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Investigations of high-density urban boundary layer under summer
prevailing wind conditions with Doppler LiDAR: A case study in
Hong Kong

Abstract

The high-density urban boundary layer (UBL) is one of the most complex
atmospheric conditions, while the field data of UBL is limited due to the lack of
suitable measurement methods. To better understand the UBL structures in high-
density cities, a pioneering investigation is conducted in Hong Kong by Doppler wind
LiDAR. Vertical wind speed profiles are measured at three locations: Cape D’ Aguilar
(upwind), University of Hong Kong (downtown), and Hong Kong University of
Science and Technology (downwind). To address the weak wind conditions in
summer, the prevailing southwest wind condition is selected as the subject of
investigation. Based on the observations, the gradient height over Hong Kong is
approximately 1.0-1.2 km. Below this height, the vertical wind speed profiles are
significantly modified by surface morphologies. The power-law equation
appropriately parametrizes the upwind (o =0.1-0.15) and downwind (a. = 0.27)
profiles, but it has limitations when parametrizing the downtown profile. Deficiencies
of the vertical wind speed profiles predicted by conventional meso-scale simulations
and wind-tunnel experiments are revealed. These results provide researchers and
engineers benchmarking data to refine their urban climate predictions. They
generalize a better understanding of the UBL climates, which can be shared with other
high-density cities.
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1.Introduction

The urban boundary layer (UBL) is that portion of the atmospheric boundary layer
above the urban canopy, where the surfaces are inhomogeneous (Oke, 2002). The
structure of the UBL is, therefore, highly complex, due to numerous sources and sinks
of momentum and heat (Barlow, 2014; Gryning et al., 2011). Some parameters that
describe the wind conditions of the UBL, such as the vertical wind speed profiles and
gradient height, are essential inputs in urban climate studies, for example, on the
predictions of wind behaviors (Blocken and Persoon, 2009; He et al., 2019; Yuan and
Ng, 2012), thermal distribution (Uehara et al., 2000; Wang and Ng, 2018) and
pollutant dispersions (Blocken et al., 2008; Hang et al., 2012; Tominaga and
Stathopoulos, 2018). It has been reported that small errors of these input parameters



can lead to obvious deviations, fluctuations, and even mistaken modelling outputs
(Jiang et al., 2008). Therefore, a better understanding of the UBL structures is useful
and practical to improve urban climate predictions.

Investigations on the wind characteristics of the UBL are challenging, mainly due to
the practical difficulties in estimating or observing the upper-air wind conditions.
Investigations of the UBL rely on either simulations or measurements. The
simulations are generally considered to be less accurate than measurements, while the
conventional observations, such as those on tall towers, balloons or even helicopters
(Roth, 2000), are restricted by their durations, frequencies, heights and/or stability. To
overcome these restrictions, ground-based remote sensing instruments, such as
Doppler wind Light Detection and Ranging (LiDAR), have been introduced into
urban climate studies in recent years (Liu et al., 2019). They have been used to
investigate the UBL of different cities in the world. For example, in central London,
Drew et al. (2013) and Kent et al. (2018) observed the vertical wind speed profiles
over several urban areas. They found that a detailed assessment of the nature of urban
surfaces is essential, especially when estimating the wind conditions of the UBL.
Later, Halios and Barlow (2018) observed the morning transition of the UBL, and
found that the nighttime UBL is more convective when compared with the boundary
layer over rural areas. In Tokyo, Kikumoto et al. (2017) and Lim et al. (2017)
investigated the vertical wind speed profiles under various weather and climatic
conditions. Their results revealed that the parameters of the power-law equation are
not constant, but rather time-dependent when estimating the UBL. In Houston, Haman
et al. (2012) investigated the seasonal variations of the UBL heights in a near-coastal
urban area. Their results indicated seasonal and daily variability of the UBL heights
caused by thermal instability. In Beijing, Huang et al. (2017) investigated the diurnal
cycle of the UBL heights. They proposed composite methods to estimate the UBL
heights in convective and neutral cases. In Seoul metropolitan area, Park and Chae
(2018) investigated the vertical structures of the land-sea breezes. They observed a
reduction of durations of sea breezes against distances from the shoreline. Recently, in
Hong Kong, Yim (2020) and Huang et al. (2020) observed the variability of the UBL,
particularly in hot-and-polluted and cloudy cases. Their observations mainly provided
insights for the studies of transboundary air pollution. The above literatures revealed
that the UBL structures varied with surface morphologies, thermal conditions, as well
as local circulations. Thus, investigations on the UBL should be conducted on a case-
by-case basis. For cities like Hong Kong, which are under the combined effects of
high-density surface morphologies, unstable thermal stratifications, and land-sea
breeze circulations, investigations on the wind distribution of the UBL are still
limited, especially under weak wind conditions during summer.

<Fig.1>

1.2. The need for studying UBL structures of Hong Kong under weak wind conditions



As one of the representative high-density cities in the world, Hong Kong has complex
terrains that consist of high-rise buildings and hilly topographies. Neighboring to the
Pearl River Delta Region of mainland China on the north and facing the open sea on
other sides, Hong Kong has a subtropical and monsoon climate with seasonal changes
of wind directions (HKO, 2020a). Hong Kong’s climate is famous for hot-humid
summer and mild winter. Based on the statistics released by the HKSAR government
(HKPD, 2019a), built-up areas occupy only 25% of the total land in the city, while
those undeveloped areas are hilly to mountainous regions that consist of steep slopes.
Due to the limited urban land resources and dense population, local buildings are
usually tall and compact (Ng et al., 2011; Yuan and Ng, 2012). For example, at the
downtown of Hong Kong Island, the buildings can have a ground coverage ratio of
over 70%, a mean height of over 60 m, and a permissible domestic plot ratio up till 10
(HKPD, 2016). As a consequence, these high-density urban morphologies
significantly modify the approaching wind profiles to the city.

