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Abstract: Subtropical monsoon climates, high-density and heterogeneous urban built environments,
as well as coastal-mountainous geographical environments influence the development of urban
heat island (UHI) effects in Hong Kong. For better weather control of in situ observations and
spatial analysis of UHI effects, it is necessary to quantitatively understand the influence of weather
conditions on UHI development in Hong Kong and establish weather-based UHI estimation models.
Meteorological records of four urban stations, one rural reference station, and one wind reference sta-
tion at an hourly interval during the period of 2002-2012 were collected from Hong Kong observatory.
A frequency analysis of the mean values of multiple meteorological elements and UHI parameters in
urban stations was conducted to examine the prevailing and critical weather conditions, as well as the
associated UHI conditions in Hong Kong. Multiple Linear Regression (MLR) was used to estimate
the daily maximum UHI intensity (UHIyax) based on a set of meteorological elements including
cloud amount, wind speed, wind direction, relative humidity, and air temperature, as well as a
UHI parameter of the daily maximum UHI intensity of the previous day (UHIpre_maX). The results
showed that MLR-based models can explain 33% and 56% variations of the UHIyax in the summer
and the whole year, respectively. The relative importance of each meteorological element on UHI
development differed in the summer and annual periods, and the UHInax tended to be intensified
under high temperature conditions in the summer.

Keywords: urban heat island; subtropical climate; meteorological elements; frequency distribution;
multiple linear regression

1. Introduction

The process of urbanization has gradually changed land surface properties and human
activities, which has induced temperature elevation in urban areas and caused the urban
heat island (UHI) phenomena [1-3]. Under the combined influence of local UHI and global
warming, tropical and subtropical cities are facing higher heat-related risks in ecosystem
stability, population health, and energy demand if without adaptation [4,5]. Hong Kong
is one of the most densely populated and densely built subtropical cities in the world,
with high exposure and vulnerability to UHI conditions [6,7]. Considerable UHI intensity
and significant intraurban UHI variation have been observed in Hong Kong, due to its
subtropical monsoon climate, heterogeneous built environment, and hilly mountainous
geography conditions [8,9]. Previous studies in Hong Kong have investigated the spatial
characteristics of UHI development through in situ UHI observations [10-12] and remote
sensing techniques [13,14], most of which were performed under a clear sky and weak
wind weather conditions. However, UHI variations under prevailing summer weather
conditions, i.e., partly cloudy with calm winds, have received less attention [15,16].

As clouds and wind are surrogate variables related to radiative and turbulent trans-
fer in producing air temperature change, a decrease in cloud amount and wind speed
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would contribute to the local UHI development [17,18]. To classify weather conditions for
UHI evolution, Oke [19] proposed a weather factor algorithm as a weather filtering tool
which takes the cloud amount, cloud type, and wind speed into account [20]. Previous
studies have applied cloud amount and wind speed to classify the weather conditions for
UHI observation in different climate regions with varied urban built environments and
geographical conditions [21,22]. One criticism of the worldwide application of the cloud—
wind-based weather classification mechanism is that a high variance of UHI intensity may
be observed in the prevailing weather classes, especially for cities with meteorological data
highly concentrated in the specific cloud and wind ranges. Thus, examinations of a more
comprehensive set of meteorological data are necessary to identify the key meteorological
elements on UHI development under prevailing weather conditions.

Besides cloud and wind, recent studies have incorporated more meteorological ele-
ments and UHI indicators, such as air temperature, relative humidity, and mean sea level
pressure, as well as the daily maximum UHI intensity of the previous day (UHIpre-max),
into UHI evaluation [23-25]. Moreover, Kim and Baik [26,27] have pointed out that the
relative importance of multiple meteorological elements for UHI development may vary
across cities and seasons. Thus, it is necessary to further examine the connection between
weather conditions and UHI evolution under local urban scenarios of different cities in
different climate regions for better weather control of UHI observations and analysis.

In response to the need for a better understanding of the influence of weather condi-
tions on UHI development in Hong Kong, this study aims to characterize the frequency
distribution pattern of weather conditions, investigate the impacts of multiple meteoro-
logical elements on UHI evolution, and develop weather-based UHI estimation models in
summer and the whole year. First, the occurrence frequency of the UHI parameters of the
daily maximum UHI intensity (UHInax), the daily maximum UHI intensity of the previous
day (UHIpre-max), as well as multiple meteorological elements of cloud amount, wind speed,
wind direction, relative humidity, and air temperature were examined in summer and the
annual period to quantify the prevailing weather conditions in Hong Kong. Second, the
frequency distribution of the UHI,x as a function of each meteorological element was
plotted to visualize the frequency pattern of meteorological elements and their influences
on UHI development. Finally, Multiple Linear Regression (MLR) was employed to establish
weather-based estimation models of the UHIax in Hong Kong.

