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ARTICLE INFO ABSTRACT
Keywords: Vegetation is important for urban heat mitigation. The cooling intensity of vegetation is affected
Vegetation cooling effects by background climate and urban design. How to evaluate vegetation cooling efficiency under

Urban heat island

different climate conditions is still an issue open to discussion. In this study, a normalized indi-
Remote sensing

cator of urban vegetation cooling efficiency (NVCE) is proposed as a metric of urban vegetation
cooling efficiency applicable and comparable under different climate and urban conditions. When
surfaces are only covered by vegetation, the cooling effects should be highest than other pixels at
the local climate scale. The difference of surface temperature between the pure vegetation sur-
faces and surfaces without vegetations (T, 5 — Ty, ;) is the range of the vegetation cooling intensity
at the same local climate conditions. Difference between radiometric surface temperature of a
mixed pixel and the vegetation temperature within the mixed pixel (T; , — Tj ,) is excess tem-
perature of pixel i. The ratio of (T; » — T; ) to (T, » — Ty, ,) can indicate how much percent of
existed excess temperature after vegetation cooling effects for pixel i under such local climate
condition. Thus, the NVCE is defined as (T, , — T;, )/(Ty, » — Ty, ). Based on the high spatial
resolution data, the T; , and T; ,within each 30 m x 30 m grid are derived to calculate the NVCE
and the relationships between NVCE and fractional vegetation cover were studied under different
conditions. Results showed that NVCE can reduce the differences caused by background climate
in the assessment of vegetation cooling efficiency, i.e. making vegetation cooling efficiency under
different climate conditions comparable. The NVCE is also sensitive to the vegetation fraction.
When vegetation fraction is smaller than 0.2, the mean value of NVCE is about 0.5 and no obvious
change. This means that the vegetation has no obvious cooling effects when vegetation fraction is
smaller than 0.2. When the vegetation fraction is higher than 0.2, NVCE decreases linearly with
increasing vegetation fraction. When the vegetation fraction is higher than 0.9, NVCE tends to 0.
This indicates that 0.2 for vegetation fraction is the threshold of vegetation cooling effects. This
study can provide information for evaluating the vegetation cooling efficiency under different
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climate and geometric conditions. This study also can provide useful information for urban green
infrastructure design and planning, e.g. the vegetation fraction should be higher than 0.2 for
urban cooling and the vegetation cooling efficiency can reach maximum when SVF is about 0.5 to
0.6.

1. Introduction

The process of urbanization changes the thermal environment of cities by converting rural surfaces to urban land uses/covers with
diverse geometric characteristics. This makes surface energy exchange of urban areas different from rural, resulting in urban air and
surface temperatures being higher than rural areas (Oke et al., 2017b; Oke, 1982; Ren et al., 2022). This effect is called urban heat
island (UHI) (Oke, 1982; Taha, 1997). Since more and more people live in urban areas (Xu et al., 2021; Yu et al., 2022), monitoring the
urban thermal environment and climate is important for urban sustainability and resident health (Ho et al., 2017; Tomlinson et al.,
2011; Wei et al., 2021). Urban surface temperature is an important property of the urban thermal environment and remote sensing is
an useful tool to observe the urban surface temperature, because it provides frequent and spatially continuous data (Weng, 2009; Peng
et al., 2021; Ren et al., 2022; Chen et al., 2022; Zhan et al., 2014).

During the past few decades, numerous studies found that increasing vegetation cover is an effective intervention to mitigate excess
heat and to reduce air and surface temperature in urban areas (Weng et al., 2004; Yao et al., 2017; Chen et al., 2006; Yu et al., 2020;
Zhou et al., 2016; Zhou et al., 2017; Zhao et al., 2021). Vegetation in urban areas increases the energy used for evapotranspiration
(latent heat flux), which reduces the excess energy to be dissipated as sensible heat flux, thus leading to lower air and surface tem-
perature in the urban environment(Cui et al., 2021; Yu et al., 2020). Additionally, urban vegetation may even be critical to prevent
extreme urban-rural temperature differences during heat waves (Li et al., 2020). Because of the important effects of vegetation in
urban areas, the impacts of vegetation on the urban climate have been investigated in detail using numerical experiments and ob-
servations (Holmer et al., 2013; Amiri et al., 2009; Alexander, 2021).