In summer (i.e., from June to August in this study), the city is dominated by the
prevailing southwest wind coming from the sea, as shown in Fig. 1. During this
period, weaker mean wind speed has been recorded in comparison with the
corresponding annual data at the near-ground weather stations of the Hong Kong
Observatory (HKO) (HKO, 2020b). The HKO’s historical data also reveal a dramatic
deceleration of the mean wind speed from an upwind to a downtown location. Such a
weak wind condition always challenges outdoor thermal comfort (Ren et al., 2021;
Shi et al., 2018; Shi et al., 2019a), pollutant dispersion (Shi et al., 2016; Shi et al.,
2019b) and human health (Qian et al., 2010; Wang et al., 2019) of a city.

Careful considerations and adaptations of urban designs in respect of the weak
background wind conditions become especially important. To address the relevant
urban issues, the government has established an air ventilation assessment (AVA)
system (HKPD, 2005) and published its technical circular NO. 1/06 (HPLB and
ETWB, 2006) since early 2000. This system aims to assess and minimize the potential
impacts of the new development and redevelopment of a site on its ambient wind
environment. As required, repre sentative vertical wind speed profiles of the site
should be set as the boundary conditions in the assessment tools of either boundary
layer wind tunnel (BLWT) experiments or computational fluid dynamics (CFD)
simulations. In this sense, the knowledge of the input UBL should remain updated in
order to guarantee more accurate AVA output.

1.3. Research objectives

As discussed previously, the wind distribution of the UBL are one of the main
determinants of urban climate conditions. However, their characteristics, especially
those in high-density cities, have not been fully understood due to the limitations of
conventional investigation methods. The Doppler wind LiDAR acts as a supplement
to the conventional methods of obtaining vertical wind speed profiles with several



advantages, as reviewed in Section 2. A more complete and accurate investigation of
the high-density UBL can help researchers and wind engineers to optimize their urban
climate predictions. Furthermore, it can also provide information to planners and
architects to adjust their designs for better urban ventilation.

To extend the existing knowledge, this study uses Hong Kong as an example to
conduct multi-points wind LiDAR measurements over high-density urban
morphologies. To address the weak wind conditions in summer, the prevailing
southwest wind condition becomes the focus of this study. Based on the new
observations, this study aims to 1) characterize the LIDAR vertical wind speed
profiles at the upwind, downtown and downwind locations in a high-density city; and
2) reveal the potential deficiencies of the current site wind availability data in Hong
Kong (i.e., a set of vertical wind speed profiles predicted by conventional meso-scale
simulations and wind-tunnel experiments in the AVA system). It is expected to
generalize a better understanding of the complex UBL climates, characterized by
high-density surface morphologies, thermal instability and land-sea breeze
circulations, which can be shared with other cities in similar conditions.

<Fig.2>
2. Conventional methods of obtaining vertical wind profiles in Hong Kong
2.1. Upper-air sounding measurements

In Hong Kong, several conventional methods have been adopted to obtain the vertical
wind speed profiles. These methods include the HKO’s upper-air sounding
measurements (HKO, 2019), reduced-scale BLWT experiments (CUHK, 2008, 2010),
and meso-scale weather simulation models, which include the Regional Atmospheric
Modelling System (RAMS) (HKPD, 2013) and Weather Research and Forecasting
(WRF) (ENVF and IENV, 2021) models. Amongst these methods, the upper-air
sounding measurements have been conducted by the Automatic Upper-air Sounding
System at King’s Park meteorological station (AUSS KP) (Fig. 2) since 2004. This
system launches a hydrogen-filled balloon with radiosondes, to obtain vertical wind
data with a climbing speed of around 6 m/s, and a sampling rate of 2 s. The AUSS KP
provides reliable upper-air data, but its frequency of launching a balloon is very low
(i.e., twice a day at 8.00 am and 8.00 pm). Besides, due to the fixed launcher
equipment, the obtained vertical wind profiles are restricted at only a site. Moreover,
as reported in previous studies, the spatial drifts of the climbing balloon may
sometimes make considerable errors to the data statistics (McGrath et al., 2006; Seidel
et al., 2011). With all these limitations, some recent studies (Li and Chan, 2016; Yang
etal., 2019; Yim et al., 2007) only adopted the upper-air sounding data for validation
purposes.

2.2. Boundary layer wind tunnel experiments



Beside the sounding measurements, the government published a set of experimental
or simulated vertical wind speed profiles, named site wind availability data (HKPD,
2019b). The experimental wind availability data was established for 13 sites in 16
cardinal wind directions, via a low-speed BLWT from 2006 to 2009 (CUHK, 2008,
2010). Throughout the experiments, a 40 m long test section was used to develop a
vertical wind speed profile approaching the respective site, in accordance with the
description of the power-law equation shown in Eq. (1):

U= Urcf [LJ (1)
Z

ref

where U denotes the magnitude of the horizontal wind speed at different vertical

heights(z); U

T

.+ represents the reference wind speed at a reference height ( z,; ), and

a is the power-law exponent related to terrain roughness. To reproduce the input wind

characteristics over open water, the experiments set U . (Fig. 2), and a based on the

long-term non-typhoon mean wind speed observed at AWS WGL to be 0.15 (i.e.,
category Il in Table 1). A 1: 2000 reduced-scale topographical model was used to
determine the effects of topography and urban morphologies within a distance of up
to 10 km from the site toward the approaching wind. Miniature dynamic pressure
probes were used to record the output vertical wind speed profiles. Despite the lack of
data at the heights beyond 0.5 km in full scale, and the lack of consideration of
thermal stratification (Wang and Ng, 2018), such experimental site wind availability
data has been used as boundary conditions in researches (Du et al., 2017; Letzel et al.,
2012; Ng et al., 2011) and AV A practices.

