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ABSTRACT 

 

 The main objective of this study is to measure anthropogenic heat flux using satellite 

remote sensing, and evaluate the results using GIS-based modelling. In cities, 

anthropogenic heat emissions are sourced mainly for buildings, vehicles and human 

metabolic activities. The emissions vary significantly over time and space, and are not 

easily measured, so detailed models of anthropogenic heat emissions are not available 

for most cities. Previous studies have mainly used three approaches: inventory, energy 

balance enclosure, and building energy models. The present study is the first to model 

anthropogenic heat using three different approaches.   

Thermal infrared Images from the Advanced Spaceborne Thermal Emission and 

Reflection Radiometer, Level 1B (ASTER, L1B) satellite are used to estimated 

anthropogenic heat emissions using the energy balance approach. A new technique is 

developed to calculate the emissivity with a higher spatial resolution. This study 

measures urban morphometric parameters using the Geographic Information Systems 

(GIS) at a much finer scale, compared to previous studies, which only calculate 

approximate morphometric parameters of the city. Anthropogenic heat emissions are 

estimated from six different ASTER images of Hong Kong captured between 2007 and 

2009. These images represent diurnal (day and night) periods and seasons (summer and 

winter).   

In this study, a global anthropogenic heat model called the Large-scale Urban 

Consumption of energY (LUCY) is adopted for application to Hong Kong, with the 

spatial resolution increased to 100 m from 2.5-arc minutes (~5-km spatial resolution). 

The anthropogenic heat emissions in LUCY greatly depend on population density data. 

Therefore, a new population scheme is introduced, in which daytime population data are 

included so as to consider the migration of population within grid cells at any given 

time.  Other input parameters like energy consumption, air temperature, traffic 



 

II 
 

information, and temperature schemes are also modified to match Hong Kong 

conditions.  

A GIS-based model using a bottom-up approach is utilized to account for anthropogenic 

heat emitted from each building block and every road in Hong Kong. Since these 

emission sources are captured at a finer resolution in the GIS-based model, the model 

data are used as the reference for evaluating the remote sensing and LUCY models. It 

may be noted that the model estimations are limited to the times of satellite image 

acquisition (~ 11am for the day and 11pm for the night) on the given date. In addition, 

the anthropogenic heat values estimated using the three different models is limited to 

100 m spatial resolution.  

Anthropogenic heat emissions were found to be higher at day compared to nighttime 

emissions. Likewise, summer emissions were higher than winter ones. In all models, the 

highest emissions were observed in grid cells with tall commercial, business and 

residential buildings. Although the intensity levels differed across models, the spatial 

distributions remained essentially the same. Finally, a significant correlation between 

anthropogenic heat and UHI was noted when the results of the models were correlated 

with urban-morphometric parameters and ASTER surface temperature measurements. 

The anthropogenic heat values estimated using remote sensing agree well with those 

derived from the GIS-based model. However, there are certain differences in terms of 

advantages and disadvantages. Overall, the results from all the three models are usable 

as inputs to climate models. This should be useful to urban planners and other agencies 

in studies related to UHI. 

Keywords:  Anthropogenic heat; LUCY; UHI; Energy balance; Inventory method. 
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Chapter 1 

INTRODUCTION 

1.1 Background of the study 

 The world is undergoing an unprecedented rate of urbanisation. By the year 2030, 

the world’s urban population is likely to rise to 5 billion (United Nations Population 

Fund, 2014) from 3.9 billion, with the maximum concentrations being in Asia and in 

Africa. About 70% of word energy is consumed in urban areas, which accounts for 

around 2% of the world’s land surface. Energy consumption in urban areas correlates 

positively with changes in urban micro-climate which contributes to raised air 

temperature compared to rural areas (Voogt and Oke, 2003) (Figure 1.1), with the 

temperature differences generally being between 1 and 3 
o
C (United States 

Environmental Protection Agency, 2013),  although difference of up to 12 
o
C have 

been reported (Roth et al., 1989). The magnitude of difference depends on the 

changes in natural heat balance due to increased anthropogenic activities within 

urban areas.  

 

Figure 1.1 A typical urban heat island profile (courtesy: NASA)  

 

 Clearly, understanding the energy transfers within an urban system is a challenging 

task in view of its complexity (Figure. 1.2).  
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                                    Energy interaction is ambiguous 

 

 

 

 Figure 1.2 The energy process in a typical urban system.  

 

  The exchange of energy within any heat transfer system occurs through conduction, 

convection and radiation (Oke, 1987). In general atmospheric applications, 

wavelengths in the range of 0.1 to 100 µm are used; this represents a small part of 

the full electromagnetic spectrum.  

  All bodies emit radiation naturally and a body emitting the maximum possible 

amount of radiation at a given temperature over a unit surface area is called a black 

body.  Emissivity is the relative ability of a surface material to emit energy by 

radiation. By definition, its emissivity is set equal to unity. Thus, emissivity of a 

given object is the ratio between the energy emitted by the surface in question and 

the energy emitted by a black body held at the same temperature. The magnitude of 

emissivity depends on intrinsic properties of the material.  

  Another relevant material-dependent property is albedo, which is defined as the 

ratio between reflected radiation from the surface and the radiation incident upon it. 

A perfect black body emits perfectly, so its albedo equals zero. Along with other 

properties, albedo and emissivity determine the net radiation over the surface, 

defined as the difference between the total incoming and outgoing radiations at the 

surface. 

  Thermal Conduction is the process by which heat is transmitted within a substance 

as a result of collision among pairs of rapidly moving molecules. This is usually an 

effective mode of heat transfer in solids, less so in liquids, and almost negligible in 

gases (Oke, 1987). In energy balance studies, conduction phenomena occur in the 

Incoming solar energy 

 

Energy released 

(Increased due to 

anthropogenic activity) 

 
Urban system 
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transportation of heat within the surface materials (emitted later as ground heat in 

terrestrial heat transfer).   

  Thermal convection on the earth (and such massive bodies) involves the vertical 

interchange of air masses and can only occur in liquids and gases (Oke, 1987). When 

an air parcel gets warmer, it becomes less dense and moves upwards. Conversely, it 

will descend when it is cooler.  

  Conduction and convection processes are the basis for sensible and latent heat 

fluxes. Sensible heat is the change in energy when the temperature changes. The heat 

required to transform from one state to another without a change in temperature is 

called the latent heat. The notion of an urban heat island is characterized by a large 

stretch of non-evaporating impervious materials covering urban areas, with a 

consequent rise in sensible heat flux at the expense of latent heat flux (Oke, 1987). 

The energy balance equation for an urban system is written by Oke (1987) as 

follows. 

  Net radiation + Anthropogenic heat = Sensible heat + Latent heat + Ground heat  

(1)  

This equation is usually adopted in remote sensing approaches for calculating the 

anthropogenic heat (including that used in the present study). It can also be used to 

account for the common sources of anthropogenic heat: human, traffic, and building 

emissions. Heat emission due to human metabolism has simply been ignored in 

many previous studies in view of its lesser contribution (around 4%)  to 

anthropogenic heat flux (Allen et al., 2011, Sailor, 2011). However, in the present 

study the heat emitted from buildings, traffic and human metabolism are represented 

using two models (GIS and LUCY based model). The models developed in this 

thesis enable the mapping of anthropogenic heat distributions sensitive to space and 

time. The models are also capable of estimating anthropogenic heat at higher spatial 

and temporal resolutions than those of previous models. 
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1.2 Literature review  

 Urban development usually affects the climate layer, with effects in two layers 

above a city namely urban boundary layer (UBL) and urban canopy layer (UCL) 

(Roth et al., 1989). The urban canopy layer lies below the mean roof level and 

consists of many microclimates produced by the heterogeneous nature of elements in 

the urban system. The urban canopy layer is normally coupled with the air 

temperature, which can be measured using fixed stations located in urban areas. The 

temperature differences between urban and surrounding rural locations are calculated 

to find the intensity of the urban heat island (UHI). Urban areas with highly dense 

buildings with deep street canyons and high energy consumption can result in a 

temperature difference, ∆ (Urban - Rural), as high as 12°C (Roth et al., 1989). The 

UHI is mainly caused by the combination of anthropogenic heat discharge due to 

energy consumption, increased impervious surface area, and decreased vegetation 

and water area (Kato and Yamaguchi, 2005). Quantifying  anthropogenic heat 

discharge and studying its spatial pattern, is important to improve the understanding 

of human impacts on the urban environment, a vital issue in global climate change 

(Zhou et al., 2012).  

1.2.1 Remote sensing of urban heat island 

 Roth et al., (1989) note that the first satellite-based UHI study was conducted in the 

Eastern United States of America using data from the Improved Television Infrared 

Observation Satellite Program (ITOS-1) with its sensor being used as a thermal 

scanning radiometer, with a resolution of 7.4 km. Subsequently, in their study of 50 

cities in the US, Carlson and Boland (1978) used the National Oceanographic and 

Atmospheric Administration (NOAA-3-5) satellite carrying the Very High 

Resolution Radiometer (VHRR) sensor with a resolution of 1 km. Later, Landsat and 

ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) 

satellites were used in UHI studies (Nichol, 2005; Nichol, 2009). Landsat 

ETM+(Enhanced Thematic Mapper) has 7 spectral bands, with its spatial resolution 

ranging between 15 and 60 m and a 185 km image swath while ASTER has 14 

spectral bands straddling the visible to the thermal infrared ranges with 15 to 90 m 

spatial resolution and a 60 km image swath. ETM+ has thermal bands at 60 m with 
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better spatial resolution compared to ASTER’s 90 m but, since 2003, the usage of 

ETM+ has been limited due to a scan line corrector (SLC) problem. Also, more 

bands in thermal infrared region enables ASTER’s sensitivity to surface heat fluxes 

compared with Landsat.  

1.2.2 Anthropogenic heat flux estimation using remote sensing  

 Remote sensing strategies were not common in the past for measuring 

anthropogenic heat flux (AHF) using the energy balance approach. Because of the 

complexity and challenges involved in obtaining input surface morphometric data. 

Kato and Yamaguchi (2007) used the energy balance approach for measuring 

anthropogenic heat on the assumption that AHF should be the active energy 

component. Xu et al. (2008) used a similar energy balance equation but considered 

that the anthropogenic heat flux is in the forms of increased sensible and latent heat 

values. This enabled them to sidestep anthropogenic heat as a component of energy 

balance. Recent studies (Zhang et al., 2013; Zhou et al., 2012) also considered 

anthropogenic heat as an individual component of energy balance. The surface 

morphometric parameters are roughly estimated to simplify the calculation as similar 

to Kato and Yamaguchi (2007).     

  Although the methods used to calculate net radiation are quite similar in these 

studies, those used in calculating albedo and emissivity differ significantly because 

these variables depend directly on the prevailing surface properties. The albedo 

values are determined from the regression equation identified by Liang (2001) in 

studies conducted by Kato & Yamaguchi (2007) and Kato et al. (2009). On the other 

hand, Xu et al. (2008) use OMIS-derived broadband albedos. The Liang (2001) 

method can be directly applied over ASTER images to get TOA albedo, extracting 

surface albedo requires atmospheric corrected radiance image as input. The need for 

atmospheric correction of spectral bands before calculating albedo values was not 

recognised adequately in previous studies. These studies depended mostly on 

predefined models available in radiative transfer codes. Since such an approach may 

not be suitable for all locations, there is a need to define aerosol and atmospheric 

conditions based on local measurements.  
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 Emissivity is the other important factor in estimating net radiation. Kato & 

Yamaguchi (2007) follow the equation suggested by (Liang, 2001) to determine 

broadband emissivity values while Xu et al. (2008) adopt the Temperature 

Emissivity Separation (TES) method (Gillespie et al., 1998 ) used in several previous 

studies. However, the spatial resolution of emissivity estimation using TES method 

was 90 m, which is considered too coarse for a complex urban environment. 

Therefore, there is a need for estimating emissivity at finer resolution than the 90 m 

to precisely map urban surface emissivity.  

 Brutsaert’s (1992) formula to calculate sensible heat is widely used in remote 

sensing approaches. By contrast, the method for calculating aerodynamic resistance 

varies across different studies. Grimmond and Oke (1999) compare the roughness 

parameters calculated using different methods, discussed the merits of morphometric 

and wind-based aerodynamic parameters estimation. Also recommended choice of 

method to estimate displacement height and roughness lengths in urban areas and 

their magnitude.  Xu et al. (2008) use GIS (Geographic Information System) datasets 

to calculate roughness parameters on the basis of mean building heights in different 

cells as calculated from the aforementioned SISM (Shangai Institute of Surveying & 

Mapping) map. The friction velocity for each cell (with stability corrections) is 

derived from measurements at the meteorological station, along with the LUMPS-

derived estimate of sensible heat for each grid cell. In this process, the mean 

LUMPS-derived values of all shadow-free pixels within each cell are used to 

initialize iterative calculation of friction velocity (Grimmond & Cleugh, 1994). The 

stability corrections needed with respect to momentum and heat are captured by 

certain functions, ψm and ψh, respectively (Paulson, 1970) along with the equation 

proposed by Dyer (1974) and modified later by Högström (1988). The roughness 

lengths for momentum and heat transport (z0m and z0h, respectively) are calculated by 

applying the method suggested by Voogt & Grimmond (2000), whereas Kato & 

Yamaguchi (2005) use the same values across the entire study area. The stability 

correction function depends on the Monin-Obukhov length (Brutsaert, 1982). The 

functions include von Karman’s constant, k, which is set equal to 0.4. Typical values 

are used for the roughness lengths, z0m and zoh, on the basis of the surface types 
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(Brutsaert, 1982). Finally, the roughness lengths associated with all the resulting 

pixels are averaged logarithmically to get average roughness of the study area.   

  In view of its very high building density, calculating aerodynamic resistance values 

from certain thumb rules and approximations is too simple an approach for a city like 

Hong Kong. Therefore, there is a need to develop a method capable of accounting 

for the surface and the morphometric properties of buildings at a finer spatial 

resolution. This problem is addressed in the present study by utilizing surface feature 

data gathered from GIS while estimating the aerodynamic resistance.  

  Estimations of latent heat and ground heat were combined as storage heat by Xu et 

al (2008) since it was considered difficult to split the two during computation. In 

general, it is difficult to determine ground heat from remote sensing data. However, 

it can be calculated from data on surface cover fractions. In contrast to previous 

studies, which extracted surface cover fractions from the respective land use maps, 

our study estimates surface cover from the visible bands as suggested by Clothier et 

al. (1996). This method allows mapping surface fractions at the image time, which is 

more appropriate to the calculation of ground heat.  

 

1.2.3 Numerical modelling approaches for anthropogenic heat  

 Numerical modelling is commonly used for estimating AHF. Urban anthropogenic 

heat generation has been modelled for a number of cities around the world. 

Generally a horizontal grid is used although some have added the third (vertical) 

dimension. The resolution varies from 100 m
2
 (Grimmond, 1992; Pigeon et al., 

2007), and 200 m
2
 (Smith et al., 2009), to 250 m

2
 (Ichinose et al., 1999). Klysik 

(1996) estimates emissions at local area level using different cell sizes based on land 

use polygons. Others focus  on individual city blocks and take into account building 

geometries and the temperature changes at different heights above ground (Kondo 

and Kikegawa, 2003).  

  At the other extreme, lower resolution grids are used to examine larger areas. For 

example, Makar et al. (2006) use several global datasets centred on North America, 
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at a scale of about 15 km
2
 while Flanner (2009) creates a global model with 0.5° × 

0.5° cells (3,091 km
2
 at the equator). Flanner also estimates heat fluxes over land 

areas without discriminating between urban and rural land uses. However, the heat 

inputs from individual cities may have been greatly underestimated because of the 

size of the grid cells (Allen et al., 2011), therefore local high anthropogenic heat 

fluxes arising from urban areas may not be represented by this model. In the present 

study, two models are created with a spatial resolution of 100 m
2
. Further 

improvement in spatial resolution would be possible only after a dataset with finer 

resolution becomes available. 

 

  The majority of the models available are based upon the following simple 

partitioning (Metabolic heat + Building heat + Vehicle heat) of the sources of 

anthropogenic heat flux (Grimmond, 1992; Sailor and Lu, 2004).  

 

The components are described below individually.   

1.2.3.1 Metabolic heat emission  

 Humans release heat continuously as a result of metabolic processes (Sailor and Lu, 

2004). The treatment of metabolic heat varies from non-inclusion when its 

contribution is small relative to the total anthropogenic heat (Pigeon et al., 2007), to 

just documentation of the term, e.g., as in Lee et al. (2009), to not explicitly 

including it, e.g., as in Flanner (2009). Ichinose et al. (1999) could not incorporate a 

metabolic heat (QM) into their model of Tokyo because the city was too difficult to 

map, although it was later recognized that this omission, amongst other excluded 

elements, contributed to an underestimation of anthropogenic heat (QF) (Allen et al., 

2011; Sugawara and Narita, 2009). 

  Estimates of QM are commonly based on population statistics. For example, fine-

scale census data were used for Vancouver (Grimmond, 1992) and Manchester 

(Smith et al., 2009), although the UK census data used for Manchester were gathered 

in 1991, some 18 years earlier than the year of publication of the results. As for US 

cities, Sailor and Lu (2004) used census data but allowed the population density to 

change over space and time. Makar et al. (2006) used a global population density 

grid with a 2.5 × 2.5 arc-minute resolution. Metabolic heat emissions were 



Introduction ǀ Chapter 1 
 

9 
 

determined from the population data by using the average human metabolic rate. 

Metabolic processes are known to vary with human activity, with the average person 

emitting around 70 W of heat while sleeping  and up to 800 W while engaged in 

strenuous exercise (Smith et al., 2009). Most models  assume a constant rate of 100 

W per person (e.g., Makar et al., 2006), which does not take account of diurnal 

variability, or have a defined diurnal cycle (Grimmond, 1992; Sailor and Lu, 2004; 

Smith et al., 2009). Sailor and Lu (2004) assumed a constant (between 23:00 and 

05:00) metabolic rate of 75 W per person, and a daytime (between 07:00 and 21:00) 

rate of 175 W per person, with transitional values for the hours in between. Similar 

time periods were considered by Smith et al. (2009), although the night-time value 

was 70 W and the daytime value was 250 W. Grimmond (1992) divided each day 

into two parts with night-time as 23:00 to 07:00  and daytime as 07:00 to 23:00. 

 

1.2.3.2 Vehicle heat  

 Fuel combustion is the main source of heat from motor vehicles (Pigeon et al., 

2007). There is a strong diurnal cycle with vehicular traffic. This has been well 

documented in traffic count data, with peaks in the morning and early evening. This 

observation has been included in several models (Sailor and Lu, 2004; Lee et al., 

2009; Smith et al., 2009). As with QM (metabolic heat), traffic patterns generally do 

not vary between seasons (Sailor and Lu, 2004). A much broader range of methods 

has been used to calculate QV (vehicle heat) than for QM, which includes both 

bottom-up, and top-down approaches. In some countries, information on the 

distances the vehicles are driven each day is collected, and the resulting statistics are 

utilized in models. Sailor et al. (2007) use the average distance travelled per person 

for US cities while calculating total vehicle distances from population data. The 

diurnal cycle is estimated from hourly traffic counts using the values associated with 

roads within the grid cells of various cities. Sailor and Lu (2004) also apply this 

bottom-up approach and recommend the use of a diurnal profile based on Hallenbeck 

et al. (1997) as a top-down approach whenever detailed traffic data are not available. 

This accounts for the different patterns observed on weekends and weekdays. Lee et 

al. (2009) use travelling distance statistics, but these are calculated per vehicle so the 
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numbers of licensed vehicles in the area are also required. The most comprehensive 

bottom-up approach to modelling QV is the one used for Manchester by Smith et al. 

(2009). Detailed traffic count data, which recorded the average traffic density on 

various types of roads (major, minor, motorway), the types of vehicles (motorcycles, 

cars, buses and large goods vehicles) and fuel type (petrol and diesel) are used. As 

soon as the numbers of vehicles and travel distances have been allocated spatially 

(for all models), the value of QV is estimated with certain assumptions concerning 

fuel consumption, average speed, fuel economy, and fuel type. The values cited for 

the amount of energy released from fuel combustion in the UK include 45.85 kJ g−1 

for petrol and 46 kJ g−1 for diesel in the UK (Smith et al. 2009); and 43.8 kJ g−1 for 

petrol and 42.5 kJ g−1 for diesel in France (Pigeon et al., 2007). An average of 45 kJ 

g−1 over an entire fleet was found by Sailor and Lu (2004 and Sailor et al. (2007). 

