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ARTICLE INFO ABSTRACT

Keywords: Urban morphology affects the sensible heat flux and net radiation exchange which can alter urban
Urban geometry heat mitigation plans. This study first parameterized the geometric effects on the net radiation,
Urban heat exchange and then calculated the net radiation and sensible heat flux in the urban landscape of Hong Kong.
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Considering that the sensible heat flux is the main heat sink in compact urban areas, this study
proposes a Normalized Urban Sensible Heat Mitigation Index (NUSHMI) based on the ratio of the
net radiation and sensible heat flux. Overall, there is major difference in the dependence of net
radiation and sensible heat flux on geometric parameters. Net radiation Rn, reaches an optimal
value, either maximum or minimum depending on the parameters of SVF and a standard devi-
ation of building height o, at intermediate parameter values, which suggests a guideline relevant
to urban design targeting the mitigation of urban climate. Contrariwise, sensible heat flux de-
creases or increases, again depending on SVF and oy, is being considered, with increasing values
of the same parameters. For example, Rp,, reaches a minimum value for a Sky View Factor (SVF)
between 0.5 and 0.6, while it reaches a maximum value for a standard deviation of building
height o5 between 20 and 30 m. These two results suggest that radiative forcing, i.e. Ry, can be
minimized by urban space with SVF around 0.55 and o around 25 m. The relationships between
sensible heat flux and SVF or oj, do not show multiple minima or maxima (as with R;), with the
exception of building density, which could also be applied as a guideline in urban design. The
results based on the proposed NUSHMI indicated the NUSHMI reaches the highest values when
building density is about 0.7 and building height is about 80 m and when the building height
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standard deviation within an area is about 10 m to 20 m. These findings revealed how the urban
morphology affects the surface heat flux exchange between urban canopy and atmosphere
boundary layer, and can help to design an efficient urban landscape towards urban heat miti-
gation for highly compacted cities, e.g. controlling the building density, height, and the height
deviation. This combination of urban geometric parameters identifies an urban configuration
maximizing the dissipation of absorbed radiant energy as sensible heat. It should be noted,
however, that heat load upon buildings would be reduced at the price of maximizing heat
dissipation within the built-up space.

1. Introduction

The urban surface energy balance determines the urban surface and air temperature (Oke, 1982). The radiative energy absorbed by
the urban surface must be dissipated as latent heat flux, if water is available, sensible heat flux by warming the surface layer and by
heat storage in urban objects. The dissipation of the radiative energy in excess of latent heat, forces the surface and air temperature to
adjust heat fluxes at the urban surface balance each other, as dictated by the 1st principle of thermodynamics, i.e. the surface energy
balance. These processes determine the magnitude of the radiative and convective energy exchanges within the built-up environment,
i.e. the urban climate. To achieve thermodynamic equilibrium, these fluxes determine the values of state variables, such as air and
surface temperature, taking into account system properties such as thermal properties and aerodynamic roughness. Understanding the
interactions between the urban canopy and the atmosphere is central to monitoring and understanding urban climate and environment
and also provides guidelines for urban design (Ward et al., 2014). Urban land cover combined with geometry makes the urban surface
energy exchange different from rural areas. Radiation trapping by built-up areas increases the absorption of shortwave radiation and
reduces long-wave radiation loss (Arnfield, 1990; Harman et al., 2004; Kastendeuch and Najjar, 2009; Yang and Li, 2015). Urban
geometry has a large impact on turbulent heat dissipation because buildings act as blocks to alter wind speed in all directions in the
urban canopy, which increases the spatial variability in sensible heat flux at building facets (Hang et al., 2009; Yang and Li, 2015).
These processes may change the local microclimate of urban areas and then increase the urban surface temperature.

Generally, higher vegetation cover can mitigate urban heat (Kuang et al., 2015; Weng et al., 2004) because of transpiration and
evaporation. Urban geometry can also have positive impacts on the thermal environment in an urban area e.g. by shading streets and
pedestrians (Lindberg and Grimmond, 2011; Yu et al., 2019). Additionally, the nonuniform building pattern increases the aerodynamic
roughness of the urban canopy, which may increase the sensible heat dissipation to some degree. These processes may reduce the
surface temperature. Thus, it is vital to systematically understand the comprehensive effects of urban geometry on urban heat ex-
change in urban landscapes.

