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Abstract

As urbanization progressed, the amount of heat released to
the urban areas are increased. The anthropogenic heat flux
(AHF), the heat released by human beings like traffic and
energy consumption, become more important to understand the
thermal environments of urban areas because of its amount and
increasing trends. However there are no accurate method to
estimate the AHF 1n urban areas. By using remote sensing
data, we suggest the estimation method that can take the actual
thermal conditions of study area. The results show that
industrial area have the highest average value of AHF and it is
about 130 W/m® On the other hand green shows the lowest
value, about 10 W/m? in average. Between 2019 and 2020, there
are a noticeable changes 1n Gasan digital complex and
residential area of Gwanak-gu. The AHF released from the
Gasan digital complex was decreased the most in the study
area and the AHF released from the residential area of
Gwanak-gu was increased the most. During this period, the
COVID-19 outbreak began and the government implemented a
social distancing policy. Because of this policy, the human
activities has been changed and our method can take this
situation into consideration very well. Compared with the AHF
estimated by energy consumption data, our results show very
small difference that 0.13 and 0.22 W/m?® in average. It confirms

that our method has reliable accuracy.

keywords : Anthropogenic heat, Urban heat island, remote
sensing, Energy consumption
Student Number : 2020-27283
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Chapter 1. Introduction

1.1 Backgrounds and study purpose

As wurbanization progressed, the proportion of impervious surfaces
in urban areas is increasing and it makes cities absorb more heat. As
a result, urban areas show higher temperatures than rural areas
which is called Urban Heat Island (UHI) and has become the most
representative weather in the city (Oke, 1982; Bornstein&Lin, 2000).
Along with the UHI, the climate change makes more heat is
accumulated in the city, it makes more heat-related diseases and
mortalities.

The important variables that affects the UHI include meteorological
variables such as temperature, humidity, wind speed, cloude volume
and the physical variables such as the size of city, surface roughness
length, sky view factor and albedo (Oke 1973; Bornstein 1975; Park
et al, 2018, Kwon et al, 2019). Most of studies have been only
focused on theses two variables for reducing the UHI But recently,
many studies show that the anthropogenic heat flux (AHF) released
from energy consumption by human activities is one of the most
important variable of climate changes and UHI (Eaton 1919; Varquez
et al., 2021).

Human beings consume various forms of energy in life and
production, industy and metabolism (Sailor et al., 2015). The heat
released into atmosphere by this energy consumption is called AHF
and it makes the near—surface air temperature increased by 1 - 3 C
(Gutierrez et al., 2015). The amount of AHF varies from season to

country, in some cases, the amount can exceed the radiant heat from



the sun (Kikegawa et al.. 2003; Hamilton et al., 2009). The AHF will
not only affect the urban ecological environment but also have an
adverse effect on human health and economic development (Chen et
al.,, 2016; Doan et al., 2019; Yuan et al., 2020).

The scale and importance of AHF are increasingly being
emphasized, in most study, AHF is assumed ‘0’ because it is too hard
to estimate accurately. The urban environment is not only too
complex to measure heat flux, but also AHF is commonly measured
with heat fluxes like sensible heat flux, so measurements can not
accurately determine the amount of AHF (Gabey et al., 2019). Instead
of measurement, many studies use the empirical models for
estimating AHF in urban areas Sailor and Lu,2004; Smith et al., 2009;
Allen et al., 2011; Iamarino et al., 2012; Varquez et al., 2021).

AHF can be estimated either through a top—down approach or a
bottom—-up approach. For the top—down approach, energy comsumption
1s coming from a regional or country-level and then scaled down into
grided information. The extra data such as population can be needed
for down-scale the energy consumption data on high spatial
resolutions(Sailor and Lu 2004; Allen et al, 2011). The top-down
approach 1s appropriate when data 1s insufficient or the study area is
large, but the accuracy could be lower because of the data’s poor
resolution. To handle this problem, most of models try to improve
their performance by combined the results from the climate models
such as Weather Research and Forecasting Model (WRF) (Flanner,
2009).

Bottom—-up approaches estimate the amount of heat emitted from
individual buildings and roads, and then expands it to the large
scaled study area (Bueno et al., 2012).

This can be show higher accuracy than the top—down approachs,



but 1t 1s difficult to estimate accurately because they need the
measurement data at various locations (Varquez et al., 2021). Also, as
mentioned above, the AHF is difficult to determine the exact amount
by measurement, so the top-down approaches 1s currently mainly
used.

