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Abstract 

Hong Kong, one of the most high rise and highly compact cities in the world, has large land 

surface heterogeneity. The urban land surface heterogeneity forms low level convergence zones 

in the urban areas in particular Kowloon Peninsula. The low level convergence zone is the 

combined effect of urban heat island circulation (UHIC) and sea-land breeze circulation (SLBC) 

when the synoptic is weakly northeasterly. To study the impacts of anthropogenic fluxes and 

built-up areas  on the complex interaction with local circulation, the weather research and 

forecasting (WRF) mesoscale model, coupled to the multilayer urban canopy parameterization 

BEP/BEM is used for a three days simulation in September 2012, when Hong Kong suffered an 

air pollution episode. To better represent the city land surface features, building information is 

assimilated in the central part of the Kowloon Peninsula. The WRF-BEP-BEM model captures 

reasonably well the 2 m level temperature distribution, local wind rotation, but overestimates the 

10m wind speed with MBE 0.70 m/s. A dome-shaped feature, with a high level of moisture, is 

captured in the convergence zones due to intensified UHIC and inflow SLBC. The anthropogenic 

heat increases the air temperature around 0.3 ℃ up to a height of 250 m, which in turn modifies 

SLBC. A new drag coefficient, based on plan area fraction, 𝜆𝑃, is tested. Besides the basic 

physical characteristics captured by the WRF-BEP-BEM model, the stagnation of wind in the 

lower level convergence zone is better captured by this approach than the traditional constant 

value of the coefficient. 

1 Introduction 

Urban areas are already home to more than half of the world’s population [Wang et al., 

2013], and this percentage is rising continuously. The increase of urbanization affects the 

environment within and above the urban canopy layers. For example the presence of the city 

modifies urban climate and local meteorology and this contributes to the formation of pollutant 

entrapment zones, that reduces visibility, and exacerbate morbidity [Di Sabatino et al., 2010; 

Arnfield, 2003; Rizwan et al., 2008, Hunt et al., 2012].  

This work focuses on the city of Hong Kong. The city of Hong Kong is particularly 

interesting because: 

(a) It is one of the densest, high-rise and compact cities in the world. For example, in

Kowloon Peninsula, the maximum value of plan area fraction and building surface to plan area 

fraction values, as defined by Burian et al. [2007], reaches 0.97 and 8.1, respectively, at 250 m 

horizontal resolution. The mean building height is 55.2 m, the highest building in the area is 

around 130 m and standard deviation of average building height is 32 m, which illustrates the 

horizontal and vertical heterogeneous urban structures.   

(b) There are existing studies focusing on the interactions of sea/land breeze circulations

(SLBC) and urban heat island circulations (UHIC) in Pearl River Delta region [Tong et al., 2005; 

Lo et al., 2006; Wu et al., 2011]. However, the impact of land surface heterogeneity on the wind 

physics especially the high rise and highly compact building itself and associated anthropogenic 

heat flux and their effects on the interaction of UHIC and SLBC is still not clear. In addition, it is 

still crucial for mesoscale models to accurately capture the diurnal wind speed and direction 40 



under weak synoptic background as URBAN-LSM model shows a positive wind speed bias for 41 

Hong Kong [Lo et al., 2006].  42 

(c) It is located in a transition zone of the East Asian monsoon system, which acts as a43 

receptor of large amounts of pollutants, emitted in the East Asian Pacific Rim [Chan and Chan, 44 

2000]. High air pollution events (especially elevated ozone) in Hong Kong are related to surface 45 

emissions, transport patterns and meteorological conditions, and occur mainly in autumn 46 

(September, October and November, Chan et al., 1998a). The prevailing wind direction in 47 

autumn is northeasterly. On 15-18 September of 2012, a record high air pollution episode 48 

occurred in Hong Kong. The synoptic conditions, with the prevailing northeasterly prevailing 49 

wind direction, in these three days are favor for sever pollution episode as mentioned in Section 50 

2.5.  51 

(d) There is an availability of sufficient surface, radiosonde and wind profiler observation52 

data (provided by Hong Kong Observatory) and air quality monitoring data from the 53 

Environmental Protection Department (EPD). 54 

(e) Due to the peculiar urban structure and the complex topography, capturing the55 

horizontal and vertical extension of the sea breeze as well as the urban forcing is a challenge for 56 

mesoscale models. In this context, a correct representation of the city is crucial. Parametrizations 57 

in state-of-the-art mesoscale models are single layer canopy models (UCM) [e.g. Liu et al., 2006; 58 

Myrun et al., 1969; Johnson et al., 1991; Grimmond et al., 1999; Masson, 2000; Kusaka et al., 59 

2001; Oleson et al., 2008; Silva et al., 2009; Wang et al., 2013] and multilayer UCMs [Martilli, 60 

2002; Kondo et al., 2005]. Given the very elevated mean building height, and the strong building 61 

height variability of Hong Kong, a multilayer scheme is considered most appropriate to represent 62 

this type of cities. For this reason, the building effect parameterization (BEP) [Martilli et al. 63 

2002] has been chosen for this study. This scheme is coupled with a simple Building Energy 64 

Model (BEM) [Salamanca et al. 2010] that allows the estimate of the anthropogenic heat flux 65 

from buildings, by computing an energy budget of the building interior, accounting for energy 66 

generation by occupants and equipment, heat diffusion through walls, ventilation, and radiation 67 

entering the windows.  This scheme has already been tested for several cities (New York, 68 

Gutiérrez et al., 2015; Athens, Martilli et al., 2003; Houston, Salamanca et al., 2011; Madrid, 69 

Salamanca et al., 2012)), and BEP performance has been compared with measurements, single 70 

urban canopy layer parameterizations and traditional schemes based on Monin-Obukhov 71 

similarity theory (MOST), showing that is able to reproduce the vertical structure of urban 72 

roughness, vertical potential temperature profiles and near surface wind and temperature 73 

patterns. 74 

The research questions that motivate this work are: 75 

(1) Can a high rise and highly compact city, like Hong Kong, be well represented in a76 

mesoscale model? In particular, are the drag forcing, turbulence and thermal fields well 77 

reproduced within an urban canopy characterized by a non-uniform building height distribution? 78 

(2) Which are the interactions between UHIC, SLBC and surface heterogeneity under79 

weak synoptic background for Hong Kong? 80 

This paper is organized as follows: Section 2 provides a description of urban canopy 81 

parameters and new implementation of drag coefficient, overview of the study area, 82 

meteorological conditions on the selected days, a description of the coupled WRF-BEP-BEM 83 
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modeling system; Section 3 presents an evaluation and analysis of the WRF-BEP-BEM model 

results against observation data; Section 4 provides further discussion of the factors influencing 

the development of sea breezes and UHIC; and Section 5 presents a summary and conclusions.      

