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Abstract: The urban heat island phenomenon occurs as a mesedt of anthropogenic
heat discharge, decreased vegetation, and increasdidial impervious surfaces. To
clarify the contribution of each factor to the unbdaat island, it is necessary to evaluate the
surface heat balance. Satellite remote sensingadafainan City, Taiwan, obtained from
Terra ASTER and Formosat-2 were used to estimafacguheat balance in this study.
ASTER data is suitable for analyzing heat balareeabse of the wide spectral range. We
used Formosat-2 multispectral data to classify oed surface, which was used to
interpolate some surface parameters for estimduwaag fluxes. Because of the high spatial
resolution of the Formosat-2 image, more roadspnaggmces and small vegetation areas
could be distinguished from buildings in urban ardzowever, misclassifications of land
cover in such areas using ASTER data would oveneséi the sensible heat flux. On the
other hand, the small vegetated areas detected frmmFormosat-2 image slightly
increased the estimation of latent heat flux. Asslt, the storage heat flux derived from
Formosat-2 is higher than that derived from ASTERadn most areas. From these results,
we can conclude that the higher resolution landecamye map increases accuracy of the
heat balance analysis. Storage heat flux occupieat&60 to 80% of the net radiation in
most of the artificial surface areas in spite d@itlhusages. Because of the homogeneity of
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the building roof materials, there is no contrastween the storage heat flux in business
and residential areas. In sparsely vegetated wabezas, more heat is stored and latent heat
is smaller than that in the forested suburbs. Téssilt implies that density of vegetation
has a significant influence in decreasing tempeeatu

Keywords: ASTER, Formosat-2, land surface classificatioriagje heat flux.

1. Introduction

The urban heat island effect is the temperatureease according to urbanization and has been
studied for about four decades. The urban heahdsfghenomenon occurs as a mixed result of
anthropogenic heat discharge, decreased vegetiiar, and increased use of artificial impervious
surface materials. These factors modify the hekinba at the land surface and eventually raise the
atmospheric temperature. To clarify the contributimf each factor to the urban heat island, it is
necessary to evaluate the surface heat balance.adat Yamaguchi [1] estimated surface heat fluxes
in an urban area of Nagoya, Japan, by using visibteermal infrared data observed by Terra ASTER
and Landsat ETM+. Modifying the proposed methode Bame authors [2] introduced storage heat
flux, 0G, in order to evaluate the heat storage and digehaf urban surfaces. Their results of
estimated heat fluxes are reasonable comparedpngthious ground measurement data in other cities
[3-8]. However, because the highest spatial reswludf ASTER sensors is 15 m for visible and near-
infrared radiometer (VNIR), there is a limitation detecting small objects in urban areas. The
limitation of the spatial resolution is one of thejor error sources of heat flux estimation because
Kato and Yamaguchi [1, 2] assigned some importanarpeters according to surface types classified
from satellite images. In order to reduce suchremduced by mislabeled surface types, the authors
used Formosat-2 data in combination with ASTER datdhis study. Because of the 8m spatial
resolution of Formosat-2 multispectral data, we icmtify surface types with a pixel area of 3rads
higher resolution than that of ASTER VNIR data. Elaver, spectral coverage of the blue band of
Formosat-2 data is another advantage in classityiadand surface. These advantages could eliminate
misclassifications caused by mixed pixels and sirities of spectral patterns. Since surface heat
fluxes are estimated in the 90m spatial resoludbrASTER thermal-infrared radiometer (TIR), we
can evaluate intra-pixel heterogeneity of surfageecage more clearly by Formosat-2 than ASTER
data. This paper presents a case study of surie@ebalance that was estimated based on surface
classification maps from ASTER and Formosat-2 datainan City, Taiwan on March 6, 2001. Then,
the heat fluxes are compared to evaluate the sstysiof spatial resolution and accuracy of surface
classification maps against our procedure of hedérte estimation. Moreover, we interpret the
characteristics of surface heat balance in Taingnb@sed on heat fluxes estimated from ASTER with
Formosat-2 data.
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2. Theory and Estimation Methods of Surface Heat Bance in Urban Areas

In this study, based on the same assumption uséhtmnyand Yamaguchi [2], who estimated the
surface heat balance in an urban area by using RSArtel Formosat-2 data. For an urban surface, the
absorbed net radiation and the anthropogenic hsahatge should balance the outgoing fluxes of
sensible heat, latent heat and ground heat whesctdm is negligible,

