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The reconstruction of urban climate is still challenging to climatologists in spite of over five decades of
research including direct data measurement and model building. Methods for measuring and monitoring
urban climate have strengths and weaknesses depending on the application. The mapping of patterns of
urban heat stress over a city is not useful if the patterns depicted apply only to the time of data acquisi-
tion. Since thermal satellite sensors can now provide detailed temperature data covering whole cities and
beyond, their adoption in urban planning depends on demonstrating their relevance to commonly pre-
vailing conditions. This research investigates and presents a methodology based on four summertime
ASTER thermal satellite images of Hong Kong for urban heat stress mapping at detailed level. It demon-
strates that satellite images obtained under certain climatic conditions, and accompanied by adequate
‘in situ’ ground data, can provide a basis for an operational heat stress mapping system. The temporal
limitation of thermal satellite images is examined for both day and nighttime images by comparison
of image-derived air temperatures with ground data representing extended periods and other hot days
and nights outside the image acquisition times. The nighttime images were found to be more represen-
tative of air temperature at other times than the daytime images, due to a more stable boundary layer,
with lower wind speeds and temperature inversion at night. The nighttime images showed high and sig-
nificant correlations with ground level air temperatures for an average 13-h period surrounding the
image time 10.42pm, from 6 pm to 4–8 am the next day. Additionally they were highly and significantly
correlated with ground air temperature distributions on 93% of all hot summer nights in the same years.
Therefore the nighttime images can be considered representative of a commonly occurring summer
nighttime situation in Hong Kong, and can be used to determine the locations of areas where tempera-
tures commonly exceed hot weather warning thresholds. Notably, the images were better able than cli-
mate stations to represent areas in the urbanized Kowloon Peninsula and several smaller satellite towns
which exceeded hot weather warning thresholds. Many areas exceeded the thresholds, even when no hot
weather warning was in force, due to the unrepresentative location of climate stations. The images were
also more able than climate stations to indicate the hottest and coolest areas over the Hong Kong terri-
tory, thereby enabling measurement of the magnitude and extent of the urban heat island.
� 2012 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS) Published by Elsevier

B.V. All rights reserved.
1. Introduction

1.1. Hong Kong’s urban heat island

Rising global temperatures bring into question the sustainabil-
ity of tropical and sub-tropical cities (McCarthy et al., 2010), espe-
cially those such as Hong Kong where dense and high rise buildings
are accompanied by an intense urban heat island (UHI) effect (Fung
et al., 2009; Nichol et al., 2009). At 22�N Hong Kong lies at the
boundary between the tropics and sub-tropics, experiencing very
hot humid summers and warm dry winters. Air temperatures typ-
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ically reach 33 �C on the hottest summer days, cooling to ca. 26 �C
in urban, and 24 �C in rural areas at night, but little research on
population heat stress has been done in tropical cities. Dousset
et al. (2011) describe the 2003 European heat wave with daytime
maxima and nighttime minima exceeding 37 �C and 25 �C respec-
tively over 9 consecutive days, which resulted in 4867 excess mor-
talities in Paris, and 70,000 over the whole of Europe but mortality
appeared to be more closely related to nighttime than daytime
temperatures (Robine et al., 2008). In Hong Kong, Kowloon, with
a population of over 2 million is the largest continuous urban area
and is separated from the rural New Territories by mountain
ranges. Parts of Kowloon contain the highest urban population
densities in the world, with over 60,000 persons per sq km (Ng,
2009). Reduced ventilation, high temperatures and the blocking
emote Sensing, Inc. (ISPRS) Published by Elsevier B.V. All rights reserved.
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of sea breezes by tall buildings on newly reclaimed land, the so
called ‘wall effect’ (Wong et al., 2011) are contentious issues. Plan-
ners urgently require empirical and spatially comprehensive cli-
matic data to support structure plans and policies but traditional
methods of UHI analysis, the use of fixed stations and/or vehicle
traverse have been unable to provide such data because the data
collected are spatially incomplete.

