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The Urban Cool Island Phenomenon in a High-Rise High-Density City and its 

Mechanisms 

ABSTRACT 

The urban heat island (UHI) phenomenon has been studied extensively, but there are 

relatively fewer reports on the so-called urban cool island (UCI) phenomenon. We reveal 

here that the UCI phenomenon exists in Hong Kong during the day, and is associated with 

the UHI at night under all wind and cloud conditions. The possible mechanisms for the UCI 

phenomenon in such a high-rise compact city have been discovered using a lumped urban air 

temperature model. A new concept of urban cool island degree hours (UCIdh) to measure 

the UCI intensity and duration is proposed. Our analyses reveal that when anthropogenic heat 

is small or absent, a high-rise and high-density city experiences a significant daytime UCI 

effect. This is explained by an intensified heat storage capacity and the reduced solar 

radiation gain of urban surfaces. However, if anthropogenic heat in the urban area increases 

further, the UCI phenomenon still exists, yet UCIdh decrease dramatically in a high-rise 

compact city. In a low-rise, low-density city, the UCI phenomenon also occurs when there is 

no anthropogenic heat, but easily disappears when there is little anthropogenic heat, and the 

UHI phenomenon dominates. This probably explains why the UHI phenomenon is often 

observed, but the UCI phenomenon is rarely observed. The co-existence of urban heat/cool 

island phenomena implies reduction of the daily temperature range (DTR) in such cities, and 

its dependence on urban morphology also implies that urban morphology can be used to 

control the urban thermal environment.  
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1.  INTRODUCTION 

The urban heat island (UHI) phenomenon has been extensively studied in the last decades, 

but there are fewer reports on the urban cool island (UCI) phenomenon, i.e. the air 

temperature of the surrounding rural area is warmer than that of the urban area. In contrast to 

the UHI, the UCI phenomenon always occurs during the day, and with relatively weak 

intensity (Kim and Baik, 2005; Johansson, 2006; Erell and Williamson, 2007; Memon et al., 

2009). The reported causes of this phenomenon vary from city to city (Table 1). In fact, Luke 

Howard observed both the phenomenon of the UHI at night and that of the UCI during the 

day in London in 1833 (Landsberg, 1981). However, most studies since then have focused 

on the UHI. To some extent, urban air temperature reflects the impact of the urbanization 

process on the local climate. Here we study the UCI phenomenon in a high-rise compact city. 

Our aim is not to explain all the possible causes of the UCI phenomenon in different cities, 

but to understand why the urban cool and heat island phenomena co-exist at the same time 

in such cities.  

Oke (1982) hypothesized a set of possible causes of energy balance changes in urban areas, 

which are categorized into four features, i.e. urban morphology, construction materials, 

building and traffic heat emissions and air pollution. Much effort has been put into 

developing multi-scale atmospheric modeling systems to consider the effect of all these 

parameters (Grimmond, et al., 2010; Masson, 2006), which require extensive computational 

time and modeling expertise. There is a need for simple yet insightful methods that do not 
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need to be coupled to mesoscale atmospheric simulations, and which are capable of 

considering all of the factors which influence changes in the urban environment, in addition 

to having practical applications. 

Silva et al. (2009) developed a zero-dimensional mesoscale model which simplifies the 

complex urban geometry as a unified entity and assumes one characteristic temperature to 

represent the entire urban fabric (both air and surfaces) while considering the energy balance. 

However, the model of Silva et al. (2009) computed the energy stored in the urban volume 

without distinguishing the urban air temperature from the urban surface temperature. It is 

also known that the urban surface temperature can be very different from that of urban air 

(Yang and Li, 2009). Modifications therefore needed to be introduced to reflect the difference 

between the two types of temperature, while retaining the simplicity of the model. Yam et al. 

(2002) developed a simple model for a naturally ventilated building, in which an effective 

thermal mass depth was adopted. Both the temperature of the contributing effective thermal 

mass and the indoor air is assumed to be uniform, but different, which has the advantage of 

the thermal mass materials not being in equilibrium with the indoor air. The approach can be 

easily extended to analysis of the urban thermal environment. This is essentially the same 

idea as the force-restore method (Deardorff, 1978 and Stull, 1988). 

Based on the above two models, we developed an improved lumped mesoscale urban air 

temperature model for explaining the UCI phenomenon. The key idea is to develop 

characteristic temperatures that are representative of the urban air and urban surfaces, not the 

precise urban air temperature at a specific spatial point or location and the temperatures of 

each individual surface. The lumped model is limited in scope, but insightful, which will be 
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shown later. It is not devoted to accurately predicting the urban cooling or warming intensity, 

but to improving our understanding of the impact of urban morphology on urban air 

temperature, particularly the co-existence of the urban heat and cool island phenomena. 

2. METHODOLOGIES 

2.1 Lumped urban air temperature model 

For the idealized city-scale energy balance model, we simplify the complex urban geometry 

as a lumped system, and the force-restore method enables us to consider the average 

temperature of effective thermal mass and surfaces, , to be the same throughout, while 

keeping the energy balance involved (Figure 1). 

The two-dimensional urban plan area is separated into three surface types, i.e. vegetation, 

artificial ground areas (such as streets, highways, and playgrounds), and roofs: 

              (1) 

             (2) 

 is the plan area. ,  and  are, respectively, the area of vegetated surfaces such 

as grass land and parks etc., man-made ground surfaces and roof surfaces, and the latter is 

equivalent to the building plan area.  is the area fraction of each of the three urban surface 

types. In this study, the roof area fraction  can be referred to as the plan area index . 

