR, provides a new and reliable method
to measure vertical wind speed profiles in hot periods. For example, Wu
et al. [48] launched a LiDAR observation on the upper-air wind be-
haviors in extreme heat at the metropolitan area of New York City. Their
study presented a strong diurnal variation of boundary layer heights
during heatwaves, as well as its associations with the transport of urban
air pollution. Based on multi-point LiDAR, He et al. [49] observed the
diurnal variation of summer vertical wind speed profiles in Hong Kong.
Their results confirmed stronger buoyancy effects on the near-ground
wind at the urban area with higher building density.

As for numerical simulations, mesoscale meteorological modeling
has been widely used to predict urban surface wind and temperature in
extreme heat [50-52]. As revealed by Li and Bou-Zeid [53], the low
wind speed, together with the lack of surface moisture in urban areas,
contributed the most to the enhanced UHI effects during extreme heat.
Zhang et al. [54] quantified that the UHI effects can be reduced by over
25% during a heatwave if the upwind urban areas were replaced by
natural vegetation in their simulations. Wang et al. [55] identified the
different UHI circulation patterns over Beijing-Tianjing-Bebei region
between the daytime and nighttime in the simulations. Furthermore, to
understand the high-pressure atmospheric system induced by the UHI
effects, Wang et al. [56] simulated the air circulation patterns under
various background wind speed, heat flux and stratification conditions.

In microscales, CFD techniques have been widely used to simulate
buoyancy-driven flow [57-59]. For example, based on unsteady
Reynolds-averaged Navier-Stokes (URANS) and Large Eddy Simulation
(LES) models, Mei and Yuan [60] investigated the merging of thermal
plumes in an urban area of Singapore in calm conditions and attributed
this phenomenon to both mean horizontal flow induced by pressure
difference and turbulence induced by shear instability. Mei and Yuan
[61] further conducted a literature review on buoyancy effects on urban
ventilation, with a particular focus on strong buoyancy and weak wind
conditions. Based on LES models, Wang et al. [62] investigated the
coupled effects of mechanical and thermal turbulence with urban set-
tings in Hong Kong and found that thermal turbulence enhanced
pedestrian-level ventilation while thermal mixing was suppressed by
high background wind speed. Besides, a few recent CFD studies have
taken into account the near-ground wind and thermal conditions in
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extreme heat. Amongst these studies, Toparlar et al. [40] used URANS
models to analyze the effects of wind speed on urban surface tempera-
ture in Bergpolder Zuid during a heatwave. Antoniou et al. [63] con-
ducted a validation study between URANS models and field
measurements in terms of near-ground wind speed and temperature in
four consecutive days of a heatwave in Nicosia.

Despite these studies, however, few studies have investigated the
vertical wind distribution in extreme heat, especially at high-density
urban areas. The lack of such understanding may lead to deviations on
inflow boundary conditions in urban ventilation assessment in extreme
heat, which finally results in mistaken assessment outputs and wrong
decision making in urban planning/design.

3. Reproduction of vertical urban wind profiles at upwind

This section reproduces the abovementioned 24-h-period-averaged
and HN-averaged vertical wind speed profiles in summer. A typical
high-density urban site in Sai Wan, Hong Kong is selected as an example
to reproduce the wind profiles. As shown in Fig. 2, the selected site is
located at a downtown area of northwestern Hong Kong Island. It is
characterized by inhomogeneous high-rise buildings and limited open
spaces. Fig. 3 shows the spatial distribution of building heights at the
site, where the maximum building height is around 180 m, and the
ground coverage ratio is over 40%. The selected site has a relatively flat
terrain, while mountains on the south bind it.

The 24-h-period-averaged and HN-averaged vertical wind speed
profiles were reproduced by the following equations:

" Usp i

U24H ZFIm 4H_ (1)
§ " U, i

Ugn = 7'*'” ULE (2)

where Us;; and Uy refer to the HN-averaged and 24-h-period-averaged
wind speed at different measurement heights (2), respectively; Usag ;
and Uyy_; refer to the hourly-averaged wind speed in each 24-h-period
and HN at Z, respectively; and m and n refer to the number of the
identified 24-h-periods and HNs during a study period, respectively. In
this paper, following the AVA technical circular [29], Us;z was calcu-
lated by considering all 24-h-periods in summer regardless of extreme or
non-extreme hot weather conditions, i.e., m = 92. In comparison, two
types of Ugg; were calculated: 1) Ugg-I: by considering all 45 HNs (i.e., n
= 45), as identified in Fig. 1b, in summer 2020; and 2) Ugg-II: by
extracting 9 HNs (i.e., n = 9, Fig. 1b) in the middle of prolonged extreme
heat in a pattern of 2D3N (i.e. 3 consecutive HNs with 2 HDs in between)
in summer 2020, as 2D3N has the strongest association with the
amplified mortality risks among different patterns of prolonged extreme
heat in Hong Kong [23]. The reproduction of the hourly-averaged ver-
tical wind speed profiles was based on LiDAR observation or
conventionally-used PL method, with further explanations in Sections
3.1 and 3.2.