Unlike with previous models, the model of Lee et al. (2009) estimates fuel emissions 

on the basis of volume (an average of 34.3 MJ l−1) rather than the mass of fuel 

consumption. 

  Top-down approaches have used total annual energy consumption values for the 

transport sector, which are distributed across the year with diurnal and seasonal 

changes (Ichinose et al., 1999) and then mapped to the roads within the grid 

assuming a uniform QV for every road.  

 

1.2.3.3 Building heat  

Top-down and bottom-up approaches to QB have also been employed (Heiple & 

Sailor, 2008). Annual energy consumption statistics over a large area are frequently 

used in top-down approaches, which are then distributed over the year according to 

the time and season. By contrast, bottom-up methods generally use energy data at 

much finer scales (usually hourly) for single buildings, which are then scaled 

appropriately in terms of  sector categories: industrial, commercial and residential; 

and residential and non-residential (Pigeon et al., 2007; Hamilton et al., 2009), and 

fuel types: electricity, and other sources of building heat (Sailor and Lu, 2004). 

Models adopting the highest resolutions use records of hourly energy consumption 
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by buildings or annual energy consumption over very small areas. Top-down low-

resolution approaches utilize annual energy consumption totals. 

  Bottom-up methods mainly utilize land-use grids or floor space statistics and 

convert them into heat emission estimates. For example, Smith et al. (2009) applied 

two different diurnal and seasonal cycles by considering whether the land use is 

domestic or non-domestic. By contrast, Sailor et al. (2007) use groups of buildings 

with similar characteristics and floor spaces with appropriate time-dependent diurnal 

and seasonal profiles for each building type. 

  Data from countries (Flanner, 2009), states (Sailor and Lu, 2004), and other 

statistical areas (Hamilton et al.,2009) have been used by creating grids of between 1 

sq.km to city wide, to which daily and seasonal cycles are applied. For example, 

Flanner (2009) uses country-level annual totals of non-renewable energy 

consumption disseminated by population density (a technique also used by Makar et 

al., 2006). The amplitude of the annual cycle, based on day of year and latitude, is 

found to increase with distance from the equator. Information  for every location and 

the same diurnal cycle is obtained by emulating Sailor and Lu (2004). Ichinose et al. 

(1999) distributed annual energy data, using both diurnal and seasonal cycles as 

functions of building height and business type. The timeliness of data is important as 

changes in technology result in changes in energy use. Extensive computer use and 

advances in technology such as mobile phones and personal music players (which 

have to be charged directly from an electricity supply rather than use disposable 

batteries) have shown that energy consumption has increased substantially in recent 

times, especially in the richest countries. 

  A key assumption often made by QF models is that no time lag occurs between 

energy consumption and heat emitted. This is because detailed information on the 

ventilation systems and fabric of buildings needed to estimate the time delay is not 

generally available (Smith et al., 2009). Heiple and Sailor (2008) compare two 

approaches towards estimating QB in Houston over grids with the similar scale. It is 

found that bottom-up calculations produce greater time lags and more severe peaks 

in heat emissions than those generally observed when top-down approaches are 
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adopted. Although the differences between average values of QB for the two 

methods are smaller than 3% over entire cities, bottom-up methods show much 

greater spatial variation with peak values up to 20 times greater (Heiple and Sailor, 

2008). 

 The temperature often considered to be the most comfortable for internal building 

air is   18 °C (Klysik, 1996). The outdoor temperature, which influences this indoor 

temperature in buildings, is known as the ‘balance point’ because the climate-

dependent energy demand is lowest at that point (Amato et al., 2005). As the outdoor 

temperature increases or decreases, heating or cooling energy is required, so energy 

consumption rises proportionately with temperature (Ruth and Lin, 2006). This 

balance point can vary between residential and commercial sectors. Amato et al. 

(2005) estimate a monthly outdoor temperature of 15.5 °C as the balance point for 

residential buildings, and approximately 12.75 °C for commercial buildings (Allen et 

al., 2011). 

  Two models are developed in the present study: one based on a top-down approach 

downscaling the LUCY global anthropogenic heat model, and the other based on a 

bottom-up approach using GIS datasets. The spatial resolutions associated with the 

outputs from these models are limited to 100 m. The algorithms used will be 

summarized in later chapters.  

1.2.4. Need for the present study  

 Anthropogenic heat discharge has a significant impact on the urban thermal 

environment (Zhang et al., 2012). It contributes to UHI formation with the 

combination of decreased vegetation cover and increased use of artificial impervious 

surface materials such as concrete and asphalt (Kato and Yamaguchi, 2005). The 

UHI results in increased energy consumption, outbreaks of epidemics, heat strokes, 

and change in urban thermal environment. Since Hong Kong suffers badly from the 

UHI effect, it is essential to have an understanding of anthropogenic heat 

distribution. A precise mapping of anthropogenic heat is, therefore, required in order 

to mitigate the UHI. 
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1.2.5 Highlights of the study  

 Newcombe (1975) analysed the spatial distribution of energy consumption in Hong 

Kong at coarse resolution (by estimating total end-use energy consumption at each 

sector). Estimated artificial heat (anthropogenic heat) using  a one-dimensional, time 

- dependent model called the Myrup model (Myrup, 1969), based on the energy 

balance equation. The present study estimates anthropogenic heat at higher spatial 

and temporal resolutions than before. The remote sensing results are evaluated using 

a high-resolution GIS-based model, which was not in the case of previous studies. 

The algorithm used in all three models (Remote sensing model, GIS model and 

LUCY model) are tailor made for the morphometric and climatic conditions of Hong 

Kong. The results of the study can be used as an input to the climate models and will 

be useful for city planners and in studies related to climate research.   
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1.3 Research objectives 

The primary objective of this study is to develop and evaluate a remote sensing 

based method for estimating anthropogenic heat flux over Hong Kong at high spatial 

and temporal resolutions 

The secondary objectives are: 

 Develop a new simplified method for estimating surface emissivity at a finer 

spatial resolution than existing methods using daytime ASTER satellite 

imagery. 

 Identify suitable atmospheric correction technique for ASTER thermal 

images acquired over a humid and polluted atmosphere such as Hong Kong. 

 Evaluate the robustness of the remote sensing model using spatial 

distribution characteristics of the GIS model. 

 Develop a numerical model to map anthropogenic heat for any period of the 

day using simple datasets.   

 Estimate the relative contribution of anthropogenic heat to the urban heat 

island effect spatially over Hong Kong and its relationship to urban 

morphology.  
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1.4 Dissertation overview 

 Chapter 2 discusses the study area and the data used including 

meteorological, geospatial and GIS datasets.  

 Chapter 3 describes the spatial and temporal characteristics of anthropogenic 

heat estimated using ASTER Level 1B images acquired between 2007 and 

2009 at different seasons and periods (day-time and night-time). It also 

describes the improvements made in the methods of calculation for 

estimating various components of the energy balance approach. 

 Chapter 4 summarizes the methods used for high-resolution estimation of 

anthropogenic heat using the GIS model. In addition, the spatial and temporal 

characteristics of anthropogenic heat as estimated at the satellite overpass 

times are discussed.  

 Chapter 5 discusses the methods used while customizing global 

anthropogenic heat models based on the LUCY model. It also discusses the 

improvements and modification made to suit local conditions in Hong Kong.    

 Chapter 6 compares the results of anthropogenic heat estimation using 

different modelling techniques and identifies its relationship with the urban 

heat island effect and urban morphometric parameters. 

 Chapter 7 presents the overall conclusions drawn from the thesis along with 

recommendations for future researchers.   
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Chapter 2 

STUDY AREA AND DATA USED 

2.1 Study area 

 Hong Kong is a Special Administrative Region (SAR) of the People’s Republic of 

China. Geographically, it extends between 22
o
 08’ and 22

o
 35’North Latitude and 

113
o
 49’ and 114

o
 31’ East Longitude (Figure 2.1). Its landmass covers 1,104 sq. km, 

with about 24 % of built-up areas. In 2013, the population of Hong Kong reached 7.2 

million with a density of 6,480 people per sq. km (Census and Statistics Department, 

2011). The SAR consists of the Hong Kong Island, the Kowloon peninsula, the New 

Territories and includes 262 outlying Islands. Hong Kong is situated in a region 

where both tropical and mid-latitude weather phenomena are experienced (Ginn et 

al., 2004). Just as with many tropical weather systems, cyclones and troughs of low 

pressure are common, whereas cold surges are frequent during winter as in many 

mid-latitude regions. The particularly high temperatures observed in urban areas as a 

result of the UHI effect have been studied by researchers for over a decade. As Hong 

Kong is among the tropical cities suffering a strong UHI effect. It provides an ideal 

for the study of anthropogenic heat, a main cause of the UHI.    

2.2 Data used  

 This study models anthropogenic heat using three different approaches. The 

majority of data were obtained through primary (e.g., remote sensing, statistical and 

GIS data), and secondary data (e.g., satellite derived air temperatures, in situ surface 

temperatures, and measured net-radiation values). These are discussed under three 

headings: meteorological data, geospatial data, and other data.    

2.2.1 Meteorological data       

 Surface meteorological data related to temperature, solar radiation, dew point, 

relative humidity, and visibility were obtained from the weather stations maintained 
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by the Hong Kong Observatory (HKO) and the Environmental Central Facility 

(ECF) of Hong Kong University of Science and Technology.    

 

 

 

 

 

 

 

 

 

Figure 2.1 The study area and locations of AERONET stations (The Hong Kong Polytechnic 

University), Ozonesonde measurements (King’s Park meteorological station) and net radiation 

measurements (Ta Kwu Ling). 

 Data on the upper atmosphere were based on the ozonesonde measurements carried 

out at King’s Park (WMO Station 45004) (Figure 2.1) as downloaded from the 

Global Atmosphere Watch (GAWSIS) website. Aerosol details were based on 

measurements carried out by the NASA AERONET sunphotometer located at the 

Hong Kong Polytechnic University (Figure 2.1).     

Other meteorological data like net-radiation, in situ surface temperatures, etc. were 

obtained from measurements carried out by a net radiometer and thermocouple, 

respectively. The CNR1 of Kipp & Zonen, the net radiometer utilized, measures 

incoming and outgoing shortwave and long infrared radiation using four sensors 

(two pointing up and two pointing down), with a ± 10 % accuracy and a directional 

error smaller than 25 W m
-2

. In situ surface and air temperatures were measured 

using 2-channel, handheld thermometers with a ± 0.1 % + 0.7 
0
C accuracy. Net-
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radiation data were obtained from Fung et al., (2011). In situ air temperature data 

were taken from Nichol and Wong (2008).  

2.2.2 Geo-Spatial data 

The geospatial data used in the study were categorized as remote sensing and GIS 

data.  

2.2.2.1 Remote sensing data  

Infrared images over Hong Kong were obtained by the ASTER (Advanced 

Spaceborne Thermal Emission and Reflection Radiometer) instrument of the Terra 

satellite launched into a sun-synchronous Earth orbit on December 18, 1999 (it 

actually started to function fully only in February 2000). ASTER is a cooperative 

effort between NASA and Japan’s Ministry of Economy Trade and Industry (METI). 

It captures data with a high spatial resolution and is organized into 14 bands, starting 

from the visible to the thermal infrared wavelengths. It also provides a stereo 

viewing capability for digital elevation model creation. ASTER is used by Terra as 

its zoom lens by carrying space-borne instruments for validation and calibration. It 

has three subsystems: visible and near Infrared (VNIR), shortwave infrared (SWIR), 

and thermal infrared (TIR). Band specifications for ASTER are given in Table 2.1. 

ASTER’s own instruments and others with similarly high spatial resolutions and 

earth-observing capabilities provide data useful to a wide range of scientific research 

studies and applications, e.g., land surface climatology, volcano monitoring, hazard 

monitoring, hydrology, geology and soils. Table 2.2 lists the main details related to 

the ASTER products used in the study. Figure 2.2 clarifies the atmospheric 

transmission of ASTER bands at each wavelength. Note that, in the SWIR and TIR 

wavelengths, ASTER images have spectral resolutions superior to those of Landsat.  
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Table 2.1. ASTER band specifications 

Source: ASTER user handbook, ver.2.page no. 10. 

Table 2.2.   Details of ASTER products used in this study 

Parameter Description 

Product-level Level 1B – Registered radiance at the sensor 

Sensor altitude 705 km 

Sensor capability Day ( full mode) and night (TIR only) 

Product deliverable format EOS HDF 

Projection used UTM 49 N 

Data Provider ASTER GDS Japan 

                         Source: Header file associated with ASTER Level 1B data. 

Band region Band no Spectral range (µm) Spatial resolution (m) Quantization level 

VNIR 

1 0.52 - 0.60 

15 m 8 bits 
2 0.63 - 0.69 

3N 0.78 - 0.86 

3B 0.78 - 0.86 

SWIR 

4 1.60 - 1.70 

30 m 8 bits 

5 2.145 - 2.185 

6 2.185 - 2.225 

7 2.235 - 2.285 

8 2.295 - 2.365 

9 2.360 - 2.430 

TIR 

10 8.125 - 8.475 

90 m 12 bits 

11 8.475 - 8.825 

12 8.925 - 9.275 

13 10.25 -10.95 

14 10.95 -11.65 



Study area and data used ǀ Chapter 2 

20 
 

                                              

 

 

 

 

 

 

Figure 2.2   ASTER bands superimposed on model atmosphere (Courtesy NASA) 

 

2.2.2.2 GIS data 

The GIS data used in this study were obtained from government departments. Thus 

the land use and 3-D building datasets were obtained from the Hong Kong Planning 

Department. Data on road networks and information as collected by traffic 

measurements stations were obtained from the Transport Department of Hong Kong. 

Information on tertiary planning and district boundaries was obtained from the 

Census and Statistics Department of Hong Kong. 

2.2.3 Other data  

Other data collected included statistical data and data from global sources. 

Demographic data were taken from the records of the Census and Statics 

Department. The data concern the major population segments (population density, 

workers and students), energy consumption values for each month, and the numbers 

of workers by sector. The Energy end-use (final energy consumed by Residential, 

Commercial, Industrial and Transport) data were taken from the Electrical and 

Maintenance Services Department of Hong Kong (EMSD). Data on typical 

emissions from vehicles of each type along with the corresponding number of 

vehicles and fuel types were taken from the Environmental Protection Department of 

Hong Kong.   
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Some of the data used by the LUCY model were taken from global sources. Among 

such data were the list of public holidays, the boundary of the study area, and 

emission factors.  
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  Chapter 3 

ANTHROPOGENIC HEAT FLUX MODELLING OF HONG 

KONG USING A REMOTE SENSING APPROACH 

3.1 Introduction  

 In this study, anthropogenic heat emissions are estimated by applying an energy 

balance enclosure approach to data provided by the Advanced Spaceborne Thermal 

Emission and Reflection Radiometer (ASTER) of the Terra satellite. Anthropogenic 

heat is calculated as a residual causing imbalance in the energy balance equation. In 

other words, there is excess heat when the net radiation (the balance between 

incoming and outgoing energies at the surface) is subtracted from the sum of 

sensible heat (fluid movement of heated air), latent heat (chemical energy due to 

phase change) and ground heat fluxes (thermal conductivity). In the absence of 

anthropogenic heat emission, net radiation should be equal to the sum of sensible, 

latent and ground heat fluxes.  

 Oke (1987) modified the natural energy balance equation by including 

anthropogenic heat (Qahf) in addition to net radiation (Qnet) as the sources of energy 

in the energy balance equation (Equation 3.1). The equation can then be rearranged 

to yield anthropogenic heat as a residual (Equation 3.2).      

Qnet + Qahf = Qsh + Qlh +Qgh      (3.1) 

Qahf = Qsh + Qlh +Qgh - Qnet      (3.2) 

where Qsh, Qlh, and Qgh are the sensible, latent and ground heat fluxes, respectively. 

This approach is widely used for estimating anthropogenic heat over a small area 

from micrometeorological data (sensible, latent and ground heats are measured using 

instruments). A limited number of studies have applied the method to remote sensing 

images, e.g., Kato and Yamaguchi, 2005; Kato et al., 2008; Oke, 1988; Zhou et al., 

2012; and Zhang, 2013. These studies used thermal infrared (TIR) images of ASTER 
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and Landsat with spatial resolutions 90 m and 60 m, respectively. Xu et al. (2008) 

used the OMIS (Optical Multi-Channel Imaging Sensor) hyperspectral imagery of 6 

m resolution to demonstrate urban sensible heat flux over London and Shanghai. 

However, they did not estimate anthropogenic heat as a separate component. The 

method used in the present study is capable of measuring urban anthropogenic heat 

at a relatively fine spatial resolution (30 m) from daytime ASTER images. The study 

focuses on the Kowloon Peninsula, a highly urbanized area in Hong Kong which 

experiences a strong urban heat island effect. A ∆t (u  r) of 7 to 8 
0
C has been 

observed on ASTER night time images (Wong and Nichol, 2011).  

  Anthropogenic heat emissions have been estimated in this study on the basis of six 

different images (Table 3.1) taken over Hong Kong by ASTER L1B. Three were 

captured during daytime (30
th

 November 2007, 13
th

 September 2008, and 22
nd

 

August 2009). The others were taken under night-time anthropogenic heat conditions 

over the Kowloon peninsula on 31
st
 January 2007, 13

th
 August 2008, and 17

th
 

September 2009. Images dated 31
st
 January 2007, and 30

th
 November 2007 

represented winter conditions while the rest were timed to represent summer 

conditions.     

Table 3.1 Details of ASTER L1B images used in this study 

S.no Date Time (HK  ) Diurnal period Season 

1 31
st
 Jan 07 22.42 Night Winter 

2 30
th

 Nov 07 11.03 Day Winter 

3 13
th

 Aug 08 22.42 Night Summer 

4 13
th

 Sep 08 11.04 Day Summer 

5 22
nd

 Aug 09 11.09 Day Summer 

6 17
th

 Sep 09 22.42 Night Summer 

     

 Both the emissivity and albedo (reflection coefficient) are important parameters in 

calculating net radiation. They depend on the properties of surface materials at the 

time of acquisition. A new technique is used in this study to calculate emissivity 

values at a higher spatial resolution than the thermal image. This in turn enables 

mapping surface temperatures and net radiation values at a much finer spatial 

resolution (30 m). Temperatures so estimated are validated against surface 
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temperatures measured in the ground by thermocouple data loggers recorded during 

satellite overpass time.  

The albedo values are calculated using images corrected for atmospheric absorption 

and scattering.  Without such atmospheric correction, temperature errors in the range 

of 4 to 7 
0
C may occur (Voogt and Oke, 1998; Weng et al., 2008). The methods used 

for atmospheric correction are given in Section 3.2.1.2. 

It is difficult to calculate sensible and latent flux values over a complex urban 

environment from satellite images due to the complexity in estimating roughness 

parameters. The studies (Kato and Yamaguchi, 2005; Kato et al., 2008; Zhou et al., 

2012; Zhang 2013) have approximately calculated the roughness parameters needed 

to estimate the heat components in the energy balance equation. The present study 

estimates roughness parameters using the morphometric method (Brutsaert, 1982; 

Voogt and Grimmond, 2000), on a Geographic Information System (GIS) platform. 

The anthropogenic heat values are estimated using the remote sensing approach 

including all known emissions within a pixel, at satellite overpass time with spatial 

resolution of 30 m. However, the figures are resampled to 100 m in order to evaluate 

the results against those from other models.       

The ASTER Level 1B (AST_L1B) data for the present study were obtained from 

ASTER GDS (ASTER ground data system) which includes a ground system to 

control ASTER’s operations, data processing, data archive and data distribution. 

Meteorological data were obtained from the Hong Kong Observatory (HKO). 

Aerosol information for the atmospheric correction was retrieved from the 

AERONET station located at the Hong Kong Polytechnic University and 

downloaded from the website (http://aeronet.gsfc.nasa.gov/new_web/data.html). 

The next section describes the methodology used to estimate the different parameters 

involved in the estimation of energy balance components.  

http://aeronet.gsfc.nasa.gov/new_web/data.html
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3.2 Methodology 

 The main steps in anthropogenic heat measurement using satellite imagery are 

described below  

3.2.1 Image Pre-processing 

 The satellite image pre-processing usually comprises a series of sequential 

operations: atmospheric correction, image registration, geometric correction, and 

masking. The ASTER Level 1B images used in this study are produced by applying 

radiometric calibration, and geometric corrections to the Level- 1A (unprocessed 

instrument data) image as described below. The individual channels of AST_L1B 

images are extracted using the HEG (HDF-EOS to Geo TIFF) conversion tool. 