Weng et al. (2004) analyzed the land surface temperature-vegetation abundance relationship in the context of studies on the urban
heat island. Results showed that the spatial variability of texture in urban surface temperature (UST) was positively correlated with the
normalized difference vegetation index (NDVI) and vegetation fraction. Yuan and Bauer (2007) evaluated impervious surface area and
NDVI as potential drivers of surface urban heat island intensity using Landsat imagery. These studies were focused on the effects of the
vegetation fraction on the radiometric surface temperature of mixed pixels observed by remote sensing. On the other hand, the
vegetation spatial pattern within the urban fabric has a significant impact on both air and surface temperature through complex in-
teractions between vegetation and buildings (Alexander, 2021; Krayenhoff, 2014; Zhou et al., 2011). Trees and buildings shelter each
other and both modify their shared radiation, turbulent and thermal environments.

Considering that the vegetation has significant effects on reducing urban surface temperature, Krayenhoff et al. (2021) reviewed
the vegetation cooling effects based on numerical simulation studies and defined an index of Vegetation Cooling Effectiveness (VCE) as
the ratio of decreased surface temperature to the added vegetation fraction. Vegetation cooling effects are not only related to the
vegetation fraction, but also to the background climate conditions and to the spatial distribution of vegetation (Chen et al., 2014; Yu
et al., 2020; Yu et al., 2018; Cui et al., 2021). Yu et al. (2018) proposed a cooling effect framework and selected eight typical cities
located in Temperate Monsoon Climate (TMC) and Mediterranean Climate (MC) to demonstrate that local climate conditions largely
affect the cooling effect of vegetation. Holmer et al. (2013) studied how vegetation, built-up structures and position within the built-up
area influenced the nocturnal cooling in the city of Ouagadougou, and results showed that vegetation has different cooling effects
under different site-specific conditions. Kuang et al. (2015) analyzed the urban surface temperature of urban areas of Beijing and
results showed that the evaporation rate of trees in urban areas is correlated with the texture of the urban fabric. These results show
that the vegetation and buildings have complex interactions.

These studies showed that vegetation has significant effects on surface temperature, the impacts of background climate conditions
and urban layout on vegetation cooling effects should be considered. Vegetation in urban areas reduces urban surface temperature by
evapotranspiration(ET) (Qiu et al., 2013). ET increases with increasing vegetation fraction (Wong et al., 2015) and this helps to cool
down urban surface temperature. (Kuang et al., 2015) showed that the heat dissipation efficiency by vegetation, defined as the ratio of
latent heat flux to the vegetation fraction, declined with increasing vegetation fraction. ET is not only related to the local vertical
gradient of vapor pressure, but is also related to the temperature difference between the vegetation and its surroundings, which
triggers advection of sensible heat. Thus, the difference between the surface temperature of vegetation and the surrounding pixels can
be used as an indicator of urban vegetation cooling effects. While the difference between vegetation temperature and urban surface
temperature is affected by background climate and urban layout. Thus comparing vegetation cooling effects under different back-
ground climate and urban layout should consider those factors.

The VCE defined by Krayenhoff et al. (2021) and the heat dissipation efficiency by vegetation defined by (Kuang et al., 2015) do not
include these factors, making it incapable of separating climate and vegetation effects on thermal conditions. One reason may be that
the high spatial resolution thermal images unavailable to extract the vegetation and surrounding surface temperature. A parsimonious
indicator of urban vegetation cooling effects is necessary and it should be evaluated quantitatively under different climate and urban
conditions. The abundance and state of vegetation can be characterized by different spectral indices (Gao et al., 2020), e.g. NDVI,
which can only detect the presence of vegetation, however, not its thermal effects. Monitoring the vegetation effects on the urban
thermal environment is important, thus we need to identify and evaluate a proper indicator of the influence of vegetation, preferably
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based on remote sensing observations of the radiometric surface temperature of the heterogeneous urban surface.

Thus, the objectives of this study are: a) to develop an indicator of the vegetation cooling efficiency; b) to evaluate the indicator. In
order to reach those objectives, firstly, we proposed a new indicator based on the normalized difference between vegetation tem-
perature and the temperature of mixed pixels to measure the influence of vegetation on the radiometric surface temperature. This
difference is normalized to weather/climate and geometric conditions by dividing this difference by its maximum value for each (sub)
area. The maximum value is estimated on the basis of image data on samples with full vegetation cover respectively no vegetation.
High spatial resolution thermal images were used to obtain the vegetation surface temperature in the heterogeneous mixed pixels to
study the cooling effects of urban vegetation. Numerous studies showed that vegetation cooling effects change with the vegetation
fraction. Thus, investigating the relationship between NVCE and F, is a way to evaluate whether the NVCE is applicable and sensitive
under a broad range of conditions. Then the high spatial resolution data were degraded to 30 m to obtain the F, at an easily available
spatial resolution, i.e. L8 and L9/0OLI and TIRS.