2. Method
2.1. Context

Hong Kong lies on the southeast coast of China (22°16'50 N, 114°10'20 E), with a
total area of about 1104 square kilometers covering Hong Kong Island, Kowloon, and the
New Territories and Islands. The terrain of Hong Kong is hilly and mountainous with
steep slopes, and the elevation ranges from sea level to over 900 m above sea level [28].
Hong Kong has a monsoon-influenced subtropical climate along with seasonal variation in
temperature, precipitation, humidity, and wind direction. The wind environment in Hong
Kong is greatly influenced by monsoon circulation and its hilly coastal topography. Annual
prevailing winds come from the east, while during the summer, the influence of southwest
air streams is also significant [29].

2.2. Data

The Hong Kong Observatory operates a network of automatic weather stations located
in various districts of Hong Kong to meet the increasing need for local climatic data. The
Hong Kong Observatory Headquarters station (HKOH) is the longest enabled weather
station located in the central urban area of Kowloon Peninsula, surrounded by compact
high-rise buildings. It has been widely recognized as the representative urban station in
previous climatic studies [30-32]. The Kseung Kwan O station (JKB), Shatin station (SHA),
and Tun Mun station (TUN) located in the central areas of different districts of Hong Kong
were also selected as urban stations to examine UHI conditions. The determination of rural
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references for UHI studies is difficult for Hong Kong because local climatic conditions
variate across different rural areas owing to the geographical diversity. Stations located near
the coast such as Cheung Chau station and Waglan Island station have been excluded from
consideration, as the recorded daily temperature profiles could be significantly influenced
by the seawater temperature [33]. Ta Kwu Ling (TKL) and Lau Fu Shan (LFS) stations have
been widely acknowledged as rural stations of Hong Kong [32,34,35]. The TKL station is in
the northeastern rural area with a small population and lush vegetation. The LFS station is
controversial due to its surrounding low-rise neighborhoods and proximity to high-rise
residential developments in Tin Shui Wai. Some early studies classified LFS as a rural
station [36,37], while recent studies recognized it as an urban or suburban station [32]. The
study by Wu, Leung [38] found that the LFS station experienced similar diurnal temperature
profiles with the urban stations located in new towns of Hong Kong. Based on the above
consideration, the TKL station is designated as the representative rural station in this study.
The distance between the TKL station and HKOH is around 25 km, which agrees with
the distance requirement of urban and rural stations proposed by Karl, Diaz [39]. Wind
records by urban or rural stations are highly modified by local geography and land cover
conditions, which may deviate significantly from the background wind conditions [40].
Hence, the Waglan Island (WGL) station, which is located on Waglan Island surrounded
by the sea, was designated as the representative station of background wind conditions.
Geolocations and general descriptions of weather stations are presented in Figure 1 and
Table 1.
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Figure 1. Location and data period of study weather conditions.

Table 1. Description of weather stations.

Station Type Meteorological Elements for Analysis
HKOH Urban Representative Station Alr temperature, relative humidity,
wind speed, cloud amount
JKB, SHA, . Air temperature, relative humidity,
TUN Urban Station wind speed
TKL Rural Reference Station Air temperature

WGL Wind Reference Station Wind direction
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Meteorological data from HKOH, JKB, SHA, TUN, CPH, TKL station and WGL station
from 2002 to 2012 at hourly intervals (a total of 96,384 h of records of 4016 days) were
collected from the Hong Kong Observatory. Hong Kong has summer months from May
to September [41,42]. The early May and late September periods are near the seasonal
alteration with spring and autumn. Hence, data from the hot period of mid-May to mid-
September (a total of 32,736 h of records of 1364 days) were included in the summer analysis.

2.3. Quantifying UHI Intensity and Daily Weather Conditions

The UHI intensity (UHII) is defined as the temperature differences between the urban
and rural stations based on Equation (1):

UHIL = Tyypan — Trural @

The daily maximum UHI intensity (UHInax) and daily mean UHI intensity (UHImean)
are defined as the daily maximum and mean temperature difference between urban and ru-
ral stations in a diurnal cycle, respectively. The UHInax and UHIpean reveal the magnitude
of urban warming under the influence of urbanization. A previous study by Zheng [43]
found positive correlations between the UHImax/ UHImean and daily maximum/minimum
air temperature, which implies that the UHI magnitudes tend to be stronger in hot summer
days. The UHIyax shows stronger associations with daily air temperature conditions than
the UHIpnean. Therefore, the UHInax was examined in this study as the representative
parameter of UHI magnitude.

