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Abstract. The canopy urban heat island (CUHI) stands for the
phenomenon where the air temperature in an urban area is significantly
higher than in a suburban area. Identifying CUHIs and their pattern can
improve the health and comfort of urban residents. However, previous
studies have focused more on surface urban heat island (SUHI) yet
lacking a proper quantification tool for canopy heat islands. This study
integrates local climate zone (LCZ), urban form classification data, and
anthropogenic heat to quantify the canopy temperature, so as to analyze
the distribution of CUHIs as well as the relation with wind condition.
The case study of Nanjing selects the weather data representing days
with different wind directions, uses WRF to simulate local air
temperatures and wind speeds and directions, and analyses the
influence of wind on CUHI through comparison. The results show that:
1) in the case of Nanjing, wind direction within 50-90° increases CUHI
and leads to a continuous rise in air temperature; 2) when the wind
direction falls in some specific ranges, the overall CUHI area
significantly shrinks. In short, this paper shows how wind condition
affects CUHI, which contributes to predicting CUHI and reducing the
risk of heat exposure to urban populations, and provides guidance for
urban management and design.

Keywords. Canopy Urban Heat Island (CUHI), Wind Condition,
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1. Introduction

As global temperatures rise and extreme heat events occur more frequently, the urban
heat island (UHI) phenomenon is increasingly affecting the daily work and lives of
urban residents. Urban heat islands can be investigated in two layers: surface urban
heat island (SUHI) and canopy urban heat island (CUHI) (Peng et al., 2022). SUHI
refers to the phenomenon that surface temperature rises more than suburban, which can
be quantified and standardized by land surface temperature (LST) data derived from
satellite images. Some factors affect the SUHI intensity, such as the surface
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impermeability and building density (Hu et al., 2019, Zhou et al., 2022). Due to the
accessibility of LST data, existing studies have focused mainly on SUHIL

The canopy urban heat island (CUHI) refers to the phenomenon of higher
temperatures in the urban canopy compared to the suburbs and is closely related to the
air temperature rise above the surface. The characteristics and patterns of CUHIs at
both the urban and local scales could be valuable for improving human comfort and
health and mitigating the risks of heat exposure to populations on extremely hot days
(Li et al., 2023, Thanvisitthpon, 2022). The distribution of CUHIs is affected by local
turbulence and the overall ventilation of the city, so it shows great disparities among
different locations and exhibits trends of movement (Zheng et al., 2022, He, 2022,
Huang et al., 2020). As LST data cannot be used to describe the canopy temperature
(the air temperature above the surface) at a particular moment in time, relatively few
studies have explored CUHI to date.

This study focuses on the characteristics and patterns of CUHISs at the urban scale,
as such CUHIs have been shown to directly influence the health and comfort of urban
residents in many studies. Identifying and recognizing CUHIs and their pattern are
important to improve the health and comfort of urban residents (Chen et al., 2022,
Estoque et al., 2020). Thus accurate canopy temperature data of higher resolution grids
and longer time series are required to identify CUHIs. Weather research and
forecasting (WRF) is a mesoscale meteorological model used mainly for weather
condition prediction and simulation. This model uses open-source, traceable external
meteorological data as the boundary field conditions and optional regional geographic
data as the initial field conditions (Wang et al., 2019), and its simulation results can be
used flexibly to describe air temperatures for identifying CUHISs. In addition, WRF can
also provide information on other climate variables such as wind conditions and
humidity that may be relevant to CUHIs and their intensity (CUHII). In summary, this
study uses the WRF model, combined with suitable urban canopy data, to obtain urban
canopy temperature data and the CUHIs distribution at particular moments, and to
conduct correlation analyses in conjunction with wind conditions.

2. Methodology

Based on the conclusion that wind conditions and UHI are correlated derived in
existing studies (Wang et al., 2020), CUHI and its intensity are assumed to be directly
impacted by wind conditions (Xue et al., 2023). Therefore, we set up a control group
of weather cases to perform a correlation study between CUHIs and wind conditions,
that is, to analyze the changes in wind conditions while controlling for unchanged
canopy temperatures. In terms of the technical path, after weather cases with similar
overall air temperatures were selected from external data, we obtained different wind
conditions and local canopy temperatures under these weather cases through WRF
simulations, and then further conducted a correlation analysis between wind conditions
and CUHIs while considering the changes of CUHII and the distribution characteristics
of the wind directions.