1.2. Data sources for urban climatic analysis

Data sources for measuring and estimating urban climate in-
clude automatic weather stations (AWSs), vehicle traverse, climate
simulation models, and satellite observations. However in Hong
Kong, as in many other cities, there are no AWS in core city areas,
since the Hong Kong Observatory climate station, historically re-
garded as the most ‘urban’ is situated in park-like grounds where
temperatures are consistently lower than in nearby densely built
areas where people live and work. Furthermore, the climatic data
used for predicting the effects of temperature on mortality in Hong
Kong e.g. number of deaths when the Net Effective Temperature
(NET) exceeds 26 �C, are based on temperatures at the (unrepre-
sentative) HKO station. Vehicle traverse data are similarly incom-
plete spatially, and suffer from a time lag during the data
collection. Climate simulation models suffer from the complexity
introduced by the roughness of the urban canopy layer structure,
the difficulty of mapping surface materials in detail over a city
(Herold et al., 2006) and often lack anthropogenic heat contribu-
tions (e.g. Ashie, 2007). Additionally most urban climate models
represent local (i.e. urban canyon) scale processes (Mills, 1993;
Arnfield and Grimmond, 1998; Arnfield, 2000), or neighborhood
scale processes (Grimmond et al., 2010) which are difficult to scale
up to land use zones or whole cities. Thus they do not easily predict
temperature patterns at city scale, or permit studies of urban heat
islands. Very recent developments in CFD modeling are able to
simulate energy balance and air temperatures across a whole city,
but use very large databases and are highly computer intensive
(Ashie and Kono, 2011). Other recent developments include the
downscaling of regional climate models such as WRF to city and
district scale (Chen et al., 2011), but they incorporate limited land
cover types e.g. the WRF urban modeling system incorporates only
three land cover types.

Complete and time-synchronous coverage of an urban area can
be obtained from thermal infrared satellite sensors which measure
surface temperature (Ts), thus the locations of the actual maximum
and minimum surface temperatures over a city region can be ob-
tained (Johnson et al., 1993) and intra-urban thermal patterns
can be observed. A variety of airborne and spaceborne sensors
are used for measurement of the urban surface, which climatolo-
gists regard as the ‘source area’ for air temperature measurements
(Schmid, 1997).

The turbulent source area for air temperature is a patch of the
surface upwind from the air temperature sensor from which par-
cels of air that are measured by the sensor acquire their thermal
properties (WMO, 2008; Murphy et al., 2011). However, the satel-
lite (radiative) source area corresponds to the upwelling thermal
radiance from within the IFOV. The surface area ‘viewed’ by the sa-
tellite is also directional, and subject to anisotropy (Voogt and Oke,
1997; Nichol, 1998) and shadowing effects in high rise areas. Both
these factors create a mis-match between the source area of a par-
ticular pixel (i.e. the surface ‘seen’ by that pixel) and the air mea-
sured adjacent to it. Factors most influential in the relationship
between surface and air temperature have been recognized as
atmospheric mixing, wind velocity and the characteristics of sur-
face materials which influence heat flux (Stoll and Brazel, 1992;
Voogt and Oke, 2003). The practical application of satellite-derived
temperature data is also limited by the uncertainty of their rele-
vance to times and dates other than the immediate imaging time,
especially in cloudy regions where good quality thermal images
may be obtained only infrequently. In summary, the satellite-de-
rived surface temperature may be able to represent air tempera-
ture, and its relevance is dependent on the establishment of a
robust relationship between the surface and adjacent air at the im-
age time. If this relationship can be demonstrated to be temporally
stable, and representative of other times and dates where com-
monly occurring climatic conditions occur, it is suggested that
the image can be used as a working model of the spatial distribu-
tion of air temperatures over a city for planning purposes.
1.3. Objectives

This research tests the relevance of temperature patterns ob-
served on thermal satellite images both at the image time, and at
other times based on Stoll and Brazel’s (1992) assertion that corre-
lations between surface and air temperatures are dependent on
atmospheric mixing, mean wind velocity and the thermal proper-
ties of surface materials. Thus, on imagery obtained during a stable
atmosphere and low wind speeds (e.g. at night, when turbulence is
greatly reduced (Kawashima et al., 2000; Voogt and Oke, 2003)),
and surface effects minimized, reduced advection would result in
a stronger relationship between the surface and the adjacent air.
Thus the image may provide a representation of air temperatures
accurate enough for a working model of a city’s urban heat island
situation. For example Fung et al. (2009) observed an R2 of 0.78 be-
tween over 14,000 air temperature points from a mobile vehicle
traverse, and a night-time ASTER thermal image, when ground
measured air temperature points falling within the same pixel
were averaged. The temporal deficiency of satellite images, being
acquired at a single point in time is also likely to be minimized un-
der such conditions, when heat island patterns depicted may per-
sist for several hours, although this has not been tested previously.
It is relevant because UHI patterns present under a stable atmo-
sphere may represent a typical, or baseline heat island situation
for a city i.e. a heat island distribution pattern which is the most
commonly prevalent.