2. Study areas and data

The urban areas of Hong Kong were selected as the study area. Hong Kong is an extremely dense city with high and compact
buildings. In order to extract the high accuracy vegetation surface temperature and the vegetation fraction, airborne high spatial
resolution (HR) optical and thermal data observed in the urban area of Kowloon (Fig. 1) were used in this study. The thermal data were
obtained by the thermal camera FLIR T650sc which was set on a helicopter at the height of 610 m. The spectral coverage of the camera
is from 7.5 to 13 pm. In order to analyze the vegetation cooling effects under different background weather conditions, the HR thermal
images obtained in daytime on Oct 24, 2017 (autumn) and Jan 14, 2018 (winter) respectively were used in this study. On Oct 24, 2017,
the HR thermal data were obtained from about 11:30 (first stripe) to 12:20 (last stripe) in daytime. On Jan 14th 2018, the HR thermal
data were obtained from 13:32 to 14:40 in daytime (Fig. 2). In order to obtain the accurate urban surface temperature, the atmospheric
temperature and relative humility provided by Hong Kong Observatory were used to correct the atmospheric effects using the FLIR
thermal image processing software. Then the material emissivity of each facet type from “The spectral Library of Impervious Urban
Materials “(Kotthaus et al., 2014) and the land cover data from high spatial resolution optical data was used to correct for the
emissivity. The detailed information about the data observation and processing can be found in Yang et al. (2021b).

The thermal images were acquired by an imaging radiometer onboard a helicopter at very high spatial resolution (HR) with 1 m
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Fig. 2. High resolution thermal images used in this study: a, Oct 24 2017; b, Jan 14 2018.

after processing. The land surface temperature of buildings and vegetation can be obtained detailly. In order to extract the accuracy
vegetation cover, multi-spectral high-resolution (0.5 m) data were used to extract the vegetation cover manually in the compact urban
areas of Hong Kong (Fig.3). Because the SVF is the main geometric driver of the surface energy balance of urban facets (Oke et al.,
2017a), the sky view factor (SVF) at 1 m spatial resolution was used to characterize the urban geometry in this study (Fig. 3). The SVF is
calculated from the Digital Surface Model at 1 m spatial resolution of Hong Kong (Lai et al., 2012) and based on the SVF calculation
method developed by (Zaksek et al., 2011). More information on SVF can be found in (Yang et al., 2021b; Yang et al., 2015).

3. Methodology

When surfaces are only covered by vegetation, the cooling effects should be highest than other pixels at the local climate scale. The
difference of surface temperature between the pure vegetation surfaces and surfaces without vegetations (T, , — T, ;) is the range of the
vegetation cooling intensity at the same local climate conditions. Difference between radiometric surface temperature of a mixed pixel
and the vegetation temperature within the mixed pixel (T; , — T; ,) is the excess temperature of pixel i after vegetation cooling.
Considering that the vegetation cooling efficiency changes with the background climate and urban characteristics, a normalized index
should be used to represent the vegetation cooling effects under different conditions. To define a metric applicable to the effects of
vegetation on the mean surface temperature of mixed pixels, we defined the normalized vegetation cooling efficiency (NVCE) indicator
as:

NVCE,; = (T, —T,,) /(T.» — T, e}

where T; ,is the radiometric surface temperature of mixed pixel i, T; , is the vegetation temperature within the mixed pixel i. T, , is the
radiometric surface temperature of built-up pixels without vegetation, T}, , is the radiometric surface temperature of vegetation pixels
without built-up elements. The value of NVCE approaches zero when the fractional abundance of vegetation within pixel i increases
and T;, _.T;,. When NVCE is close to 0, the excess temperature is close 0 and the vegetation cooling efficiency reaches maximum.

