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ARTICLE INFO ABSTRACT
Keywords: Urban surface temperature is a very important variable in the observation and understanding of
Urban morphology energy exchange. A comprehensive understanding of the urban thermal environment is of great

Urban thermal environment
Urban surface temperature
High-resolution thermal imagery

significance towards the adaptability of urban areas to climate hazards. The heterogeneity of
urban space increases the complexity of the urban surface temperature observations and the
analyses of the energy exchange. To understand how the urban geometry affects the distribution
of surface temperature, we used airborne thermal infrared remotely sensed images at very high
spatial resolution (original spatial resolution is 0.2 m x 0.2 m after registration). We did this
study in Hong Kong to analyze the effects of various geometric parameters on different facet
surface temperatures (roof, road, wall and vegetation) in daytime and nighttime and in different
seasons. Results show that the urban geometry has greater impacts on the road temperature than
on building temperature, and the impact of the geometric parameters on road surface tempera-
ture changes with the time of the day and the season. The building height is a more effective
driver of heat dissipation in daytime than nighttime for roof facets. A lower building density
improves ground heat dissipation, while a higher building density improves heat dissipation by
roof facets. Furthermore, the vegetation only limitedly affects the surface temperatures of facets
that are lower than vegetation, but to an extent useful to mitigate urban temperature, which
might be a feature relevant in urban design. This research can provide insights useful to city
planners and policy makers to better understand the urban thermal environment and help design
more livable and healthy cities in the near future.

1. Introduction

The increasing number of urban residents, the proliferation of megacities, and the rapid expansion of peri urban areas are one of the
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most challenging transformation of the 21st century (Wentz et al., 2018). In 2018, 55% of world population lives in urban areas, with
the projection to 68% in 2050 (United Nations, 2018). Specifically, urbanization increases both the density and the height of the urban
space. The modification of urban surfaces with new urban geometry and man-made materials make the urban surface temperature
significantly different from the rural areas (Oke, 1988). Buildings and vegetation block and scatter the solar radiation, which enhances
thermal heterogeneity because of the heterogeneous shaded and sunlit patterns (Wang et al., 2020; Yang et al., 2020). Buildings also
increase the overall urban surface area, i.e. the total area per unit horizontal area, which means more solar radiation is absorbed in
urban areas. With less vegetation coverage in cities, it results in less energy consumed for evaporation and transpiration to cool down
the urban space and surrounding atmosphere (Oke, 1988; Oke et al., 1999). All these factors affect the energy exchange in the urban
areas and create a unique urban climate environment.

The urban surface temperature is an important variable in the observation and understanding of urban thermal environment under
different urban design conditions (Voogt and Oke, 2003; Weng, 2009). Urban geometry and materials have significant effects on the
spatial distribution of the urban surface temperature at micro and meso scales and these effects were analyzed in multiple previous
studies, mostly using numerical models (Ali-Toudert and Mayer, 2006; Franck et al., 2013; Goldberg et al., 2013; Henon et al., 2009;
Hilland and Voogt, 2020; Hou and Estoque, 2020; Kanda et al., 2005; Kastendeuch and Najjar, 2009; Kondo et al., 2001; Krayenhoff
and Voogt, 2007; Li et al., 2011; Logan et al., 2020; Morrison et al., 2018; Yang and Li, 2013; Yang and Li, 2015). At the micro-scale,
those studies investigated how urban geometry and materials affect the urban surface temperature, e.g. street, roof, vegetation, and
wall surface temperatures, based on simplified 3D urban canyon models (Wang, 2014) Kondo et al., 2001; Kanda et al., 2005;
Krayenhoff and Voogt, 2007; Kastendeuch and Najjar, 2009; Yang and Li, 2013). At the meso scale, the interactions between urban land
cover and the urban surface temperature have also been studied by using thermal infrared radiometric data collected by space- and
airborne imaging radiometers, that can provide real observations of the urban surface (Chen et al., 2006; Weng et al., 2004; Yuan and
Bauer, 2007). Peng et al. (2020) analyzed the correlation between urban surface temperature and its drivers with land cover and
normalized building/vegetation difference indices. The results showed that the normalized built-up index explained to a large extent
the observed warming of urban areas. The geometry effect of built-up areas on the urban surface temperature has been also studied to
understand the drivers of observed surface urban heat island by using satellite thermal infrared data and the building geometric data
(Huang and Wang, 2019; Yu et al., 2019). In general, the low spatial resolution of satellite thermal images does not hinder the
acquisition of useful observations, but makes it impossible to accurately understand how urban geometries and surface characteristics
influence the urban land surface temperature distribution at micro-scale, particularly when the information provided by low-
resolution satellite thermal images is the average of mixed pixels in high-resolution satellite images.

The urban surface is heterogeneous in both the horizontal and the vertical dimension because of the complex materials and
geometric characteristics. The temperatures of building wall, building roof, road pavement, and urban vegetation contribute differ-
ently to the urban energy exchange and climate. However, the complex heterogeneity and geometry of urban surfaces make it very
difficult to observe and interpret surface temperatures when using low or moderate spatial resolution thermal images. The variability
of surface temperature results in a complex urban surface energy exchange and leads to anisotropy of urban exitance, which includes
the longwave emittance by the urban objects and the emittance by the atmosphere reflected by the built-up space (Lagouarde et al.,
2012; Lagouarde and Irvine, 2008; Wang et al., 2018). Space-borne observing systems designed to measure radiance at multiple view
angles are needed to obtain the component temperatures of urban facets (Menenti et al., 2001). This complexity is neglected by many
current studies, though it affects both the acquisition of remote sensing data and their interpretation towards a better understanding of
urban climate (Hu and Brunsell, 2013; Zhan et al., 2012).