2.3. Meso-scale simulations

As an alternative to the experimental data, the RAMS model was used to produce a
simulated 10-year wind climate distribution, with the horizontal resolution of 0.5 km
x 0.5 km covering the whole territory of Hong Kong (HKPD, 2013). The model was
run in three nested domains, where the lateral boundary conditions were obtained
from National Centers for Environmental Prediction (NCEP), with a horizontal
resolution of 0.6 degree in latitude and longitude respectively, and a temporal
resolution of 6 hours. The terrain height being specified in the model is based on the
actual topography, while the mean building height was neglected. Land-use
classification algorithms were then applied to obtain land surface types that represent
“surface roughness” in the model. The RAMS site wind availability data has been
widely used in researches (An et al., 2020; Ng et al., 2012; Thilakaratne et al., 2016)
and AVA practices. However, it is known to have limitations. For example, it only
provides the annual full mean wind profiles as well as the summer and winter mean
wind statistics at limited vertical levels, while the real-time information is lacked.



Also, there is a lack of wind data at the heights beyond 0.5 km. Beside the RAMS
model, the WRF model (ENVF and IENV, 2021) has been increasingly used to
predict real- time meteorological conditions in Hong Kong (Wang et al., 2018; Wong
et al., 2019). In the WRF model, four nested domains with horizontal grid resolutions
of 27 km, 9 km, 3 km, and 1 km were used. The lateral boundary conditions were
obtained from NCEP with a horizontal resolution of 1 degree in latitude and
longitude, and a temporal resolution of 6 hours. To represent the urban surface
roughness, the WRF model is coupled with the multi-layer building effect
parameterization and the building energy model urban scheme. As suggested in
literature, such urban scheme can provide better simulations of wind speed, and obtain
slight improvement in retrieving temperature distribution over urban areas. However,
meso-scale simulations may have simplified the physical and morphological features
of complex terrain, thus affecting the accuracies of near-ground attributes (Ribeiro et
al., 2018; Wong et al., 2019).

<Table.1>
2.4. Pros and cons of different methods

Table 2 summarizes the pros and cons of all aforementioned methods of obtaining
vertical wind profiles in Hong Kong, along with the new Doppler LiDAR approach.
Compared with the conventional techniques, the Doppler wind LiDAR approach is
preferable in conducting long-term investigations of higher stability and reliability.
More importantly, the LIDAR instruments have relatively higher movability and
lower relocation cost, which makes it possible to collect wind availability data of
more sites. Therefore, this new method can act as an important supplement to the
conventional methods, so that a better understanding of the wind characteristics of the
UBL in Hong Kong can be achieved.

<Table.2>
3. New method of investigating the UBL via the use of LIDAR
3.1. Study sites: locations and surrounding environments

To measure the real-site vertical wind profiles, long-range LiDAR units (Leosphere
WindCube 100S) were installed at three lo cations in Hong Kong, namely Cape
D’Aguilar (LiDAR CDA), the Yam Pak building rooftop at the University of Hong
Kong (LiDAR HKU), and the air quality research supersite at the Hong Kong
University of Science and Technology (LiDAR UST). As shown in Fig. 2, the LIDAR
at CDA is located at an undeveloped peninsula in southeastern Hong Kong Island,
which is surrounded by an open sea in the south and west; the LiIDAR at HKU is
located at the downtown of northwestern Hong Kong Island, characterized by high-



rise buildings and hilly topographies; and the LiDAR at UST is located at a suburban
area in eastern New Territories, facing to the sea bay in the east.

The relative locations of these three LiDAR units are depicted in Fig. 3. When the
prevailing southwest wind approaches Hong Kong in summer, LIDAR CDA was at an
upwind location of the city. Wind profiles recorded at this location received relatively
low interference from topographies due to the upwind open sea. In comparison,
LiDAR HKU was tasked to measure wind profiles at the downtown, where wind
conditions were assumed to be heavily affected and modified by high-density urban
morphologies. Meanwhile, LIDAR UST was located at the downwind side of the city.
At this location, the wind had already passed through the urban areas with the highest
roughness and was re-adapted to the environmental conditions of the suburban areas.

3.2. Setup of Doppler LiDAR units

In this study, all LIDAR units adopted the Doppler beam swinging (DBS) scan mode
to reconstruct the vertical profiles of horizontal wind speed. As shown in Fig. 4, a
DBS scan cycle rotates at four azimuths, namely east, south, west, and north, in
approximately 20s. At each azimuth, the laser pulse is emitted to the upper-air from
the oscillator. Part of the laser pulse is then backscattered by the aerosols and captured
by the receiver. The wind-induced particle movements result in Doppler shift (Af),
which is calculated by Eq. 2:

A =f-1 2)

where f and f, are the received and emitted frequencies of the laser pulse,

respectively. The radial wind speed at each height up to 3 km above ground was
calculated proportionally to the detected Af, and then converted into the horizontal
wind speed components at corresponding height, by Egs. (3) — (5):

U=0.5V, —Vyy)/siny 3)
V=05V, —Vys)/siny (4)

<Fig.3>

<Fig.4>

U=+u2+m» (%)

where, u and v are the east-west horizontal and north-south horizontal components of

the wind speed; V.., Vi, Viy and V,care the radial wind speeds along the east-

tilted, west-tilted, north-tilted and south-tilted directions; and vy is the half cone angle



(chosen as 15° within this study). The wavelength of the emitted laser pulse was set to
be 1.54um so that the effective transmission of the optical signals in the upper-air and
eye safety of users can be guaranteed (Thobois et al., 2019). The reported
measurement accuracy of the radial wind speed is around 0.5 m/s at the range
between 0 and 115 m/s (Leosphere, 2020). Meanwhile, the vertical wind shear
profiles can be estimated by Eq. (6) (Li et al., 2017):

S = Uhigh -U

©)

Zhigh ~ Zlow

where S is the horizontal wind shear at different vertical heights (z); Uy, and U,

are the horizontal wind speeds at the higher and lower levels of z, respectively; and

Z,g and z, - are the two levels that the wind speeds are obtained. The strength of
the wind shear is affected by the thickness between the two levels (i.e., zy, — 2z, )-

Referring to the recommendation by Li et al. (2017), this study sets z,, and z,, to

be 25 m above and below z, respectively. Noted that 25 m is precisely one vertical
measurement interval of LIDAR in the current scan mode.