In order to check whether this indicator is a correct indicator, we correlated NVCE with the vegetation fraction (F,). The back-
ground climate and urban layout can affect the vegetation and urban surface temperature. The indicator NVCE considers the
normalized difference between observed urban surface temperature and the local vegetation surface temperature, thus can filter-out
effectively the effects of local background climate and urban design conditions, which determine the limiting temperatures T, and T;,
»

Trin urban areas is heavily affected by urban geometry (Voogt and Oke, 1998). Many geometric parameters affect the urban surface
temperature, including building density, height and street aspect ratio (Yang et al., 2020; Yang et al., 2021a). The SVF accounts for the
effect of urban geometry on irradiance and net radiation at urban facets. Several studies (Yang et al., 2021a) showed that SVF is the
main geometric driver of urban surface temperature. Thus, we binned the observations of F, and NVCE to investigate this relationship
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Fig. 3. SVF at 1 m spatial resolution and the vegetation distribution at 0.5 m spatial resolution: a, SVF; b, vegetation.
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for different values of SVF, i.e. 0.35,0.45,0.55 and 0.65 with 0.05 range (0.35-0.4, 0.45 to 0.5, 0.55-0.60, 0.65-0.70). It is difficult to
retrieve F, and NVCE of facets where 0 < SVF < 0.25 because of the blocking by buildings. Observations where SVF > 0.75 are very few
in compact built-up areas such as Hong Kong. Thus, the SVF bins were set as 0.35-0.40, 0.45-0.50, 0.55-0.60 and 0.65-0.70 in this
study.

The vegetation was first extracted from HR optical data at 0.5 m spatial resolution. The objective of this study is to investigate the
vegetation cooling efficiency under different conditions and provide an applicable indicator for the cooling efficiency of vegetation.
The abundance of vegetation, i.e. Fv, is a widely-used parameter to evaluate the vegetation cooling efficiency(Weng et al., 2004).
There are multiple, simple methods to estimate Fv from remote sensing images, most of which requiring multi-spectral image data,
specifically capturing the contrast between red and near-infrared reflectance. The latter was actually the limitation in this study, since
the high resolution optical images only contain blue, green and red bands, i.e. allowing the classification of the observed target as
vegetation or else. Thus, vegetation cover by combining a few full-resolution images was first extracted, and then Fv as the fraction of
images classified as vegetation within the sample was estimated at a lower spatial resolution. The high spatial resolution of the thermal
images allowed us to retrieve surface temperature at full spatial resolution, then calculate statistics of the vegetation surface tem-
perature at the same spatial resolution as Fv. In order to evaluate the proposed indicator for vegetation cooling efficiency, the indicator
should be evaluated at a spatial resolution where Fv is easily available, e.g. Landsat. The spatial resolution of the Landsat thermal
bands is 30 m after resampling. Fv at a resolution of 10 m is easily available based on the Sentinel 2 MSI, while high resolution TIR are
very rare at 10 m spatial resolution. The linkage between NVCE and Fv provides a first indication of the potential of urban cooling by
vegetation in a given urban area, even before undertaking a new study. Thus the HR thermal and optical data were then gridded to 30
m x 30 m.

The vegetation fraction within each 30 m grid was retrieved from 0.5 m high resolution data by calculating the fraction of
vegetation pixels within each 30 m grid. More information about the retrieval of the vegetation fractional cover can be found in (Yang
etal., 2021b). The vegetation temperature of each grid was retrieved for all facets within the grid at 1 m spatial resolution to calculate
the mean value of vegetation temperature (T; ,). The mean temperature of grids without vegetation was used to calculate T}, p, while
the mean temperature of grids without built-up facets was used to calculate T;, ,. These steps compose the work-flow applied in our
study and illustrated in Fig. 4.

4. Results

In order to evaluate whether the NVCE is sensitive to Fv and whether it is an useful metric of the vegetation cooling effects under
different background conditions, the relationships between Fv and Tv, Tr-Tv and NVCE were evaluated.

4.1. T, vsF,

Vegetation is an important element of urban fabric and vegetation surface temperature is lower than the built-up surface tem-
perature due to evapotranspiration, which is useful for urban heat mitigation. When the Fv increases, more vegetation can produce
more latent heat fluxes to mitigate excess heat. Thus, the vegetation temperature decreases with the vegetation fraction (Fig. 5), except
on Jan 142,018 where SVF is 0.65 (Fig. 5d). And the absolute values of the slopes in the relationship between T, and F, on Oct 242,017
were higher than that on Jan 142,018. This is because the evapotranspiration of vegetation increases with the vegetation surface
temperature when enough soil moisture is available. Thus, the absolute values of the slope in the relationships between T, and F, were

SVF HR thermal images HR optical images
(1m) (0.5 m)
I
y v Y
Gridded to 30 m x Vegetation surface le| Vegetation areas
30 m temperature
- \ 4
Tr and Tv in 30 s -
id Vegetation fraction
m grl in 30 m grid

Calculate NVCE
under different
SVF

Analyze the relation
»  between NVCE and <€———
vegetation fraction

Fig. 4. Work-flow to determine the pixelwise values of the indicator NVCE.
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Fig. 5. Vegetation surface temperature changes with F, at different SVF.

small, indicating a limited sensitivity of T, to F, on Jan 142,018. This means the efficiency of vegetation evapotranspiration changes
little with the F, in the winter and the temperature is the crucial factor for the vegetation evapotranspiration.

