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ABSTRACT

Facing rapid urbanization, sustainable urban developmbetomeamportantin urban planning
To tackle urban climate issues @&planning context, a meteorological model with high resoiuiis
useful for evaluating different planning scenarios. This stusbdthe Weather Research and Forecast
(WRF) with a singldayer urban canopy model to simulaaemmemeteorological conditions in Hong
Kong, downscaling the spatial resolutiomsri 4.5km to 500 m. Hong KonfHK) was taken as an
example due to ithigh building density in a sultropical climate region.The model results were
compared against measuremeat 25 weather stationsWe quantified the urban heat islaneffect
(UHI) in the sumer in 2009 and estimatedhe resultant healtimpact based ona temperature
response functianThe model resultsand measuremesntshow a good agreement with an index of
agreement of 0.71 and a percentage difference of mean temperature of Q.33%nalsis estimated
that the hourly temperature in urban arg@9.6°C)is higher comparing tahatin rural areas(28.1°C).
The Urban Heat Islandntensity (UHII) was estimated to be @& on average The UHI results in
different Primary Planning Units show north-south gradient pattern over Hong Kong: the highest
UHII (1.7°C) in northern part of HK, whereas the lowest UKDI8°C) in southen part of HK.We found
UHII correlates well with urban area sizestead of populatiorhighlightingthat policy makersf high
density citieshould pay attention to urban area size when tackllig. In addition,UHI wasestimated
to causer5[95%C.1. 22-158 mortalities in summer Of which ~55% of the UHirelated health impact
occurs in New Territories, whild%% and6% of the impacthappen in Kowloon and Hong Kong Island
respectively.The results provideritical implications for urban planners to mitigateHU in cities,
especiallyin less developed countries.

NOMENCLATURE
PPU  Primary Planning Units

TPU  Tertiary Planrmg Units
UHI  Urban heat island effect
UHII  Urban Heat Island Intensity
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WRF the Weather Research and Forecast model

INTRODUCTION

Urban heat island effect (UHI) is one of the major environmental problems in urban areas.
Increassin temperatureverefound tohave impacts on energy consumptions, public health and even air
quality (Sarrat et al., 2006According to the United Nation2@12), total urban populatiorns projected
toincreasdo ~67%.Thus, it is of importance to understand the urban heat isféaxt and the resultant
impacts especially in highdensity citiessuch as Hong Kon@HK) given thatthe urban infrastructure
and building morphology playnamportant role irthe UHI (Rizwan et al., 2008

Previous studies have shown thidl wasobservedn Hong Kong.Memon et al. (2009%xamined
the reliability of urban heat island intensity (UHIWhich was defined as the temperature differenc
between urban and rural areBsased on the measments collected atix weather stationshé study
estimaedtha the mean hourly UHII ranged betwe@&B°C and2.0°C. Giridharanet al. (2004and 200%
investigated th@JHI in urban highdensity residential developments in both daytime and nighttime.
Based on the measurements on several selected days in thersan@2®02 Giridharan et al. estimated
that the magnitudes ofUHI within an estate werd.5°C and 1.3°C in daytime and nighttime,
respectively Although he UHI was eimated in the previous studigke majority of the studies were
based on measuremeraissparsehdistributed locationsThus,the spatial distribution of UHI and the
resultant impacthavenot yet been fully understood.

Changes in ambient temperatudeie to UHI may cause headlated mortality, especially in
summer The health impacts @ixtreme hot weather evesduch asheat wave were previously studied
(Bai et al., 2014; Zeng et al., 201Amengual et al., 2034 For Hong Kong, Chan et al. (2010)
employed a statistical approach to investigate the relationship between theldtedt maality due to
changes in ambient temperatus®wever the mortality due to UHI was not calculated in the study.

Therefore, this studis aimed at estimating thmagnitude osummerUHI in Hong Kang and the
resultantheatrelated mortality.The results aranticipatedto provide critical implications fourban
plannersand authoritieso mitigate UHI in cities, especially for the ones whiahebeingdeveloped in
less developed countries such as mainland China.

METHODS

Meteorological M odel
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Figure 1 (a) The three WRF simulation domains. (b) The locationthef25HKO monitoring

stations.The station names are provided in Table 1.