The urban surface energy balance can be written as: Q*(net radiation) + Qf (anthropogenic heat) = Qh (sensible heat) + Qe (latent
heat) + Qg (ground heat). Several studies showed that the sensible heat flux is the main heat sink in compact urban areas (Fig. 6.17 in
Oke et al., 2017; Christen and Vogt, 2004; Grimmond et al., 2004). In some urban areas with high vegetation abundance, the latent
heat can be similar in magnitude to sensible heat (Abunnasr et al., 2022; Grimmond and Oke, 1999b), while the latent heat flux over
compact built-up areas is relatively low because of the low vegetation abundance. Sensible heat is directly related to urban heat
mitigation (Yang et al., 2016) and urban energy consumption (Yu et al., 2020). Net radiation flux is the key driver of surface energy
exchange (Ao et al., 2016). The net radiation is not only affected by background climate conditions, but also affected by local geometry
because of the blocking and shading. Other radiative and convective heat fluxes are also affected by the 3D urban geometry, i.e.
shortwave and longwave irradiance, reflected radiance, latent and ground heat fluxes. Reflected radiance and ground heat are also
affected by urban materials (Chrysoulakis et al., 2018; Offerle et al., 2006). Ao et al. (2016) analyzed trends in radiative fluxes using
measurements gathered in Shanghai and results showed that solar elevation and azimuth angle had a large effect on the shortwave
radiation because of shadow casting. In summary, net radiation is the energy absorbed by the built-up space, thus it is the forcing
driving the processes that determine urban climate. The absolute and relative magnitudes of the remaining radiative and convective
fluxes are determined by urban geometry, materials and land cover, and by the prevailing conditions including wind speed, boundary
layer stability and vapour pressure deficit. Sensible heat remains the main mode of dissipating excess energy, i.e. the difference be-
tween net radiation and latent heat plus anthropogenic heat, given atmospheric boundary conditions.

Sensible heat flux is the most important sink of urban surface energy, with urban geometry having complex effects on both urban
net radiation (source) and sensible heat flux (sink)(Yu et al., 2020). With regard to net radiation, the urban geometry affects both
shortwave and longwave irradiance onto urban canyon facets. Multiple reflection and scattering reduce exitance at the top of the urban
canopy by trapping reflected shortwave radiance and longwave emittance (Yang and Li, 2015). Additionally, the shadows caused by
urban geometry make the estimation of absorbed solar irradiance more complex(Lindberg et al., 2015; Tian et al., 2019). The total area
of building facets receiving solar irradiance is much larger than a horizontal, flat surface because of the 3D structure of the built-up
space. These combined processes determine the net radiation in the urban canopy.

With regards to sensible heat flux, the geometry changes the aerodynamic roughness of the urban surface and changes the resis-
tance to sensible heat flux transfer from urban canopy to atmosphere (Grimmond, 1998). The average daytime Bowen ratio (ratio of
the sensible heat flux to the latent heat flux) can reach 4.4 in a sparsely vegetated area to 9.8 in an urban center (Grimmond and Oke,
2002). Generally, vegetation is useful for urban heat mitigation(Wang et al., 2022), but in dense and compact cities, e.g., Hong Kong,
vegetation cover is rather scarce(Yang et al., 2022). Thus, the sensible heat flux is the main heat sink (Wong et al., 2015). Less net
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radiation and more sensible heat dissipation means less surface heat storage within the urban canopy, which improves cooling of the
built-up space(Yang et al., 2016). Then the sensible heat flux is heating the urban boundary layer, thus dispersing a large fraction of
absorbed radiative energy and reducing the heat absorbed by the urban surface and by the urban surface layer. The design of urban
space can minimize net radiation and maximize sensible heat flux, thus mitigating the urban excess heat and reduce urban
temperature.

Understanding how the urban geometry affects the urban surface energy exchange is essential for urban heat mitigation, which
requires information about the optimal spatial configuration of urban buildings to enhance heat dissipation and reduction of heat
storage(Ando and Ueyama, 2017). How the urban geometry affects the urban surface temperature was studied by a number of nu-
merical experiments (Chen et al., 2020; Krayenhoff and Voogt, 2007; Yang and Li, 2015), and also the effects of geometry on sensible
heat flux and radiation balance were addressed by previous studies (Coutts et al., 2007; Crawford et al., 2018; Krayenhoff and Voogt,
2007; Martilli, 2014). (Vallati et al., 2017) showed that the urban canopy street configuration may increase 22.1% to 67.6% heating or
cooling demand because of the radiative interreflections in shortwave and longwave fields between the facades of a building. Those
studies indicated that the urban geometric characteristics have complex effects on urban surface energy exchange. However, more in-
depth investigation on how urban geometries may mitigate or intensify urban heat excess has not been performed yet.