4.2. T-T, Vs F,

The vegetation in the mixed pixels can cause the decrease of the surface temperature of mixed pixels. T;-T) is the surface tem-
perature difference between the vegetation and the surface within the pixel. When the pixel is fully covered by vegetation, T;-T) is close
to 0 and the vegetation cooling efficiency reaches maximum. When SVF is larger than 0.7, very few observations are available in the
compact built-up areas of Kowloon, thus we only studied the relation between T,-T, and F, when SVF is smaller than 0.7. As expected,
the T,-T, decreases with increasing F, (Fig. 6). The absolute value of the slope between T;-T, and F, on Oct 242,017 is higher than that
on Jan 142,018, and the slope increases with increasing SVF when SVF is smaller than 0.60. When SVF is small and the buildings are
compact, the wind flow within the built-up environment is reduced. This affects the vegetation evapotranspiration. Thus, when SVF is
higher, the temperature difference between T and T, decreases faster when F, increases, i.e. when SVF is around 0.5 to 0.6, increasing
vegetation fraction has a larger cooling efficiency. When SVF is larger than 0.6, the absolute value of the slope between T,-T, and F, on
Oct 242,017 and Jan 142,018 was smaller than that when SVF is smaller than 0.6 (Fig. 6d). One reason is that when the surface is flat,
the aerodynamic resistance is higher than in built-up areas. Thus, the latent heat flux may start to decrease when the surface flattens-
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out, i.e. SVF > 0.60. Thus, when F, increases, the temperature difference between T, and T, decreases less than that when SVF is
between 0.55 and 0.60. These results showed that the threshold values of SVF is about 0.6. When SVF is smaller than 0.6, the
vegetation cooling efficiency increase when SVF increases. When SVF is larger than 0.6, the vegetation cooling efficiency will not
increase when SVF increases. Comparing with T, itself, the T,-T) is more sensitive to F, since the absolute values of slopes between T;-T,
and F, were much higher than that between T, and F, (Table 1). In this sense T,-T, is a better indicator for urban vegetation cooling
effects than T, itself.

Table 1

the slopes between different temperature indicators and Fv. (2017 means the Oct 24 2017, 2018 means Jan 14 2018).

Slopes under different conditions

SVF: 0.35-0.40 SVF: 0.45-0.50 SVF:0.55-0.60 SVF:0.65-0.70

2017 2018 2017 2018 2017 2018 2017 2018
Tv vs Fv —2.505 —1.802 —3.109 -1.170 —3.339 —2.085 -3.235 -1.823
Tr-Tv vs Fv —6.810 —-5.200 —7.691 —5.861 —9.634 —7.520 —7.625 —6.399
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4.3. NVCE vs F,

The solar forcing radiation in autumn is higher than in winter, while the difference between T, and T, in autumn is higher than in
winter and the slope of the relationship between T,-T, and F, is higher than in winter. Additionally, the urban geometry also affects the
vegetation and urban surface temperatures. This makes the difference between T, and T, to change under different conditions. For
example, the maximum reduction in surface temperature at the same vegetation fraction in winter is smaller than in Autumn. The
vegetation cooling efficiency was highest in winter. The different climate conditions, e.g. Autumn and winter, make the vegetation
cooling effectiveness incomparable and we do not know how the vegetation fraction can reach the maximum effects under certain
climate condition. Thus the normalized indicator of urban vegetation cooling effects (NVCE) has the advantage of making comparable
the vegetation cooling effectiveness under different background climate and urban layout conditions.

To calculate the NVCE, the reference temperatures are important. Generally, vegetation temperature is relatively homogeneous.
Thus, T can directly be estimated as the mean value of pure vegetation pixels. T;, j is the maximum temperature of the facets is
without vegetation cover. The variability of T;; is much larger than that of T}, because of the construction material heterogeneity and
geometry (Table 2). How to choose the representative T is important to calculate NVCE. The actual maximum values cannot be used
because they appear to be outliers, thus compressing the actual variability of surface temperature in a small range of the full distri-
bution. Accordingly, we proposed two estimates of the maximum temperature, i.e. the mean + 1 std. and the mean + 2 std. to calculate
NVCE and impact of these two estimates is compared in Figs. 7 and 8.