In this study, two months (Jul and Aug, 2009) were selected to investigate the summer UHI in HK. The
Weather Research and Forstzaodel(WRF) (Skamarock et al., 2008) was used to reproducsptitél



distribution oftemperature over Hong Kong in the study periblde WRF model has been widely used

in urban heat island studieGHen et al., 2014; Giannaros et al., 2013; Salamane, 2012; Yang et

al.,, 2012. The WRF model was configured to have three eway domains,using which the
meteorology was downscaled from a regional scale to a local scale. Figure 1(a) depicts the WRF
domains. The outermost domain (D1) covers mostudn@dong province. D1 has 264x240 grid points
with a spatial resolution of 4.5 km. The results of the D1 were then downscaled to the second domain
(D2), which encompasses the Pearl River Delta. D2 has 136x124 grid points with a spatial resolution of
1.5 km The innermost domain (D3) covers Hong Kong. D3 has 130x112 grid points with a spatial
resolution of 500 m. A singllayer urban canopy model waslaptedto improve the lower boundary
conditions and the WRF performaneéthin the urban regions (Masson, @0). The WRF was
configured to have 34 vertical sigma levels from the ground to the model top (50 hPa), with the first 11
layers being concentrated in the first 1 km above the ground level to resolve the structure of meteorology
in the planetary boundargyer.

Table 1. The Names andL abels of the 25 Hong Kong Observatorgtations. TheL ocations of theStations
Are Shown in Figure 1(b).

Station name Label Station name  Label Station name  Label
1 Cheung Chau CCH 11 Tai Mei Tuk PLC 21 Tuen Mun TUN
2 Ching Pak House  CPH 12 Shek Kong SEK 22 Tsak Yue Wu YW
3 Ping Chau EPC 13 ShaTin SHA 23 The Peak VP1
4 Wong Chuk Hang HKS 14 Sai Kung SKG 24 WaglanlIsland GL
5 Tseung Kwan O JKB 15 ShalLoWan SLW 25 HKO HKO
6 KatO KAT 16 Tap Mun TAP
7 King's Park KP 17 Tate's Cairn TC
8 Lau Fau Shan LFS 18 Ta Kwu Ling TKL
9 Ngong Ping NGP 19 Tai Mo Shan TMS
10 NeilLak Shan NLS 20 TaiPo TP

Multiple WRF simulations were condted witha length of each simulation nekceedinga seven
day period. The results of first 24 hours were discarded as aisgieriod. The land use data was
provided by the Lands Department of Hong Kong. The initial and boundary conditions were pbyvided
the 1% 1°NCEP FNL (Final) Operational Global Analysis data (NCEP, 2000)-aisixintervals.

Measurement data tevaluatethe WRF modelere provided by the Hong Kong Observatory
(HKO). The HKO stations aréisted in Table 1 angblotted in Figure (b). To quantify the model
performance, a set of statistical measwascomputedsimilar to Yim et al. (2007; 2012; 2013)

The UHI was quantified by the Urban Heat Island Intengit\HIl), which represents the
temperature difference between urban andl rareas.In this study,nonurban areas (except water
bodies) were defined as rural aeRoth hourly and twemonthly mean UHIwere estimated based on
the WRF outputsigure 2 depicts urban areas (brown),qooban areas (green) and water bodies (blue)
in Hong Kong
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Figure 2 A land use magor urban areas (brown), namban areas (green) and water bodies
(blue)in Hong Kong

Health I mpact

Figure 3 TheninePrimary Planning Units (PPU) in Hong Kong. The PPU numbers are
marked in the figure. New Teroities includes PPUs 3, 4, 5, 6, 7, 8 and 9. Kowloon includes PPU 2,
while Hong Kong Island includes PPU 1. The urban heat island intensity (UHII) (°Cevailae
provided in the brackets.

The health impact due tdHI was estimated based on the Chan gR8l10). Their study estimated
that 1.83% (95% C.I.: 0.73%.00%) increase in mortality in Hong Kong is associated with an average
of 1C temperature increase iaily mean temperature above 28.2<C. In their study, iti¥ease of
relative risks ofheatrelated mortality indifferent areas of residence including Hong Kong Island,
Kowloon, New Territories and others were estimated to be 1.43% (95% 1C200964.30%), 1.36%
(95% C.1.:-0.63%3.47%), 1.40% (95% C.1:0.53%3.43%) and9.27% (95% C.l.: 1.93%8.17%),
respectivelyThe areas of residence are depicted in Figure

To estimate thgpopulationexposure tdJHI, the daily mean temperature of each day in the study
period was overlaid onto the population data ihegtiary PlanningUnits (TPU) level provded by the
Hong Kong Planning Departmenthe averagedaily mortality per 1,000 personsvas derived by



dividing the annualmortality rate (6.1 deaths per 1,000 persopg)vided by theCentre for Health
Protection (2012py 365 daysThereafterpasedon the aforementionetemperaturgesponse function
(Chan et al. 2010)the resultant mortality was estimatade note thatthe temperature imndoor
environmerg andthe influence ofpopulationdaily mobility were not taken into account in this study
due tolack of data that may result in a higher bias in our results.