2 Data and methodology 

2.1 Study area 

The high-rise, dense and well-developed city of Hong Kong (22°N, 114°E) is located on 

the southeastern coast of China, within the Asian continent and South China Sea. Hong Kong’s 

climate is dominated by Asian continental high pressure during autumn and winter and mainly 

by low pressure in summer [Chan et al., 1998a]. The prevailing wind direction is northeasterly in 

winter and southwesterly in summer, which causes two completely different air masses to reach 

the urban areas of Hong Kong. The climate is influenced by subtropical and Asian monsoonal 

conditions with cool and humid winters, and hot and wet summers. The Pearl River Delta region, 

which include the provinces of Guangdong and Hong Kong, is one of the fastest growing regions 

in the world, with rapidly developing industrialization and urbanization [Chan and Chan, 2000]. 

The nearest city in mainland China, Shenzhen, a special economic zone, is roughly 35 km north 

of the urban center of Hong Kong [Chan et al., 1998a]. The total area of Hong Kong is about 

1000 km2, but the topography in Hong Kong is extremely rugged with 75% hilly areas (the 

highest point of Hong Kong is 957m at Tai Mo Shan), little naturally flat land, and a complex 

coastline [Tong et al., 2005].  In mid-2014, the population of Hong Kong was 7.24 million 

(http://www.gov.hk/); 95% of the population live and work in less than 20% of the land area 

(http://www.pland.gov.hk/), mainly concentrated in the Kowloon Peninsula and the northern 

edge of Hong Kong Island on both sides of Victoria Harbor. 

2.2 Urban morphological and aerodynamic parameters in mesoscale modeling 106 

107 

Figure 1. Schematic representation of gridded building assimilation in urban areas. (a) Photo of the area. (b) Detailed building information (30 m 108 
resolution) in the area. (c) Urban morphology in each grid point at a 250 m resolution, 𝐴𝑝 is the plan area, 𝐴𝑊 is the building wall area, 𝐴𝑇 is the 109 
total surface area. (d) Two-dimensional assimilation in the BEP model; 𝑤 is the width of the street, 𝑏 is the width of the buildings, ℎ𝑖 is the 110 
building height, each floor is assumed to be 5 m in height; (down) our simplified BEP model; �́� is the average weighted mean building height, 𝜎 111 
is the standard deviation. 112 

The area in Kowloon Peninsula (latitude from22.2932°N to22.3406°N), longitude 113 

from114.1489°E to114.2024°E), with available detailed three dimensional building information 114 

in the innermost domain is shown in Figure 1a and1b. Note here that urban parameters in other 115 

areas in the innermost domain are set by default. The street orientation is set by 15° and 75°, 116 

respectively. To reduce the computation cost, buildings are grouped into three representative 117 



types with the height of �́� − 𝜎, �́� and �́� + 𝜎 for each grid. The average weighted mean building 118 

height, �́�,and standard deviation, 𝜎, are computed for every grid point following [Di Sabatino et 119 

al., 2010]: 120 

�́� =
∑ 𝐴𝑝𝑖ℎ𝑖

𝑁
𝑖=1

∑ 𝐴𝑝𝑖
𝑁
𝑖=1

        (1) 121 

𝜎 = √
1

𝑁−1
∑ (ℎ𝑖 − �́�)

2𝑁
𝑖=1      (2) 122 

where 𝐴𝑝𝑖 is the plan area of building 𝑖, ℎ𝑖 is the corresponding building height, and 𝑁 is 123 

the number of buildings in the grid cell. 124 

The other urban canopy parameters needed by BEP-BEM, the plan area density and 125 

building surface area per unit ground area, are also computed for every grid point. Then nearest 126 

neighbor interpolation is used in order to in agreement with the 0.5km resolution for the 127 

innermost domain shown in Figure 2a and 2b.   128 

The dominant sink of momentum in the urban canopy is the drag induced by the vertical 129 

surfaces of the buildings that is parameterized as explained by Martilli et al. [2002]. 130 

�́�𝑢𝐼𝑈
𝑉 = −𝜌𝐶𝑑𝑟𝑎𝑔|𝑈𝐼𝑈

𝑜𝑟𝑡|�⃗⃗� 𝐼𝑈
𝑜𝑟𝑡𝑆𝐼𝑈

𝑉        (3) 131 

where �⃗⃗� 𝐼𝑈
𝑜𝑟𝑡 is the wind speed orthogonal to the street canyon direction at the level 𝐼𝑈,132 

and 𝑆𝐼𝑈
𝑉  represents the total wall surfaces at the level 𝐼𝑈 [Martilli et al., 2002]. In the original133 

BEP model, 𝐶𝑑𝑟𝑎𝑔, which is the drag coefficient, is set to a constant value, 0.4. This constant 134 

value is taken from the wind tunnel experiment done by Raupach [1992] and is widely used in 135 

modeling [Uno et al., 1989]. However, this constant value could be a limitation for estimating 136 

the momentum flux or aerodynamic parameters in urban canopy layers. Miao et al. [2009] 137 

improved the drag coefficient term by using the formula from Coceal and Belcher [2005]. 138 

Santiago et al. [2008] found that the drag coefficient could vary with the building packing 139 

density based on the CFD results. Santiago and Martilli [2010] provided a new implementation 140 

with an array of cubes of the same height (ℎ / 𝑊=1, where ℎ ana W are height and width of each 141 

cube, respectively). Thus, the drag coefficient becomes a function of the plan area fraction, 𝜆𝑃. 142 

The new implementation of the drag coefficient term in Equation (3), which is discussed in 143 

Section 4, is as follows [Santiago and Martilli, 2010; Gutiérrez et al., 2015]: 144 

𝐶𝑑𝑟𝑎𝑔𝑛𝑒𝑤
= {

3.32𝜆𝑃
0.47,when 𝜆𝑃 ≤ 0.29

1.85,when 𝜆𝑃 > 0.29
145 

(4) 146 

where 𝜆𝑃 is the plan area fraction in each grid point. 147 

2.3 Modified urban land cover and land use (LCLU) data 148 

Land cover and land use (LCLU) data is an important indicator for accurately simulating 149 

urban effects [Holt and Pullen, 2007] especially for high-rise and compact cities. In accordance 150 

with the BEP-BEM urban classifications which constrains the urban land use to three categories, 151 

the latest (year 2012) 0.5km spatial resolution LCLU data were used. The LCLU data were 152 

further classified as class 1 (Industrial estates, airports and public utilities), class 2 (private and 153 

public residential buildings), and class 3 (commercial offices and government facilities), shown 154 



in Figure 2b. Some parameters for three urban classes used in the WRF-BEP-BEM model are 155 

provided in Table S1. For the regions outside Hong Kong area, USGS 24-category LCLU data 156 

were used.   157 
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172 

Figure 2. (a) WRF modeling domain with horizontal grid spacing of 13.5, 4.5, 1.5, and 0.5 km for domains d01, d02, d03 and d04, respectively; 173 
(b) modified LCLU data for the innermost domain with three urban classes (commercial areas, high residential and low residential areas, 174 
respectively); (c) location of observation stations: red triangles show the locations of air pollution monitoring stations and solid blue circles175 
indicate weather stations; (d) terrain height for the innermost domain, with the transect A–B indicating the location of the spatially filtered cross-176 
sectional indicators discussed in Section 4.177 