In this study, NVCE was calculated using the mean value of T, (T(r, b)), (T(r,b)+std) and (T(r, b)+2std). When T is equal to T(r, b),
some NVCE values are larger than 1 (Figs. 5 and 6). Results showed that the 6.4% to 12.8% of NVCE values is larger than 1 on Oct
242,017 and 4.7% to 33.7% of NVCE values is larger than 1 on Jan 142,018. Generally, values of NVCE larger than 1 appeared when Fv

was smaller than 0.3, if T(r,b) is used for T;p.
When Tr,b is taken equal to T(r,b) +std, very few values of NVCE are larger than 1, and values less than O are closer to 0 (Table 3).

This means T(r,b) +std can be a good limiting temperature for Tr,b. When T(r, b) +2std is used to calculate the NVCE, almost all values

of NVCE are smaller than 1. On the other hand, the range of NVCE is relatively narrow when T(r,b) +2std is used (Table 3).

When T} is taken equal to T(r,b) +std, the absolute values of slopes between NVCE and F, on Oct 242,017 and Jan 142,018 also
increased when SVF was smaller than 0.6 and then decreased when SVF was higher than 0.65. This is similar to the slopes between T;-
T, vs F,. From this sense, we can conclude that when SVF is between 0.5 and 0.6, adding the vegetation fraction can reach maximum
adding speed of vegetation cooling efficiency in urban areas. The slope values between NVCE and F, on Oct 242,017 and Jan 142,018
did not indicate significant trends, with the correlation coefficient not significantly different from 0 at p = 0.05. Contrariwise, the
slopes between T,-T, and F, on Oct 242,017 and Jan 142,018 were clearly different. The absolute values of slopes between T,-T, and F,
on Oct 242,017 were higher than that on Jan 142,018. Not all absolute slope values in the relationship between NVCEs and F, on Oct
242,017 were larger than that on Jan 142,018. This means the NVCE can normalize the background climate effects. This makes the
vegetation cooling effects comparable under different climate conditions.

4.4. Comparison between NVCE and T, - T,

When we use T;-T) to evaluate the vegetation cooling effectiveness, the slope of correlation of T,-T, between Oct 242,017 and Jan
142,018 is 0.676 when the vegetation fraction are same. When we use NVCE to evaluate the vegetation cooling effectiveness, the slope
of the relationship between NVCE and F, between Oct 242,017 and Jan 142,018 was 0.850 (Fig. 9). The slope of NVCE between Oct
242,017 and Jan 142,018 was closer to 1 than that of T;-Ty. This means NVCE can be a better indicator of the vegetation cooling effects
under different weather background conditions. Fig. 10 shows the relations between F,, and NVCE on Oct 242,017 and Jan 142,018 and
results showed that the NVCE on both dates are very similar to each other. This means NVCE can avoid the background climate
conditions for vegetation cooling effect evaluation. In the Fig. 10, the mean value of NVCE is about 0.5 and has no evident change when
F, is smaller than 0.2. When F, is higher than 0.2, the NVCE decreases fast. When F,, is larger than 0.9, the NVCE is close to 0 and tends
to a constant.

Table 2
Mean values of T,; and T, and their std.
SVF Oct 242,017 Jan 142,018
T_(r,6)(C) T, (O) T, 5(C) T, ()
0.35-0.40 37.627 29.605 20.885 16.372
Std = 3.618 Std = 4.22 Std = 0.89
0.45-0.50 38.439 29.351 20.579 16.612
Std = 4.012 Std = 2.030 Std = 4.350 Std = 1.292
0.55-0.60 39.947 29.317 24.035 16.988
Std = 4.417 Std = 1.008 Std = 5.292 Std = 0.691
0.65-0.70 40.230 26.837 24.270 15.879
Std = 5.537 Std = 5.165
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Fig. 7. NVCE of Oct 242,017:a, SVF = 0.35 to 0.40; b, SVF =0.45 to 0.5; ¢, SVF = 0.55 to 0.60; d, SVF = 0.65 to 0.70.
5. Discussions

Vegetation cooling effectiveness is important for urban vegetation planning and design. Indicators of vegetation cooling effec-
tiveness are generally based on changes in the temperature changes in response to changes in vegetation abundance and distribution in
the urban fabric (Krayenhoff et al., 2021). This temperature difference depends on background climate and urban design, as docu-
mented by the studies of (Cui et al., 2021; Yu et al., 2018). The maximum temperature difference caused by vegetation, however, is
rather different under different background conditions because the maximum evapotranspiration efficiency is different under different
background conditions. Thus, the temperature difference is not an univocal indicator to represent the degrade of vegetation cooling
effectiveness under the certain background conditions.