Uncertainty

For all the input data in the heatlated mortality calculation, an uncertainty distribution was
estimatedbased on aMonte Carlosimulation in which atriangular distribution of €imateswas
constructean the basis of 10,06amplesUncertainty bounds were for a 95% confidence interval.

RESULTS

Model Evaluation

Figure4 depicts time series plots of temperature at 2 m above ground at two HKO stations: HKO
(urban) and TKL (rural).The results show that the modelled temperature agrees well tlngth
measurements. As shown in Table 2, the index of agreement of temperature is 0.71 on average. The
percentage difference of mean temperature is 1.33%, indicating that the simulatiorareputisiising
for our analyses in this study.
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Figure 4 Time series plots of model evaluationhafurly temperature at & above ground at Ta
Kwu Ling — TKL (rural) andHong Kong Observatory HKO (urban) Blue lines represent observation
data, whereased lines represent model resulf$ie two small figuresare zoomed fora randomly
selectedday @6/07) for clarity. The locations of the two stations are shown in Figure 1(b).

Table 2. The Statistical M easures oM odel Evaluation. Obs: Observation; IOA: Index of Agreement; Corr:
Correlation coefficient; RMSE: Root M ean Square Bias; MB: Mean Bias; MNB: Mean Normalized Bias; NMB:
Normalized M eanBias; MFB: Mean Fractional Bias; ME: Mean Error; NME: Normalized MeanError; MNE: Mean
Normalized Error; MFE: Mea n Fractional Error; MPD: Mean PercentageDifference; DA: Data Availability.

Model Obs

Staton Mean SD Mean SD RMSE MB MNB NMB MFB ME NME MNE MFE MPD DA
name (€) () (& (& 10A Cor (©) @) & & ) & & & & &) &)

CCH 28.7 11 282 20 06 0.5 1.8 0.5 2.3 2.0 2.1 14 5.0 5.0 5.1 2.0 99.9
CPH 28.9 1.6 292 18 08 0.6 15 -0.3 -0.8 -0.9 -0.9 1.2 4.0 4.0 4.0 -0.9  99.9



EPC
HK O
HKS
JKB
KAT
KP
LFS
NGP
NLS
PLC
SEK
SHA
SKG
SLW
TAP
TC
TKL
™S
TP
TUN
YW
VP1
WGL

28.9
29.6
28.9
28.2
29.1
29.7
29.2
25.4
25.3
29.0
29.8
29.9
28.9
29.0
29.1
254
29.1
23.8
29.8
29.7
28.9
262
28.7

0.9
1.6
14
1.7
11
1.7
1.2
15
15
1.7
2.0
1.9
1.6
1.7
1.0
1.6
2.3
1.4
1.9
1.8
1.7
15
0.6

28.4
29.2
28.9
28.7
29.0
29.0
28.8
235
24.2
28.8
29.1
296
29.3
28.8
29.2
251
28.5
22.4
28.7
29.7
28.0
26.1
28.8

2.0
1.7
1.8
2.3
2.1
1.8
2.1
1.0
1.9
2.3
2.5
21
1.9
2.0
2.4
2.0
2.7
13
2.0
2.0
2.9
1.7
1.8

0.5
0.8
0.7
0.8
0.6
0.8
0.6
0.5
0.7
0.8
0.8
0.8
0.8
0.8
0.5
0.8
0.8
0.7
0.7
0.8
0.8
0.8
0.3

0.3
0.6
0.6
0.7
0.4
0.6
0.5
0.4
0.6
0.6
0.7
0.7
0.6
0.6
0.4
0.6
0.7
0.6
0.6
0.6
0.7
0.6
0.1

2.0
14
15
18
2.0
1.6
19
2.4
19
18
2.0
1.7
1.6
1.7
21
1.6
2.0
1.8
2.0
1.8
2.2
14
1.8