Here we relate mitigation of the heat load upon the built-up space to the dissipation of excess radiant energy by maximizing
sensible heat exchange. We regard excess energy as being the difference between net radiation and latent heat flux plus anthropogenic
heat. In Hong Kong, our study area, urban vegetation is rather scarce, thus latent heat exchange is rather small. Anthropogenic heat is
likewise a rather small fraction of net radiation. Accordingly, in this first study we regard net radiation only as the excess energy to be
dissipated in urban areas. Further, we regard the minimization of heat load upon buildings as most relevant to reduce energy con-
sumption and improve comfort in the inner built-up space. Dissipation by sensible heat transfer, however, increases heat transferred to
the urban boundary layer, i.e. higher air temperature. Our overall goal was to understand how heat dissipation relates to the
configuration of urban space, i.e. to urban geometric properties. Any such relationship should be replicable in and applicable to
different urban areas and different environmental conditions. Accordingly, we developed and evaluated a normalized index based on
the ratio of sensible heat flux to net radiation. A normalized index was adopted because the surface heat fluxes are affected heavily by
the urban configuration and by background climate conditions. Thus, the absolute magnitude of sensible heat and net radiation fluxes
vary very significantly across urban areas and do not lead to easily applicable results. Accordingly, our specific objective was to
evaluate a normalized index as a generally applicable metric of energy dissipation by sensible heat in urban areas, We have
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Fig. 1. Map of study area.
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investigated the relationships between sensible heat flux and net radiation in response to the building geometric parameters, e.g.,
building density, building height and building height variation, to characterize the heat mitigation efficiency under different geometric
conditions. For this purpose, the net radiation and sensible heat flux from 2010 to 2011 over urban areas in Hong Kong were estimated
using Landsat data and geometry data first, then the proposed normalized heat mitigation index was calculated and interpreted in
several different climate cases and geometry conditions. This study will help reveal what kind of urban geometric characteristics are
helpful for heat mitigation in compact urban areas like Hong Kong.

2. Study area and data
2.1. Study area

This study was focused on the urban areas of Hong Kong (Fig. 1). Urban building density and height were retrieved from a 1 m
spatial resolution Digital Surface Model (Fig. 2¢ and d). The net radiation and sensible heat flux were calculated for the entire area
shown in Fig. 1, while the detailed analysis on the relation between heat fluxes and urban geometry was only carried out for the areas
with building density larger than 0. Hong Kong is a high-density city located on the coastline of Southeast China (22°17'N, 114°09'E).
The elevation of the city ranges from sea level to 957 m with an average altitude of 8 m (Chen et al., 2012). Buildings in the urban areas
are in a compact setting (Fig. 2 c), which results in Hong Kong reaching one of the highest net built-up densities in the world.

2.2. Data background and preprocessing

The geometric parameters used in this study include building density, building height, building height standard deviation (dif-
ference) within 30 m grid and Sky View Factor (SVF) which were derived from an airborne Light Detection and Ranging (LiDAR) based
high resolution (1 m) Digital Surface Model (DSM) and building GIS data, obtained from the Hong Kong Civil Engineering and
Development Department and Hong Kong Lands Department (Lai et al., 2012) (Fig. 2). The LiDAR data was collected during December
2010 and January 2011 and the vertical data accuracy is about 3 cm root mean square (rms) on clear flat ground. The DSM (Fig. 2a)
and building GIS data were used to calculate and map the SVF (Fig. 2b), building density (Fig. 2c) and the building height standard
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Fig. 2. Urban morphology data used in this study; a) Digital Surface Model (DSM), b) Sky view Factor (SVF), c) building density (BD), and d)
building height standard deviation (BHD).
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deviation (Fig. 2d) of Hong Kong. The land cover classification data from the Hong Kong Planning Department and building GIS data
were used to obtain the material emissivity in the study area. The classification data include the impervious surface, grass, shrubland
and woodland. The building GIS shapefile data were used to separate the buildings and flat areas from the impervious surface. The land
use and land cover classification data were acquired from the Hong Kong Planning Department and the overall classification accuracy
in urban areas was 96% according to the Hong Kong Planning Department (Yang et al., 2015b). The material emissivity calculation is
based on the urban material emissivity library provided by (Kotthaus et al., 2014) and more information about the DSM, building data,
land cover classification data and emissivity estimation can be found in Yang et al. (2015a).