3.3. Study period: selection of sampling data with a prevailing southwest wind

The measurements were conducted from 1 June to 31 August in 2020, which covers
the entire summer period of the year. Since this study only focused on the wind that
approaches Hong Kong in the southwest direction, the period with approaching wind
from other directions were excluded from the study period. In this study, the
southwest approaching wind is defined as the wind from directions between the south
(180°) and west (270°) based on the data recorded at AWS WGL. It should be noted
that when the southwest wind is approaching Hong Kong, the wind direction
measured by the LiDAR units may not be southwest due to the modifying effects
caused by surrounding terrains. Besides, to eliminate the disturbance of abnormal
wind condition, three periods of Typhoon NURI (i.e., from 8 pm, 12 June to 1 pm, 14
June), SINLAKU (i.e., 8 pm, 31 July to 11 pm, 1 August), and HIGOS (i.e., from 4
am, 18 August to 1 pm, 19 August) (HKO, 2020c) were also excluded from the study
period. Table 3 summarizes the statistics of different wind conditions on an hourly
basis during the entire measurement period.

<Table.3>
4. Validation of wind profiles derived from LiDAR measurements

4.1. Data quality control of LiDAR units



The three LiDAR units have been calibrated by the manufacturer with a certified
LiDAR unit (R? =0.99) before their on-site installations. Since LiDAR adopts remote
sensing principles to detect optical signals back-scattered by aerosols, its accuracy of
data measurements may be reduced under adverse weather conditions such as rainy
and cloudy conditions (Liu et al., 2019). To control and ensure data quality of LIDAR
outputs, a minimum threshold value of the carrier-to-noise ratio (CNR) is required to
discard data with relatively low accuracies. The effects of CNR on LiDAR data
quality have been discussed in previous researches (Beck and Kiihn, 2017; Goit et al.,
2020). They found that a higher threshold CNR value can indeed increase the
accuracy of measurements, but at the same time sacrificing the number of available
data points. To balance the data quality and data availability under local weather
conditions, the minimum threshold CNR value was set as 27 dB within the current
study. Similar threshold values were adopted in some latest researches (Beck and
Kiihn, 2017; Kikumoto et al., 2017).

The HKO’s statistics (HKO, 2020b) of the daily average cloud coverage and total
rainfall during the entire study period are presented in Fig. 5. Overall, the frequency
of the rainy condition is low, indicating that raindrops may have limited interference
on data detection of LIDAR measurements. However, almost half of the sampling
days have high cloud coverage (i.e., quantified by over 80% as adopted by Yim
(2020)). It is known that the laser pulse is not able to penetrate through thick clouds,
because of its strong attenuation (WMO, 2014), thus the quality and availability of
some LiDAR data at the upper-air could be affected. As explained by HKO (2020d),
the annual average cloud coverage has a generally increasing trend in Hong Kong,
probably due to the rapid urbanization and human activities that took place within the
region. As a result, LIDAR data detections were affected most at the downtown
location. However, due to the lack of observation data of the cloud base height at the
selected downtown location, the impacts of clouds cannot be quantified in this study,
and remains to be a potential future study direction for in-depth analyses.

4.2. LiDAR near-ground upwind data versus Waglan Island wind measurements

To further ensure the accuracy of LIDAR data, on-site validations were conducted by
comparing the LIDAR data with other wind measurements in Hong Kong at both
near-ground and upper height levels. Firstly, the wind data measured by LIDAR CDA
at the height of 50 m was compared with the measurements at AWS WGL (56 m
above sea level). Based on available data of the two sources in June, the normalized
root mean square error (NRMSE) of the horizontal hourly mean wind speed and
direction are 13.1% and 8.3%, respectively. Fig. 6 compares the two sources of hourly
mean wind speed and direction during the last week of June 2020. The results indicate
a fair agreement between LiDAR data and the data obtained from the local automatic
weather station. Slightly larger deviations are observed in wind direction than wind
speed, possibly because of the effects of the mountainous terrain that surrounds



LiDAR CDA. However, in overall, the wind data measured by LIDAR CDA serve as
good estimates of the natural wind profiles approaching Hong Kong.

4.3. LiDAR downtown wind profiles versus HKO upper-air sounding wind profiles

In the vertical dimension, LIDAR data was compared with the sounding wind data at
AUSS KP, which is the only alternative source of upper-air wind measurement in
Hong Kong, as described in Section 2.1. The LiDAR data measured at the downtown
location was intentionally selected to minimize the effects of different categories of
surrounding terrains on data comparisons. At AUSS KP, the radiosondes were
actually launched at 7.20 am/pm, and reaches the height of 1.5 km at around 7.24
am/pm for the sounding data at 8 am/pm. To accurately align with the sounding data,
the mean and standard deviation of the LiDAR data between 7.20 am/pm and 7.25
am/pm are used in the comparisons. Based on the statistics obtained in June, the
NRMSE of horizontal mean wind speed and direction at vertical heights below 0.5 km
are 31.1% and 14.5%, respectively. However, their NRMSE decreases to 18.2% and
7.2%, respectively, at vertical elevations from 0.5 km to 1.5 km. Fig. 7 compares the
vertical wind profiles between the two data sources in the last week of June, while the
corresponding profiles of wind direction are shown in Fig. 8. Due to the effects of
different surrounding terrains, the agreement between these two sources of vertical
wind profile at lower heights is low. However, the wind profiles measured by LIDAR
are still considered trustworthy because of the higher degree of agreements obtained
at upper heights, especially for the comparisons of wind direction, as shown in Fig. 8.
The larger deviations of wind speed may partly be attributed to the possible horizontal
displacements of the climbing balloon (McGrath et al. , 2006; Seidel et al., 2011), as
discussed in Section 2.1.

