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This study assesses surface urban heat island (SUHI) effects during heat waves in subtropical areas. Two
cities in northern Taiwan, Taipei metropolis and its adjacent medium-sized city, Yilan, were selected for
this empirical study. Daytime and night time surface temperature and SUHI intensity of both cities in five
heat wave cases were obtained from MODIS Land-Surface Temperature (LST) and compared. In order to
assess SUHI in finer spatial scale, an innovated three-dimensional Urbanization Index (3DUI) with a 5-m
spatial resolution was developed to quantify urbanization from a 3-D perspective using Digital Terrain

55{gggdj;ban heat island (SUHI) Models (DTMs). The correlation between 3DUI and surface temperatures were also assessed. The results
Heat wave obtained showed that the highest SUHI intensity in daytime was 10.2 °C in Taipei and 7.5 °C in Yilan. The

SUHI intensity was also higher than that in non-heat-wave days (about 5 °C) in Taipei. The difference in
SUHI intensity of both cities could be as small as only 1.0 °C, suggesting that SUHI intensity was enhanced
in both large and medium-sized cities during heat waves. Moreover, the surface temperatures of rural
areas in Taipei and Yilan were elevated in the intense heat wave cases, suggesting that the SUHI may
reach a plateau when the heat waves get stronger and last longer. In addition, the correlation coefficient
between 3DUI and surface temperature was greater than 0.6. The innovative 3DUI can be employed to
assess the spatial variation of temperatures and SUHI intensity in much finer spatial resolutions than
measurements obtained from remote sensing and weather stations. In summary, the empirical results
demonstrated intensified SUHI in large and medium-sized cities in subtropical areas during heat waves
which could result in heat stress risks of residents. The innovative 3DUI can be employed to identify vul-
nerable areas in fine spatial resolutions for formulation of heat wave adaptation strategies.
© 2013 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS) Published by Elsevier
B.V. All rights reserved.
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1. Introduction examined the UHI in large cities, which are defined as a metropol-

itan area identified as an area has a population of one million or

As global warming continues to raise the average temperature
of our planet, heat waves have become more frequent with
record-breaking temperatures (Solomon et al., 2007). These high
temperatures and the increasing number of heat-related deaths
worldwide over the last decade have demonstrated the significant
impacts of extreme temperature on human health (Confalonieri
et al., 2007; Tan et al., 2010). On top of global warming, urban heat
island (UHI) effect aggravates the temperature increase in urban
areas (Smoyer-Tomic et al., 2003). UHI effect is the result of urban-
ization which involves concentrated energy consumption and
dense urban infrastructures. Numerous previous studies have

* Corresponding author. Address: 128, Section 2, Academia Road, Nangang,
Academia Sinica, Taipei 115, Taiwan. Tel.: +886 2 2653 9885x277; fax: +886 2 2783
3584.

E-mail address: sclung@rcec.sinica.edu.tw (Shih-Chun Candice Lung).

more (United State Census Bureau, 2013). For example, UHI was
assessed as 5 °C in Birmingham (second most populous city), UK,
7 °C in London, UK, and Shanghai, China, 8 °C in New York City,
US, and Seoul, Korea, 10 °C in Beijing, China, and 12 °C in Tokyo,
Japan (Watkins et al., 2002; Gedzelman et al., 2003; Hung et al.,
2006; Tomlinson et al., 2012). As the world population continu-
ously moves to urban areas (United Nations, 2008), the numbers
of medium-sized cities account for the majority (UNICEF, 2012).
Thus, it is important to assess the UHI effects not only in metropol-
itans but also in medium-sized cities. The definitions of a medium-
sized city are varied (Kunzmann, 2009). The most common defini-
tion is that of a town with a population of 20,000 up to 200,000
(Rondinelli, 1993). Several studies have examined UHI at the med-
ium-sized cities in European countries (Alonso et al., 2003; Unger
et al, 2011; Papanastasiou and Kittas, 2012). Less often considered
are the non-mega cities of Asia.
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Warm extremes of temperature have adverse effects on health
(Gosling et al., 2007). Different ‘threshold temperature’ have been
identified for a variety of causes of death (Huynen et al., 2001;
Paldy et al., 2005). Comparative studies have shown the occurrence
of geographical variation in ‘threshold temperature’. Heat-related
mortality thresholds occur at higher temperatures in locations
with a relatively warmer climate, and the gradient (or steepness)
of the temperature-mortality relationship for increasing tempera-
ture is often found to be lower in warmer locations than colder
ones (Donaldson et al., 2003; Pattenden et al., 2003). For example,
Kalkstein and Davis (1989) estimated a threshold for Dallas at
40 °C; Dessai (2002) obtained a threshold of 29 °C for Lisbon.
Thresholds may be confounded by other meteorological variables,
e.g. Saez et al. (2000) illustrated a 2 °C higher threshold (23 °C) on
very humid days when the relative humidity was above 85% in Bar-
celona, Spain, but there is also evidence that humidity may have
insignificant effects on mortality (Braga et al, 2001; Dessai,
2003). The variation of thresholds and temperature-mortality gra-
dients has led to inference on how populations may acclimatize to
changing climatic conditions (Donaldson et al., 2003; Gosling et al.,
2007).

