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Abstract

Thermal remote sensor data have been widely used in urban climate and environmental
research. The urban geometry, however, hinders a nadir-looking radiometer to observe all urban
facets, which makes the observed urban radiometric surface temperature (T ) different from the
urban complete surface temperature (T,). The T, of all urban facets conveys complete information
on the response of the urban surface to radiometric and convective forcing. In this chapter, we
firstly examined the limitations of three current most popular surface temperature retrieval
methods for radiometric surface temperature retrieval. Then, we discussed a methodology using
precisely designed numerical experiments through an urban micro-climate model to help
understand thermal radiative transfer within the built-up space and the relationship between
observed T, and T, Specifically, T, is firstly retrieved from radiance observed at the top of
atmosphere over urban areas by applying corrections for atmospheric and emissivity effects.
Numerical experiments are designed to evaluate different combinations of urban geometry with
the configuration of radiometric observations to construct the relationships between T and T,
Finally, T, is estimated by using such relationships. T, can then be used for urban climate and
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370 CHAPTER 17 Thermal Infrared Imaging of the Urban Landscape

environment research. We further present a case study to demonstrate the methodology discussed
above, which was based on the estimation of T, from satellite TIR data under the condition that
the urban areas have no vegetation or negligible vegetation. Lastly, we discussed some challenges
that need to be addressed in the future for improving the applicability of thermal infrared remote
sensing in urban areas.

17.1 INTRODUCTION

17.1.1 URBAN MICROCLIMATE AND SURFACE ENERGY BALANCE

Urban surface energy balance determines the urban climate (Oke 1988; Voogt and Oke 2003;
Nazarian et al. 2018; Arnfield 2003; Morrison et al. 2018). Conversion of natural surfaces into
impervious urban areas reduces evaporation and transpiration and further decreases the mit-
igating potential of ambient temperature in rapidly urbanizing landscapes (Oke 1982). Thus,
the higher absorbed energy by the impervious surfaces the surface temperature, leading to
higher emittance and increased dissipation as sensible heat flux, which warms the atmo-
spheric boundary layer. Thus, urban surface temperature (UST) is the result of urban surface
energy balance. The difference between urban and rural surface energy balance, especially in
the contributing energy fluxes, tends to make the UST higher than rural surface temperature
which is known as surface urban heat island (SUHI).

UST is an important indicator of urban climate, which is largely affected by urban
geometric and material characteristics because they affect the urban surface energy exchange.
These characteristics control numerous processes which directly or indirectly influence the
exchange of convective and radiative fluxes. Geometric characteristics of urban landscape
impact the visibility of the open sky and thus alter the exchange of the longwave and shortwave
radiative flux between the urban landscape and the atmosphere (Rizwan et al. 2008). In addition,
the geometric characteristics in urban areas also affect convective heat dissipation due to the
change of aerodynamic resistance. Typical parameterization methods of urban surface energy
balance include single-source and dual-source models. Dual-source models separate the mixed
pixels into vegetation and impervious surface components. However, the inherent 3D nature of
amulti-facet urban geometric model makes it difficult to ascertain the energy exchange by using
the conventional single or dual source models (Voogt and Grimmond 2000; Kanda
et al. 2005, 2007; Xu et al. 2008). Different facets of the urban surface contribute to meteorolog-
ical processes differently and all facets of the urban surface area are involved in the urban land
surface processes and energy exchange and should be considered. Thus, the parameterization of
urban surface energy exchange should consider all facets of urban areas. Each component facet
temperature and complete surface temperature, defined by Voogt and Oke (1997) as the average
temperature of the total active surface area, are useful for urban climate and surface energy
balance studies. The observation of the complete surface temperature can be challenging since
the temperature of all component facets is required. Therefore, some practical approximations,
such as the radiometric observation of the surface temperature, may need to be explored.