The complete surface area cA  is assumed to be the sum of the urban plan area and the 
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total building wall area . Here we ignored the surface areas of other three-dimensional 

objects in a city.  

                         (3) 

with the building wall surface ratio . In a high-rise compact city, this ratio can 

be as high as 10, as estimated for some high-rise compact areas such as Central in Hong 

Kong. 

Since the lumped urban air temperature model is not coupled to the mesoscale atmospheric 

simulation, we adopted the model developed by Bueno et al. (2013) in order to access 

meteorological information above the urban canopy layer. The air temperature above the 

urban canopy layer ublT  can be calculated from the measurements at a rural weather station. 

Initially, the vertical diffusion model (VDM) was used to calculate the vertical profiles of 

potential temperatures of the rural site by solving a heat diffusion equation: 
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where z  is the vertical height,  is the air density. dK is the diffusion coefficient, which is 

related to the turbulent kinetic energy (TKE) at each vertical level: 
2/1ElCK kkd   (Bougeault 

and Lacarrere, 1989), where kC is a numerical constant, kl is a characteristic length scale, and

E is the TKE, which is calculated based on Bueno et al. (2013). In order to define kl , Bueno 

et al. (2013) applied complex formulations designed for boundary layer and mesoscale 

models (Therry and Lacarrere, 1982; Bougeault and Lacarrere, 1989). In this study, a more 

flexible and robust length scale formulation for the convective boundary layers has been 
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adopted (Teixeira and Cheinet, 2003), where the length scale is directly linked with the 

square root of the turbulent kinetic energy, through a time scale : Elk  . Bueno et al. 

(2013) compared the VDM scheme with field data from the CAPITOUL experiment carried 

out in Toulouse, France on July 4, 2014. The vertical profiles of potential temperatures at 

0400, 0800, 1300 and 1800 are presented. Our simplified VDM model was also evaluated 

against the same field data. The inputs are matched to those used by Bueno et al. (2013). The 

observation results at 0400 are used for the initial condition. Although estimation of the 

length scale is simplified, the results show good agreement with observations, and better than 

those of Bueno et al. (2013). The root-mean-square error ( RMSE ) is reported here to 

quantify the absolute error between the model and observations. The RMSE for Bueno et al. 

(2013) and the simplified scheme is 1.53K and 0.92K, respectively. Thus, the vertical profiles 

of potential temperatures can be well captured by the model.         

After deriving the vertical profiles of potential temperatures of the rural site, a physically 

based urban boundary layer model was then used to calculate air temperature in the control 

volume delimited by the blending height and the urban boundary layer height. The thermal 

storage of the control volume equals the sum of the urban sensible heat flux and the advection 

heat flux. The energy balance is different for the daytime and nighttime urban boundary layer. 

Also, the difference lies between the advection effect driven by geostrophic wind and urban 

breeze circulation. For a comprehensive description of the model, please refer to Bueno et al 

(2013).  

We define an urban control volume, which extends to the urban canopy layer height. We also 

consider the fact that the urban boundary layer can affect the surface. Thus, the advection 
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heat flux has two components, from the rural site and from the urban boundary layer. The 

governing equation for the urban air energy balance is: 

0)()()(  panthroustcuublublpururrurp AQTTAhTTqcTTqc    (5) 

 is the specific heat of air. anthroQ is the anthropogenic heat. rurT ,
 ublT  and uT  are the rural, 

urban boundary layer and canopy layer air temperature, respectively. The ventilation flow 

rate rurq and ublq  represents the volumetric flow rate being introduced into the urban area 

from the rural and urban boundary layers, respectively, which will be discussed in more detail 

in Section 2.2. 

The energy balance equation for the idealized city surfaces becomes: 

radpconvcevpvindoorswwrrvcondvacondasolp
s QAQAQATTAUAUQAQAQA

dt

dT
mc  ))(()1( ,,

(6) 

The effective thermal mass of the urban area  can be expressed as the sum of the thermal 

mass of each surface  iiii cxA , where  is the density and c  is the heat capacity. The 

effective depth x  is the depth into the ground or walls that can be reached by the diurnal 

temperature wave as used in the force-restore method (Deardorff, 1987). The first term on 

the right hand side is the solar radiation absorbed by the urban fabric, and  represents urban 

albedo. The second and the third terms are the conductive heat flux into horizontal artificial 

surfaces and vegetated surfaces. icondQ , has the expression , where  is the 

conductivity of each kind of surface, and  is the subsurface temperature at effective depth 
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x , e.g.  for vegetated and horizontal artificial subsurfaces. The fourth term is heat 

conduction into buildings. rU and wU  are the U values of building roofs and walls, 

respectively.  is the indoor air temperature. evpQ is the evapotranspiration heat flux from 

a natural vegetated surface, which can be estimated by the measured evapotranspiration for 

green areas 0tE , the vegetated surface area vA  and the physical properties of water. 0tE is 

assumed to be constant. convQ is the convection heat transfer from the total urban surface. A 

flat plate forced convection relationship was adopted to simply estimate the convective heat 

transfer coefficient. The last term is the longwave radiation heat loss to the sky, the sky 

temperature of which is evaluated based on the urban air temperature and the dewpoint 

temperature. The impacts of these simplifications need to be evaluated in future using a more 

detailed simulation model. For more details of the terms evpQ , convQ , and radQ , please refer to 

Silva et al. (2009).  