Surface temperature is of prime importance to the study of urban
climate in understanding the environmental conditions necessary
for human beings (Hung et al., 2006). In contrast to the direct
in situ measurements made of atmospheric heat islands, thermal
remote sensors observe the surface urban heat island (SUHI) based
on the spatial patterns of upwelling thermal radiance received by
the remote sensors (Oke et al., 1991; Voogt and Oke, 2003). Cur-
rently, advanced remote sensing techniques enable us to examine
the long-term SUHI effects and urban climates of a large spatial
area (Streutker, 2003; Weng et al., 2004). Previous research has
mostly studied the SUHI effects on megacities in the temperate cli-
mate zone without considering the influence of heat waves (Gallo
and Owen, 1998; Bottyan et al., 2005; Hung et al., 2006). No study
investigates the SUHI effects under extreme heat conditions in the
subtropical climate zone.

The two dominant human elements affecting the development
of UHI effects are population and built-up factors (Oke, 1982;
Arnfield, 2003; Yow, 2007). Among built-up factors, built-up ratio
and spatial pattern of land-use types have been well defined in
previous studies (Zha et al., 2003; Matinfar et al., 2007) while few-
er studies considered building height and building volume in UHI
assessment (Oke, 1973; Bottyan et al., 2005). Accurate estimation
of building heights across an extensive area poses tough
challenges. To take such a challenge, this work develops a new
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Fig. 1. Location of the study area.

three-demensional (3-D) urbanization index (3DUI) considering
both vertical and horizontal built-up configurations with fine spa-
tial resolution using high resolution digital terrain models (DTMs).
This index, as seen in the subsequent results, allows scientists to
study temperature variability and UHI intensity at 5-m spatial res-
olution, which can be used to identify vulnerable areas in formulat-
ing heat wave adaptation strategies.

This study focused on utilizing remote sensing and Geographic
Information System (GIS) to investigate SUHI during heat waves in
the northern Taiwan based on several selected heat wave cases,
which can be viewed as a model example with Asian characteris-
tics such as dense population distribution and intense land utiliza-
tion. The objectives of this work are (1) to evaluate the SUHI
intensity during heat waves in two subtropical cities with case
studies; (2) to quantify the surface temperature during heat waves
in Yilan area, a medium-sized city, compared to Taipei metropolis,
a large city; and (3) to develop a new 3-D urbanization index for
examining the urban development, which can be used to study
the distribution of surface temperature and SUHI intensity at 5-
m spatial resolution.

2. Materials and methods
2.1. Study area and database

Two locations in the northern Taiwan were selected, namely
Taipei metropolis (a large city) and its adjacent Yilan area (a med-
ium-sized city, Fig. 1). Taipei metropolis consists of Taipei city (the
capital of Taiwan) and New Taipei city. It covers 2324.4 km? and
includes 41 towns. More than 1/4 of the population in Taiwan lives
in this area, approximately 6.5 million with a density of 2791 peo-
ple/km? (DGB, 2011). Based on the national land use inventory
(NLSMC), 13.20% of the Taipei metropolis is impermeable surface
(e.g., building and roads) and 68.33% is covered by forest (NLSMC,
2009). The Yilan area covers 2143.6 km? and includes 12 towns
surrounded by agricultural areas and forest. Compared with Taipei
metropolis, Yilan, though with a similar area, has a smaller popu-
lation size (0.46 million) and a much lower population density
(213 people/km?). Compared with Taipei metropolis, less imper-
meable surface (3.83%) but more forest (75.76%) is found in Yilan
(NLSMC, 2009).

Five datasets were used in this study. They were (1) the national
land-use inventory, (2) Digital Terrain Models (DTMs), (3) Taiwan’s
socio-economic classification of urban development, (4) weather
records from the Central Weather Bureau (CWB), and (5) Land-Sur-
face Temperature (LST) data from Moderate Resolution Imaging
Spectroradiometer (MODIS). The national land-use inventory and
DTMs were used for the establishment of 3DUI which is described
in Section 2.2.2. The national land-use inventory generated using
1/5000 scale aerial photos collected from 2006 to 2008 was
acquired (NLSMC, 2009). Land-use type including constructions
for transportation, recreation, public and private buildings were
selected as the human constructions for establishing the 3DUL In
addition, DTMs with 5-m spatial resolution processed from aerial
photos taken during 2004-2005 were also employed to establish
the 3DUI. DTMs provide a mathematical representation of topogra-
phy (Alagarni and El Hassan, 2001) and are classified into two cat-
egories, Digital Elevation Model (DEM) and Digital Surface Model
(DSM). DEM consists of terrain elevations for natural ground sur-
faces at regularly spaced horizontal intervals (USGS, 2011). While
DSM not only incorporates natural ground surfaces, but also takes
into account buildings and other objects higher than the underly-
ing topographic surfaces, such as trees and rooftops (Brunn and
Weidner, 1998). The horizontal and vertical variations of DEM
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and DSM in urban locations are less than 0.5 m and 0.7 m, respec-
tively (SSC, 2011).