Considering different facets have diverse effects on the urban energy exchanges and urban microclimate, understanding the drivers
of the variability in facet temperature has been necessary for urban planners and architects, because it is important to understand the
potential influence from urban design to urban microclimate environment (Hilland and Voogt, 2020; Wetherley et al., 2018;
Yaghoobian et al., 2010). Zhao et al. (2015) analyzed the main drivers of rooftop surface temperature using high resolution thermal
remotely sensed data (7m/pixel) acquired by an airborne imaging radiometer and results showed that rooftop surface temperature is
closely related to the material attributes and rooftop geometry. Yang and Li (2015) analyzed the effect of building geometry and albedo
on the street surface temperature by numerical experiments and results showed that there was a clear relationship between the street
surface temperature and the Sky View Factor (SVF). Wetherley et al. (2018) analyzed the effects of urban geometry and materials on
vegetation surface temperature with high resolution thermal images and results showed that building density had multiple effects on
tree and turfgrass surface temperature.

Different urban objects may have different thermal response because of their location and the geometric characteristics of the
surroundings. For example, the green roof surface is ineffective to improve thermal comfort at ground level, while trees at street level
are effective in cooling pedestrian areas (Ng et al., 2012). In general, the main driver of thermal heterogeneity is urban geometry in the
vicinity of each facet, so that the facet surface temperature may vary in a very large range because of the complex urban geometric
characteristics. Moreover, the urban geometry may cause different effects on component surface temperatures in daytime and
nighttime, leading to a different thermal anisotropy in daytime and nighttime (Lagouarde et al., 2012; Lagouarde et al., 2010).

Detailed understanding on how the urban geometry determines the facet temperatures and thermal heterogeneity within facets of
the same type, is important for research on urban climate and urban planning. Although this has been studied with microclimate
numerical simulation models, the models have been simplified for both land surface processes and the details in 3D building/vege-
tation structures to reduce computational load. Low-resolution remotely sensed satellite thermal imagery cannot provide the detailed
component surface temperatures. To address this research gap, numerous researchers attempted to use high spatial resolution thermal
images to observe component temperatures and study energy exchanges in urban areas (Lagouarde et al., 2004; Xu et al., 2008), e.g.
the MODIS/ASTER Airborne Simulator (MASTER) imagery for urban heat island research (Zhao and Wentz, 2016). This research
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showed that airborne high spatial resolution images can capture the thermal heterogeneity of urban components and the images are
important data sources to understand urban thermal environment.

The overarching goal of this research is to understand the thermal behavior of different types of urban facets and help urban
planners and architects to better understand how to alleviate urban heat load and create more livable and healthier urban environment
based on experiment results. High resolution airborne thermal images provide details about the urban facet temperatures to investigate
how the geometry affects the variability of surface temperature within each facet type in daytime and nighttime.

2. Data and study areas

Airborne high spatial resolution (HR) thermal data observed over the urban area of Kowloon (Fig. 1) were used in this study. The
thermal camera of FLIR T650sc was set on a helicopter and the flight height was 610 m. The spectral coverage of the camera is from 7.5
to 13pm. The field of view is 25° and the large field of view (FOV) helps obtain wall information. The original spatial resolution of the
HR datais 0.5 m x 0.5 m. The HR thermal images used in this study were obtained in daytime and nighttime on Oct 24, 2017 (autumn)
and Jan 14, 2018 (winter), respectively. On Oct 24, 2017, the HR thermal data were obtained from about 11:30 (first stripe) to 12:20
(last stripe) in daytime and from 20:00 to 20:47 during nighttime. On Jan 14, 2018, the HR thermal data were obtained from 13:32 to
14:40 in daytime and from 20:30 to 21:30 during nighttime. The designed flight lines were same for the four flights (Fig. 2). There are
multiple flight lines and directions. Each stripe overlaps partly with adjacent stripes. Thus, some facets can be observed along 3stripes
from 4 directions, and some other facets along 2 stripes from 4 directions, i.e. wall facets may be observed from multiple directions.
The bias due to observation geometry cannot be completely avoided, thus there might be some residual impact on the images collected
during the four flights (Fig. 3). The thermal images observed by thermal camera were processed using the FLIR ResearchIR Max
software (https://www.flir.cn/products/flir-thermal-studio-suite/) to derive the urban surface temperature. From the meteorological
stations of Hong Kong Observatory (HKO) and King’s Park (KP), the weather conditions at observation times are presented in Table 1.
Results showed that the cloud cover on both days was rather low in daytime (14% and 11%). The mean wind speed in daytime on Oct
24 2017 and Jan 14 2018 was the same (11.5 m/s). Conversely, in nighttime, the mean wind speed on Oct 24 2017 and Jan 14 2018
was different.

To calculate the urban surface temperature, the atmospheric temperature and relative humidity observed at the Hong Kong Ob-
servatory were input into FLIR ResearchIR Max to correct for the atmospheric effects. The spectral library of impervious urban ma-
terials (Kotthaus et al., 2014) contains 74 samples of impervious surfaces and was adopted in this study to obtain the material
emissivity in urban areas for HR thermal images. The majority of building materials in the study area are cement, concrete and bricks,
and the majority of road materials are asphalt, cement, or concrete. Thus, we used the mean material emissivity of cement, concrete
and bricks to estimate the emissivity of roof and wall facets and mean material emissivity of asphalt, cement, and concrete to estimate

105°0'0"E  110°%0'0"E  115°00"E 114°9'30"E 114°10'0"E 114°10'30"E 114°11'0"E 22°19'30"N
- B Ta

T T T N

O

=

=}

Q
22°0'0"N  26°0'0"N

ong Kong

Laos

22°19'0"N

. 250 500

18°0"0"N

Thailand km “

22°30'0"N
22°18'30"N

22°20'0"N
22°18'0"N

22°10°0"N

114°0°0"E 114°150"E 114°9'30"E 114°10'0"E 114°10'30"E 114°11°0"E

Fig. 1. Study area.