3.1. LiDAR vertical urban wind profiles

The LiDAR method was based on a continuous field observation of
vertical wind speed profiles on the roof-top of Yam Pak building in Hong
Kong University at the selected site, as shown in Fig. 2. From the wind
LiDAR, laser beams were emitted and received cyclically to detect the
Doppler shifts (Af) of the moving aerosol particles in the atmosphere:

Af=f—fo (3

where fy refers to the frequency of the emitted laser beams, and f refers
to the frequency of the laser beams backscattered by the particles. The
detected Af was converted into corresponding radical wind speed, and
the radical wind speed at different azimuths and heights were used to
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Fig. 2. Selected high-density urban site (800 m x 800 m) in Sai Wan, Hong Kong for reproducing vertical wind speed profiles, and the wind LiDAR location on top of

the roof of Yam Pak building (15 m above the ground).
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Fig. 3. Spatial distribution of building heights at the selected urban site in Sai
Wan, Hong Kong.

reproduce vertical profiles of wind speed and direction. In this paper, the
Doppler Beam Swinging (DBS) scan mode was used to reproduce the
hourly-averaged LiDAR wind speed profiles:

U— \/(VRE — Viw)” + (Vi — Vis)’

4
2siny )

where Vgg, Vrw, Vey and Vgg refer to the radial wind speed along the
east-tilted, west-tilted, north-tilted and south-tilted directions detected
at each height above the test site (Fig. 2) in a DBS scan circle; and y refers
to the half cone angle between the vertical direction and the four tilted
directions. A diagram to explain the principle of the DBS scan mode is
attached in Appendix A. The observational data in summer 2020 was
extracted in the prevailing southwest wind direction (i.e., 180° < 8 <
270%) during non-typhoon periods. The extracted data was used to
reproduce both the 24-h-period-averaged and HN-averaged wind pro-
files. Detailed settings of the wind LiDAR are listed in Table 1. On-site
validation results of the wind LiDAR conducted at the King’s Park
meteorological station in Hong Kong based on the upper-air data from
radiosondes [64] are shown in Appendix A.

Table 1
Settings of wind LiDAR for observing the vertical wind speed profile in summer
2020.

Instrument condition Detailed setting

LiDAR model WindCube 1008

Scan mode Doppler beam swinging (DBS)
Scan range 50 m to 3 km above the scanner
Scan cycle Approximately 20s
Range gate (i.e., discrete 25 m
interval)
Half cone angle 15°
Laser beams wavelength 1.54 pm
Carrier-to-noise ratio —27 dB [49]

0.5 m/s of radial wind speed at the range between
0 and 115 m/s [65]

Measurement accuracy

3.2. Power law vertical urban wind profile

The conventionally-used PL method reproduced the vertical wind
speed profiles by integrating the site wind availability data [34] devel-
oped by Regional Atmospheric Modeling System (RAMS) modeling with
the power law empirical formula as suggested in the AVA technical
circular [29]. In this hybrid method, the site wind availability data
provides the reference wind speed above a test site and the power law
formula determines the shape of its wind profile. In this paper, the
hourly-averaged PL wind speed profiles were extrapolated as:

S
U=u. (Z) (5)

where Uy, refers to the reference wind speed at the height of 500 m (Z,)
from the computational cell (0.5 km x 0.5 km) covering the selected
urban site (Fig. 2) in the RAMS dataset; and «a refers to the power law
index where 0.35 was assigned to represent the terrain roughness of a
city center according to the widely-used ALJ recommendations [66].
Currently, only 24-h-period-averaged reference wind data in either
annual or seasonal extracts are available in the RAMS dataset. Hence,
this paper used the reference wind data in summer extract under the
sector of southwest wind direction to reproduce the 24-h-period-aver-
aged wind profile. Detailed settings of the RAMS model for developing
the site wind availability data are listed in Table 2.

3.3. Cross-comparison of 24-h-period-averaged and HN-averaged vertical
urban wind profiles

The 24-h-period-averaged and HN-averaged vertical wind speed
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Table 2
Settings of RAMS model [67] for developing the site wind availability data.

Model condition Detailed setting

Mesoscale model RAMS (version 6.0)

Horizontal data 12.5 km (outermost); 2.5 km (middle); 0.5 km (innermost)
resolution

Year 2000-2009

Actual terrain height

Land-use data in a latitude/longitude resolution of 400

(outermost); 80" (middle); and 16°" (innermost)

Simulation time
Topography
Land surface types

Nudging Near-ground wind and temperature data from local
automatic weather stations [28]
500 _
LIDAR(HN)-T
—— LiDAR(HN)-IT
400 | ——LiDAR(24H)
PL(24H)
300 r
E
N
200
100
0 A . , . .
0.5 2.0 3.5 5.0 6.5 8.0
U (m/s)

Fig. 4. Vertical wind speed (U) profiles reproduced by LiDAR observation and
conventionally-used power law (PL) method in hot nights (HNs) or 24-h-periods
(24Hs) in summer.

profiles from LiDAR in summer are plotted together for a cross-
comparison in Fig. 4. The observation shows wind speed in hot nights,
i.e. LIDAR(HN), is smaller than the one at 24-h-periods, i.e. LIDAR(24H).
It suggests the needs of additional attentions to the weak wind condi-
tions in nighttime extreme heat. Particularly, obviously smaller back-
ground wind speed (as indicated by U,) is observed in HNs in the
extrene situation (HNs-II) than the overall situation (HNs-T). This phe-
nomenon is mainly caused by the weaker advection under stronger high-
pressure circulation patterns in prolonged extreme heat at the upwind.
This weakened advection generates more significant impacts on the
urban flow than the thermal buoyancy, and eventually cause smaller
wind speed in HNs in prolonged extreme heat. In such a situation, urban
thermal environment is exacerbated by heatstress that lasts longer,
while this heat-stress can be trapped inside street canyons due to the
lower incoming wind speed [68]. Furthermore, the LiDAR results indi-
cate the strong heat-wind interactions within the urban boundary layer
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over a high-density urban site as the shapes of wind profiles vary
significantly under different buoyancy effects. The strongest buoyancy
effects are observed in the weakest wind condition in prolonged extreme
heat, i.e. LIDAR(HN)- II, which is consistent with the previous findings
[61]. However, these highly variable buoyancy-induced flow behaviors
in the reality cannot be described by the power law wind profile, i.e. PL
(24H).

