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Abstract

Physiological Equivalent Temperature (PET) has ve@eely used as an indicator for impacts of
climate change on thermal comfort of humans. Thectsf of thermal stress are often examined
using longitudinal observational studies over mgegrs. A major problem in retrospective
versus prospective studies is that it is not féagbgo back in time to measure historical data
not collected in the past. These data must be staarted for the baseline period to enable
comparative analysis of change and its human impds paper describes a systematic method
for constructing a PET map using spatial analyticacedures. The procedures involve
estimating PET values (based on the RayMan modkfam key parameters of temperature,
relative humidity, wind velocity, and mean radigmperature) at a spatially disaggregated level
comprising of a grid of 100 m x 100 m cells. Thethod can be applied to other geographic

locations pending availability of basic meteorot@giand morphological data of the locations.
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1. Introduction

The world is warming up and there is increasinglehmide concern about the potential health
effects of climate change. Thermal stress, or tmalitions of cold and hot temperatures beyond
the normal comfort range, has been the subjectushmesearch due largely to more frequent
occurrences of heat waves and cold spells in lagh#tle regions [1]. Human response to the
thermal environment is affected by local environtaémariables (notably air temperature,
radiant temperature, humidity, and air movementyel§ as the clothing worn and activity
engaged at the time [2, 3]. An environment thabashot, too cold, or just right can affect human
comfort and wellbeing because an individual mustaugo thermoregulatory physiological
changes to adapt to the environment and maintaintemal body temperature of around 37 °C
[4]. Long-term exposure to heat or cold can leasei@ous health risks or death when the body

cannot sustain thermoregulatory function.

The Physiological Equivalent Temperature (PET) tiseamal index derived from the heat-
balance model of a human body [5]. It is a persandl geographic event that does not remain
constant over space and time. The RayMan mod&| @mulates short- and long-wave

radiation fluxes from a three-dimensional surrongdin simple and complex environments that
can be transferred into a synthetic parameter,caiied the mean radiant temperature (Tmrt). By
supplying air temperature (Ta), relative humid@H), wind velocity (WV) and Tmrt, PET
derived from the RayMan model is considered theesasthat calculated using the PET Fortran
programme by Hoppe [5, 8]. To facilitate studiesonig-term health effects on thermal stress,
spatially defined data must be available to resigds of prolonged heat stress (as reflected
through time-series PET) and health responsedofiduals (as measured by tracking subjects

over time). To create a map of PET which can actctmrrthermal comfort conditions over a
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geographic extent, spatial analysis is essentiassemble individual PET values at respective
neighborhoods to create a generalized surfaceseptation [9]. For example, a PET value can
be assigned to a neighborhood measuring 100 m xnl@0map of PET over a geographic

space will thus comprise of a collection of gridlcef a uniform size, each with a PET value.

To date, there have been numerous health effadieston thermal stress but the majority has
focused on short-term exposure [10]. It is diffidiol assess effects of long-term exposure to
thermal stress in a longitudinal cohort study pdrgcause of confounding problems of
acclimatization and also because it is not feagthlebtain historical data on environmental
conditions to afford comparative analysis of changéis paper presents a methodology to
derive historical maps of PET distribution througkrospective space-time analysis by

integrating time-sensitive environmental data gratial analytical methods.

2. Study Area and Method

2.1. Study Area

The study area is the Hong Kong Special AdministeaRegion, which is situated east of the
Pearl River Estuary. Hong Kong measures 1,104 sckilrmeters in size and had a population
of over 7.2 million in mid-2014 [11]. A cohort ofderly people was first enrolled to the 18
elderly health centers of the Department of Heialth998 — 2001 until the present time [12, 13].
The spatial distribution of this cohort of 66,82frgons (61,588 after data cleaning and taking
account of geocoding errors, missing data, andatépeerlapping addresses) spans across Hong

Kong which dictates a spatial approach to heafécestudies (Figure 1).
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Figure 1: A map of Hong Kong showing the geographic distribution of the elderly cohort

2.2. Environmental Data

Various kinds of environmental data have been collected by the government of Hong Kong. The
Hong Kong Observatory (HKO) has established meteorological monitoring stations to collect air
temperature, relative humidity, wind, and cloud cover data for many years. The number of
meteorological monitoring stations has increased from about 20 in early 1900s to over 40 in
recent years. Each monitoring station has a coordinate to enable spatial interpolation of point-
based readings into a surface map of continuous measurements with varied degrees of spatial
accuracy. WV data at reference heights are available from the Institute for the Environment at
the Hong Kong University of Science and Technology (http://envf.ust.hk/). The simulated WV
data were processed at high resolution using the MM5/CALMET system [14]. Similarly, the

Survey and Mapping Office of the Lands Department has maintained a series of digital land
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records of Hong Kong at various map scales (1:10B000, 1:10000, and 1:20000) as well as
digital ortho-photographs (1:5000). These digitadinclude building footprints with years of

construction and height, contour elevation, rodsivoeks, coastlines, and other data.