Concurrent Landsat satellite data with LiDAR data were collected to estimate the net radiation and sensible heat flux. The surface
reflectance and the surface temperature products of Landsat C2L2 were used to retrieve the surface temperature based on Yang et al.
(2015b) in this study. Four cloudless images observed on Oct 29 2010, Dec 23 2010, Mar 13 2011 and Jun 1 2011 were obtained from
the Earth Explorer (https://earthexplorer.usgs.gov/). To analyze the effects of geometry on the net radiation and sensible heat fluxes,
the net radiation and sensible heat fluxes were first estimated based on Landsat data, urban building height/density, and atmospheric
data. The spatial resolution of the Landsat data used in this study was 30 m (after downscaling the thermal band data), thus the net
radiation and sensible heat flux estimates apply to 30 m pixels. Both fluxes are defined at the interface between the urban surface and
the atmosphere, so a calculation at the relatively high spatial resolution is meaningful and reflects the heterogeneity of the land
surface. This high spatial resolution approach is widely documented in literatures (Abunnasr et al., 2022; Xu et al., 2008; Yu et al.,
2020). From the perspective of direct measurements by e.g. a tower-mounted eddy-covariance device, the source area of the measured
turbulent fluxes is much larger and variable with weather conditions and might even be asymmetric because of wind direction and
speed. It is a well — established practice to evaluate remote sensing estimates of turbulent heat fluxes using tower — based measure-
ments (Kuang et al., 2015; Park et al., 2012). The issue is then the delineation of the dynamic footprint of the measurements towards
spatial integration of the estimates, many studies document the moderate to good agreement of Landsat based estimates of sensible
heat flux with tower-based measurement (Feigenwinter et al., 2018). Accordingly, the 30 m grid was deemed adequate to estimate and
map sensible heat flux.

3. Method

To analyze the effects of geometry on the net radiation and sensible heat fluxes, the net radiation and sensible heat fluxes were first
estimated based on Landsat data, urban building height/density, and atmospheric data.

The net radiation is mainly affected by shadow and radiative transfer within urban canopy. The shadow fraction determines the
received direct solar radiation and the sky view factor (SVF) determines the received diffuse solar and atmospheric radiation. Addi-
tionally, the SVF also affects the upwelling longwave radiation from urban canopy. Thus, the relationship between the pixelwise net
radiation and urban geometry can be expressed as:

R, = (1—a)*(F Ky + SVF*A*Kyys) + SVF*A.*¢,*€,6*T) — &,6* T} e))

where « is the albedo, calculated from the surface reflectance according to the Landsat products and the method of Liang (2001), F is
the sunlit fraction of horizontal surface, Ky is the direct solar radiation and measured by Hong Kong Observatory, F;Kg; is the direct
solar radiation received by the surface. For direct sunlight, only the sunlit part of a horizontal surface needs to be considered. Direct
sunlight on vertical walls is negligible, given the shadows and the high sun elevation in HK. SVF is the average Sky View Factor (SVF) of
bottom, rooftops and wall in the 30 m scale. The SVF was first calculated for both bottom and rooftop facets at the spatial resolution of
the DSM, i.e. 1 m. The SVF used for further analyses is the mean Sky View Factor (SVF) of bottom and rooftop facets within each 30 m
grid scale. The SVF at 1 m spatial resolution was calculated from DSM data based on the method by (Kokalj et al., 2011) and the
calculation evaluated the blocking by adjacent buildings in 32 directions within a radius of 100 m. The SVF of wall facets was
calculated using the method of Yang et al. (2015a) Then the SVF at 1 m spatial resolution of all facets within each 30 m grid were
averaged. A, is the ratio of the complete facet area of a building to the horizontal planar area, calculated with the GIS building data
(Yang et al., 2020), the diffuse solar irradiance is assumed isotropic and homogeneous at the top of the urban canopy over the entire
study area, as measured at the Hong Kong Observatory. Diffuse radiance can reach the facets of urban buildings and it has been
calculated as described by Eq.1. The amount of received diffuse solar radiation is determined by the SVF estimated as (SVF*A. *Kgy); €.
is the effective emissivity, calculated based on the land cover data, building data and SVF according to Yang et al. (2015a), &, included
the multiple scattering within the pixels of wall and other facets, thus the longwave contribution from wall scattering within the pixels
has been included. ¢, is the atmosphere emissivity, and calculated by the relative humility and atmosphere temperature based on Kato
and Yamaguchi (2005). Tq is the air temperature at 100 m above ground level, simulated by numerical simulation model WRF and the
spatial resolution is 1 km. T is the urban surface radiometric temperature retrieved from Landsat TM data based on the method
developed by (Yang et al., 2015b) and included the multiple scattering and adjacent pixel effects, SVF"%C*Ee*eaa*Tg is the received
longwave radiation from atmosphere, and ¢.*6*T# is the upwelling longwave radiation. The calculation applies to the volume defined
horizontally by the 30 m grid and vertically by the top of the urban canopy, including the wall, roof and bottom facets within each grid.
The sensible heat flux was calculated as