<Fig.5>

<Fig.6>

5. Results and analysis

5.1. Distribution of natural wind availability at different sites

The distribution of hourly mean wind speed recorded by AWS WGL at the height of
0.05 km and the three LiDAR units at the height of 0.5 km are shown in Fig. 9.
During the study period, the wind speed of all sites experiences a downward trend
from June to August. At the site of near-ground height (AWS WGL), over 80% of the
approaching wind speed ranges from 2 m/s to 8 m/s, with the highest frequency at 6
m/s. There are only around 4% of wind speed exceeding 10 m/s. At the other three
LiDAR locations, the wind speed is more frequently distributed, with around 65% of
wind speed ranging from 5 m/s to 9 m/s, while more than 15% of wind speed data is
higher than 10 m/s. Despite the effect of vertical heights, all measurement locations



show a consistent and roughly equivalent distribution in wind speed, except the
differences in wind speed at individual sites.

5.2. Mean wind speed profiles at upwind, downtown, and downwind locations

The vertical hourly mean wind speed and shear profiles measured by the three LIDAR
at upwind, downtown, and downwind lo cations during the study period are presented
in Fig. 10. It is clearly visible that the surrounding terrain has modified the shapes of
the vertical wind speed profiles, where the mean wind speeds decrease gradually from
the upper to near-ground heights. Amongst the three profiles, the downtown wind
speed profile, which was measured over the roughest elements of high-rise buildings
and hilly topographies, experiences the lowest near-ground wind speed (1.7 m/s). In
contrast, the upwind wind speed profile remains the highest wind speed (6.2 m/s) at
the near-ground height due to the relatively flat terrain nearby. The mean wind speeds
of the three profiles at upper heights become similar and have relatively small
variations against altitudes. Based on the observation of the wind shear profiles, the
gradient height is approximately 1.0 km to 1.2 km where the shear stress approaches
zero. In addition, it should be noted that relatively huge variations of upper wind
speed and wind shear were observed at the downtown location, possibly due to the
relatively higher uncertainties of measurements, as discussed in Section 4.1.

To parametrize the spatial effects of the terrain on vertical wind profiles, this study
adopted various exponents of terrain roughness listed in Table 1, together with the use
of Eq. 1 to estimate the power-law wind profiles. Fig. 11 shows the corresponding
wind profiles at different values of a. The mean wind speed at 1 km above ground
was treated as the reference wind speed in the estimation. At the upwind location, the
power-law wind profile with o estimation with a =0.15 well fits the LIDAR wind
profile at most of the vertical heights, while the =0.10 better fits the measured wind
speed near the ground. This observation is consistent with the descriptions of the
natural wind speed profile approaching Hong Kong in previous wind tunnel
benchmarking studies (CUHK, 2008, 2010). It is also in line with the open terrains
described in categories I and II in Table 1 (AlJ, 2015), where there are no significant
or with few obstructions nearby.

In comparison, at the downtown location, the power-law wind profile with a =0.35,
which is recommended for the city center in category V, overestimates the mean wind
speed near the ground. Still, it underestimates the mean wind speed at the upper
heights. With a =0.50, the power-law wind profile better matches the measured mean
wind speed near the ground. However, it leads to a larger underestimation of mean
wind speed at upper vertical heights. At the downwind location, the LIDAR wind
profile is best fitted by the power-law wind profile with a =0.27, representing the city
terrain in category IV of Table 1.

5.3. Diurnal variations of mean wind speed



The hourly mean wind speed profiles measured by the three LiDAR are categorized
into daytime and nighttime in Fig. 12. Based on the sunrise and sunset time of
summer in Hong Kong, “daytime” is defined as the period from 6 am to 7 pm, while
the remaining time period is defined as “nighttime”. At the upwind location, where
ambient wind receives relatively less influence by urban terrains, the mean wind
speed at daytime is larger than its counterpart at all vertical heights. Near the ground
level, the difference in mean wind speed between daytime and nighttime is less than
0.5 m/s, while such difference can increase up to more than 1.5 m/s. A similar
phenomenon can be observed during the previous summer in Hong Kong (Huang et
al., 2020; Yim, 2020). The difference of the vertical wind speed profiles during the
daytime and nighttime has been addressed in previous studies (Halios and Barlow,
2018; Haman et al., 2012; Huang et al., 2017). According to these studies, the main
reason that leads to the diurnal variations of wind speed is the transformation between
convective and neutral conditions. Beside this reason, the current study also intends to
address another possible reason that the approaching wind to Hong Kong might be
enhanced by the sea-land breeze occurring in the daytime. Due to the significant
temperature difference between the sea and the land at hot summer days, the sea
breeze is driven toward Hong Kong Island, which is situated in the south of Hong
Kong (Liu and Chan, 2002; Lu et al., 2009). This sea-land breeze seems to be
integrated with the prevailing southwest wind, as a result enhancing the natural
approaching wind during the daytime.

<Fig.8>

Although the daytime approaching wind is enhanced, it hardly makes any changes to
the near-ground mean wind speed, because of the influences of surrounding urban
terrains. At the downtown and downwind locations, the mean wind speed during the
daytime is only slightly larger than its nighttime counterpart near the ground. Beyond
the vertical heights of 0.3 km, the wind is even weaker during the daytime compared
to nighttime. This can be explained by the radiation of heat energy that takes place in
infrastructures and other urban surfaces during nighttime (Wong and Steve, 2010).
The release of heat energy interferes with the initial temperature inversion at the near-
ground atmosphere (Li et al., 2007), and eventually enhances airflow movements. As
a result, it causes mixing between different vertical layers during nighttime. In this
study, stronger interference can be observed in the downtown area than the downwind
suburban area.

Fig. 13 shows the diurnal variations of mean wind speed at various vertical levels.
The mean wind speed at the upwind location experiences huge fluctuations at all
vertical heights, and these fluctuations generally follow a similar trend. It reaches a
peak in the early afternoon when solar radiation is the strongest, and it gradually
decreases until reaching a trough at midnight. In comparison, the changes in wind
speed at downtown and downwind locations are relatively flat, especially at the lower



vertical levels, suggesting that the wind in the downtown is somehow decoupled from
the upstream winds. Besides, a slight peak of mean wind speed can be observed after
sunrise at locations situated next to the sea, i.e., at both upwind and downwind
locations, which may be caused by the influences of land-sea breeze during nighttime.
After sunrise, the temperature difference between the sea and the land starts to
decrease with increasing solar radiation, thus resulting in a decrease in wind speed
when compared to the peak value.