2.4 Modeling systems and configuration 178 

The WRF model is a non-hydrostatic, compressible model with a mass coordinate system 179 

[Skamarock et al., 2008]. The advanced research configuration of the WRF, version 3.6.1, was 180 

used to study a three-day (72 hr) simulation for September 15 to 18, 2012. The first day 181 

(September 15) was considered as spin-up time for this study. Four two-way nested domains 182 

were built with 79×79, 79×79, 79×79, and 100×100 grid points with spatial resolutions of 13.5, 183 

4.5, 1.5, 0.5 km, respectively (Figure 2a). The fourth domain covers urban areas of Hong Kong 184 

and its surrounding suburban and rural areas (Figure 2b). The vertical grid contains 51 terrains 185 

following full sigma levels from the ground up to 50 hPa. The PBL scheme of Bougeault and 186 

Lacarrere [1989] was used to predict turbulent kinetic energy and diffusion coeffcients. The 187 

other physical schemes used in this study were single-moment three-class [Hong et al., 2004], 188 

Dudhia shortwave radiation [Dudhia et al., 1989], RRTM longwave radiation [Mlawer et al., 189 

1997], and the Noah land surface model [Chen and Dudhia, 2001] and Kain-Fritsch [Kain and 190 

Fritsch, 1990] cumulus schemes for the outer two domains. The initial and boundary conditions 191 

for the WRF were taken from the National Centers for Environmental Prediction (NCEP) Global 192 

Forecast System Final Analyses data (FNL) at 1° at 6-h intervals. Daily sea surface temperatures 193 

from NCEP Marine Modeling and Analysis Branch data at 0.5° were used. 194 

The BEP-BEM multiple layer urban canopy model developed by Martilli [2002] was 195 

coupled with WRF 3.6.1 to represent the dynamics and thermal effects of urban areas. The BEP 196 

considers (1) 2D street canyons with two different orientations (15° and 75° in this study) 197 

comprising an array of buildings of the same width and same distance from each other but with 198 

different building heights, (2) heat fluxes in ground surfaces and horizontal and vertical building 199 

surfaces due to radiation shadowing effects, (3) building drag effects with consequent loss of 200 

momentum, and (4) transformation of mean-motion kinetic energy into turbulent kinetic energy. 201 

The BEM [Salamanca et al., 2010] was developed to calculate how much heat must be released 202 

or added to each vertical building layer to maintain the target indoor air environment. The 203 

mesoscale model provides the BEM with the outdoor air temperature, air humidity and boundary 204 

conditions for calculation of the temperature of building walls and roofs. In turn, the BEM 205 

provides heat fluxes and energy consumption in the buildings, taking account of occupants and 206 

equipment [Salamanca et al., 2014]. 207 

2.5 General meteorological conditions for the case study 208 

On 15-18 September of 2012, a record high air pollution episode occurred in Hong Kong. On 209 

September 17, 2012, the ozone concentration at the Tung Chung, Shatin and Shan Shui Po 210 

monitoring stations was over 100 ppb and the API (air pollution index, which was used by the 211 

Hong Kong EPD from June 1995 to December 2013) value in several stations was over 100, 212 

which indicates very high levels of air pollution.Due to the lack of tropical cyclones and the 213 

prevalence of continental air masses for part of the month, the weather in Hong Kong in 214 

September 2012 was drier than usual (http://www.hko.gov.hk). Between September 15 and 18, a 215 

typical cold front associated with a severe air pollution episode occurred in Hong Kong. From 216 

the analysis of observation data (not shown here), before the arrival of the cold front, an 217 

anticyclone dominated over southern China with a prevailing southeasterly wind direction. When 218 

the cold front was approaching, the northeast monsoon behind the front made the weather dry 219 

and cooler (http://www.hko.gov.hk). During the entire period, low-level winds over the Hong 220 

Kong area remained weak (2–5 m/s at ground level at Waglan Island from the observation data; 221 



5–10 m/s at 850 hPa, as shown in Figure 3). The period was characterized by calm and cloudless 222 

weather, no precipitation, around 11 hours of sunshine, and light winds, conditions that were 223 

favorable for the development of a UHI [Chen et al., 2014] and sea–land breezes [Zhang et al., 224 

1997].  225 

226 

Figure 3. Synoptic weather patterns at 00:00 UTC (8:00 am local time) on September 16 (left) and 17 (right), 2012 from the FNL reanalysis data 227 
providing geo-potential height (solid lines in blue), temperature (solid lines in red), wind speed and direction (arrows), and relative humidity 228 
(shaded) at 850 hPa. The red cross indicates the location of Hong Kong. 229 

2.6 Numerical experiments 230 

The criteria chosen for the numerical experiments are summarized in Table 1. A control 231 

experiment was carried out to investigate and evaluate the model performance (referred to as 232 

WRF-BEP-BEM hereafter and regarded as the baseline case), with new LCLU data, new urban 233 

canopy parameters, BEP/BEM model coupled in urban areas and a constant drag coefficient. 234 

Then three sensitivity tests were carried out as follows (1) urban areas were replaced by 235 

grassland in the innermost domain, to investigate the effect of urban areas on the local 236 

circulation; (2) anthropogenic heat was excluded; and (3) the drag coefficient was chosen as the 237 

function mentioned in Section 2.2. 238 

Table1. Indicators in each numerical experiment. 239 

Numerical simulations Urban 

scheme 

Gridded 

building 

information 

Anthropogenic 

heat 

Drag 

coefficient 

Case  Baseline: 