In this study, we proposed a normalized vegetation cooling effectiveness indicator named NVCE defined as Eq. (1). The denomi-
nator represents the maximum value that this temperature difference can attain under a given climate, i.e. the temperature difference
between a built-up patch without vegetation and a patch fully-covered by vegetation under the given climate. The numerator is the real
excess temperature after vegetation cooling. Thus NVCE is a metric applicable to indicate the vegetation cooling efficiency under
certain background conditions. Results showed that NVCE values in different seasons (Oct 242,017 and Jan 142,018) are closer to each
other than values of indicators based on temperature difference only. This means NVCE is a good index for evaluating the vegetation
cooling effectiveness of a given configuration of urban space under different background climate conditions. The vegetation cooling
indices proposed by Marando et al. (2022)and Krayenhoff et al. (2021) can show how much the temperature change caused by
vegetation fraction change is. Under different climate or geometric background conditions, the temperature change caused by a given
change in vegetation fraction change is different. This implies the vegetation cooling efficiency cannot be compared for different
climate background conditions, for example, vegetation in cold climate of Beijing-tianjin-hebei can mostly cause 1.83 K cooling in-
tensity, while it is 0.0785 k in Urumqi-Changji-Shihezi (Cui et al., 2021). Based only on observed temperature, we cannot directly
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Fig. 8. NVCE on Jan 142,018: a, SVF = 0.35 to 0.40; b, SVF =0.45 to 0.5; ¢, SVF = 0.55 to 0.60; d, SVF = 0.65 to 0.70.
Table 3
NVCE when different T, is used.
NVCE
Oct 242,017 Jan 142,018
SVF 0.35-0.40 0.45-0.50 0.55-0.60 0.65-0.70 0.35-0.40 0.45-0.50 0.55-0.60 0.65-0.70
Trb Range —0.15t01.35 —0.17 to —0.11to 0.007 to —0.36t01.48  —0.44 to ~0.15to 0.007 to 1.7
1.63 1.45 1.516 4.06 2.256
NVCE>1  7.6% 6.4% 12.8 9% 4.7% 337 26.7 25
NVCE<O  4.9% 8.3% 3.5% 0 17.5 12.6 6.25 0
Tr,b+std Range —0.109 to —0.123 to —0.081 to 0.005 to —0.235 to —0.211 to —0.089 to 0.004 to
0.983 1.131 1.025 1.07 0.964 1.940 1.467 1.060
NVCE>1 0 0.7% 0.5% 3 0 2.6% 2.8 5.4
NVCE<0 4.9 8.3% 35 0 17.5 126 6.25 0
Trb+2%std  Range —0.084 to —0.095 to —0.063 to 0.004 to ~0.175 to ~0.139 to —0.063 to 0.003 to
0.749 0.866 0.792 0.829 0.7148 1.274 1.02 0.768
NVCE>1 0 0 0 0 0 0.6% 0.6% 0
NVCE<0 4.9 8.3% 3.5% 0 17.5 126 6.25 0

interpret and compare what degree of vegetation cooling is reached under different weather/climate and geometric conditions. NVCE
is a normalized index defined as the ratio of cooling intensity caused by vegetation to the maximum cooling intensity under the same
weather/climate and geometric conditions. Thus, NVCE is a universal indicator of the vegetation cooling efficiency, because differ-
ences in weather/climate and geometric conditions are normalized by dividing the difference between vegetation and mean pixel
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temperature by the (estimated) maximum difference under the same conditions.

The results showed that the NVCE is highest and has no obvious change when vegetation fraction is smaller than 0.2. This means
that with Fv < 0.2 urban vegetation does not have any cooling effect. This is similar to the study of (Hou et al., 2014). The study by
(Hou et al., 2014) showed that only when vegetation fraction is higher than 0.21, the albedo decreases. This means that when
vegetation fraction is higher than 0.2, the irradiance effect can be observed.