https://www.flir.cn/products/flir-thermal-studio-suite/

J. Yang et al. Urban Climate 39 (2021) 100937

Fig. 2. Fight lines in the flight experiments.
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Table 1
Weather conditions at observation time.
2017/10/24 2018/1/14
12:00 20:00 21:00 14:00 20:00 21:00
Cloud coverage (HKO) 14% (daily data) 11% (daily data)
Temperature (HKO) °C 26.8 24.4 24.1 16.3 14.2 14.2
Humidity (HKO) % 53 64 68 60 78 79
Wind speed (KP, 10-min average) m/s 11.5 9.4 10.1 11.5 No data 6.5
Wind direction (KP, 10-min average) 134 113 126 121 No data 128
Rainfall 0 0 0 0 0 0

the emissivity of road facets. The final emissivity of roof and wall is 0.932 and the emissivity of road is 0.945 in this analysis. ASTER
Spectral Library 2.0 (Baldridge et al., 2009) was used to estimate the material emissivity of vegetation, which was 0.973.

Besides the HR thermal images, we obtained the DSM data, HR multispectral image, building shapefile and road shapefile data from
the HK Planning Department and these data are strictly registered and ortho-rectificated. The co-registration accuracy of HR thermal
images and HR optical image is better than 1 pixel. More information about the data in Fig. 3can be referred to Yang et al. (2016). To
match the HR thermal images with the Digital Surface Model (DSM), the HR thermal images were aggregated to 1 m x 1 m. The
airborne HR multispectral image of Kowloon obtained in 2015 (resolution 0.5 m x 0.5 m) (Fig. 1) was used to extract accurate
vegetation cover. The building shapefile data and DSM data with 1 m spatial resolution were used to calculate the building density,
shadows, sky view factor and building height (Fig. 4) (Yang et al., 2021). The DSM data is from territory-wide airborne LiDAR data
obtained from December 2010 to January 2011 and the horizontal and vertical accuracies are 0.3m and 0.1 m respectively (Lai et al.,
2012). The road information was extracted from road shapefile. Changes in the urban area of Kowloon have been very small after 2010
thus these data can be used together.

3. Method

The methodology framework of this study is shown in Fig. 5. The building shapefile and road shapefile provide information on road
and building facets assuming nadir viewing. The FOV of the airborne thermal camera is rather large and captures off-nadir information
on observed targets. On the other hand, roof and wall facets observed by the thermal camera may not exactly fit with the building
shapefile. To solve this problem, we have manually extracted the target components, i.e. the roof, road, wall and vegetation facets from
the HR thermal images (Fig. 3). Fig. 6 shows an example of the extracted roof, road and wall facets from the HR thermal images. The
roof and road segments extracted from the building shapefile and land use classification were intersected with the HR thermal data to
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determine the actually observed roof and road facets. Only the roof facets observed from nadir or near-nadir in the HR thermal data
were used to analyze the effects of urban geometry on the roof and road facet surface temperature. The vegetation facets were
extracted from the HR visible airborne data manually and applied as a reference to determine the actually observed vegetation facets in
the HR thermal images.

In this study, multiple source data were used. The HR optical data are 0.5 m, which means the pixel size is 0.5 m x 0.5 m. The HR
thermal data after processing and DSM are 1 m. Neither the building density or the fractional vegetation cover could be retrieved for
each pixel at these resolutions and had to be retrieved by gridding all the data sets to a common grid size. The fractional vegetation
cover and building density were respectively retrieved as the fraction of vegetation and building pixels within each grid. As regards the
grid size, a grid of 30 m x 30 m was finally adopted, since the data would be easier to combine with L8 OLI and TIRS data, which are so
commonly used in urban studies. Thus, the HR visible image was orthorectified and was applied to estimate the vegetation fraction
within each 30 m x 30 m grid. For wall facets, we only considered the parts that we could capture. The facet surface temperatures of
road (Tg), roof (T;), wall (T,) and vegetation (T,) were analyzed to understand the effects of urban geometry on land surface
temperature.

To calculate the surface temperature of each components, we took into account the emissivity of the extracted component facets
based on Stefan-Boltzmann law:

T, = T,,/\/4e ¢))

In Eq. (1), T is the facet surface temperature, T is the brightness temperature after atmospheric correction obtained from the FLIR

i :

I Road. IlRoof, el
(a) (b)

Fig. 6. Example for the extraction of roof, road and wall from thermal images manually. (a) thermal images; (b) extracted roof, road and
wall surface.
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reprocessing software (ResearchIR Max), ¢ is the material emissivity of component facets.

The building density, building height, SVF and vegetation height were calculated from Digital Surface Model data (DSM) at 1 m x 1
m spatial resolution and the building shapefile. We calculated the building density within each 30 m x 30 m grid by calculating the
building roof areas within each grid with the same as vegetation fraction. The SVF is calculated from DSM data and the calculation
method was described in detail by Yang and Li (2015). The building height was also extracted by combining the building shapefile with
the DSM data. The relation between building height and the roof temperature was analyzed. The SVF at 1 m spatial resolution was used
to analyze the relation between SVF and component temperatures including roof, road and wall facets. Considering that the amount of
data is large and affected by noise, we calculated the mean surface temperature of road and roof facets within each 0.1 SVF interval and
0.1 building density interval to determine the relationship between the surface temperature of road and roof and SVF/building density
at a significant level of 0.05. The sunlit facets receive more solar radiation and shadow facets receive no direct solar irradiance, thus the
building density, building height and SVF may have different effects on sunlit and shadow facets. The sunlit and shadow facets were
separated by calculating shadows based on urban geometry. The shadow distribution was calculated from the DSM data combined with
the solar angles at the time of acquisition of the HR thermal images by using the hillshade tool in ArcGIS. The analysis of daytime data
was done separately for shadow and non-shadow facets.
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Fig. 7. HR thermal data and distributions of road, roof, vegetation and wall surface temperatures: a, Daytime of Oct 24 2017; b, nighttime of Oct 24
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4. Results
4.1. Observed variability of facet surface temperatures