WRF-BEP-BEM 

BEP/BEM Yes Yes 𝐶𝑑𝑟𝑎𝑔=0.4



Case  Green: urban area 

modelled as grassland 

No No No 𝐶𝑑𝑟𝑎𝑔=0

Case noHeat: urban area 

modelled without any 

anthropogenic heat 

BEP/BEM Yes No 𝐶𝑑𝑟𝑎𝑔=0.4

Case newDrag: urban 

area with improved drag 

coefficient calculation 

BEP/BEM Yes Yes 𝐶𝑑𝑟𝑎𝑔=𝐶𝑑𝑟𝑎𝑔𝑛𝑒𝑤

3 WRF-BEP-BEM simulation evaluation 240 

The control experiment (Case Baseline) starts at 00:00 UTC (8:00 am local time) on 241 

September 15, 2012 and ends at 00:00 UTC September 18, 2012. To validate the control 242 

experiment with the WRF-BEP-BEM model, the simulation results are compared with 243 

observation data obtained from the Hong Kong Observatory. For this study, there are 36 surface 244 

meteorology stations available (shown in Figure 2c with blue solid circles). Due to the highest 245 

horizontal spatial resolution of 0.5 km in the innermost domain, 28 meteorology stations (16 of 246 

which are located in urban areas according to the modified LCLU data, as shown in Figure 2b) 247 

are chosen for comparison. The stations at 0.5 km resolution scale containing land and sea 248 

surface are excluded as they may represent characteristics of the sea surface [Tong et al., 2005]. 249 

The observed variables used are 10 min averaged 10 m wind speed and wind direction, 2 m air 250 

temperature and relative humidity. 251 

3.1 Diurnal wind rotation 252 

Sea breeze is one of the meteorological phenomena, which has been extensively studied by 253 

theoretical and numerical method in many coastal area [Chen et al., 2009; Li et al., 2016; Tong et 254 

al., 2005]. However, it is still crucial for Hong Kong, with complex urban environment and 255 

topography, to accurately capture the onset and propagation of sea breeze front. Moreover, serval 256 

convergence zones are formed when sea breeze propagates into inland areas as described below. 257 

The numerical models for sea land breeze are critical for air quality forecast in future study.   258 



259 

Figure 4. Diurnal evolution of 10 m wind speed and wind direction at 19 meteorological stations in Hong Kong on September 17, 2012. All times 260 
are UTC; for local time add eight hours. Observational data (a1) 02:00, 04:00, 06:00 (a2) 08:00, 10:00, 12:00 (a3) 18:00, 20:00, 22:00 Simulation 261 
results from Case 1 (Baseline) (b1) 02:00, 04:00, 06:00 (b2) 08:00, 10:00, 12:00 (b3) 18:00, 20:00, 22:00. 262 

Hong Kong’s urban areas are located along the coastline, as shown in Figure 2b. Hence, 263 

it is of great importance to verify if the WRF-BEP-BEM simulation accurately captures the sea–264 

land breeze as it could be the source of fresh air to some extent. The diurnal evolution of 265 

observed and simulated surface wind at a height of 10 m on September 17 is shown in Figure 4. 266 

The WGL station can indicate wind rotation, because it is on an isolated island unaffected by 267 

urban heterogeneity. The WRF-BEP-BEM model captures well the diurnal wind rotation at this 268 

station, although it underestimates the wind speed during the day.One possible explanation is the 269 
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limited resolution in the model [Salamanca et al., 2011;Tong et al., 2005]. On September 17, the 

wind direction at the WGL station is northeasterly in the morning and then gradually changes to 

southeasterly in the afternoon with a reduction of wind speed and then gradually back to 

northeasterly during the night. The WRF-BEP-BEM model can reasonably capture the diurnal 

wind rotation in the stations along the coastline and can capture the onset of the sea breeze at 

around 04:00 to 06:00 UTC (12:00 to 14:00 local time) at Hong Kong Observatory (HKO) 

station in Kowloon Peninsula, HKS station in Hong Kong Island, and HKA and Sha Lo Wan 

(SLW) stations near the Hong Kong International Airport. The model can capture well the 

multiple sea breezes in different parts of Hong Kong. It seems that the model cannot capture well 

the offshore land breeze in the evening from 10:00 to 12:00 UTC (18:00 to 20:00 local time) on 

September 17 at HKO station, which is located in the commercial areas in Kowloon Peninsula. 

This station is located in the convergence zone when the sea breeze penetrates inland, and it is 

difficult to recognize the wind direction at a spatial resolution of 0.5 km, which is discussed in 

Section 4. 

3.2 Spatial distribution of near surface variables 

Two individual stations, HKO and Lau Fau Shan (LFS), which are considered urban and 

rural stations, respectively, according to the modified LCLU data mentioned in Section 2.3, are 

chosen for verification of 2 m air temperature and 2 m water vapor mixing ratio. HKO is located 

in a commercial area in Kowloon Peninsula and is considered an urban station for many studies 

of the UHI phenomena in Hong Kong [Siu and Hart, 2013]. LFS is located in New Territories, 

on the shore of Deep Bay, which is less affected by the urban effect. As shown in Figure 5, the 

model simulation results and observation data are in good agreement at both stations. On 

September 16 and 17, the model underestimates the air temperature and overestimates the 

relative humidity at LFS station, which may be because this station is located very close to the 

sea. A possible explanation is the 0.5 km spatial resolution, which may cover both sea and land 

in that grid point. On September 17, the model does capture well the air temperature and relative 

humidity at HKO station, suggesting that individual stations may have local factors that lead to 

the discrepancies. 

Figure 6 shows the comparison of observed and simulated 2 m air temperature for three 

days for all urban and rural sites, to avoid influences from individual stations. Note that due to 

limiting the horizontal spatial resolution to 0.5 km, the stations along the coast (CCH, JKB, KSC, 

WGL, PEN, WLP, SLW, TYW as shown in Figure 2c), which could represent sea surface 

characteristics, are excluded. The WRF-BEP-BEM model (Case Baseline), captures the 

heterogeneous distribution of air temperature both in urban areas and rural areas. The model can 

capture UHI phenomena in Hong Kong which is more pronounced during the night [Yang et al., 

2016]. The model could also well capture the UCI phenomena in the urban areas during the day, 

which is less studied but strengthened by Yang et al. [2016] using a lumped air temperature 

model. The use of multilayer urban canopy parameterization can significantly improve the 

prediction of air temperature in comparison to a WRF simulation using Noah LSM [Chen and 

Dudhia, 2001] without the UCMs (not shown here), which shows the air temperature as 2 ℃ 

lower in the urban areas. In this case, the temperature difference between the sea surface and 

urban areas is not sufficient for development of a sea breeze, which is explained in Section 4. 