2.1. PREPARATION DATA FOR RESEARCH CASES

The main urban areas of China's large cities have been relatively constant over the last
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five years and the urban canopy patterns of these cities could be treated as unchanged.
Thus, weather cases with comparative values were selected as the base data for WRF
simulations. The high temperature days over the last 5 years were firstly identified from
the observatory data, and dates with consistent average daily temperatures were
screened; then, moments with similar wind speeds but large differences in wind
direction were selected. Then, the external weather data representing specific periods
were input into the WRF model to perform simulations. Results containing the main
weather variables of concern, such as air temperature and wind conditions, were
obtained, thereby composing the comparable weather cases group.

2.2. IDENTIFICATION OF CUHIS AND QUANTIFICATION OF WIND
CONDITIONS

We assumed that the air temperature varied from one weather case to another due to
the differences in wind conditions and classified CUHIs mainly by the increase in the
air temperature. Thus, CUHI could be calculated using the variable T2 in WRF
simulation results with the following formula:

CUHIlgriq = Tgria — Tarea

where Tg,iq and Typeq are the temperatures of the specified urban grids and
whole study area, respectively; the units of all items are degrees Celsius (°C).

The wind speed and direction are calculated mainly from the x-component and y-
component of the wind with the following formula:

Speedgiq = J U10g,10° + V104i0°

tan‘l%* 180/m, U10>0and V10 >0

o 360 — tan‘l% *180/m, U110 < 0and V10 =0
i =1

1 e 180 — tan‘l% * 180/, Ul10 =>0and V10 <0

180+tan‘1%* 180/m, Ul0<0andV10< 0

where U10 and V10 are the x-component and y-component of the specified urban
grid, respectively; the unit of the speed is m/s, and the unit of the angle is degree (°).

2.3. ANALYSIS OF THE CUHII AND WIND CONDITIONS

The intensity of CUHI (CUHII) in the study area can be classified by natural breakpoint
grading method, allowing for more obvious and plausible differences between classes
(Lu. et al., 2021, Liang. et al., 2020). In turn, the variation of CUHII among different
weather cases can be calculated from the differences among different CUHII classes,
using the following formulas respectively:

ACUHII; = CUHII 4501 — CUHII 35¢5
where CUHII 450 and CUHII 4., are the CUHI intensities of the specified
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urban grids in different cases.

The study area was categorized into three types according to the distribution of the
values of ACUHII: the high CUHII zone existed only in case 1, the high CUHII zone
existed only in case 2, or the high CUHII zone existed in both cases. The wind
condition characteristics were studied within each zone.

Moreover, since the selected cases had the same average temperature (T, ), the
difference in the canopy temperature, ATg,;q, was also used to directly describe
CUHII changes with the following formula:

ATgrid = Teaser — Tease2

where T,qse1 and Tpqeep are the temperatures of the specified urban grids in
different cases.

We defined the areas with ATj,;; smaller than a certain value as the “main cooling
zone”, and the areas with AT,.;4 higher than a certain value as the “main warming
zone”. The certain values were determined by the range of temperatures in different
cases using the natural breakpoint grading method.

This research focused mainly on the wind directions, including the distribution
characteristics, mean value, and standard deviation. Such information helped to
summarize the relevance of the wind directions to the CUHISs. In addition, considering
the boundary nature of the study area, it was important to pay attention to filtering
outliers in the wind conditions data.

3. Case study

3.1. STUDY AREA

The main urban area of Nanjing was chosen as the study area due to its typical
extremely hot summers and high-density building environment. Nanjing is located
north of 30°N latitude and has a subtropical monsoon climate, with the temperatures
peaking in summers and main winds blowing east or southeast. The central six districts
feature higher building densities and are divided into two parts by the Yangtze River
to the northwest. Thus the SUHI distribution in the study area is patchy, with
aggregated non-water surfaces (Figure 1). We obtained data representing the surface
skin temperature from the WRF simulation at 12 noon local time on 28 July 2017, and
then obtained information subsequently using the natural breakpoint grading method.