Daily air temperature records of the Central Weather Bureau
(CWB) stations in Taipei and Yilan from 2000 to 2010 were used
to identify heat wave events and select heat wave cases. There is
no universal definition of a heat wave (Meehl and Tebaldi, 2004).
According to Wu et al. (2010b), 35 °C and 32 °C of the daily maxi-
mum temperature were used as the cut-off points for selecting
heat wave cases in Taipei and Yilan areas, respectively. Moreover,
with reference to the traditional Chinese Farmers’ Almanac, which
has been used for over two thousand years, days near July 21 are
the hottest period throughout the whole year, and it is usually true
nowadays according to CWB records. Therefore, we adopted July
21 as a reference day. Around July 21, a period of excessively hot
weather lasting more than 10 days was identified as a heat wave
event. The day with the maximum daily temperature during the
heat wave event was selected as the studied case. Five cases were
chosen, including July 23, 2000, July 22, 2002, July 21, 2004, July
22,2007, and July 3, 2010. Furthermore, cases in 2004, 2007, and
2010 were specified as intense heat wave cases because the dura-
tion of extremely high temperatures of the three cases was longer
than 2 weeks in both Taipei metropolis and Yialn area. Table 1 list
the selected dates of the five heat wave cases and the metrological
observations obtained from the CWB stations of Taipei and Yilan.

The MODIS/Terra Version 5 LST Global 1 km Grid products are
produced daily using the generalized split-window LST algorithm,
which was validated by field campaigns and radiance-based vali-
dation studies and ready for use in science applications (Wan,
2009). The unit of LST products is Kelvin (K). The valid range of
the pixel values is from 7500 to 65,535. The value of pixels was
then multiplied by a scale factor of 0.02 to obtain the thermody-
namic temperature (K). In this study, we have transferred the unit
of LST maps from thermodynamic temperature (K) to Celsius tem-
perature (°C). The Terra MODIS instrument acquires data twice dai-
ly (10:30 am and 10:30 pm in Taiwan). In Taiwan, it is not easy to
acquire cloud free images in summer time because of the typical
subtropical weather type with frequent afternoon clouds and thun-
derstorms. Besides, shadow effects are also common due to a
mountainous terrain (Wu et al., 2010a). Therefore, LST maps with
more than 65% of the cloud-free pixels in the study area were
adopted as the study materials. Based on the criteria, images of
two selected cases (night time on July 22 and daytime on daytime
on July 3, 2010) were too cloudy to use; thus, the dates with the
second highest daily maximum temperature with available satel-
lite images were used instead. Differences of the daily maximum
temperatures between the original and alternative dates for the
two cases were smaller than 0.9 °C. Moreover, to avoid the cloud
effects on the surface temperature observations, only pixels which
were cloud-free in all the five cases were kept in the database for
further analyses. The effects of topographic shading on LST were
neglected in this study since relatively lower elevation relief was
found in the two selected locations of our study (109 and 351 m
for urban and rural areas in Taipei, 108 and 592 m for urban and
rural areas in Yilan, respectively), based on estimation method
from Liu et al. (2006). Finally, 10 selected LST maps (five in daytime
and five in night time) from the U.S. Geological Survey (USGS) data
archive were used in this study. In these adopted LST images, 41%
of the study area was cloud-free (total 1204 km?) and were used
for our analysis. Fig. 2 shows the daytime and night time LST maps
used in this study.

Urban and rural areas in Taipei and Yilan were identified
according to Taiwan'’s socio-economic classification of urban devel-
opment based on population density and economic development
index with the resolution of townships (Hou et al., 2008). The
average elevations for urban and rural areas are 109 and 351 m
in Taipei and 108 and 592 m in Yilan, respectively. A decrease of

about 0.6 °C/100 m is employed to correct the adiabatic lapse rate
(Courault and Monestiez, 1999). A correction coefficient (C;) was
added to the estimated temperatures of rural areas according to
their difference in elevation with urban areas. In this study, C; is
1.4 for Taipei metropolis and 2.9 for Yilan area, respectively.