The WRF-BEP-BEM model captures the daytime UCI on September 17, although it 

underestimates air temperature in the rural and urban areas. One possible explanation is that 

some rural sites are along the coastline and sea surface temperature influences the 2 m air 314 
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temperature. During the night, the model overestimates the air temperature in the urban sites, 

which may because the heat load and anthropogenic heat setting (air conditions being switched 

on for 24 hours a day) in the BEM model is larger than the real case, as noted by Gutiérrez et al. 

[2015]. The usage (including the types and duration) of air conditioning systems needs to be 

further studied in Hong Kong. 

The MBE, root-mean-square error (RMSE), and index of agreement (IOA) [Grimmond et 

al., 2010] for the WRF-BEP-BEM model and observation data from 00:00 UTC (8:00 am local 

time) September 15, 2012 to 00:00 UTC September 18, 2012 are summarized in Table 2. The 2 

m air temperature has an MBE of 0.07 ℃, an RMSE of less than 1.5 ℃ and an IOA of 0.93. The 

statistics show that the WRF-BEP-BEM model can capture the heterogeneity of air temperature. 

The model overestimates relative humidity and 10 m wind speed, because, as mentioned above, 

some stations are located along the coastline, which is affected by sea–land breeze circulation. 

3.3 Verification with radiosonde data and wind profiler data 

The observed vertical potential temperature at King’s Park (KP, shown in Figure 2c) is 

used to verify the model simulation. The measurement is taken each day at 00:00 and 12:00 UTC 

(8:00 am and 8:00 pm local time). To better explain the PBL evolution through the day, the 

vertical potential temperature at 06:00 and 18:00 UTC (2:00 pm and 2:00 am local time) is 

chosen for September 16 and 17 (see Figure 7). Due to the height of measurement at KP station, 

the super adiabatic lapse rate around the ground surface is not presented. However, the model 

results show a steep near surface gradient at 06:00 UTC (2:00 pm local time) both on September 

16 and 17, which is around 2.5 K and 3 K in the first 100 m layer. 

The observed horizontal wind speed and direction obtained from wind profilers at SLW 

(shown in Figure 2c), near Hong Kong International Airport, is used to verify the model 

simulation results. The horizontal winds from the ground level up to 1 km height are chosen for 

comparison from 00:00 to 23:00 UTC (8:00 am to 7:00 am local time) on September 17 and 18, 

as shown in Figure 8. Note that the observations start at 116 m above ground level. The WRF-

BEP-BEM model results are in good agreement with observation data most of the time. From 

04:00 UTC, winds below 500 m turn to the northwest although the model shows the wind 

rotation slightly later than the measurement. From 12:00 UTC, winds below 600 m gradually 

turn to the northeast; the model results show this effect slightly earlier. From 15:00 to 19:00 

UTC, the model overestimates the lower-level wind speeds by around 1 m/s and fails to capture 

the stagnation of wind in this period. However, the model captures wind rotation well, which is 

important for the study of sea breezes. 347 

348 

349 



350 

Figure 5. Predicted and measured 2 m air temperature and water vapor mixing ratio at two weather stations, (a) HKO, (b) LFS. Note here that the 351 
vertical bars are standard deviation of 2m air temperature. 352 



353 

Figure 6. Comparison of observed and simulated 2 m air temperature (℃) for all urban and rural sites from 00:00 UTC on September 15, 2012 to 354 
00:00 UTC on September 18, 2012 for Domain 4. Note here that the vertical bars are standard deviation of 2m air temperature. 355 

Table2. Verification statistics for all available stations located in the innermost domain of the 356 

WRF-BEP-BEM model from 00:00 UTC on September 15, 2012 to 00:00 UTC on September 18, 357 

2012.  358 

Parameter Number of 

stations 

Mean value Standard 

deviation 

Mean 

bias error 

(MBE) 

RMSE IOA 

Obs. Sim. Obs. Sim. 

2 m air 

temperature 

25 26.29 26.35 2.78 2.55 0.07 1.43 0.93 

10 m Wind 

speed 

18 2.45 3.15 1.84 1.70 0.70 2.16 0.60 

Relative 

humidity 

15 55.70 58.81 11.85 8.19 3.12 10.17 0.72 



359 

Figure 7. Comparison of observed and simulated vertical profiles of potential temperature (K) at Station KP as shown in Figure 2c. 360 



361 

Figure 8. Time-height series of wind speed (m/s) and wind direction for September 17, 2012 at Station SLW near the Hong Kong International 362 
Airport, as shown in Figure 2c; (a) WRF-BEP-BEM predicted results; (b) wind profiler measurements. 363 

4 Effect of urban morphology on UHIC and SLBC development 364 

In Section 3, the WRF-BEP-BEM model is shown to be capable of capturing the spatial 365 

distribution of air temperature and the diurnal rotation of wind in the innermost domain both at 366 

the surface level and at the height of the lower boundary layer. In this section, three sensitivity 367 



tests are carried out to examine the urban effects on the local circulation and boundary layer 368 

structure in Kowloon Peninsula on September 17, 2012. 369 

4.1 Influence of built-up areas 370 

To better examine the overall urban heating effect on local circulation and SLBC 371 

evolution, the vertical cross sections along transect A–B (shown in Figure 2d) for wind vectors, 372 

water vapor ratio and PBL height are shown in Figure 9. In Case Green, the urban areas are 373 

replaced by grassland, which increases evaporation and evapotranspiration during the day after 374 

sunrise, and reduces the temperature difference between the land and sea surfaces. At 04:00 UTC 375 

(12:00 local time), the WRF-BEP-BEM model shows sea breeze fronts starting to penetrate the 376 

Kowloon Peninsula, whereas in Case Green it penetrates much slower, as shown in Figure 9 a1, 377 

b1 and Figure 10 a2. The “urban increment”, 2m air temperature difference, which largely 378 

removes the impacts of cloud or topography that may alter the surface temperature[Li et al., 379 

2013], reaches around 4.4 ℃ (as shown in Figure 10 a1 and b1) in the urban areas in Kowloon 380 

Peninsula, which reduces the strength of sea breeze evolution in Case Green and leads to a sea 381 

breeze front horizontal velocity at 10 m height around1.5 m/s lower than in the WRF-BEP-BEM 382 

model (as shown in Figure 10 a2 and b2). At 08:00 UTC (16:00 local time), the sea breeze fully 383 

penetrates urban areas with a much larger vertical velocity but slightly lower PBL height (as 384 

shown in Figure 9 a2 and b2) in the WRF-BEP-BEM model than in Case Green. At this time, the 385 

water vapor ratio above the ground level shows a dome-shaped profile and propagates much 386 

higher (with the value of 9.5 g/kg reaches around 1.4km in Case Baseline) than the Case Green 387 

(shown in Figure 9 a2 and b2).  The UHIC intakes colder air from the urban edge [Wang et al., 388 