3.2.1.1 Application of digital number (DN) to spectral radiance   

 The at sensor radiance values at different wavelengths are stored as digital numbers 

(DN) for convenience during data storage and transfer (see ASTER’s user 

handbook). The DN values are converted into spectral radiance values using the 

following equation  

Lrad, x = UCCx (DNx - 1)       (3.3) 

where Lrad is the spectral radiance of band x, and UCCx is the unit conversion 

coefficient of band x (Table. 3.2). 
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Table 3.2 Unit Conversion Coefficients (UCC) to convert DN into spectral radiance 

Band  Unit Conversion Coefficient (W m
-2

 sr
-1

 µm
-1

) 

High gain Normal gain Low gain 1 Low gain 2 

1 

2 

3N 

3B 

0.676 

0.708 

0.423 

0.423 

1.688 

1.415 

0.862 

0.862 

2.25 

1.89 

1.15 

1.15 

N/A 

4 

5 

6 

7 

8 

9 

0.1087 

0.0348 

0.0313 

0.0299 

0.0209 

0.0159 

0.2174 

0.0696 

0.0625 

0.0597 

0.0417 

0.0318 

0.290 

0.0925 

0.0830 

0.0795 

0.0556 

0.0424 

0.290 

0.409 

0.390 

0.332 

0.245 

0.265 

10 

11 

12 

13 

14 

N/A 0.006822 

0.006780 

0.006590 

0.005693 

0.005225 

N/A  

         Source: ASTER user handbook Ver.2, 2014 

 The UCC value for each band represents the gain setting used during image 

acquisition, which can be known from the header file associated with AST_L1B.   

3.2.1.2 Atmospheric corrections  

 In this study, the atmospheric component of the AST_L1B product (from TIR 

images) is removed using an In-Scene Atmospheric Compensation algorithm (ISAC) 

implemented using the ENVI (Environment for Visualizing Images) image 

processing software (Johnson and Young, 1998; Hernandez, 2000).  

The VNIR and SWIR bands of the AST_L1B product are subjected to atmospheric 

correction using the 6S ( Second simulation of the satellite signal)  radiative transfer 

code. Which was used to calculate the lookup table needed by the MODIS (moderate 

resolution imaging Spectroradiometer) atmospheric correction algorithm (Vermote, 

1997; Kotchenova, 2006). The present study uses the most recent 6S vector model 

(6SV1.1) which requires inputs on geometric and atmospheric conditions, aerosol 

detail, and sensor details of the ASTER images. 
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The atmosphere and aerosol submodels available as RT codes are defined for 

particular regions of the world.  For example, models for tropical atmospheres in RT 

models represent the atmospheric conditions prevailing over tropical regions, and the 

urban aerosol model represents aerosol types over urban areas. However, in reality, 

atmospheric conditions of all tropical regions are not similar, i.e., the actual 

atmosphere may not conform to the expected water vapour and temperature profiles 

for a specific time and place (Carr, 2005). Likewise, aerosol types are not similar 

over all cities, i.e., the aerosol models do not necessarily exhibit similar optical 

properties over a given urban area at a specific time and date. Therefore, the 

atmosphere and aerosol conditions need to be determined from local measurements 

carried out at the time image time, such as from an AERONET station. 

The images used in this study were atmospherically corrected using two aerosol 

models: a) a predefined urban aerosol model, and b) a user-defined aerosol model 

based on local AERONET measurements. The atmospheric conditions are captured 

using two models): a predefined model (refer to Section 3.2.1.2.1) and a user-defined 

model based on Ozonesonde measurement. The correspondence between the 

predefined model and local measurements (user defined) is evaluated by comparing 

results from the models. Predefined models are simpler to use than user-defined ones 

that require several input parameters to define aerosol and atmospheric conditions, 

but may be less accurate. 

Not all predefined models available in 6S V.1 were used for testing the agreement of 

the predefined models with the user-defined models. Instead, as advised by Carr 

(2005), the atmospheric and aerosol models particularly applicable to the specific 

time and date were selected. The atmospheric and aerosol models used in this study 

are discussed below. 

3.2.1.2.1 Atmospheric model 

Hong Kong’s weather is both tropical and mid-latitude (Ginn et al., 2004). As in any 

tropical weather system, cyclones and troughs of low pressure are common in 

summer.  Likewise, winters cold surges are frequent, as in mid - latitude regions. 
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 Therefore, predefined atmospheric models were selected in this study according to 

season. The atmospheric models suitable for the summer and winter seasons of Hong 

Kong were identified as tropical and mid-latitude winter respectively. The 

Ozonesonde data measured at Kings Park, by the Hong Kong Observatory was used 

as input for the user-defined atmospheric model. In Hong Kong, Ozonesonde 

measurements are not carried out daily, so the closest observation was utilized in 

case no measurement was available on the image date. It is assumed that the 

atmosphere during image acquisition was similar to the corresponding Ozonesonde 

measurement. Weather condition on the two occasions were compared using daily 

weather extracts obtained from the Hong Kong Observatory website, and the closest 

Ozonesonde measurements for weather conditions similar to those prevailing on the 

image dates used.  

 The inputs used in defining the atmospheric conditions in a user-defined model 

include altitude (km), pressure (mb), temperature (K), water vapour density (gm
-3

), 

and ozone density (gm
-3

). The water vapour density and ozone density calculated 

from ozone partial pressure and relative humidity respectively, while, altitude, 

pressure and temperature were directly retrieved.   

The ozone density (ρoz) is calculated using the following formula. 

ρoz = (ozone partial pressure / pressure) × 577.3 × (pressure / temperature) (3.4) 

Data on ozone partial pressures (mPa), pressures (hPa) and temperatures (
o
C) as 

measured at different altitudes are inserted into Equation (3.4). The estimated values 

are then divided by 10
-6 

to
 
convert from µg m

-3 
to g m

-3
. 

Water vapour densities at different altitudes are calculated by: 

Step 1: Calculate the absolute humidity from relative humidity and temperature. 

Step 2: Estimate the dew point temperature from the absolute humidity. 

Step 3: Find the water vapour pressure from the dew point temperature. 
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Well known, standard formulas (NASA Technical Reports Server, 2014) were used 

in the above steps.  

3.2.1.2.2 Aerosol model 

 In this study, two aerosol models are used. One is a predefined model while the 

other is a user-defined one. Based on the conditions typically used with respect to the 

aerosol model reported by MODTRAN, one of the existing Aerosol models, i.e., the 

Urban model in 6S is identified as being suitable for Hong Kong.  

 The user defined aerosol conditions are determined from a local AERONET 

(Aerosol Robotic Network) sun-photometer. The input parameters so extracted are 

aerosol radius (radians), REFR (nm) and REFI (nm) which are the real and 

imaginary parts of the refractive indices, and dV(r)/dln(r) which is the volumetric 

ratio at the given wavelength. Further details concerning data entry in 6SV1.1 are 

available in 6S User Guide Version 3 (Vermote et al., 2006).  

Other necessary input parameters such as the geometric and spectral conditions, the 

target altitude, surface details, and sensor details may be taken from the header file 

attached to the AST_L1B product. Figure 3.1 shows the steps used during the 

atmospheric correction of AST_L1B images.  
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   Note: The essence of the procedure is discussed in section 3.2.1.2. 

   

Figure 3.1 Steps used during the atmospheric correction of ASTER Level 1B images.  
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3.2.1.3 Recalibrating ASTER Thermal Infrared Images  

 ASTER thermal infrared radiance (TIR) products include information on 

radiometric calibration errors caused by delays while updating the radiometric 

calibration coefficients (RCC) (Tonooka, 2003). As in Sakumas (2005), images 

processed after 8
th

 February 2006 were calibrated using version 3.x. The RCC values 

(Tonooka, 2003) were inserted into Equation 3.5 to calculate RCC corrected 

radiance values.  

New radiance (𝑳𝝀) = A × Original radiance + B  (W/m
2
/Sr/μm)    (3.5) 

where A and B are the RCC values that depend on the day since launch. As an 

example, Table 3.3 shows the value of A and B for 1
st
 January 2013 (day since 

launch: 4,763); RCC version 3.12. 

Table 3.3 RCC values of TIR bands for images acquired on 1st January 2013. 

Band A B Estimated Changes 

(Upper: Radiance, Lower: Temperature) 

@270K @300K @320K @340K 

10 1.001130 -

0.0056 

-0.000 

-0.00K 

+0.005 

+0.030 

+0.010 

+0.040 

+0.015 

+0.050 

11 1.002528 -

0.0132 

+0.000 

+0.00K 

+0.011 

+0.060 

+0.021 

+0.100 

+0.034 

+0.120 

12 1.001798 -

0.0099 

+0.000 

+0.00K 

+0.008 

+0.040 

+0.015 

+0.070 

+0.023 

+0.090 

13 1.001432 -

0.0084 

+0.000 

+0.00K 

+0.006 

+0.040 

+0.010 

+0.060 

+0.016 

+0.080 

14 1.000889 -

0.0052 

+0.000 

+0.00K 

+0.003 

+0.020 

+0.006 

+0.040 

+0.009 

+0.050 

         Source: ASTER user manual Ver. 2 

 

3.2.2  Land surface temperature (LST) estimation  

 The process of estimating land surface temperature (LST) using TIR images 

involves two steps: a) converting spectral radiance to at-sensor Brightness 

Temperature (BT) and b) correcting for surface emissivity.  Band 13 (10.25 to 10.95 

µm) among the five TIR bands (Band 10 to 14) is used to compute LST because the 

spectral width of band 13 is close to the peak radiation of the blackbody spectrum 

emitted by urban surfaces (Lu and Weng, 2006; Weng et al., 2008). 
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The steps for deriving LST are: 

 

a) The thermal band (Band-13) is converted from at-sensor spectral radiance to 

at-sensor BT, assuming that the Earth’s surface is a black body (i.e., spectral 

emissivity equals 1) and atmospheric effects (absorption and emission along 

the path) have been taken into account (Chander et al., 2009). The conversion 

formula for estimating at-sensor BT from at-sensor spectral radiance is:    

𝑩𝑻 =
𝑲𝑨𝟐

𝐥𝐧⁡(⁡
𝑲𝑨𝟏
𝑳𝝀

+⁡𝟏⁡)
          (3.6) 

where B
T
 is at-sensor Brightness Temperature (K), Lλ is RCC corrected at-sensor 

radiance, and KA1 (866, W/ m
2
 sr µm) and KA2 (1350.069147, K) are the 

prelaunch calibration constants of ASTER TIR bands.  

b) Since the measured LST values are referenced to a black body, it is necessary 

to correct for spectral emissivity with respect to the thermal properties of the 

urban surface material in question. The emissivity corrected LST (Tec) are 

calculated using the following equation (Artis and Carnahan, 1982; Weng 

et.al., 2008) 

      𝑻𝐞𝐜 =
𝑩𝑻

𝟏+(⁡⁡𝝀∗𝑩𝑻/𝝆)𝐥𝐧𝜺𝐬
⁡⁡⁡⁡⁡                 (3.7) 

where, λ is the peak response wavelength of emitted radiance (The peak 

response wavelength of ASTER Band 13 (10.657 µm) may be taken from the 

ASTER user handbook), BT is the at-sensor brightness temperature 

calculated using Equation 3.6, and the flux density (ρ) = [h × (C /σ)] = 

1.438× 10
-2 

m K, where, h is Planck’s constant (6.626 ×10
-34 

J s), C is the 

velocity of light (2.998 ×10
8 

m s
-1

), σ is Boltzmann constant (1.38 × 10
-23

 J K
-

1
), and s is the surface emissivity estimated from the method described in 

Section 3.2.3 
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3.2.3  Surface emissivity estimation 

 In this study, surface emissivity values are derived directly from the AST_ L1B 

images. This differs from previous studies in Hong Kong most of which used a 

simplified method for adopting typical emissivity values of urban materials (Nichol, 

2009). The standard product of ASTER’s land surface emissivity (AST_05) is 

derived using the Temperature Emissivity Separation (TES) method (Gillespie et al., 

1998). The TES algorithm estimates emissivity at 90 m spatial resolution, which may 

not be suitable for the typical morphometric conditions of Hong Kong. Therefore, a 

new simplified method (reflectance method) for emissivity correction was developed 

in this study while estimating emissivity values at a spatial resolution of 30 m from 

the radiance values of the SWIR image. The next subsection compares the emissivity 

values estimated from the three methods and identify the most suitable. Among the 

three methods, TES algorithm is commonly used in recent studies and reference 

channel is the oldest technique. The reflectance method developed in the study, 

works better than the other two methods while estimating temperatures. The 

reflectance method estimates temperature at higher spatial resolution of 30 m when 

compared to the 90 m spatial resolution of TES and reference channel methods.   

3.2.3.1 TES algorithm 

 The TES algorithm of Gillespie et al. (1998) normalizes the emissivity spectrum 

which devised for sensors with thermal band such as ASTER using the average 

emissivity for each pixel. The min-max difference (MMD) of the normalized 

spectrum is first calculated and used for estimating the minimum emissivity by 

means of a regression analysis relating the MMD and the minimum emissivity 

(ASTER higher-level product guide). The normalized emissivity values are scaled 

using the minimum emissivity value and compensated for reflected skylight by 

applying the procedure described in the algorithm along with the theoretical 

documents available at http://eospso.gsfc.nasa.gov/atbd/astertables.html. 

3.2.3.2 Reference Channel method 

 This method (Kahle et al., 1980) is used to calculate the emissivity and temperature 

values from thermal infrared radiance data. The reference channel emissivity 

http://eospso.gsfc.nasa.gov/atbd/astertables.html
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technique assumes that all emissivity values are the same for all the pixels in one 

channel (band) of the thermal infrared data. Using this constant value, a temperature 

image is calculated. The results are used to calculate the emissivity values in all 

other bands using the Planck function. 

3.2.3.3 Emissivity retrieval using reflectance (Reflectance method) 

 In this method, surface emissivity values are derived from the reflectance values of 

the ASTER SWIR band. Band - 5 (2.145 to 2.185 µm) is selected among other 

SWIR bands, due to the smaller atmospheric interference at the SWIR region 

(ASTER higher-level product guide). Hence, the radiance measured at this 

wavelength is taken as the representative value of surface radiance provided one 

does not attempt to minimize the impacts from the atmosphere.  According to 

Kirchhoff’s law of thermal radiation, R ꞊ 1 - ɛ, the emissivity of an object is equal to 

its observance at the same temperature (Nicodomus, 1995). Since the emissivity 

values of objects on the earth cannot exceed one (the maximum emissivity for a 

blackbody), the reflectance, R, is calculated by subtracting the dimensionless 

emissive power from 1, i.e., ɛ = 1 - R.  

3.2.4 Albedo 

 In the study, the albedo values of surface materials over the study area were 

estimated from Equation 3.8 (Liang, 2001). Spectral radiance estimates of VNIR and 

SWIR bands were used, and the atmospheric effects removed using the 6S 

atmospheric correction algorithm.   

 

 𝜶𝝀 =⁡⁡
𝛑𝑳𝝀𝒅

𝟐

𝑬𝒔𝒖𝒏,𝝀𝐜𝐨𝐬𝜽
              (3.8) 

 

where, αλ is the planetary albedo, Lλ is the spectral radiance measured at the sensor, d 

is the distance between the earth and the sun in astronomical units on the day of the 

image as calculated using landsathandbook.gsfc.nasa.gov/excel_docs/d.xls. The solar 

zenith angle, θ, equals 90
o 

minus the solar elevation angle (the angle can be found in 

the ASTER header file).  λ is the wavelength corresponding to the band used and 
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Esun. The mean solar exoatmospheric radiance of each band are obtained from the 

ASTER user manual. The ERDAS Model maker does not allow entering of degree 

values directly. Therefore,  the solar elevation angles need to be converted to radians 

by multiplying by π/180. 

The narrow band albedo values so estimated for each band are converted into 

broadband albedos using Equation 3.9 as suggested by Liang, 2001. The equation 

has been used extensively during radio transfer simulations for calculating total 

shortwave albedo, total-, direct-, diffuse-visible, and near-infrared broadband 

albedos for several narrowband sensors including ASTER, AVHRR, ETM+/TM, 

GOES, MODIS, MISR, POLDER, and VEGETATION.   

 

In this study, six bands of AST_L1B data used to retrieve shortwave broadband 

albedos from the narrow band albedos using the following regression equation:  

    αsw = 0.48α1 + 0.335α3 - 0.324α5 + 0.551α6 + 0.305α8 - 0.367α9 - 0.0015    (3.9) 

where, αsw is the shortwave albedo; α1, α3, α5, α6, α8 and α9 are the albedo of respective 

ASTER bands (band number subscripted).  

 

3.2.5 Net radiation 

 The total net heat flux is the balance between incoming solar radiation and outgoing 

reflected solar radiation. The relationship is applicable on a clear sky day. The total 

net heat flux (RHF)  is calculated  based on the equation 3.10 given by Xu et 

al.(2008). 

RHF = Kw↓ - Kw↑ + Lw↓ - Lw↑ = Kw
*
 + Lw↓ - Lw↑   (3.10) 

where ↓ and ↑ symbolizes downward and up components of radiation and Kw* refers 

to the portion of total short-wave radiation, given by: 

Kw* = (αswb - 1) Kw↓         (3.11) 
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where αswb is the shortwave broadband albedo (Liang, 2001), and Kw↓ is extracted 

from the HKO’s daily meteorology data. The incoming longwave radiation (Lw↓) is 

calculated from the Stefan-Boltzmann law, as  

Lw↓ = air σ (Ta)
 4

          (3.12) 

where σ is Stephen-Boltzmann constant [5.67 x 10 
-8

, (W · m 
-2

 · K 
-4

)], Tair is the air 

temperature measured from ASTER TIR images using (Nichol and Wong, 2008), 

and air is the atmospheric emissivity calculated from  

air = 1.24 * (ea. /Ta)
 1/7 

        (3.13) 

where, ea is the atmospheric water vapour pressure calculated using the method given 

in Prata (1995), and Ta is the air temperature measured by the Hong Kong 

observatory. Here, a single value for air temperature is used by assuming similar 

atmospheric water vapour pressures over the study area.    

The outgoing longwave radiation (Lw↑) is calculated using  

Lw↑ = sσ (Ts)
 4

                  (3.14) 

where s is the surface emissivity estimated, σ is the Stephen-Boltzmann constant, 

and Ts is the surface temperature measured.  

The processes involved in the estimation of net radiation are given in Figure 3.2.  
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Note: Surface emissivity calculation method depends on the time of  image acquisition.  

 

Figure 3.2 Estimation of net radiation using remote sensing (ASTER L1B) 
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3.2.6 Sensible heat flux 

 In this study, the sensible heat flux, H, is estimated using the aerodynamic resistance 

method (Allen et al., 1998; Brutsaert, 1982; Voogt and Grimmond, 2000; and Xu et 

al. 2008) given by the following simple relationship: 

𝐻 = ⁡⁡⁡⍴⁡𝐶p
𝑇s−𝑇a

𝑟a
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡         (3.15) 

where Ts and Ta are the surface and air temperatures estimated from AST_L1B 

respectively,  ρ is the density of air (kg m
-3

), Cp the specific heat of air at constant 

pressure, and 𝑟a Is the aerodynamic resistance (s m
-1

).  Air density (⍴) is calculated 

based on: (atmospheric pressure ×100) / (Rsp×Ta); where Rsp is the specific gas 

constant for dry air (287.058 J/(kg·K)). Aerodynamic resistance (ra) is calculated 

using Verma (1998)  

        ra= 
1

𝑘𝑢∗
[ln (

𝑍−𝑍𝑑

𝑍𝑜𝑚
) + ln (

𝑍𝑜𝑚

𝑍𝑜ℎ
)⁡- Ѱℎ (

𝑍−𝑍𝑑

𝐿
) ]                (3.16) 

Moreover, the friction velocity, u
*
, is given by the stability corrected log-law 

𝑢∗ = 𝑈k [ln (
𝑍−𝑍d

𝑍0m
) +⁡Ѱm (

𝑍−𝑍d

𝐿
) − Ѱ𝑚 (

𝑍0m

𝐿
)]                  (3.17) 

where, U is the wind speed measured at height, z (m), zd is the zero plane 

displacement height (m), 𝑧0m is the roughness length (m) for momentum, and z0h is 

the roughness length (m) for heat.   Ѱh and Ѱm are stability correction functions for 

heat and momentum, which depend on the respective Monin-Obukhov lengths 

(Brutsaert, 1982), and k is von Karman’s constant (0.4).  