2.2. Data processing and methods

2.2.1. Calculation of SUHI intensity

SUHI intensity is calculated as the difference between the spa-
tial mean temperatures of urban and mean rural over the study
area obtained from LST maps. Such computations provide a more
robust measure of SUHI intensity and minimize the inherent vari-
ability between observing sites that can impact the magnitude of
SUHI values (Streutker, 2003; Weng et al., 2004). SUHI intensity
was calculated for Taipei metropolis and Yilan area for the five heat
wave cases in order to assess their intensity during heat waves. It
should be noted that the difference in vegetation cover between
2002 and 2007 was less than 0.5% in both Taipei and Yilan (Forest
Bureau, Republic of China, 2012). Therefore, the difference in
change of land cover during the study periods should not affect
our comparison results and can be ignored.

2.2.2. Development of 3DUI

3DUI is a quantitative 3-D urbanization index, which takes into
account the total volume of human constructions of an area,
including building and transportation constructions. Compared
with the other 2-D urbanization indices (e. g. ratio of impervious
surface), 3DUI provides a quantitative measurement of urbaniza-
tion from a 3-D perspective. 3-D urbanization characteristics can
be effectively obtained from the 3DUI using GIS and DTMs with a
5-m spatial resolution. The heights of human constructions were
calculated by subtracting the elevation values in DEM from those
in DSM for the man-made land-use types in the national land-
use inventory. Road pavements are also important anthropogenic
constructions in a city. However, the thickness (height) of roads
is generally assumed as zero in DTMs. Since man-made road sur-
faces can absorb heat, affect surface temperatures, and contribute
to SUHI intensity, a constant of 0.2 m was adopted as the thickness
of roads according to the “Regulations of Urban Road Designs”
(Ministry of the Interior, Republic of China, 2011). The results were
then multiplied by the size of pixel (5 m x 5m =25 m?) to derive
the total volume of human constructions. The calculation of 3DUI
is as follow.

3DUI; = (Hdsm; — Hdem;) x A, (1)

where 3DUI; (m?/pixel) is the 3-D Urbanization Index of pixel i,
Hdsm; (m) and Hdem; (m) denote the elevation recorded in
DSM and DEM of pixel i, respectively, and A; (m?) is the size of
pixel i (5m x 5m=25m?). There is no upper limit for 3DUI
while the lower limit is 0. A large 3DUI indicates intense human
development or constructions in the area. As for the pixels with
natural land covers (i.e. forest, water, and crops), their values
are assigned as “0” because there was no human construction
in these areas.

3DUI of both Taipei metropolis and Yilan area were established.
In order to evaluate whether 3DUI is a good indicator for assessing
surface temperature variability and SUHI, the correlations of 3DUI
values and surface temperature from LST for each heat wave case
were assessed with Spearman’s rank correlation. The results are
presented and discussed in the following section.
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Table 1
Five selected cases and their meteorological observations at Taipei and Yilan weather stations.
Taipei metropolis Yilan area
Maximum temperature (°C) Minimum temperature (°C) Consecutive ~ Maximum temperature (°C) Minimum temperature (°C) Consecutive
(daytime) (night time) days (daytime) (night time) days
Case 1 35.6 25.8 10 339 24.9 16
23-July-
2000
Case 2 35.1 25.5 12 32.0 23.7 13
22-July-
2002
Case 3 35.1 271 14 32.8 25.1 26
21-July-
2004
Case 4 38.0 28.2° 16 343 26.9° 31
22-July-
2007
Case 5 37.7° 27.8 14 33.5° 25.9 23
3-July-
2010

2 Temperature of July 21 was listed instead because the cloud cover in the satellite image of night time on July 22, 2007 exceeded 35%.
> Temperature of July 5 was listed instead because the cloud cover in the satellite images of daytime on July 3 and 4, 2010 exceeded 35%.
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3. Results and discussion
3.1. Surface temperature of different urbanization types

Table 2 shows the average surface temperatures of urban and
rural areas in Taipei metropolis and Yilan. In these two cities, urban
areas usually displayed the warmest signals at both daytime and
night time, while rural areas were always the coolest in the five
cases as expected. The highest daytime temperature was 43.8 °C
and 37.2 °C in urban Taipei and Yilan, respectively; both occurring
on July 22, 2007 (case 4).

Liao (2008) found high correlation (correlation coeffi-
cient = 0.832) between MODIS LST and air temperature measure-
ments of 123 CWB stations in Taiwan. This finding demonstrated
that, although LST and air temperature are not directly comparable,
however, in the case of UHI, it is reasonable to believe that spatial
trends will be similar when comparing LST and air temperature
(Tomlinson et al., 2012). Therefore, the aforementioned air and
surface temperatures from our study imply that residents in urban
areas of both Taipei and Yilan are at risks of heat stress during the
heat waves.