2.2 Air flow rate estimation  

An understanding of air mixing and transport within an urban area is necessary to define the 

air flow rate based on canopy geometric parameters and characteristics of the incident wind 

flow. Belcher et al. (2003) developed a quasi-linear canopy model to analyze the adjustment 

of the spatially averaged time-mean flow of a turbulent boundary layer within an urban 

canopy. When the flow passes through the urban area, the velocity decelerates substantially 

from the canopy drag. For continuity, the flow may be out of the canopy through the top 

vertically, and the turbulent stresses transport momentum downwards into the canopy. 

Eventually, a new balance forms, the removal of momentum by the drag of the canopy 

grdT
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balancing the downward transport of momentum by turbulent stresses. This stage is referred 

to as the adjustment region with the length scale of . The canopy drag length-scale , 

which relates to the urban morphology, represents the length scale for the incident wind 

adjusted to the canopy, and the parameter   determines the penetration depth of the 

winds into the canopy. Coceal and Belcher (2004) parameterized the canopy-element drag 

and expressed the , which relates to the drag coefficient. For a low-rise urban area, the 

wind flows over and around the top of the buildings and the drag is small, while for the high-

rise urban area, most of the air flows only around buildings, which intensifies the drag. Cheng 

and Castro (2002) showed that the drag coefficient changes with height. For practicality, the 

drag coefficient takes 2 and 3 for low and tall buildings respectively. Thus,  

for the low-rise urban area ,  

and for the high-rise urban area ,  

where f  and p  are total frontal area per unit of ground area and total plan area per unit of 

ground area, respectively. H is the plan area weighted-average building height.  

Coceal and Belcher (2004) also showed that the wind within a uniform urban canopy adjusted 

after a distance  based on the scaling arguments, motivated by a linear analysis 

of Belcher et al. (2003). The length-scale  represents that at this point, the vertical transport 

driven by the mean velocity smoothly transits to that driven by the vertical transport by 
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turbulence. The term Kln varies between 0.5 and 2 for typical urban parameters, and we take 

the value 2ln K in this analysis. The adjustment process is quite rapid with a spatial scale 

of a few hundred meters (Coceal and Belcher, 2005). Afterward, the downward transport of 

momentum by turbulent stresses begins to appear.  

In order to estimate the amount of air flow rate by turbulence at the roof top of the canopy 

beyond the adjustment region, the model for the spatially averaged exchange velocity derived 

by Bentham and Britter (2003) is adopted here. It assumes two levels of momentum exchange. 

The first is the turbulent mixing process between the above-roof air and the in-canopy air. 

The second is the momentum lost by in-canopy air because of the drag around buildings. 

With further simplification, the model treats both the in-canopy and above-canopy velocity 

as constant, defined as CU and while the exchange velocity between the flow is 

represented by EU . can be estimated  

for 2.0f , ,  

for 2.0f , 
2/1

0 )/2(*/ zHuUC  , 

where is the frontal area density. The constant above-canopy velocity is a velocity 

within the log-law region, thus it can be calculated. So after deriving the momentum flux 

balance equation, combined with the log-law wind velocity profile, the exchange rate can be 

obtained: 

                                                    (7) 
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where is the von Karman constant. The two length parameters,  and , 

are the zero-plane displacement height and roughness length respectively (Grimmond and 

Oke, 1999). As in Bentham and Britter (2003), a value of Hzref 5.2 is used.  

The air flow rate for a control volume with a specified urban morphology can thus be 

estimated. In reality, the flow pattern in a high-rise, high-density city is much more 

complicated, and the concept of the wind flow and air exchange introduced above may no 

longer be appropriate for a high-rise compact city (Xie et al., 2006; Hang et al., 2011). But, 

for simplicity and also due to the lack of data, we apply the same calculation method of air 

flow rate in both low-rise and high-rise cities. We assume the air velocity from the rural site 

obeys the log law. U  is the velocity measured at height mz at the rural station, and 0z  is the 

roughness length. For the canopy layer with an area of  (7km×7km in this study) with 

regular building arrays, part of the incident wind flow is blocked by the buildings, and the 

block effect can be estimated as 2/1

p based on the building geometries. The ventilation flow 

rate of the adjustment region rurq can be estimated as: 

 
H

m

prur dz
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)1(         (8) 

The ventilation flow rate ublq  at the roof top of the canopy beyond the adjustment region is: 

  Epubl ULxLq )1()( 0       (9) 

2.3 A new measure of urban cool island intensity 

 Hd 7.0 Hz 1.00 
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The urban heat island is mainly a nocturnal phenomenon. The intensity generally increases 

after sunset and reaches its maximum after three to five hours, and in the case of Figure 2, 

the urban-rural air temperature difference remains rather uniform at night. In theory, the 

intensity should decline slightly with time. In the existing UCI studies, the UCI intensity also 

refers to the urban-rural air temperature difference. However, examining the urban and rural 

air temperature profiles shown in Figure 2, we find that unlike UHI, UCI intensity changes 

significantly with time. It is difficult to quantify how cool the urban air is during the day. In 

fact, Winkler et al. (1981) showed the importance of the differences in observation times in 

defining the magnitude of the UHI. Using a single UHI/UCI intensity (magnitude) may not 

describe the urban heat/cool island phenomenon fully. A simple analysis as shown in the 

Appendix reveals that the difference may be due to the change of phase or the time of 

occurrence of the daily maximum temperature. 