Various models are still being developed, but the top—-down
approaches has a poor spatial resolution of 500 m to 1 km because of
the limitation of input data such as energy consumption and
populations (Gabey et al., 2019; Varquez et al., 2021; Yu et al., 2021).
For this reason, it is difficult to understand the micro scaled thermal
environment inside the city, and there is a limit to understanding the
exact effects of the AHF and the way how to reduce it. Even if we
can get high resolution energy consumption data, the top-down
approaches still have errors because of their assumptions. Generally
they assume that every equipment have same energy efficiency and
the heat generated by energy use are released equally in all
directions. However, in real world, the energy efficiencies are different
and the heat released from specific points like outdoor unit of an
air—conditioner. For better understanding about the thermal
environments of urban cities, we need a new estimation method that
can take the actual data about the amount and direction of AHF into
consideration.

In this study, we suggest the AHF estimation method without any
energy consumption or population data. For the estimation, we used
surface temperature data from the satellite images to reflect the
actual thermal conditions of urban areas. By using Landsat 8 images
and land use map, we can estimate AHF with 30 m spatial
resolutions and it needs less computational power because of no

down-scaling process. Also, it can show more accuracy by taking the



actual data about the amount and direction of AHF into consideration.
We verify this method by the average of water and green space’s
AHF values which expected ‘0, and compare with energy

consumption data.

Chapter 2. Study Flow and Used Data

2.1 Study Flow

This study has three steps (Fig 1). First, we set the study site and
collect input data for estimation. Usually, temperature, humidity, wind
speed, surface temperature, albedo and digital surface model (DSM)
are needed to estimate AHF in urban areas. The surface temperature
and albedo can be acquired by satellite images and using Korea
Meteorological Administration’s (KMA) data for other meteorological
data like temperature. Second, we estimate AHF in study sites by
suggested method. Finally, we validate our results by comparing with

energy consumption data.
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Figure 1 Study flow chart

2.2 Study areas and input data

2.2.1 study area

The city of Seoul, South Korea, an area of approximately 605 km?2
was chosen as a study area to estimate the AHF. Seoul is the city
with the highest population density and about 20% of the total

population of South Korea. There are a total of 4 million households,



3.1 million vehicles are registered and energy use 1s second among
Korean cities, following Ulsan, the largest industrial city in South
Korea. Seoul is expected to release the most AHF inside the city due
to the large number of buildings and traffic, and three industrial
complexes are located which is expected to allow comparison between

residential areas and industrial complexes.

Kilometers
05,25 Hrde 10

Figure 2 The location of study area

2.2.2 Input data

Automatic Weather Station(AWS) data which were provided by
KMA are used for estimating various heat fluxes such as sensible
heat flux, latent heat flux and storage heat flux. The meteorological

data like temperature and wind speed are provided in point data, we



interpolated this data by IDW (Inverse Distance Weighted) method

for making 30 m raster data of Seoul.

Input data Parameter Units
Air temperature Ta T

Wind speed Ua m/s
Relative humidity RH %

Air pressure Patm Pa

Table 1 Meteorological data used in this study

The shadow ratio which 1s used for calculating solar and net
radiation were calculated by Hillshade tools in Arcgis 10.5. Actual
shadow areas of buildings and other urban contexts were calculated
by 1 m spatial resolution, and then average by 30 m grid for same
spatial resolution with Landsat 8 images. The DSM wused for
Hillshade tools were made by digital map by National Geographic

Information Service of Korea.
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Figure 3 The shadow ratio distribution of Seoul, Korea

The Landsat 8 OLI/TIRS (Operational Land Imager/Thermal
Infreared Sensor) images were used for surface temperature and
albedo. Landsat 8 Collection 2 level 2 Science Product (L2SP) data by
United States Geological Survey (USGS) were used in this study
which have been pre—-processed. We use Landsat images in summer
seasons (June to August) which were expected to have the highest
AHF, with less than 5% cloud fractions.
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Figure 4 The surface temperature distribution of Seoul, Korea on June 13,

2019 1100 KST

Chapter 3. Methods

3.1 The energy balance equation

The radiations which was reached to the urban surfaces are

absorbed or emitted by various forms, and it should follow the

energy balanced equation. (eq 1)

Qn +A=H+AE+ Qs Equation 2



where (), means net radiation, A means AHF, A means sensible heat
flux, AF means latent heat flux, ¢, mean storage heat flux. The

equation means that short or long-wave radiations reached to the
urban surfaces are absorbed or emitted to atmosphere by sensible,
latent or storage heat flux.