For the intense heat wave cases in both Taipei and Yilan, tem-
peratures remained high during night time in both urban and rural
areas. As mentioned, air and surface temperatures show similar
trend in temporal variation. Therefore, such continuously elevated
temperatures would increase physiological burden, leading to in-
creased morbidity and mortality, particularly among the elderly
(WHO, 2009). In Taipei and Yilan, seniors aged above 65 years
account for 10% (approximate 0.64 million) and 13% (approximate
0.03 million) of the population, respectively (Ministry of the Inte-
rior, Republic of China, 2012a). These vulnerable groups are poten-
tially at risk of heat stress due to the synergic impact of SUHI
effects and heat waves.

Comparison between the two cities reveals that the tempera-
ture observed in Taipei metropolis was always higher than that
in Yilan area. The temperature differences between Taipei and Yi-
lan were the largest in urban areas most of the time for both day-
time and night time. The largest difference (6.6 °C) occurred during
daytime of July 22, 2007. The surface temperature of urban areas in
Taipei even exceeded 40 °C in the cases of 2007 and 2010. Such
high temperatures in urban areas were the result of synergic
effects of SUHI and heat waves. In terms of air temperatures of
Taipei and Yilan (Table 1), which represents temperature measure-
ments on the observational sites with the standard metrological
instruments, the maximum daily temperatures in urban Taipei
exceeded 35°C while those at urban Yilan exceeded 32 °C in
2007 and 2010. Wu et al. (2010b) indicated that significant mortal-
ity (21.0 per 100,000 people) was observed in Taiwan at such high
air temperatures. Our study demonstrates that attention should be
paid to vulnerable groups in both large and medium-sized cities
during heat waves. Moreover, diurnal temperature range (DTR) is
a risk factor of mortality independent of the corresponding
temperature (Kan et al., 2007). However, previous studies assessed
the association of DTR and health outcomes in winter time and no
study examines the impacts of DTR changes on health effects in
summer time, especially during heat waves. Therefore, more
studies should be conducted to assess this issue further.

3.2. SUHI intensity during heat waves

3.2.1. SUHI intensity of Taipei metropolis

Figs. 3a and 4a illustrate the daytime and night time SUHI
intensity, respectively, of Taipei metropolis of the five selected heat
wave cases. The SUHI intensity in daytime could reach 10.2 °C in
Taipei, while the largest SUHI intensity in night time was 4.3 °C.

The largest SUHI intensity in daytime occurred in the intense heat
wave case of 2007 while that in night time occurred in the intense
heat wave case of 2004. It shall be noted that not all SUHI intensity
in the intense heat wave cases were higher than those in the non-
intense heat wave cases. The reason for lower SUHI intensity dur-
ing intensive heat wave is increase in rural temperatures rather
than decrease in urban temperatures. During the intense cases of
2004, 2007, and 2010 in Taipei (Figs. 3a and 4a), not only the urban
temperatures stayed high but also the rural temperatures elevated
in both daytime and night time.

Liao (2008) used MODIS data to investigate the SUHI of four ma-
jor cities in Taiwan during 2003-2005. Totally, 50 MODIS images in
non-heat wave days were applied to assess the seasonality of sur-
face temperature and SUHL Their results showed that the SUHI
intensity in summer was 4.7 °C in daytime and 1.7 °C in night time,
respectively, which were lower than those of the five heat wave
cases assessed in this work (Figs. 3 and 4). These results suggest
that SUHI intensity on the heat wave days in Taipei may be stron-
ger than that on non-heat-wave days.

Furthermore, these results were compared with SUHI intensity
observed in other Asian and western cities. Hung et al. (2006) used
remote sensing for comparative assessment of SUHI in mega cities
of Asia. Their results found that, in August 2001, Tokyo had the
highest daytime SUHI intensity of 12 °C, followed by Beijing
(10 °C), Seoul (8 °C), Shanghai (7 °C) and Pyongyang (4 °C); Statho-
poulou and Cartalis (2007) showed that the SUHI intensity of Ath-
ens, the most urbanized city of Greece, was 3.3 °C; Pongracz et al.
(2006) indicated that the most intense SUHI effect (around 4 °C) of
the ten most populated cities of Hungary, occurred during daytime,
in the summer season. Compared with these studies, our results
showed that Taipei had similar SUHI intensity (9.9 °C in Case 2
and 10.2 °C in Case 4) with Beijing.