In light of the urgent need for information in Hong Kong dis-
cussed above, this study uses a daytime and a nighttime ASTER
thermal satellite image of Hong Kong’s urban areas with ‘in situ’
field measurements of surface and air temperatures to examine
the extent to which satellite-derived land surface temperatures
(LSTs) can represent a spatial pattern of air temperatures most pre-
valent across a city. Extended periods beyond the image time
which typify the character of the city’s temperature distribution
are examined, to provide a basis for an intra-urban heat stress
mapping system based on ‘very hot day’ and ‘very hot night’
thresholds. This is conducted both at the detailed level of sub-dis-
tricts and street blocks, as well as the macro-scale required for UHI
analysis.
2. Study area

The whole of the Hong Kong Territories, with a population
approaching 7 million and approximately 1067 sq km land area
was selected for the study, but emphasis was placed on the largest
urban area, the Kowloon Peninsula with a population of 2.2 million
and land area of 47 sq km. Kowloon mainly consists of high-den-
sity residential areas, commercial districts and urban parks. The
topography is flat in the southern part and hilly in the northern
part where elevation ranges from 3 m to 200 m. Several smaller sa-
tellite towns with population approximating 500,000 have been
established in the New Territories, to the north and west of Kow-
loon. At the time of the daytime image (11.09 am local time) the



Fig. 1. Air temperature at the Hong Kong Observatory (urban) and Ta Kwu Ling
(rural) climate stations for the 48 h surrounding the daytime image time.
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atmosphere was unstable with a PBL height of 1300 m (from morn-
ing and evening radiosondes at the Hong Kong International Air-
port (HKIA)), wind speeds were medium to high at 3–4 ms west-
southwesterly, and relative humidity fairly high, at 72%. Fieldwork
at 61 sites in urban areas including Kowloon and several small
towns (Section 3.2) indicated that mean surface temperature had
risen to 10–20 �C above mean air temperature of 33–36 �C. Inter-
estingly, air temperature at the Hong Kong Observatory’s ‘urban’
climate station was only 29.8 �C (Fig. 1), which is considerably low-
er than the field measurements, probably due to its location in
park-like grounds where a morning lag in warming may be ex-
pected. Thus temperatures at the image time would not have qual-
ified as a ‘hot day’ (above 30 �C). The definition of hot days and
nights follows the Hong Kong Observatory (HKO)’s criteria (Leung
and Yeung, 2004; Leung et al., 2008) of bio-meteorological indica-
tors for the local population, as follows:
Fi
(ru
Very Hot Day
g. 2. Air temperature at the Hong
ral) climate stations for the 48 h su
Ta maximum
Kong Observatory (urban) and
rrounding the nighttime image
P33 �C

Hot Day
 Ta maximum
 P30 �C

Very Hot Night
 Ta minimum
 P28 �C

Hot Night
 Ta minimum
 P25 �C
and generally, hot weather warnings are issued for ‘very hot

day’ or ‘very hot night’ conditions.

For the nighttime image the atmosphere was stable with PBL
height (from the morning and evening radiosonde at HKIA) of
65 m and low wind speeds of less than 1 ms, southwesterly. Rela-
tive humidity moderate, at 72%. Field measurements indicated
that, by the image time 10.42 pm, mean surface temperatures in
urban areas had fallen close to air temperatures at 28–30� which
is similar to the HKO reading (Fig. 2). This did not qualify as a
‘Hot Night’ as minimum temperatures at HKO fell below 28 �C later
that night (Fig. 2).
Ta Kwu Ling
time.
It is important to note that the image times do not correspond
to either temperature maxima or minima which are used in many
heat stress indices, or to the UHI maximum i.e. the time of greatest
difference between urban and rural temperatures (Figs. 1 and 2).