On the other hand, the so-called heat unit approach has often been used in related disciplines. 

The original attempt was in a study of plant-temperature relationships during the growing 

season (Wang, 1960). Engineers use the concept of heating and cooling degree hours to 

estimate the energy consumption of buildings (Santamouris and Assimakopoulos, 2013). In 

this study, we propose the use of the heat unit approach to analyze the accumulation of hourly 

UCI/UHI intensity over 24 hours. Since we are only interested in the diurnal cycle of air 

temperature, we use the unit of degree hours, which is the integration of urban and rural 

temperature differences over time. The UCI degree hours (UCIdh) can be represented by the 

area between the lower urban and higher rural air temperatures, and the UHI degree hours 

(UHIdh) by the area between the higher urban and lower rural air temperatures (Figure 2). If 
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is the temperature difference between the rural and urban air temperature, the UCIdh 

and the UHIdh of a day can be defined as:  

      

              (10) 

Note that in this study, the analysis period is a day. The UCIdh and UHIdh refer to the daily 

UCI/UHI degree hours. Thus, the UCIdh and UHIdh reveal how much (in degrees) and for 

how long (in hours) the urban air temperature is lower/higher than the rural counterpart. This 

new measure offers a comprehensive measure of the UCI/UHI intensity, as both the 

difference in temperature and in duration are considered.  

2.4 The observed data in Hong Kong 

The target urban area for our study is the Kowloon Peninsula in Hong Kong (47km2; 22o15’N, 

114o15’E), with a high-rise and high-density morphology. Stewart and Oke (2012) developed 

the comprehensive approach of the Local Climate Zones (LCZ) classification, inherited from 

the urban climate zone scheme proposed by Oke (2004). The landscape universe is 

categorized by physical surface properties and anthropogenic heat flux. The 17 monitoring 

locations of the Hong Kong Observatory are classified using the LCZ system with a source 

area radius of 250 m (Siu and Hart, 2013). It concludes that the Hong Kong Observatory 

(HKO, 22o18’N, 114o10’E, compact high-rise) is the best representative urban station, while 

Ta Kwu Ling (TKL, 22o31’N, 114o09’E, dispersed low-rise) and Tsak Yue Wu (TYW, 

22o24’N, 114o19’E, forest) are the two representative rural stations. The distance between 

)(tT ur












)0max(

)0min(
)(

ur

ur

T

T
ur dttTUCIdh

 










24

0

)0max(

)0min(
)(|)(|

ur

ur

T

T
urur dttTdttTUHIdh



15 
 

HKO/TKL and HKO/TYW is 25 km and 19 km, respectively.  The hourly air temperature 

data from 1988 to 2014 and from 1995 to 2014 was used for TKL/HKO stations and 

TYW/HKO station, respectively. The analysis proceeded by classifying the daily data in 

wind speed and cloud amount, and calculating the UCIdh and UHIdh for each category. In 

order to simplify the analysis without considering the evaporation difference between rural 

and urban area, we only considered the data for days with no precipitation, defined here as 

two days in a row with no precipitation. If more than eight hours of data were missing, then 

the day was excluded. The wind speed of the rural station was classified into two categories, 

less than or equal to 3m/s and greater than 3m/s. The duration for each type had to be equal 

to or greater than 12 hours per day. The cloud cover of the urban station was classified into 

5 groups, 0 Oktas (sky clear), 1-2 Oktas (fine), 3-5 Oktas (partly cloudy), 6-7 Oktas (cloudy) 

and 8 Oktas (overcast). The duration for each type had to be equal to or greater than 12 hours 

per day. 

3. RESULTS  

3.1 The observed data in Hong Kong 

Because of the influence of building structures, the urban wind cannot represent the regional 

air flow (Morris et al., 2000). Also, cloud data is only available for the urban site (HKO). 

Thus, the wind speeds at the rural station and the cloud data from the urban station have been 

used for analysis. Figure 3 shows the seasonal frequency distributions for different rural wind 

(TKL) and urban area cloud (HKO) categories for the period 1988 to 2014. The distribution 

patterns based on the rural wind of TKL and TYW over the period studied are similar, and 

so we have only presented the pattern for the relevant wind speed categories from the TKL 
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data. The wind speed of 3m/s is used to categorize the wind, since it is usually used as a 

criterion for classifying calm and windy days (Stull, 2000). The wind speed category <= 3m/s 

has the most observations, 3082 days in total. For both wind speed categories, summer has 

the least amount of days which satisfy the specified criteria, which is due to the large number 

of days with precipitation. On the other hand, winter has the greatest number of days 

satisfying the criteria. For both sites, more than half of the cloud events fell within 6-7 Oktas 

category, followed by the category of 1-2 Oktas, at around 20%.  

Figure 4 presents the influence of wind speed and cloud cover on UCIdh and UHIdh variation. 

Two notable features are that the city of Hong Kong exhibits the UCI phenomenon under all 

wind and cloud conditions. Compared to the UHIdh, which can range from 20 to nearly 100 

oC hours, the value of the UCIdh is quite small, always close to or less than 10 oC hours. This 

illustrates that although UCIdh exist, the value is relatively small in a high-rise, high-density 

city. Overall, our data shows that calm and clear sky conditions result in the most developed 

UCI and UHI phenomena, and a decreasing magnitude of UCIdh and UHIdh is associated 

with increasing wind speed and cloud cover. However, increased cloud cover has more of an 

effect on the rate of decline of UHIdh than that of UCIdh. The inconsistency occurs when 

cloud cover is 8 Oktas, which may be due to the lack of samples as only about 2-3% of days 

meet the condition of no precipitation.  