Most of the short-wave radiations in urban areas are solar
radiations. The short-wave radiation has a greater energy than
long-wave radiation, making up most of the urban area’s heat (Kato
et al., 2005). The long-wave radiations are emitted by all objects
which have surface temperature. There are a lot of sources which
emits the long-wave radiation, but it has less energy than the
short-wave radiation.

The AHF i1s mainly released by the form of long-wave radiation to
atmosphere. It does not directly emitted to urban surfaces, was
absorbed by atmosphere(Gutierrez et al., 2015). So AHF increases the
air temperature and make the atmosphere emits more long-wave
radiations.

The AHF mainly released to the area that was consist of
impervious surfaces. The impervious surfaces in urban contexts have
a tiny amount of waters so there are little increases of the latent
heat fluxes with extra incoming radiations (Kato et al., 2005). The
storage heat fluxes can be increased by extra incoming radiations,
but the long-wave radiation increased by AHF is much smaller than
the solar radiations, so there i1s no problem that assumed the
increased storage heat flux is ‘0" by AHF (Kato et al.,, 2005, Wong et
al., 2015). In other words, all of the AHF released to urban areas
become sensible heat fluxes (Kato et al., 2005).

Therefore, when we estimates the AHF by energy balance

_10_



equations, the latent heat flux and storage heat flux do not need to
consider the effect of AHF. However, the sensible heat fluxes have to
include AHF effects when estimated. Then, we can estimate the AHF

by equation 2:

A=H+LE+Q, — Q, Equation 2

3.2 The net radiation estimation

The net radiation mostly affected by the solar elevation which is
determined by the date, time and locations. By these variables, the
Extraterrestrial radiation for hourly periods can be calculated (Allen et
al., 1998):

R = 12 X 60 G d [(CUQ —w, )sin(¢)sin(8) + COS(¢)COS(5)<SiIl<CU2 )— Sin(a)l )]

a 72. ScTr
Equation 3
1S

where R, means extraterrestrial radiation (M] m? hour!), G

solar constant (= 0.082 MJ m 2 min'), & is solar declination (rad), ¢

is latitude (rad), d, indicates inverse relative distance Earth-Sun that

are given by (Allen et al., 1998):

2
8 = 0.409 sin (2= 7—1.39
sin(gg=J ) Equation 4

27
d =1+0.033cos(——
! © <365]) Equation 5

where ] is Julian date, w; and w, are given by(Allen et al., 1998):

_11_



w= 1—7;[(t+0.06667([,2 —~L)+S)-12]

7ty

a)l — @ ﬂ

n 7ty

W, =W+ —
2 24 Equation 6

where ¢ is standard clock time at the midpoint of the period (hour),

L. is longitude of the centre of the local time zone (degrees west of

z
Greenwich), L, is longitude of the measurement site (degrees west of
Greenwich), S, is seasonal correction for solar time (hour)

The clear-sky solar radiation can be calculated by (Allen et al.,
1998):

R, =(0.754+2%10""2)R, Equation 7

where z is elevation above sea level.

To estimate the net radiation of urban surfaces, the direct
short-wave radiation and the diffuse short-wave radiation should be
calculated by the clear-sky solar radiation. The direct short-wave
radiations are affected by shadows and the diffuse short-wave

radiations are affected by Sky View Factor (SVF). Sy and S, are
given by (Allen et al., 1998):

Sdiff - Rso>X< (03 + C(FCLD)d>
Sair =R, — Sdiff Equation 8

where F,, is cloud fraction that is given by (Loridan et al., 2011):

_12_



0.015+1.9x10"'x T,) X RH _

( .
Fop=0.185[e 1] Equation 9

where RH is relative humidity, 7] is air temperatrue. Now we can

calculate the net short-wave radiation of urban surface by:

S ., = (Shadow* S, + SVF*S, ff)* 1—a) Equation 10

where Shadow 1s the shadow ratio, SVF is sky veiw factor, o mean
albedo.