4, CFD simulations

Based on the wind profiles reproduced in Section 3, this section used
the LES model in an open-source CFD code, Parallelized LES Model
(PALM) version 6.0, to conduct urban ventilation assessment. The LES
model relies on filtered and incompressible Navier-Stokes equations in
Boussinesq-approximated form [69], and explicitly resolves large and
energy-containing eddies. The LES model has been validated in both
neutral [35] and unstable [70] thermal conditions with high-density
urban settings, and the descriptions of these validations and their re-
sults are attached in Appendix B. Test scenarios in CFD are defined in
Section 4.1. Methods to set the inlet wind profiles and site thermal
conditions in CFD are described in Sections 4.2 and 4.3, respectively.

4.1. Test scenarios in CFD

Eight test scenarios were defined, which included two benchmark
scenarios and six parametric scenarios to be evaluated (Table 3). We
considered nighttime extreme hot weather conditions (LiDAR(HN)) and
unstable site thermal conditions (U) in two situations (overall (I) and
extreme (II)) as two benchmark scenarios (LiDAR(HN)-U-I/II). The
impacts of three types of parameters, i.e., 1) weather conditions (hot
night (HN) and 24-h-period (24H)); 2) thermal conditions (neutral (N)
and unstable (U)), and 3) measurement methods (PL and LiDAR), are
evaluated in other six parametric scenarios, by comparing with the
benchmark scenarios.

4.2. Settings of computational domain, grids and flow boundary
conditions

The computational domain had a size of 2800 m (X) x 800 m (Y) x
500 m (Z) (Fig. 5), which refers to the recommendations on the mini-
mum distances between buildings and domain boundaries by AlLJ
guidelines [35,71]. The computational gird was structured with a total
cell number of 1400 (X) x 400 (Y) x 120 (Z), where the cell size was 2 m
with no stretching ratio in the horizontal dimension and 1 m with a
stretching ratio of 1.03 beyond the height of 25 m in the vertical
dimension. This grid resolution was determined by a grid-sensitivity test
conducted by Gronemeier et al. [72] in PALM, based on a high-density
urban model, to best compromise simulation accuracy and computa-
tional cost.

In the computational domain, the inlet boundary prescribed the
vertical wind speed profiles reproduced in Section 3. To have a fair
cross-comparison, this paper only prescribed the vertical wind speed
profiles within the range from 65 m to 500 m, where both LiDAR and PL
methods’ data are available. The wind speed below the height of 65 m at

Table 3

Test scenario definitions with different input parameters for CFD simulations.
Scenarios Methods Weather conditions Thermal conditions Situations
LiDAR(HN)-U-I/TI LiDAR Hot night (HN) Unstable (U) Overall (T)

PL(24H)-U-I/1I PL
LiDAR(24H)-U-I/1I
LiDAR(HN)-N-I/1I

24-h-period (24H)

Neutral (N) Extreme (1I)

Note: total eight test scenarios are involved with different combinations of four pairs of alternative input parameters, where “methods™ and “weather conditions™
prescribe inlet wind profiles; “thermal conditions” prescribe site thermal conditions; and “situations” determine the effects of HNs on both inlet wind profiles and site

thermal conditions.
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Fig. 5. Computational domain and boundary conditions of the LES model with a high-density urban model.

all the scenarios was prescribed to be constant. It assumed that the wind
speed gradient inside urban canopies is negligible below the displace-
ment height until quite close to the ground surface, referring to the
descriptions in the reality by Bentham and Britter [73], and Oke [74].
Based on prescribed vertical wind speed profiles, the initial turbulence
was generated by the synthetic turbulence generator [75], where the
instantaneous wind speed component (1;) at the inlet was calculated at
each time step () by the following equation:

(1) =T (1) + (1) (1) (6)

where i, j € {1, 2, 3}; ; refers to a mean wind speed component; a;
refers to an amplitude tensor derived from the Reynolds stress tensor,
which was parametrized automatically by the method of Rotach et al.
[76] in PALM; and u} refers to the turbulent motions, which were ob-
tained by the following equation:

u} (= u} (t— At)exp (%ﬁt) +y;(t— Ar) [1 —exp (%AI)]O.S 7

where y; refers to a set of random data generated independently in
PALM at each time step, with a zero mean and a unity variance; At refers
to the interval of 1 time step; and T refers to the Lagrangian time scale.

42

The outlet boundary adopted a radiation condition. The bottom, top
and lateral boundaries adopted no-slip, free-slip and cyclic condition,
respectively. The total simulation time for each scenario was 1.5 h, in
which the simulation result in the last half hour was averaged and
outputted. Automatic adjustment of the time step is set to guarantee the
courant number less than 1.