3.2 Comparison of the modeled results and the observed data in Hong Kong 

The average hourly data from 1988 to 2014 of Ta Kwu Ling (TKL) and Hong Kong 

Observatory (HKO) during the summer (June – August) has been used for validation. A total 

of 116 calm (wind speed at the rural station was less than or equal to 3m/s) and clear days 
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(the cloud cover at the urban station was less than or equal to 2 Oktas) are selected. We only 

considered data for days with no precipitation, defined here as two days in a row with no 

precipitation. For prediction using our simple model, the fourth-order Runge-Kutta method 

is used to solve the ordinary differential equation (Equation 5 and 6) with the time step of 

30s for the iteration. Table 2 lists the input parameters of the Kowloon Peninsula. The surface 

materials for the building wall, and building roof and horizontal artificial area are concrete 

and asphalt, respectively. The vegetated area is set as short grass growing on dry clay soil 

(40% pore space). All material thermal properties are obtained from Oke (1987). The frontal 

area index, averaged over 4 wind directions over the whole Kowloon Peninsula is estimated 

to be 1.3 (Ng et al., 2011), and the ratio of building wall area to the plan area  is estimated 

to be 5.2. We adopted the representative diurnal profiles of anthropogenic heat proposed by 

Sailor et al. (2015) with a maximum heat flux of 40Wm-2. In this study, we simply assume 

the friction velocity is , which is also the value used in Hang (2009). For the 

predicted urban air temperature, the coefficient of determination 
2R  (Grimmond et al., 2010) 

is found to be 0.997 and 0.994 respectively, by halving and doubling 0.24. We conclude that 

the value of the friction velocity is not sensitive to this study. Our simple model predicts the 

main features of the daily temperature cycle well (Figure 5). The root-mean-square error 

( RMSE ) and mean bias error ( MBE ) are reported here to quantify bias and absolute error 

between the model and observations, respectively (Table 3). There are 2880 data points in 

total, and the RMSE value is 0.39 oC. A discrepancy appears in the afternoon; our model 

postponed the occurrence of the daily maximum temperature about one hour. Also, the air 

temperature is overestimated such that the predicted temperature is higher than the observed 

wf

24.0*u
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data. In fact, we tested many other weather stations located in different parts of Hong Kong, 

and all of the air temperatures drop quickly in the afternoon. Sea breeze may be one of the 

reasons for the urban cooling effect.  

Note that the aim of our model is not to precisely predict the urban air temperature. There are 

two unique aspects in the model; it is a lumped approach, and it predicts a kind of 

characteristic average air temperature, i.e., not at a particular point in time or space. On the 

other hand, the measured air temperature represents a single point in time. The comparison 

of such lumped model data with observed data at a single point is not entirely reasonable. 

However, the comparison clearly illustrates that such a simplified model is able to capture 

the major characteristics of the urban air temperature profile changes compared to the rural 

air temperature, including the decreased diurnal temperature range, increased mean air 

temperature. The simple model predicts all of these characteristics well. It is therefore 

suitable for use in studying the impact of different urban features on urban air temperature 

variations in term of trends and major characteristics. An additional merit of the model lies 

in its rapid calculation, and as such it could serve as an efficient tool to support policy making. 

In the following paragraphs, a series of urban geometries are evaluated using our simple 

model, from a low-rise, low-density city to a high-rise, high-density city. To define the urban 

area fraction precisely, we assume the buildings are homogenously distributed. Table 4 

illustrates the details of the urban morphology. Time constant  is defined here, which can 

be expressed as )(/ ublrurp qqcmc   . Time constants are a feature of the lumped system 

analysis for thermal systems, which can be defined and calculated when the temperature of 

objects remains uniform at all times during a heat transfer process. This parameter 
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characterizes the response to the temperature variation of the environment temperature. A 

small value in time constant indicates that the object will approach the temperature of the 

environment in a short time. The response time of a city depends not only on thermal storage 

capacity but also on the air flow rate. Two urban areas with similar thermal storage capacity 

may introduce different air flow rates, and thus the ability to respond to the temperature 

change is different. The surface characteristics and environmental input data are the same as 

in Table 2. Yang and Li (2015) studied the impact of urban morphology on the average urban 

albedo, and a series of average urban albedos are calculated for the city of Hong Kong using 

the Model for Urban Surface Temperature in both summer and winter. In the current study, 

we use the averaged summer environmental input data as in Section 2.3. The urban albedo is 

a crucial value, but it is difficult to define. It is determined not only by the complexity of 

urban geometry but also by the albedo of the material, which is a function of the solar zenith 

angle and thus varies throughout the hour, day, and year. Yang and Li (2015) averaged the 

daily urban albedo, i.e. average urban albedo, in order to better understand the impact of 

canyon configuration on solar radiation absorption with minimal consideration of the time 

effect. They studied the effect of building density at constant building height on the average 

urban albedo, as well as the effect of the aspect ratio of the street on the urban albedo when 

the plan area index is 0.44 (which represents in this study). We assume that the 

changing rate of the average urban albedo for the same plan area index with different aspect 

ratios is the same. Thus, the average urban albedo for all of the cases studied can be estimated.  