17.1.2 RADIOMETRIC SURFACE TEMPERATURE OBSERVED
BY REMOTE SENSING (T)

Radiometric measurements from a space- or airborne platform provide plenty of useful and
real information about the land surface at different temporal and spatial scales. Surface tem-
perature of natural surface can be retrieved from the data observed by remote sensing after
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FIGURE 17.1 Radiation source area of a remote sensor that receives radiance emitted by and reflected
from an urban area. Source: Adapted from Oke et al. (2017).

atmospheric and emissivity corrections (Becker and Li 1995), and methods to retrieve the sur-
face temperature have been reviewed elsewhere (Li et al. 2013). The UST directly retrieved
from remote sensing after atmospheric and emissivity correction is defined as urban canopy
radiometric surface temperature (T). Remote sensing observations of urban space are con-
strained by the urban geometry, and space-borne, nadir-looking thermal imaging radiometers
do not capture all facets of urban features playing a significant role in radiation exchange
(Roth et al. 1989; Jiang et al. 2018; Adderley et al. 2015). The observed exitance from an urban
canopy depends on the observation direction and the urban geometry as shown in Figure 17.1.
Although T does not capture information on all facets, it includes the information from roofs
and ground (e.g. road) and the radiation reflected by ground and roofs originally emitted by
building walls and by the atmosphere (Figure 17.1). The reflected part of radiation depends on
the wall surface temperature and material emissivity of wall and road as well as the sensor-
ground geometry. The T, retrieval method can be found in Section 17.2.1.
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17.1.3 COMPLETE SURFACE TEMPERATURE (T)

Urban thermal heterogeneity and 3D geometry, combined with the observation direction, lead
to observed thermal anisotropy. This severely affects mapping of UST and then the under-
standing of urban climate indicators such as SUHI (Hu and Brunsell 2013; Zhan et al. 2012; Li
and Li 2020; Wang et al. 2018; Wang and Chen 2019). The impact of urban geometry and sur-
face heterogeneity on the application of thermal infrared remote sensing for urban climate
research was highlighted by Roth et al. (1989) and then further examined by Voogt and Oke
(1997, 1998, 2003). Voogt and Oke (1997) introduced the complete surface temperature defined
as the average temperature of the total active surface area (Eq. 17.1 and Figure 17.1). Voogt
and Oke (1998) documented the impact of anisotropy on the thermal infrared exitance of
selected urban targets. Voogt and Oke (2003) reviewed the state of the art of thermal infrared
remote sensing of urban landscapes. These studies suggest that the complete surface temper-
ature, which captures all the facet temperatures, is a more meaningful variable for urban
climate research since it includes the information on all facets that is needed to derive the
radiative and convective fluxes in the built-up environment.

As Figure 17.2 shows, the urban space is a 3D area with complex geometric characteris-
tics. The complete UST T, of urban space was defined by Voogt and Oke (1997) as the average
temperature of all facets of urban space weighted by the surface area of each facet, including
building and vegetation (Eq. 17.1):

T.=%AT, 7.1

Ai is the component area fraction, and Ti is the component temperature (Rooftop, wall facet,
road, and vegetation). By definition, T is not directly observable by a nadir-looking space- or

FIGURE 17.2 Urban space with 3D geometry.



17.2 Methodology 373

airborne imaging radiometer. Under limited assumptions, T, can be estimated by hemispher-
ical or wide FOV (field of view) radiometers measuring upwelling longwave radiation (Voogt
and Oke 1997).

17.1.4 LINK BETWEEN T AND T,

Many researchers have used high-spatial-resolution data from ground and/or airborne plat-
forms to estimate T, by taking into account the thermal heterogeneity of urban landscapes
(Voogt and Oke 1997; Jiang et al. 2018; Allen et al. 2018). Thermal heterogeneity due to the
mixed emittance by different elements of the urban landscape, e.g. road and roof facets in the
same pixel, limits the accurate estimation of T, from low resolution thermal infrared images.
Estimating T, from T, retrieved from TOA (top of atmosphere) radiometric data acquired by
space-borne imaging radiometers, is attractive because of the spatial and temporal coverage,
although the spatial resolution of current observation systems is not sufficient to capture the
urban landscape with sufficient details. When a pixel is thermally homogeneous, all facets have
the same temperature and the T is equal to the radiometric temperature observed by remote
sensing. On the other hand, the radiometric temperature does not represent the complete tem-
perature in pixels which are not thermally homogenous, since the radiometric temperature is
retrieved from the exitance which does not include emittance by all facets of the urban space
(Yang et al. 2020). Multiple factors determine the thermal heterogeneity and the relationship
between T and T. The complex geometric and material characteristics of buildings and vege-
tation make the energy exchange vary within the urban space. In addition, the solar position
affects the shadow and sunlit distribution within the pixel. Both of them determine the radia-
tive forcing and thermal heterogeneity (Yang et al. 2016). The thermal heterogeneity makes the
parameterization of bulk radiative and convective fluxes complex and makes the difference
between T, and T, to vary across the urban space (Krayenhoff and Voogt 2016). In summary, the
determinant factors of thermal heterogeneity include structural/morphological factors, solar
position, material properties, and boundary layer conditions (Krayenhoff and Voogt 2016). A
link between T and T, can be constructed by applying the observations of these variables.