3. Methods

3.1. Data and processing techniques

Two ASTER Level 1B images at 90 m resolution obtained at
11.09 am on 22nd August 2009, and 10.42 pm local time on 13th
August 2008 respectively, were registered to the HK1980 coordi-
nate system by referencing the control points on the images to
the corresponding points on a coastline vector file and root mean
square errors (RMSE) for both images of less than 0.5 pixel were
obtained. The digital number (DN) values of the images were con-
verted to radiance using the unit conversion coefficient of
5.693 � 10�3 (ERSDAC, 2010). After obtaining the radiance, black
body temperature (BBT) was computed using Eq. (1) derived from
the inversion of Planck’s function (Jensen, 2007).

TBBT ¼
c2

k � ln c1
k5R
þ 1

� � ð1Þ

where TBBT is the black body temperature, c1 is the first radiation
constant for spectral radiance (1.191 � 10�6), c2 is the second radi-
ation constant (1.438 � 10�2), k is the wavelength of Band 13
(10.55 lm) and R is the radiance.

To correct for emissivity differences of surface materials, an
emissivity map was produced from an existing 10 m resolution
digital land cover map with six broad land cover classes, namely
forest, water, grassland, shrubland, urban, and soil/sand. The land
cover classes were converted to a 10 m emissivity image by allo-
cating the emissivity values to the land cover classes, with the
emissivity values from spectral libraries. The correction of the TBBT

image for the emissivity differences of different land covers was
done using Eq. (2) (Sabins, 1997; Nichol, 2009), which is an
approximation of the true equation. Thus the 90 m blackbody tem-
perature image was converted to a Ts image at 10 m resolution,
where

Ts ¼
TBBT

e1
4

ð2Þ

where Ts is land surface temperature, and e is the emissivity value.
The procedure is known as emissivity modulation rather than abso-
lute emissivity correction, since it is assumed that temperatures
within a large pixel vary only by cover type. Thus the emissivity cor-
rection modulates the thermal values within the larger pixel block,
but some distortion may be expected, since the temperature value
of a small output pixel will still be influenced by the Tb values of
surrounding cover types in the original lower resolution pixel block.
This distortion would be greater for fragmented cover types

In order to validate the accuracy of the emissivity values used,
the ASTER emissivity image product AST09 for the daytime image
derived from the ASTER TES algorithm (Gillespie et al., 1999) was
used for comparison. The validation was done by correlating the
90 m ASTER emissivity image with the derived 10 m emissivity im-
age. A very strong correlation of R2 = 0.99, with slope and offset of 1
and zero respectively, was observed between 90 m ASTER emissiv-
ity images and our derived 10 m emissivity image.

3.2. Fieldwork

For each image, ‘in situ’ air and surface temperatures were col-
lected over a 3-h period centered on the image time. Locations in-
cluded urban centers, new towns and rural areas all over the Hong



Table 1
Nighttime field data used for air temperature conversion, and night and daytime AWS data used for verification of the image-derived temperatures, showing degree of
urbanization from most urban (1) to least urban (7) according to Oke (2004). The 61 field locations for the daytime image are too numerous to list, but have similar wide
distribution among degrees of urbanization.

Night field data Night AWS data Daytime AWS data

Station Air
temp

Urban
zone

Station Air
temp

Urban
zone

Station Air
temp

Urban
zone

Yuen Long Park (grass) 27.9 6 Tsuen Wan 26.9 7 Ching Pak House 30.1 5
Yuen Long Park (concrete) 28.3 6 Kow Sai Chau 26.2 7 HKO 30.1 6
Yuen Long Park (leaf) 28.2 6 Sheung Shui 27.5 6 King’s Park 31.2 6
Yuen Long Stadium (concrete) 29.2 4 Wetland Park 27.4 7 Sheung Shui 32.1 6
Yuen Long Stadium (concrete) 29.1 4 Sai Kung 27.8 4 Ta Kwu Ling 32.9 5
YMT Temple Street (brick) 29.5 1 Shau Kei Wan 27.9 7 Ho Koon Education Centre 30.1 7
YMT Temple Street (grass) 29.6 1 Ching Pak House 27.8 5 Queen’s College OB Ass Sec Sch 31.2 2
Castle Peak (Kwai Chung) (concrete) 28.6 6 Kowloon City 27.8 7 Fung Kai LMST Secondary Sch 31.9 2
Tsuen Wan City Hall (concrete) 29.2 1 Tai Po 28.4 7 Ju Ching Chu Secondary Sch 31.7 2
Tsuen Wan City Hall (brick) 29.6 1 King’s Park 28 6 HKCCCU Logos Academy 31.5 2
Ma On Shan Police Station (concrete) 29.2 3 HKO 28.5 6 SKH Kei Fook Primary School 32.7 1