The UHIy,x was computed as the mean values of the daily maximum UHI intensity
of the four urban stations of HKOH, JKB, SHA, and TUN. The daily mean value of multiple
meteorological elements were also calculated based on the records of the four urban stations,
including the daily mean air temperature (Air Temp.), daily mean wind speed (Wind SPD),
and daily mean relative humidity (RH). The daily mean cloud amount (CLD) was calculated
based on the HKOH observation records. The daily prevailing wind direction (Wind DIR)
was analyzed based on the meteorological data of the WGL station in eight directions
(north, northeast, east, southeast, south, southwest, west, and northwest). The direction
with the highest frequency was determined as the wind direction of the day.

2.4. Statistical Analysis

An Analysis of Variance (ANOVA) and Student’s t test were applied to examine
the statistical difference in the UHI conditions in the four urban stations. A distribution
analysis was then conducted to examine the distribution pattern of the UHI variables and
meteorological elements as the basis for multivariate analysis, while a partial correlation
analysis [44] was further employed to assess the correlation between each of the two
variables with the effects of the other variables removed.

Based on the results of the above analysis, multivariate analysis methods of Multiple
Linear Regression (MLR) were performed to predict the UHI intensity from multiple
meteorological elements. The MLR method is a widely used statistical empirical modeling
method with advantages in the linear expression of the correlation between the output and
input variables. However, it may yield unreliable results in the presence of collinearity
between independent variables. Hence, regression diagnostics of the variance inflation
factor (VIF) was incorporated to choose the final model. As a high VIF value indicates the
significant collinearity of input variables, the VIF value of independent variables needs to
be controlled within 2 [45].

3. Result and Analysis
3.1. ANOVA, Distribution, and Partial Correlation Analysis

A distribution analysis was performed to examine the normality of the UHI .« in the
urban stations of HKOH, JKB, SHA, and TUN in the summer period and the whole year,
and the results showed that the UHIax in the four urban stations were all non-normally
distributed. Thus, the data were transformed into a normal distribution through the fitted
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quantile function. A one-way ANOVA was then conducted to examine the difference in the
transformed normal distribution value of the UHI a1« of the four urban stations (Table 2).
Grouping information was calculated using Students’s t test, and the mean values of the
UHlmax that did not share the same letter of grouping were significantly different [46].
The results showed statistically significant differences in the UHIyax among the urban
stations both in summer and the whole year, which indicated that the UHI conditions
variated across different urban areas due to the heterogeneous urban built environment
and geographical conditions in Hong Kong.

Table 2. Statistics of UHImax observed at four urban stations in summer and the whole year using
the one-way ANOVA test (2002-2012, incomplete observations were excluded, and 7 corresponds to
the number of daily observations during the study period).

Weat.her Grouping UHIax (Summer, 2002-2012)

Station n Mean StdDev Minimum 25% Median 75% Maximum

HKOH A 1356 2.63 1.10 0.2 1.8 2.6 3.3 8.5
JKB 1356 1.70 1.11 -0.5 0.9 1.5 2.3 8.2
SHA 1354 222 0.92 —0.1 1.6 2.1 2.8 7.9
TUN C 1350 2.71 1.04 —-03 2 2.6 3.3 9.1

Weather Grouping UHImax (Annual, 2002-2012)

Station n Mean  StdDev  Minimum 25% Median  75% Maximum

HKOH A 4008 3.01 1.74 —0.1 1.8 2.7 3.8 11
JKB B 4005 1.91 1.53 -1.1 0.8 1.6 2.6 9.4
SHA C 4006 2.25 1.24 —0.2 14 2 2.8 10
TUN D 3999 2.77 1.41 —-0.3 1.8 2.5 34 10.3