Of particular interest to this study is the Urbdmate Analysis Map (UC-AnMap) of Hong
Kong from the Hong Kong Planning Department. The Aldlap was established in 2009 and
has a spatial resolution of 100 m x 100 m. It messautdoor microclimatic conditions
considering the combined effects of buildings, opeaces, natural landscape, topography, and
wind conditions to imply the comfort sensation ebple in outdoor spaces. This UC-AnMap
(Figure 2) conveys typical climate conditions ie tiot and humid summer months of Hong
Kong (June, July and August 2008) and can seram éacceptetirepresentation of summer
PET conditions in Hong Kong as verified from figlebasurements indicating a strong

relationship (R= 0.74) between the UC-AnMap classes and PET vli&s
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Figure 2: UC-AnMap showing climate zones of Hong Kong. Source: Hong
Kong Planning Department.
Moreover, satellite images of Hong Kong can be sourced from international organizations. For
example, ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer)
imagery is available from the U.S. National Aeronautics and Space Administration Terra satellite
since 2000 and current Landsat 5, 7, 8 satellite imageries can be acquired from the U.S.

Geological Survey.

2.3. Computing Physiological Equivalent Temperature (PET)

The RayMan Pro model [6, 7] was used to calculate PET values. Although the average height of
males in Hong Kong is 1.72 m [16], a recent study based on Chinese adults [2] on the effects of
height on mean skin temperature showed a difference of less than 0.2 °C between men measuring

1.72 m and 1.75 m in height. This slight difference in skin temperature should not pose



108  significant impact on human thermoregulation. Therefore, this study adopted the default personal
109  values used in a recent study on thermal comfort in Hong Kong [3]: male, 35 years old, 1.75 m
110  in height, 75 kg in weight, indoor clothing (0.9 clo), light activity (80 W), and in a standing

111  position (Figure 3). Here, "0.9 clo" represents heat resistance of clothing in a typical indoor

112 setting and "80 W" represents a human body with work metabolism of light activity added to

113 basic metabolism. Locational and personal factors aside, it can be seen from Figure 3 that PET is
114  influenced by sun paths and local environmental conditions that include microclimate factors in a
115  complex urban structure. By supplying different values for Ta, RH, WV, and Tmrt while keeping
116  the rest of the parameters the same, PET values for all neighborhoods in Hong Kong can be

117  derived. The procedures to derive input parameters of Ta, RH, WV, and Tmrt by spatial analysis

118 method are described in the next section.

¢ RayMan Pro
File Input Qutput Table Language 2
| Date and time Current data

Date (day.month.year) Air temperature Ta (°C)

Day of year Vapour pressure VP (hPa)

[_
[—
Local time (h:mm) Rel. humidity RH (%)
[_
,_

Now and today Wind velocity v (m/s)

Cloud cover N (octas) Calculation:

Geographic data Surface temperature Ts (°C) New
Location: Global radiation G (W/m?)
I Mean radianttemp. Tmrt ('C)I

Personal data Clothing and activity

Geogr. longitude (°E) Height (m) - Clothing (clo) 0.90
Geogr. latitude (°*N) Weight (kg) i Activity (W) 80.0

Altitude (m) Age (a) Position standing I

Timezone (UTC + h) Sex o
Thermal indices

[T PMV [v PET [ SET*

foe: ||

Figure 3: RayMan Pro and its controlling parameters. Source:

119

120 http://www.mif.uni-freiburg.de/rayman/intro.htm
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2.4. Spatial Analytics

Past meteorological data from the HKO are not fffcent detail to account for the complex
terrain and dense urban morphology of Hong Kongpydpose a spatial approach that
integrates geographic information system (GIS) rmdote sensing (RS) processing to derive the
needed parameters (Figure 4). It can be seenagiculation of PET requires Ta, RH, WV,
Tmrt, and cloud cover. As HKO reports only the melud cover percentage for each day, PET
will be computed by assuming the same cloud coskresfor all locations. The Ta surface is
estimated from ASTER nighttime images [17] while BRH surface is generated by means of
spatial interpolation. WV near the ground level &amart needs more computational efforts as
described below. The next section describes wagstimate values of Ta, RH, WV, and Tmrt at
100m spatial resolution [see also 18] using spatialysis methods. For illustrative purposes, we

will demonstrate a typical PET map for the warmssean 2008.
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Figure 4: Spatial processing steps to deriving a map of thermal stress exposure

134

135  2.4.1. Air Temperature (Ta)

136  The Ta surface can be estimated from ASTER or LANDSAT images for a selected time period,
137  pending availability, and adjusted using the hourly Ta data from the HKO following the method
138  described in Nichol & To [19]. Noting that daily meteorological data do vary spatially and

139  temporally, it is important to select a typical day in the summer/warm (April — September) or
140  winter/cool (October —March) months and compute the daily averages to represent typical

141  readings in different seasons [20, 21]. Moreover, it is also difficult to get a satellite image that is
142 totally cloud free for each season [22, 23]. It may also be necessary to merge adjacent images

143 from different days to provide a complete coverage of the study area.