The excess resistance can be expressed as kB
-1

 (Stewart et al., 1994): 

kB
-1

 = ln (
𝑍om

𝑍0h
)       (3.18) 

The study area is divided into grid cells of 100 m, for which roughness parameters 

are calculated using the procedure given by Macdonald et al. (1998) as outlined in 
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Grimmond and Oke (1999). The height of buildings in a grid cell is taken as the 

mean building height within the cell. The roughness length is calculated using the 

method of Macdonald et al. (1998) presented as a derivation that starts from 

fundamental principles and certain simple assumptions: 

𝑍0m

𝑍h
=⁡(1 −

𝑍d

𝑍h
) exp (− (λFA(1 −

𝑍d

𝑍h
)0.5𝛽

𝐶𝐷

k2
)
−0.5

)      (3.19) 

where 𝑧0m is roughness length, zh and 𝜆FA⁡are the values of mean height of buildings 

and frontal area density of buildings in a grid cell respectively, and 𝑧d is the 

displacement height. The constants used are:  k, the von Karman constant (0.4);⁡𝐶D, 

the drag coefficient (1.2); and β, an empirical coefficient (𝛽⁡⁡= 1).  

The displacement height is calculated as: 

𝑍d

⁡𝑍ℎ
= 1 + 𝛼−𝜆PA(𝜆pa − 1)                            (3.20) 

where the plane area density of obstacles (𝜆pa) is calculated for grids of 100 m 

resolution and the empirical coefficient, α, is taken equal to 4.43.  

The Monin-Obukhov length (L) and the stability functions, Ѱm and Ѱh,   for 

momentum  and heat, respectively, for the study area are calculated as suggested by 

Brutsaert (1982) as -50, 1 and 0.19, respectively,  .  

The roughness length of heat (z0h) is calculated for each grid cell using the method of 

Brustead (1982)  

z0h=z0m [7.4 exp (-1.29 Re
* 0.25

]      (3.21) 

where z0m
 
is the roughness length of momentum (equation 19), and Re

* 
 = z0m u

*
/v is 

the roughness Reynolds' number with a kinematic molecular viscosity, v, equal to 

1.461 ×10
-5 

m s
-1

.   
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3.2.7 Latent heat flux  

 Latent heat flux, Qlh, is calculated using the following equation (Kato and 

Yamaguchi, 2005). 

𝑄lh = [(
𝜌⁡𝐶𝑝

𝛾
) (

𝑒s⁡
∗−⁡𝑒a⁡

𝑟a+𝑟s
)]       (3.22) 

 where 𝑒s⁡
∗ ,⁡the saturation vapour pressure in hPa at the surface temperature is 

estimated using the TIR image, 𝛾 is the psychometric constant in hPa K
-1

 at the 

appropriate temperature and 
 𝑟s is the stomatal resistance in s/m.  

The magnitudes of the psychometric constants, 𝛾, are estimated from the temperature 

dependent thermodynamic properties given in Oke (1991).    

3.2.8 Ground heat flux 

 The surface temperature at a given location is dependent on surface energy balance. 

The ground heat flux is estimated as a fraction of the net radiation (Clothier et al. 

1986). Based on this theory, several investigators have attempted to define the 

ground heat flux as a function of net radiation and reflectivity in the red and NIR 

bands (Reginato et al., 1985; Clothier et al., 1986; Jackson et al., 1987; Kustas and 

Daughtry, 1990; Quattrocchi, 2004). Because of the strong relationship between soil 

heat flux, net radiation and vegetation cover, the basis of reflectivity in the near-

infrared wavebands are determined from the regression relationship given in Malek 

et al. (1997).    

Gsf = [0.774 - 0.324 (ρ NIR/ρRed))] RHF      (3.23) 

where ρ is the reflectance of ASTER NIR band (Band 3) and red band (Band 2). 

Several studies have calculated ground heat as a fraction of net radiation, in which 

surface cover fractions are equivalent to the land-use class. This study followed a 

simple method where the vegetational cover fractions are calculated for the visible 

and near infrared bands of the images. For night time images, the closest surface 

cover fraction estimated from the previous daytime images are used assuming that 

the cover does not change during the intermediate period.  
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3.3 Results and Discussion 

3.3.1 Surface emissivity   

 Temperature determined for the daytime image of 30
th

 November 2007 using 

different emissivity techniques was compared with the temperatures measured on the 

field using thermocouple data loggers. Figure 3.3 shows the difference between 

satellite measured surface temperature and those measured using thermocouple data 

loggers. It is observed that the estimates from the reflectance method are much closer 

to the field measurements than the TES and reference channel methods. The 

temperature difference values range from 0.2 to 2.3 
o
C, 0.15 to 5.6 

o
C, and 2.6 to 8.6 

o
C for the reflectance method, normalization method and reference channel method, 

respectively. The new reflectance emissivity techniques i.e. reflectance method 

exhibits the least deviation from the field measured temperature values. While 

considering the accuracy of data logger (1 
o
C) the reflectance method enables one to 

map surface temperature better than other two methods. In the present study, the 

temperatures measured at 10 locations are used as reference values in a manner 

including homogenous (at least 90 m × 90 m) concrete and grassy surfaces. The 

measurement period was ± 15 minutes to the satellite overpass time. The details of 

measurement location is given in Table 3.4.  The new reflectance emissivity method 

works well over concrete and grassy surfaces.   

 

Figure 3.3 Temperatures measured using three different emissivity techniques. The measurement 

was carried out at different surfaces during the image overpass time. 
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Table  3.4 Difference between Satellite measured  (Applied different emissivity technique) and field 

measured temperature and the detail of measurement locations. 

 
 

3.3.2 Albedo 

Surface albedo values are difficult to validate. However, the study used the net 

radiation value measured by Fung et al. (2009) as a reference to validate albedos 

measured over a rural concrete surface at Ta Kwu Ling, located at 22° 31′ 43″ N 

Latitude and 114° 09′ 24″ E Longitude. This is the site of one of the oldest weather 

station in Hong Kong. It is 24 km north of Kowloon and 15 m above mean sea level. 

Since it is on flat land surrounded by hills, urban and maritime influences are 

negligible (Fung et al., 2009). The net radiometer is mounted 1.8 m above the 

ground so that the circumference of the coverage is 18 m over the concrete surface of 

an area of 20 m × 20 m (Fung et al., 2009). The net radiometer (CNR 1 from Kipp & 

Zonen) has two Pyranometers operating from 0.3 to 3 m wavelengths of solar 

radiation and two Pyrgeometers (5 to 42 m wavelengths of infrared radiation), with 

one pointing up and one down.  

Time Latitude Longitude 
Land 

cover 

Deviation of satellite measured surface temperature 

from the ground measurement ( ͦ C) 

Reflectance 

method 

TES 

method 

Reference 

channel method 

10:45 22.3274 114.1740 
concrete - 

basketball 
1.4 2.5 4.4 

10:48 22.3274 114.1742 
concrete - 

basketball 
0.8 2.6 4.9 

10:52 22.3273 114.1743 
concrete - 

basketball 
1.6 2.1 4.4 

11:00 22.3279 114.1743 
concrete - 

football 
2.3 5.2 7.5 

11:02 22.3278 114.1744 
concrete - 

football 
1.9 5.6 7.9 

11:04 22.3279 114.1745 
concrete - 

football 
2.0 5.7 8.0 

11:10 22.3284 114.1745 
concrete - 

football 
0.8 5.6 8.2 

11:13 22.3284 114.1747 
concrete - 

football 
1.2 5.8 8.3 

11:16 22.3283 114.1748 Grass 0.2 5.8 8.4 

10:49 22.0314 114.2063 Grass 0.2 0.2 2.6 
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 Three separate shortwave broadband albedo (αswb) values (Table 3.5) were 

calculated using the method suggested by Liang et al. (2000). They  are: a) TOA 

albedo (for albedo calculation radiance value without atmospheric correction were 

used), b) Albedo using the 6S user defined model (for albedo calculation AST ER 

bands were atmospherically corrected using 6S user defined model),  and c) Albedo 

using the 6S predefined model (for albedo calculation ASTER bands were 

atmospherically corrected using 6S predefined model). The corresponding albedo 

values (αswb in Table 3.5)  are 0.187 (TOA), 0.146 (6S-user defined), and 0.42(6S-

Predefined). The albedo value estimated using remote sensing methods at the 

location are compared with the albedo value of 0.16 measured using the net 

radiometer at the same time. The albedo estimated from the user-defined model is 

much closer to the field measured value (Table 3.5). The percentages of deviation 

are 2.8, 1.3 and 26 for albedo estimated using TOA, 6S user defined, and 6S 

predefined models respectively.     

The results suggest that the atmospheric and aerosol conditions described using local 

measurements in the atmospheric correction (Ozonesonde and Sun-Photometer) 

represent the surface characteristics better than bands used without atmospheric 

correction and bands corrected using predefined models. The result are given in 

Table 3.5. 

Table 3.5 Net radiation values estimated using different albedo and emissivity values 

Trial* 
s αswb Ts 

(
0
C) 

Ta 

(
0
C) 

RHF 

( W m
-2

) 

RHF –RF 

( W m
-2

) 

RHF –RF 

(%) 
αswb – αF 

(%) 

1 0.866 0.187 29.305 23.514 504.811 87.811 17 2.8 

2 0.866 0.146 29.305 23.514 488.207 71.207 15 1.3 

3 0.866 0.420 29.305 23.514 259.056 -157.944 61 26 

4 0.960 0.187 24.280 23.514 499.850 82.850 17 2.8 

5 0.960 0.146 24.280 23.514 483.240 66.240 14 1.3 

6 0.960 0.420 24.280 23.514 254.980 -162.020 64 26 

7 0.993 0.187 22.390 23.514 498.099 81.099 16 2.8 

8 0.993 0.146 22.392 23.514 481.490 64.490 13 1.3 

9 0.993 0.420 22.392 23.514 252.344 -164.656 65 26 

           *Refer table 3.6 for combinations of emissivity and albedo used in each trial. 
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Where, surface emissivity ( s) (estimated using reflectance, TES, and Reference 

channel methods), shortwave broadband albedo (αswb) (estimated using TOA, 6S-

user defined and 6S-predefined models), surface temperature (Ts) (estimated using 

three different emissivity techniques), Air temperature (Ta) and net radiation (RHF) 

were measured from the satellite image. RF is the field measured net radiation 

(417 W m-2), and αF is the albedo measured using net radiometer at 11 a.m. 

that is close to the satellite overpass time (11.04 a.m.) on 30th November 

2007. The net radiation estimated using remote sensing depends greatly on the 

albedo of the surface material. Therefore, the closest satellite measured net radiation 

to the field measured net radiation can be used to identify a better method of 

estimating shortwave broadband albedo.  

For trial 2, 5, and 8, the net radiations exhibit minimum deviations (71.20, 66.24, and 

64.49 W m
-2

, respectively) from the corresponding field measured values. The net 

radiation deviation ranges between 13 and 15 percent for albedo values computed 

from user-defined models, which are much smaller than those obtained from other 

methods.   

The combinations of emissivity and albedo used in net radiation estimation are given 

below 

Table 3.6 Combinations of surface emissivity and shortwave broadband albedo used in Table 3.5 

Trial Emissivity ( s) Albedo (αswb) 

1 Reflectance method TOA Shortwave broadband 

2 Reflectance method Shortwave broadband (6S - User defined model) 

3 Reflectance method Shortwave broadband (6S - Predefined model) 

4 TES method TOA Shortwave broadband 

5 TES method Shortwave broadband (6S - User defined model) 

6 TES method Shortwave broadband (6S - Predefined model) 

7 Reference-Channel method TOA Shortwave broadband 

8 Reference-Channel method Shortwave broadband (6S - User defined model) 

9 Reference-Channel method Shortwave broadband (6S - Predefined model) 
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3.3.3 Anthropogenic heat and its components over Hong Kong 

In this study, the net radiation, sensible heat, ground heat, and latent heat flux values 

were calculated for 13
th

 September 2008 and used to represent  the spatial 

distribution and intensity during daytime. The cloud free ASTER images of 13
th

 

August 2008 and 13
th

 September 2008 are used to represent night and daytime 

anthropogenic emissions. See Chapter 6 for detailed seasonal analysis. 

The net radiation values (Figure 3.4) range between 228 and 551 W m
-2

 with the 

maximum values found over water surfaces and the minimum ones over open ground 

and vegetation. This is probably due to the emissivity of water which emits most of 

the insolation, while building materials absorb part of the incoming radiation, which 

is released later as sensible heat flux (Figure 3.5).    

Larger differences between the surface and air temperatures along with a complex 

surface morphology over urban regions result in higher sensible heat values being 

estimated by the aerodynamic resistance method. Since the aerodynamic resistance 

parameters are calculated using 3D building files, the study focussed on sensible heat 

over the urban areas. The negative values shown in Figure 3.5 are at pixels for which 

aerodynamic parameters are not calculated. The intensity of sensible heat is higher 

over the dense commercial and residential areas (e.g., Sham Shui Po and Mong 

Kok), while the maximum emission is about 475 W m
-2

.  

The latent heat (Figure 3.6) is calculated based on the aerodynamic properties of 

urban surfaces. Therefore, this study has focused on urban areas alone. The spatial 

distribution is almost similar to that of the sensible heat flux, and the maximum 

latent heat was observed to be 7 W m
-2

.  The increase in sensible and latent heat 

values over urban areas is probably associated mainly with emissions from air 

conditioning and traffic.  
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Figure 3.4 Net radiation heat flux for the daytime image of 13
th

 September 2008 at 11.04 am 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Sensible heat flux for the daytime image of 13th September 2008 at 11.04 am. 



Anthropogenic heat flux modelling of Hong Kong using a remote sensing approach ǀ Chapter 3 

 

47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7 Ground heat flux for the daytime image of 13th September 2008 at 11.04 am. 

 

Figure 3.6 Latent heat flux for the daytime image of 13th September 2008 at 11.04 am. 
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In this study, ground heat (Figure 3.7) value is calculated as a fraction of net 

radiation values. The maximum ground heat, 318 W m
-2

, was observed over the 

water surfaces on the late summer time image when the see is relatively warm. 

However, only pixels over land areas are considered for anthropogenic heat flux 

computation.  

Anthropogenic heat values estimated over the urban area of Kowloon are shown in 

Figure 3.8. As expected higher emissions are observed over pixels containing high-

rise buildings and roads with higher traffic density. No anthropogenic heat emission 

is observed over vegetation surfaces.  

 

 

 

 

 

 

 

 

 

Figure 3.8  Anthropogenic heat flux for the daytime image of 13th September 2008 at 11.04 am. 

 

3.3.4 Diurnal variation of anthropogenic heat emissions 

During the day, anthropogenic heat emissions are higher over commercial areas, 

whereas at night (Figure 3.9) they are higher over residential areas. Which is 

expected due to commuting patterns. The intensity of anthropogenic emissions is 

much higher during the day with the maximum equalling 278 W m
-2

, whereas night-
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time exhibits lower intensity of 64 Wm
-2

.  Similarly, the mean of anthropogenic heat 

is higher during daytime at 63 Wm
-2,

 and lower during night-times, at 10.7 W m
-2

. 

The mean values are calculated from pixels with emissions, but neglecting pixels 

with negative values for which morphometric parameters are not calculated. The 

extremely high use of air conditioners in Hong Kong’s commercial areas and huge 

traffic flows contribute heavily during the day, while night time emissions originate 

only from buildings and mostly in residential areas.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9  Anthropogenic heat flux for the night time image of 13th August 2008 at 10.42 pm. 
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Figure 3.10  Scatter plots of anthropogenic heat flux values for each pixel as estimated during the 

daytime (a) and the night-time (b). 

 

Figure 3.10 shows the anthropogenic heat emissions during day as well as night-

time. The smaller numbers of pixels (100 m × 100 m) exhibiting positive values of 

anthropogenic heat emissions during the day than those during night may be due to a 

lag in sensible heat stored in buildings. However, the intensities are much lower than 

those during daytime due to reduced anthropogenic activity.  

The anthropogenic heat values estimated using remote sensing, for daytime and 

night-time, as well as for summer and winter seasons, will be compared with and 

evaluated against anthropogenic heat values estimated using other models in Chapter 

6.

(a)     (b) 
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Chapter 4 

ANTHROPOGENIC HEAT FLUX MODELLING OF HONG 

KONG USING LUCY 

4.1 Introduction 

 Anthropogenic heat generated in urban areas has been modelled for a number of 

cities around the world, for example, Tokyo, London, and Manchester. Estimates 

have been provided over a horizontal grid, sometimes with a vertical third dimension 

(Allen et al., 2011). The spatial resolution has ranged from 100 m
2
 cells (Grimmond, 

1992; Pigeon et al., 2007) to 200 m
2
 (Smith et al., 2009), to 250 m

2
 (Ichinose et al., 

1999). Klysik (1996) and Sailor & Lu (2004) estimated emissions of different cell 

sizes at a local area level, based on land use polygons. Others have focused on 

individual city blocks, taking into account the building geometries and temperature 

changes at different altitudes above the ground surface (Kondo and Kikegawa, 

2003). Flanner (2009), Makar et al. (2006), and Allen et al. (2011) estimated 

anthropogenic emissions worldwide, based on global datasets.  

In this study, Large scale Urban Consumption of EnergY (LUCY), a global 

anthropogenic heat model is customized for Hong Kong. The results of LUCY 

(original version) have been compared with other anthropogenic heat models of 

London, New York, Tokyo, San Francisco, Vancouver, Manchester, Beijing and 

Houston (Allen et al., 2011). LUCY considers diurnal and seasonal variations of 

global anthropogenic heat emissions at a high spatial resolution (Allen et al., 2011).  

It is possible to improve the spatial accuracy of LUCY if an input population dataset 

of higher resolution is available. Developments such as spatial averaging and 

improvement’s in the temperature scheme of LUCY (Lindberg et al., 2013) are 

enabling to use it for finer resolution. LUCY has gone through several versions since 

its beginning, with significant changes being made in each version, with LUCY 

v2013a being the most recent. The version of LUCY customized for Hong Kong is 

named LUCY-HK.  
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4.2 Methodology 

 

 The majority of anthropogenic heat models are based on a simple partition of 

anthropogenic heat emission sources: metabolic, building and vehicular (Sailor & 

Lu, 2004; Grimmond, 1992). Some have omitted metabolic heat emission as it is 

usually small ─ less than 3% of measured anthropogenic heat (Sailor and Lu, 2004). 

At the other extreme, some studies have focused on building heat emission, which 

accounts for most of the anthropogenic heat (Hamilton et al., 2009). 

LUCY-HK is based on a partition of anthropogenic heat similar to that used by 

Grimmond (1992) and given in equation 4.1. The algorithm of LUCY-HK is in line 

with LUCY v2013a, but with a few changes included. The changes are discussed 

here with reference to the anthropogenic heat components: 

𝑸𝒂𝒉𝒇 =⁡𝑸𝒎𝒆𝒕 + 𝑸𝒗𝒆𝒉 +⁡𝑸𝒃𝒖𝒊⁡⁡        (4.1) 

where, Qahf is the anthropogenic heat flux, Qmet, Qveh, and Qbui are the metabolic, 

vehicle and building heat components of anthropogenic heat emission, respectively. 

Humans release metabolic heat, Qmet, throughout the day with the amount of 

emission depending on the metabolic activity of the body. As vehicles travel along 

roadways, they release heat and moisture resulting from the combustion of fuels, 

called vehicle heat (Qveh) (Sailor, 2011). Building heat (Qbui) is the waste heat 

released from buildings as a result of the energy consumed for lighting, heating, 

ventilation and air conditioning.      

In LUCY-HK, Qveh and Qbui are not measured directly from the emission sources; 

they are appraised based on the population density at each pixel (Allen et al., 2011). 

The detailed methodology of all the Qahf components is explained below and the 

workflow is presented as a flowchart in Figure 4.1. 
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           Figure 4.1 Flowchart of LUCY-HK’s anthropogenic heat model using a top-down approach. 
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4.2.1  Metabolic heat  

Metabolic heat emission (Qmet, Wm
-2

) is calculated using the following equation 

𝑸𝒎𝒆𝒕 = 𝑷𝑫(𝒕) ∗ 𝑴𝒆𝒕𝒆𝒎(𝒕)                          (4.2) 

where PD is the population density per grid cell (km
2
) as a function of hour of the 

day and Metem is the amount of energy released per person as a function of hour of 

the day (W). In order to convert Wkm
-2 

into Wm
-2

, the cell is multiplied by 10
6
. In 

Sailor and Lu (2004), the diurnal pattern of metabolic emission, Metem, is adopted 

with 75 W (minimum) during sleep, 175 W (maximum) during periods of higher 

physical activity, and 125 W during periods of moderate physical activity. In this 

model, the metabolic periods used are 8 am to 10 pm (175 W), 7 am and 11 pm (125 

W) and, 12 am to 6 am (75 W). Hong Kong’s typical working hours are used to set 

the active metabolic period (extracted from World Travel Guide, 2013). Figure 4.2, 

shows the function of metabolic heat emission with respect to time.    