Averaged values of the UHImax, UHIpre-max, Wind SPD, RH, and Air Temp. of the four
stations of HKOH, JKB, SHA, and TUN were further examined using a frequency analysis.
As Figures 2 and 3 show, the meteorological elements of CLD, RH, and Air Temp. were
negatively skewed, while Wind SPD as well as the UHI parameters of the UHIn.x and
UHIpre-max Were positively skewed both in the summer and the whole year. In the summer,
the UHInax mainly ranged from 1.625 K (25% quantile) to 2.85 K (75% quantile); the CLD
was highly concentrated in the range of 4.74 Octas to 6.96 Octas; the Prevailing Wind SPD
ranged from 1.77 m/s to 2.62 m/s; RH was mainly distributed in the range of 75.9% to
85.2%; and Air Temp. mainly ranged from 27.13 K to 29.41 K. In the whole year, the UHI;nax
demonstrated a wider range than that in the summer, with the corresponding 25% and 75%
quantile values of 1.53 K and 3.05 K. The cloud conditions in the whole year were similar to
that in summer, with 50% of the records distributed in the range of 4.26 Octas to 6.96 Octas.
Similar wind speed conditions were also observed in the annual period, mainly spanning
from 1.80 m/s to 2.60 m/s. The major range of the RH was 71.6% to 83.8% in the whole
year, while the Air Temp. ranged from 19.11 K to 27.74 K.
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Figure 2. Distribution analysis and summary statistics of meteorological elements and UHI indicators
in summer (mean values of four urban stations of HKOH, JKB, SHA, and TUN, summer, 2002-2012.
n corresponds to the number of daily observations during the study period, and incomplete observa-
tions were excluded).
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Figure 3. Distribution analysis and summary statistics of meteorological elements and UHI in-
dicators in the whole year (mean values of four urban stations of HKOH, JKB, SHA, and TUN,
summer, 2002-2012. n corresponds to the number of daily observations during the study period, and
incomplete observations were excluded).
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Tables 3 and 4 show the partial correlation coefficients of each of the two variables
(UHI parameters and meteorological elements) in summer and the whole year. The partial
correlation coefficients differed in the summer and the whole year. In the summer, the
UHIpre-max and Air Temp. were positively related to the UHImax, while the Wind SPD
and RH were negatively related to the UHInax. The CLD showed a weak correlation with
UHImax with a Partial R value of —0.02. In the whole year, the UHIpre-max had the highest
Partial R value (Partial R = 0.45) followed by the CLD (Partial R = —0.29), Wind SPD (Partial
R = —0.23), and RH (Partial R = —0.23). The Partial R value between Air Temp. and UHInax
was —0.04 in the whole year.

Table 3. Partial correlation analysis of UHI parameters and meteorological elements (summer,
2002-2012, incomplete observations were excluded).

UHImax UHIpre-max CLD Wind SPD RH Air Temp.
UHImax 0.32 —0.02 —-0.18 —-0.14 0.24
UHl\EIp:;(maX 0.32 0.05 —0.04 —0.04 0.14
CLD —0.02 0.05 0.27 0.50 —-0.22
Wind SPD. -0.18 —0.04 0.27 -0.23 0.15
RH —0.14 —0.04 0.50 —0.23 —-0.29
Air Temp. 0.24 0.14 —-0.22 0.15 -0.29

Table 4. Partial correlation analysis of UHI parameters and meteorological elements (annual,
2002-2012, incomplete observations were excluded).

UHIax UHIpre-max CLD Wind SPD RH Air Temp.
UHIyax 0.45 —0.29 —0.23 —0.23 —0.04
UHlpre-max 0.45 —0.03 0.03 —0.10 —0.06
CLD —0.29 —0.03 0.22 0.47 -0.21
Wind SPD —0.23 0.03 0.22 —0.35 0.10
RH —0.23 —0.10 0.47 —0.35 0.30
Air Temp. —0.04 —0.06 —0.21 0.10 0.30

3.2. Impact of Weather Conditions and Previous-Day UHI Level on UHI Development

To further investigate the influence of multiple meteorological elements and the
previous-day UHI condition on UHI development, the frequency distribution of the
UHlnax as a function of the CLD, Wind SPD, Wind DIR, RH, and Air Temp., as well
as the UHIpre-max, were examined. Figure 4 shows that a small amount of the summer
data fell in the range with a cloud amount below 2 Oktas (clear sky condition), and the
associated UHInax was most concentrated in the range of 2 K to 4 K. In comparison, partly
cloudy conditions (2-7 Octas) demonstrated a wider range of the UHI,x from 0 K to 9 K.
A high UHI . above 6 K in the summer was observed in partly cloudy conditions from 3
Oktas to 6 Oktas, which implies significant heat risks under the prevailing partly cloudy
days in the summer in Hong Kong. Figure 4b shows that clear sky conditions occurred with
a higher frequency in the whole year than in the summer. The highest level of the UHInax
for the whole year appeared under clear sky conditions with the peak value around 10 K,
and a high UHIyax level above 6 K also mainly occurred under clear sky conditions.
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Figure 4. Frequency distribution of UHImax as a function of cloud amount (2002-2012, (a) summer,
(b) annual).