HR thermal data can capture the variability of facet surface temperature within and between different facet types. This variability
can be large even within the same type of facets (Fig. 7), e.g. the variability of roof temperature is higher than road temperature. Fig. 7
showed the temperature histograms of roof, road, wall and vegetation to show the variability of component facet temperatures. This is
indicated by the standard deviations of daytime roof surface temperature (T;), i.e. 8.2 °C on Oct 24, 2017 and 7.4 °C on Jan 14, 2018
against 5.3 °C and 6.3 °C for T,. Road facets receive less solar irradiance compared with roof facets because of the blocking effects by
the surrounding built-up components. Roof facets receive more solar irradiance and this enhances the thermal heterogeneity within
roof facets, i.e. it results in higher thermal heterogeneity of roof facets than road facets. During daytime, mean value of T, is higher than
that of T, and the difference between T, and T, changes with the season. In autumn, the difference between mean values of T, and Ty is
1.9 °C, while this value is rather small (0.3 °C) in the winter. The reason is that the solar irradiance on Oct 24, 2017 (autumn) was
higher than Jan 14, 2018 (winter). Higher solar irradiance enhances the surface temperature differences caused by materials and
geometry. During nighttime, T, was higher than T;, but the difference between T; and T, did not change much with the season. This is
because the main driver of thermal environment at nighttime is the building geometry which does not change with season. T, (Fig. 7)
was lower than T, and T, in daytime but higher than T; in nighttime. The standard deviations of T,, in daytime were 4.7 °C on Oct 24,
2017 and 5.7 °C on Jan 14, 2018, i.e. lower than T;. In daytime, the wall facets receive less direct solar irradiance than roof and road.
Thus, T, in daytime is lower than T, and T,. During nighttime, radiative exchanges are characterized by diffuse atmosphere longwave
irradiance onto wall facets, while exitance from opposite wall and ground facets can reach wall facets. When the SVF of a facet is very
small, the radiation emitted by the facet will be absorbed by surrounding facets and then reflected and re-emitted to ground. Thus, low
SVF limits the radiative losses from the urban canopy. This increases the energy absorbed by wall facets, with Tw being higher than Tr
in nighttime.

Generally, the vegetation facets have relatively a smaller variability in surface temperature than road and roof facets. In daytime,
the vegetation surface temperature is much lower than the surface temperatures of road and buildings, e.g. the difference between
mean values of T, and T, was about 13.0 °C on Oct 24, 2017 and 7 °C on Jan 14, 2018 (Fig. 7). The differences between mean values of
Tgand T, in daytime were about 11.3 °C on Oct 24 2017 and 6.7 °C on Jan 14 2018. This indicates that vegetation cover may contribute
significantly to reduce urban surface temperature. In nighttime, the difference between mean values of T, and Ty was 3.1°C on Oct 24,
2017 and 1.4 °C on Jan 14, 2018. However. The difference between T, and T; is not obvious at nighttime in winter (Jan 14, 2018)
(Fig. 7).

Fig. 7 shows that in the observed area the frequency distributions of the surface temperatures vary significantly across facet types.
As expected all facets reach higher temperatures in daytime, but road facets reach extremely high temperatures, i.e. up to 70 °C, while
vegetation is only slightly warmer in daytime, thus documenting the cooling effect of transpiration. The range in observed temper-
atures is much wider in daytime for all facets, particularly for road facets, thus showing how daytime irradiance amplifies the facet
thermal response to radiative and convective cooling. The information on the distribution of facet temperatures and differences in the
mean facet temperature, is very relevant to understand the thermal response to radiative forcing in a concise way. The differences in
facet surface temperatures are caused by geometry and material compositions. Fig. 7 shows that the HR thermal images can capture
such subtle details in the response of urban space to radiative and convective forcing. Both urban materials and geometry affect the
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Fig. 8. Relationship between T, and SVF: (a) daytime sunlit road; (b) nighttime.
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surface temperature and its variability. For different facets and meteorological conditions, the dominant drivers of surface temperature
are different. The relative magnitude of impact of urban materials vs. urban geometry needs to be characterized towards a better
understanding of urban climate. In the following sections we will analyze how the geometric parameters drive the variability of facet
temperatures and we will attempt to identify the dominant drivers of the thermal heterogeneity of the built-up space based on the
entire areas covered by the data in Fig. 3.

4.2. Relationship between component temperatures and SVF

The Ty is clearly related to SVF under both sunlit and shadow conditions (Fig. 8a). The HR retrievals of urban surface temperature
were first binned at 0.1 SVF intervals, then averaged to obtain the T applied to regress the relationship with SVF. Results showed that
the relationship between sunlit T, and SVF was logarithmic (Table 2). Sunlit T, increased with SVF, while the rate of increase of T,
decreased with SVF. Contrariwise, the relationship between shadow Ty and SVF was not logarithmic: on Oct 24, 2017 was nearly linear,
while on Jan 14, 2018 it was logarithmic, but with a break-point at about SVF = 0.6. This means there are different driving factors of Ty
under different conditions. The range in T of a sunlit road surface between SVF = 0.1 and SVF = 1 reached 9.5 °C on Oct 24, 2017 and
8.1 °C on Jan 14, 2018, while for a shadowed road surface, the range in T, was 8.2 °C on Oct 24, 2017 and 7.2 °C on Jan 14, 2018. It
should be noted that the occurrence of shadowed road facets is highly dependent on the time of acquisition of HR thermal images.
When the SVF is close to 0 or close to 1, the surface temperature differences between sunlit and shadowed road surface are very small.
When SVF is close to 0, the road surface is likely surrounded by very high buildings, the sunlit road surface may only be sunlit at the
time of image acquisition. Thus, the sunlit T is close to shadowed T;. When SVF is close to 1.0, the road surface is in a wide open
surrounding. Thus, road facets may be shadowed just for a short time, if at all, and this may occur just at the time of image acquisition.
This makes the shadowed T, similar to the sunlit Tg. Thus, the building shadow has a significant impact on road or ground surface
temperature for intermediate SVF values, from 0.5 to 0.65.