4.3. Settings of urban thermal conditions

The LES model adopts either neutral (N) or unstable (U) thermal
conditions to include the impacts of thermal buoyancy at the test urban
site. The calculation of heat transfer was switched off, in the test sce-
narios with neutral thermal conditions (i.e., LIDAR(HN)-N-1/1I). In the
test scenarios with unstable thermal conditions (i.e., LIDAR(HN)-U-I/II,
PL(24H)-U-1/11, and LiDAR(24H)-U-I/II), initial temperature was set to
be homogeneous at the inlet and computational domain with reference
to the averaged air temperature recorded at the automatic weather
station at HKO headquarter [28] in hot summer nights, 2020. Specif-
ically, the averaged maximum air temperature in all 45 HNs is 30.1 °C
and 30.6 °C in the overall (I) and extreme situations (II), respectively. To
activate the heat transfer and reproduce the convective flow field in the
simulations, a constant flux layer was assumed as the boundary

40
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Fig. 6. Diurnal variations of surface (building roof and wall) and air temperature measured at Yam Pak building (Fig. 2) in Hong Kong University from 24 to 25 July

in summer 2008 [77].
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conditions of all building/ground surfaces.

The surface heat flux was set according to the field measurement
data obtained at Yam Pak building (Fig. 2) by Yang and Li [77]. Fig. 6
shows the diurnal variations of surface temperature measured on the
building roof and walls by thermal couples. Since a similar trend of
surface temperature on the building roof and walls was observed at the
nighttime, this paper assumed the heat flux from all building/ground
surfaces was the same and estimated the kinematic sensible heat flux (H)
based on the maximum nighttime temperature difference (i.e., around
1.7 °C) between the surfaces and ambient air:

o (T ourguce — Tuir)
cpep

(8)

where h refers to the convective heat transfer coefficient, which is
assumed to be 12 W K! m~? based on the numerical estimation in
urban-like settings given by Awol et al. [78]; Tsyface and Ty refer to the
surface and air temperature, respectively; and p refers to the density of
dry air (1.225 kg m™3). Tt should be noted that the minimum air tem-
perature measured by the weather station on the building roof from 24
to July 25, 2008 is close to 28 °C, which is the threshold [20] to define a
HN.

5. Results and discussion

This section cross-compares two benchmark scenarios and six para-
metric scenarios to investigate the impact of input wind profiles on CFD
simulation results. Three pairs of input parameters, which are defined in
Section 3, are cross-compared in this section: 1) conventionally-used
wind profiles (i.e., PL) versus LiDAR wind profiles; 2) 24-h-period-aver-
aged wind profiles versus HN-averaged wind profiles; and 3) neutral
thermal conditions (N) versus unstable thermal conditions (U). The
benchmark pairs are LIDAR(HN)-U-I/II. Sections 5.1 and 5.2 analyze the

LiDAR(HN)-U-I
8001~ -
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pedestrian-level and upper-level wind speed respectively. Section 5.3
further analyzes the pedestrian-level wind velocity ratio, which is the
ratio between pedestrian-level wind speed and reference-height wind
speed.

5.1. Deviations of wind speed at the pedestrian level

5.1.1. Qualitative analysis

The pedestrian-level wind speed contours, simulated by CFD in
different scenarios (Table 3), are plotted in Figs. 7 and 8. Overall, the
inlet wind profiles and site thermal conditions in the parametric sce-
narios (i.e., PL(24H)-U-I/II, LiDAR(24H)-U-I/II, and LiDAR(HN)-N-1/
1) cause significant deviations on the assessment of pedestrian-level
wind speed in HNs. Particularly, these deviations are more significant
in the extreme situation (II), which focuses on HNs in prolonged extreme
heat, than the overall situation (I).

Conventionally-used wind profiles (PL) versus LiDAR wind profiles
(benchmark): Based on the benchmark scenarios with LiDAR observa-
tion, the conventionally-used (PL) wind profiles, i.e. PL(24H)-U-1/1I,
lead to significant overestimations of pedestrian-level wind speed in
HNs. The overestimations can be explained by two reasons. Firstly, the
power law formula itself has deficiencies to explicitly describe the
shapes of wind profiles, which are highly modified by urban heteroge-
neities and buoyancy effects [79,80]. Secondly, the mesoscale meteo-
rological modeling dataset (i.e. site wind availability data), which
provides reference wind speed to the PL wind profiles [29], cannot
precisely extract U, in HNs. In this paper, the mesoscale meteorological
model underestimates U, in HNs in the overall situation (i.e. summer),
and overestimates U, in HNs in the extreme situation (i.e. prolonged
extreme heat) as revealed in Fig. 4.

24-h-period-averaged wind profiles versus HN-averaged wind pro-
files (benchmark): Overestimations of pedestrian-level wind speed in
HNs are also induced by the 24-h-period-averaged profiles even though

PL(24H)-U-1
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Fig. 7. Pedestiian-level distributions (Z = 2 m) of wind speed (U) in four scenarios (Table 3) in overall situation (I): hot nights (HNs) in summer. LIDAR(HN)-U-I is

the benchmark scenario.
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Fig. 8. Pedestiian-level distributions (Z = 2 m) of wind speed (U) in four scenarios (Table 3) in extreme situation (II): hot nights (HNs) in prolonged extreme heat.

LiDAR (HN)-U-II is the benchmark scenario.

the LiDAR Technology was used, i.e., LIDAR(24H)-U-1/11, although they
are less significant than those induced by the conventionally-used PL
wind profiles (i.e., PL(24)-U-I/II). Overall, the deviations are mainly
because the LiDAR observation in 24-h-periods fails to specify the
buoyancy effects in HNs, which can significantly modify the shapes of
the upwind wind profiles (Fig. 4). In the HNs in prolonged extreme heat
(ID), the deviation is also caused by the 24-h-period-averaged LiDAR data
because of the overestimation of the advection and incoming wind scale.