Sing Yin Secondary Sch 32.8 2
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Kong Territory. Each team was equipped with a data logger ther-
mometer with a TPK01 beadprobe thermocouple wire (which min-
imizes the radiation error for daytime sampling), and a TPK-04L
surface temperature probe, both with accuracy of 0.1 �C, which
had previously been calibrated using boiling water and ice. An
average of three air temperature readings were made, at one meter
above the surface, and all air temperatures derived in this study re-
fer to this height level. A range of surface materials was selected.
The coordinates of the field sites were recorded by GPS for easy
comparison with the 10 m image pixel coordinates.

3.3. Air temperature conversion

As thermal satellite sensors measure Ts it is necessary to convert
this to air temperature since most urban climate research refers to
air temperature (e.g. thermal comfort, UHI, etc.). The air tempera-
tures measured at 61 (daytime) and 11 (nighttime) points in the
field (Table 1) within 1.5 h of the image time were regressed
against the Ts value of the corresponding image pixel (Eqs. (3)
and (4)). The corresponding R2 between Ts and Ta are 0.74
(n = 61) for daytime and 0.82 (n = 11) for nighttime (Fig. 3), and
the significant R2 values suggest air temperatures measured in
the field are suitable for converting Ts to air temperature.

Daytime Ta ¼ 0:52�Ts þ 14:027 ð3Þ

Nighttime Ta ¼ 0:23�Ts þ 20:198 ð4Þ

This direct conversion of Ts to Ta does not require atmospheric
correction of the image surface temperatures, since surface tem-
perature was not required, and many ‘in situ’ screen level (bottom
Fig. 3. Air temperatures (Ta) from field measurement approximately 1 m above the grou
with (Ts) from corresponding image pixel values.
of atmosphere) air temperatures were available, both for building
the regression equation as well as for validation.

The image-derived air temperatures were validated by correlat-
ing with 12 (daytime) and 11 (nighttime) AWS at 1.5 m above
ground at the time of imaging (Fig. 4) (Table 1). An R2 value of
0.75, and Mean Absolute Difference (MAD) of 3.57 �C were ob-
tained for daytime and an R2 value of 0.84 and MAD of 1.4 �C for
nighttime were obtained. Both R2 statistics are significant at 5% le-
vel, which suggests that the two satellite images are suitable for
studying patterns of air temperature distribution over Hong Kong.
The large MAD for the daytime image is thought to be due to the
situation of many of the AWS generally in building shade, or in
treed park-like grounds such as at the HKO station (Table 1), and
which, due to anisotropic effects, are ‘unseen’ by the satellite.
The morning heating of these sites may lag behind the more open
urban sites used for field measurements by several degrees. The
difference for nighttime, though smaller, has a similar explanation.
Table 1 indicates that most AWS sites were either rural or sub-ur-
ban (column 6) compared to the more urbanized fieldwork sites
(column 3).
3.4. Hourly and daily analysis

The images are deemed more relevant if they can represent
temperature patterns at other times of the 24-h cycle, especially
the times of maxima and minima used for measurement of heat
stress, and on days other than the image date. Therefore, to deter-
mine the hourly relevance the temperatures recorded several
hours before and after the imaging time at 12 (daytime) and 11
nd at image time, for daytime image (left) and nighttime image (right), compared



Fig. 4. Daytime (left) and nighttime (right) image-derived air temperatures, and the AWS air temperatures used for validation.
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(nighttime) AWS were correlated with the image-derived air
temperature.