To apply thermal infrared remote sensing to observe urban processes, the issue of connecting
the radiometric UST detected by a remote sensing instrument and the real UST within the urban
canopy must be addressed. To address this issue, numerical experiments with an urban micro-
climate numerical model can help understand the drivers of urban energy exchange and thermal
heterogeneity. In addition, when thermal images are used to understand urban climate and energy
exchange, we need to consider the geometry and material heterogeneity.

The following sections discuss the basic methodology for T retrieval and T, estimation
and present the results of a case study, along with a discussion on the perspectives toward further
development of urban thermal infrared remote sensing.

17.2 METHODOLOGY

17.2.1 RETRIEVAL OF RADIOMETRIC SURFACE TEMPERATURE (T)

The radiance in the infrared wavebands measured by a spaceborne sensor is the TOA radi-
ance, which can be described as (Li et al. 2013):

L (i)=E, (i)z, (i)+ R, (i) (17.2)
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where E (i) (W-m™-sr"-pm™") is the channel radiance of pixel i at the channel central wave-
length 1 and observed at the top of the urban canopy, 7,(i) is the effective atmospheric
transmittance at the wavelength 1, and Ran(i) is the upward thermal radiance of atmosphere
(W-m~2-srt-pm~?) (Li et al. 2013).

For a flat urban surface, the complex geometric effects can be neglected and the surface
leaving thermal radiance is

£, (1) =, ()8, (1.0) + (1, (9) 2 1) 2

where ¢ (i) is the material emissivity of pixel i, B is the Planck function, T.(i) is the radiometric
surface temperature of pixel i, and R - (i) is the downward radiance from the atmosphere.

Retrieval of radiometric temperature from the radiance leaving from the urban canopy is
significantly influenced by the emissivity. When the emissivity is known, the radiometric sur-
face temperature (T (i)) can be calculated from the ground leaving radiance after emissivity
correction by inverting Planck’s law:

1 (i)=8"(B,(,(1))-— 2! _ (174
A-In G |l
RE BV

C, and C, are physical constants (C, = 1.191xX10°W pm*sr~'m~2, C, = 1.439x10*ymK). In
case of a flat urban surface, T, and the complete surface temperature will be the same.

Methods to estimate the land surface emissivity using space-based radiometric data have
been summarized by Li et al. (2013). Widely used methods to retrieve emissivity, such as temper-
ature and emissivity separation (TES) or the land cover and normalized difference vegetation
index (NDVI) threshold, do not consider urban geometry. Emittance and exitance from a flat
surface differ from a geometrically complex urban surface because the multiple reflection and
scattering cause a cavity effect. The effective emissivity of an urban canopy must account for
geometric effects to estimate T, as according to Yang et al. (2015):

e, (i) =2, (i) /(1= (1=2, (1)) (1-V (isky))) (17.5)

W(i, sky) represents the sky view factor which determined by building height, building density,
and the topography. V(i, sky) can be estimated from urban building data, a Digital Surface
Model (DSM), and a Digital Elevation Model (DEM).

The ground-leaving thermal radiance changes with the incorporation of topographic and
geometric features in Urban Exitance Models (UEM) which include thermal emittance from all
observed facets in a pixel as well as the reflected radiance by all facets. The latter allows to mimic
radiometric measurements considering the configuration of the observation and sensor specifi-
cations. A Single Channel UEM would then be

!

E(i)=¢, (i) B(Tr(,-)){]_gl(i)’j{v(lsky)*w()+v() R,) (76
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where ¢,(i)'B(T(i)) is the emittance of pixel i, (1 —-g, (l) j{(l - V(i, Sky))sl (i)B(TS(i)) +
V(i, sky) * R:l (i ) + Vi (i ) *R, dj) is “the fraction of atmospheric emittance and of radiance
reflected by adjacent pixels and the facets within pixel i.” The ¢ (i)’ is calculated by Eq. (17.5).
W(i, sky) is the “Sky View Factor” of pixel i. The “atmospheric downward radiance” and the
“mean view factor from adjacent pixels to pixel i” are represented by Ri (i ) and V, (). This is
used to calculate “the fraction of exitance from adjacent pixels to pixel i, “i.e. impact induced
by the neighboring pixels on the target pixel i. R, 4 18 “the mean exitance of adjacent pixels”
and is also influenced by the geometry of the urban canopy.