5.4. Comparisons of wind profiles from LiDAR, BLWT, RAMS, and WRF methods

One of the purposes of this study is to reveal the potential limitations or deficiencies
of the experimental (i.e., BLWT) and simulated wind profiles (i.e., RAMS and WRF),
which are frequently used in outdoor ventilation and pollution dispersion studies, as
well as in AVA practices. It is assumed that the wind profiles measured by LiDAR are
more reliable and consist of relatively fewer assumptions when compared to wind
profiles obtained by experimental methods or from simulations. Thus, LiIDAR mean
wind speed profiles are used as the baseline to evaluate the accuracy of wind profiles
estimated by other methods, as shown in Fig. 14. To obtain a fair comparison, all
wind speed profiles were normalized by their wind speed at the height of 0.5 km.
Besides, the estimated experimental or simulated wind speed profiles were obtained
from the site that is nearest to the LIDAR locations. To be more specific, the BLWT
wind profiles (wind direction: averaged from 180 ° to 270 °) of Sheung Wan and
Tseung Kwan O (CUHK, 2008, 2010) were scaled to represent the wind conditions at
the downtown, and downwind locations, respectively; the RAMS wind profiles
referred to the simulated annual full mean wind profiles (wind direction: sector from
202.5 “ t0 292.4° ) at the model girds that the corresponding LiDAR unit is located.
WRF wind profiles were derived from the real-time (i.e., from June to August 2020)
meteorological simulations (wind direction: averaged from 180° to 270°) at the model
girds that the corresponding LiDAR unit is located.

<Fig.9>

<Fig.10>

<Fig.11>

<Fig.12>

As noticed from Fig. 14, a common problem of the experimental and simulated wind
profiles is that they underestimate the wind availability at heights above 0.5 km. At
these heights, the deviation of wind velocity ratio can be over 25%. At the lower
vertical heights, the performance of simulated and experimental wind profiles varies

at different locations. At the upwind location, the WRF wind profiles are almost
consistent with the LIDAR wind profiles, while the RAMS wind profiles show a clear



underestimation. At the downtown and downwind locations, the RAMS wind profiles
have the best agreements with the LIDAR wind profiles. However, in contrast, the
wind tunnel and WRF wind profiles tend to have underestimations and
overestimations, respectively. In particular, a considerable deviation can be detected
at the downwind location based on WRF outputs, possibly due to the lack of
representation of the unresolved topography in WRF modelling processes.

<Fig.13>

<Fig.14>

6. Discussion

6.1. Holistic understandings of urban wind conditions in summer

This study addresses the weak wind conditions under the southwest prevailing wind
direction in Hong Kong during the summer of 2020. Under the tropical climatic
conditions, the local wind is considered to be “the more, the better” within this season
(Ng, 2009). It has been widely accepted that urban wind conditions are associated
with human comfort and health (Goggins et al., 2012). Within this study, results show
that when the southwest approaching wind decelerated from June to July and August,
as shown in Fig. 9, the number of very hot days became tripled (HKO, 2020e), and
the number of hot nights significantly increased (HKO, 2020f). As a result, an
increase in illness and deaths have become severe consequences in our society (Ren et
al., 2021; Wang et al., 2019).

The results of this study allow to conclude that the natural wind availability from the
southwest direction is adequate to ventilate the sites during most dates in the summer
before it is altered by the presence of urban terrains (He et al., 2018; Yuan and Ng,
2012). With reference to the recordings at AWS WGL, a place that has uninterrupted
exposure to the wind experiences a prevailing wind speed in the range of 2 m/s to 8
m/s at the near-ground level (Fig. 10). Such wind speed range is higher than the
minimum wind speed threshold for achieving thermal comfort during human outdoor
activities, which is above 1.3 m/s to 1.5 m/s (Cheng et al., 2012; HKPD, 2008).
Therefore, the results, to some extents, imply the possibilities for urban planners and
architects to improve the local wind and thermal environment, by taking good use of
the natural wind sources in Hong Kong, even during summer.

6.2. Parametrization of wind speed profiles and UBL heights over high-density urban
morphologies

Much of the earlier urban wind studies conducted in Hong Kong and other high-
density cities of the world were developed by assuming specific characteristics of
local UBL. Due to the complex urban morphology and high-density built environment



of Hong Kong, it is always difficult for researchers to obtain the exact vertical
distribution of wind speeds and determine the real UBL heights at target sites. Thus,
researchers have to rely on the semi-empirical power-law or log-law equations to
estimate the vertical wind profiles, as proposed by available standards and guidelines
(AlJ, 2015; Franke and Baklanov, 2007; SA and SNZ, 2002; Tominaga et al., 2008).
The only drawback of using these equations is that the real-world situations may have
been simplified during the process.

With the use of available LIDAR measurements, this study has established a better
and clear understanding of how high-density urban morphologies alter wind
distribution at different vertical heights. This can be valuable to future climatology
studies and investigations in Hong Kong and other high-density cities. The use of
LiDAR measurement datasets provides an important baseline for parametrizing the
structures of the UBL. In the case of Hong Kong in this study, the presence of built-up
areas seriously affects the approaching wind profiles, with the maximum mean wind
speed reduced by over 4 m/s, as illustrated in Fig. 10. These modified wind profiles in
different terrains can be roughly described by the revised power-law equation, with
values of a listed in Table 4. The values determined in this study generally agree with
the suggested values stated in AIJ (2015). However, such a method should be
carefully considered for applications in downtown areas, because it will lead to
apparent underestimation of vertical wind speed, as shown in Fig. 11. A better
alternative method to reconstruct the downtown wind profiles in urban climate
modelling systems is to directly interpolate the wind profiles measured by LiDAR,
through appropriate numerical schemes.