 

 

 

 

 

 

 

 Figure 4.2  Hourly metabolic heat emission (Metem) per person used in LUCY-HK. 

 

In LUCY v2013a, the input population density, PD, is a constant (inter cell 

movement is not incorporated) during the entire diurnal cycle; whereas, LUCY-HK 

uses integrated population density values (densities of day and night) for the diurnal 

cycle. Since data on daytime populations are not collected as a part of the census in 
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Hong Kong, this study calculates them from the geographic characteristics of 

working population as provided in Census data (Census and Statistics Department of 

Hong Kong, 2014). The population of Cases (1- 4) (see below) is available at the 

TPU (Tertiary Planning Unit) level. But, it is not sufficient to estimate daytime 

populations. Hence, in this study, the land use data obtained from the Land 

Department of Hong Kong is used to redistribute worker and student populations 

during the daytime.  

Case 1: People working/studying within the same TPU; 

Case 2: People working/studying in other TPU but inside the same district; 

Case 3: People working/studying in other larger census divisions, namely Hong 

Kong (HK), Kowloon (KW) and New Territories (NT); 

Case 4: Not working. 

Population from cases (1) and (2) are summed up to calculate PD1 (population 

density of people remains in a same TPU during daytime). People living on vessels 

and people who do not have permanent places of work are included in Case (1). 

Persons staying outside Hong Kong for seven days before the Census are considered 

as workers outside the country, and excluded from the calculation. The workers and 

students of Case (2) are distributed to other TPU’s within the district, and the density 

is calculated as PD2. In Case (3), the area of census division is significant, and the 

exact location of migrated population is not available, therefore it is distributed 

based on the type of land use.  

The number of people working within each larger census division is first aggregated 

and later transformed, based on the percentage of people working in different land 

use types (Table 4.1).  
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Table 4.1 Percentage of people working in different land use classes, extracted from the occupation of 

people in Hong Kong: Census and Statistics Department of Hong Kong (2013).  

 

 

 

  The area of land use polygons within larger census divisions and the 

population distributed on it are used to calculate population density (PD3a) of each 

land use polygon.  The student population of the larger census division is distributed 

among the lands of educational institutions, and then the area of the educational 

institutions and population distributed are used to calculate PD3b. Finally, PDday is 

calculated by adding all the daytime densities  

        PD day = PD1 + PD2 + PD3(a+b)          (4.3) 

Equation 4.3 is not applicable on public holidays, and weekends, when most people 

are expected to stay at home or to travel to places that are occasional. The estimated 

daytime population is vital for LUCY-HK because it depends mostly on the 

population data. Its sensitivity to population density is shown in Figure 4.9. The 

time-dependent population density PD(t) is calculated using Equation 4.4 

      PD(t) = PDday * PF + PDnight * (1 - PF)             (4.4) 

Where, PDday is the daytime population density, and PDnight is the night time 

population density (density based on unchanged census population). The population 

fraction (PF) (Table 4.2) is used to integrate population density of day and night. 

Figure 4.3 represents the integration of two population densities with respect to the 

time of the day.   

Land use type Percentage  of Workers  

Residential 22 

Commercial/Business 39 

Industry 4 

Governmet, Institution or Community  35 
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Figure 4.3 Population density PD(t), used in LUCY-HK as a function of hour of the day. 

 

Table 4.2  Hourly population fraction (PF) integrates two population densities of day and night in 

LUCY-HK. 

  

 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Hour Fraction  Hour Fraction 

1 0  13 0.7 

2 0  14 0.7 

3 0  15 0.7 

4 0  16 0.6 

5 0  17 0.5 

6 0  18 0.3 

7 0.1  19 0.2 

8 0.2  20 0.1 

9 0.3  21 0 

10 0.5  22 0 

11 0.6  23 0 

12 0.7  24 0 
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Figure 4.4  Mean Qahf determined in LUCY- HK (11-October-2012), using integrated population 

density (calculated in this study) and census population density (used unchanged Census population).  

 

 

Figure 4.5  Maximum Qahf determined in LUCY- HK (11-October-2012), using integrated population 

density (calculated in this study) and census population density (used unchanged Census population).

  

Figures 4.4 & 4.5 show the mean and maximum values of Qahf, using the integrated 

and original population datasets, respectively. The mean value of Qahf is identical 

because the mean of population density used remains the same in both datasets and is 
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not affected by the redistribution of daytime population. However, due to augmented 

population density at the place of work during daytime, the intensity of Qahf as 

measured using the combined population density values is higher when compared to 

density estimated using the census data.    

4.2.2  Vehicle heat  

Vehicle emission is calculated based on the average number of cars, motorcycles, 

and freight vehicles (including buses) per 1000 people, from the data collected by the 

EPD (2014). In LUCY v2013a, the vehicle population of all countries is taken from 

the IRF World Road Statistics (Worldmapper, 2011).   

The vehicle emission (Qveh, Wm
-2

) is calculated using the following equation: 

 

𝑄𝑣𝑒ℎ =
[𝑉𝑐𝑎𝑟⁡⁡⁡⁡⁡⁡𝐸𝑐𝑎𝑟+⁡𝑉𝑚𝑜𝑡⁡⁡⁡⁡⁡𝐸𝑚𝑜𝑡+⁡𝑉𝑓𝑟𝑖⁡⁡⁡⁡⁡⁡𝐸𝑓𝑟𝑖⁡⁡⁡]𝑉𝑓𝑎𝑐⁡⁡⁡∗⁡24⁡∗⁡𝑃𝐷⁡⁡∗𝐷⁡∗⁡𝐻𝑓𝑟𝑎⁡

3.6∗1012
⁡⁡⁡⁡           (4.5) 

 

where Vcar is the number of cars per 1000 people, Vmot is the number of motorcycles 

per 1000 people; Vfri is the number of freight vehicles per 1000 people. Ecar, Emot, and 

Efri are the average emission factors of cars, motorcycles and freight vehicles in Wm
-

1
, respectively. Vfac is a multiplying factor used to change the total number of 

vehicles, D is the distance travelled over an hour (m), and Hfra is the hourly fraction 

of the daily number of vehicles. The daily maximum vehicle total can be obtained by 

multiplying the hourly number of vehicles by 24. A conversion to W m
-2

 is needed, 

therefore the population is divided by 10
3

, and the hourly total is divided by 3600 (s) 

to get the average hourly vehicle emission. The emission factor for each vehicle is 

calculated based on the speed of the vehicle. In LUCY-HK, the vehicle speed is 

taken to be uniform over the study area, and limited to 16, 24, 32, 40, 48, 56 and 64 

km/hr. The sensitivity of speed in LUCY-HK suggests that the intensity of Qahf  to 

speed is not significant.  
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Vehicle emissions for speeds 24 and 48 km/hr on 11-October-2012 are shown in 

Figure 4.6. The increase in speed (24 to 48) raises the mean Qveh by 0.1-0.2 W/m
-2

; 

maximum difference is observed during peak hours (9 am to 6 pm). The difference 

in speed shows nominal impact on the mean Qveh. Therefore, using a uniform speed 

in LUCY-HK is acceptable. 

 

 

Figure 4.6  Hourly mean vehicle emission (Qveh) determined in LUCY-HK, on 11-October-2012 at the 

speed of 24 and 48 km/hr.   

 

The emission factors of the vehicles used in LUCY-HK are obtained from EPD 

(2014). The emission factors of LUCY v2013a are extracted from Smith et al. 

(2009).   

 Vfac is fixed at 0.7 (assumes 70% of the vehicles is on the road), and   the diurnal 

profile depends on the period (time) and the day (weekday, weekend or public 

holiday). Information concerning public holidays is extracted from Worldmapper 

(2011). The diurnal pattern used in LUCY-HK is similar to that used in Allen et al. 

(2011). The variable Hfrac depends on the type of the day (weekend/ weekday). The 

morning and evening peaks are estimated at 7.1% and 7.5 % of daily total traffic. 

Weekend total traffic volumes are assumed to be 20% less than weekdays (Allen et 

al., 2010).  
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4.2.3  Building heat 

 

Building heat is calculated based on the annual total end-use energy of buildings, 

available in Census and Statistics Department (2014). This energy data was 

originally collected by the Electrical and Maintenance Service Department. Heat 

emission of the building (QB, Wm
-2

) is determined using the following equation:  

 

𝑄𝑏𝑢𝑖 =
𝐸𝐶⁡⁡⁡𝑃𝐷⁡⁡⁡𝐻𝐸⁡⁡𝑇𝑠𝑓

𝑃𝑡⁡⁡⁡8.76∗106⁡
⁡⁡⁡          (4.6) 

 

where, EC is the total energy consumption in kWh, HE is the hourly energy use, and 

Tsf  is the mean monthly temperature estimated relative to the balance point (Ruth and 

Lin, 2006); (Allen et al., 2011). Further, Pt is the total population of Hong Kong 

during iteration, and PD is the population density estimated in this study.  

  

In LUCY-HK, end-use energy is preferred over primary energy consumption drawn 

from International Energy Statistics for each country (EIA, 2013) which was 

originally used in LUCY v2013a. The EIA data of Hong Kong originated from the 

Census and Statistics Department of Hong Kong. Comparisons between the two 

datasets and the purpose of using end-use energy in LUCY-HK are clarified below.  

Case 1: The primary energy consumption in any country in the EIA database is 

based on the energy (petroleum, dry natural gas, coal and electricity) import into the 

country.  The imported products are converted directly into primary energy using 

standard combustion rates without considering any losses (EIA, 2009).  

Case 2: End-use energy data of Hong Kong are measured at buildings in various 

sectors (residential, commercial, and industrial) (Electrical and Maintance Services 

Department 2014). The electricity and gas consumption at each building of Hong 

Kong is gathered as monthly and annual end-use energy of Hong Kong.  
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Using primary energy (Case 1) consumption to estimate Qbui in LUCY-HK 

overestimates building heat emission significantly because, conversion and 

transmission losses in Hong Kong accounts for 39% of total energy use, compared 

with 15.8% in the United States (Newcombe, 1975). The rate of conversion and 

transmission might decrease over time; however, the loss of energy during 

production may continue to remain significant. Moreover, in Hong Kong, imported 

fuels are not consumed entirely; after consumption, some are stored for future 

demand while others are exported to China (Electrical and Maintenance Services 

Department, 2014). Hence, application of end-use energy values to estimate Qbui in 

LUCY-HK may be appropriate when it is assumed that the electricity and gas 

consumed by buildings are equal to the energy released at the building. The annual 

energy is fragmented into hourly energy consumption (neglecting the time delay of 

storage heat mission). Results from using primary energy and end-use energy on Qbui 

of LUCY-HK are presented in Figure 4.7. 

The end-use energy data are converted from terajoules to kilowatts per hour, and 

multiplied by 1000 to arrive at watts per hour, and then divide the result by the 

number of hours in the year (8,760).  

 

Figure 4.7  Building heat emission (Qbui) on 11
th

-October-2012 of LUCY-HK using (a) End-use 

energy (Electrical and Maintanance Services Department, 2014) and (b) Primary energy (EIA, 2013).  
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Air temperature is a significant factor in estimating energy use within buildings. It 

causes increased use of heating in winter or air conditioning during the summer. This 

building energy use, which is a significant portion of the total energy used (Eiker, 

2009), results in heat release externally into the urban environment (Lindberg et al., 

2013). The internal temperature of the building is considered thermally comfortable 

at a threshold termed the temperature balance point (TBP); deviation from the 

balance point results in an increase in energy requirement either for heating or 

cooling (Lindberg et al., 2013). Nicol and Humphreys (2002) found this temperature 

balance point to be equivalent to a monthly average air temperature of 12
o
C, the 

value found to be valid in different regional climates (Lindberg et al., 2013); 

Different climatic regions and different building types can have different balance 

point temperature (Amato et al., 2005). Hence, the identification of suitable balance 

point for Hong Kong is necessary.  

Two climatic indices, namely cooling degree-day (CDD) and heating degree-day 

(HDD) (Lee et al., 2010), are used here to define the balance point temperature or 

the base temperature (a temperature used to define CDD and HDD).  CDD has been 

used to assess the climate impact on cooling energy consumption in subtropical 

climate regions (Lam, 1995). HDD has commonly been utilized to evaluate the 

heating requirement in temperate and cold climatic regions (Eto, 1988; Day and 

Karayiannis, 1999; valour et al., 2001; Lee et al., 2010).  

  

CDD and HDD specify the condition of cooling or heating respectively, during a 

given period. These two parameters are used to identify the number of hot and cold 

days of a place. Monthly CDD (HDD) is the monthly mean of the differences 

between the daily average air temperatures and the balance point temperatures. The 

larger the magnitude of CDD (HDD), the more cooling (heating) is required (Lee et 

al., 2010). 

 

In LUCY v2013a, Lindberg et al. (2013) define HDD (CDD) in relation to national 

income which varies with time (t, years). For each year, HDD and CDD are 

calculated relative to 12
o
C using the Wilmot et al. (2009) 0.5×0.5 degree terrestrially 
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gridded monthly temperature dataset (available for 1901–2008). The combined total 

annual HDD and CDD (HDD + CDD) are determined for each country for each year 

(Lindberg et al., 2013).  

In the case of LUCY-HK, the gridded temperature dataset of Wilmot et al. (2009) is 

swapped with the monthly mean air temperature measured at Hong Kong 

observatory.  A uniform temperature grid of 100m by 100m (similar to the grid in the 

population dataset) is created, and it is assumed that the heating and cooling 

demands are uniform throughout the study area.   

Nicol & Humphreys (2002) identified the comfortable temperature of a ventilated 

building as 18
o
C, when the outside air temperature is 12

o
C. The comfortable indoor 

temperature (Tcf) can be expressed in terms of the mean outdoor air temperature (Tod) 

as  

Tcf = 13.5 + 0.54 Tod       (4.7) 

Equation 4.7 can be used to determine the balance point temperature of Hong Kong, 

but free-running ventilated buildings in Hong Kong are very few, and measuring the 

balance point locally from the air temperature is beyond the scope of this study. 

Hence, the balance point commonly used in previous studies in Hong Kong is used 

while executing LUCY-HK. Lam (1995) conducted a study based on 33 years of 

measured weather data to identify CDD and HDD for Hong Kong and suggested the 

balance points of 18
o
C and 24

o
C, respectively, for residential and commercial 

buildings in Hong Kong. However, the study was limited to commercial and 

residential buildings alone; which may not be suitable for other types of buildings in 

Hong Kong. Meanwhile, Minstry of Housing and Urban-Rural Development of the 

People's Republic of China (2005) suggest separate balance points for CDD (26
o
C) 

and HDD (18
o
C). It is widely adopted in several studies of Hong Kong observatory; 

hence, it is also used in LUCY- HK.  

The balance point has a substantial impact in building heat (Qbui) estimation. The 

sensitivity of LUCY-HK to the balance point can be described as a sensitivity graph. 

Figure 4.8 shows the response of building emission (Qbui) to different balance point 



Anthropogenic heat flux modelling of Hong Kong using LUCY ǀ Chapter 4 
 

65 
 

(Table 4.3) used in a day, where 12
o
C is used in LUCY v2013a, 18

o
C is proposed by 

Nicol & Humphreys (2002), 21
o
C ─ the mean value of the recommended balance 

point of Lam (1995) (commercial buildings: 18
o
C and residential buildings: 24

o
C), 

and 26
o
C & 18

o
C as suggested by Minstry of Housing and Urban-Rural 

Development of the People's republic of China (2005).    

 

Figure 4.8  Hourly building heat emission Qbui response to different balance points in LUCY-HK for 

11
th

 –October-2012. 

 

Table 4.3  Different balance points used in LUCY-HK and its sources 

Balance point  
o
C Source 

12 LUCY v2013a 

18 Nicol & Humphreys (2002) 

21 Lam (1995) 

26 CDD &18 HDD 

Ministry of Housing and Urban- 

Rural Development of the People 

Republic of China (2005) 
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4.2.4  Spatial averaging 

 

The magnitude of the anthropogenic heat flux is highly dependent on the spatial 

scale at which it is estimated (Lindberg et al., 2013). In cities, pixels with higher 

values of Qahf are associated with large buildings and busy roads. The increase in 

spatial resolution increases Qahf over urban areas and Qahf is reduced when spatial 

resolution is minimized. Lindberg et al. (2013) examined LUCY v2013a at different 

spatial resolutions in London. It is useful to resample input datasets of different 

spatial resolutions into a standard spatial resolution and enable the derivation of the 

output at any spatial resolution irrespective of the input resolution. The importance 

of choosing an appropriate spatial resolution and the intensity of Qahf at various 

spatial resolutions is discussed in Lindberg et al.  (2013). 

In this study, the output spatial resolution of LUCY-HK is limited to 100m ─ similar 

to the input dataset resolution of 100m by 100m.  However, in principle, LUCY-HK 

is capable of working at any spatial resolution.   

 

4.3 Results and Discussion  

 

The output from LUCY-HK is generated as hourly grids in ESRI ASCII format. A 

video file to display spatial variations during the diurnal cycle is recorded in .avi 

format. Descriptive statistics such as mean, median, minimum, maximum, standard 

deviation and IQ are calculated for all the elements of Qahf for each hour and stored 

in a text file.     

4.3.1  Sensitivity of LUCY-HK to various input parameters  

 

The sensitivity of LUCY-HK to changes in the variables is examined by changing a 

single variable over a day (17
th

 September 2009) in Figure 4.9. It is tested with 10% 

increase and decrease in the input variable. Anthropogenic heat (Qahf) increases for 

each variable increase, and decreases when each variable is reduced.  

  



Anthropogenic heat flux modelling of Hong Kong using LUCY ǀ Chapter 4 
 

67 
 

 

Figure 4.9  Sensitivity analysis of a +10% and -10% changes to variable in LUCY- HK  

 

Population density has the greatest impact on the results of LUCY-HK, with 10% 

increase in Qahf following a 10% change in the input population density. Air 

temperature changes the Qahf by 9% for a 10% change in input value. Energy 

consumption increases the Qahf by 8.5% from a 10% change in the input value. 

Emission standards and vehicle speed have less than 1% impact on the overall Qahf 

for a 10% change in the respective input variables.  

The sensitivity of balance point has been made separately using the values given by 

Ministry of Housing and Urban-Rural Development the People’s Republic of China 

(2005).  For a hot summer day (13
th

 September 2009), a 10% increase in CDD 

resulted in a 15% decrease in Qahf. i.e. CDD value increased by 10% reduces the 

cooling requirement by 15%.   
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4.3.2  Diurnal variation of anthropogenic heat flux 

 

The diurnal variations in anthropogenic heat over a day (30
th

 November 2007) are 

plotted in Figures 4.10 and 4.11. Note the higher anthropogenic heat releases during 

daytime with a maximum emission of around 680 W/m
2
 at 02 pm for a 100m spatial 

resolution. Building heat dominates other emissions of Qahf. Transition periods are 

associated with moderate emission, while the rest of the diurnal cycle experience 

relatively lowers anthropogenic heat flux.    

 

Figure 4.10 Hourly maximum emissions of Qahf and all its components in LUCY-HK as of 30
th

 

November 2007. 

 

Figure 4.12 shows the percentage contribution of each component of Qahf  for every 

hour. Note that with a mean of 82%, building emission dominates during the entire 

diurnal cycle while metabolic emission t contributes 15% and vehicle emission 

contributes 3% to total Qahf.  
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Figure 4.11 Hourly mean emissions of Qahf and all its components in LUCY-HK as of 30
th

 November 

2007. 

Figures 4.10 and 4.11 show similar diurnal patterns for the dates specified. The 

intensity of mean anthropogenic heat emission is lower than the maximum emission 

values. The higher Qahf emission values are observed over the urban areas other 

places exhibit relatively lower values. Higher emission values are seen during the 

afternoon (higher anthropogenic activity) and lower emissions over the remaining 

periods.  