2016], which coexists with western sea breeze in Kowloon Peninsula. The sea-breeze inflow due 389 

to UHI could enhance the urban moisture level and enhance upward motion in the convergence 390 

zones, which is also found by Ryu et al. [2016] in Baltimore-Washington Metropolitan Area. In 391 

Case Green evaporation and evapotranspiration reduces the moisture level gradient. Whether the 392 

UHIC will accelerate the urban moisture circulation is still unclear. 393 

There is a convergence zone in the urban areas (shown as blue bar in Figure 9) with the 394 

evolution of sea breeze, and the PBL height in the convergence zone is much deeper than on both 395 

the east and west sides, as shown in Figure 9. This limits the mixing effects on the two sides, 396 

which inhibits the removal of air pollutants from the surface. This effect is dome shaped [Tong et 397 

al., 2004], and characterized by high moisture content, high temperature and high levels of air 398 

pollutants. This feature can increase the pollutant accumulation at the lower PBL height, which is 399 

crucial to our health. The air quality data at Mong Kok (a roadside station in the urban area in 400 

transect A–B, which is monitored by the EPD), shows that the concentration of NOX increased 401 

gradually and reached a peak value of 723 μg/m3 at 11:00 UTC on September 17. The 402 

monitoring results also show that ozone concentration at Shan Shui Po, which lies in the central 403 

part of Kowloon Peninsula, is over 100 ppb at 06:00 UTC. At 10:00 UTC (18:00 local time), the 404 

results from the WRF-BEP-BEM model show sea breezes circulating in the urban areas with a 405 

lower strength. In Case Green, the sea breeze gradually returns to a land breeze, which is 406 

consistent with the study by Chen et al. [2011] of the onset and offset of sea breezes in the 407 

Houston area. In general, land surface heterogeneity, associated UHIs and sea-land breeze 408 

increase both the strength and duration of low-level convergence. 409 

410 



411 

Figure 9. Vertical east–west cross section (transect A–B shown in Figure 2d) of simulated wind vectors (m/s), water vapor ratio (g/kg) (solid red 412 
line) and PBL height (km) (dashed blue line) from ground level up to 1.5 km at 04:00 UTC (a1, b1), 08:00 UTC (a2, b2) and 10:00 UTC (a3, b3) 413 
(for local time add 8 hours) on September 17, 2012. The blue bar at the bottom of the charts indicates the urban region. 414 



415 

Figure 10. 2 m air temperature difference (℃) (shaded) and 10 m wind difference (Case Baseline - Case Green) at 04:00 UTC (a1, a2) and 06:00 416 
UTC (b1, b2) on September 17, 2012. 417 

418 

4.2 Role of anthropogenic heat 419 

The BEP and BEM schemes consider not only the building effect on the urban canopy 420 

layers but also compute anthropogenic heat released into the atmosphere to maintain the indoor 421 

air temperature within a comfortable range by air-conditioning systems setting a target air 422 

temperature [Salamanca and Martilli, 2010]. To investigate the role of anthropogenic heat on sea 423 

breeze development, a sensitivity test is carried out excluding anthropogenic heat in urban areas. 424 

The buildings in the urban grid can absorb solar radiation inside the urban canopy layer and 425 

create shear and turbulence due to drag effects [Oke, 1988]. The former affects air temperature 426 
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indirectly and the latter can influence vertical mixing in the urban canopy layer. Including 

anthropogenic heat flux increases the turbulence kinetic energy (TKE) peak value at around 400 

m above ground level (shown in Figure 11a, b, and d), almost double the height of Case noHeat, 

which is around 250 m. The magnitude of turbulent kinetic energy is almost double the case 

without anthropogenic heat. At around the vertical level of maximum TKE value, the air 

pollutants are well mixed. The release of anthropogenic heat is an important factor for thermal 

buoyancy flow in the daytime. Within the urban canopy layer, the multilayer schemes introduce 

drag force and transform into TKE, which means the vertical velocity within the urban canopy 

layer is rather low. 

The existence of anthropogenic heat can increase the temperature difference at the land 

and sea surface, which leads sea breezes to propagate faster on the west side of Kowloon 

Peninsula, as shown in Figure 11c. The temperature difference between the surface and around 

250 m above the center parts of the urban areas, where the convergence zone is formed, is 

around 0.3 ℃. A sea breeze front penetrates the land area at 06:00 UTC (14:00 local time); the 

air temperature decreases around 0.2 ℃ due to the advection of cold air from the sea surface 

(shown in Figure 12a) at the border of the urban areas. The water vapor ratio at 2 m is also 

slightly higher (not shown here) than in Case noHeat, due to the sea breeze penetration. 

The PBL height is an important factor, and in both numerical experiments the PBL 

structure follows the same trend. The highest level in the urban areas reaches around 1.3 km in 

the urban areas in the WRF-BEP-BEM model, which is slightly lower than Case noHeat due to 

the earlier advection of cold air. When the sea breeze is developing in the Case WRF-BEP-BEM, 

the PBL height is in the transition from the sea to the land [Li et al., 2013]. A dome-shaped PBL 

height feature is captured in the vertical cross section of transect A–B, which is same shape as 

described in Section 4.1. Pollutants generated inside the urban canopy layers will accumulate and 

not easily leave the convergence zone. 

We choose 21:00 UTC (05:00 local time), the time of minimum 2 m air temperature, to 

investigate conditions at night. The 2 m air temperature difference is around 0.1–0.3 ℃ in the 

urban areas of Kowloon Peninsula in the WRF-BEP-BEM model. The diurnal profile of 

anthropogenic heat flux for three urban classes are provided in Figure S1, which is comparable to 

anthropogenic heat values in other studies [Chow et al., 2014; Sailor et al., 2015]. The peak 

anthropogenic heat are 5, 24 and 55 W/m2, respectively for three urban classes. Note that the air 

conditioning systems are assumed to be used for 24hr for all three urban classes. Transportation 

andlatent heat flux due to air conditioning systems are not considered in this study, which may 

cause some discrepancies in the results. 460 



461 

Figure 11. (a)Vertical east–west cross section (transect A–B, shown in Figure 2d) of the WRF-BEP-BEM model simulated vertical velocity (m/s) 462 
(shaded) and TKE_PBL(m2/s2) (contour line) above ground level up to 1.5 km at 06:00 UTC (for local time add 8 hours) on September 17, 2012. 463 
(b) Case noHeat results. (c) Vertical east–west cross section of differences between the two models for wind vector (m/s), temperature (K) (shaded) 464 
and PBL height for WRF-BEP-BEM (dashed blue line) and Case noHeat (solid red line) at 06:00 UTC on September 17, 2012. (d) Vertical profile 465 
of TKE_PBL at latitude = 22.32°N longitude = 114.17°E at 06:00 UTC on September 17, 2012. Note: The blue bar in (a), (b), and (c) indicates the 466 
urban area. 467 