3.2.2. SUHI intensity of Yilan area

Similar to the Taipei metropolis, Yilan area also showed higher
SUHI intensity in daytime (Figs. 3b and 4b). Again, Fig. 3 showed
that the Yilan area had lower daytime SUHI intensity in the intense
heat wave cases (2004, 2007, and 2010) compared with the other
two cases. Rural temperature was elevated (up to 33 °C in 2004)
in the three intense heat wave cases, thus narrowing the urban-
rural temperature differences. The elevated temperature also oc-
curred in the night time cases of 2007 and 2010. The stomata clo-
sure at high temperatures may be the major reason for the increase
in rural temperature during intense heat wave. Of the Yilan area,
75.8% is covered with vegetation or forest (NLSMC, 2009). Seasonal
and evergreen vegetations normally have high moisture availabil-
ity contributing to evapotranspiration for cooling down the ambi-
ent temperature. The behavior of stomata is the major mechanism
for controlling the evapotranspiration and release of water vapor
from plants. As leaf temperature increases above the optimum,
the intercellular CO, concentration would increase, resulting in
stomata closure to prevent the loss of water content (Meidner
and Heath, 1959; Sheriff, 1979; Schroeder et al., 2001). During in-
tense heat waves, this stomata closure mechanism may slow down
the ambient temperature regulation by vegetation, leading to in-
crease in surface temperature of rural areas. During the 2003 Euro-
pean heat waves, regional impacts of CO, emissions from plants
rather than CO, uptakes were observed due to stomata closure of
vegetation under the extreme summer heat (Ciais et al., 2005);
thus, it is possible that stomata closure mechanism is also the ma-
jor reason for the observed temperature elevation in night time in
this work. More investigations are needed to improve our under-
standing on the physical causes of the increase of rural tempera-
ture during heat waves. Nevertheless, the reduction of SUHI
intensity in Yilan during the intense heat wave cases was observed
compared with the other two cases. These results suggest that the
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Fig. 2. (continued)
Table 2
Average surface temperature (°C) of urban and rural areas from MODIS LST data.
Urban type Daytime Night time
Taipei Yilan Difference Taipei Yilan Difference
Case 1 Urban 35.2 334 1.8 234 214 2
-2000 Rural area 283 27.5 0.8 214 21.6 -0.2
Case 2 Urban 394 37 24 252 24 1.2
-2002 Rural area 29.6 29.5 0.1 229 215 1.4
Case 3 Urban 39.6 359 3.7 271 249 2.2
-2004 Rural area 33 33.7 -0.7 22.8 213 1.5
Case 4 Urban 43.8 37.2 6.6 27.3 25.8 1.5
-2007 Rural area 33.6 325 1.1 24.7 24.7 0
Case 5 Urban 40.2 36.8 3.4 27.5 25.6 1.9
-2010 Rural area 334 324 1.0 241 25 -0.9

SUHI may reach a plateau when the heat waves get stronger and
last longer.

3.2.3. Comparison of SUHI intensity between Taipei and Yilan
Comparing the two cities revealed that Taipei consistently had
greater SUHI intensity than Yilan. The maximum difference of
5.5°C was observed in the daytime case of 2007. Nevertheless,
the difference can be as small as only 1.0 °C (case 1 in 2000, day-
time). The results demonstrate that, a medium-sized city like Yilan
also experienced significant SUHI intensity of up to 7.5 °C. It should
be noted that satellite images obtained at 10:30 am in Taiwan may

not capture the largest SUHI intensity in Taipei and Yilan, which is
expected to occur between noon and 2 pm. In other words, it is
highly likely that the SUHI intensity goes beyond the temperature
of 10.2 °C and 7.5 °C in Taipei and Yilan, respectively, as presented
in this work.

3.3. 3-D urbanization index
3.3.1. Description of 3DUI results

3DUI was developed to quantify the urbanization from a 3-D
perspective with 5-m spatial resolution data. The building heights
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the five selected heat wave cases.

obtained from DTMs have been validated and deemed reliable
based on our previous work (Wu and Lung, 2012). Fig. 5 presents
the calculated 3DUI maps of Taipei metropolis and Yilan area. It
is anticipated that residential developments and human infrastruc-
tures are more extensive in Taipei than in Yilan. The highest 3DUI
in Taipei and Yilan were 7714 and 2122 m?/pixel, respectively. The
estimated average 3DUI of Taipei (25 m>/pixel) was about one or-
der of magnitude higher compared with that of Yilan (3 m?/pixel).
The floor height of residential buildings in Taiwan is about 3.6 m
(Ministry of the Interior, Republic of China, 2012b); thus, the re-
sults of 3DUI point out that on average there is a seven-floor build-
ing or construction in each 25 m? area of Taipei but only one
single-floor building in the same area of Yilan.