Another two widely used methods to retrieve surface temperature are the split-window
(SW) and the TES algorithms. The SW algorithm removes the influence of atmosphere based on
the difference in TOA radiance acquired in two adjacent spectral channels with central wave-
lengths of such as 10.8 and 12 pm. The material emissivity of a flat land surface can be utilized
to account for the surface contribution to the difference in the radiance between the two chan-
nels. In complex urban areas, the material emissivity cannot be used to separate the effects of
urban geometry and atmosphere since the urban geometry changes the contrast between the
radiance at the two adjacent spectral channels (Yang et al. 2015).

The spectral contrast in the emittance captured by a multi-spectral imaging radiometer
is the key to retrieve surface temperature using the TES algorithm. Both geometry and mate-
rials limit the application of TES in urban areas. First, maximum-minimum difference (MMD)
relationships have been established by analyzing spectral libraries, which may not include
samples on new construction materials used in urban areas, such as metal and glass. For
example, metal does not follow this empirical relationship (Payan and Royer 2004). Abundant
use of metals in building can induce considerable biases while applying TES. Second, the
spectral effective emissivity of urban targets does not necessarily follow any established MMD
relationship, which may need to be determined considering site-specific materials and geom-
etry (Yang et al. 2016). Considering that the single-channel method is not affected by the
contrast of different spectral bands, the case study in this chapter adopted the single-channel
method as an example.

17.2.2 MODELING THE RELATION BETWEEN T, AND T,

T is more easily available from satellite images than T, while T is needed for urban climate
research. In a nadir viewing thermal image, the radiance emitted and reflected by the
horizontal facets but emitted by any facet and atmosphere is observed. The convective and
radiative exchange of energy from roads and vertical facets of buildings contributes to deter-
mine the surface temperature of horizontal facets (Yang and Li 2015; Nazarian and
Kleissl 2015). Thus, the observed T, is partly associated with T, and wall temperature. Both T,
and T, are strongly associated with the height, areal density, and material of buildings as well
as micro-climate. Spatial variations in surface temperature are driven by variability in the radi-
ative and connective energy exchange between the wall facets and air within the built-up
space as well as shadows of buildings. T, and T, are similar over homogenous areas or pure
pixels. The difference between T and T, increases with landscape complexity, however, where
the energy exchange is governed by the complex geometry of urban features, including density
of building and material properties of buildings. To determine the relationship between T. and
T we need to take these properties of an urban landscape along with micro-climate conditions
into account.
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For daytime, the relation between T and T, can be written as:
T =fd(Tr,/lp,F,Kn,Qa,QZ,Fv,Hv,...) Aa7.7)

where T is the radiometric surface temperature (K), 4, 1s the building density, F is the ratio of
the wall facet area to the area of building footprint which contains the building and the road
around it, which is related to the building density and aspect ratio. Kn indicates the solar irra-
diance above the urban canopy (Wm~2), 6, is the solar azimuth angle (°), 6 is the solar zenith
angle (°), Fv is vegetation fraction, and Hv is related to vegetation height. 4, is related to the
area of rooftops, which is directly observed by a nadir imaging radiometer. F is related to wall
facet areas, which is the fraction unobserved by a nadir imaging radiometer. Thus, this study
incorporates F and 4, to examines the difference between T, and T,

The relationship between T, and T, becomes simpler at nighttime due to elimination of
factors associated with solar irradiance:

T =f, (ﬂ,lp,F,Fv,Hv,...) (17.8)

Generally, more parameters can increase the accuracy in estimating T from T. Practically,
we can only choose a few important and dominant parameters in constructing the relationship
between T and T.

The essential part to estimate T_from T, is how to construct the relation between T and T.
Numerical models of urban microclimate can be utilized to generate pseudo-observations of the
radiometric surface temperature and of the urban surface facet temperatures. We need to deter-
mine T, under different geometric and meteorological conditions, and then build the relationship
between T, and T. Lastly, this relationship can be used to estimate the T, from the remotely-
sensed T. Here, we only show the case without vegetation and applying to nadir-looking
radiometer to measure T. Here, the pseudo-observations of T, and T, were generated under dif-
ferent conditions by using the temperatures of urban facets in 3D model (TUF-3D, see Krayenhoff
and Voogt (2007). The relations between T, and T, were constructed for a range of values of
geometric and meteorological parameters under different conditions. TUF-3D is a validated
“micro-scale urban energy balance model” forced by meteorological variables, i.e. solar down-
ward radiation, relative humidity, air temperature, wind direction, and speed to produce 3D
patterns of energy exchange (Krayenhoff and Voogt 2007). The surface temperatures of all the
facets generated by the TUF-3D can be used to produce T . Pseudo-observations of T, can also be
generated by inverting the upward longwave radiation, which includes the radiation emitted by
the roofs and roads as well as reflected radiation by rooftops and roads.