 

Figure 4.12 LUCY-HK - Hourly contribution to anthropogenic heat (Qahf) by its components in 

percentage.  
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4.3.3 Spatial variation of anthropogenic heat during different time of the 

diurnal cycle  

 

Figures 4.13, 4.14, 4.15 and 4.16 are maps of anthropogenic heat as estimated for 31-

November-07 at 10 am, 02 pm, 06 pm and 11 pm respectively. The intensity of Qahf 

is quite high over commercial and residential areas but is lower or negligible at rural 

locations. During the day, Central and Wan Chai on Hong Kong Island, and a part of 

the Kowloon peninsula experience the greatest Qahf because of higher population 

densities in these places during working hours. During the night, suburban towns 

have greater Qahf.  

Figures 4.13 and 4.14 represent anthropogenic activity in the city during the day. 

Figure 4.16 shows the intensity of anthropogenic activity during the night over Hong 

Kong. Detailed spatial analyses of LUCY-HK for different times of  day and 

different seasons will be disused in chapter 6.   

The movement of population is accounted for in the spatial variability of Qahf 

intensity over time as estimated by LUCY-HK. Extracting pixels from urban areas 

alone will increase the mean value considerably. Otherwise, the value is 

considerably reduced  due to the majority of pixels being associated with rural areas. 

A detailed LUCY-HK over urban areas and comparison with other models (remote 

sensing and GIS based models) will be discussed in later chapters. Since urban areas 

are the primary focus of this study, the study area is reduced to part of Kowloon and 

Hong Kong Island for comparing model outputs. 

The Hong Kong international airport is excluded from LUCY-HK because the exact 

population density and the number of aircraft and the resulting emissions are not 

known.   
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Figure 4.13 Anthropogenic emission (Qahf) of LUCY-HK at 10 am on 30
th

 November 2007. 

 

 

 

 

 

 

 

 

 

 

Figure 4.14  Anthropogenic emission (Qahf) of LUCY-HK at 02 pm on 30
th

 November 2007.   
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Figure 4.15  Anthropogenic emission (Qahf) of LUCY-HK at 06 pm on 30
th

 November 2007. 

 

 

 

 

 

 

 

 

 

 

Figure 4.16   Anthropogenic emission (Qahf) of LUCY-HK at 11 pm on 30
th

 November 2007. 
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4.3.4 LUCY-HK: Limitation and suggestions for improvement  

 

As discussed earlier, the accuracy of LUCY-HK model output depends on the scale 

of input variables. Couple of improvement are possible in LUCY-HK which are left 

for the future works. a) For a highly dense city such as Hong Kong a 100 m 

resolution may not be sufficient to arrive at a detailed Qahf distribution. It can be 

improved by using a population dataset at scale less than 100 m, b) The monthly 

energy consumption data should be used instead of annual energy consumption and 

c) Temperature scheme should be modified to enable the model to be more sensitive 

to seasonal variations in Qahf. It can be obtained by using replacing uniform air 

temperature grid over the study area with air temperature measured across the city 

using automated weather stations. In such a case, the intensity of Urban Heat Island 

will be well accounted for.  
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Chapter 5 

ANTHROPOGENIC HEAT FLUX MODELLING OF HONG 

KONG USING A GIS BASED MODEL 

 

5.1 Introduction  

 

In the early decades of computer-based regional-scale atmospheric modelling, urban 

surfaces were poorly represented in models (Sailor, 2011). As interest grew, the 

scales and representations of the models have improved. Several studies were carried 

out quite early to understand urban thermal environments. Some used a simple 

modelling framework (e.g., Myrup, 1969; Richiardone and Brusasca, 1989; Anthes, 

1990; Sailor, 1995; Taha, 1996) that represented an urban area as a flat surface (soil) 

whose thermal properties are estimated as weighted averages of the construction 

materials used in the city (Sailor, 2011). Later studies (e.g., Masson, 2000; Lemonsu 

and Masson, 2002; Martilli et al., 2002; Otte et al., 2004; Dupont and Mestayer, 

2006) incorporated more sophisticated parameterisation schemes that sought to 

capture the impacts of urban morphology on energy and momentum exchanges 

(Sailor, 2011). 

 

Heat and moisture emissions associated with energy consumption were simply 

ignored in many urban climate studies (Sailor, 2011). The emissions included those 

from vehicles, humans and buildings in urban areas. Several studies estimated these 

at city scales using an inventory-based approach based on GIS (Geographic 

Information System) datasets (e.g., Grimmond, 1992; Ichinose et al., 1999; Smith, 

2009). The present study also uses a GIS-based inventory approach that is broadly in 

line with Smith et al. (2009) who had extended the work of Grimmond (1995). In the 

present study, Qahf-L and its components are calculated at a resolution of 100×100 m. 

Smith et al. (2009) limited the size of the output grid squares to 200×200 m, 

Grimmond (1992) and Pigeon et al. (2007) used 100×100 m, while Ichinose et al. 
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(1999) chose 250×250 m. The scale of an output grid cell impacts the selection of 

the input data sources and the output morphology of the urban surface. In view of the 

higher population density and complex urban environment, it is important to map 

anthropogenic heat emission at a finer scale in the case of Hong Kong. 

   

With a view to enabling the comparison of the results of the GIS model with those 

from a remote sensing-based model based on a 90 m pixel size and the LUCY-HK 

model, the output grid resolution of our model is 100×100 m. The emissions 

measured over the building and roads are aggregated for each 100 m grid square. 

 

5.2 Methodology  

 

The sources of anthropogenic heat (Qahf-L, Wm
-2

) are separated into three parts:  

Qahf-L = Qmet-L + Qbui-L + Qveh-L      (5.1) 

where, Qmet-L, Qbui-L, and Qveh-L are the metabolic, building and vehicular emissions, 

respectively. Although metabolic emissions are often assumed to be negligible 

relative to vehicle and building heat production, they are incorporated into our model 

for completeness (Smith et al., 2009). Similar to some previous studies (Ichinose et 

al., 1999; Kondo and Kikegawa, 2003; Betts and Best, 2004; Smith et al., 2009), the 

model considers anthropogenic heat emission to be equal to the energy consumed by 

the emission sources. The lag between consumption and emission of energy has 

implications for the diurnal anthropogenic heating profile (Smith et al., 2009). To 

compensate for the delay in emission, only a fraction is used. Details of the fractions 

used in our model will be discussed in the respective sections in this chapter dealing 

with metabolic, vehicular and building heat emission calculations. 

 

 In LUCY-HK, emissions are not calculated by the hour. Instead, the calculations are 

limited to the overpass times of the ASTER satellite, which are used to calculate the 

anthropogenic heat figures used in the remote sensing model. The night and day 

overpass times of ASTER in Hong Kong are close to 11 pm and 11 am, respectively. 
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Therefore, the model emission calculations are constrained to 11am on 30
th

 

November 2007, 13
th

 September 2008, and 22
nd

 August 2009, and 11pm on 31
st
 

January 2007, 13
th

 August 2008, and 17
th

 September 2009.   

 In this chapter, the anthropogenic heat values estimated for 22
nd

 August 2009 at 

11am and for 17
th

 September 2009 at 11pm will be discussed as daytime and night-

time examples, respectively. The spatial characteristics and the intensities of 

anthropogenic heat emissions and its components will be explained later in this 

chapter. Figure 5.1 shows the methodology used for calculating anthropogenic heat 

and its components.  
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Figure 5.1 Flowchart of GIS based anthropogenic heat model using a bottom-up approach. 
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5.2.1 Metabolic heat emissions (Qmet-L) 

 Emissions due to the metabolic activities of people are calculated based on the 

population density values of the respective grid cells. The rate of metabolism varies 

according to the activity level of people in a diurnal cycle, ranging from 70 W while 

sleeping to over 800 W for vigorous activity (Smith et al., 2009). As for Hong Kong, 

the population density of each tertiary planning unit (TPU) is extracted from the 

population census of the Census and Statistics Department of Hong Kong (2013). 

Daytime population values are used along with the Census population figures to 

create integrated population density figures. The integrated population density is 

utilized to estimate the metabolic heat emission of each grid cell. The methods used 

are similar to those used in LUCY-HK (see Chapter 4).  

 

5.2.2 Building heat emissions (Qbui-L) 

 

The emissions sourced from HVAC (heating, ventilation and air-conditioning) 

including cooking and other utilities within the building are quantified using a 

bottom-up approach. Due to difficulties in apportioning aggregated energy 

consumption statistics to a fine spatial resolution (Harrison et al., 1984), the present 

study has modified, the novel method utilized in Smith et al. (2009). The method 

allows buildings to be categorized according to their locations in the respective land 

use zones. Smith et al. (2009) used a random sampling method to quantify surface 

cover fractions (the proportional cover figures for different land surface types) of the 

Urban Morphology Types (UMT), and calculated the built footprint area by adding 

the total area of built surface cover in each UMT within a grid cell. Instead of 

estimating approximate proportional covers using randomly sampled grids, we 

derived the proportional surface cover fraction for each grid cell using the digital 

land use file obtained from the Planning Department of Hong Kong. The land use 

consists of 27 UMTs (listed in Table 5.1). For this study the map is divided into a 

uniform grid (a reference grid) of 100 m squares over the study area. The resulting 

UMT grid cell holds a unique number (referred to as the aggregate surface cover 

fraction of a UMT within the grid) when two or more polygons of the same UMT 
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fall within the grid. The UMT layer intersected with a uniform grid is overlaid into 

the three-dimensional building polygon at 1:5000 scale to calculate the built cover 

fraction inside each UMT. The built cover fractions associated with each UMT are 

exported as separate layers, and multiplied with the typical energy consumption of 

buildings in the UMT.  

The method used by Smith et al. (2009) for building heat (Qbui-L, Wm
-2

) estimation
 
is 

as follows: 

𝑸𝒃𝒖𝒊−𝑳 =
∑(𝑨⁡𝐔𝐌𝐓⁡𝑩𝑪𝐔𝐌𝐓⁡𝑬𝑪𝐔𝐌𝐓(𝒕))

𝐀𝐱
                                            (5.2) 

where, BCUMT is the built surface cover fraction of each UMT, ECUMT is the typical 

energy consumption of buildings associated with the UMT, and Ax is the area per 

grid square (100,00 m
2
).  

In this study, the above process is simplified by replacing the built cover fraction 

with the area of building in each UMT within the pixel:  

𝑸𝒃𝒖𝒊−𝑳 =
∑(𝑩𝑨𝐔𝐌𝐓⁡𝑬𝑪𝐔𝐌𝐓(𝒕))

𝑨𝒙
                                                 (5.3) 

where, Qbui-L is the building heat emission (Wm
-2

), BAUMT is the planar area of 

buildings associated with different UMTs in a pixel, EC is the typical energy 

consumption of buildings associated with the UMT, Ax is the area per grid square 

(100,00 m
2
).  

The method is further improved by considering the volume of the building instead of 

the building area. However, since the formula limits the use of volume, the volumes 

of buildings are normalized with the mean height of buildings in a pixel:  

𝑸𝒃𝒖𝒊−𝑳 =
∑(𝒏𝑩𝑨𝐔𝐌𝐓⁡𝑬𝑪𝐔𝐌𝐓(𝒕))

𝑨𝐱
                                  (5.4) 

where, nBAUMT is the normalized building area which is equal to the building volume 

divided by its mean height.   
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Table 5.1 Proportional built surfaces of each UMT and typical energy consumption as extracted from 

the Electrical and Maintenance Services Department for buildings of each UMT category. The UMT 

are categorized according to the recorded land utilization in Hong Kong (Planning Department, 2013).  

UMT Category  
Built surface cover 

fraction (BCUMT) 

Typical energy consumption 

(ECUMT, Wm
-2

) 

Residential   

Private residential 0.2175 13 

Public residential 0.2256 17 

Rural settlements 0.1110 12 

Commercial   

Commercial/Business and offices 0.3209 73 

Industrial   

Industrial land 0.3070 16 

Industrial estates 0.2392 16 

Warehouse and open storage 0.0357 41 

Institutional/Open Space   

Government, institutional and 

community facilities   

0.1750 34 

Open space 0.0185 34 

Transportation   

Roads N/A N/A 

Railways 0.4723 73 

Airport 0.0492 73 

Other Urban or Built-up Land   

Cemeteries and crematoriums 0.0051 34 

Utilities 0.0876 34 

Vacant development land 0.0093 13 

Others 0.0683 34 

Agriculture   

Agricultural land 0.0079 4 

Fishponds/ Gei ways 0.0005 4 

Woodland/ Shrub land/ Grassland/ 

Wetland  

  

Woodland 0.0003 12 

Scrubland 0.0004 12 

Grassland 0.0013 12 

Mangroves and swamps 0.0002 12 

Barren Land   

Bad land 0.0000 12 

Quarries 0.0021 16 

Rocky shore 0.0001 16 

Water Bodies   

Reservoirs 0.0001 16 

Streams and nullahs 0.0007 16 
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For urban parts of Hong Kong, considering the planar footprint area of the building 

will underestimate building heat emissions. Due to the presence of high rise 

buildings and very high building density, the use of equation 5.4 is more appropriate 

than equation 5.1.  

Energy consumption in a building is estimated based on indicators for residential, 

commercial and transport sector data collected by the Electrical and Mechanical 

Engineering Services Department (EMSD) of Hong Kong. EMSD derives the energy 

consumption indicators of different sectors from the studies on a limited size of 

samples within the populations of the respective energy-consuming groups 

(Electrical and Mechanical Services Department, 2013). Each sector contains several 

principal groups and subgroups. For example, the commercial sector contains nine 

principal groups: restaurants and retailers, accommodations, hospitals and clinics, 

educational services, warehouses, office flatted factories, central services for 

shopping arcades, private offices, and government offices. The nine principal groups 

are further classified into 32 sub-groups. For example, Educational Services, a 

principal group, is classified into seven sub-groups: universities, postsecondary 

colleges, adult education / tutorial / vocational courses, secondary schools, primary 

schools, kindergartens and special education schools. The building energy 

consumption of the UMTs are estimated by relating them to the energy consumption 

indicator values of the subgroups.  

Some UMT types consist of several subgroups. In such cases, the sub-groups are 

weighted to calculate the value for each UMT. For example, the UMT category 

labelled GIC Educational (representing the surface cover of educational institutions 

in the UMT type Government, Institutional and Community facilities) doesn’t have a 

direct energy consumption indicator. Therefore, the values of the sub-groups 

(universities, postsecondary colleges, adult education / tutorial / vocational courses, 

secondary schools, primary schools, and kindergartens and special education schools 

in the case of Educational Services) are weighted while calculating the energy 

indicator value.  
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The energy indicator values for UMTs with lower built surface cover (<1%; 

cemeteries and crematoriums, vacant development land, agricultural land, fish 

ponds, woodlands, shrub lands, grasslands, mangroves and swamps, bad lands, 

quarries, rocky shores, reservoirs, and streams and nullahs) are assumed to be equal 

to the  energies indicated for the respective UMTs. For example, for agriculture, 

buildings have not been considered in the energy consumption indicator of EMSD. 

However, in this study, the energy consumption indicator for agriculture is estimated 

by making two assumptions, 1) all agricultural land is located in the rural areas, and 

2) all buildings on agricultural land are rural settlements although, in reality, they 

may include buildings of motor rooms, agro-based industries, and the like. Since the 

primary focus of this study is on urban areas, minor variations in building energy 

estimation caused by the two assumptions are assumed to be negligible.  

 In EMSD, the energy consumption indicator of a building is given as the annual 

energy consumption per area (MJ/m
2
/annum). The area is expressed in terms of the 

Gross Floor Area (GFA) defined as the area contained within the external walls of 

the building measured at each level, including the basement, but excluding any plant 

rooms, car parks and loading bays (Electrical and Maintenance Services Department, 

2013). The annual energy consumption is broken down into monthly energy 

consumption (expressed as a fraction) which represents the ratio of energy consumed 

during each month to the total energy consumed during the particular year. The 

monthly energy consumption figures are extracted from the Hong Kong Monthly 

Digest of Statistics, Census and Statistics Department (2014). Figure 5.2 shows the 

percentage of monthly energy consumption with respect to the annual consumption 

value for the year 2011. Figure 5.3 lists the sector wise monthly energy consumption 

figures expressed as proportions of the annual consumption magnitudes.      
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Figure 5.2 Percentage of energy consumed each month compared with the total energy consumption 

of all sectors in Hong Kong during 2009.  Source: the Hong Kong Monthly Digest of Statistics, 

Census and Statistics Department. 

The estimated monthly energy consumption is broken down further into daily and 

hourly figures by dividing it with number of days in a month and hours in a day, 

respectively. The estimated hourly energy consumption is multiplied by an hourly 

fraction to account for changes in energy consumption during the diurnal cycle. The 

diurnal fraction is applied only to UMTs whose energy consumption is known to be 

fluctuating during the diurnal cycle (see Figure 5.4). The diurnal fraction for 

residential, commercial and industrial sectors is based on the typical working hours 

(World Travel Guide, 2009) because it is assumed that the movement of the 

population during the diurnal cycle correlates with the energy consumption values of 

various UMTs. However, UMTs consume similar energy magnitudes throughout the 

day (without being affected by the movement of population). Therefore, they are 

excluded while estimating diurnal fractions. For example, a warehouse may consume 

energy throughout the day for heating or cooling purposes, so a fraction is not 

invoked while calculating the hourly energy consumption of this UMT (the 

warehouse).   

Next, the hourly energy consumption figures are multiplied by 0.7 implying that only 

70% of the estimated energy is consumed in a day, in view of the non- similarities in 

energy consumption of buildings. 
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Figure 5.3 Ratios of energy consumed by different sectors in a month to the total energy consumption 

in 2009.  

 

 

 

 

 

 

 

 

 

Figure 5.4 Diurnal fractions of different sectors as used while estimating hourly energy consumption 

magnitudes. 

 

Figure 5.3 shows that domestic energy consumption is more sensitive to seasonal 

changes than commercial and industrial energy consumption. Figure 5.4 shows that 

the diurnal fractions of residential, commercial and industrial sectors are linked to 

the population flows during the diurnal cycle. The figures for public utilities and 

warehouses remain constant since it is assumed that their heating and cooling 

requirements stay the same throughout the day. 
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5.2.3  Vehicular heat emissions 

In this study, vehicular emissions are estimated using a bottom-up approach that is in 

line with Smith et al. (2009) who had adapted earlier work by Grimmond (1992). 

Smith et al. (2009) used grids of 200 m squares to map vehicle heat emissions across 

Manchester by considering parameters such as road type, vehicle type and speed 

dependent vehicle emissions. The parameters used in the present study are similar to 

those used in Smith et al. (2009) with the exception of road types which are ignored 

because the speed of a vehicle on a road is a function of the road type.  The road type 

can however be taken into account indirectly by including the vehicle speed 

associated with each road. This also simplifies calculations. 

The vehicle emissions estimated in the present study are limited to grid cell 

containing roads with the other pixels being marked as ‘no-data’. The formula used 

to calculate vehicle emissions is  

𝑸𝒗𝒆𝒉−𝑳 =⁡
∑ ⁡(𝒏𝒎𝒙⁡(𝒕)⁡𝑳𝒙)𝑬𝑭𝒎

𝑨𝒙
                                       (5.5) 

 

where, Qveh-L is the vehicle emission in Wm
-2

, nmx is the number of vehicles by type 

m, t is the time of the day in hours, Lx is the road length in m, EFm is a speed-

dependent fuel consumption factor expressed in Wm
-1

, and Ax is the grid area in m
2
.    

The number of vehicles on each road is extracted from the annual average daily 

traffic (AADT) data collected in the annual traffic census (ATC) of the 

Transportation Department of Hong Kong (2014). AADT is based on measurements 

carried out at the core and at the coverage stations. The census defines core stations 

as “randomly selected counting stations located on a road link of any class providing 

hourly, daily and monthly factor to generalize the traffic characteristics for its own 

group links”, and a coverage station as “a counting station located on a road link of 

any class providing daily flow that will be factored by the corresponding scaling 

factor of the group to which it belongs, to give the AADT."  Data collected at the 

core stations are also used for constructing scaling factors and for estimating AADT. 

For illustrative purposes, Table 5.2 shows the figures for the core station, Hong 
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Kong Island Urban 1. The figures were estimated by using 11 different scaling 

factors for different regions in Hong Kong: 4 region for Hong Kong Island, 3 region 

for Kowloon, and 4 region for New Territories.  

 

Table 5.2  Group Scaling Factors for Hong Kong Island Urban region1 for the year 2010. 