Daily analysis was conducted by correlating the image values
with the AWS temperatures recorded at the image time on other
days with similar atmospheric conditions to the image date, for
the summer season between July and September of the same year.
Days fulfilling the following requirements were selected for the
analysis: for the daytime image TaMax was not below 30 �C, and
for the nighttime image TaMin was not below 25.5 �C and for both,
severe typhoon warnings should not have been issued. These con-
ditions would include all dates similar to those on which the
images were collected i.e. all hot summer days and nights, and ex-
clude significant rain events such as typhoons when temperatures
are lower and climatic conditions unstable.

To strengthen the investigation of temporal relevance, two
additional images of 13 September 2008 and 17th September
2009, for day and night respectively, were similarly processed,
and also correlated with hourly and daily air temperature patterns.
Results for all four images are therefore given in Sections 4.1 and
4.2, but due to the late summer (September) date of the second
set of images they were not used in heat stress mapping
(Section 4.3).

4. Results

In Sections 4.1 and 4.2, figures in brackets refer to the second
set of images used in the temporal analysis, i.e. September 2008
for daytime and September 2009 for nighttime.
Fig. 5. Hourly time series correlation analysis between image-derived
4.1. Hourly analysis

Fig. 5 shows that the correlation between the daytime image-
derived and AWS air temperatures peaks at the imaging time of
11.09 am with R2 of 0.75 (0.63), but with a second peak in the
afternoon (R2 of 0.74) for the September 2008 image. For the period
9:30 am to 1:30 pm (7.30 am to 9.30 pm but excluding 2 pm) sur-
rounding the image time, the p-values indicated that correlations
are significant at 5% level indicating that the daytime image can
effectively represent the temperature distribution for a 4 (10)-h
period, surrounding the imaging time. The nighttime correlations
also peak at the image time 10.42 pm, with R2 = 0.84 (0.85), and re-
main relatively steady (R2 around 0.7) approximately 3 (2) h be-
fore, and 2 (3) h following the image (Fig. 6). However, the
results are significant for a 10 (16)-h period from 6 pm to 4
(9) am of the next day, which is 6 (5) h longer than for daytime.
A possible reason for the much longer period of validity at night
observed on both images is that convection and advection subside
at night producing a stable atmospheric environment (Dousset,
1989; Johnson et al., 1991). Additionally, the directional radiance
within the sensor IFOV is less influenced at night by uneven pat-
terns of solar illumination in high rise areas.

4.2. Daily analysis

Seventy-six (69) dates for daytime and 69 (66) for night were
able to satisfy the set criteria for similarity of weather conditions.
Of the 76 (69) daytime dates, only 17 (29) were significant at the
and 12 AWS recorded air temperature on two daytime images.



Fig. 6. Hourly time series correlation analysis between image-derived and 11 AWS recorded air temperature on two nighttime images.

Fig. 7. Summer mid-morning air temperature image of the Kowloon Peninsula derived from Eqs. (1) and (2), with street network superimposed.

158 J.E. Nichol, P.H. To / ISPRS Journal of Photogrammetry and Remote Sensing 74 (2012) 153–162



Fig. 8. Summer nighttime (10.40 pm) air temperature image of Hong Kong derived from ASTER. The urbanized Kowloon Peninsula is at lower center, and shows the highest
temperatures, but some smaller satellite towns farther north and west also show significant heat islands. Locations of the 11 field air temperature measurements and 11 AWS
used for the nighttime image are shown. The 61 field locations for the daytime image are too numerous to depict clearly but have similar wide distribution between rural and
urban areas.
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5% level, with a mean R2 value of 0.22 (0.32), but for the nighttime
image 62 out of the 69 dates were significant with some very high
R2 values above 0.9, and an average R2 of 0.6 (0.62). Even on 20 Au-
gust 2008 when a typhoon was centered near Hong Kong the cor-
relation was significant at R2 = 0.56. The good and significant
correlations for nights other than the imaging dates, for both
images covering the summers of 2008 and 2009, suggest that
images obtained on representative dates with typical seasonal
weather conditions (in this case cloud-free night with low wind
speeds, with strongly developed UHI) can be used to retrieve tem-
perature patterns on many other days within that season. The
much higher nighttime R2 values indicate that nighttime images
are better able to account for temperature patterns observed on
other days, than are daytime images.