The NVCE calculation depends on the reference temperatures of the non-vegetation and pure vegetation pixels. In this study, we

recommended that the T(r, b) +std should be used to calculate NVCE, with the resulting range of NVCE being close to [0,1]. The surface
temperature heterogeneity, however, is different under different local climate zones and the best way to choose the reference tem-
perature T, under different conditions requires further studies in the future.

This study also has several limitations. The range of NVCE is from 0 to 1 in this study, while the mean values of NVCE are only about
0.5 when Fv is smaller than 0.2. This means that the standard deviation of NVCE is large. This may be caused by the data used in this
study, which were airborne high-resolution thermal data, capturing a very large surface heterogeneity, apparently due to some pixels
containing large wall fractions information. The temperature used in this study is the observed radiometric surface temperature, which
may also be a limitation. The vegetation cooling effects should consider the temperature of all urban facets. The data were observed in
Oct 242,017 and Jan 142,018. These are autumn and winter seasons respectively in Hong Kong. Generally, the vegetation cooling
effect is largest in summer. Thus how the NVCE performs in evaluating the vegetation cooling effects in summer season still needs
further study in the future.

Additionally, the data used in this study were observed in different seasons and times. Thus, the shadow effects caused by geometry
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were different. The sunlit and shadow affect the vegetation transpiration. In this study, the shadow effects have not been considered
explicitly, but we have shown that the proposed normalization does normalize for differences in surface temperature due to shadows.
The NVCE is then a generic index to evaluate the vegetation cooling efficiency. The mean value of NVCE was not very different at
constant Fv on Oct 242,017 and Jan 142,018, notwithstanding the large difference in weather(forcing) conditions. This means that the
proposed normalization does correct for differences in forcing when calculating NVCE under different weather/climate and geometric
conditions, including shadows.

The NVCE can thus provide a direct indication of the vegetation cooling effectiveness under different weather/climate and geo-
metric conditions. This can help people to evaluate the vegetation cooling effectiveness under different urban design and climate
conditions. Only the temperature difference cannot give this information, especially when comparing vegetation cooling effectiveness
at different times and seasons. In addition, the transpiration of urban vegetation is related to the temperature difference between
vegetation and surrounding surface. NCVE can provide information useful to parameterize urban latent heat flux.

6. Conclusions

Vegetation is an important urban green infrastructure to improve the urban thermal environment. The cooling caused by a given
change in vegetation fraction under different forcing conditions is different. This makes useful a normalized metric, such as NVCE, of
the vegetation cooling efficiency, which is defined as the ratio of observed temperature difference caused by vegetation to the
maximum range of surface temperature difference caused by vegetation under the same climate/weather and geometric conditions.
Additionally, we cannot directly interpret the temperature change caused by vegetation to assess the vegetation cooling efficiency.
This study proposes a new indicator, i.e. the Normalized Vegetation Cooling Effectiveness (NVCE), to describe the cooling efficiency of
vegetation on the urban surface temperature. NVCE is based on the difference between vegetation temperature and the mean
radiometric surface temperature of mixed pixels, divided by the maximum possible difference under the same weather/climate and
geometric conditions. Results showed that NVCE can indeed reveal the cooling efficiency of vegetation under different weather/
climate and geometric conditions. When SVF is about 0.5 to 0.6, the rate of increase in the vegetation cooling effectiveness with
increasing vegetation fraction reaches a maximum. In this study, the average values of NVCEs were about 0.5 to 0.6 when the
vegetation fraction was close to 0. When the vegetation fraction was close 1, the average values of NVCEs were close to 0. NVCE values
on Oct 242,017 and Jan 142,018 were similar at constant F,: this means NVCE normalizes the vegetation cooling efficiency for dif-
ferences in weather/climate and geometric conditions, including shadows. Results also showed that when F, < 0.2, the NVCE change is
small. When Fv is larger than 0.2, the NVCE decreases rapidly with increasing Fv. The calculation of NVCE is affected by the selections
of limiting temperatures and how the limiting temperature should be selected still need more exploration. This study explored how to
define a generic vegetation cooling efficiency index to evaluate the urban vegetation cooling and results showed that the NVCE can be
used to provide the vegetation cooling efficiency information for different weather/climate and geometric conditions. The NVCE can
be used to evaluate the cooling efficiency of urban green infrastructure and makes the vegetation cooling efficiency comparable under
different forcing conditions. In addition, the transpiration of urban vegetation is related to the temperature difference between
vegetation and surrounding surface. This study can provide information useful to parameterize urban latent heat flux.
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