Figure 5 demonstrates that the Wind SPD in Hong Kong mainly ranged from 1.5 m/s to
3 m/s both in the summer and the whole year. The UHIyax in high wind speed conditions
above 6 m/s was limited to 3 K in the summer and the whole year. As seen in Figure 5a,
the UHIyayx in light wind conditions (under 3 m/s) in the summer mainly varied in the
range of 2 K to 6 K. A high UHInax spanning from 6 K to 8 K in the summer was generally
associated with light wind speeds around 2 m/s. Figure 5b shows that, in the whole year
period, the occurrence frequency of a high UHInax above 6 K was higher than that in the
summer, which was generally associated with light wind conditions with a Wind SPD
under 3 m/s.
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As shown in Figure 6, the prevailing wind directions varied in the summer and the
whole year period. Summertime prevailing winds in Hong Kong come from the east and
southwest, while the annual prevailing wind directions come from the east. Figure 6a
shows that, in the summertime prevailing winds from the east and southwest, the UHIax
mainly ranged from 2 K to 4 K. A high UHIyax above 6 K mainly occurred with winds
from the west and southwest. As can be seen in Figure 6b, the annual prevailing east and
northeast wind conditions experienced the broadest range of the UHImax with peaks and
troughs around 10 K and near 0 K, respectively. A high UHI,,x above 6 K was mainly
distributed in the north, northeast, east, and west categories.
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Figure 6. Frequency distribution of UHImax as a function of wind direction (2002-2012, (a) summer,
(b) annual).

Figure 7 demonstrates that the UHImax was positively correlated with the UHIpre-max,
which was influenced by the weather conditions of the previous day. The frequency
distribution pattern of the UHIpre-max Was consistent with that of the UHImax, which mainly
fell in the range of 2 K to 4 K both in the summer and the whole year. Most of the differences
between the UHImax and UHIpre-max Were within 2 K. As Figure 7a shows, a UHIax above
6 K in summer was associated with the UHIpre-max of 2 K to 4 K, which implies the low
occurrence probability of continuous high UHI . conditions. Figure 7b demonstrates that
a UHImax above 6 K in the whole year has a wider range of the UHIpre-max compared to
that in summer, with the corresponding UHIpre-max values spanning from 2 K to 8 K. The
results indicate the high probability of consecutive high UHIyax conditions in the whole
year period.

Hong Kong experiences humid weather both in the summer and the whole year
(Figure 8). Figure 8a shows that the RH in the summer was highly concentrated in the high
RH range of 70% to 100%, and the corresponding UHIhax had a wide range of 0 K to 8 K.
A high UHI,« above 6 K is associated with an RH value ranging from 70% to 80%. As
Figure 8b shows, the UHImay tended to increase as RH decreased. A high UHInax above 6 K
in the whole year was distributed in the wider RH range of 20% to 90% compared to that
in summer, and a UHIy,« higher than 8 K was generally associated with a comparatively
lower RH range of 40% to 60%.
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Regarding the correlation between the UHI .« and air temperature, different patterns
were observed in the annual and summer periods. Figure 9a shows that hot summer days
tended to experience a higher UHInayx, and a UHImax above 6 K usually took place with a
daily mean air temperature over 27 K. From an annual perspective, the UHIax was highly
concentrated in the range of 2 K to 4 K in the summertime with an air temperature above

25 K, while in other seasons with an air temperature below 25 K, the UHI,ax was more
equally distributed in the range of 1 K to 4 K (Figure 9b).
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A Multiple Linear Regression (MLR) was performed to establish weather-based
Specific

UHIpmax estimation models in the summer and the whole year. The UHIpre-max, CLD,
Wind SPD, Air Temp., and RH were put into the stepwise MLR analysis as independent
variables, and incomplete observations were excluded from the analysis. VIF values were
calculated to avoid the inflation of the regression model due to the lack of independence
between the input variables. Forward stepwise selection methods were used to develop

automatic parameter selection order was basically consistent with the partial correlation
analysis. The two models were validated by a 10-fold cross validation method, and the
corresponding R? values were at a similar level with an adjusted R?. The VIF values of
the predictors were not higher than two, which means that no significant multicollinearity

following the stopping rule of the minimum Akaike information criterion (AIC), and the
existed between the predictors.