4.3. Heat stress mapping

Areas of heat stress on the image can be mapped. For the day-
time image Fig. 7 indicates that air temperature had already
reached 35 �C in late morning over most of the urban area (repre-
sented by light green, yellow, red1 and white colours in Fig. 7),
which would be classified as a ‘Very Hot Day’ (P33 �C), although
at the HKO climate station air temperature was below 30 �C
(Fig. 1), thus not even qualifying as a ‘Hot Day’. Maximum tempera-
tures were reached at 3 pm that day, with 32.2 �C at HKO which
would not have qualified for a hot weather warning (TaMax > 33 �C)
(Fig. 1). Although it is likely that the areas of the image above 35 �C
in Fig. 7 would have exceeded 37 �C by 3 pm, the spatial distribution
is uncertain since the daytime image values were only significant be-
tween 9.45 am and 1.30 pm.
1 For interpretation of colour in Figs. 3 and 10, the reader is referred to the web
version of this article.
The nighttime image however significantly depicts air temper-
ature distribution for a 10-h period including the critical nighttime
Ta minimum at 4 am. A decrease in Ta of 1.3 �C between the image
time at 10.42 pm and 4 am according to the temperature curve for
HKO (Fig. 2) would identify the top three temperature classes (yel-
low, red and white in Figs. 7 and 8) to be classified as ‘Very hot
night’ as they remained above the hot weather warning threshold
with TaMin above 28 �C. In fact the more open HKO site is likely to
have cooled faster than the more urbanized regions at night, so the
prediction of ‘Very Hot Night’ for the urban areas is a least case sce-
nario. These areas which cover most of the urban areas of Kowloon
and small towns in the New Territories (Fig. 8) constitute localized
‘very hot nights’. Interestingly, no hot weather warning was an-
nounced over that day or the previous 24 h since, as Fig. 2 shows,
the HKO station recorded TaMax below 33 �C and TaMin below
28 �C, thus no hot weather warning was issued in either daytime
or nighttime. The significant relationship between the image date
and 90% of other hot summer nights enables the identification of
specific local neighbourhoods of the city which suffer heat stress
on a regular basis, and in this case, on most summer nights.
5. Discussion and conclusions

In this paper, two daytime and two nighttime thermal satellite
images were examined, and found to be capable of representing
spatial patterns of Kowloon’s UHI for an average of 7.5 and 13 h
on the imaging day, respectively, and an average of 23 and 64 days
in the same imaging season. The nighttime images were particu-
larly representative of the summer nighttime UHI in Hong Kong,
as the image temperatures were significant on 125 out of 135
nights tested over the two summers of 2008–9. These represented
93% of the hot summer nights in those years. The relevance and



Fig. 9. Summer nighttime air temperature image of the Kowloon Peninsula at 10.42 pm derived from Eqs. (1) and (2), with street network superimposed.
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applicability at times other than the immediate image time is to
some extent expected in view of the dominant roles of street can-
yon geometry and the thermal properties of surface materials on
urban climatology (Johnson et al., 1991; Oke et al., 1991) because
these factors are constant over time. However they are most influ-
ential at night on calm cloudless nights when the UHI is best devel-
oped (Johnson et al., 1991). In Hong Kong, for the August nighttime
image, atmospheric stability within the urban canopy layer was
reinforced by the presence of a temperature inversion at 65 m.
The more stable atmospheric conditions prevailing at the night-
time situation are typical of summer nights in Kowloon. In summer
several hours after sunset, similar land and sea temperatures min-
imize sea breezes and the dense urban structure compounded by
the ‘wall effect’ (Wong et al., 2011) further reduce wind speeds.
It is thought that the source areas for the image-derived air tem-
peratures in this study would have been much more local and pos-
sibly within a few 10s of meters, which corresponds to a few pixels.
This is because the air temperatures were measured at only 1 m
height, with low wind speeds of less than 1 ms. For comparison
purposes, Murphy et al. (2011) observed that for a 10 m high air
temperature sensor and moderate wind speeds from 3 to 5 ms,
the best fit upwind fetch wedge was found to be at 180 m distance.
A further reason for the high correlations may be due to the ab-
sence of temporal variation due to solar heating, meaning that if
the correlation is good at one point in time at night it will likely
also be quite good at other times. Thus the images of 13th August
2008 and 17th September 2009 may be considered representative
of a commonly occurring summer night-time situation of the ur-
ban heat island in Kowloon, especially in the hottest part of the
summer, on days when rainy or typhoon conditions are absent.