468 

Figure 12. Difference of 2 m air temperature distribution between WRF-BEP-BEM and Case noHeat at 06:00 UTC (a) and 21:00 UTC (b) on 469 
September 17, 2012. The red line indicates the transect A–B shown in Figure 2d. 470 

4.3 Role of building drag 471 

In the WRF-BEP-BEM model, a constant drag coefficient was chosen to represent 472 

friction and drag forces in the momentum term and TKE production in the urban areas [Martilli, 473 

2002]. Although this constant value has been verified in some European cities [Salamanca et al., 474 

2011], using it in a high-density and compact city like Hong Kong overestimates the mean wind 475 

speed (shown in Table 2). The sensitivity test in this section used the new drag coefficient 476 

implementation based on the function provided in Section 2.2. Table 3 shows the evaluation of 477 

Case newDrag results for 10 m wind speed, 2 m air temperature and relative humidity for the 478 

stations in Table 2. The results show that the implementation of the new drag coefficient BEP-479 

BEM urban parameterization significantly reduces the mean value from 3.15 m/s to 2.63 m/s, 480 

(also investigated for New York city by Gutiérrez et al. (2015)), and the MBE from 0.70 m/s to 481 

0.17 m/s of 10 m wind speed. Meanwhile, the increase in drag force and TKE within the urban 482 

canopy layer increases the mean surface air temperature of the 25 stations by 0.20 ℃. Figure 13 483 

shows the 2 m temperature profile for the WRF-BEP-BEM and Case newDrag. Case newDrag 484 

overestimates the maximum air temperature on September 15 and 16, but it captures better the 485 

maximum air temperature value on September 17. Both models overestimate the air temperature 486 

during the night on September 17. Using the new drag coefficient better captures the wind speed 487 

within the urban canopy layer (shown in Figure 14), although at 12:00 UTC on September 17, 488 

both models overestimate the wind speed. The KP station is inside the convergence zone, where 489 

the sea breeze tends to return to a land breeze, and the model does not immediately capture the 490 

wind direction, as shown in Figure 13b. However, Case newDrag can better explain the wind 491 

direction and wind speed within the urban canopy layer than can Case Baseline. 492 

Table3. Verification statistics for all available stations located in the innermost domain for the 493 

WRF-BEP-BEM and Case newDrag from 00:00 UTC September 15, 2012 to 00:00 UTC 494 

September 18, 2012. 495 



Parameter Number of 

stations 

Mean value Standard 

deviation 

Mean Bias 

Error 

(MBE) 

RMSE IOA 

Obs. Sim. Obs. Sim. 

2m air 

temperature 

25 26.29 26.55 2.78 2.72 0.27 1.58 0.91 

10m Wind 

speed 

18 2.45 2.63 1.84 1.86 0.17 2.15 0.68 

Relative 

humidity 

15 55.70 58.59 11.85 8.46 2.89 11.00 0.68 

496 

Figure 13. Comparison of observed and predicted 2 m air temperature (℃) for all stations from 00:00 UTC September 15, 2012 to 00:00 UTC 497 
September 18, 2012 for Domain 4 (WRF-BEP-BEM and Case newDrag). Note here that the vertical bars are standard deviation of 2m air 498 
temperature. 499 

500 



501 

Figure 14. Comparison of horizontal wind speed and wind direction up to 150 m above the ground for observation data, Case Baseline and Case 502 
new Drag at KP station (shown in Figure 2c) at (a) 00:00 UTC and (b) 12:00 UTC on September 17, 2012. 503 

504 



505 

Figure 15. (a) Vertical east–west cross section of wind field (m/s) (vector) and temperature (K) (shaded) differences (Case newDrag – Case WRF-506 
BEP-BEM), and PBL height (Case WRF-BEP-BEM: dashed blue line, Case newDrag: solid red line) above ground level up to 1.5 km at 06:00 507 
UTC on September 17, 2012; (b) Vertical east–west cross section of wind field (m/s) (vector) and temperature (K) (shaded) differences (Case 508 
newDrag – Case Baseline) above ground level up to 0.2 km at 06:00 UTC on September 17, 2012; (c) The vertical profile of TKE_PBL at latitude 509 
= 22.32°N, longitude = 114.17°E at 06:00 UTC, September 17, 2012. (d) Observed vertical profile of temperature on September 17, 2012 at KP 510 
station. Note: The blue bar in (a) and (b) indicates the urban area. 511 

To better represent the building effects on airflow, the drag force is provided in the 512 

momentum equation. However, the constant value of 0.4 in the WRF-BEP-BEM model does not 513 

resolve the problem of large dag force close to the ground, which leads to a large bias in surface 514 

wind speed (as shown in Table 2). Changing the drag coefficient according to the gridded 𝜆𝑃 515 

value significantly increases TKE_PBL inside the urban canopy layer from the ground level up 516 

to 130 m in this study (26 vertical layers), as shown in Figure 15c. Above the urban canopy 517 

layer, TKE_PBL is larger in the WRF-BEP-BEM model, which is due to different length scale 518 

definitions (shown in Equation 16 as Santiago and Martilli, 2010). At 06:00 UTC (14:00 local 519 

time), the temperature is around 1.3 ℃ higher in the Case newDrag at the ground level and 520 

around 0.4 ℃ higher at 0.2 km above ground level. Due to turbulence and drag force, the vertical 521 

velocity is around 0.1-0.2 m/s less in the urban areas (marked as blue bar in Figure 15 a, b) and 522 

around 0.1-0.2 m/s larger before penetrating inland (at longitude =114.16°) in Case newDrag (as 523 

shown in Figure 15 a, b).  The comparison of vertical velocity in Figure 14 shows that Case 524 

newDrag better captures the vertical velocity than does WRF-BEP-BEM. When the new drag 525 

coefficient is used, the vertical velocity inside the convergence zone tends to be 0 m/s at the 526 

ground level to around 0.35 m/s at 0.2 km level, which can lead to stagnation in urban areas. 527 



528 

Figure 16. Time series of averaged 10 m horizontal wind speed (m/s) in region A (a1, a2, a3) (black line) and B (b1, b2, b3, b4, b5 and b6) (blue 529 
line) from 00:00 to 23:00 UTC on September 17, 2012. Note here that the vertical bars are standard deviation of wind speed. 530 