0.5
0.3
0.0

-0.4

0.1
0.6
0.4
1.9
11
0.2
0.7
0.3

-0.4

0.2

-0.1

0.3
0.6
14
11
0.1
0.8
0.0

-0.1

2.3
12
0.2

-1.2

0.7
2.4
1.9
8.1
4.9
1.2
2.7
1.2

-1.1

0.9
0.2
15
2.3
6.3
4.0
0.4
3.6
0.3
0.1

1.9
11
0.0

-1.5

0.3
2.2
1.6
8.0
4.6
0.8
2.3
1.0

-1.3

0.7

-0.4

1.2
2.0
6.2
3.8
0.2
3.0
0.1

-0.3

2.0
11
0.0

-1.3

0.5
2.2
17
7.6
4.6
1.0
2.4
1.0

-1.2

0.8

-0.1

1.3
21
6.0
3.8
0.3
3.3
0.1

-0.1

17
1.0
1.2
14
15
1.2
15
2.0
1.6
13
15
1.2
13
1.2
1.7
1.2
15
1.6
15
13
18
1.0
1.4

5.8
3.4
4.0
4.9
5.0
4.0
5.2
8.4
6.5
4.6
5.2
4.1
4.3
4.3
5.9
4.7
5.3
6.9
5.4
4.5
6.4
4.0
4.8

5.8
34
4.0
4.8
5.0
4.0
5.2
8.0
6.4
4.6
5.2
4.1
4.3
4.3
5.9
4.7
5.3
6.7
5.3
4.5
6.4
3.9
4.8

5.9
3.5
4.1
4.8
5.0
4.1
53
8.5
6.6
4.6
54
4.2
4.3
4.4
5.9
4.7
5.4
7.0
55
4.6
6.6
4.0
4.8

1.9
11
0.0

-1.5

0.3
2.2
1.6
80
4.6
0.8
2.3
1.0

-1.3

0.7

-0.4

1.2
2.0
6.2
3.8
0.2
3.0
0.1

-0.3

84.0
100.0
99.9
99.9
96.8
97.5
99.9
99.0
95.7
98.1
99.8
99.8
99.9
99.9
82.6
99.4
99.8
98.3
99.9
99.8
96.0
93.9
99.9

Temperature Differences between Urban and Rural Aeas

results show that the hourly temperature in urban g&%6°C) is higher comparing to #tin rural
areaq28.1°C).
Chan et al. (20Jthas found that a unit change in temperature in daily temperature ab@€ 28.

Figure 5 depicts the hourly temperature distribusoim urban (red) andural (blue) areas. The

associated with an increase in relative riskheatrelatedmortality. Thus, 28.2°C was defined as a
critical temperature in this studligure 6(a) depicts the daily temperatures in urban aurdl areas. We
estimated that the daily temperaturaiiban areas is always98%)higher than theritical temperature.

However, only ~83% of the time the daily temperature maral areas exceeds the critical temperature.
The mean daily temperature in rural areas was found to B&C28vhich is slightly lower thanthe

critical temperature. As shown in Figuggb), the mean UHIlivas estimated to b&.6°C on average

Figure 3 depicts the UHII in different Primary Planning Units (PPU). In the figure, a 1sonith

UHI gradient p#tern is shown. We estimate¢hat the magnitude of UHI (Z°C) in northern part (PPU 5
and PPU 6) of HK is the highest among the PPUs. The urban population of the both PPUs, when

combined, accounts for26% of the total urban population in HK. The lowest IU{@.8°C) was
estimatedto occur in PPU 1which is located at the southern part of HK. The PPU 2, where its
population accounts f@9.6% of total urban populatioim HK, was estimated to have4iC UHI.

Our estimate shows thtte intensity of UHIcorrelateswvell with the size of urban areaistead of
population Hong Kongis ahigh buildingdensity and higipopulation densitgity (Ng et al., 201pdue

to limited lana for developmentand thus its population is not proportionalte size ofurban areas.

Despitea lower populaton such as PPU &/hich accounts foonly 8.26 of the total HK populatiora

largerurbanarea receives more solradation and maytherdore result in a higher UHIIOn the other

hand, t should be highlighted that the urban asgge pattern is consistérwith the UHII patternas
observed in Figure.3igure7 depictsthatPPU 5 and 6 have a larger urban area, while PPU 1, 8 and 9

have a smaller urban arekhis resultindicates thathe northsouth UHI gradient pattens associated



with the pattern ofirban area size
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Figure 5 The frequency distribution ofdurly temperaturen rural (blue) and urban (red)
areasin the study period The xaxis represents temperatur€C), while y-axis represents
normalzed frequency.