Neutral thermal conditions versus unstable thermal conditions
(benchmark): The neutral thermal conditions, i.e. LIDAR(HN)-N-I/II,
which ignore buoyancy effects at the test site, cause underestimations of
pedestrian-level wind speed in HNs. This phenomenon confirms the ef-
fects of urban heating on boundary layer climate as descripted by Oke
[37]. A similar result has been described by a previous study [60], which
revealed a considerable enhancement on pedestrian-level wind speed by
the buoyancy effects in high-density urban areas in nighttime calm
conditions.

5.1.2. Quantitative analysis

More than the qualitative analysis, we used two indicators, the
percentage deviation of wind speed (PDy) and percentage deviation of
wind speed frequency (PDg), to quantify the deviations on urban
ventilation assessment caused by the inlet wind profiles and site thermal
conditions which are lack of consideration of nighttime extreme heat.
PDy and PDrg are calculated as:

Ukatuation — Upenchmark
Py = —eatuation — Y Benchmark )y, (9
UBenrhmark
Fivatuation — F.
PDI: _ Evaluation Benchnark x 100% (1 0)
FBem:l\mark

where Ugyaiuation and Upenchmark refer to the spatially-averaged wind
speed from CFD simulations in the benchmark scenarios and the

parametric scenarios to be evaluated, respectively. Correspondingly,
Fryaiuation and Fpenchmark Tefer to the frequency of the simulated wind
speed in the benchmark scenarios and the parametric scenarios to be
evaluated, respectively. The calculation of the two indicators was con-
ducted at the central target area of 400 m (X) x 400 m (Y) of the test site
(Figs. 7 and 8) to consider the impacts of immediate surroundings and
minimize the impacts of recirculating flow at the downwind cavity zone.

The results of PDy at the pedestrian level are shown in Fig. 9. The
largest deviations are caused by the conventionally-used (PL) wind
profiles, i.e. PL(24H)-U-I/11, which overestimate over 30% and 45% of

60 r
# PL(24H)-U-1/II

uLiDAR(24H)-U-I/II

45 ' mLiDAR(HN)-N-I/I

PDy (%)

=30 Lt

Overall Situation Extreme Situation

Fig. 9. Percentage deviation of pedestrian-level wind speed (PDy;) of different
scenarios in overall situation (I): hot nights (HNs) in summer; and extreme
situation (II): HNs in prolonged extreme heat.



Y. He et al.

pedestrian-level wind speed in HNs in the overall (i.e. summer) and
extreme (i.e. prolonged extreme heat) situations, respectively. These
deviations are larger than those caused by the inexplicit representation
of mechanical effects of urban roughness at the same high-density site by
the PL method (i.e. around 25% [35]). The larger deviations in the
current paper suggest that the accuracy of conventional methods for
assessing pedestrian-level wind can be further reduced if the thermal
effects in extreme heat (e.g. HNs) are not specified. Besides, smaller but
still significant deviations are seen when using either the 24-h-period—
averaged LiDAR wind profiles, i.e. LIDAR(24H)-U-I/II, or the neutral
thermal conditions, i.e. LIDAR(HN)-N-I/II. They either overestimate or
underestimate pedestrian-level wind speed by over 20%. This result
quantitatively reveals the deviations on pedestrian-level wind assess-
ment caused by the improper use of LiDAR observational data.

Furthermore, the results of PDf are given by categorizing the simu-
lated pedestrian-level wind speed into three ranges: comfort (>1.3 m/s),
medium (0.3-1.3 m/s), and poor (<0.3 m/s). This criterion [81] was
established to evaluate the influence of wind speed on outdoor thermal
comfort based on the surveys conducted by Cheng et al. [82] and Ng
et al. [83] in Hong Kong. As shown in Fig. 10, based on the simulations
results, obvious deviations are seen at both the comfort and poor zones.
Among the scenarios, the conventionally-used (PL) wind profiles cause
the largest deviations of over 190%, and the deviations caused by the
24-h-period-averaged LiDAR wind profiles and neutral thermal condi-
tions are over 80%. These large deviations suggest the importance of
explicit consideration of buoyancy effects in pedestrian-level wind
assessment for addressing outdoor thermal comfort.

5.2. Deviations of wind speed at the upper level

5.2.1. Qualitative analysis

The stream-wise (along X dimension) wind speed distributions in the
vertical dimension are shown in Figs. 11 and 12. The analysis mainly
focuses on the upper levels till around 200 m, covering the urban canopy
layer in Hong Kong (0-60 m [84]), and the highest buildings at the test
site (around 180 m). Based on the benchmark scenarios, i.e. LiDAR
(HN)-U-1/11, the deviations caused by the inlet wind profiles or site
thermal conditions in the parametric scenarios (i.e., PL(24H)-U-I/II,
LiDAR(24H)-U-I/II, and LiDAR(HN)-N-I/II) are as follows:

Conventionally-used wind profiles versus LiDAR wind profiles
(benchmark): The conventional (PL) method, i.e. PL(24H)-U-I/II,
largely overestimates the mean flow within and just above the urban

Overall Situation
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canopy layer in HNs. Consequently, the conventional method causes
deviations when predicting both the mechanical and thermal effects on
turbulent motions from urban morphologies since these effects are
sensitive to the incoming flow at high-density urban areas [62].
Particularly, in the extreme situation where prolonged extreme heat
occurs, the conventional method causes even larger deviations on the
mean flow and turbulent motions due to the stronger buoyancy effects
and weaker incoming wind conditions in the reality.