Source: The annual traffic census, Transport Department (2013)  

 

The AADT figure for each coverage station is obtained by multiplying the observed 

short-period count of the station by a group scaling factor for the given day of the 

week and month of the year (Transport Department, 2013). For example, the daily 

and hourly vehicle flows are recorded at the core station (A) for the duration of one 

week in each of any three months (directional) and one week in each of the 

remaining nine months in the year (non-directional). Similarly, other core stations 

have their own recording periods. The core and coverage stations comprise both the 

major and minor roads of Hong Kong.  

The hourly vehicle flow corresponding to each vehicle class is extracted from the 

AADT value of each station as recorded over a 16 hour period (07 am to 11 pm) in 

the day. The traffic flow figures associated with the image overpass times are 

extracted for all the major roads. The overpass times of ASTER during the day (11 

am) and the night (11 pm) are at off-peak hours of traffic. The peak hours on the 

roads vary based on their locations. However, the overall peak hours on roads in 

Month\Day Sun. Mon. Tue. Wed. Thu. Fri. Sat. 

January 1.176 0.981 0.952 0.956 0.944 0.917 0.980 

February 1.197 0.978 0.946 0.947 0.941 0.926 0.983 

March 1.189 0.976 0.950 0.944 0.936 0.928 0.986 

April 1.190 0.974 0.957 0.942 0.951 0.922 0.984 

May 1.187 0.981 0.949 0.954 0.936 0.934 0.987 

June 1.185 0.987 0.968 0.975 0.956 0.940 0.998 

July 1.221 1.007 0.982 0.981 0.971 0.951 1.003 

August 1.202 1.005 0.993 0.972 0.972 0.961 1.012 

September 1.200 1.000 0.975 0.966 0.961 0.939 1.018 

October 1.197 0.991 0.974 0.962 0.949 0.944 0.997 

November 1.173 0.977 0.961 0.956 0.949 0.940 0.989 

December 1.166 0.981 0.959 0.947 0.939 0.930 0.977 
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Hong Kong lie between 6 and 10 am during the morning and from 7 to 10 pm in the 

evening.   

The number of vehicles of different types on each road at a particular time and the 

speeds at which they travel are used to calculate the speed dependent emission 

factors. The emission factor for a vehicle at a different speed is calculated from the 

corresponding ‘Emission Factor’ taken from the Environmental Protection 

Department (2014) of Hong Kong. The Environment Protection Department has 

built software called Emissions Fraction (EMFAC) which is used here to quantify 

pollutants based on vehicle speed and type. 

The vehicle types used in EMFAC are motorcycles, private cars, taxis, buses, goods 

vehicles, public light buses, private light buses, and government vehicles.  EMFAC 

calculates the average emissions of each vehicle class at different speeds. The 

average of each factor for each vehicle class is determined in EMFAC by 

considering the number of vehicles of each type, age, vehicle kilometres, engine 

type, efficiency, and speed. The EMFAC allows the user to model the average 

emission of each vehicle class based on the traffic flow of a year or traffic data of 

several years. In this study, the traffic flow of each year is taken into account while 

estimating hourly emissions. 

In view of the lack of traffic details related to minor roads, emission calculations are 

limited only to vehicles on major roads. Smith et al. (2009) assume a uniform daily 

flow with an AADT of 1,700 for minor roads, which yielded considerable 

overestimates of flows on the majority of minor roads within the city, but could still 

be taken to be representative of the city as a whole. In our model, a different method 

is used by assuming that the emissions from a minor road are proportionate to those 

from a major road within the comprehensive transport study (CTS) zones of the 

planning department. To arrive at the emission figure for a minor road, a fraction 

(0.1) is applied with respect to the mean emission of a major road within the CTS 

zone at a specified time. The following equation captures the estimation process. 

EMminor = Average (EMmajor  (z) (t))  ×  0.1        (5.6) 
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where, EMminor is the emission from the minor road, z is the zone corresponding to 

the minor road, EMmajor is the emission from a  major road within zone z at time t 

(hours).   

The emissions from minor and major roads are then added together to yield Qveh-L:  

EMmajor + EMminor = Qveh-L     (Wm
-2

)         (5.7) 

 

Table 5.3 Populations of vehicles of different fuel types in 2007. 

Hong Kong SAR Population by 

Vehicle/Fuel 

Petrol Diesel LPG 

 Private Cars (PC) 371,562 1.810 0 

 Taxi 0 0 18,164 

Light Goods Vehicles <=2.5t 294 1,312 0 

 Light Goods Vehicles are 2.5-3t 1,730 39,813 0 

Light Goods Vehicles>3.5t 0 26,603 0 

 Medium and Heavy Goods Vehicles 0 10,720 0 

Medium and Heavy Goods Vehicles 0 31,423 0 

Public Light Buses 0 1,855 2,495 

 Private Light Buses <=3.5t 2,383 494 0 

Private Light Buses >3.5t 196 1,326 423 

Non-franchised Buses<=6.4t 0 3,364 0 

Non-franchised Buses 6.4-15t 0 2,697 0 

Non-franchised Buses >15t 0 1,830 0 

Franchised Buses (SD) 0 369 0 

 Franchised Buses (DD) 0 5,522 0 

Motorcycles  (MC) 38,370 0 0 

 Source: The EMFAC, Environment and Protection Department (2013)  
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5.3 Results and discussion  

 

As in LUCY-HK, the model outputs are stored as 100 m grid cell. This helps 

improve the scale of output resolution because the information used for emission 

estimation is measured from individual roads and buildings. This also provides the 

finest possible measurement and, hence, allows the model to trim down the grid size 

to 10 m or smaller. However, the output resolution is fixed as 100 m grids in order to 

compare the results with those from other GIS and remote sensing models. The 

model also accounts for sources of anthropogenic emissions except for those arising 

from aviation, maritime, and industrial discharges. Since the present work is limited 

to the urban areas of Hong Kong, it is assumed that the main contributors are 

buildings, vehicles and humans.  

 Anthropogenic heat and its components are measured for a summer day (22
nd

 

August 2009, at 11 am) and a summer night (17
th

 September 2009, at 11 pm). These 

days were selected because they were the hottest days in the corresponding months. 

The weather on these days was typical of Hong Kong at 11 am and 11 pm of that 

year. Details of seasonal and diurnal variations are discussed in Chapter 6.   

 

5.3.1  Metabolic heat 

The metabolic heat emissions calculated from the integrated population dataset 

across Hong Kong range from 0 Wm
-2

 to 47 Wm
-2 

during the summer day 22nd 

August 2009, at 11 am. As for summer nights, they range from 0 Wm
-2 

to 19 Wm
-2

. 

The daytime emissions are higher due to the inflow of population to the workplace 

during the modelling period. During daytime, a maximum emission of 47 Wm
-2

 was 

observed over the business and commercial districts of Central-Western district, 

while at night, the maximum emission observed was 10 Wm
-2 

over the Sham Shui Po 

residential area.  

The overall mean emissions were found to be 4.7 Wm
-1 

and 4.2 Wm
-1

 during the day 

and night, respectively. The standard deviation values of 4.6 (day) and 3.0 (night) for 

that dates suggested a greater variation in daytime emission from the mean.  
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Because of the larger number of people engaged in commercial and business related 

activities at 11 am, higher metabolic emissions were observed over the commercial 

and business districts of Hong Kong. Conversely, at night (11 pm), the maximum 

emission figures were observed over tall residential buildings, because of the huge 

population density of residential buildings. Figures 5.5 and 5.6 show the metabolic 

heat emissions over Hong Kong at 11am (22
nd

 Aug 09) and 1pm (17
th

 Sep 09), 

respectively.  

 

 

 

 

 

 

 

 

 

Figure 5.5 Metabolic heat emissions (Qmet-L) during daytime on 22nd August 2009 (a summer day) at 

11 am. 

It should be possible to estimate metabolic emissions at finer scales population 

datasets of each building become available along with the number of people 

travelling on a vehicle during transition hours. Details of the spatial relationships of 

metabolic heat emissions with parameters representing urban morphology will be 

discussed in Chapter 6.  The night time metabolic emission is highly influenced by 

the census population, therefore the anthropogenic heat emissions were calculated at  

TPU level. Meanwhile daytime estimations are based on integrated population in 

which spatial variation is well accounted.  
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Figure 5.6  Metabolic heat emissions (Qmet-L) during the night of 17th September 2009 (a summer 

night) at 11 pm. 

 

5.3.2  Vehicle heat  

 

Emissions due to vehicle exhaust ranged between 0.1 Wm
-2 

on minor roads, and 210 

Wm
-2

 on urban primary distributor during the day of 22
nd

 August 2009 (Figure 5.7). 

During the night of 17
th

 September 2009 (see Figure 5.8), it was between 0.1 Wm
-2

 

and 168 Wm
-2 

and the mean vehicle emissions were 3.53 Wm
-2

 and 2.82 Wm
-2

 

respectively. Urban primary distributors and trunk roads exhibited higher emissions 

when compared to other road types in the city. Since the modelled periods were off-

peak hours, the emissions were much lower when compared to those at the peak 

hours. The emission intensity of a road depends on the number of vehicles and their 

type. The roads of urban primary distributors showed heavy traffic flows, so they 

were also associated with heavy emissions. 
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Figure 5.7 Vehicle heat emissions (Qveh-L) during the daytime of 22nd August 2009 (summer day) at 

11 am. 

 

 

 

 

 

 

 

 

 

 

Figure 5. 8  Vehicle heat emissions (Qveh-L) during the night of 17th September 2009 (a summer night) 

at 11 pm. 
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The average emission exhaust calculated using EMFAC is categorized into 

contributions due to carbon monoxide, carbon dioxide, oxides of nitrogen, volatile 

organic components, and total particulate matter. The quantity of pollutants which 

are estimated based on the fuel consumption (g/km) are transformed into heat 

emissions by assuming heat combustion figures of 45.85 Jkg
-1

 for petrol and 46 Jkg
-1

 

for diesel. These are similar to those used by Smith et al. (2009). The heat 

combustion values for petrol range from 43 to 48 KJ g
-1

 and for diesel from 44.8 to 

46 KJ g-1 (Hillier and Pittuck, 1991). The sensitivities of the fuel combustions 

studied by Smith et al. (2009) show that a 5 % change in calorific value results in 

changes of anthropogenic heat by 1 Wm
-2

. Taking 1 Wm
-2

 as the nominal value, our 

model uses the standard calorific values for petrol and diesel.  

Instead of considering the whole grid area, Smith et al. (2009) had restricted 

emissions to the areas of roads. They also tried to include the widths of different 

roads in the grid cell. However, restricting emissions to the road area made the 

emission values unrealistically large.  

Since our model emissions are calculated for each hour in a day, it does not include a 

diurnal analysis of transport emissions. Therefore the emissions estimated, may have 

been underestimated, even while severe traffic congestions were being experienced. 

On the other hand, the model is designed to calculate possible variations from the 

available datasets. Further improvements are possible when detailed traffic 

information and finer details of traffic population become available for each hour.  

  

5.3.3  Building heat emissions 

During daytime, the building heat emissions observed are higher over the 

commercial downtown since energy consumptions there are higher when people      

are at work. The maximum values of building emissions (Qbui-L) during the daytime 

(22-August-2009) at 11am ranged between 1.3 Wm
-1

 and 184.33 Wm
-1

, while they 

ranged between 2.5 and 91 Wm
-1 

during the night of 17
th

 September 2009 at 11pm. 

The mean values were 3.0 for daytime and 2.74 for night-time, i.e., they were similar 
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over both the periods. The standard deviation was larger for daytime (6.84) than for 

night-time (4.82) due to increased energy consumption figures at work. During 

daytimes the highest emission were observed over the grid cells of commercial areas, 

while at night time they were observed over residential buildings. Rural settlements 

exhibited the lowest emissions throughout the day. Figures 5.9 and 5.10 show of the 

estimated building heat emissions at daytime and night-time, respectively.  

Building emissions are calculated in the model by assuming little lag between 

emission and consumption. This implies that the estimates for evening emissions 

presented here are likely to be smaller than the actual building heat emissions 

(Heiple and Sailor, 2008; Smith et al., 2009). It is assumed that all buildings 

consume energy during the design period, and there is no lag in emission. In reality, 

all the buildings are not active in consuming energy at any given time and there will 

certainly be a lag in energy release after consumption. To normalize the impacts of 

the above assumptions, a fraction based on energy consumption statistics for each 

sector is deployed in the model.  

 

 

 

 

 

 

 

 

 

Figure 5.9  Building heat emissions (Qbui-L) in the daytime of 22nd August 2009 (a summer day) at 11 

am. 
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Figure 5.10  Building heat emissions (Qbui-L) at night time on 17th September 2009 (in the summer 

night) at 11 pm. 

 

5.3.4  Anthropogenic heat  

On 22
nd

 August 2009 at 11am, the total anthropogenic heat estimated over Hong 

Kong ranged between 0.004 and 224 Wm
-2

 with mean emissions of 10.6 Wm
-2

.  

During the night of 17
th

 September 2009 at 11pm, the figure ranged between 0.003 

and 169 Wm
-2 

with a mean of 9.4 Wm
-2

. The anthropogenic heat figures estimated 

for daytime are high when compared to night time emissions. Similar observations 

were made with respect to the components of anthropogenic heat.  Figures 5.11 and 

5.12 show anthropogenic heat flux over Hong Kong at two different periods. 

Although the spatial distributions are similar in the two maps, the intensities of 

anthropogenic heat flux vary with time. Figure 5.13 shows the frequency of emission 

amount by area for the two images. It may be noted that grid cells with higher 
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emissions during daytimes remain roughly as high as those observed during night 

time. Grid cell with higher emission values over roads are similar in intensity during 

daytime to nighttimes. Urban primary distributors contribute significantly to road 

emissions. Commercial buildings and tall residential buildings contribute 

significantly to building emissions. The relationship between the estimated 

anthropogenic heat figures and the corresponding surface types will be discussed in 

Chapter 6. Chapter 6 will also compare the estimates of LUCY-HK with those from 

the remote sensing model. 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Anthropogenic heat emissions (Qahf-L) in the daytime on 22nd August 2009 (a summer 

day) at 11 am. 
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Figure 5.12 Anthropogenic heat emissions (Qahf_L) during the night-time on 17th September 2009 (a 

summer night) at 11 pm. 

 

 

 

 

 

 

 

 

 

Figure 5.13 Scatter plots of anthropogenic heat emissions at each grid. 
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Chapter 6 

OVERALL RESULTS AND DISCUSSION 

6.1 Spatial analysis of anthropogenic heat flux 

 

 Tables 6.1, 6.2 and 6.3 list the spatial statistics for the anthropogenic heat flux values 

estimated by the three methods: remote sensing, LUCY, and GIS, respectively. The 

statistics take into account seasonal and the diurnal variations of anthropogenic heat over 

the study area. However, they are restricted to the acquisition times of the satellite 

images.      

6.1.1 Anthropogenic heat estimated using remote sensing  

 

 As expected, anthropogenic heat values are much higher during daytime than at night. 

Likewise, emissions are higher during summer than in winter. Daytime emissions in 

commercial areas are mainly from buildings and vehicles, largely due to excessive use of 

air-conditioning and vehicle emission. Energy emissions from them are transformed into 

sensible and latent heat fluxes. Particularly high anthropogenic heat emissions are 

observed along Nathan road and from commercial buildings in Sham Shui Po. High 

nighttime emissions are observed mainly over residential areas with tall buildings. The 

spatial pattern of anthropogenic heat emission is not affected by seasonal changes, i.e. 

irrespective of the season, relatively high emission values are noted in commercial and 

residential areas during day and night respectively, compared to other land cover types. 

Although, its intensity depends on the season.   

Table 6.1 shows the maximum, minimum and mean values of anthropogenic heat 

estimated by remote sensing for summer and winter seasons and for day and night. The 

intensities are high during summer with maximum value of 278 W m
-2

 on the 13 

September 2008 and 250 W m
-2 

on the 22
nd

 of August 2009. Thus, when compared to the 

winter figure of 207 W m
-2

. The daytime mean values of 53 and 79 W m
-2

 in summer are 
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higher than the winter value of 11 W m
-2

.  The low mean values at night when compared 

to daytime are expected due to reduced activity of vehicles as well as building emissions 

from commercial areas.  

Table 6.1 Anthropogenic heat over the Kowloon peninsula as estimated from remote sensing data 

Date Season Period 
Maximum 

(W m
-2

) 

Minimum 

(W m
-2

) 

Mean 

(W m
-2

) 

SD 

% 

31
st
 January 07 Winter Night 21 0 11 4 

30
th

 November 07 Winter Day 207 0 39 30 

13
th

 August 08 Summer Night 64 0 10 8 

13
th

 September 08 Summer Day 278 0 53 39 

22
nd

 August 09 Summer Day 250 0 79 36 

17
th

 September 09 Summer Night 70 0 24 10 

 

The standard deviation values in Table 6.1 shows higher deviation from the mean 

anthropogenic emission during day compared to night. This may due to increased 

daytime population in business and commercial districts. The lesser deviation in winter 

compared to summer, may due to the reduced use of air conditioners.   

6.1.2 Anthropogenic heat estimated using the GIS approach 

 

 The spatial distribution of anthropogenic heat estimated by the GIS method is similar to 

that determined from remote sensing data. Higher emissions are observed again over 

commercial and business areas during the day and over residential areas with tall and 

dense buildings during the night. The maximum values occur on hot summer days: 198 

W m
-2

 on the 13
th

 of September 2008 and 188 W m
-2 

on the 22
nd

 of August 2009, 

respectively (Table 6.2). Relatively lower intensities are experienced during summer 

nights: 158 and 150 W m
-2 

on the 13
th

 of August 2008 and 17
th

 of September 2009, 

respectively. The maximum values for winter are 164 and 148 W m
-2 

for daytime and 

night-time, respectively. The mean emission values range from 9 to 11 W m
-2 

during 
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daytime and from 7 to 9 W m
-2 

during night-time. The model exhibits significant 

differences in terms of mean and maximum emission values as the season changes. Table 

6.2 lists the anthropogenic heat values estimated for the entire Hong Kong. However, the 

mean values over the Kowloon peninsula (similar to the extent used in remote sensing 

estimations) are much higher than anthropogenic emission values of the entire Hong 

Kong. For example, the mean anthropogenic heat flux value estimated using GIS model 

for 13
th

 September 2008 is 11.08 W m
-2, meanwhile, the value over Kowloon peninsula is 

24.5 W m
-2

.  While identifying the relationships between the models, (see Section 6.2.1 for 

details), it is necessary to recall that the study area (the extent of satellite image used) was 

limited to the Kowloon Peninsula. The standard deviation values follow  trend similar to 

the remote sensing estimation of anthropogenic heat (Section 6.1.1).  

Table 6.2 Anthropogenic heat flux estimated over Hong Kong using the GIS approach 

Date Season Period 
Maximum 

(W m
-2

) 

Minimum 

(W m
-2

) 

Mean 

(W m
-2

) 

SD 

% 

31
st
 January 07 Winter Night 148 0 7.39 11 

30
th

 November 07 Winter Day 164 0 9.17 14 

13
th

 August 08 Summer Night 158 0 8.79 12 

13
th

 September 08 Summer Day 198 0 11.08 16 

22
nd

 August 09 Summer Day 188 0 11.06 16 

17
th

 September 09 Summer Night 150 0 8.79 12 

 

6.1.3  Anthropogenic heat figures estimated using LUCY 

 

 Table 6.3 shows the basic statistics associated with anthropogenic heat emissions at the 

image times from the LUCY model. The spatial distribution of LUCY emissions is a 

function of population density as well as air temperature. Anthropogenic heat values at 

pixels with higher daytime population densities (around 320,000 persons per square 

kilometer) exceed 600 W m
-2 

whereas the maximum night-time emissions are around 87 

W m
-2

. LUCY yields higher emission estimates for the winter nights than for summer 
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nights. This is because the balance point temperature used for winter overestimates the 

energy required for heating. In reality, Hong Kong does not consume much energy for 

heating. The overestimation can however be rectified by modifying the balance point 

temperature used in the model while calculating the energies required for the purposes of 

heating and cooling. Identifying a suitable balance point by conducting field 

measurements is beyond the scope of this study. However, this feature is acknowledged 

as a limitation of this study. It may also be noted that the mean values calculated are for 

the entire Hong Kong whereas the anthropogenic heat values measured through remote 

sensing are only for the Kowloon Peninsula. The mean values for Kowloon are much 

higher than those estimated for the entire Hong Kong. Similar to Table 6.1 and 6.2 

standard deviation values are higher in day when compared to night. However, In LUCY 

model the standard deviation are almost similar in both seasons, may due to the balance 

point value which induced overestimation (Section 6.1.3).  