In this study, we focused on the heat fluxes between urban
surfaces and atmosphere, so we assumed all of the urban contexts’
surface as one layer. In the other words, the atmosphere is only one
incoming long-wave radiations source to urban surfaces, and it is
calculated by (Offerle et al., 2003; Loridan et al., 2011):

L*L = [Sclear + (1 - clear) ><}FC'LD] XJT;L Equation 11

where L | is incoming long-wave radiation, e 1s the emissivity of

clear
clear-sky. The long-wave radiation that objects are emitted 1is
determined by the object’'s surface temperature. The actual air
temperature has changed by the elevation, but it is too complicated to
estimate and it is beyond this study’s extent. So we assumed the
atmosphere to single layer, calculate emitted long—wave radiation by
air temperature (Loridan et al., 2011). For more accurate estimation,
the air temperature and the effects of clouds should be considered.
The emissivity of clear-sky can be changed by the air temperature

and it 1s given by:

_13_



w=146.5(,/T))

=1—(1+w)e V2w Equation 12

Eelear

where w 1s perceptible water, e 1s vapor pressure. The emitted

long—wave radiation from the urban surfaces can be calculated by

Stefan-Boltzmann law:
Lt = 85‘77;4+ (1 & )L l Equation 13

where Lup 1is the emitted long-wave radiation from the urban
surfaces, Ts is surface temperature, e is the emissivity of surface.
The net long-wave radiation of urban surfaces can be calculated by
subtraction between incoming long-wave radiation and emitted

long—wave radiation from the urban surfaces.
L, = Ly—-LY Equation 14
Also, the net radiation is given by:
Rn = Snet +Lnet Equation 15
3.3 The sensible heat flux estimation
The sensible heat was used to change a temperature of material,
its flux between two objects can be calculated by physical properties
like temperature, specific heat and density. Especially, the sensible

heat fluxes between urban surfaces and atmosphere can be estimated

by equation 3:

_14_



P, Equation 16

where p indicates air density, Cp indicates specific heat of air, 7

means air temperature, 7. . means surface temperature of the urban

surfaces. As mentioned before, the surface temperature of the urban
surfaces were acquired by Landsat 8 images which can be said that
contains the AHF effects, so it is appropriate to estimate the sensible

heat flux. 7, is the aerodynamic resistance which is calculated by

wind speed, land cover, obstacles height (Brutsaert, 1982).

ll’l(Zu - d()) - Q/J]M* ll’l(Zu - d()) - q/JH* 1

oM 200 Ku Equation 17

r, —

where z, is the height of temperature and wind speed are measured,
v is wind speed, k is von Karman’s constant (= 04), z,,, and z,y

are the roughness lengths for momentum and heat transport,

respectively. All measurements are in meters. d, means zero-plane

displacement that 1s calculated using the method proposed by
Macdonald et al. (1988):

dy = zh{l.()-l-A_AP(/\P— 1.0)} Equation 18
where z, means the height of obstacles, A is the constant (= 4.43 for
staggerd arrays), AP is the plan area density of obstacles. The

roughness lengths for momentum and heat transport used are listed
in Table 2.
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Land cover Zowm Zowm/Zon

Water 0.3 » 107* 0.34

Bare soil 0.001 50

Field 0.004 50
Grassland or Rice field 0.1 100
Lawn 0.01 50

Forest 0.5-1.0 1000
Suburban 0.5 1000

Urban 1.5 1000
Industrial 0.9 1000

Table 2 The roughness lengths for momentum and heat transport

3.4 The storage heat flux estimation

For the accurate estimation of the storage heat flux, we need all
urban surfaces thermal properties such as conductivity and heat
capacity. But it is impossible to acquire such data about the whole
city because there are too many kinds of surfaces and they are
mixed. To handle this difficulties, many studies develop the storage
heat flux estimation method by relationship with the net radiation.
This study adopted objective hysteresis model (OHM) which is most
widely using model to estimate stroage heat flux, proposed by
Grimmond et al., (1991a). The model has been captured the hysteresis
pattern of the diurnal relation between the net radiation and the

storage heat flux, and estimate the storage heat flux by:

Q& =a,Q), +a,AQ, +ay Equation 19

where AQ, is the (Q.,— Q_,)/2, a,a, a; is the coefficients of

surface type. In the urban areas, there are a lot of differenct surface

_16_



types in one grid, so the storage heat fluxs are given by:

Qs = Efz * [au &, FayAQ, + ‘132']

i=1 Equation 20

where f, 1s the fraction of ith surface type. a;; ay, a3, 1s the
coefficients ith surface. For 30 m spatial resolution, the fraction of all
surface types in 30 m dimension should be calculated first. The

coefficients of surfaces used are listed in Table 3.