+A=H+LE+G
Ry (1)

whereR, is the net radiationA is the anthropogenic heat discharges the sensible heat flukE is

the latent heat flux, an® is the ground heat flux. The net radiation is ten of the absorbed
shortwave and longwave radiation. The absorbedtwhoe radiation is the difference between
incident shortwave radiation from the sun and o#fld shortwave radiation. The net absorbed
longwave radiation is determined from atmosphentssions absorbed by the surface and emitted
longwave radiation. The sensible heat and latemt flexes are the energy transported into the
atmosphere by turbulent flow. Sensible heat in@gdise atmospheric temperature, while latent Iseat i
produced by transpiration of vegetation and evapmraf land surface water, contributing to limgin
surface and atmospheric temperature increases argieen net radiation. During the day, ground heat
is conducted into the ground, because the suréanpdrature is generally higher than the underground
temperature. Heat stored in the ground during #yime is conducted to the atmosphere at night. The
anthropogenic heat discharge increases the heagebuas well as the net radiation. Energy
consumption due to human activities generates aptigenic heat discharge in the form of sensible
heat, latent heat, and ground heat. There is nd&r@migenic heat discharge from natural
land surfaces.

Becauses andA depend on surface and subsurface materials andrhangtivities, it is difficult to
calculateG and A separately from satellite data. Therefore, Katd aamaguchi [2] applieddG
estimated by merginG andA based on the heat balance equation (Equationwh)gh is often used
in tower measurements in urban areas [3, 8], &awel

DG=G- A=R - H-LE @)

For the case in which the storage heat flux excéatsm?, i.e., when a downward heat flux exists,
it can be interpreted as net heat storage in thanucanopy. In contrast, when the storage heatiglux
negative, there is a net loss of heat from storagd/or anthropogenic heat discharge from
urban canopy.

Theories for calculating the net radiation, semsiibkat and latent heat fluxes have already been
established. These three heat fluxes can be estimtay combining remote sensing and ground
meteorological data, because these are the heladrmye between land surface and atmosphere. In the
present study, general procedures for the calomatif these heat budgets are applied. Because
estimation methods of these heat fluxes are destrih Kato and Yamaguchi [2], the authors have
omitted the explanation other theinandLE that are critical to the present study.

Sensible heat flux is given by

fa 3)
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wherer is the air density in kg C, is the specific heat of air at constant pressue kg K™, Ty is
the surface aerodynamic temperature inTK,is the atmospheric temperature in K, ands the
aerodynamic resistance in s'nBecausel, is difficult to obtain by thermal infrared remasensing,
we used surface temperaturginstead ofTy. The sensible heat flux might be overestimatednithe
surface temperature is high. Hergis calculated using the following expression [9]:

Zu-dO

)
r = ZOM ZOH
) Ku @)
wherez, and z are the respective heights at which the wind spe¢th m s%) and atmospheric
temperature are measureld,is the displacement height, amg andzyy are the roughness lengths for
momentum and heat transport, respectively. All lisigand roughness lengths are in met&§g.and
Yy are stability correction functions for momentunddreat, which depend on the Monin-Obukhov
length [9], andk is von Karman'’s constant (= 0.4, z andd, are obtained by the methods described
in Kato and Yamaguchi [1]. Roughness lengths shmevhieight at which the neutral wind profile is
extrapolated to a zero wind speed [10] and dependbstacle heights and spacing on land surface.
Some methods have been offered to estimate surfaaghness from obstacle height, area and
arrangement [11-13]. However, it is quite diffictdtobtain requisite parameters to estimate rouggine
length through a wide area. Although we used ASTHHM data, about 15 m of vertical accuracy and
15m of spatial resolution are not enough to eveludistacle height and arrangement. In this study,
typical values of roughness lengtls, andzy, are alternatively used for the selected surfgoes [9,
14 -21], as shown in Table 1. The surface type®wbtained from a land cover map, as described in
Section 4. We applied a logarithmic averaging pdoce [22] in order to set the roughness length in
each resultant pixel, which is 90m resolution adoay to ASTER TIR data in this particular case.
Although spatial resolution of ASTER TIR data isn§0the roughness length varies with location in
this study.
Latent heat flux for evapotranspiration is exprdsse

In "V

pr xes - €

LE =
g Tatr (5)
wheree; is the saturation water vapor pressure in hPheastirface temperature, is the atmospheric
water vapor pressure in hRgs the psychrometric constant in hP3, kindrs is the stomatal resistance
in s m*. Stomatal resistance is calculated based on thisdgpe scheme [23] simplified by Nishida et
al. [24]:

1_f([)E(PAR) 1 ©)

r

s sMIN rcuticle

wherePARis the photosynthetic active radiation in W msyn is the minimum stomatal resistance in
s m*, andreuicie is the canopy resistance related to the diffuiivaugh the cuticle layer of leaves in s
m. f, andf, are estimated by the equations proposed by J@3jsand Nishidaet al [24]. As well as
roughness lengthsgyin Was alternatively determined for each vegetatyge tthat was decided upon
and interpolated via surface classification basedhe reference of Kellihest al [25] and Noilhan
and Lacarrére [22]. The valuesrgfyn used in this particular case are listed in Tableatent heat flux
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is calculated in proportion to the fraction of wateegetation type, and pervious surfaces with each
rsmin IN ONe pixel.

Table 1.Parameters fixed for surface coverage types.

Surface type  zom (M) Kb* = In@Zow/Zow) s (S M)
Building 0.5 7.0 -

Road 0.05 5.1 -

Water 0.00003 -1 0

Bare soil 0.001 5.1 2500
Short grass 0.01 5.1 1000
Tall grass 0.1 5.1 625
Bush 0.1 5.1 1000
Forest 0.5 7.0 180

3. Study Area and Data Used

We selected an area of approximately 283 kavering Tainan City, Taiwan, for our study aras,
Lin et al [26] reported 3.4°C of heat island intensity atdmight in this area (Figure 1). Tainan
currently has a population of about 750, 000 artdesfourth largest city of Taiwan. The presentgtu
area covers five of six districts in Tainan. Theaiing northernmost district, An Nan, was excluded
in this study because most of the area is useadaculture. A large portion of the urban areas are
located on the plain at the left side of the stadsa. The other areas are occupied by agriculusel
In the upper left of the study area, there are taaiad fish farms which are widely distributed twe t
northwestern coast of Tainan City.

3.1. Satellite Data

The Advanced Spaceborne Thermal Emission and Riefleadiometer (ASTER) is an instrument
onboard the Terra satellite. The spatial resolstiohthe sensor are 15 m for the VNIR, 30 m for the
shortwave infrared radiometer (SWIR), and 90 mtfer TIR, respectively. Band numbers of each
radiometer are 3 for VNIR, 6 for SWIR and 5 for TIRhe following ASTER data products were used:
surface kinetic temperature, surface spectral evitisgs VNIR surface spectral reflectance, SWIR
surface spectral reflectance, and the relativeaaliglevation model (DEM).

Formosat-2 is the Taiwanese satellite launchedéyNational Space Organization (NSPO), Taiwan,
in 2004. Spatial resolution of Formosat-2 datams ®r the 4-band multispectral mode and 2 m fer th
panchromatic mode, respectively. Formosat-2 carsitethe same areas in one-day intervals. The
authors used only multispectral data at the 8 ntiapasolution for the purpose of classifying the
surface cover types.

We used ASTER data acquired in the daytime of M&,cR001 and Formosat-2 data acquired on
July 12, 2004, respectively, to estimate the haktrize in Tainan City.
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3.2. Meteorological Data

The authors used the ground meteorological datairgchat the meteorological station in Tainan
City, managed by the Southern Region Weather Cefttentral Weather Bureau of Taiwan. The
weather station is located in the center of thg e$ shown in Figure 1. Meteorological observation
come from a standard site but which is surroundeddmse urbanized surfaces and thus it is expected
that the observations are representative of catepm@r conditions in the urban area. In the present
study, the data used were solar radiation, win@dpeelative humidity, air-pressure and atmospheric
temperature acquired at 1100 TST on March 6, 286dording to the acquisition date of the ASTER
data.

Table 2. Summary of the meteorological conditions of thalgsis in Tainan City at 1100
TST on March 6, 2001.

Variable (Units) Value
Shortwave radiation (W) 453
Wind speed (m§ 0.9
Atmospheric temperature (K)  300.6
Air pressure (hPa) 1016.4
Relative humidity (%) 50

Figure 1. Location of the study area: Tainan City, Taiwam &ormosat-2 false color
image. The star on Formosat-2 image represent®th&on of the meteorological station.
The white rectangle is the area shown in Figuras®6.