Based on the observation of the wind shear profiles estimated by available LIDAR
measurement data (Fig. 10), the gradient height is around 1 km to 1.2 km when
surface stress is absent. Above this height, the mean wind speed possesses only
relatively slight fluctuations with vertical heights. This value of the gradient height is
similar to the one (around 1 km) obtained by another recent study in Hong Kong
(Huang et al., 2020). It is also within the reasonable ranges of UBL height measured
by LiDAR instruments in other cities, such as Beijing (0.3 km to 1.5 km) (Huang et
al., 2017) and London (0.3 km to 1.2 km) (Kent et al., 2018). Besides, the estimated
UBL height within this study is found to be larger than the commonly-used empirical
value for city centers (0.65 km), as recommended by AIJ (2015). This implies that the
popular empirical value may have underestimated the amount of surface stress over
Hong Kong’s high-density urban morphologies, though such value has been widely
adopted in CFD simulations. However, to more precisely identify the exact UBL
height in Hong Kong, further validations have to be conducted, especially taking into
account both turbulence and temperature gradient thresholds (Dai et al., 2014).

<Table.4>



6.3. Limitations of existing site wind availability data in local urban climate
researches and AVA practices

In this study, higher spatial and temporal resolution LiDAR measurements act as
supplements of experimental and simulated wind profiles in Hong Kong. By treating
LiDAR data as the baseline, this study further reveals and identifies the limitations of
the existing data sources that are frequently used in outdoor wind and air pollutant
dispersion studies, as well as in AVA. The main deficiency of experimental and
simulated data sources is that they fail to consider or underestimate the wind speeds at
vertical levels that exceed 0.5 km, as illustrated in Fig. 14. These upper-air wind
conditions may potentially affect the transboundary behaviors of airflow and air
pollutants in a larger spatial scale (Welford et al., 2006), and therefore further
investigations become necessary. At vertical heights below 0.5 km, compared with the
experimental wind profiles, the simulated wind profiles are more consistent with the
LiDAR observations. However, based on previous experience, the wind tunnel
benchmarking data should be considered as a more reliable source compared with the
simulated data. One reason of the larger deviations of the experimental data is that the
number of available sites in wind tunnel experiments (i.e., 13 sites) is far less than
those obtained from RAMS (i.e., 0.5 km x 0.5 km in whole territory) and WRF
methods (i.e., 1 km % 1 km in whole territory). As a result, when compared to the
situations of simulated wind profiles, the location of selected sites for obtaining
experimental wind profiles are further from the actual locations of the imposed
LiDAR units. To better understand the rationale behind, further studies should be
conducted to the potential impacts on the urban ventilation by adopting wind profiles
derived from different approaches.

6.4. Generalization of the wind characteristics of high-density UBL climates during
summer

With a case-based observation in Hong Kong, this study generalizes the wind
characteristics of UBL over high-density cities. These characteristics are the complex
integration of the influence of high-density built environment, thermal instability and
local circula tions. High-density built environment is the principal determinant of such
wind characteristics, since it affects the stratification of airflow and heat (Gronemeier
et al., 2017; Gryning et al., 2011) and further enhances the local atmospheric
instability in both temporal and spatial dimensions. Additionally, the interactions
between urban terrains and land-sea cycles can be considerable (Lu et al., 2009;
Ribeiro et al., 2018). In the case of Hong Kong, the weaker influence of land-sea
breeze circulations seems to be observed over high- density built environment
compared with relatively open terrain as indicated in Fig. 13. The general
understanding of high-density UBL climates observed in this study is helpful to the
local urban climate predictions, and furthermore, it can be shared with other cities in
similar conditions. However, the current study is only focusing on the prevailing
southwest wind in summer. Therefore, further investigations should be conducted in



other seasons under different prevailing wind conditions to have a more
comprehensive understanding of high-density UBL climates.

7. Conclusion and future extensions

With Doppler wind LiDAR, this study conducts field measurements of vertical mean
wind speed profiles at three different locations in Hong Kong, namely Cape

D’ Aguilar (upwind), the University of Hong Kong (downtown), and the Hong Kong
University of Science and Technology (downwind), during the summer in 2020. The
purpose of this study is to better understand the wind characteristics of the high-
density UBL under the summer prevailing wind, and meanwhile to provide more
precise wind profiles for researches and practices in Hong Kong. To ensure the
measurement accuracy, LIDAR data is validated by HKO upper-air sounding data and
near-ground data at Waglan Island. Results show that the presence of built-up areas
significantly modifies the mean wind speed profiles approaching Hong Kong. At the
near-ground height, the difference in mean wind speed between the upwind and
downtown locations can be up to 4 m/s, and such difference decreases with increasing
heights up to approximately 1.2 km of the gradient height. The power-law estimation
is found to appropriately quantify the wind profiles at the upwind (o = 0.1-0.15) and
downwind (a0 = 0.27) locations. However, it fails to fit the wind profile at the
downtown location. Besides, diurnal variations of wind profiles are also observed,
with the maximum fluctuation occurring at the upwind location. Using LiDAR data as
the baseline, this study further identifies the limitations of existing experimental and
simulated wind profiles for conducting urban ventilation and pollutant dispersion
studies, as well as for AVA practice in Hong Kong. With the supplements of LIDAR
measurements, climatology researchers and wind engineering scientists can better
understand local wind distribution, and refine their urban climate modelling
accordingly. Thereafter, planners and architects will potentially obtain more precise
site wind availability data, which are useful for making wise and appropriate
decisions that help to improve urban air ventilation in the long run. Furthermore, the
case-based observations in this study generalize a better understanding of the wind
characteristics of UBL climates over high-density cities that can be shared with other
cities in similar conditions. This understanding becomes the starting point to
investigate the complex interactions amongst high- density built environment, thermal
instability and land-sea breeze circulations. Eventually, the knowledge will serve the
general aim of developing a more livable built environment in high-density cities.
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Fig. 1. Hong Kong’s summer wind rose and summer/annual mean wind speed in
the past two decades (2000-2019). The upwind and downtown wind data are
recorded at Waglan Island (AWS WGL: 56 m above sea level) and King’s Park
(AWS KP: 65 m above sea level) automatic weather station (Fig. 2), respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Locations of the three LiDAR units (LiDAR CDA, LiDAR HKU, and
LiDAR UST), Waglan Island automatic weather station (AWS WGL), as well as