Land cover aj ao as

Building 0.12 0.39 =717
Road 0.61 0.41 =27.7
Impervious surface 0.7 0.33 —38
Bare soil 0.37 0.42 -34.9
Lawn 0.32 0.54 —27.4
Forest 0.11 0.11 —12.3
Water 0.5 0.21 —39.1

Table 3 The coefficients of various surface types

3.5 The latent heat flux estimation

For estimate the latent heat flux, the vapor pressure deficit,
aerodynamic resistance and stomatal resistance should be calculated.
However, calculating the stomatal resistance in urban areas 1s very
complicated (Kato & Yamaguchi, 2005). So this study adopted the
simple parameterization method proposed by De Bruin & Holtslag
(1982) which is based on the Penman-Monteith method. The latent

heat flux i1s given by:

_17_



— a, _
AE= Y075 (Q,—95+8

Equation 21

where «a, B 1s the empirical coefficients of surface types and these
are listed in Table 4 (Hanna & Chang 1992; Grimmond & Oke, 2002).

Land cover a B
Building 20
Road 0.2 20
Impervious surface 0.2 20
Bare soil 0.4 20
Lawn 0.8 20
Forest 1.0 20

Wet land 1.2 20
Water 1.3 20

Table 4 The empirical coefficients of surface types

s indicates the slope of the saturation-vapor-pressure temperature

curve, y means the psychrometric constant (= 0.67 x10%). At 1 atm,

v/s values are listed in table 5 (Beljaars, 1989; Holstag & Ulden,

1989).

_18_

SR

11



Ta () /s 11/;/3
-5 2.01 0.67
0 1.44 0.59
5 1.06 0.51
10 0.79 0.44
15 0.60 0.38
20 0.45 0.31
25 0.35 0.26
30 0.27 0.21
35 0.21 0.17

Table 5 7/s values on 1 atm

3.6 Validation of AHF estimation methods

There are two steps for validation the methods. First, estimation
about the water and green spaces surface types which are expected
to be ‘0 AHF are evaluated. The average of AHF should be 0 at
natural surfaces because there are no sources that can release AHF.
Therefore, the average and standard deviation of AHF in water and
green spaces can be an indication of the accuracy of estimation.
Second, estimated AHF compared with the actual energy consumption
data. The monthly energy consumption data by a lot number are
provided by the Ministry of Land, Infrastructure and ‘Transport of
Korea. By down-scaled this data, we can estimate the AHF very
roughly and compared with the estimation results. In this study, we
down-scale the monthly energy consumption data based on the
profiles proposed by KEMCO (2002). Between energy consumption

and AHF released, there are a lag time and all energy consumption
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become AHF. However, it is very complicated to specify and is not a

main goal of our study, so these are ignored in this study.

Chapter 4. Results and Discussion

4.1 The AHF estimations in urban area

oy
- }:l' ;T h .- i.:_‘ ‘
s il ) o
-\ ,_ X
A .
; +
AHF_190613.4f
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- 5 2.5 0 b Kilometers
e Low -300 I T

Figure 5 The estimated AHF distribution of Seoul, Korea on June 13, 2019
1100 KST (Unit : W/m?)

_20_



The AHF on June 13, 2019 and May 30, 2020 estimated by the
method (Eq 2) are shown in Figs 5 and 6. According to Eq. 2, for
estimating the AHF, various heat flux such as the sensible heat flux
and the latent heat flux should be estimated before. All three
estimation method of heat flux can contain errors in the estimate
equation it self, and the input variables also have an errors. For
instance, Landsat images have 30 m spatial resolutions and it can be
a problem where various type of surfaces are mixed in a complicated
way that the all surfaces have the same surface temperature. Also,
the land use map’s classification could make errors. In this study
area, minimum value of AHF are shown in the bottom of the images
that is classified as urban areas. Actually, it is a part of mountains
so it's surface temperature was low and sensible heat flux was
estimated to a very small values. However, the latent heat flux also
estimated small because they were classified as urban area. For this
reason, the minimum AHF value was estimated in this area that

produce error of about -200 W/m>.