10 (km)

The meteorological data are summarized in TablEn2.interpolation method is basically the same
as that of Kato and Yamaguchi [2]. Because themnig one meteorological observation site and the
study area is relatively small, we assumed thabsgpieric temperature and air-pressure, at Om ASL,
are the same throughout the study area. Extrapotaif these parameters for each pixel including
altitudinal corrections were applied based on theirenmental lapse rate with ASTER DEM data.
Solar radiation, wind speed and relative humidigrevassumed to be constant throughout the study
area.



Sensor008 8 6032
4. Surface Classification

In order to estimate surface heat fluxes, the astheeded to interpolate the roughness length for
sensible and latent heat fluxes, and the minimwmatal resistance for latent heat flux, respedtijvel
based on surface types as mentioned in Sectior@uWBe of that, we wanted to classify the surfaces
according to vegetation types, and density andhhes buildings. In the present study, the authors
classified surface types from satellite data by ¢benbined methods of the maximum likelihood,
decision tree and manual classification in ordesdparate surface coverage having similar spectral
patterns. First, we classify the surface types orarthan 30 categories by the maximum likelihood
method. The categories are too numerous for thewalg analysis because they are based on not only
surface coverage but also their spectral pattehreréfore, they are combined into 8 categories:
buildings, roads, water, bare soil, short grasg.,(éawn), tall grass (e.g., paddy field), bushesg
forests. However, in the case of ASTER, bush cowtibe distinguished from the other vegetation
types because of the limitations of band numbets spatial resolution. In the case of Formosat-2,
misclassification often occurred between waterrspaegetation, dark soil and shadow because of the
similarity of their spectral patterns. We extractgdas selected as water, and then classified liyem
the decision tree method. The decision tree wastaated by the following steps: 1) separate sparse
vegetation by NDVI; 2) separate dark soil by NIRegpal pattern (band 4 of Formosat-2); and, 3)
separate pavement and water by the sum of the Diévaf band 1, 2, 3 and 4 of Formosat-2. We
manually determined the thresholds for each stegp 3is based on the spectral characteristic térwa
that is low in the NIR region. Step 3 is basedlmnfact that reflectance of water is low for alespal
bands. After the decision tree procedure, theree\géll small areas suffering misclassificatiortsisl|
difficult to distinguish between water surfaces ahdded areas from their spectral patterns bethese
ranges of DN values of each band are extremelylsidaivever, the areas of shadows are usually
much smaller than those of water bodies, theref@eould manually distinguish them by comparison
with the other maps.

We applied the above mentioned procedures to Fatibsultispectral data. On the other hand,
for comparison purposes, we used the Maximum Likeld method for ASTER VNIR data. Since the
data acquisition dates of Formosat-2 and ASTER degadifferent, surface coverage is different in
some agricultural areas. In the present studypdarary purpose of surface classification is toanii
detailed surface coverage to estimate the heatdlox March 6, 2001. In order to modify the changed
surface coverage between the two dates, we reptheedassification results by Formosat-2 data in
some agricultural areas where surface types wefereht from those on the classification map
produced from ASTER data.

5. Comparison of Surface Classification Maps

Surface classification maps derived from ASTER Batnosat-2 data are shown in Figure 2, while
the pixel numbers of each surface type are comparé&dble 3. In the case of the classified redojts
ASTER, the buildings category shows the largesa.ar®owever, more areas were classified as short
grass than urban areas on the Formosat-2 imagear€as classified as tall grass by ASTER changes
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to short grass in the case of Formosat-2 becausleeoimilar spectral patterns of these two types.
Because of the higher spatial resolution and aafthti blue band of Formosat-2, short grass in the
parks in urban areas could be distinguished fronfding roofs. In fact, when surface types are
classified without band 1 of Formosat-2, the aregfashort grass were partly classified as buildings.
The areas classified as road increased about 38&use of the higher spatial resolution of Formosat-
2. Because usually a two-track road is wider tharna®d because of the spatial resolution of Formosat
2, narrow roads are detected relatively well. 4986 20% of the areas of road were originally
classified as road and buildings by ASTER, respebti These results imply that the surface
classification map by Formosat-2 distinguishes soaetween buildings more clearly. In the case of
ASTER, only some major roads are separated fromdibgs, but the areas of roads are overestimated
because pixels are classified as road even if themtain roads with a width of less
than 15m.

Figure 2. Surface classification maps derived from (a) ASTdel (b) Formosat-2 data.
a. ASTER b. Formosat-2

N Buildings [] Roads M water [ Bare soil [ Short grass E Tal grass B Bush M Forest

Table 3. Pixel numbers and percentages for each surface d¢gpegory derived from
ASTER and Formosat-2 data.