Figure 1. SUHII in the main urban area of Nanjing
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The urban form and building density in Nanjing's main urban area has been almost
stable over the last five years, based on which we selected moments of similar
temperatures but disparate wind conditions in summers: first, the observation data
(NO.58283) were used to filter out the high temperature days in Nanjing from 2015 to
2022; second, 17:00 on 24 July 2017 (case 1) and 18:00 on 13 August 2022 (case 2)
were selected to form the comparable cases group which have similar wind speeds but
different wind directions (Table 1); finally, the near 3-day FNL (Final Operational
Global Analysis data) weather data of the selected moments were input into the WRF
model as the boundary conditions.

Weather Variable Casel Case 2
Time 201707241700 202208131800
Daily average temperature at 2m 3433 °C 3433 °C
Wind speed at 10m 20 km/h 20 km/h
Wind direction at 10m 180° (to north) 260° (to north)

Table 1. Weather conditions representing the two selected cases

3.2. WRF CONFIGURATION

In this study, simulations were carried out using WRF version 4.4 to obtain the required
weather variables. We set up five layers of nested areas with the centroid set at the
Nanjing Museum location (118.9° E, 30.14° N), applied a scale factor of 3 between
each nested domain, with the innermost 40 km * 40 km domain 5 covering the main
urban area of Nanjing (Figure 2), and used the Lambert projection suitable for the
Northern Hemisphere region. For the urban canopy setting, we used the multilayer
urban canopy model BEM (Building Environment Model) adapted for urban-scale
microclimate studies (Wang et al., 2019). We also inserted local climate zone (LCZ)
classification data from WUDAPT into the surface and canopy geographic files,
considering the urban built environment and anthropogenic heat, thereby obtaining
more accurate UHI distribution and intensity maps. In addition, we used physical
schemes and dynamic parameters suitable for the study. The simulation results
revealed the CUHII (Figure 3), which were at the same mean temperature and the same
mean wind speed but different wind directions.

WRF Simulation Domians

domain5: Nanjing main urban
40km

Figure 2. WRF domains
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Figure 3. CUHII in case 1 (left) & case 2 (right)

3.3. DATA VERIFICATION

To verify the accuracy of the WRF simulation results, we compared the hourly results
of the WRF simulation with the data from the Nanjing observatory and obtained the
results. In this case, the temperature accuracy was compared using the T2 (air
temperature at 2 m) variable with the temperature measured in the 1.5 m louver box.
And the wind conditions obtained by the variables V10 and U10 were compared with
the wind condition measured at 10 m. The results showed a high correlation (relevant
value of 0.91), which indicates that the results of the multi urban canopy model of WRF
used for this study are reliable.

We also compared the WRF simulation results with satellite data for validation.
Surface temperature inversions were obtained from Landsat 8 imagery during low
cloudiness days in Nanjing, and the results were compared with the variable surface
temperature from WRF. The results showed a high correlation, further validating the
accuracy of the WRF model in performing weather simulation.

3.4. DATA & STATISTICS

After calculating the canopy temperature and the wind conditions of two comparative
weather cases based on the WRF simulation results, an analysis of relevance was
carried out. On the one hand, to identify and distinguish CUHIs and their distributions
in both weather cases with air temperatures by the natural breakpoint classification
method, we compared the wind characteristics in three types of CUHII zones: zone 1
with a high-level CUHII only in weather case 1, zone 2 with a high-level CUHII only
in weather case 2, zone 3 with high-level CUHIIs in both weather cases. On the other
hand, the increase or decrease of canopy temperature was considered to quantify the
CUHI. The "main cooling zone" and "main warming zone" according to the
temperature distribution were identified. Then the wind characteristics could be
compared in these zones.
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4. Results

4.1. CUHII CHANGES AND WIND DIRECTIONS

The distribution of wind direction differed among each CUHII zone when the intensity
of heat island changed. We classified the CUHI zones according to the intensity: CUHI
Zone 1 that existed only in the first case (CUHII1>6 and CUHII2<5), CUHI Zone 2
existed only in the second case (CUHII1<5 and CUHII2>6) and CUHI Zone 3 that
existed in both cases (CUHII1>6 and CUHII2>6) (Figure 4). The statistical values of
the wind directions in each case are shown in Table 2, which indicates that in zones
where the CUHII changed significantly, the wind direction distribution (Figure 5) was
centralized in some intervals and showed a Gaussian distribution, either in the zones
where CUHII increased significantly or in zones where the CUHII decreased
significantly. Particularly, in the area where the CUHII increased most significantly,
the standard deviation of the wind direction value was the smallest, concentrated at
approximately 140° (Case 1) and 43° (Case 2).