Prior to developing the relationship between the geometric and climate variables and
T —T, it is mandatory to determine the nature of the relationship, linear or nonlinear, between
the variables and the T — T. This can help to explain and model the difference between T and T.

The T and T, modeled by TUF-3D were applied to develop the relationship between T, and
T. Selected variables (/Ip, F,Kn, 0,0 )were used to determine the T from T in daytime (Eq. 17.7)
and nighttime (Eq. 17.8). The effects of vegetation were neglected, since the fractional abun-
dance of vegetation in the very compact urban areas of Hong Kong. The sensitivity analysis on
T suggested a logarithmic relation between T, and F and linear relationships with the other var-
iables. The coefficients in Eq. (17.7) (for day time) and Eq. (17.8) (for night time) were estimated
using sets of 6700 and 6500 values of T_and T. modeled by TUF-3D using different settings of the
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geometric and meteorological variables. The relationships developed in both cases are applicable
to the range of different scenarios explored by the numerical experiments. A multi-linear poly-
nomial model (Eq. (17.9) for daytime and Eq. (17.10) for nighttime) was developed to parameterize
T, considering the sensitivity analysis of T.

T =a *T +a2*lp+a3*lnF+a4*Kn+a5*93+a6*9L+a0 (17.9)

and nighttime:
T, =b *T +b,* A +b, *In(F)+b, (17.10)

where a ~a and b ~b, are regression coefficients. Equations (17.9) and (17.10) are applicable
to a wide range of climate and urban conditions.

The relationship (Eq. 17.11) between T and T, obtained by fitting Eq. (17.9) to the model-
generated pseudo-observations gave root mean square error (RMSE) = 1.50 K with 1 = 0.97. The
constructed semi-empirical model (Eq. 17.11) had larger RMSEs when applied to estimate the T,
at sunrise (8a.m.) and sunset (5p.m.). This is because heat convection rather than solar irradi-
ance determines UST, i.e. the effect of geometry is completely different at this time of day, when
the difference between T, and T is rather small. During the central part of the day, i.e. when solar
irradiance is the main determinant of UST, the model (Eq. 17.11) performed better with
RMSE < 1K. The results of numerical experiments also indicated that the urban geometry is the
main determinant of T, in the afternoon.

In summary, the relationship to estimate T, from T was

T, =0913*T ~5390% 2 ~1.090*InF +0.001* Kn —0.013%0, +0.139%6, +a,
(17.11)

During nighttime (9p.m.~6a.m.), T.— T is much smaller than in daytime. Urban geom-
etry still determines the surface energy exchange and results in uneven cooling, but the physics
behind the influence of geometry on UST is different. Like the daytime case, the sensitivity anal-
ysis guided the selection of influential variables and building structure parameters to construct
the semi-empirical model (Eq. 17.10). The relationship between T and T, applicable to
nighttime was

T, =0.927*T +3.455% 4 +0.184*In(F)+21.320 (17.12)

where r* = 0.98 and RMSE = 0.690 K.

Figure 17.3 shows the scatter plot between actual and estimated T, for the daytime and
nighttime cases.

In summary, to retrieve an UST useful to observe and understand urban climate, the fol-
lowing procedure applies (Figure 17.4): (i) atmospheric correction should be applied to the
radiance observed at TOA to get the radiance at the top of the urban canopy; (ii) the effective
emissivity including urban geometry and material information should be used to retrieve the
radiometric surface temperature; (iii) T should be estimated by determining its relation with T ;
and (iv) use T, for urban climate research.
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FIGURE 17.5 Location of the study area.

Table 17.1 List of the satellite images used in this study.