Surface type ASTER Formosat-2

Pixel number  Percentage (%) Pixel number Percer(f4)
Buildings 1146475 26.7 801997 18.6
Roads 506137 11.7 702220 16.3
Water 315051 7.3 292800 6.8
Bare soil 469174 10.9 514532 11.9
Short grass 1245561 28.9 1586204 36.8
Tall grass 482919 11.2 12630 0.3
Bush 0 0 315793 7.3
Forest 149294 3.5 88435 2.0

Total pixel numbers are standardized to that ofifemat-2.
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Figure 3. Surface classification maps in a portion of theamr area derived from (a)
ASTER and (b) Formosat-2. Color legend is the sasneigure 2.

a. ASTER briosat-2

Both results show different spatial distributiorfsvegetation because it is difficult to distinguish
vegetation types between grasses, while seasdfexkdices change the colors of vegetation. Sinyilarl
because the spectral patterns of bare soil andibgifoofs are similar in this area, considerabtas
of bare soil are misclassified as buildings ane wiersa in both ASTER and Formosat-2 data.

In addition to misclassification between buildingad bare soil, there are some paved areas
misclassified as buildings in both classificatiompa from ASTER and Formosat-2 because of their
similar spectral patterns. For example, the comalile areas of the runways of Tainan airport, which
is located in the lower left of the study area, e@ssified as bare soil and buildings rather than
roads by ASTER and Formosat-2, respectively. Sineedifficult to distinguish these surface types
with similar spectral patterns by the superviseabgification methods and to correct them manually
through the whole area, the authors used thessif@dation results as input data to the heat baanc
analysis without further correction.

6. Results of Heat Balance Analysis and Discussion
6.1. Comparison between the Heat Fluxes from ASArtER-ormosat-2

Figures 4 and 5 show heat fluxes estimated basenidace classification maps from ASTER and
Formosat-2, respectiveliR, is shown only in Figure 4 because it is estimatgbdout surface types. As
mentioned in Section 2, the roughness lengthHaand LE and the stomatal resistance tdE are
interpolated according to the surface classificatitap. MoreoverJG is also affected by the surface
types because it is estimated by the residualeobther heat fluxes.
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Figure 4. Distributions of (a) sensible heat flitk (b) latent heat flux.E, (c) storage heat
flux 0G, and (d) net radiatioiR, estimated by using a surface classification mamfr

ASTER data.
a. Sensible heat flux (H) b. Latent heat flux (LE)
5 120 W m* 0 90 W m?
c. Storage heat flux (0G) d. Net radiation (Ry)

40 360 W m™ 180 360 W m™
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Figure 5. Distributions of (a) sensible heat flitk (b) latent heat flux.E, and (c) storage
heat fluxJG estimated by using a surface classification mamfFormosat-2 data.

a. Sensible heat flux (H) b. Latent heat flux (LE)

5 120 W m™ 0 90 W m™

c. Storage heat flux (0G)

40 360 W m™

Table 4 summarizes the differences between thdtsesfuheat fluxes from ASTER and Formosat2
for the whole study area. We subtracted the heaefl from ASTER from those of Formosat-2 for
each pixel. Based on the surface classification fnam ASTER, we estimated the averages and
standard deviations according to each surface t@mzause the spatial resolutions of surface
classification maps and resultant heat fluxes dafferdnt, we chose only the pixels of heat fluxes
occupied by more than 60% of the same surfaceftgme ASTER and where more than 50 % of the
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surface type was changed by Formosat-2. Thesereagemts are determined to represent surface
uniformity and to evaluate a large number of pixelgh enhanced surface types, respectively.
Although the purpose of this study is to asses®tfeet of mixed pixel in surface classificationieat

flux estimation, we determined the first requiremi@norder to show tendencies for each surface type
in Table 4. The differences of heat fluxes betw#es results from ASTER and Formosat-2 are
significant in certain areas. For instance, Fig@reshows the heat flux differences (Fluxes from
Formosat-2 — Fluxes from ASTER) on a portion of tinkan area containing improved classification
results by Formosat-2, which is the same area@ed-i3.H decreased in the areas where the surface
type was classified as buildings. Because the @freaads increases and that of buildings decreases,
mentioned in Section 5, roughness lengths on suehsadecrease and, henekedecreasedsd also
decreased in the areas originally classified ads.og@his was caused by the surrounding buildingsare
being changed to road by Formosat-2. On the otlaad,H increased in some areas originally
classified as bare soil. This is because many aeasnisclassified by ASTER and reclassified as
buildings by Formosat-2. In a few arebsincreased or decreased more than 1003\We consider
these results as errors attributed to apparentlasstication by ASTER or Formosat-2 because such
large differences in heat fluxes are not realistibe bare soil areas misclassified as buildings by
ASTER show such extremely higH. On the other hand, the areas with large increaseld
corresponded to the forest extracted by FormosBie2ause roughness length should be determined
not from surface types but obstacle heights andisgaerror can occur in forest areas misclassiied
grasses. Although there are still possibility obatassification of ASTER and Formosat-2 in the pothe
areas, it is obvious that classification by Fornti@samprove the estimation &f in bare soil and forest
areas.