King’s Park automatic weather station (AWS KP), and upper-air sounding
system (AUSS KP).
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Fig. 3. Experimental design of the relative locations of the three LIDAR units:
LiDAR CDA, LiDAR HKU, and LiDAR UST are designed for collecting the
upwind, downtown, and downwind wind profiles under a prevailing southwest
wind direction in Hong Kong (Remarks: The wind profiles and topography here
serve only as a pictorial representation).
Downtown location
Upwind location Downwind location

Southwest
wind
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Fig. 4.Diagram of DBS scan mode: a) four azimuths, east, south, west and north,
for emitting laser pulses; and b) an example of converting the detected radial
wind speed along the east-tilted (VRE) and west-tilted (VRW) directions into the
east-west horizontal component of wind speed (u).
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Fig. 5. Variations of daily average cloud coverage and total rainfall recorded at
the HKO headquarters within the study period from June to August 2020.
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Fig. 6. Comparison of the hourly mean wind speed (m/s) and wind direction
(degree) near the ground between LIDAR CDA and AWS WGL during the last
week of June 2020.
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Fig.7. Comparisons of wind speed (U) profiles between LIDAR HKU and AUSS
KP during the last week of June 2020 (LiDAR HKU: mean and standard
deviation of the LiDAR data measured between 7.20 am/pm and 7.25 am/pm;
and AUSS KP: single-time sounding data measured from 7.20 am to around 7.24
am).
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Fig. 8. Comparisons of wind direction profiles between LiIDAR HKU and AUSS
KP during the last week of June 2020 (LiDAR HKU: mean and standard
deviation of the LiDAR data measured between 7.20 am/pm and 7.25 am/pm;

and AUSS KP: single-time sounding data measured from 7.20 am to around 7.24
am).
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Fig. 9. The distribution of hourly mean wind speeds, and statistics of data
availability, mean and standard deviation (S.D.) at AWS WGL and the three
LiDAR locations during the study period from June to August 2020.
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Fig. 10. Vertical hourly mean wind speed and wind shear profiles derived from
LiDAR measurements at upwind, downtown, and downwind lo cations during the

study period from June to August 2020.
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Fig. 11. Hourly mean and standard deviation of LIDAR wind speed profiles
versus the mean wind speed profiles, as estimated by power-law equation (Eq.

(1)), together with various exponents of terrain roughness ( o ) at upwind,

downtown, and downwind locations.
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Fig. 12. Comparisons of LiDAR hourly mean wind speed profiles measured at
daytime and nighttime.
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Fig. 13. Diurnal variations of hourly mean wind speed at various vertical levels
during the study period from June to August 2020.
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Fig. 14. Normalized mean wind velocity ratio profiles measured by the three
LiDAR units, as well as the corresponding figures as estimated by boundary layer
wind tunnel (BLWT), and meso-scale simulations of RAMS and WRF.
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Table 1. Power-law exponents for estimation of terrain roughness ( o ) in various

land-use categories (AlJ, 2015).

Category o Conditions of the construction site

1 0.10 Open, no significant obstruction, sea

I 0.15 Open, few obstructions, grassland, rice fields

11 0.20 Suburban, wooded terrain, few tall buildings (4-9 stories)

w 0.27 City, tall buildings (4-9 stories)

A 0.35 City center, heavy concentration of tall buildings (higher than 10stories)




Table 2 .Comparison of various methods of obtaining vertical wind profiles in

Hong Kong.

Data type

Pros

Cons

HKO’s upper-air
sounding data

Wind tunnel data

Meso-scale simulated
data (RAMS)

Meso-scale simulated
data (WRF)

LiDAR wind data

Real-site measurement
Long vertical data range (up to 30 km)

High vertical data resolution (around 11 m)
Moderate blind distance of near-ground data
(0 to around 11 m)

Multiple horizontal data points (13 sites)
Moderate near-ground blind distance of data
(0 to 25 m)

Multiple horizontal data points

(0.5 km x 0.5 km in whole territory)
Moderate blind distance of near-ground data
(0to12.5m)

Real-time prediction and forecasting
Multiple horizontal data points

(1 km x 1 km in whole territory)

Long vertical data range (up to 2.7 km)

Real-site measurement

Long vertical data range (up to 3 km in DBS mode)
Moderate sampling rate (20 s in DBS mode)

High vertical data resolution (25 m)

High movability

Low movability and single horizontal data point
Very low launching frequency of balloon

(twice daily)

Vulnerable to adverse weather condition
Vulnerable to balloon drift

No real-site measurement
Short vertical data range (up to 0.5 km in full-scale)

Neutral stratification

No real-site measurement

No real-time prediction and forecasting

Short vertical data range (up to 0.5 km)
Simplified physical and morphological features

No real-site measurement

Simplified physical and morphological features

Long blind distance of near-ground data (0 to 50 m)

Vulnerable to adverse weather conditions
(e.g., cloud, rainfall and fog)




Table 3. Statistics of wind conditions during the study period.

wind condition Number of hours (h) Percentage
Southwest wind 1197 54.3%
Non-southwest wind 586 26.5%
Typhoons 104 4.7%
Missing data 321 14.5%

Total 2208 100.0%




Table 4. Power-law exponents of terrain roughness (o) in Hong Kong, validated

by LiDAR observations in the summer.

Category

o

Conditions of the construction site

I
II
111

0.10-0.15
0.27
0.35-0.5

Upwind, undeveloped area
Downwind, suburban to rural area
Downtown, urban area