_21_
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Figure 6 The estimated AHF distribution of Seoul, Korea on May 30, 2020

1100 KST (Unit : W/m?)

As the estimation results shown in Fig 5 and 6, the area where
the most AHF is released was an industrial area which is situated in
the south-west part of the study area. There 1s the Gasan digital
complex which is the only national industrial estate in Seoul and it
shows the highest AHF in both results. The other areas that show
the high AHF values are the areas that various commercial buildings
and offices were located with a large floating population such as
Gangnam and Jongno. In the residential areas, a low-rise high

density areas show higher AHF values than an apartment area.
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Above things show the results is quite reasonable and is consistent

with the general perception.

4.2 The wvalidation of estimation method

June 13, 2019

Land cover Mean Standard deviation
Urban 125.3 62.8
Road 935 673
Industrial 135.6 493
Bare sail -57.3 496
Green 9.9 36.8
Water 24.7 21.5

Table 8 The average AHF and standard deviations for each surface
types on June 13, 2019

May 30, 2020
Land cover Mean Standard deviation
Urban 120.7 62.1
Road 882 683
Industrial 109.5 476
Bare sail -48.1 66.5
Green 10.8 38.1
Water 196 311

Table 9 The average AHF and standard deviations for each surface
types on May 30, 2020

The average AHF and standard deviations for each surface types
are listed in Table 7 and 8. The natural surfaces like bare soil, green
and water which have no human activities are expected to have ‘0’

AHF, so the average and standard deviation of natural surfaces can
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show the accuracy of the estimation method very roughly.

Following the results, bare soil, green, water surface types show
about -50, 10, 20 W/m? on the average and their standard deviations
are about 60, 35, 25 W/m? respectively. This did not fully coverage to
zero as theoretically expected due to errors in the data and methods,
but this allows us to identify the range of errors that can be made
by this estimation method.

In the case of water, the mean value was the second closest to
zero in both results and the lowest standard deviation was shown.
This 1s the most ideal result among all surface types, and it was
confirmed that the water related estimation method of the latent heat
flux and the storage heat flux were quite accurate. It is expected that
the slight error occurred when estimating the sensible heat flux, and
the cause is that the temperature above water was higher than the
actual temperature in the process of interpolating AWS data, so the
sensible heat flux could be overestimated.

The green surfaces show little bit lower AHF values than the
water. Their average is about 10 W/m? and standard deviation is
about 35 W/m? also they showed good results with the theoretical
expectation. However, in areas adjacent to urban surfaces were
shown the high AHF values which is presumed to be due to the
overestimation of the surface temperature at the boundary because of
the resolution of satellite images. Also, most of green surfaces located
in the edge of the study site, the standard deviation can be relatively
higher in the process of interpolating the AWS data.

The bare soil is the only surfaces that show negative average
values. This means that the sum of three estimated heat fluxes were
smaller than the calculated net radiation, and it can be thought that it

was underestimated in all heat fluxes. Maybe the error was relatively
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large because most studies related to the latent heat flux and storage
heat flux did not mainly focus on bare soils.

The area which shows the highest AHF on average is the
industrial area, showing about 130 W/m? It is much higher than the
other 1mpervious surfaces 1in urban areas because of the
characteristics of the industrial areas that use more energy than the
other spaces.

The other urban areas show the second highest average AHF
values, about 120 W/m® In the case of road, it is thought that the
narrow width resulted in a large error because of the limited
resolution of satellite images. The road shows very similar average
values to the average of green in both results. This is an error
caused by the spatial resolution of satellite, 30 m, that is too large to
accurately capture the surface temperature of the road, and it could
be underestimated because of the plants such as street trees around
the road. Also, this study did not estimate the AHF form the traffics,
the estimated AHF of the road should be smaller than actual value.

In all surface types, the results show significantly high standard
deviation values. Because of the shadows of buildings, the net
radiations are fluctuated in the same surface type. The difference of
net radiation can be over 300 W/m® by only shadows and it can
change the sensible, latent, storage and anthropogenic heat flux over
100 W/m? In study area, there are a lot of high rise buildings and
their density 1is also high. Because of this reason, the standard
deviation can show high values but we cannot say it was wrong or

inaccurate.
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Figure 7 The energy consumption distribution of Seoul, on June 2019 (Unit :

W/m?)