10



144  2.4.2. Relative Humidity (RH)

145 RH values are monitored by weather monitoring stetimanaged by the HKO

146  (http://www.hko.gov.hk/cis/annex/hkwxstn_e.htm)eTéwverage RH values at each monitoring
147  station for a selected time period can be transédrinto a continuous surface representation
148  through spatial interpolation. Given the interruptendscape of Hong Kong comprising of

149 islands, the inverse distance weighted methodéstsal for the spatial interpolation [24].

150 Moreover, the extent of the interpolated surfaceisstrained within the Voronoi region [25] and
151  excluding the peripheral regions of Hong Kong. Tdoastraint has little effect on our cohort

152  study (Figure 1) as the majority of subjects lighivi the Voronoi region.

153  2.4.3. Wind e ocity (WV)

154 It has been noticed that low horizontal wind spesrésusually associated with high surface

155 roughness caused by a high density of built strast{26]. The WV surface at 2 m above the

156  ground level can be estimated by a map of Groungeage Ratio (GCR) derived from building
157  footprints. GCR is highly correlated with the W\Micawhich is defined as the ratio of mean WV
158 at the pedestrian level to a reference height28Y, It has been suggested as a good indicator for
159 the 3D roughness of an urban area, and can besfuathusted using the hourly wind data

160 available from the HKO. The estimation can be dan®00m spatial resolution using building

161 data of a selected time period available from theds Department and applying the method

162  proposed by Wong & Nichol [29].

163  2.4.4. Mean Radiant Temperature (Tmrt)

164  Tmrt, defined as th&uniform temperature of an imaginary enclosure incilthe radiant heat

165 transfer from the human body equals the radiantthaasfer in the actual non-uniform

11



166 enclosuré[30], is a complex variable which is affected bgdtion, cloudiness and urban

167 morphology. Tmrt has been investigated and meadwdigld methods mostly in high-latitude
168 cities [31, 32]. It has been asserted that thaaphtference of Tmrt, which is highly correlated
169 to urban morphology, can be estimated using thesgky factor (SVF) measured at the ground
170 level [33, 34]. SVF is an indicator showing theatgnship between built density, urban block

171  typology, and sky exposure at a location. Tmrtlsameasured using a black-globe thermometer
172  to derive field measurements at representativeitotaover a specific time range [35]. These

173  Tmrt measurements are correlated against the pamdsng SVF to yield a generalized model

174  calibrated to the local climate [15, 36] which d¢snused to derive the Tmrt surface.

175 3. Results

176  Figure 5 displays mapped surfaces of the aboveepses (with Kowloon enlarged to show

177  detail). Each step yields a map surface of parameteded for the PET calculation. The Ta map
178  (Figure 5a) shows higher temperatures in urbaraedioon and built- up areas along the

179  northern coast of the Hong Kong Island. Cooler suadored in blue correspond to locations of
180 country parks and open areas. This pattern agrigeshe general understanding that natural
181  surfaces tend to be cooler than artificial surfadé® RH map (Figure 5b) is mechanistically
182 looking because the surface was generated by atedmeeans based on sparsely distributed
183  weather monitoring stations. Even though the magdsimplistic, the general pattern does
184  conform to our common understanding that vegetateds have higher humidity compared to
185  built-up areas. As for the WV map (Figure 5c¢) uffises to say that wind speeds are slower in
186 the densely urbanized parts of Kowloon and Hongd<lstand with many buildings. The Tmrt
187 map (Figure 5d) shows higher Tmrt in open arealBawit buildings. Studies have indicated that
188  Tmrt tends to be lowest in the densest urban enwiemts due to shadowing [37].

12
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Figure 5:  Results of interim maps and the final map of thermal stress exposure

The resultant PET map (Figure 5e) reveals an image that visually resembles the UC-AnMap
(Figure 2) although more blotchy in appearance. This may be due to more detailed variables
involved in the PET computation that amplifies differences between neighboring cells. Table 1

summarizes the relationship between the UC-AnMap and the resultant maps. Although not a

13
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strong positive relationship, the PET map is inggahagreement with the UC-AnMap. The UC-
AnMap is correlated with all four parameters, shayva strong positive relationship with Ta and
negative relationships with the others (i.e., RH/,\&hd Tmrt). Figure 6 is a plot of the PET
values against field measurements taken on 15 X@g #om the UC-AnMap study [15]. The
plot suggests that the derived PET values, whiafe weant for the warm season in 2008,
corresponded rather well with those measured irfi¢gte at select locations in Tsuen Wan, a
small neighborhood in Hong Kong{R 0.5251). It is unfortunate that more extensiekl
verification is not possible because other fieldamweements reported in the study were not for

the summer season [15].