H=pc i Ta @
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where ryy, is the aerodynamic resistance for heat transfer and can be written as (Verma, 1989):
1 Z— 24 Zom
In +In|—) — 3)
kus [ ( Zom ) (ZOh Y
where k is the Von Karman’s constant (0.4), u- is the friction velocity (m/s), and vy, is the stability correction for heat. z is the height of

the wind speed and air temperature measurements (m); 24 is the zero-plane displacement height (m), zom is the roughness length for
momentum (m), Zop, is the roughness length for heat (m). The friction velocity, u- is given by the stability corrected log-law as:

o Uk{ln(z;:d) ty, (z ;zd) . (ZOT"')}?] Q)

where U is the wind speed, y,, is the stability correction for momentum.
1, is the radiometric excess resistance (s/m) and calculated as:

Tan =

r= B lui! (5)

and B! = k’Un(‘—""),

Zon

and zoy = Zow [7-4exp(— 1.29Re}™) | ©

where Re« = Zonu+/v, v can be as 1.461 x 107% m/s (Xu et al., 2008).

Zom and z4 were calculated using Raupach (1994) method as described by (Grimmond and Oke, 1999a). Eq. 6 is also widely used to
estimate the sensible heat flux in urban areas (Voogt and Grimmond, 2000; Xu et al., 2008). This parameterization method has been
used in previous studies of sensible heat flux estimation in Hong Kong with reasonable results (Wong et al., 2015; Yang et al., 2019;
Yang et al., 2016).

Egs.1 to 6 suggest that the geometric characteristics have complex effects on sensible and net radiation. This explains why it re-
mains a challenge to describe explicitly the effects of geometry on urban heat mitigation. To understand these effects on urban heat
mitigation, a normalized urban sensible heat mitigation index (NUSHMI) was proposed in this study:

: % W
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Fig. 3. Net radiation acquired on different dates: a) Oct 29, 2010; b) Dec 23, 2010; c¢) Mar 13, 2011; d) Jun 1, 2011.
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H (1
NUSHMI = Bl v P }

() e = (i)
Rn/ max Rn/ min

&), .. and (&) _is taken from the entire domain, i.e. the (£) is from rural areas, which makes the H/Rn values in urban area
max Rn/ min Rn/ min
easier to understand when compared with same (&) (&) ~— (&) isthe range of the ratio of the sensible heat flux to net radiation

Rn Rn/ min
condition and means the range of sensible heat mitigation rate under certain background. The NUSHMI is a metric of the efficiency of
an urban patch to dissipate excess energy, taken equal to net radiation in this study. Indicates the sensible heat mitigation rate at such
background, and ranges from 0 to 1. When NUSHMI is close to 0, the sensible heat mitigation is minimum. When the NUSHMI is close
to 1, the sensible heat mitigation is maximum. The metric is generic as defined, since it normalizes differences in H and Rn by applying
their ratio and it normalizes the variability of the ratio by applying a minimum and a maximum values = of the ratio of heat flux
densities. In order to study the geometry effects on the heat fluxes and the heat mitigation, linear relationships between paired building
geometric parameters (including building density, building height, SVF and building height variation) and heat fluxes were studied.
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Fig. 4. Relationship between net radiation and geometric parameters: a) building density (BD), b) Sky view Factor (SVF), c) building height de-
viation (BHD) and d) building height. (Values plotted are averages of all image samples (see Fig. 3) within a bin equal to 0.1 (a), 0.1 (b), 3 m (c) and
10 m (d)).
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4. Results
4.1. Effects of geometry on net radiation

The net radiation (Rn) in different seasons (Fig. 3) was calculated using Eq. 1. The results showed that the net radiation in built-up
areas is higher than that in flat areas. Although building shadows reduce the direct solar irradiance, wall facets in compact built-up
areas absorb diffuse radiation. In Hong Kong, buildings are compact and narrow. This results in a built-up area, including walls,
much larger than the flat area, i.e., the effects of walls in urban energy exchange cannot be neglected. The results in Fig. 3 show that
diffuse radiation absorbed by wall facets cannot be neglected in urban areas. These results matched well with the simulated net ra-
diation from TUF3D model in Table 5.4 from Oke, 1982, the net radiation of built-up areas can increase about 28% compared with flat
facets of comparable materials.