24-h-period-averaged wind profiles versus HN-averaged wind pro-
files (benchmark): The 24-h-period-averaged LiDAR wind profiles,
LiDAR(24H)-U-I/1I, which do not specify the effects of thermal buoy-
ancy and advection at the upwind in HNs, also overestimate the mean
flow and turbulent motions in the vertical wind assessment. The 24-h-
period-averaged LiDAR wind profiles cause stronger and more intense
vertical mixing within and just above the urban canopy layer, because
they obtain larger enhancements from the thermal effects at the upwind.

Neutral thermal conditions versus unstable thermal conditions
(benchmark): the neutral thermal conditions, i.e. LIDAR(HN)-N-I/II,
which do not take into account the buoyancy effects at the site in HNs,
lead to less vertical mixing within the urban canopy layer and more
laminar flow structure above the layer than the observation by LiDAR.
The result reveals the deficiency of the neutral thermal conditions on
reproducing the unstably-stratified vertical wind distributions under
extreme hot weather conditions at a high-density urban site. It is
consistent with some previous findings on urban boundary layer flow
[70,72]. To indicate the vertical distribution of buoyancy effects at the
site in HNs, the simulated spatially-averaged vertical profiles of tem-
perature difference of the two benchmark scenarios are attached in
Appendix C.

5.2.2. Quantitative analysis

The simulated wind speed at the upper levels (i.e., 0-240 m) above
the target area are quantitatively compared by PDy, as depicted in
Fig. 13. Similar as the results at the pedestrian level, the inlet wind
profiles or site thermal conditions in the parametric scenarios lead to
more obvious deviations in the extreme situation (i.e. prolonged
extreme heat) than the overall situation (i.e. summer) in HNs. The
largest deviations are seen within the urban canopy layer, where the
scenarios based on the conventional (PL) method, i.e. PL(24H)-U-I/1I,
cause the deviations of over 45%, and the scenarios based on LiDAR
observation, i.e. LIDAR(24H)-U-I/II and LiDAR(HN)-N-I/II, cause the
deviations of over 25%. These large deviations may cause misleading

Extreme Situation
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Fig. 10. Percentage deviation of pedestrian-level wind speed frequency (PD5) at three ranges of wind comfort [81] of different scenarios in overall situation (I): hot
nights (HNs) in summer; and extreme situation (II): HNs in prolonged extreme heat.
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Fig. 11. Vertical distributions (Y = 400 m) of wind speed (U) along prevailing southwest wind direction in four scenarios (Table 3) in overall situation (I): hot nights

(HNs) in summer. LIDAR(HN)-U-I is the benchmark scenario.
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Fig. 12. Vertical distributions (Y = 400 m) of wind speed (U) along prevailing southwest wind direction in four scenarios (Table 3) in extreme situation (II): hot
nights (HNs) in prolonged extreme heat. LIDAR (HN)-U-II is the benchmark scenario.

results in upper-level wind assessment inside street canyons, especially
the deep ones, where the heat can be easily trapped at nighttime [68].
They may also mislead the other assessment associated with the outdoor
wind field, such as the assessment of outdoor pollutant dispersion and
indoor natural ventilation.

5.3. Deviations of wind velocity ratio at the pedestrian level

In addition to the analysis of wind speed, we converted wind speed
into wind velocity ratio (VR) to indicate the wind availability at different
heights of the test site by the following equation:

U

VR=-—"—

U, an

where U refers to the simulated wind speed at an evaluation height; and
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U, refers to the upwind wind speed at the height of 500 m (Fig. 4). The
simulated spatially-averaged vertical VR profiles of different scenarios
over the target area are shown in Fig. 14. Compared with wind speed, VR
describes more clearly the shape characteristics of wind profiles modi-
fied by both of the mechanical and thermal effects since VR excludes the
impacts of different incoming wind scales (as indicated by Uy). Thus, VR
is currently used as the indicator in AVA as required by the technical
circular [29].

Based on the simulated VR, we used an indicartor, the percentage
deviation of wind velocity ratio (PDyg), to quantify the deviations on
pedestrian-level wind assessment caused by the inlet wind profiles and
site thermal conditions. PDyg is calcularted as:

VR.Evatuaﬁon — VRBenckmarI( %1 00%

PDyg= (12)

VR Benchmark
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Fig. 13. Percentage deviation of wind speed (PDy) at upper levels (0-240 m) of different scenarios in overall situation (I): hot nights (HNs) in summer; and extreme

situation (ID): HNs in prolonged extreme heat.
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Fig. 14. Simulated spatially-averaged vertical wind velocity ratio (VR) profiles at upper levels (0-240 m) of different scenarios in overall situation (I): hot nights
(HNs) in summer; and extreme situation (II): HNs in prolonged extreme heat (note: VR excluded the impacts of U,, of different scenarios and focused on the impacts

of their profile shapes).

where VREyaiation and VRpenchmark refer to the VR at the pedestrian level
from CFD in the benchmark scenarios (i.e. LIDAR(HN)-U-I/II) and the
parametric scenarios to be evaluated, respectively.

The distributions of PDyg of different scenarios to be evaluated are
depicted in Fig. 15. The largest deviations are seen in the scenarios using
the conventional (PL) wind profiles (i.e. PL(24H)-U-1/II). These de-
viations are more obviously distributed at the zones with larger open
spaces. Furthermore, the spatially-averaged deviations caused by
different input parameters are summarized in Fig. 16: over 45% by the
PL wind profiles (i.e. PL(24H)-U-I/1I); around 10% by the 24-h-period-
averaged LiDAR wind profiles (i.e. LIDAR(24H)-U-1/1I); and over 20%
by the neutral thermal conditions (i.e. LIDAR(HN)-N-I/1I). Different
from the results of PDy at the pedestrian level in Section 4.1.2, which
indicate larger deviations in the extreme situation (i.e. prolonged
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extreme heat) than the overall situation (i.e. summer), an opposite trend
is seen in the results of PDyg. Particularly, in the extreme situation, PDy;
caused by the 24-h-period-averaged LiDAR wind profile is over 20%
(Fig. 9), while the results of PDyy turn out to be negligible.