In nighttime, T, decreased slightly with SVF and the range in Ty was 1.1 °C on Oct 24, 2017 and 1.4 °C on Jan 14, 2018 ((Fig. 8 (b)).
A smaller SVF indicates trapping of longwave exitance within the urban canopy. Thus, road facets with higher SVF cool down sooner
than facets with smaller SVF. The relations between SVF and Ty in nighttime were also different: quadratic polynomial on Oct 24, 2014
and linear on Jan 14, 2018.

The relation between T, and SVF in daytime and nighttime was evaluated in a similar way (Fig. 9). The sunlit T, increased almost
linearly with SVF (Fig. 9a and Table 2), while the shadow T varied slightly with SVF, but no relationship could be established. The
range in T; of a sunlit roof surface in daytime was 5.8 °C on Oct 24, 2017 and 4.9 °C on Jan 14, 2018, which is much smaller than the
range in Tg over the same SVF range. This indicates that SVF has a larger effect on T, than on roof surface temperature. The shadow T;
decreased with SVF on Oct 24, 2017 and increased with SVF on Jan 142,018. The reason may be the observation time: on Oct 24, 2017
the HR data were acquired between 11:30 and 12:30 and slightly later, i.e. between 13:30 and 14:30 on Jan 14th 2018. It was more
likely to have roof facets being sunlit for part of the time on Jan 14th 2018 and thus the roof surface temperature is higher with larger
SVF. In nighttime T; is almost constant with SVF and just decreases very slightly (Fig. 9b), i.e. less than 1 °C.

In daytime, Ty, increases with SVF (Fig. 10(a)) and the relation between T,, and SVF was logarithmic (Table 2). Irradiance on
vertical facets increases with increasing SVF, thus higher SVF results in higher T,, in daytime. On the other hand, the range in T,, was
about 2 °C on Oct 24, 2017 and about 6 °C on Jan 14, 2018 (Fig. 10(a)), i.e. much smaller than in Ty and T, during daytime, as shown
above. In nighttime, the range in T}, is also very small, although the ranges were slightly different on Oct 24, 2017 and Jan 14, 2018. In
the nighttime of Oct 24, 2017, T,, decreased with SVF, while it increased with SVF on Jan 14, 2014 (Fig. 10(b)). In general, a higher
SVF improves cooling during the night, thus the wall, roof and road surface temperatures should decrease with increasing SVF. On the
other hand, irradiance does also increase with increasing SVF, so the observed range in facet surface temperature is driven by the
balance of two opposite drivers: increasing radiative load and increasing convective cooling. In addition, clouds may reduce radiative
cooling in nighttime, an effect likely to be larger on vertical wall facets where clear-sky radiative cooling increases significantly with
increasing SVF.

The difference in facet temperatures between daytime and nighttime was also very sensitive to SVF (Fig. 11). The difference in T,
increased with SVF linearly (Fig. 11(a) and Table 3). The difference in Ty between daytime and nighttime also increased with SVF but
logarithmically, and stabilized at SVF ~ 0.7 (Fig. 11 (b) and Table 3). The difference in T, between daytime and nighttime was higher

Table 2
Estimated relationships between the surface temperatures of horizontal facets (y) and SVF (x).
Daytime 2017/10/24 2018/01/14 Nighttime ~ 2017/10/24 2018/01/14
Sunlit road y = 3.9139In(x) + 44.082 y = 5.1537In(x) + 29.131 Road y = —2.0562x> + 0.8564x + 24.416 y = —1.8636x + 12.943
R? = 0.9533 R? = 0.9792 R%=0.99 R? = 0.9765
Shadow road  y = 9.5051x + 32.361 y = 3.0436In(x) + 26.17
R = 0.9789 R? = 0.9387
Sunlit Roof y = 6.0006x + 39.469 y = 6.2321x + 21.61 Roof y = —0.12In(x) + 22.44 y = —0.161In(x) + 10.322
R? = 0.9228 R? = 0.9647 R? = 0.7925 R? = 0.8648
Shadow roof ~ y = —2.3152x + 37.707 y = 2.8017x + 21.69
R? = 0.365 R? = 0.868
Wall y = 2.4394In(x) + 40.037  y = 5.0877In(x) + 27.7 Wall y = —0.8162x + 22.6 y = 0.3977x + 13.189
R? = 0.807 R? = 0.906 R? = 0.354 R? = 0.4864
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Fig. 10. Wall surface temperature vs. SVF: (a) daytime; (b) nighttime.

than in T. In daytime, T, was higher than T, because irradiance onto a roof facet is higher than on a road facet. At nighttime, T, was
lower than Tg. This means that roof facets are more efficient in dissipating heat than road facets during nighttime. The heat dissipation
is the total energy lost by the urban canopy to the atmospheric boundary layer by radiative and convective exchanges. Higher heat
dissipation means more efficient cooling.