3.3 Effect of urban morphology under the condition of no anthropogenic heat  

p 44.0rf
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Our study was first carried out under the condition of no anthropogenic heat (  

W/m2) for a city with an urban area of 7km×7km. The size of the urban area affects the air 

flow rate. As mentioned above, the air flow rate is composed of the flow rate introduced from 

the rural area and urban boundary layer, and the former only affects the adjustment region 

with a spatial scale of a few hundred meters. The results do not depend on the size of the 

urban area if the length of the urban area is sufficiently larger than the adjustment region, 

when the air flow rate from turbulence at the roof top of the canopy dominates the total air 

flow rate. The predicted results of two extreme cases selected from Table 4, a low-rise, low-

density city ( , 5.0/ WH  and a high-rise, high-density city ,

 are compared in Figure 6, together with the corresponding rural temperature 

profile. The three profiles exhibit different characteristics. For all three profiles, there exists 

a morning warming period and an afternoon cooling period. But the warming and cooling 

rates are different for the three profiles. Both the warming and cooling rates are the lowest 

for the high-rise, high-density city due to thermal storage. The solar heat gain is stored during 

the day, leading to the lowest warming rate in the morning, and the stored heat is released at 

night, leading to the lowest cooling rate. Hence the high-rise, high-density city experiences 

a temperature cycle with a small daily temperature range. The situation for the low-rise, low-

density city differs. The relatively small thermal storage allows its air temperature profile to 

follow that of the rural air closely. Although there is no anthropogenic heat, the urban albedo 

is smaller than the rural albedo, so the solar heat gain is greater in the city. There is also more 

thermal storage in the city than in the rural area due to the buildings and streets. This leads 

to a slightly slower warming rate in the morning, hence the urban air temperature is lower 

0anthroQ

25.0p 64.0p
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than the rural air in the morning. The greater solar heat gain also leads to a higher maximum 

air temperature in the low-rise, low-density city. 

Examining Figure 6, we find that both cities experience a cooling island effect in the morning, 

and for the high-rise, high-density city, the phenomenon continues to the afternoon. The UCI 

intensity and duration is quite different for the two ideal cities. For the low-rise, low-density 

city, the UCIdh value is very small, only 5.4 oC hours, while for the high-rise, high-density 

city, it is 27.1 oC hours.  

There are two explanations for the significant UCI phenomenon in the high-rise, high-density 

city: 

The low solar radiation heat flux per total surface area. Solar radiation, which is related to 

the urban albedo, is the driving force behind the surface thermal flux process. In general, it 

decreases as the urban surface area increases. As estimated based on the method mentioned 

in Section 3.2, the urban albedo is 0.36 for the low-rise, low-density city, and 0.27 for the 

high-rise, high-density city, due to the intensified multi-reflection between urban surfaces. 

Although the latter absorbs more solar radiation, the air temperature is the lowest for most of 

the day, even lower than the incoming rural air temperature. This is because the surface 

temperature of the high-rise, high-density city is quite low. The underlying reason is related 

to the declination of the averaged solar radiation to the total surface area. The solar irradiation 

dramatically decreases as the total urban surface area increases The daily total solar radiation 

per total surface area is only 
6105.1   J/m2 for the high-rise, high-density city compared to 

7100.1   J/m2 for the low-rise, low-density city, since the former has a total urban area 

(including the wall surface area) approximately seven times larger than the latter.  
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The large heat storage capacity. As mentioned previously, the time constant  can be 

calculated as )(/ ublrurp qqcmc   . Figure 7 demonstrates the relationship between the 

UCIdh and the time constant . The results are derived from all the cases as shown in Table 

4. Under the conditions of no anthropogenic heat, even the extremely low-rise and low-

density city, which has a very small time constant , will experience the UCI effect, although 

the UCIdh value is very small. As the time constant increases, the UCIdh are intensified 

for the same plan area index p . For cities with the same time constant , a denser city 

(larger plan area index p ) has a smaller UCIdh value. This can be explained by the fact that 

a denser city has a smaller air flow rate, which leads to a significant increase of the mean air 

temperature, while the changes of the phase and the amplitude are quite limited. Therefore, 

the UCIdh are dramatically reduced as urban density increases for the same time constant . 

Figure 8 illustrates the relationship between UHIdh and the time constant  based on all the 

cases listed in Table 4. For the same plan area index of the low-and medium-density city, 

the UHIdh first increase and then decrease as the time constant increases. One possible 

explanation is the varied air flow rate. As mentioned above, the air flow rate of the city has 

two components, the adjustment process and the turbulence at the roof top of the canopy. As 

the time constant increases, the air flow rate of the adjustment process always increases, 

while the turbulence-driven air flow rate at the roof top always declines. However, the rate 

of variation is quite different, which makes the overall air flow rate show as decreasing at 

first and then increasing. Therefore, the mean temperature first increases and then decreases, 

which leads to the same UHIdh trend, when the time constant increases. Also, in contrast 

to UCIdh for cities with the same time constant , a denser city (with a larger plan area 
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index ) has a larger UHIdh value. The reason is that a smaller air flow rate for the denser 

city leads to an increase of the mean air temperature, thus UHIdh are increased.  

3.4 Effect of anthropogenic heat 

Anthropogenic heat (Ichinose, et al., 1999, Sailor and Fan, 2004, Sailor, 2011) can have a 

significant impact on urban air temperature. In the high-rise compact city of Hong Kong, 

transportation accounted for 32% of all energy consumption in 2010 based on Hong Kong 

Energy End-use Data (EMSD, 2012). Buildings are the most important energy consumption 

category in Hong Kong, accounting for more than 60% of energy use in 2010 (EMSD, 2012). 