On one hand, the larger deviation on pedestrian-level wind speed is
attributed to the different U, between 24-h-periods and HNs in pro-
longed extreme heat, as confirmed in Fig. 4. On the other hand, the
smaller deviation on pedestrian-level VR suggests that the buoyancy
effects of modifying the shapes of wind profiles are comparable between
24-h-periods and HNs in prolonged extreme heat, as confirmed in
Fig. 14. Despite that the 24-h-period-averaged LiDAR wind profile only
causes small PDyp, it still causes a large deviation on the wind speed field
in HNs, due to the inexplicit coupling effects between vertical mixing
induced by thermal buoyancy and horizontal flow induced by advection.
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Fig. 15. Pedestrian-level distributions (Z = 2 m) of percentage deviation of wind velocity ratio (PDyg) of different scenarios in overall situation (I): hot nights (HNs)
in summer; and extreme situation (II): HNs in prolonged extreme heat (note: VR excluded the impacts of U,, of different scenarios and focused on the impacts of their
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Fig. 16. Percentage deviation of pedestrian-level wind velocity ratio (PDyg) in
hot nights (HNs) of different scenarios in overall situation (I): HNs in summer;
and extreme situation (II): HNs in prolonged extreme heat (note: VR excluded
the impacts of U, of different scenarios and focused on the impacts of their
profile shapes).

All the quantitative results from Sections 5.1 to 5.3 are summarized
in Table 4, including PDy, PDp, and PDyp of the six parametric scenarios
against the benchmark scenarios.
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0. Conclusion

This study uses LiDAR observation to investigate the vertical wind
profiles and calibrate numerical simulation methods for urban ventila-
tion assessment in nighttime extreme heat in summer at a typical high-
density urban area in Hong Kong. The observation in HNs involves two
situations: 1) overall situation (i.e. HNs in summer); and 2) extreme
situation (i.e. HNs in prolonged extreme heat). They are cross-compared
with the observation in 24-h-periods for identifying the impacts of
nighttime extreme heat on wind. Based on the observational data, CFD
simulations with LES model are conducted to evaluate the deviations of
urban ventilation assessment caused by the lack of consideration of
nighttime extreme heat. Three pairs of input parameters are compared
in CFD: 1) conventionally-used power law (PL) wind profile versus
LiDAR wind profiles; 2) 24-h-period-averaged wind profile versus HN-
averaged wind profiles; and 3) neutral thermal conditions versus un-
stable thermal conditions. Major findings are summarized and discussed
on two aspects. Firstly, this study establishes a better understanding of
wind conditions in high-density cities in nighttime extreme heat:

e Based on LiDAR observation, this study reveals weaker urban wind
conditions in HNs than 24-h-periods in summer (Fig. 4). It means
that urban dwellers suffer from not only higher-than-normal air
temperature but also lower-than-normal wind speed in nighttime
extreme heat.

e Particularly, the weakest pedestrian-level urban wind environment is
found in HNs during prolonged extreme heat. This result indicates
the impacts of the weakened advection are stronger than the
enhanced thermal buoyancy under stronger high-pressure circula-
tion patterns in prolonged extreme heat. Consequently, HNs in
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Table 4
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Summary of the percentage deviations of wind speed (PDy;), wind speed frequency (PDz), and wind velocity ratio (PDyg) of the six parametric scenarios. LIDAR(HN)-U-

I/11 are the benchmark scenarios.

Scenarios PDy; PDp (2 m, PDy PDyr

(2 m) comfort zone) (060 m) (2 m)
PL(24H)-U-I/T1 =>45% =190% >45% =45%
LiDAR(24H)-U-I/IL >20% >80% >25% >9%
LiDAR(HN)-N-I/TI < —20% < —45% < —15% < —20%

prolonged extreme heat exacerbate urban thermal environment and
lead to deteriorating heat-related health issues in Hong Kong [85].

e The current findings call for more attentions to the wind conditions
in high-density cities in nighttime extreme heat given that they are
weaker than the averaged wind conditions in summer, and crucial
for releasing heat-stress and urban overheating.

Secondly, this study provides recommendations to improve the
current methodology in AVA to address the impacts of nighttime
extrenie heat on urban ventilation:

e The conventional methods, e.g. PL (power law) method, to repro-
duce vertical wind speed profiles causes significant deviations on
pedestrian-level wind speed (>45%) and wind speed frequency
(>190%) in HNs (Figs. 9 and 10). These deviations are larger than
those induced by the inexplicit representation of urban roughness in
neutral thermal conditions by the PL method (i.e. wind speed
(>25%); and wind speed frequency (>100%) [35]). It suggests the
importance to carefully consider both mechanical effects and ther-
mal effects in urban boundary layers when conducting urban venti-
lation assessment.

Alternatively, the LiDAR observation to reproduce vertical wind
speed profiles is more accurate. However, it is recommended to
address the influence of specific thermal conditions on the flow at
both the upwind (via measurements of wind profiles) and the test site
(via simulations of thermal buoyancy) when assessing the
pedestrian-level wind in HNs. Otherwise, considerable deviations are
caused (wind speed (>20%); and wind speed frequency (>70%))
(Figs. 9 and 10).