34 T T T T I
%) (a) ' +  Urban
32 . o Rural H
g + (@]
=1 : + + +
T 30r + o+ T T ‘ © toal ey T T
o T+ P o+ Tt T +1 + .t oo
g. PR 4 o %% oot +7 4 © Oiq © OOOO + o© 0 000Ctl
8 289000@000 o oo OOOOOO C000n4 0o 5o ooo o E

o
26 1 1 Il | 1 | L 1 1
05/07 12/07 19/07 26/07 02/08  09/08 16/08  23/08  30/08

2-5 T T T T T T T
o (b) )
= - + | L+
o o, P T + o+ 7 T e
g 15 ++ Ty + - T+ P F T
@ ++ + ++ t + 4 +
< i+ i

1 1 | 1 1 1 | 1 1
05/07 12/07 19/07 26/07 02/08 09/08 16/08 23/08 30/08

Figure 6

(a) The time series afaily meantemperature°C) at 2 m above grounid urban(+

in red)andrural (o in blue)areas. If) The time series afaily urban heat island intensity (UHII) in

the study period.
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Figure 7 the relationship between area of urban aread)(&nd urban hat island intensity
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Health | mpacts

We estimated thdt/HI causes/5 [95%C.I.:22-158] mortalitiesin HK in summey indicating that
~38 [95%C.I.: 11-79] mortalities are more likely associated witHJHI each month in summeiThe
results show that55% of the UHtrelated health impact occurs in New Territories, wB8& and6%
of the impact happen in Kowloon and Hong Kong Island, respectively

DISCUSSIONS

Our results show that HK iaffectedby UHI in summerwherethe mean hourlyUHIl is 1.6°C.

This estimateas consistent wittMemon et al. (2009)n whichmean hourly UHIwas estimated to range
between 0.8 and 2.0C. According toLeunget al. (2004, thetemperature increase rates at an urban
station (HKO) and a rural station (TKL) from 1989 to 2002 were estimated to be 0.61°C and 0.15°C per
decadeThe different increase rate between urban and rura$ ardgates that themagnitude of UHI

and the resudint health impact may increase in the next decade. Thus, mitigation measures should be
implemented to address the UHPAreviousresearch has studied differanttigation measures such as
green roof Coultts et al., 2013; Zhao et al., 2D1vertical greenig (Perini et al., 2011; Tan et al., 2014

and root coatingBretz et al., 1997 On the other hand, Cheusgal. 012 showed the importance of

air ventilationfor enhancinghermal comfort in a city.

Chen et al. (2010) reported that some sensitivepgrauch as the elderly may be more vulnerable
to heatrelated mortality. However, age distributtomerenot taken into account in our estimation due to
lack of dataTherefore more investigations should be done to further estimate thadlated mortaty
among different groups within urban communityaddition, we note that anthropogenic heat emissions
which couldplay an important role ithe formation ofUHI, were not taken into account in this study
due to lack ofthe correspondingata The lackof anthropogenic emisisons may caadewer bias of
our resultsNeverthelessthis work identifiel the UHI and itshealthimpactsdue to land use variations
(urban vaural).

Another important impact of UHI is additional energy consumpfiamg et al. 2005) studied the
energyconsumption due to increase in urban temperature of Hong Kong. Based on the data from 1990 to
2004, the study estimated that the energy cost in summer due to an incré@sambient temperature
would increase by HK$1.6 billionep year. The study showed an important relationship between the



additional energy consumption due to change in ambient temperature. However, the change in energy
consumption due to UHI has not been studied in the litersgadthusneeds to be quantified a global
changeadaptioncontextin the future work

CONCLUSION

In this studywe quantified the urban heat island effect (UHI) in the summer in 2009 and estimated
the resultant health impactased ora temperaturgesponse function reported in théetature Our
analysis estimated that the hourly temperature in urban areas (2&6figher comparing to #t in
rural areas (28°C). The Urban Heat Islanthtensity (UHII) on averageThe UHI results in different
Primary Planning Units show a nowluth gradient patternver Hong Kong: the highest UHII (1°C)
in northern part oHK, whereas the lowest UHII @C) in southern part of HKWe found that UHII
correlates well with urban area size instead of population, indicating that policy roakdagk-density
cities should pay attention to urban area size when tackling. In addition,UHI was estimated to
cause75 [95%C.l. 22158] mortalities in summerOf which, ~55% of the UHtrelated health impact
occurs in New Territories, whilg9% and6% of theimpacthappen in Kowloon and Hong Kong Island,
respectively.The results provide critical implications for urban planners to mitigate UHI in cities,
especially for the ones which are being developed in less developed countries such as mainland China.
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