Further to compare the 3DUI of the two urbanization types (ur-
ban and rural areas) in Taipei and Yilan, urban areas always had
greater 3DUI values than rural areas in both Taipei (on average, ur-
ban: 229.4 m3/pixel > rural: 1.1 m3/pixel) and Yilan (on average,
urban: 27.8 m3/pixel > rural: 0.1 m>/pixel), as expected. Comparing
the two cities reveals that Taipei consistently had higher 3DUI val-
ues in both urbanization types. The largest difference with the va-
lue of 201.6 m?/pixel was observed in the urban area. The value for
the rural area of Yilan (0.1 m3/pixel) was one order of magnitude
smaller compared with that of Taipei (1.1 m®/pixel). A small
3DUI value (0.1 m3/pixel) indicates more vegetated areas or natu-
ral land covers in the countryside of Yilan area. On the other hand,
urbanization has gradually expanded to the rural areas of Taipei;
thus, 3DUI of 1.1 m>/pixel was found in rural Taipei. Finally, exam-
ining the difference in urban-rural development between the two
cities reveals that the urban-rural difference is greater in Taipei
metropolis (228.3 m>/pixel) than in Yilan (27.7 m?/pixel). These re-
sults showed a significant difference in urbanization development
between the core and periphery of Taipei metropolis; while urban-
ization development in Yilan was less abrupt between its city cen-
ter and rural areas. The aforementioned comparison results are
obviously consistent with difference in population density be-
tween the two cities, again demonstrating that the quantitative
3DUI is a good indicator of urbanization. The advantage of using
3DUI rather than other quantitative indicators, such as population
density, is that 3DUI provides a much finer spatial resolution down
to 5 m, thus allowing the SUHI to be examined in much finer res-
olution. This has important application and implications in identi-
fying vulnerable areas under heat waves, which will be discussed
below.

3.3.2. Correlation between 3DUI and surface temperature

In order to evaluate whether 3DUI is a good indicator for calcu-
lating SUHI intensity, the relationship between surface tempera-
ture and 3DUI was examined using the Spearman’s rank order
correlation. The size of pixel of the 3DUI maps was aggregated to
1 km x 1 km resolution based on a spatial mean aggregation strat-
egy in order to be consistent with the LST images. In all the 10
adopted LST images, 41% of the study area was cloud-free (total
1204 km?). Hence, they were adopted as samples for statistical
comparison, and the results are listed in Table 3. As can be seen,
all comparisons obtained positive correlations in the five cases
(correlation coefficient >0.6 with statistically significant level
p <0.01). This result indicates that higher surface temperature oc-
curs in the pixels with larger man-made construction volumes, in
agreement with the expectation that more intensive urban devel-
opment would have higher surface temperature. Therefore, 3DUI
is proved to be a good indicator for evaluating the spatial variation
of surface temperature and the intensity of SUHL. It can provide fi-
ner spatial variability of temperature compared with records of
CWB stations and satellite images. 3DUI itself cannot provide abso-
lute temperature values. However, combining 3DUI with tempera-
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Fig. 5. 3DUI maps of part of the studied areas in (a) Taipei metropolis and (b) Yilan area; yellow in the maps indicates high construction volume while blue for non-
construction areas with zero value. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

ture measurements from weather stations or from remote sensing
yields finer spatial variation than the other two methods alone.

3.3.3. The potential application of 3DUI
The notions of people in subtropical areas being more adapted
to hot weather and unaffected by heat waves are mistaken. Chung

et al. (2009) examined the impact of heat waves on mortality in
Taipei (1994-2003) and found that the respiratory mortality in-
creased by 9.3% (confidence interval (C.I.) 4.1-14.8) per 1 °C in-
crease when the air temperature rose above 31.5°C; and
cardiovascular mortality increased by 1.1% (C.I. 0.3-1.9) per 1 °C
increase when the ground air temperature was above 25.2 °C. In
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Table 3
Correlation coefficients between surface temperature (°C) and 3DUI (m/pixel), all comparisons are significant at 0.01 level (p < 0.01).
Sites Correlation coefficient
Case 1 Case 2 Case 3 Case 4 Case 5
2000 2002 2004 2007 2010
Daytime Taipei + Yilan 0.77% 0.77 0.83 0.81 0.67
Taipei metropolis 0.80 0.60 0.80 0.79 0.61
Yilan area 0.67 0.66 0.70 0.65 0.67
Night time Taipei + Yilan 0.64 0.71 0.80 0.66 0.70
Taipei metropolis 0.60 0.64 0.77 0.63 0.72
Yilan area 0.61 0.68 0.68 0.68 0.61

recent years, the air temperature in Taipei has frequently exceeded
35 °C, implying significant increases in respiratory and cardiovas-
cular mortalities on hot days. Wu et al. (2010b) used temperature
in Taipei above 35 °C as a cut-off point for defining heat waves and
found that mortality significantly increased island wide during
heat waves in 1994-2003 with evident spatial variability. To en-
hance adaptive capacity for heat waves, it is essential to identify
vulnerable areas in fine spatial resolution in support of formulating
heat wave adaptation strategies.