For AVA, the conventional methods should be used after optimiza-
tion when assessing urban wind environments in extremely high-
temperature and weak-wind conditions at nighttime. For example,
when using the PL method, a more explicit classification of power
law index can be established to better fit the LIDAR observation
under different hot weather conditions. Otherwise, significant de-
viations are caused on the assessment of pedestrian-level VR (>>45%)
(Fig. 16) as well as the unstable vertical flow structure induced by the
coupling effects between thermal buoyancy and advection (Figs. 11
and 12).

To support more accurate AVA, the existing site wind availability
data in Hong Kong should be refined. Given the significant deviations
on pedestrian-level VR between HNs and 24-h-periods (>45%)
(Fig. 16), the existing dataset, which only provides 24-h-period-aver-
aged wind data, should be updated to tackle the extreme heat, such
as HNs and HDs [20,21], where the wind is most needed for
heat-stress relief. As such, a more advanced and real-time mesoscale
meteorological model, such as the Weather Research and Forecasting
(WRF) Model, with validation of long-term multi-point LiDAR
observational data is required.

The different heat-wind relationships revealed in this study imply the
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needs of categorical understanding on the wind conditions under diverse
hot periods. It is particularly important to better understand and assess
the wind behaviors in high-density cities in nighttime extreme heat in
summer given that they become excessive and are highly associated with
public health. A better understanding and assessment of the “new
normal” wind conditions are crucial for developing wind-adaptive urban
planning/design strategies for a healthier and more comfortable living
environment.

7. Limitations and future works

This paper only investigates the extreme heat at nighttime, while a
subsequent investigation will be needed to tackle the situations at day-
time, where wind conditions are expected to be more unstable due to the
stronger buoyancy effects induced by solar radiation. Secondly, the
paper only involves a typical urban site, while more urban areas and
building densities should be studied in the future in order to diversify the
buoyancy effects on urban ventilation. In addition, the paper only con-
ducts urban ventilation assessment by CFD methods while such assess-
ment should be repeated by physical methods in wind tunnel tests with
thermal conditions being involved.
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Appendix A. LiDAR scan mode and validation
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Fig. 17. A DBS scan mode emits and receives at five directions, namely, the east-tilted, south-tilted, west-tilted, north-tilted and vertical directions in a circle. The
diagram illustrates the radial wind speed to be detected along the east-tilted (Vgg) and west-tilted (Vgw) directions, as well as their conversions into the east-west

horizontal component of wind speed (ugw = 0.5(Vrg — Vaw)/siny).
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Fig. 18. Comparison of nighttime/daytime vertical profiles of horizontal wind speed (U) and direction (#) (i.e., mean and standard deviations) measured by ra-
diosondes and a wind LiDAR at the King’s Park meteorological station at 8 a.m. and 8 p.m. daily [64] in a period of two weeks, where the overall R? reaches 0.88 and
0.82 for U and 8, respectively. The validation results confirm consistently high reliability of the LiDAR observational data at both the daytime and nighttime.
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Appendix B. LES validations in neutral and unstable thermal conditions
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Fig. 19. The current LES model on pedestrian-level wind velocity ratio (VR) in neutral thermal conditions has been validated by wind tunnel experimental data [86]
at a high-density urban site in Sai Kung, Hong Kong under the northwest wind direction. In the experiment, the pedestrian-level wind speed was measured by
multiple omni-directional sensors at a low-speed wind tunnel with a 1:400 reduced-scale urban model. The inlet wind speed at the gradient height was used to
convert the pedestrian-level wind speed into VR. The inlet wind profile and urban model used in the experiment was input in the simulations to output urban wind
field. The validation results based on 60 test points show the overall R? reaching around 0.65 and the root mean square error reaching around 0.06, which are in line
with the previous validation results with high-density urban settings by PALM [70,87,88]. Despite the significant quantitative disagreements at some specific test
points, the cuirent LES model is able to achieve reliable understanding of spatially-averaged wind performance at high-density urban areas. More details of this
validation can be found at [35].
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Fig. 20. The cwrent LES model on pedestrian-level wind velocity ratio (VR) in unstable thermal conditions has been validated by Wang and Ng [70] based on a field
measurement dataset [89] at a high-density urban site in Tsim Sha Tsui, Hong Kong under the east wind direction. In the field measurement, the pedestrian-level
wind speed was recorded synchronously by twelve researchers with mobile air flow probes at multiple spots along six routes on a sunny and hot afternoon in 2006.
Meanwhile, the instant upwind wind speed at Waglan Island automatic weather station [28] was recorded to convert the pedestrian-level wind speed into VR. To
reproduce the effects of unstable thermal stratification on urban wind field in the LES model, homogeneous initial temperature was set at the inlet and domain with
reference to the local meteorological data; and heat transfer between urban surfaces and ambient air was prescribed by kinematic heat flux determined in a sensitivity
test. The validation results based on 37 measurement spots indicate the overall R? reaching 0.67, which is comparable to the validation results obtained in neutral
thermal conditions [70]. More details of this validation can be found at [70].
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Appendix C. Vertical profiles of temperature
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Fig. 21. Simulated spatially-averaged vertical profiles of temperature difference (AT) at upper levels (0-240 m) with HN-averaged LiDAR wind profiles in overall
situation: HNs in summer; and extreme situation: HNs in prolonged extreme heat. According to the results, the buoyancy effects decrease gradually from the
pedestrian level to the upper levels till around 180 m.
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