3.3. Modeling Daily Maximum UHI Intensity Based on Meteorological Elements and Previous
the UHInax models (Tables 5 and 6). For the MLR analysis, we selected input parameters

UHI Conditions Using MLR
Table 5. Statistical model of UHImax in summer using stepwise MLR (2002-2012,

observations were excluded, * statistically significant).

0

(a)
Parameter
Air Temp.
UHIpre-max
Wind SPD
Best Model

Step
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Table 5. Cont.

Summary of Fit
D:;E Iiggfent R? Adjusted R? RMSE I?;[ :;:r?sfe p Value Observations i](; ﬁgﬁiﬁoﬁg
Daily
Ugﬁ‘ﬂ;‘;ﬁy 0.33 0.33 0.74 233 <0.0001 * 1170 0.32
(UHImax)
Parameter Estimates
Term Estimate Std Error t Ratio Prob > [tl VIF
Intercept —0.10 0.67 -0.15 0.8807 -
Air Temp. 0.14 0.02 9.12 <0.0001 * 1.53
UHIpre-max 0.29 0.03 11.18 <0.0001 * 1.12
Wind SPD —0.21 0.03 —6.83 <0.0001 * 1.01
RH —0.02 0.004 —6.04 <0.0001 * 1.46
UHImax = —0.10 + 0.14 x Air Temp. + 0.29 X UHlpre-max — 0.21 x Wind SPD — 0.02 x RH 2)
Table 6. Statistical model of UHInax of the whole year using stepwise MLR (20022012, incomplete
observations were excluded, * statistically significant).
Forward Stepwise MLR
Step Parameter Action R? 10-Fold Cross Validation R? AICc
1 UHIpre-max Entered 0.37 0.37 10,717.6
2 CLD Entered 0.51 0.51 9821.0
3 RH Entered 0.53 0.53 9692.0
4 Wind SPD Entered 0.56 0.55 9485.6
5 Air Temp. Entered 0.56 0.55 9481.6
6 Best Model Specific 0.56 0.55 9481.6
Summary of Fit
D\e/la)f;gf;t R? Adjusted R? RMSE I?g :sgnosfe p value Observations \1/212121%15;0123
UHImax 0.56 0.56 0.91 2.50 <0.0001 * 3578 0.55
Parameter Estimates
Term Estimate Std Error t Ratio Prob > Itl VIF
Intercept 5.74 0.17 34.75 <0.0001 * -
UHIpre-max 0.38 0.01 29.86 <0.0001 * 1.31
CLD —0.19 0.01 —17.84 <0.0001 * 1.85
RH —0.03 0.002 —14.17 <0.0001 * 2.00
Wind SPD —-0.37 0.03 —14.29 <0.0001 * 1.15
Air Temp. —0.008 0.003 —2.45 <0.0001 * 1.14

UHImax = 5.74 + 0.38 X UHIpre-max — 0.19 x CLD — 0.03 x RH — 0.37 x Wind SPD — 0.008 x Air Temp. 3)

The selected predictors of the UHImax in the summer included Air Temp., UHIpre-max,
SPD, and RH (Table 5). The stepwise parameter selection in the summer showed that Air
Temp. could explain around 20% of the UHIax variation independently. A combination of
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Air Temp. and UHIpre-max accounted for 28% of the UHImax variation. The combination of
the four selected predictors (Air Temp., UHIpre-max, Wind SPD, and RH) showed around
6% improvement in the fitting performance. In summary, the MLR model could explain
around 33% of the UHI,x variation in the summer, and the root mean square error was
0.74. It indicates that every 1 K increase in air temperature, 1 K increase in the UHIpre-max,
1 m/s decrease in the wind speed, or 10% decrease in the relative humidity was associated
with a rise in the UHIax of 0.14 K, 0.29 K, 0.21 K, and 0.2 K, respectively.

The annual MLR analysis results showed that the strongest predictor of the UHImax
was the UHIpre-max, followed by the CLD and RH (Table 6). A total of five predictors
(UHIpre-max, CLD, RH, Wind SPD, and Air Temp.) explained around 56% of the annual
UHlnax variation, and the root mean square error was 0.91. In the annual MLR model, for
every 1 K increase in the UHIpre-max, 1 Octas decrease in the cloud amount, 10% decrease
in the relative humidity, 1 m/s decrease in the wind speed, or 1 K decrease in the air
temperature, the corresponding UHInax elevation was 0.38 K, 0.19 K, 0.3 K, 0.37 K, and
0.008 K, respectively.