A total of 140,000 energy consumption data were mapped for
validating the estimation. For excluding errors from comparison with
pixels without energy consumption data, remain ‘Nodata’ instead of
mapping to zero values.

Compare with the estimation results from suggested method,
energy consumption data shows very similar distribution on study
site. The difference between scaled down energy consumption data
and estimated AHF are 0.02 and -055 on average. Compare to the

average value that very close to zero, the standard deviation was
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slightly higher, which is thought to be due to the presence of errors
in the energy consumption and building information data. For
instance, the maximum difference between two results is 12,085
W/m? occuring from the building that recorded 0.08m? plan area but
using huge amount of energy. That building’s actual plan area is
about 400 m? so if there are more accurate data can constructed or

obtained, better validation can be progresssed

Difference

Value
meee High @ 300

[ I L | |Kilometers
Jr— P

Figure 8 The difference between scaled down energy consumption data and

estimated AHF on June 13, 2019
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June 13, 2019
Mean Standard deviation
0.13 51.1

Table 10 The average and standard deviation of the difference between

energy consumption and estimated AHF on June 13, 2019

Difference
Value
e High @ 300
s "
B 0w -300 é 2|5—|5 10K|lometers

Figure 9 The difference between scaled down energy consumption data and
estimated AHF on May 30, 2020
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May 30, 2020

Standard deviation
473

Mean
0.22

Table 11 The average and standard deviation of the difference between
energy consumption and estimated AHF on May 30, 2020

4.3 The spatial and temporal changes of AHF

T
L]
% :
1 »

AHF difference TN

Value g
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I

Figure 10 The difference between two estimated results (June 13, 2019

May 30, 2020)

Between 2019 and 2020, there are a noticeable changes in Gasan
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digital complex and residential area of Gwanak-gu. The AHF released
from the Gasan digital complex was decreased the most in the study
area and the AHF released from the residential area of Gwanak-gu
was Increased the most. During this period, the COVID-19 outbreak
began and the government implemented a social distancing policy.
This policy has led to a lot of people working from home and it
makes the AHF value on industrial area decreased. Because of this
trend, people spend more time at home and it makes the AHF on
residential area become increased. In addition to industrial areas, the
decrease in AHF was confirmed in downtown areas such as
Gangnam and Jongno, and the increase in AHF in residential areas at
the top of the study area was confirmed.

Through these results, the COVID-19 had various effects not only
on the way of life of the city dwellers, but also the ecosystem of

urban areas such as thermal environment.

Chapter 5. Conclusion

From the energy balance equation, the anthropogenic heat flux
(AHF) can be estimated by meteorological data, satellite images and
land use map. We estimate the AHF on the urban areas and show
that our results are quite reasonable. In order to compare and validate
the estimation results, we mapped about 140,000 buildings the hourly
energy consumption data by down scaled the monthly actual usage.

The estimated AHF distribution of Seoul corresponded reasonably
well with the energy consumption data. The difference between two
datas are almost 0 on average (actually 0,02 and -0.55 W/m?), and
the standard deviation is about 68 W/m® The AHF was highest in

the industrial area, and lowest in the water. The estimated AHF in
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water was about 20 W/m? on average, that is very close to
theoretical values, the zero. This implies that our results are quite
resonable and it is possible to estimate the AHF by remote sensing.
The industrial area show the highest average value of AHF, and it is
much larger than the other impervious surfaces in urban areas. In
industrial areas, the average AHF is about 130 W/m? and it is about
20% of the net radiation in open area that has no shadows. This can
make serious problems when we evaluate the thermal environments
of urban cities without considering the AHF. Through this results, it
could be thought that our method can reflect the amount of energy
consumption appropriately.

Between 2019 and 2020, we can found the noticeable changes in
the spatial distribution of the AHF. Because of the COVID-19
outbreak and the social distancing policy from the government, a lot
of people working from home and it makes people spend more time
on residential areas. This trends also found in the AHF estimations
results, the industrial area has been decreased and the residential area
has been increased. These things show that the COVID-19 affect to
our life and urban environment in various ways.

From this study, we show the possibility to estimate the AHF
from remotly sensed data and its accuracy by comparing with the
actual energy consumption data. Because of the limitation of satellite
images without clouds, we can only estimate two summer seasons of
2019 and 2020. In future works, if we can get more accurate images
and detailed estimation method (equations), it can be used to monitor

the AHF changes on urban areas.
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