Here, we only analyzed the impact of different levels of anthropogenic heat on urban air 

temperature under different types of urban geometry, without considering the impact of time 

and location. We still used the averaged summer environmental data of Hong Kong as input, 

and the diurnal variation profile of anthropogenic heat was assumed to be the same as 

proposed by Sailor et al (2015). The maximum anthropogenic heat increased from 0W/m2 to 

200W/m2, at intervals of 50W/m2. 

Figure 9 shows the relationship between the UCIdh for different levels of anthropogenic heat 

and the time constant  with plan area index . When there is no anthropogenic heat, 

UCIdh are greater than zero for all situations considered. As the anthropogenic heat increases, 

the UCIdh dramatically decrease. For cities with a small time constant , UCIdh easily reach 

zero as the anthropogenic heat increases, which means that under such conditions, the UCI 

phenomenon no longer occurs, and UHI phenomenon will dominate the entire day.  

Figure 10 illustrates the relationship between the UCIdh for different plan area indices p

p

 44.0p
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and the time constant  under the maximum anthropogenic heat of 40W/m2 condition. The 

tendency is similar to Figure 7 where there is no anthropogenic heat. But with the appearance 

of anthropogenic heat, UCIdh reach zero easily with a small time constant  and the same 

plan area index p . 

4. DISCUSSION 

4.1 Why are there many UHI observations, but very few on UCI? 

In Figure 10, the UCIdh data for Hong Kong is included for reference. In order to eliminate 

the evapotranspiration effect, the vegetated surface is defined as an artificial surface in this 

case.  

According to the measurement results, the city of Hong Kong experiences UCI during the 

day, which was also confirmed by Memon et al. (2009). Hong Kong is known as a high-rise, 

high-density city. In reality, most of the cities in the world are much less dense and have 

lower buildings than Hong Kong. The inset graph in Figure 10 illustrates the situations in 

which the thermal storage capacity ( ) is less than or equal to the city of Hong Kong 

(
14108.1 mc J/K). We can see that the UCIdh are quite small for most of the cities, and 

often zero. This may explain why previous studies primarily observed the UHI phenomenon, 

but only a few reported on the UCI phenomenon. Apart from the atmospheric conditions 

mentioned in Table 1, e.g., sea breeze, there are limited existing studies confirming our theory 

that the UCI phenomenon either occurs in cities with small thermal storage capacity and little 

anthropogenic heat, or cities with a high thermal storage capacity, even with a large amount 

of anthropogenic heat. Erell and Williamson (2007) conducted a field experiment in the city 

of Adelaide, Australia, which has a small heat capacity. The averaged aspect ratio ( WH / ) 
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of the studied urban canyon is only 1.35. The anthropogenic heat within and from the 

surrounding area is quite low. The daytime urban cooling phenomenon was monitored for 

nearly an entire year. Their observation data showed that compared to the UHI phenomenon, 

the intensity of UCI is low and its duration is short, i.e. the value of UCIdh is small. A 

compact city geometry is typically found in old city centers in hot dry regions, e.g. Fez in 

Morocco, which is known to be well-adapted to the climate (Johansson, 2006). The site 

survey data showed that in the old city of Fez, the aspect ratio is around 10, and there is no 

transportation, which leads to a pronounced UCI phenomenon all year around, but 

particularly in summer. The anthropogenic heat during the peak traffic time in the city of 

Beijing is quite high, over 200W/m2. Miao et al. (2008) observed the UCI phenomenon in 

Beijing for several hours from morning to noon in summer, and attributed the cause to the 

advection of warmer air to rural areas. We believe that apart from the environmental 

conditions of the atmosphere, the high density urban design in Beijing could also be one of 

the reasons. 

4.2 The implications of co-existence of daily UHI/UCI phenomena 

The observed data in Hong Kong as shown in Figure 2 and the modeling data shown in Figure 

5 reveal the co-existence of UHI and UCI phenomena. This is very interesting from the urban 

climate control point of view. The co-existence of the two phenomena is equivalent to the 

reduction of the daily temperature range (DTR). The rural air temperature ranges from 24.0oC 

to 33.6oC, while the urban air temperature ranges from 27.5oC to 32.1oC, as shown by the 

observed data in Figure 2. We have learned from Figures 6 to 8, that urban morphology plays 

a dominant role in controlling the co-existence of the UHI and UCI phenomena. This suggests 
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that urban morphology can be used to control the urban air temperature. Urban morphology 

affects the urban albedo, wind penetration, and thermal storage and heat distribution. Clearly, 

the relationship between urban morphology and anthropogenic heat is complex, and beyond 

the scope of this study. Our results call for attention to be paid to urban morphology design 

in terms of urban climate control. 

4.3 Limitations of the present study 

Our model is very simple, and is not capable of considering the impact of atmospheric 

conditions such as sea breeze and cold fronts, which are known to drive the UCI phenomenon. 

But our model clearly reveals the essential urban air temperature characteristics, as discussed 

in Section 3.1. The impact of urban morphology on the daily temperature cycles, as presented 

in the Results, lacks supporting field data. As discussed, the results are plausible, and 

supported by existing observations, but further field data collection will be needed. Our work 

reveals the necessity and importance of providing supplementary morphology data when 

urban heat/cool island phenomena are observed and reported.  