Table 4. Averages and standard deviations of heat fluxedbfices derived from ASTER
and Formosat-2 data (Fluxes from Formosat-2 — Elixaen ASTER).

Surface type H (W m? LE (W m?) D5 (W m?)
Average Standard deviation Average Standard dewiatiAverage Standard deviation

Building -47 29 33 33 14 37
Road -5 23 32 54 -27 44
Water 10 24 -59 87 49 65
Bare soil 47 30 -13 12 -34 24
Short grass 18 14 12 34 -31 36
Tall grass -5 10 -12 24 17 31
Forest -6 9 -58 24 64 31

Surface types are based on the map derived fronERST

LE decreased in most of the areas classified as ategetoy ASTER except for short grass areas,
and corresponded to the reclassification of surtgpes to another vegetation type which had less
active transpiration. Because surface types in naaegs have been changed from forest to bush and
short grass by Formosat-2 dateék especially decreased in forest areas. On the dthed, LE
increased in short grass areas because shortlgaagbe least active transpiration and reclassdsed
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different vegetation type&E slightly increased in the areas originally classifas roads and buildings
by ASTER. Increases afE should correspond to an increase of areas of aggetand water bodies.

In fact, the areas actually corresponded to thergvegetation in urban areas and fish farms. Sirtola

H, the large increase a&ft in some small areas was affected by the misciea8dn caused by the
differences of data acquisition dates and the smasden the ASTER and Formosat-2 data were
taken. As mentioned in Section 4, we tried to mothie surface type changes between two maps, but
there is still error induced by misclassificatiim.order to solve this problem, it would be necegsa

use data acquired on the same or closer datesleas, in the same season. Except for such eyusne
places, most of the areas with increasBdn Formosat-2 data were caused by the increasedtas

of small vegetation and the change of vegetatipedythat have more active transpiration. In urban
areasLE increases in the areas with increased detecti@mafl vegetation and decreases in the areas
with reduced overestimation of vegetation and persisurfaces.

The differences oG are the total of the differencestéfandLE. In most of the areas, decreases in
both of H and LE result in an increase iG. The largest decrease iBG, more than 100 W
appeared in the areas reclassified as forest atel Wacause of their higheE. On the contrary, the
largestJG increase corresponds to the area where surfaes tyyanged from forest and water to other
surface types. In some of the vegetation areas)@ease irLE and a decrease h are balanced out
which results in a slight decreasef. On the other hand, a decreasé)his a result of increasdd
and decreasedE in urban areas. It is caused by the reclassifinatif surface types from bare soil
to buildings.

As a whole, heat fluxes are estimated in a reasemabge of values derived from both ASTER and
Formosat-2 data. However, the land surface carassified in higher spatial resolution by Formo2at-
data as mentioned in Section 5, and thus we caroiraphe heat flux estimation accordingly.

Figure 6. Heat flux differences between the results derirech ASTER and Formosat-2
in a part of the urban area: (a) sensible h&afb) latent heat.E, and (c) storage heat
flux 0G.

a. Sensible heat flux (H) b. Latent heat flux (LE) c. Storage heat flux (£G)

-40 40 W m™
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6.2. Sensitivity Analysis

In order to individually assess the effects byritgghness length and the stomatal resistance to hea
flux estimation, we estimated heat fluxes accordinthe following two cases: 1) heat fluxes estedat
based on the roughness length from Formosat-2 feantnimum stomatal resistance from ASTER,
and 2) heat fluxes estimated based on the roughaeegth from ASTER and the minimum stomatal
resistance from Formosat-2, respectively. The wlag the roughness length and the stomatal
resistance were determined according to the vadbhesvn in Table 1. Figure 7, 8 and 9 show the
scatterplots between these results with the hextd$l from ASTER data.