The effects of geometry on net radiation are illustrated by Fig. 4. Results show that the net radiation increases with building density
when building density is between 0.2 and 0.8 in winter, spring and summer (Fig. 4a). When building density is smaller than 0.2 and
larger than 0.8, the net radiation decreases with increasing building density. When building density is too small, increasing some
buildings adds shadows, while the absorbed diffuse radiation by wall facets is less than the reduction in direct solar radiation caused by
shadows. Thus, the net radiation decreases with increasing building density when the building density is small (<0.2). While the direct
solar radiation on wall facets is not considered, and this may slightly affect the results. When building density is larger than 0.2, the
area of wall facets increases significantly. The increase in absorbed radiation by wall facets is larger than the reduction in direct solar
radiation caused by shadows. When building density is larger than 0.8, compact buildings reduce the incoming diffuse solar and
longwave radiation. The results indicated that the diffuse radiation by wall facets also has significant effects on urban heat exchange.
The solar radiation is affected by the combination of solar azimuth/elevation with urban geometry. On October 29, 2010 in autumn,
the trend of net radiation with building density is similar with other seasons, decreasing with building density first and then increased
with building density (Fig. 4a). Only the threshold value for building density was slightly different in the winter, spring and summer.
The net radiation decreased with SVF when SVF was smaller than 0.6 and reached the minimum when SVF was about 0.5 to 0.6. Then,
the net radiation increased with the increase of SVF when SVF was larger than 0.6 (Fig. 4b). When SVF is small, the buildings are
compact and the area of wall facets accounts for a significant part of the absorption of diffuse solar radiation. When SVF is smaller than
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Fig. 5. Sensible heat flux in different seasons: a) Oct 292,010; b) Dec 232,010; ¢) Mar 132,011; d) Jun 12,011.
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0.5, the building density is still the dominant factor for net radiation because of the diffuse radiation absorbed by wall facets. When SVF
is higher than 0.6, the net radiation is determined by the horizontal facets.

The net radiation increases with the spatial variability of building height when the standard deviation of building height, oy, in an
area is smaller than about 15 m (Fig. 4c). This is because a larger variability in building height increases the exposure of wall facets to
diffuse radiation. When oy, is between 15 m and 40 m, the net radiation decreases slightly with an increasing oy, while the net radiation
decreases when o5, > 40 m. This is because shadows become dominant factors of net radiation due to the larger variability in building
height. The relationship between net radiation and building height is similar to the relationship with 5. When building height is
smaller than 20 m, the net radiation increases with building height (Fig. 4d). This is because the increased wall facet area due to higher
buildings is the dominant factor in these conditions. When the building height is between 20 m and 50 m, the effects of geometry on net
radiation are similar. When the building height is higher than 50 m, the wall facet area increased, leading to a decrease of SVF
simultaneously. This results in a decrease of net radiation with the building height when building height is higher than 50 m. The
observed relationships between geometric parameters and net radiation indicate that the complex effects of geometry on net radiation
cannot be neglected.
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4.2. Effects of geometry on sensible heat flux

The sensible heat flux in urban areas is higher in autumn and summer than in winter and spring (Fig. 5). In October and June
buildings in Hong Kong still need cooling. In December and March neither cooling or heating is necessary because of the warm winter
in Hong Kong. This increases the urban surface temperature and then contributes to a higher sensible heat flux in October and June
than in December and March. Particularly, Rn was much higher in October and June (Fig. 3) than in December and March, i.e. the
amount of absorbed energy to be dissipated was much higher in October and March, thus explaining the higher sensible heat flux. The
effects of geometric parameters on sensible heat flux are also very complex. We studied the relationships between sensible heat fluxes
and individual geometric parameters to understand the effect of geometry on sensible heat flux (Fig. 6). Results showed that the
sensible heat flux increases with building density b, when b, < 0.7 (Fig. 6a). When building density is higher than 0.7, the sensible heat
flux decreases with increasing building density. When building density increases, the displacement height increases, which can reduce
the aerodynamic resistance. Therefore, the sensible heat flux increases with b, when b, < 0.7. When b, > 0.7, airflow passing through
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the built-up area is reduced, making sensible heat flux decrease with b,. Consequently, b, = 0.7 appears to be a threshold because it is a
turning point on maximizing sensible heat flux. Note that sensible heat flux also increases with building height hy when it is shorter
than 70 m, most likely due to the increase in the displacement height. The latter leads to a lower aerodynamic resistance, thus a higher
sensible heat flux. Results also showed that the threshold value of the building height is 70 m (Fig. 6b). When h; > 70 m, the sensible
heat flux tends to a constant. When o}, changes, the sensible heat flux increases first when oy, < 15 m, while when o, > 15 m, there is no
clear relationship between sensible heat flux and op. The threshold value oy, appears to be 15 m (Fig. 6¢). When SVF increases, the
sensible heat flux firstly decreases when SVF < 0.6. With 0.5 < SVF < 0.6, the sensible heat flux reaches a minimum value, then it
increases with SVF when 0.6 < SVF < 0.8. When SVF > 0.8, the sensible heat flux decreases with SVF (Fig. 6d).