One of the important applications of 3DUI is for identification of
vulnerable areas for heat waves. The relative spatial patterns of
surface temperatures could be displayed by fine-resolution 3DUI
ahead of heat waves since high correlation was found between
3DUI and surface temperature. The vulnerable population such as
the elderly or children can be further identified by combining
3DUI with demographic database with age and sex distributions
if available. The application would be particularly valuable for gov-
ernment administrators when formulating adaptation strategies to
protect these vulnerable groups against heat stresses. In this study,
a 5-m resolution was used because the datasets are available in
Taiwan. Global DEM topographic data with 30-m resolution are
available on the web (ASTER, 2012); thus, if DSM is available,
3DUI can be applied to other cities with 30-m resolution, which
is sufficient for assessing temperature variation and SUHI intensity
within a city.

This study is the first work applying GIS and DTMs to assess 3-D
urbanization development with a 5-m spatial resolution. Our 3DUI
methodology is an efficient way for assessing building height,
which is an important factor of SUHI, over a large area. Compared
with other 2-D urbanization indices such as the ratio of impervious
surface, 3DUI provides a quantitative measurement of urbanization
from a 3-D perspective. Besides, several image based indices have
been proposed to assess SUHI, such as Normalized Difference Veg-
etation Index (NDVI), and Normalized Difference Built-up Index
(NDBI), a spectrum based index for identifying urban and built-
up areas (Zha et al., 2003). Yue et al. (2007) assessed the relation
between NDVI and LST using Landsat Enhanced Thematic Mapper
Plus (ETM+) images, their results showed that a R? value of 0.5
was observed after excluding pixels that correspond to water
bodies; Li and Liu (2008) also stated low R? values (ranging from
0.06 to 0.3) were estimated between NDVI and MODIS surface tem-
perature. Chen et al. (2006) show high correlation of LST and NDBI
by intervals of 0.01 based on Landsat TM/ETM+ images (R? = 0.98,
p<0.001). However, the published results were not consistent.
Xiong et al. (2012) presented a positive correlation with NDBI
(R>=053, p<0.001) and a negative correlation with NDVI
(R*=0.37, p<0.001) with LST based on four Landsat TM/ETM+
images with medium coefficients. In fact, both NDBI and NDVI only
take into account two dimensional surface properties. The 3DUI we
developed considers three dimensional urban structures; thus,
3DUI has a better correlation with MODIS LST than most of the re-
ported in the literatures.

Image quality affects the applicability of remote sensing data on
SUHI study. In Taiwan, it is not easy to acquire clear satellite

images because of the cloudy and rainy weather conditions espe-
cially in summer (Wu et al., 2010b). Moreover, the resolution of
thermal bands (e.g., 1-km resolution of bands 20-23 of MODIS)
might not be suitable for analyzing the spatial variability of surface
temperature over a small area. These factors limit the application
of remote sensing indices to the identification of vulnerable area
to heat stress. In this study, we proposed a fine-resolution 3DUI
methodology as an alternative for investigating the relative spatial
variation of temperature and SUHI This methodology can be
applied to other countries with available DTMs.

4. Conclusions

This study investigated the SUHI intensity during heat waves in
Taipei metropolis (a large city) and Yilan area (a medium-sized
city). The SUHI intensity in Taipei and Yilan can reach 10.2 and
7.5 °C during the five selected heat wave cases, respectively, which
were higher than those on non-heat-wave days, indicating that
SUHI intensity of both large and medium-sized cities were
enhanced during heat waves. Comparing SUHI intensity in the
two cities revealed that the difference can be as small as only
1.0 °C. Additionally, in the intense heat wave cases, the surface
temperatures of rural areas in Taipei and Yilan were elevated,
resulting in decreased SUHI intensity. One of the possible explana-
tions is stomata closure mechanisms of vegetation under
extremely high temperature conditions, which reduce the temper-
ature regulation by vegetations. Thus, the SUHI may reach a
plateau when the heat waves get stronger and last longer. As for
the surface temperature of the five selected cases, the highest day-
time temperature was up to 43.8 °C and 37.2 °C in urban Taipei and
Yilan, respectively. Moreover, the elevated surface temperatures at
night time of both Taipei and Yilan in the intense cases also
indicated continuous thermal stress experienced by local residents
even during the night. These results suggest that not only large
cities but also medium-sized cities shall be taken into consider-
ation when policy-makers formulate heat wave adaptation
strategies.

Finally, this work presents an innovated 3DUI methodology to
quantify 3-D urbanization development. It is an efficient method
for estimating urbanization with a 5-m spatial resolution over a
large area. From our experiments, all comparisons obtained posi-
tive correlations between 3DUI and surface temperatures (correla-
tion coefficient >0.6 with p < 0.01). This result indicates that higher
surface temperature occurs in the pixels with larger man-made
construction volumes, in agreement with the expectation that
more intensive urban development would have higher surface
temperature. Thus, it can be employed to evaluate spatial varia-
tions of surface temperatures and SUHI intensity. Moreover, it
can be utilized to identify vulnerable areas under heat waves in
fine spatial resolution so that adaptation strategies can be formu-
lated accordingly to reduce potential health risks of heat stress
during heat waves with intensified SUHL
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