 

The spatial relationship between LUCY and the GIS-based model will be discussed in a 

later section. 

 

Table 6.3. Overall anthropogenic heat values estimated by LUCY for Hong Kong 

Date Season Period 
Maximum 

(W m
-2

) 

Minimum 

(W m
-2

) 

Mean 

(W m
-2

) 

SD 

% 

31
st
 January 07 Winter Night 296 0.02 7.72 19 

30
th

 November 07 Winter Day 598 0.03 9.53 27 

13
th

 August 08 Summer Night 87 0.01 3.68 9 

13
th

 September 08 Summer Day 655 0.03 10.46 30 

22
nd

 August 09 Summer Day 654 0.03 10.47 30 

17
th

 September 09 Summer Night 87 0.01 3.7 9 
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6.2 Spatial relationships among anthropogenic heat estimates obtained by 

different models  

 

 This section summarizes the spatial relationships (simple correlations) among the 

anthropogenic heat values estimated from the three different approaches (remote sensing, 

GIS, and LUCY). The grid size (100 m) and the extent (the Kowloon peninsula) are kept 

constant for all the output raster images used. The discussion is divided into two parts:  a) 

comparing and evaluating the outputs from the remote sensing model with the GIS-based 

estimates, and b) comparing and evaluating the results from LUCY with the GIS-based 

estimates. The idea behind the first is to evaluate the remote sensing results against those 

from the field based GIS model. The idea behind the second is to evaluate the simple 

model (LUCY) against the GIS model. In both cases, the estimates from the GIS model 

are used as reference values because anthropogenic heat emission estimated by this 

method measures emissions directly from its source. It is built on an inventory based 

bottom-up approach, in which possible emission from individual buildings, vehicles and 

people are modelled for a given time. Therefore, the estimate of GIS method is used as a 

reference for evaluating the other two models. 

The relationships between LUCY and satellite image based estimations are not examined 

since it is beyond the scope of this study. 

6.2.1 Spatial relationship between the remote sensing and GIS model estimates 

 

 The anthropogenic heat values estimated by remote sensing are evaluated first against 

the GIS-based results. The comparison is not limited to anthropogenic heat estimations 

alone; the components of the energy balance equation are also compared individually 

with the corresponding estimations from the GIS model. Table 6.4 lists the correlation 

results between remote sensing images taken at different seasons and periods with the 

corresponding GIS-based estimates. 
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Table 6.4 Evaluation of remote sensing estimates of anthropogenic heat against the GIS-based estimations using a correlation (Pearson product-moment 

correlation coefficients) technique  

 

where, 

EGIS = Anthropogenic heat estimated using the GIS model,  

EAHF = Anthropogenic heat estimated using the remote sensing model, 

EEBR  = Sum of components on the right side of the energy balance equations used in the remote sensing approach, 

ESH = Sensible heat flux estimated using the remote sensing approach, 

ELH = Latent heat flux estimated using the remote sensing approach, 

EGH = Ground heat flux estimated using the remote sensing approach, 

ENR = Net radiation heat flux estimated using the remote sensing approach. 

Date Period EGIS vs. EAHF EGIS vs. EEBR EGIS vs. ESH EGIS vs. ELH EGIS vs. EGH EGIS vs. ENR 

31
st
 January 07 Night 0.61 0.87 0.58 0.57 0.85 0.49 

30
th
 November 07 Day 0.22 0.63 0.31 0.78 0.76 0.61 

13
th
 August 08 Night 0.58 0.68 0.59 0.55 0.31 0.31 

13
th
 September 08 Day 0.31 0.73 0.34 0.90 0.94 0.94 

22
nd

 August 09 Day 0.41 0.7 0.4 0.76 0.92 0.56 

17
th
 September 09 Night 0.78 0.89 0.62 0.58 0.59 0.65 
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The remote sensing method estimates anthropogenic heat emission as the imbalance 

between incoming energy and emitted energy values. Therefore, it is more appropriate 

to compare the anthropogenic heat measured using a GIS model with the emission 

components in the energy balance equations (sensible, latent and ground) rather than 

with the excess heat (anthropogenic heat). It is noted that the intensity of anthropogenic 

heat value estimated is not compared here, instead robustness of the remote sensing 

model is evaluated using the spatial distribution characteristics of the GIS model. It is 

found that, while the emission components show strong correlation, the anthropogenic 

heat figures estimated by the remote sensing method are more accurate because these 

are the sources of emission used to calculate residual anthropogenic heat.      

The individual components (sensible heat, latent heat and ground heat) in the energy 

balance equation have yielded even better correlations with the anthropogenic heat 

figures estimated by the GIS model (see Table 6.4).  

Table 6.4 lists the values of the coefficient of determination, r, between the 

anthropogenic heat values estimated using the remote sensing and the GIS-based 

methods. The maximum correlation figures relating the anthropogenic heat estimates 

from the two models are 0.61, 0.58, and 0.78 for the nighttime images of 31
st
 January 

2007, 13
th

 August 2008 and 17
th

 September 2009, respectively. The correlation is higher 

for the winter night (31
st
 January 2007) than for the summer night (13

th
 August 2008 and 

17
th

 September 2009). Lesser correlations are observed with respect to daytime 

anthropogenic heat estimates: the coefficients are 0.22, 0.31, 0.41 for the images of  30
th

 

November 2007, 13
th

 September 2008, and 17
th

 September 2009, respectively, compared 

to night time. This is a result of the strong influence of the energy from the sun (net 

radiation) on the surface materials during day time. In the GIS method, anthropogenic 

heat is estimated by assuming that sources emit a certain fraction of the maximum 

emission at a given time. i.e., energy sourced from the sun is not taken into account. For 

this reason, a direct comparison of the estimates of anthropogenic heat from the two 
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models (Remote sensing and GIS based model) shows a lesser correlation during the 

day and higher correlation at night (in the absence of insolation). Therefore, the 

comparison with GIS model estimates is extended to the individual components in the 

energy balance (sensible, latent, ground heat, and net radiation) equations. Summed 

figures of sensible, latent and ground heat fluxes are equivalent to the estimates from the 

GIS approach, in which vehicle, building and human emissions are released in the form 

of the three component heat fluxes but neglecting the impacts of incoming solar 

radiation.   

  

Table 6.5 Correlation and Covariance matrix value of remote sensing and GIS based estimations of 

anthropogenic heat. 

 

 

 

 

 

 

 

 

 

The correlation matrix and covariance matrix values are tabulated (Table 6.5) to show 

the spatial distribution characteristics of two models. The positive covariance value 

suggests that greater emission values of remote sensing method correspond with the 

emission values of the GIS model and the same holds for the smaller values. The 

covariance values of the daytime emission are much higher than the night. This is 

because of has higher anthropogenic heat intensity observed during the day in both the 

models, at similar locations. Moreover, at night the intensity reduces.  High variance 

Date Period 
Correlation 

r 

Covariance  

σ 

Variance 

RS 

Variance 

GIS 

31
st
 January 07 Night 0.61 11.1 87 10 

30
th

 November 07 Day 0.22 82.9 615 215 

13
th

 August 08 Night 0.58 13.9 144 42 

13
th

 September 08 Day 0.31 194 1061 264 

22
nd

 August 09 Day 0.41 270 1499 292 

17
th

 September 09 Night 0.78 34.8 156 12 
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value (1061, 1499 and 615 of 13
th

 September 08, 22
nd

 August 09, and 30
th

 November 07 

respectively) during days in remote sensing estimation shows the emission values are 

spread out much from the mean value when compared to GIS model values (264, 292 

and 215 of 13
th

 September 08, 22
nd

 August 09, and 30
th

 November 07 respectively). At 

night, the anthropogenic heat emission distribution is less scattered, however the 

intensities are subjected to seasonal variations.  

 

6.2.2. Spatial relationship between the GIS and the LUCY model 

 

Table 6.6 lists the correlation results from the GIS-based estimation and LUCY model.    

Table 6.6 Correlation between GIS and LUCY models  

Date Season Period Correlation 
Covariance Variance 

LUCY 

Variance 

GIS 

31
st
 January 07 Winter Night 0.85 39 183 12 

30
th

 November 07 Winter Day 0.85 70 352 20 

13
th

 August 08 Summer Night 0.89 21 41 14 

13
th

 September 08 Summer Day 0.85 87 423 25 

22
nd

 August 09 Summer Day 0.87 92 423 27 

17
th

 September 09 Summer Night 0.89 21 41 15 

 

It is seen from Table 6.6 that there is a high correlation between GIS and LUCY models 

in all seasons. At nights, the correlation values are slightly higher than the days. The 

LUCY’s Variance values show that the range of emission values is much spread out 

compared to GIS model. Meanwhile, GIS model emission values are closer to the mean. 

The positive covariance in the images suggests that the spatial distribution of 

anthropogenic emission values is relative to each other. The statistical values in Table 

6.6 indicate that the downscaled LUCY (LUCY-HK) estimation is at once reasonable 

and reliable. Therefore, it may be concluded that LUCY is not just a low-resolution 

anthropogenic heat model; it can also be used at finer city scales. Compared to other 

models, LUCY-HK requires fewer input data sets, so it is simpler to use. It is also 
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capable of modelling and predicting anthropogenic heat values for each hour in the 

diurnal cycle. Furthermore, it can also estimate and calculate anthropogenic heat 

statistics for a complete season or even a full year. 

 

6.3 Spatial relationship between emission estimates from remote sensing and 

those from urban morphometric parameters    

 

 Summations of sensible, latent and ground heat fluxes (EEBR) are correlated with 

estimated urban morphometric parameters such as frontal area index, λF, the plane area 

index. λP, and air temperature, Tair, obtained from remote sensing. Note that the last 

parameter represents urban heat island intensity. The frontal area index is taken from 

Wong et al., (2013), Plane area index is calculated in the study using a 3-Dimension 

building GIS dataset. Table 6.7 lists the overall correlation values. The frontal area 

index and plane area index of Kowloon Peninsula are shown in Figure 6.1 and 6.2.  

Table 6.7 Correlation (R) between EEBR (right side component in energy balance equation i.e. sensible, 

latent and ground heat) heat emissions estimated from remote sensing and values of urban morphometric 

parameters  

Date Season Period EEBR vs. λF EEBR vs. λP EEBR VS Tair 

13-Aug-08 Summer Night 0.32 0.36 0.53 

13-Sep-08 Summer Day 0.41 0.30 0.19 

31-Jan-07 Winter Night 0.46 0.41 0.60 

30-Nov-07 Winter Day 0.21 0.34 0.48 

 

 Table 6.7 shows a moderate relationship between the estimates from remote sensing 

and those from the morphological parameters as derived from  daytime and nighttime 

images of winter and summer seasons. The correlation coefficient is better between λF 

and  EEBR at night compared to daytime. Similarly, the λP  has a better correlation at nights 

compared to daytime in all seasons. The highest correlation between EEBR and two 

morphological parameters (λF and λP) were observed in a winter image (31
st
 January 07) 

among the four images (Table 6.7). As expected, the air temperature has a better 
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correlation at night compared to day in both the seasons. The positive correlation 

suggests that a rise in any of these parameters (i.e. Frontal area index, Plane area index , 

and air temperature estimated using thermal satellite images) will increase emissions in 

the form of sensible, latent and ground heat fluxes. Therfore, it is necessary to estimate 

these parameters carefully for accurate estimation of anthropogneic heat.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Frontal area index of Kowloon Peninsula (Wong et al., 2013) at 100 m spatial 

resolution 
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Figure 6.2 Plane area index of Kowloon Peninsula at 100 m spatial resolution 
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Chapter 7 

CONCLUSION AND SUGGESTIONS 

 

The three models (Remote sensing, GIS and LUCY based models) developed in this 

study are capable of mapping anthropogenic heat at high spatial and temporal 

resolutions. However, each model has its own advantages and limitations.  

The remote sensing approach enables the estimation of surface heat fluxes at a spatial 

resolution of 30 m. This is the first time such a fine resolution has been achieved from 

Thermal remote sensing images. The remote sensing approach accounts for spatial 

variations in anthropogenic emission much better than the other two methods. It takes 

into account emissions from all possible sources at a given time in the form of sensible, 

latent and ground heat fluxes. However, there are difficulties with respect to obtaining 

cloud-free images over Hong Kong. A new emissivity technique (reflectance-based 

method) developed in this study maps surface temperature at a spatial resolution of 30 

m. The method is simple and useful for other applications depending on surface 

emissivity. The atmospheric correction method used here demonstrates the need for 

defining atmospheric conditions locally in the calculation albedo and net radiation. The 

remote sensing based estimation can be further improved by measuring ground heat 

separately. It is noted that the method used in this study considers ground heat as a 

fraction of net radiation. Though the remote sensing model is more complicated to build, 

than the other two models used, it has the advantage of mapping anthropogenic heat 

more precisely. 

 Some additional benefits of the remote sensing approach, and how it can be used 

effectively are listed below   
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 The remote sensing approach does not require many assumptions when 

compared to other methods which require several assumptions regarding energy 

consumption and emission. 

 The remote sensing method precisely maps all emissions for the given extent, 

but other approaches do not include emission for all sources. Most inventory 

approaches includes emission only from buildings, vehicles and human beings. 

 The remote sensing method estimates anthropogenic heat in real time, and the 

lag between energy consumption and its emission is indirectly accounted.  

 The energy balance components (Sensible, latent and ground heat) are measured 

individually, which helps to identify the characteristics of anthropogenic heat 

emission sources.   

 The remote sensing approach can be simplified if roughness parameters are 

estimated using LIDAR techniques. 

 Remote sensing images cover a larger area and are less expensive compared to 

inventory approaches which require intense data collection in the field, followed 

by complex computations. 

 The remote sensing algorithm can be directly used in other cities with similar 

climatic conditions upon changing the input roughness parameters, whereas 

other approaches require serious modifications in the model. 

The remote sensing method a few limitations which are listed below, 

 It is difficult to account for hourly variations of anthropogenic heat emission 

using this approach since the temporal resolution of the satellites is low.  

 Obtaining cloud free images is a challenge. 

 It is difficult to validate because it requires instruments like EBBR (Energy 

Balance Bowen Ratio method) and ECOR (Eddy Correlation flux measurement 

system).  The individual components of the energy balance system, i.e. Net 

radiation (net broadband total irradiance), Sensible heat (heat exchanges when 

temperature changes), Latent heat (heat exchanges during phase change) and 
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Ground heat (thermal conductivity of the surface) are measured using the above 

instruments.  Setting up instruments requires large towers that are expensive. 

The spatial coverage of the instrument is small and it can only be used to 

validate a small part of the remote sensing image but not the whole extent. 

 It can be validated if real-time energy consumption of buildings and vehicles are 

available, but these are difficult to obtain. 

  The GIS-based model maps anthropogenic heat using high-resolution spatial data sets. 

The GIS method is also efficient for mapping anthropogenic heat at the building scale, 

and it is better when compared to the LUCY model. It considers only the emissions from 

buildings, vehicles, and human beings and does not take into account those from 

industrial and other sources. The GIS model considers the building emission at three 

dimensions while previous studies are limited to two-dimensional estimation. Results of 

GIS model can be further improved, upon availability of the exact energy consumption  

of buildings and vehicles. The GIS model is capable of estimating anthropogenic heat at 

micro scale (at the building level), which is not possible with the other two models.  

 The other model, LUCY, is based on simple data sets consisting of population densities 

and air temperatures. The original version of LUCY was downscaled in the present 

study and customized to suit Hong Kong. Results from the revised version (LUCY- HK) 

have shown a high correlation with estimates from the GIS model for all seasons. This 

confirms that the spatial distribution characteristics of LUCY and the GIS model are 

almost similar. The LUCY  can be used to map anthropogenic heat at any hour of the 

day. It calculates hourly statistics of anthropogenic heat and its components for a whole 

modelled period. This period can be hours, months or years. However, in this study 

anthropogenic heat estimation is limited to satellite overpass time.  The LUCY  enables 

one to identify hourly and seasonal variations in anthropogenic heat emissions using the 

simple computational method. However, a limitation is that, since it mainly depends on 

population density, all the other parameters are calculated based on that. This approach 

may not adequately account for realistic spatial distributions of anthropogenic heat. 
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Thus not be so accurate for mapping at finer scales. In addition, the temperature scheme 

used is based on monthly variations in temperature, which may not be able to capture 

daily variations adequately. Therefore, a new temperature scheme needs to be used so as 

to improve the estimation of anthropogenic heat emissions. However, not withstanding 

these limitations, it remains a very useful method for calculating of anthropogenic heat 

for longer periods. This is not possible with the other two models studied. 

The anthropogenic heat values estimated by all the three models utilized or developed in 

this study have revealed higher emissions in Hong Kong during daytime compared to 

night. Similarly, the intensity is observed to be higher during the day than night. 

Compared to other regions of Hong Kong, a higher level of anthropogenic activity is 

seen over the Kowloon Peninsula and in parts of Hong Kong Island. At night, the tall 

residential towns in New Territories also exhibit higher heat emissions. On the Kowloon 

peninsula, the Sham Shui Po district showd particularly high anthropogenic heat 

emissions irrespective of the season, while high intensities are observed in the shopping 

and commercial districts of Nathan Road. Overall, the results from all the three models 

show that commercial areas are prone to higher anthropogenic heat emissions during the 

day while residential areas have higher night-time emissions. The correlation coefficient 

values between remote sensing and GIS based methods, evaluates robustness of the 

remote sensing model using spatial distribution characteristics of the GIS model. The 

high correlation between GIS and LUCY models evaluates the spatial distribution of the 

LUCY model with the spatial distribution characteristics of the GIS model. However, it 

is to remember that LUCY can be accurate only at certain resolutions. 

To summarize, ASTER images have been used in this study for the purpose of 

estimating anthropogenic heat at high spatial and temporal resolutions. The results have 

been evaluated using the spatial distribution character of the high-resolution GIS model 

and the simplified LUCY model, both customized for Hong Kong.  

The study has identified hotspots of anthropogenic heat emissions in Kowloon peninsula 

using the remote sensing model, and studied the same for the entire extent of Hong 
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Kong using the other two models. In addition, the spatial relationship between the 

anthropogenic heat measured using remote sensing, and the urban heat island (UHI), 

morphometric parameters (frontal area index, plane area index) have been studied. 

Seasonal and diurnal variation in anthropogenic heat emission is studied.   

The outputs of the models should be very useful for researchers engaged in heat-related 

and environmental studies. The results can be incorporated as inputs in new climate 

models. The maps produced here should be particularly helpful to government agencies 

in planning a better urban environment. It may help to mitigate UHI effectively by 

minimizing anthropogenic heat contribution to the intensity of UHI. The methods 

developed here can be applied to any city with an urban environment similar to that of 

Hong Kong.    

The models described in this thesis have been tailor-made for the conditions of Hong 

Kong and the resources available. Although each of the models developed is unique in 

its way, they can integrate into an overall model capable of estimating anthropogenic 

heat in a manner clarifying distributions in space and time. 

The study has some limitations that are left to the future perspective of the research 

 The intensity of anthropogenic heat estimated using all three approaches has not 

been validated using ground measurements due to lack of instruments in Hong 

Kong. 

 The surface temperature determined using a new emissivity technique used only 

10 points for validation. Since the field measurements were conducted earlier, 

and limited to a few locations.  

 A remote sensing study conducted only in the part of Hong Kong, i.e. Kowloon 

peninsula, because Kowloon remains cloud free area for the whole model period. 

However, the other two models (GIS and LUCY model) estimate emission 

values for the whole extent of Hong Kong. Therefore it was unable to discuss the 

spatial relationship of models estimate for the entire Hong Kong.    
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 Only six remote sensing images and corresponding GIS and LUCY estimates are 

used to represent seasonal and diurnal variations. The results can be more 

accurate if several images used. 

 The outputs of all these models are restricted to a resolution of 100 m in order to 

compare results with each other. A moderate spatial correlation between the 

model estimations is observed.  

 Present-day models of anthropogenic heat fluxes are based on data sets that are 

more representative of the past, rather than the present or future state of city 

energy systems. However, many of these data sets are regularly updated making 

it possible to model representations of energy systems to capture the influence of 

those systems on heat fluxes. For instance, the remote sensing approach can be 

used to locate energy hotspots that  can be related to the anthropogenic activity 

of any city at a given time. Combining such data into the numerical models will 

provide high accurate results of anthropogenic heat flux estimation. Integrating 

all three approaches might also be helpful to predict anthropogenic heat 

emissions of Hong Kong.  
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