4.3. Building height

The relation between T, and building height has also been studied (Fig. 12). Results showed that the T of sunlit roof decreased with
increasing building height (Fig. 12(a)). The T, of shadow roof facets also decreased with increasing building height, but the sensitivity
is lower than sunlit roof facets. The range in T, over the range in building height reached 10 °C for a sunlit roof facet. In nighttime, T
decreased very slightly with building height on Oct 24th 2017 and appeared insensitive to building height on Jan 14th 2018 (Fig. 12
(a)), as shown by the very low correlation coefficients between T, and building height, i.e. only 0.0053 (Table 4). This means that the
building height only affects sunlit T, in daytime, while the building height is not the dominant driver of surface temperature for a
shadowed roof surface in daytime and in nighttime. It should be noted that changes in urban geometric parameters are correlated. For
example, higher buildings lead to larger frontal area, which increases convective exchanges, and larger SVF for roof facets, which
increases irradiance onto roof facets but increases the longwave radiation dissipation. Summarizing, the increase in building height
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Table 3
Estimated relationships between the daytime - nighttime difference in surface temperature and SVF.
Roof Road
2017/10/24 y = 5.3231x + 16.883 y = 3.9981In(x) + 20.755
R? =0.977 R? =0.9848
2018/01/14 y = 5.4081x + 11.304 y = 5.9053In(x) + 17.941
R? = 0.9006 R? = 0.989
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Fig. 12. Roof surface temperature vs. building height: (a) daytime; (b) nighttime.
Table 4
Regression equations between roof facet surface temperatures and building height.
Daytime 2017/10/24 2018/01/14 Nighttime 2017/10/24 2018/01/14
Sunlit Roof y = —0.0843x + 46.946 y = —0.0651x + 28.351 Roof y = —0.0051x + 22.526 y = —0.0005x + 10.516
R? =0.851 R? =0.872 R? = 0.6566 R? = 0.0053
Shadow roof y = —0.0317x + 37.914 y = —0.0188x + 23.474
R? = 0.3546 R? = 0.5521
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decreased the sunlit T, in daytime (Fig. 12(a)). The dependence of radiative and convective exchanges on building geometry is more
complex in the case of shadows and in nighttime, thus suggesting a weaker dependence of T, on building height in these cases (Fig. 12
(b) and Table 4).

The difference in T, between daytime and nighttime decreased with building height (Fig. 13 and Table 5). This was to be expected,
since T, in daytime decreased with building height (see Fig. 12), while it decreased very slightly in nighttime.

Building height has complex effects on Ty, but it was very difficult to extract the temperature of all wall facets and, moreover, the
distribution of T;, changes with building height. Thus, the relation between T}, and building height cannot be evaluated as done with
roof temperature.

4.4. Building density

Ty had no clear relationship with building density in both daytime and nighttime (Fig. 14(a) and (b)). The regression analysis on T}
and building density showed that there is only a very slight increasing trend in daytime (Table 6). In daytime both sunlit and shadowed
Ty decreased with increasing building density, but the impact of building density on sunlit road facets was larger than on shadowed
road (Fig. 15 (a) and Table 6). During nighttime, T, does not increase with building density (Fig. 15(b) and Table 6). Similarly, the
building density has no obvious effects on T;, (Fig. 16 and Table 6), possibly because of the difficulty in extracting a large number of
wall facets. Summarizing, the building density only affects T, in daytime, but has no clear effects on other facet temperatures.

Day - night difference in road temperature (Fig. 17 (b) and Table 7) decreased with increasing building density, while it increased
for T, (Fig. 17(a)). Higher building density reduces both convective cooling of and radiative load on road facets, thus explaining the
decreasing trend in Fig. 17(b). This means that a higher building density reduces the cooling rate of a road surface. The day-night
difference in T, increases with increasing building density (Fig. 17(a)). This means the increase of building density helps to in-
crease the cooling rate of T;.

4.5. Vegetation

Vegetation temperature decreased slightly with increasing vegetation height and fractional abundance (Fig. 18 and Fig. 19). This
means that the vegetation height increase helps to reduce the vegetation surface temperature. Changes in T, were negligible when
fractional abundance of vegetation was smaller than 0.5, while T, decreased with vegetation fractional abundance when vegetation
fraction was higher than 0.5. After we checked the DSM data, we found that the vegetation height is higher than roof height where
vegetation fraction is larger than 0.6, e.g. low or medium buildings surrounded by high trees. Thus, the relative height of building and
vegetation may be a main reason for the effects of vegetation on T;. T, on Jan 14, 2018 decreased with the fractional abundance of
vegetation, possibly because of increasing shadows. Conversely, on Oct 24, 2017 the data were acquired at about 12:00, i.e. with
minimal shadows and T, did not change significantly with the fractional abundance of vegetation. T, did not change significantly with
fractional abundance on Oct 24, 2017 and decreased on Jan 142,018 because the shadow effects on Jan 14 might have been heavier
(Fig. 19 and Table 8). These results indicate that vegetation affects the surrounding surface temperature in multiple ways and the
height of vegetation relative to the surrounding surface has significant effects as regards the cooling effects of vegetation.
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Fig. 13. Difference between daytime and night in roof temperature vs. building height.

12



J. Yang et al. Urban Climate 39 (2021) 100937

Table 5
Regression equations between road / roof day-night tempera-
ture difference and building height.

Date Roof
2017/10/24 y = —0.0366x + 21.139
R* = 0.3974
2018/01/14 y = —0.0447x + 15.343
R? = 0.5742
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Fig. 14. Roof surface temperature vs. building density: (a). daytime; (b). nighttime.

Table 6
Regression equations between road / roof daytime - nighttime temperatures and building density.