4. Discussion

The results of partial correlation analysis and MLR analysis indicated that the signifi-
cance and magnitude of influence of meteorological elements/UHIpre-max on the UHImax
in Hong Kong differed between the summer and the annual periods. In the summer, the
Air Temp., UHIpre-max, Wind SPD, and RH were key predictors of the UHInax selected by
the stepwise MLR model. In the whole year, the UHIpre-max, CLD, RH, Wind SPD, and Air
Temp. were key predictors. Impacts of meteorological elements on UHI development are
further discussed as follows:

4.1. Cloud Amount

As the distribution analysis results showed, the dominant sky type in Hong Kong was
partly cloudy (3-7 Oktas) both in the summer and the whole year. According to the 3D
plot analysis and partial correlation analysis, the cloud amount had a negative influence
on UHI development. As clouds scatter and absorb short-wave radiation, the amount of
short-wave radiation is reduced from reaching the land surface. Clouds also serve as an
isolation layer to absorb and re-emit the long-wave heat release from the land surface, so
the radiative cooling process both in urban and rural areas is restricted and the associated
temperature difference is also limited. Therefore, the UHI intensity decreases when the
cloud amount increases.

4.2. Wind Speed

The average wind speed in the four stations of HKOH, JKB, SHA, and TUN was most
concentrated in the range of 1.7 m/s to 2.6 m/s both in the summer and the whole year.
Due to the high-density urban built environment, urban areas in Hong Kong generally
experience weak wind conditions. As low wind speeds limit convective heat exchange, hot
air would be trapped inside urban areas, which results in strengthened UHI conditions
during weak wind conditions. Thus, in high-density urban areas, wind corridors need
to be constructed and preserved to facilitate air ventilation for UHI mitigation. In new
development areas, it is essential to optimize the configuration of buildings, open spaces,
and vegetated areas to ensure effective ventilation in newly built-up areas.

4.3. Wind Direction

As can be seen from the 3D plot frequency analysis, prevailing winds in the summer
come from the east, southwest, and west. A considerable UHI,x above 6 K was observed in
west wind conditions in the summer. In the summer, Hong Kong is dominantly influenced
by the southwest monsoon, and the prevailing winds veer from easterlies to southeasterlies.
In the whole year, prevailing winds come from the east, northeast, north, and southwest.
A UHlayx above 6 K generally occurs when winds come from the north, northeast, and
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northwest in an annual perspective. A possible reason is that the continental airstreams
from the north are generally associated with a low cloud amount and low relative humidity,
which contributes to the more significant heat release of rural areas during night and
accordingly enlarge the temperature difference between urban and rural areas.

4.4. UHLye.max

The UHIpre_maX was positively correlated with the UHImax due to the heat storage in
the urban structure, which raises an alert concerning the successive occurrence of a high
UHI intensity. The UHIpre-max can be considered an indicator of the weather conditions
of the previous day. The partial correlation analysis and MLR results showed that the
UHIpre-max Was the strongest explanatory variable of the UHImax in the whole year. The
relative importance of the UHIpre-max in predicting the UHImax declined in the summer in
Hong Kong, which may have been due to the influence of active and unstable monsoons,
thermal convection, and tropical cyclones in the summer.

4.5. Relative Humidity

Relative humidity had a negative correlation with the UHInax. A higher relative
humidity expresses a higher ratio of water vapor pressure to saturated water vapor pressure
and accordingly limits the cooling process through evaporation. Relative humidity is a
key predictor of the UHIax during the summertime in Hong Kong, possibly owing to
its sensitivity to the alternating synoptic conditions of subtropical high pressure, tropical
depression, and maritime airflows in the summer.

4.6. Air Temperature

The annually highest level of the UHI is favored by the fine weather in winter, with a
lower air temperature, lower relative humidity, lower cloud cover, and stronger monsoon
wind. Thus, the MLR analysis based on the annual data suggested a negative correlation
between air temperature and the UHIp,x. Conversely, anticyclonic conditions bring fine
weather with a relatively high air temperature and low relative humidity in the summer.
Thus, air temperature was positively correlated with the UHInax in the summer, which
implies that hot summer days bring a more severe threat of an urban heat island.