4.3. Effects of geometry on H/R,

This study investigated the relationship between NUSHMI (Eq.7) and geometric parameters (Fig. 7). The results showed that the
effects of b, on NUSHMI are similar in different seasons when b, < 0.7 (Fig. 7a). NUSHMI increases with b, when b, < 0.7, while when
by =~ 0.7, the NUSHMI reaches a maximum value, after which NUSHMI decreases with increasing by. This indicates that heat mitigation
by increasing sensible heat flux can reach maximum when b, = 0.7. The effects of 6, on NUSHMI are similar in different seasons when
onp < 10 m (Fig. 7b). The NUSHMI increases with o5 in winter and spring when op, < 10 m. In autumn and summer, the inflection point in
the oy versus NUSHMI relationship is o, ~ 20 m. Then, the NUSHMI has no obvious change until o, ~ 40 m, while NUSHMI increases
slightly when o5 > 40 m.

In autumn and summer, NUSHMI decreases with increasing SVF (Fig. 7c). In the winter and spring, NUSHMI increases with the
increase of SVF when SVF < 0.5, while NUSHMI decreases with an increasing SVF when SVF > 0.5 in a similar way in different seasons.
The NUSHMI increases with hy when hy < 70 m (Fig. 7d).

5. Discussion

The urban geometry affects the urban surface energy exchange and then affects the urban thermal environment. Thus, numerous
studies analyzed the effects of geometry on urban surface energy exchange from different perspectives based on numerical models
(Harman et al., 2004; Kanda et al., 2007; Krayenhoff and Voogt, 2007). These studies mostly analyzed geometry effects on one or two
energy exchange parameters, e.g. albedo or solar irradiance.

This study proposed a new parameterization of the wall effects on net radiation in urban areas, although the estimation of the
effects of wall shadows on direct solar radiation have not yet been incorporated. The wall areas for diffuse radiation must be considered
in compact built-up areas like Hong Kong urban areas, thus we separated the direct and diffuse solar radiation and estimated the
diffuse solar radiation absorbed by walls. The latter was parameterized using a wall area index and SVF, which appeared to be effective
indices to estimate diffuse solar irradiance and atmospheric emittance absorbed by wall facets. The results also showed that the wall
facets have significant effects on net radiation. In the built-up areas, the net radiation is higher than in flat wide areas, although the flat
wide-open areas have less shadow and can receive more direct solar radiation, but the wall facets of built-up areas absorb a large
amount of diffuse radiation. This means that the wall effects cannot be neglected when estimating urban net radiation and studying the
urban surface energy exchange. (Chatzipoulka et al., 2016) analyzed the urban geometry on the solar radiation availability and results
showed that the solar radiation availability within urban canopy varied with building density, building height and building height
deviation. In this study, the net radiation is affected by building density, building height and building deviation and SVF. The building
density, building height and building height deviation affects the availability of the direct solar radiation. The SVF affects the diffuse
solar and longwave irradiance onto urban facets. Sharmin et al. (2017) showed using the ENVI-met numerical model that the variable
building height reduces the solar gain within the urban canopy. In this study, the net radiation decreased with the building height
difference first, and then tended to a constant value. This means the results in this study are comparable with other studies.

To estimate the sensible heat flux, this study adopted the methods proposed by Voogt and Grimmond (2000) and Grimmond and
Oke (1999a), and considered the geometry effects based on DSM, building data and land cover classification data. The surface tem-
perature was retrieved by applying the method developed by Yang et al. (2015b) taking the urban geometry into account to estimate
the effective emissivity of the built-up space. The retrieved surface temperature was used directly to estimate the sensible heat flux. We
did not apply the cold/hot pixel method, as in Bastiaanssen et al. (1998), to estimate the surface to air temperature difference. The
foundation of this method is that the lower reference temperature (cold pixel) is determined by latent heat flux, which is negligible in
the urban areas of Hong Kong. Moreover, in the small and fragmented vegetation patches, the surface to air temperature difference is
strongly affected by heat advection, while the cold/warm pixel concept relies on the assumption that this difference is determined by
the local heat fluxes. Compared with previous studies mostly based on land cover data, our estimates of sensible heat flux can capture
and represent the geometry effects in urban areas. Thus, we also studied the relationship between each geometric parameter and
sensible heat flux. Results showed that the sensible heat flux can reach the maximum value when the building density is about 0.7 and
the standard deviation of building height is about 15 m. In the study of Kanda and Moriizumi (2009), the effects of building height
variation on sensible heat flux were analyzed and the buildings were simple scaled uniform models (0.15m x 0.15 m x 0.075 m and
0.15m x 0.15 m x 0.225 m) and the height of the blocks were set as 0.075 m and 0.225 m. In this condition, the sensible heat flux was
insensitive to building height variation. In this study, when the building height variation is higher than 15 m to 20 m, the sensible heat
flux appears to be insensitive to urban height variation. In the study of, the sensible heat flux was insensitive to a doubling in building
height. From this sense, the results in this study are comparable.