2017/10/24 daytime 2018/01/14 daytime 2017/10/24 nighttime 2018/01/14 nighttime

Sunlit road y = —5.2151x + 41.316 y = —7.5808x + 25.291 y = —1.1143x + 24.943 y = —0.54x + 12.833
R? = 0.9224 R%=0.8198 R? = 0.5924 R? = 0.293

Shadow road y = —4.623x + 34.481 y = —6.8721x + 23.428
R? = 0.310 R? = 0.7957

Sunlit Roof y = 1.2809x + 42.949 y = 1.597x + 25.783 y = 0.144x + 22.28 y = —0.6105x + 10.896
R? = 0.0936 R?=0.1548 R? = 0.0832 R? = 0.4682

Shadow roof y = —1.0623x + 41.073 y = —1.0444x + 24.538
R? = 0.326 R? = 0.0884

Wall y = —1.035x + 37.675 y = —0.1073x + 22.875 y = 0.2354x + 22.724 y = 0.5347x + 13.149
R? = 0.1007 R? = 0.0165 R? = 0.0153 R? = 0.2597

5. Discussion

The geometry effects on urban surface temperature have been studied by numerous researchers based on different data source
(Harman et al., 2004; Hilland and Voogt, 2020; Huang and Wang, 2019; Yang and Li, 2015; Zhao et al., 2015). Such studies help to
understand the impact of urban design on urban climate. In general, microclimate models apply a simplified description of urban land
surface processes, e.g. turbulent heat transfer, and the models cannot necessarily capture urban processes in a comprehensive and
exact way. On the other hand, satellite data cannot provide detailed information on component facets, because of the relatively low
spatial resolution. To fill this research gap, we analyzed the urban geometry effects on facet temperature using HR thermal infrared
data.

Yang and Li (2015) studied the impacts of SVF on street surface temperature by numerical experiments and the results showed that
street surface temperature changes logarithmically with SVF in summer and linearly in winter. In this study, we separately analyzed
the sunlit and shadow road facets in autumn (2017 Oct 24th) and winter (2018 Jan 14th). Results showed that the dependence on
geometric parameters of sunlit T, in autumn and winter is close to logarithmic, while it is linear in autumn and logarithmic in winter
for shadowed road facets. In nighttime, the SVF had different impacts on T than in daytime.

The geometric parameters have more significant effects on T; than on T,. Some geometric parameters have no obvious impacts on
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(a)

roof surface temperature under some conditions. In this study, the geometry has more significant effects on the roof surface tem-
perature in daytime than nighttime. In nighttime, the roof surface temperature changes very slightly with geometry parameters. This
means the geometry has very limited effects on nighttime roof surface temperature. In daytime, the effects of building height on roof
surface temperature were more significant than building density. These results are similar to the conclusions from Zhao et al. (2015). In
Zhao et al. (2015), results showed also that the dominant factors for roof surface temperature are different in daytime and nighttime
and geometric parameters have more significant effects on roof surface temperature in daytime than nighttime. The vegetation effects
on roof surface temperature also change with the vegetation height. When vegetation is higher than the buildings, the roof surface
temperature decreased with increasing fractional abundance of vegetation, as expected. Additionally, the distance between vegetation
and rooftop also affects the vegetation effects, although here we did not consider it.

Wall facets are an important component of the built-up space (Hilland and Voogt, 2020). Wall surface temperature is also complex
because of wall geometry and of the impact of adjacent buildings and vegetation. Hilland and Voogt (2020) analyzed the effect of facet
geometry on the wall surface temperature and showed that sub-facet geometry has significant effects on wall surface temperature
distribution because of the shadow effects. In this study, we could retrieve the surface temperature of a limited number of wall facets
observable with the HR data, thus our results on wall surface temperature may be biased. Based on the dataset we obtained, the wall
surface temperature does not change significantly with building density. The change of wall surface temperature with vegetation
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Fig. 17. Day - night temperature difference vs. building density: (a). roof; (b). road.
Table 7
Regression equations between road / roof day —night temperature difference and building density.
Roof Road
2017/10/24 y = 2.0773x + 19.05 y = —0.837In(x) + 14.399
R? = 0.2625 R? = 0.8073
2018/01/14 y = 2.4572x + 13.186 y = —1.52In(x) + 7.1418
R? = 0.4224 R? = 0.9438
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Fig. 18. Vegetation surface temperature vs. vegetation height.

fraction was inconsistent, which might be due to the impact of vegetation shadow on adjacent facets. Neither satellite or airborne
thermal data can obtain detailed information on wall surface temperature. As an important component of urban climate, in-situ
measurements should be conducted for wall surface temperature research.

Vegetation is an important driver of urban climate (Yu et al., 2020). Thus, numerous studies investigated the cooling effects of
vegetation and results showed that these effects depend on the size, shape, composition and configuration of vegetation (Zhou et al.,
2011; Zhou et al., 2017). In this study, vegetation surface temperature also changes with the fractional vegetation cover and decreases
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Table 8
Regression equations between road / roof day — night temperature difference and fractional abundance of
vegetation.
2017/10/24 daytime 2018/01/14 daytime
Road y = —0.9945x + 43.308 y = —3.5775x + 27.685
R? =0.1271 R? = 0.7374
Roof (Fv > 0.5) y = —24.917x + 63.564 y = —19.68x + 36.04
R? =0.7788 R? = 0.5522
Wall y = —4.5181x + 39.865 y = —6.236x + 26.28
R? = 0.056 R? = 0.4373
Vegetation y = —2.6483x + 31.703 y = —1.2793x + 18.366
R? = 0.9463 R? = 0.7165

with increasing vegetation fraction. Vegetation has very limited impacts on roof surface temperature when a building is higher than
vegetation height. On the other hand, T, decreases with increasing vegetation cover, when vegetation height is higher than road. In
general, vegetation only affects the surface temperature of facets which are lower than the vegetation. The study about the impact of
tree location and spatial arrangement on outdoor microclimate by Zhao et al. (2018) showed that the shade of trees has significant
effects on urban microclimate and thermal comfort. Thus, when vegetation is higher than a facet, the cooling effect of trees is direct and
larger than when vegetation is lower than a facet. The temperature of road facets adjacent to vegetation slightly decreases with
increasing fractional abundance of vegetation. At the same time, the vegetation surface temperature also decreases with increasing
fractional abundance of vegetation. Thus, vegetation cover only affects the surface temperatures of vegetation patches and of facets
lower than vegetation height. This may give guidelines relevant to urban design towards better urban climate and also help us un-
derstand the satellite thermal infrared observation with low spatial resolution.