Satellite Date Local time
Landsat 5 26 March 2010 10:43
18 September 2010 10:42
29 October 2010 10:42
23 December 2010 10:42
ASTER 13 March 2013 22:36
ASTER 4 August 2013 22:36

17.3 STUDY SITE AND DATA
The urban districts of the Kowloon peninsula and Hong Kong Island were selected as study
area (Figure 17.5). Hong Kong is a coastal city in South China (22°17'N, 114°09’E), with very
compact, high-density built-up space (Chen et al. 2012). Due to this high-rise, high-density
urban environment, urban canyons have formed that influence microclimate significantly
(Chen et al. 2012). In this condition, the observed radiometric surface temperature cannot
represent the real UST.

The thermal images acquired by Landsat 5 TM from 2010 to 2011 and ASTER in 2013
(13 March 2013, 4 August 2013) were used in this study. Table 17.1 shows the observation time
and dates of the satellite images used in this study. The building data and DSM data derived by
light detection and ranging (LiDAR) with 1m spatial resolution (Figure 17.6) were collected to
map the building height, building height difference, building density, wall area ratio, and sky
view factor.
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17.4 RESULTS

17.4.1 RETRIEVAL OF T,

Figure 17.7 illustrates the retrieved T by applying the single channel method to four Landsat
5 TM images acquired in 2010. The results showed that the T in the spring and winter
(26 March 2010 and 23 December 2010) were lower than that in summer and autumn (18
September 2010 and 29 October 2010). T. in the built-up areas was lower than that in the open
flat impervious areas, especially in the summer season. This is because the shadow effects of
buildings make the road and wall temperature are lower than sunlit impervious surface. On
the other hand, thermal heterogeneity in summer is greater than in winter. This is because
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solar radiation in summer is higher than winter and spring, which increases the temperature
difference between shadow area and sunlit area. Thermal heterogeneity increases the diffi-
culty of interpreting T, correctly and the difference between T and real UST. Streets and roads
are heavily affected by adjacent buildings, thus geometric effects cannot be neglected to
retrieve the T, of streets and roads. T. mainly contains the information emitted by horizontal
surfaces and reflected from horizontal surface but emitted from wall. Thus T is different from
T while T, can be linked with T.

The nighttime T was retrieved from ASTER band 13 data (Figure 17.8). The spatial pattern
of T in nighttime is different from that in daytime. In daytime, T in densely built-up areas is
lower than in open impervious areas because of the shadow effects. Contrariwise, in nighttime
T, in densely built-up areas is higher than in open areas. ASTER surface temperature products
based on TES are available. The ASTER TES algorithm is not applicable in urban areas, since
TES is based on spectral libraries on material emissivity. In addition, thermal and material het-
erogeneity have complex effects on the spectral exitance of urban targets. Particularly, the
variability in thermal heterogeneity and materials can result in a different spectral emittance of
a composite urban target, with an impact on the UST retrieved with the TES algorithm.

17.4.2 ESTIMATION AND MONITORING OF T, OVER URBAN AREAS

Daytime (Figure 17.9) and nighttime (Figure 17.10) T, was estimated by applying Eq. (17.11)
and Eq. (17.12) to the T, retrievals from Landsat TM respectively ASTER image data.
Previous findings (Yang et al. 2020) indicated that the semi-empirical model (Eq. 17.11)
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can be used to estimate T, for compact urban areas without or little vegetation. The results
showed that the T, of flat impervious areas was higher than of areas with high-density
buildings (Figure 17.9). In daytime, T, was generally lower than T. The T, — T, difference
shows a degree of seasonality in response to the seasonal evolution of the solar zenith
angle. The mean value of (T — T.) was —2.15 K, while the maximum absolute value reached
6K in extreme cases in winter, i.e. on 23 December 2010. On 18 September 2010, the mean
value of T — T was —4.98 K, while the maximum absolute value reached 10K in areas with
high-density buildings. In summer, solar irradiance is the dominant driver of spatial het-
erogeneity of UST, considering that the solar elevation determines the shadows in the
urban canyon. The maximum value of (T,—T,) appeared on 18 September 2010 since the
solar zenith angle of 18 September 2010 was smaller than on the remaining dates of avail-
able image data. A smaller solar zenith angle results in temperatures of wall facets lower
than that of rooftops because solar irradiance on wall facets is lower. A higher solar zenith
angle increases solar irradiance on wall facets, i.e. a larger (T,—T). In summer, T, was
lower than T in almost all urban areas. During other seasons, T, L was higher than T in sev-
eral built-up areas with lower building density and fewer high-rise buildings. Because of
higher solar zenith angle and less blockage by buildings, solar irradiance on wall facets is
higher under these conditions.