254 T

one1 (CUHII126 and CUHII2<5 Zone2 (CUHII1<5 and CUHII2>6) Zone3 (CUHII126 and CUHII2>6)
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Figure 4. Zone 1, 2 and 3 in cases 1 (top) & case 2 (bottom)
Zone Zone 1 Zone 2 Zone 3

Case No. Case 1 Case 2 Case 1 Case 2 Case 1 Case 2

Direction |15 150 45.8° 138.9° 43.1° 98.0° 40.0°

(average)

Standard | 5 g 140 19.6° 9.3° 59.3° 30.5°

deviation

Table 2. Wind direction statistics in Zone 1, Zone 2 and Zone 3
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Figure 5. Distributions of the wind directions in Zone 1, 2 and 3

4.2. AIR TEMPERATURE CHANGES AND WIND DIRECTIONS

The distributions of wind directions differed when the air temperature changed. The
temperature comparison between the two weather cases indicates that there exists a
significant change in temperature in the same area with the same overall average
temperature, ranging from -2.8°C to 2.3°C with natural breakpoints at -1.4°C and
0.8°C. Therefore, we analyzed the distributions of wind directions in the zones where
the temperature changed mostly. First, we identified the "main cooling zones" (-2.8°C
to -1.4°C) and "main warming zones" (0.8°C to 2.3°C) according to the temperature
changes (Figure 6). Second, we investigated the distribution of wind directions in these
zones, and found that the wind direction distribution was most centralized in the "main
warming zones", within the range of 135° (case 1) and 45° (case 2); the wind direction
distribution of the "main cooling zones" was centralized at approximately 40° (case 2)

(Figure 7).
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Figure 6. Main cooling zones and main warming zones in case 1 (top) & case 2 (bottom)
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Figure 7. Distributions of wind directions in main cooling zones (left) and main warming zones
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(right)

5. Conclusion & Discussion

The main purpose of the study was to investigate the correlation between urban canopy
heat islands and wind conditions. Through this study, we achieved the identification
and classification of CUHIs, which has received less mainstream research attention in
urban heat island. And we developed a technical path to compare multiple variables
such as CUHII and wind conditions. In terms of weather cases, the main urban area of
Nanjing was chosen as the study area, and the two moments with the highest average
daily temperatures in Nanjing were chosen as comparison cases.

The wind directions of zone 3 in both cases and of zone 2 in case 2 were relatively
similar, indicating that wind directions at an angle of 50-90° lead to an increased CUHII
and maintained it at a high level. This finding suggests that for the main urban area of
Nanjing, the presence of wind directions in a particular range is insufficient to mitigate
the CUHII, which could lead to a continuous increase in air temperature, causing health
risks to urban residents and further increasing the risk of heat exposure.

The comparison of the overall CUHII results in 2 cases showed a relatively large
reduction in the CUHI area when the wind directions were within some specific
angular intervals. This implies that the wind directions within one or several intervals
may have greater impacts on the overall CUHI intensity, which may be related to the
specific urban form of the study area or ventilation corridors in the main urban area.
When the wind direction changes, the urban ventilation effect is optimized, resulting
in a significant decrease in the urban canopy temperature and enhancing public health.

The conclusions presented in the study are somewhat regular in nature, but there is
also some variability regarding the overall wind distribution range. The wind direction
of zone 1 in case 1 exhibited a large number of outliers and a wide distribution range.
The results may have been caused by the specific wind conditions. Therefore, in the
follow-up study, we will consider selecting more meteorological cases to improve the
reliability of the research data, such as choosing other extremely hot days, filtering error
values during data processing, and incorporating more cases with various wind
conditions. These extended studies will build on the current findings and continue our
exploration of the possible existence of further patterns.

Furthermore, the identification of CUHIs and their relationships with wind
conditions can help to predict the times, locations, and durations of local high
temperature zones during extreme heat days. This can thus effectively reduce the risk
of heat exposure for urban dwellers when living and working and will help provide
suggestions for urban management, public health, and related policymaking.
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