Limitations exist in this research. This study only analyzed the geometric effects on facet surface temperatures, while the materials
also have large impacts on facet surface temperature, especially for buildings. We used mean values of facet temperatures within bins
defined by geometric parameters. This may neglect the variability caused by materials, which we will address in the future. A limited
analysis on wall facets was presented in this study. Understanding the role of wall facets is important in urban climate (Hilland and
Voogt, 2020), especially in HK with very narrow and tall buildings. The wall structure is also complex. We used the thermal images
from different stripes to retrieve the wall surface temperature, but only very few wall facets could be extracted. The wall thermal
conditions may be better captured by off-nadir thermal imaging.

Additionally, the building pattern, shape, thickness and material composition also affect the facet surface temperature distribution.
Since it is difficult to obtain detailed spatial information on building materials, the building thickness and material composition were
not taken into account in this study. The material composition of buildings may affect the urban surface emissivity and then the
retrieved surface temperature. For example, some road in the research area is constructed with concrete, and some other road with
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asphalt. According to (Kotthaus et al., 2014), the mean emissivity of concrete in urban area is 0.939and the mean emissivity of asphalt
is 0.931. This emissivity difference can cause about 0.6 K bias in the retrieved surface temperature. Given the daytime conditions on
Oct 242,017, the 0.6 K bias can be neglected compared with the temperature difference caused by geometry, while it cannot be
neglected in nighttime. Thus, the material effects on urban surface temperature should be studied carefully based on ground mea-
surement data in the future, especially when using nighttime observations. The building pattern and shape may not have direct relation
with building density and height, while they also affect the SVF. Thus, the relationships between facet surface temperature and SVF can
show some effects of building pattern and shape.

This study is based on the data collected during four airborne experiments, which were carried out under different weather
conditions. Cloud cover was very low, i.e. 14% and 11% on the two days, but we did not obtain observations on cloud cover at exactly
the time of flights and on the pattern in cloud cover within the city area.

Net radiation at the surface responds very rapidly to the variability in local cloud cover. Clouds reduce solar irradiance, emit
longwave radiation towards the ground surface and absorb the longwave radiation emitted by the ground surface. Changes in net
radiation and in the angular distribution of illumination have an impact on the facet surface temperature. In other words, the temporal
and spatial variability in cloud conditions might have had an impact on our findings and the effects of urban geometry. Similar
comments apply to the variability over a longer period of time in relation with the observed dependence of facet temperatures on urban
geometry. On the other hand we combined data acquired during experiments carried out at different time and under different con-
ditions, which gives us some trust in our findings.

Wind speed and direction have likewise large impacts on facet temperatures at locations likely to have strong effects on heat
dissipation by convection and, therefore, on facet temperature, especially wall surface temperature (Yang and Li, 2009). Moreover,
urban geometry, i.e. building density, building height and SVF (Wang et al., 2018), strongly modifies incoming airflow. We can safely
assume that our observations and our relationships by facet type, captured a range of local air flow conditions, thus the relationships
between geometric parameters and facet surface temperatures take into account, albeit in an effective sense, the influence of venti-
lation. On the other hand the complex effects of urban ventilation on urban facet surface temperature, e.g. different effects on street,
wall and roof facets, suggest multiple and interesting research questions, which we hope to address in the near future by a combination
of in-situ observations, remote sensing and modelling studies.

The thermal camera used in our airborne experiments was calibrated prior to each flight. That notwithstanding, the validation of
the HR thermal images against well planned ground measurements would be very beneficial, but unfortunately it was not feasible in
our study to deploy an appropriate campaign on in-situ measurements of facet surface temperatures. We expect to augment our in-
vestigations on urban climate with systematic ground measurements on urban surface temperature in the near future.

6. Conclusions

This study analyzed the effects of urban geometry on urban land surface temperatures in daytime and nighttime using high spatial
resolution airborne thermal images on street/road, rooftop, wall and vegetation facets under different urban conditions. We presented
our results on the surface temperature distribution, effects of SVF, building height, building density and vegetation fractional abun-
dance on facet temperatures. Results showed that the geometric parameters have more significant effects on surface temperature of
road than roof facets. SVF has more significant effects on T, than roof surface temperature and higher SVF improves roof heat
dissipation; A lower building density is helpful to dissipate street-level excess energy, while higher building density improves roof level
heat dissipation. Building density has clearer effects on the surface temperature of road than on roof facets. The vegetation only affects
the surface temperatures of vegetation patches and of adjacent facets, if lower than vegetation height. Additionally, the geometric
parameters have different effects on component facet temperatures. SVF and building density have obvious effects on the daytime road
surface temperature but only SVF has obvious effects on nighttime road surface temperature. As regards daytime roof facet temper-
ature, building height has more significant effects than building density. Neither building density or height have significant effects on
nighttime roof surface temperature. Effects of geometric parameters are more significant for sunlit facet temperature than shadow
facet temperature.

The effects of urban geometry on the surface temperature of each facet type, i.e. road, roof, wall and vegetation, have been studied
thoroughly in the past, but studies based on HR thermal images, are very scarce to our best knowledge. Different facet types play
different roles in the urban thermal exchange. Thus, it is necessary to understand how the urban geometry affects the surface tem-
perature of different facet types. This study is based on HR observations of facet surface temperature and tries to document how the
response of different types of urban facets to radiative and convective forcing is modulated by urban geometry, i.e. by the conditions in
the vicinity of the observed targets. We regard this as our main innovative contribution. The high-resolution data sets used in our study
will open up several avenues for further research, particularly on the role of vegetation in urban climate.

This research can provide suggestions for urban planning and designing to understand the urban thermal environment and improve
the sustainability of the cities in the near future.
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