Radiometric surface temperature retrieved from ASTER-TIR data was used to estimate
nighttime T, based on Eq. (17.12) and building data. During nighttime, T, was higher than T in
built-up areas (Figure 17.10), with the difference between T, and T, reaching 2K (Figure 17.10).
The (T,—T) during nighttime in spring was higher than in summer, which is contrary to day-
time. The mean value of (T, — T) during the summer nighttime (4 August 2013) was —0.21K,
while in a spring nighttime (13 March 2013) was 0.30K. In high-density built-up areas, T, was
higher than T, during the nights of both 13 March 2013 and 4 August 2013. This is because heat
dissipation by rooftop facets is larger than wall or street facets in nighttime. The dominant land
surface process at nighttime is radiative and convective dissipation. Rooftop facets are more effi-
cient in radiative and convective dissipation than wall and street facets, which may result in a
lower rooftop surface temperature than wall and street surface temperatures in the late evening.
The rooftop surface temperature is likely to determine the T observed by a nadir looking TIR
imaging radiometer over high-density built-up areas.

During nighttime, the daytime heat storage and nighttime heat dissipation of wall facets
are important drivers of the difference between T, and T . The solar zenith angle during day-
time on 13 March 2013 was larger than on 4 August 2013, thus solar irradiance on vertical wall
facets was higher than in August. This resulted in increasing heat storage at wall facets at day-
time. In addition, a compact built-up space reduces both radiative and convective dissipation by
wall facets. This means that wall facet temperature will be higher than roof surface tempera-
ture at night. In summer, solar irradiance on wall facets is less than on roof facets. This increases
the thermal heterogeneity during the summer daytime. Moreover, rooftop temperature
decreases faster than wall temperature after sunset, which tends to reduce thermal heteroge-
neity during nighttime as observed by comparing our images in summer and spring. At night
wall facet temperature on 4 August 2013 was lower than rooftop temperature in some areas.
Moreover, T, was lower than T in areas with lower building density. In spring and winter, the
solar zenith angle is larger than summer, i.e. irradiance on vertical wall facets is larger in spring
and winter. Thus, in a winter nighttime, the wall facet temperature is higher than rooftop tem-
perature, while in a summer nighttime the wall facet temperature is slightly higher than the
roof surface temperature.
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FIGURE 17.10 Nighttime T and T, estimated by applying Eq. (17.10) to the ASTER image data and
GIS building data in 2013.

17.5 DISCUSSION AND CONCLUSIONS

The complex urban geometric and material properties limit the observation of thermal remote
sensing, and further affect the applicability of thermal infrared remote sensing for urban cli-
mate research. If these properties are not considered, the retrieved UST would not have any
clear physical meaning when the current algorithms to retrieve surface temperature, such as
single-channel, SW, and TES algorithms, are directly used for UST retrieval. The thermal het-
erogeneity of the urban space determines the thermal anisotropy and radiative fluxes in mixed
pixels. In addition, nadir-viewing imaging radiometers cannot capture the emittance of all
urban facets because of the obstruction by buildings. Because of these factors, the observed
radiometric surface temperature is different from the real urban complete surface tempera-
ture, of which the latter is needed for urban surface process and urban climate research. Thus,
we should obtain the real urban complete surface temperature for urban climate research.
This chapter used a simple case-study to illustrate these concepts and relevant methods in
estimating the complete surface temperature.
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We firstly examined the limitations of three current most popular surface temperature
retrieval methods for radiometric surface temperature retrieval. The SW algorithms rely on the
difference of the radiances at 11 and 12 pm. The TES algorithm also uses spectral radiance at
multiple wavelengths to separate the emissivity and surface temperature. The complex geometric
characteristics and material properties of the urban canopy modify the spectral signature of het-
erogeneous urban targets, thus increasing the complexity of applying algorithms using multiple
spectral bands. The single-channel method only needs one thermal bands, and thus it is more
robust than SW and TES to retrieve UST. In any case, the requirements for accurate atmospheric
and material properties may also reduce the accuracy of the single-channel method.

The thermal heterogeneity within a mixed pixel can significantly affect the exitance mea-
sured by a remote sensor above the urban canopy, and thus radiative exchanges within mixed
pixels should be considered to retrieve accurate and meaningful surface temperature. The spatial
resolution of satellite TIR data is relatively low to resolve the component of mixed pixels, which
makes the retrieved urban radiometric surface temperature not equal to real UST (i.e. complete
surface temperature), but they can be linked by using an urban energy exchange model.