As a whole, moderate or high correlations were fofar all cases. Becaustis estimated without
rs (Equation (3)), the correlation betweldnrom ASTER andH based ons from Formosat-2 is quite
high ¢ = 0.9999). However, becaugg andyy are dependent on the values-bandLE themselves
[9], and are iteratively estimated in this study, slighviations ofH based on the replacementrgf
values were found in Figure 7b. On the other h&iglyre 7a shows significant deviation caused by the
altering of the value of, (r = 0.8897), although many points are concentratethe 1 : 1 line. The
values ofH are highly deviated in the area with higl¢rvalues. There are mainly three factors to
increaseH values in equation (3); namely, wind speed, teaipee difference between surface and
atmosphere, and the roughness length. Since weedpplifixed value of wind speed in this analysis,
this result indicates that the value of the rougkriength is much more important for the places wit
higher temperature differences between surfaceaandsphere. Because higher surface temperature in
urban areas generally results in higher sensitd¢ fhex than vegetation areas, the roughness leisgth
one of the most important factors in estimatingsg@a heat flux in urban areas.

Figure 7. Scatterplots of sensible heat fllkx, estimated from ASTER vs. a) sensible heat
flux estimated based on the roughness length frormésat-2 and the minimum stomatal
resistance from ASTER, and b) sensible heat fltxesed based on the roughness length
from ASTER and the minimum stomatal resistance fraarmosat-2.

a b
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Figure 8. Scatterplots of latent heat flu, estimated from ASTER vs. a) latent heat flux
estimated based on the roughness length from Fatr2oend the minimum stomatal
resistance from ASTER, and b) latent heat fluxnested based on the roughness length
from ASTER and the minimum stomatal resistance fraarmosat-2.

a b

Figure 9. Scatterplots of storage heat fluX, estimated from ASTER vs. a) storage heat
flux estimated based on the roughness length frormésat-2 and the minimum stomatal
resistance from ASTER, and b) storage heat fluxneseéd based on the roughness length
from ASTER and the minimum stomatal resistance fraarmosat-2.

a b

Contrary toH, the stomatal resistance affects more than the roughness length (Figure 8), despite
LE being dependent on both parameters [Equation Thg. correlation is high betweédrt estimated
by ASTER andLE from z, based on Formosat-2 € 0.9152). On the other handg shows large
deviations caused by the difference of tQevalue ¢ = 0.5212). These results suggest that it is
important to accurately determime in order to estimatéE when applying the present estimation
method.On the other hand,E is less dependent on the roughness length thaedtivmation ofH.
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Distribution of latent heat from net radiation isndinated more by the potential of evapotranspimatio
than surface aerodynamic properties.

Although G is estimated frontd andLE as described in Equation (2} from ASTER correlates
with both JG according taz from Formosat-2 andiG according tas from Formosat-2r(values are
0.9426 and 0.9213, respectively). These resultsarsed by the fact thalc depends o, more than
H andLE in this particular case; namely the influenceh# intensity of solar radiation to heat storage
on land surface is larger than surface roughnedstramspiration of vegetation. Henc8G can be
estimated reasonably well when the surface paramete obtained with the spatial resolution of
ASTER VNIR.

6.3. Spatial Pattern of Heat Fluxes

In this section, the following discussion is basedthe results from Formosat-2 data because the
purpose of this study was the combined use of AS@R@RFormosat-2 data. In urban areas of Tainan,
H and G are about 80 to 170 Wfrand 130 to 200 Wif) and correspond to 40 to 70% and 60 to 80%
of R,, respectively. These results are reasonable inpagson with previously published in situ
measurement data. For example, based on the obearlg Okeet al [3], H and JG occupy 38% and
58% of R, in winter of an urban center in Mexico City, Mexidn the case of the residential area
studied by Moriwaki and Kanda [7H and G were 49% and 26% in summer and 36% and 61% in
winter in Tokyo, Japan, respectively. These publisidlata of ground measurements might not be
suitable for direct comparison with our resultsadese they are daytime mean values and measured in
different cities. However, the authors take thisnparison as meaningful because the surface heat
balance primarily depends on surface materiald@ral aerodynamic conditions.

In urban areas, even if using higher resolutioriaser types by Formosat-RE from vegetation is
quite small, namely about 10 Wanthough, in general, latent heat flux varies digantly depending
on the amount of vegetation. Because, in the ptesady,LE was estimated according to the intra-
pixel area of vegetation, there might be some it@mdr meteorological and plant physiological
phenomena which we did not consider. For exampgptsis effect by advection has been reported to
increase evaporation from limited vegetation inamrlareas [7]. Moreover, becaude was estimated
to not represent water vapor transport in the camayer but evapotranspiration on the land surféce,
is not always comparable with ground measurements.