Table 1 Correlation coefficients between UC-AnMap #ET-related variables
Correlation Physiological equivalent Air Relative Wind Mean radiant
temperature temperature humidity velocity temperature
UC-AnMap (PET) (Ta) (RH) (WV) (Tmrt)
Urban Climate
Analysis Map 0.23 0.70 -0.29 -0.90 -0.67

2T PET model = PET values estimated from model
PET field = Field measured PET values at select
82 7 locations in Tsuen Wan on 15 May *
2008, 2:30 - 3:30 pm [15]

31+

30
- +
° 29 T
=
- = 2
i a5 | y = 1.1906x - 6.9838
o R*=0.5251

27 +

.

26 + .

25

>4 o ; ’ )

275 28 285 29 295 30 305 31 315
PET model
Figure 6: Correlation between computed versus fiebdisured PET at select locations.
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4. Discussion and Conclusion

The fact that PET and UC-AnMap are correlated, e¢keagh not highly, may indicate that they
measure similar factors attributing to thermalstrdresults indicated in Table 1 above show that
three of four factors (i.e., WV, Ta, Tmrt) have wstrong correlation with the UC-AnMap. The
three climatic analytical aspects for constructimg UC-AnMap included the followings: (i)

wind ventilation capturing local air circulationtperns, (i) thermal environment focusing on
urban heat island effect, and (iii) areas of aitytion [15]. Although created based on
objectively and empirically collected data, the B@Map is a synthetic outcome for planning
purposes because it also relies on expert andtagjizdi assessment of urban climatologists. In
this regard, the whole procedure and evaluatiomauist are not truly standardized as they
involved balancing and weighing many non-quantl@adspects to arrive at a generalized view
of the urban thermal environment. All things be@ggial, our PET map can discriminate thermal
comfort conditions strictly from well-establishegthematical procedures [5 — 8] without

subjective manipulation.

It is difficult to justify whether the resultant FEnap (Figure 5e) is truly reflective of the real
thermal comfort conditions because the parameters derivative from secondary procedures.
The estimation of Tmrt, for example, can be furtingoroved by establishing a stronger
relationship between SVF and Tmrt through betteiahof monitoring sites with specific
morphological features [38, 39]. Unfortunately, #stimation of RH could not be improved
given the limited and fixed number of meteorologstations in Hong Kong. It should also be
noted that the resultant PET map is not continli@esuse the Ta map (Figure 5a) was derived
from an ASTER image that was not totally cloud fridere, the no-data cells did not affect

subsequent health impact analysis because no caligécts lived in these locations. Thus, it is

15
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important that cohort locations must be accountednfthe selection of satellite images.

This paper presents a methodology to constructitagblution maps representing thermal stress
exposure in a city with complicated urban environtné has demonstrated feasibility of the
approach that is repeatable because satellite hip&ga ubiquitous resource accessible to all
places on the Earth’s surface and other data regeints can be satisfied easily. Provided that
there is sufficient weather monitoring stationstwer a selected study area, PET maps can be
created for different time periods based on localenrological data on temperature, relative
humidity, wind, and cloud cover. The method notyatcounts for changes in local
meteorological conditions but also the urban molpippas reflected through the building data.
The changing patterns of urban constructs, if aagtin digital representation, will enable the

creation of PET surfaces of different time periatscomparative analysis.

A cohort study involving follow-up or longitudinahalysis is a research study for the detection
of association between within-person change anthiérenal stress exposure in this case in
different geographic areas over a long periodroéti It may not be possible to undertake certain
exposure measurements, especially for the bagsdined in the past and subsequent time in the
future. This paper presents a methodology thatasiake of available data and existing
techniques to derive the data needed for the aralWth increasingly dense built-up cities,
planners and health practitioners are paying mieatton to thermal comfort for urban
residents. The proposed method can also modeltrebtismates of human thermal comfort in

the future by considering consequences broughtdiyagclimate change and the more compact

urban form.
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Planners & health practitioners are paying more attention to human thermal comfort
A method to construct a map of Physiological Equivalent Temperature was described
Remote sensing and GIS were used to estimate parameters of PET

PET map was validated against the Urban Climate Analysis Map of comfort sensation

Proposed method can model long-term thermal exposure in a longitudinal cohort study