The close correspondence of the image air temperature pat-
terns, both at the image time and other times and dates, to those
recorded at AWS permits the mapping of areas where tempera-
tures persistently exceed biometeorological thresholds defined
for the local population. The August daytime image is less applica-
ble at other times due to greater turbulence within the urban can-
opy layer in the daytime, as well as possibly some anisotropic
effects of the image viewing, and sun angles. However the image
does indicate that, by the image time 11.09 am, all urban areas in
both Kowloon and small satellite towns far exceeded thresholds



Fig. 10. Extract from Fig. 9 showing streets at Kowloon’s heat island core (white area) with air temperatures above 29.6 �C at the image time 10.42 pm. The core area occurs
where Temple Street, Woosung Street and Parkes Street intersect the east–west oriented Bowring Street, in the area regarded as Chinatown, with high buildings, and narrow
and congested walkways.
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for ‘very hot day’ and for issuance of a hot weather warning,
although temperature at the ‘urban’ climate station used for official
determination of weather warnings was currently well below the
threshold level of 33 �C.

Since air temperature patterns depicted on the nighttime image
are significant at the time of TaMin used for determining hot nights
and hot weather warnings, the image provides strong evidence of
the shortcomings of the current hot weather warning system. It de-
picts most urban areas in Kowloon and smaller satellite towns as
having Ta exceeding the threshold of 28 �C when extrapolated to
the time of TaMin, whereas no hot weather warning was issued on
that date. Thus the main urban weather station operated by the
Hong Kong Observatory’s urban climate station, located in treed
park-like surroundings does not represent temperatures in the hot-
test districts which are usually several degrees higher in the day-
time and one or two degrees higher at night. Nighttime heat is
more dangerous as most of the cardiovascular diseases are triggered
at night (Vandentorren et al., 2006; McCarthy et al., 2010). It is also
the critical time in heat-stress related morbidity because of the
inability to cool down over the 24-h period (Pascal et al., 2006).
Therefore the nighttime image is very useful for identifying areas
where populations are at risk of heat-related sickness or mortality.
Furthermore, the nighttime image is able to locate areas of tem-
perature maxima and minima, unlike automatic weather stations
which are sparsely distributed, and due to historical reasons not lo-
cated in either dense urban or truly rural districts. Thus it is capa-
ble of depicting the magnitude and spatial distribution of the UHI
over the whole of the Hong Kong territory, including both Kowloon
with population over 2 million, and smaller towns with population
around 0.5 million. The image also suggests that the magnitude of
the UHI is not related to settlement size, as noted by some previous
studies where larger cities had greater UHI intensities measured by
vehicle traverse (Oke, 1973; Park, 1986; Yamashita et al., 1986).
Fig. 8 shows several small satellite towns in the New Territories
which occupy the same range of temperature classes as the much
larger Kowloon urban area. In addition to the coverage of a whole
city and beyond, which is not available from other methods of ur-
ban climate measurement, or from urban climate models, the im-
age depicts Ta at a detailed level such that temperatures at street
scale can be determined. For example Fig. 10 shows an enlarged
section of Fig. 9, including streets in Jordan and Yau Ma Tei, older
urban districts of Kowloon, where high built density combined
with medium rise buildings of 10–12 floors contribute to low sky
view factors. The hottest areas (white and red areas in Fig. 10)
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can be seen to correspond very closely to the densest street net-
work (at center left), with low sky view factor. Temperature sen-
sors for an urban heat stress warning system would ideally be
located in such an area. In order to mitigate nighttime heat stress,
urban renewal may consider increasing open/green space at
ground level to improve ventilation, while maintaining plot ratios
by increasing the number of floors.

These assertions regarding weather warning thresholds based
on image observations are dependent on the absolute accuracy of
the image temperatures, which is based on the regression between
the image and ‘in situ’ air temperatures at the image time. There-
fore, substantial ‘in situ’ ground-measured air temperatures are
essential for air temperature calibration and validation. The meth-
od is recommended for nighttime situations when the images are
more able to represent commonly prevailing air temperature dis-
tributions than during the day, due to both climatic and image-
based factors.
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