Complete surface temperature contains the information on all facets of the built-up space.
Thus, complete surface temperature is more representative and meaningful than directional
radiometric surface temperature for urban climate research. Observations of thermal infrared
exitance convey relevant information over an urban canopy. These observations are affected by
urban geometry and material heterogeneity since they determine urban energy exchanges.
Space- and airborne nadir-viewing imaging radiometers cannot capture emittance by all facets
because of urban geometry. However, these measurements can be linked to the complete surface
temperature by combining urban geometry and material information with an urban micro-
climate model of energy exchange. The complete surface temperature can then be estimated to
study the urban climate and urban heat fluxes.

‘We then used a simple case study to demonstrate the methodology discussed above, which
was based on the estimation of T, from satellite TIR data under the condition that the urban
areas have no vegetation or negligible vegetation. The micro-climate numerical model, TUF-3D,
was adopted to simulate T, and T, under a wide range of controlled and different conditions. We
applied these simulated data to evaluate how different urban geometry and meteorological var-
iables determine the relationship between T, and T in daytime and nighttime. The results
showed that the urban geometric and atmospheric properties have different impacts on the
difference between T, and T, in daytime and nighttime. Numerical experiments by an urban
micro-climate numerical model were very effective toward a better understanding of these rela-
tionships. Particularly, an urban micro-climate models can be used to understand the relationship
between T, and observed T, although the numerical micro-climate model used in this case study,
i.e. TUF-3D, can only handle simple building arrays. The buildings in the real world have differ-
ent shapes and spatial arrangements and these factors determine surface energy exchanges and
the pattern in surface temperature. The validation of UST is difficult because of the high thermal
heterogeneity. In our case study, the validation was only based on model data. The validation in
the real world still needs to be conducted carefully in the near future. In addition, the simple
case study did not include vegetation effects. The interaction between buildings and vegetation
can be complex because of the totally different thermal properties and different structure and
spatial distribution. For example, the UST can be reduced by vegetation evapotranspiration. On
the other hand, vegetation cover can also decrease the wind speed and limit heat dissipation,
which is not beneficial for UST. These complex land surface processes control the land surface
temperature, given the land and meteorological conditions. In addition, the TUF-3D model
cannot deal with complex building arrangements and structures as in the real world. For other
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more complex conditions with vegetation and different buildings, a different numerical urban
climate (e.g. environment for visualizing images (ENVI)-met) and 3D radiative transfer models
(e.g. discrete anisotropic radiative transfer [DART]) may be useful. An urban numerical climate
model combined with a remote sensing observation model can be an applicable method to
construct the relationship between the radiance captured by space- and airborne imaging
radiometers and real or complete UST.

It should be noted that our case study is just a simple example of the estimation of T, from
nadir observations of the radiometric surface temperature. Off-nadir observations of T, come
closer to observe T, since such observations can capture the emittance by wall facets (Jiang
etal. 2018). Currently, only SENTINEL-3 SLSTR (Sea and Land Surface Temperature Radiometer)
can provide bi-angular thermal infrared image data. The data record of the AATSR (Advanced
Along Track Scanning Radiometer) series instruments also can provide dual-angular thermal
images before 2012. Although only providing off-nadir data at low spatial resolution (>1km),
they still provide an opportunity to estimate the complete surface temperature of urban areas.

It is difficult to obtain detailed material information on the urban landscape. Although the
dominant driver of UST is building structure and geometric characteristics (Krayenhoff and
Voogt 2016), material characteristics can still have significant impacts on component surface
temperatures. Our case study used predefined material parameters provided by spectral libraries
on urban materials and urban micro-climate models to include the urban material information
into the relationship between T and T. Accurate information on material properties in urban
areas cannot be retrieved from satellite data. The approach applied mitigates this problem, while
it remains preferable to use local knowledge on material properties. The case study only included
the condition that thermal variation is caused by buildings within a pixel, while buildings in
neighboring pixels may also cause the spatial variability of temperature by shadowing effect and
interference on heat convection, which also needs further exploration.

Overall, the application of thermal remote sensing data for urban climate research is
much more complex than for flat natural surface because of the complex geometric and material
properties, and therefore it is needed to apply a model of urban micro-climate, as demonstrated
by our case study. While we herewith only present a simple case study for UST retrieval, many
challenges need to be addressed in the future for improving the applicability of thermal infrared
remote sensing in urban areas.
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