Kato and Yamaguchi noted the diurnal change of bhakince in urban areas, namely high&rin
the daytime and higher negati& at nighttime, caused by high thermal inertia ia tlban center of
Nagoya, Japan [2]. However, in the case of Tain&y CG in dense building areas is smaller than
in green vegetation areas. Differences of buildiregerials are considered as one of the causegs# th
differences of spatial patterns of heat fluxeghi case of Nagoya, Japan, the central part afithés
occupied by high-rise buildings constructed by rigoncrete and wide glass windows. The landscape
of the city center of Nagoya contrasts with surdiog residential areas of low houses with dark tile
roofs. On the other hand, both the buildings fosibesses and residences are constructed of concrete
in Taiwan. Hence, there is a weak contrast of txedénces between urban and residential areas.
Moreover, because many of the buildings have rowde of steel with zinc plating in Tainan, the heat
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capacity of the roofs are smaller than those ottte roofs. ThereforedG values in buildings are
small in the daytime. Another significance is higls in green vegetation in urban areas, which
corresponds to lovLE, in contrast with lowJG and highLE in arboreous mountain areas. Because
there are sparse trees and spacious lawns in seg, ¢his result implies that the density of vatien,
namely transpiration activity, has a significanflience for temperature decreases. For further
discussion, it is necessary to analyze the heanbalat nighttime for Tainan City.

7. Conclusions

Surface heat balance in Tainan City, Taiwan, onddas, 2001 was estimated by ASTER and
Formosat-2 data. Formosat-2 data were used to @werche limitation of low spatial resolution of
ASTER VNIR data. By using Formosat-2 data, we caelilice misclassifications attributed to mixed
pixels and less spectral range. In particular, scaud small vegetation areas are easily distingdish
from buildings, so that heat fluxes in urban am@dd be estimated more accurately.

There are small differences between the heat flesésated from the surface classification maps
by ASTER and Formosat-2. However, Formosat-2’s érigipatial resolution of surface types improves
the heat flux estimation in certain areas. Moghefimproved results are due to decreasés amdLE
and increases iWG caused by decreased overestimation of roughnagshke and vegetation areas.
There are also increases and decreases of heas flaised from misclassifications by Formosat-2.
Such misclassifications were caused by land usegdsawhich occurred in an interval of about three
years between the acquisition dates of ASTER andnésat-2 data. In order to mitigate
misclassification, it is desirable to use satellis#a taken on the same or closer dates or, df iedke
same season. In addition, the authors concluded silwdace classification maps are appropriate
qualitatively by the visual comparison and the tamy of results of heat flux analysis. Howevers it
necessary to verify the accuracy of surface classgibn with independent data and testing in otder
estimate quantitative accuracy.

Heat fluxes estimated in this study are comparalifle previous in situ measurement data in other
cities. However/JG in urban areas has no contrast Witk in surrounding residential areas. This result
disagrees with the general trend in urban areds avitigh heat capacity. We assume this is becduse o
the homogeneity of building materials in both besms and residential areas, and the many roofs that
are made of steel with zinc plating, which has alsimeat capacity in Tainan. It would be interegtin
to compare heat balances in other cities belongirtifferent climates and to consider the influente
construction materials.

The present study showed that the 8m spatial regoland 4 spectral bands of Formosat-2 can
improve the classification of surface types foruhgata to estimate the heat balance in urban asas
compared with the 15m spatial resolution and 3tsploands of ASTER VNIR data. As a result of the
level of sensitivity in this study, the vegetatiypes classified in higher spatial resolution aoduaacy
by Formosat-2 increased the accuracy of latent fheatstimation. This is one of the future isstes
examine -which spatial resolution is the most &lido, or high enough, for identifying vegetation
areas and types for heat balance analysis. Integhstthere are still higher spatial resolutioriadfrom
satellite remote sensing; for example, even Fortrd$es a 2m panchromatic band. On the other hand,
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all of the sensible, latent and storage heat fluxes slightly improved by the roughness length in
higher spatial resolution. Interpolating the rouggms lengths from surface types has a limitation in
obtaining accurate values because roughness lengtie index of obstacle height and spacing, not
land coverage. If the surface elevation can bectiyreneasured via satellite in high resolutionwitl

be possible to estimate much more accurate roughaegths and, consequently, heat fluxes.
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