The results in Figures 14 and 15 show that using the new drag coefficient, 𝐶𝑑𝑟𝑎𝑔𝑛𝑒𝑤
, better 531 

represents the horizontal and vertical wind speed within the urban canopy layer, which resolves 532 

the problem of overestimation of the surface level wind speed in the baseline case. Moreover, a 533 

near surface temperature inversion is found at 00:00 and 12:00 UTC on September 17, 2012 at 534 

KP station below 100 m. An elevated temperature inversion is also found at 00:00 UTC around 535 

the height of 350 m. Such temperature inversions could enhance atmospheric stability near the 536 

surface, inhibiting the dispersion of pollutants [Bei et al., 2016]. Figure 16 shows the co-existing 537 

effects of SLBC and UHIC. Note that A contains three grid points (a1–a3, which are along the 538 

coast) and B contains six grid points (b1–b6, which are inland areas and considered to be in the 539 

convergence zone when the sea breeze penetrates). As mentioned above, the sea breeze begins to 540 

penetrate inland between 03:00 and 04:00 UTC and turns to a land breeze at around 11:00–12:00 541 

UTC, as shown by the dashed red line in Figure 16. For grid point A, the horizontal wind speed 542 

sharply increases when the sea breeze starts to penetrate inland, and then gradually decreases 543 

when it becomes a land breeze. For the grid points in the convergence zone area, B, the 544 

horizontal wind speed remains low, less than 0.5 m/s. The synoptic wind direction is weakly 545 

northeasterly when the sea breeze penetrates from the west side of Kowloon Peninsula, the 546 

convergence zone forms in the lower level and wind stagnation is created in the urban areas, 547 

which inhibits the removal of heat and air pollutants. While for the moment not influenced by 548 

sea breeze, the horizontal wind speed in grid A and B is almost the same trend. There are high 549 

buildings along the west coastal line in Kowloon Peninsula, which forms the “wall” block as 550 

mentioned by Yim et al. [2009].  When the synoptic background wind is moderate or weak, 551 

UHIC and sea breeze circulation dominates in the urban areas in Kowloon Peninsula. However, 552 

the blockage of the sea breeze penetration contributes to the stagnation of wind and accumulation 553 

of local polluting emissions in the lower level of convergence zone. Furthermore, the relative 554 

humidity measured at KP station at 12:00 UTC (8:00 pm local time) on September 17, 2012 is 555 

relatively high (55–73%) for up to 1 km under synoptic conditions of low relative humidity 556 

(shown in Figure 3b). Water vapor plays an important role in heterogeneous reactions for 557 

secondary aerosol formation [Huang et al., 2014]. A lower-level temperature inversion, low 558 

horizontal and vertical wind velocity and high relative humidity could enhance the accumulation 559 
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of air pollutants and also the formation of secondary aerosols [Bei et al., 2016; Quan et al., 

2011]. So when the northeasterly synoptic wind is weak or moderate, the UHIC and SLBC may 

contribute to worse air quality.  

5 Conclusions 

In this paper the WRF-BEP-BEM is used to investigate the interactions between sea 

breezes and urban areas for the high rise and highly compact city of Hong Kong.  

In general, WRF-BEP-BEM simulation captures reasonably well the time evolution of 

the 2 m level temperature distribution, and overestimates the 10m wind speed with MBE 0.70 

m/s. A dome-shaped feature, with a high level of moisture and high temperature but less mixing 

on both west and east sides of the city, is found when sea breezes develop under weak 

northeasterly background synoptic wind conditions. From a series of sensitivity tests the 

following conclusions can be derived: 

1. The comparison between the base case simulation, and the Green Case (where the city 
is replaced by grass) shows that the city enhances the strong buoyancy motions and intakes more 

humid air from the land edge.  

2. The release of anthropogenic heat has impacts on local circulation development. A 
sensitivity experiment was carried out, excluding anthropogenic heat in urban areas. At 06:00 

UTC (2:00 pm local time), the sea breeze is fully developed in the urban areas in Kowloon 

Peninsula, and the temperature difference between the ground level and 250 m is from around 

0.5 ℃ to 0.3 ℃ in the convergence zone area. The existence of anthropogenic heat intensifies sea 

breeze circulation and UHIC, which leads to a coastal area surface temperature of around 0.2 ℃ 

lower than without anthropogenic heat. One possible limitation of this study is that while central 

air-conditioning systems are generally used in commercial buildings in Hong Kong, separate air-

cooled air conditioning systems are assumed here for each of the 26 vertical layers, which means 

that rejected air conditioning heat is released at each vertical layer, while, the heat release may 

only occur at certain building floors in large central air conditioning systems. This limitation is 

expected to be significant on extreme hot days. 

3. The study has illustrated that a better representation of urban characteristics is of 
importance to study the interaction between the complex morphology and local wind 

circulations, UHIC, and SLBC, especially in the coastal area. The inclusion of a newly 

implemented drag coefficient based on plan area fraction, 𝜆𝑃, is carried out in Kowloon 

Peninsula. Besides the basic characteristics captured by the baseline model, a lower-level 

temperature inversion, low horizontal and vertical wind velocity and high relative humidity are 

found. Moreover, Case newDrag could capture the stagnation in the lower level convergence 

zone, which is even more important than the better description of air temperature distribution in a 

high rise and high compact city, since the wind stagnation of low level convergence zones is one 

of the critical factors for air pollution problems. 
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Appendix 607 

Table S1. Summary of parameters used in WRF-BEP-BEM model for three urban classes 608 

Parameter Urban class 1 
(Industrial estates, airports 

and public utilities) 

Urban class 2 
(Private and public 

residential buildings) 

Urban class 3 
(Commercial offices and 

government facilities) 

Urban 

fraction 

0.95 0.80 0.50 

Heat 

conductivity 

of roof and 

building walls 

(Wm-1K-1) 

0.70 0.70 0.70 

Heat 

conductivity 

of ground 

(Wm-1K-1) 

1.20 1.20 1.20 

Heat capacity 

of roof and 

building walls 

(MJ K-1 m-3) 

1.32 1.32 1.32 

Heat capacity 

of ground (MJ 

K-1 m-3)

1.40 1.40 1.40 

Emissivity of 

roof and 

building walls 

0.90 0.90 0.90 

Emissivity of 

ground 

0.95 0.95 0.95 

Albedo of 

roof and 

building walls 

0.20 0.20 0.20 



Albedo of 

ground 

0.15 0.15 0.15 

Roughness 

length for 

momentum 

for roof and 

ground (m) 

0.01 0.01 0.01 

Peak 

anthropogenic 

heat (Wm-2) 

5 24 55 

609 

Figure S1. The diurnal profile of anthropogenic heat fluxes (W/m2) for three urban classes. The peak value is given in Table S1. 610 
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