5. Conclusions

In this study, meteorological archives from six weather stations of the Hong Kong
Observatory, including four urban stations, one rural reference station, and one wind
direction reference station, were examined to quantify the influence of meteorological
elements on the daily maximum UHI intensity. This study examined the influence of
weather conditions on UHI evolution in Hong Kong based on a multiple-indicator analysis
that included cloud amount, wind speed, wind direction, relative humidity, air temperature,
and the maximum UHI intensity of the previous day. An intuitive understanding of the
relationships between meteorological elements/ UHIpre_maX and the UHInax was presented
through 3D frequency plots. Statistical models of the UHIax in the summer and the whole
year were developed based on multiple meteorological elements and the UHI parameter of
the UHIpre-max- The main findings of this study are summarized as follows:

1. A considerable UHI intensity was recorded under the clear sky and weak wind
conditions, which occurred at a low frequency both in the summer and in the whole
year. Partly cloudy and light wind conditions were the dominant weather types in the
summer in Hong Kong, under which the most considerable variation in the UHInax
was observed, and a high UHI»ax above 6 K was documented.

2. In the summer, key predictors of the UHImax were air temperature, the UHIpre-max,
wind speed, and relative humidity. The air temperature was positively correlated
with the UHIp,x, which implies that the UHI intensity tended to be intensified under
the high temperature weather conditions. High-density urban areas may be exposed
to a higher frequency, magnitude, and duration of extreme heat events due to the
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reinforcement of the UHI effects. Wind speed is another key meteorological element
influencing UHInax, and thus improving air ventilation in urban areas would benefit
local UHI mitigation.

In the whole year, UHIpre-max Was the most important predictor of the UHImax, which
suggests that UHI development is influenced by the weather conditions and heat storage of
urban structures of the previous day. The cloud amount is the most important meteorologi-
cal element in determining the UHIpax in the whole year period. Sufficient cloud thickness
blocks short-wave solar radiation from reaching the ground and absorbing and reflecting
the released long-wave radiation, which results in the decrease in the UHIyax. Wind speed,
relative humidity, and air temperature were also included in the MLR stepwise selection
procedure in predicting the UHIyax in the whole year. The air temperature showed a
reverse influence on the UHI . in the whole year and the summer, as cooler seasons had a
higher occurrence frequency of clear sky conditions, which are ideal for UHI development.

3. The MLR method showed the influence magnitude of multiple meteorological ele-
ments and the UHIpre-max on the UHImay, through its simple linear structure among
the input and output variables. The findings suggest that, in addition to cloud amount
and wind speed, air temperature, relative humidity, and the UHIpre-max also need to
be considered to understand the influence of weather conditions on UHI develop-
ment, which is helpful to better control the weather for UHI observations. As the
prevailing weather conditions in Hong Kong in the summer and the whole year are
with a high cloud cover of 6-7 Octas, weak wind speed of 1.5-2.5 m/s, and high
relative humidity of 70-85%, it is necessary to conduct UHI observations under the
prevailing high cloud cover, weak wind, and high relative humidity conditions to
evaluate local UHI patterns. In the summer, high air temperature conditions are
critical for UHI observations, as the UHIyax is exacerbated as the air temperature rises
and the high UHI conditions further exacerbate local high temperatures. Summer
days with winds coming from the west are also critical for UHI observations, as it is
possible to experience a high UHIpax.

This study examined the daily maximum UHI conditions in Hong Kong based on
HKOH weather station records through frequency analysis, partial correlation analysis,
and MLR analysis. The findings will help researchers and planners obtain quantitative
knowledge of the prevailing weather conditions of Hong Kong, understand the connections
between meteorological elements and the daily maximum UHI intensity, and identify key
parameters for the weather control of UHI observations. It uses simple and graphical
presentations of climatic information through 2D and 3D frequency plots of UHI param-
eters and meteorological elements, which would serve as an intuitive and quantitative
knowledge basis of weather control of UHI observations and spatial analysis. The refined
weather control makes it possible to identify the hot spots of the UHI based on the ob-
served data and develop urban heat mitigation and adaptation strategies for a healthier
urban environment.

A limitation of this study is that only meteorological records of six weather stations
(four urban stations, one rural station, and one wind reference station) were analyzed
to examine the influence of weather conditions on UHI evolution. In future studies,
comprehensive records from the HKOH weather station’s network should be employed to
assess the intraurban variability of the UHI under different weather conditions. In addition,
it only focused on the analysis of the daily maximum UHI intensity, while the differentiation
of the daytime and nighttime UHI intensity was not discussed. It is necessary to further
analyze the daytime and nighttime UHI evolution mechanism based on the meteorological
data of more weather stations and to quantify the daytime and nighttime UHI characteristics
to provide reference for the weather control of UHI observations and heat risk analysis.
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