To reveal the complex effects of geometry on sensible heat and net radiation fluxes, the best conditions for urban heat mitigation
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needs to take into account the relationships between sink heat fluxes and source heat fluxes. Considering that sensible heat flux is the
main sink of absorbed radiative energy in compact urban areas, this study proposed a normalized index, i.e., NUSHMI, the ratio of
sensible heat flux to the net radiation. The relationship between the NUSHMI and geometric parameters revealed how the urban
geometry contributes to heat mitigation by dissipation of sensible heat flux. There are several urban heat mitigation indices proposed
in literature, e.g., the temperature difference caused by vegetation change (Krayenhoff et al., 2021). These heat mitigation indices did
not consider the relationship between urban geometry and urban surface energy exchange. The sensible heat mitigation index pro-
posed in this study considers the relation between urban geometry and urban surface energy exchange, and the results document that
the NUSHMI is sensitive to urban geometry. The relationship between geometric parameters and the NUSHMI showed that the effects
of building density on the NUSHMI is insensitive to the seasonal condition or background climate conditions. The effects of building
height variation on NUSHMI is also insensitive to different seasonal conditions when building height variation is smaller than 10 m.
When SVF is larger than 0.5, NUSHMI is also insensitive to seasonal change. The relationship between geometric parameters and the
NUSHMI showed that the effects of building density on the NUSHMI is insensitive to the seasonal condition or background climate
conditions. The effects of building height variation on NUSHMI is also insensitive to different seasonal conditions when building height
variation is smaller than 10 m. When SVF is larger than 0.5, NUSHMI is also insensitive to seasonal change. This is shown by comparing
Figs. 4 (Rn) and 6 (H) with Fig. 7 (NUSHMI), where the values of the fluxes and of NUSHMI are plotted versus the urban geometry
parameters considered in this study. It appears that the large seasonal variability in heat fluxes is almost completely removed by
applying NUSHMI. The latter suggests that NUSHMI is indeed an effective metric of the impact of urban morphology. There is a notable
exception, namely the difference between NUHSMI values in the relationship with the building height deviation during the colder and
warmer seasons (Fig. 7 b). This finding requires further study. This means the NUSHMI can be use to normalize the variability of net
radiation and sensible heat flux caused by different climate conditions and evaluate the urban heat mitigation under different seasonal
or climate conditions. Increasing the urban heat mitigation can reduce the energy consumption of urban space and help the urban areas
to cool down naturally. This study can be used to help develop guidelines for urban planning for urban heat mitigation.

There are several limitations in this study. The estimated net radiation and sensible heat flux were not validated. This is because
there is no ground measurement data available on heat fluxes in Hong Kong. At the same time, the geometric data were not available in
other areas to replicate our analysis. We have studied the surface heat fluxes over Hong Kong earlier (Wong et al., 2015; Yang et al.,
2019; Yang et al., 2016). Results from these previous studies showed that the method applied to estimate sensible heat flux in this study
is appropriate to estimate sensible heat flux in Hong Kong urban areas (Yang et al., 2016). This study mainly analyzed the variations in
the net radiation and sensible heat flux caused by different geometry to determine approximate design guidelines towards urban heat
mitigation.

This study is based on data acquired in different seasons, thus we explored a range of variability in the radiative forcing of urban
climate. On the other hand, all our observations were in daytime, while nighttime urban climate is forced by radiative cooling and the
effect of buildings might be significantly different. We will explore such differences in a new study.

6. Conclusion

Quantifying the effects of urban geometry on urban heat flux exchange provides an opportunity to better understand how to
mitigate urban heat load. This study first parameterized the geometry effects on net radiation, and then calculated net radiation and
sensible heat flux in Hong Kong urban areas. The relationships between geometric parameters and sensible heat flux and net radiation
were studied, and results showed that when SVF is about 0.5 to 0.6, the net radiation and sensible heat flux reach the minimum values.
When building density is about 0.7, the net radiation and sensible heat flux reach their maximums. Considering that the sensible heat
flux in compact urban areas is the main sink of absorbed radiative energy, this study proposed a normalized heat mitigation index
based on the ratio of sensible heat flux to net radiation (NUSHMI). The relationships between geometry and NUSHMI showed that
when building density is about 0.7 and building height is about 80 m, the NUSHMI obtains the maximum value. When the standard
deviation of the building height is about 10 m to 20 m, the NUSHMI attains the maximum values. The discovered phenomenon and
patterns can support urban design towards creating a comfortable urban thermal environment.
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