5. CONCLUSIONS 

We reported and explained the existence of the UCI phenomenon in Hong Kong, a high-rise 

compact city. A lumped model for estimating the urban air temperature was developed. 

Compared with averaged summer observation data from Hong Kong over a period of fifteen 

years, the model is able to capture the important features of the diurnal urban air temperature 

profile, including the daytime cool island phenomenon. A new measure of urban heat/cool 

island intensity is suggested, i.e. UHI degree hours and UCI degree hours. Different urban 

geometry, from a low-rise, low-density city to a high-rise, high-density city were studied to 
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understand the influence of urban geometry on the urban air temperature at different 

anthropogenic heat levels.  

Under the condition of no or low anthropogenic heat emissions, a high-rise, high-density city 

experiences more UCIdh than a low-rise, low-density city. This can be explained by the 

relatively small amounts of solar radiation received by every urban surface in a high-rise, 

high-density city, with a high heat storage capacity. Both of these factors lead to a limited 

urban surface temperature increase during the day. Thus, the UCI phenomenon for a high-

rise, high-density city is significant. 

As anthropogenic heat increases, UCIdh still exist yet dramatically reduce in a high-rise, 

high-density city. For most world cities with a lower rise and lower density, the UCI 

phenomenon disappears and the UHI phenomenon dominates the entire day according to our 

modeling study, which confirms the observations from some previous studies. Our study 

shows that the UCI phenomenon only occurs in low-rise, low density cities with little 

anthropogenic heat, or in high-rise, high-density cities even with large amounts of 

anthropogenic heat. 
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APPENDIX A – Comparison of two sinusoidal curves as ideal urban/rural air 

temperature profiles 

To illustrate the difficulties of using the traditional “urban heat/cool island intensity” when 

there is a phase difference between urban and rural air temperatures, we consider two 

sinusoidal curves. An ideal rural air temperature profile is defined as: 
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The exact values of the mean, the amplitude and the phase are not important here. There is 

a corresponding urban air temperature profile. In theory, compared to the rural air 

temperature profile, the ideal urban air temperature profile is represented by combined 

changes in the mean, the amplitude and the phase. To illustrate the differences, we consider 

each change separately, i.e. phase delay, mean temperature increase, and amplitude 

reduction.  

a) Phase delay and phase advance 

Unlike building interiors, urban environments experience heating and cooling due to 

different mechanisms. Solar radiation is the most important. It is the heat source of 

the Earth-atmosphere system, and it is the trigger for all of the other heat transfer 

mechanisms. The radiation heat flux first affects the thermal mass temperature of 

the urban area and further influences the urban air temperature due to convection. 

Due to thermal storage of the urban area, the timing of the peak temperatures can be 

different from the rural area. A phase delay alone leads to differences between 
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urban and rural air temperature, though the mean and amplitude remain unchanged, 

as shown in Figure A1(a). Figure 2 shows that there is a phase delay for the urban 

air temperature in Hong Kong from its rural counterpart during clear and calm days.  

In Figure A1(b), a linear relationship between the phase shift and the normalized 

UCIdh and UHIdh are revealed. When the phase shift increases, both the duration 

and intensity of the UCI and UHI are increased, hence both UCIdh and UHIdh 

increase. As the mean is the same for both the rural and urban air temperatures, 

UCIdh and UHIdh remain equal as the phase changes. They are not equal to zero 

due to the phase difference alone. For the situation with a phase change alone, it is 

difficult to define the UHI intensity or UCI intensity (urban air temperature minus 

rural air temperature at any time). At any time of the day, we can define this 

intensity, but such a parameter does not reveal much.  

b) Mean temperature increase 

It is very unlikely that the urban mean temperature is less than the rural mean. 

Hence we only consider the situation of an increase in mean temperature. We keep 

the amplitude and phase of the urban air temperature the same as the rural air. 

Assuming the mean temperature changes from 0.5 to 0.9; see Figure A2 (a). Figure 

A2 (b) shows the relationship between the normalized mean temperature and the 

normalized UCIdh and UHIdh. As the mean temperature increases, the UCI 

phenomenon is absent, which means that UCIdh value is zero. But we could say 

that the urban heat island phenomenon exists all the time, and the UHIdh always 

increase as the mean increases. For this situation with the change in mean alone, the 

traditional urban heat island intensity can be easily defined. 
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c) Amplitude reduction 

It is generally observed that the daily temperature range (DTR) is smaller in a city 

than in the surrounding areas. Here we consider that the urban amplitude is reduced 

from the rural amplitude of 0.5 to 0.1; see Figure A3 (a), while maintaining the 

urban phase and the mean the same as the rural values. As the urban and rural 

means are equal, the UCIdh and UHIdh are equal under all conditions, and both 

increase as amplitude decreases. The duration of both the UCI and the UHI 

phenomena is the same. 

Based on the above analysis, the following observations are made. The UCIdh and UHIdh 

are equal with the change in phase or the amplitude, but differ when the mean is changed. 

The traditional definition of the urban heat island intensity can work well when the 

urban/rural difference is caused by the change in the mean or amplitude. However, it does 

not work well when there is a change in phase. A phase change alone does not actually lead 

to any 'quantitative' change in the temperature profile, and the only difference is that the 

high or low point occurs at different times in the urban and rural profiles. In such a 

situation, it seems that the concepts of UCIdh and UHIdh may be more revealing. 

 


