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ARTICLE INFO ABSTRACT
Keywords: High land surface temperatures (LST) have emerged as crucial threats to urban ecosystems and
Shapley additive explanations sustainable urban development. To better understand and mitigate their impacts, it is essential to
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analyze the contributing urban features. Against this background, we developed a random forest
model enhanced by Explainable Artificial Intelligence (XAI) to analyze the impact features of LST
in Beijing, China. By applying the XAI method, our results suggest that the major impact features
of LST in Beijing are elevation (44.19%), compactness of impervious surface (17.27%),
Normalized Difference Vegetation Index (11.12%), proportion of impervious surface area
(8.04%), and tree height (3.83%). Compactness of impervious surface exhibited an overall
cooling effect, which became weaker at high values. LST increased with building height, and the
trend became weaker as building height reached 5 m. The most important features impacting LST
in the inner city are the proportion and height of buildings, whereas in the outer city these
features are tree height and the compactness of impervious surfaces. The study applies XAI to
explain the non-linear interactions between LST and urban features, offering innovative insights
to policy-makers to develop sustainable urban planning strategies. Our findings suggest that
increasing green spaces and water bodies as well as controlling building density and height can
effectively mitigate heat in dense urban areas and enhance cooling effects.

1. Introduction

The rapid pace of urbanization has given rise to substantial alterations in land surface attributes, thereby disrupting the thermal
equilibrium of urban structures and triggering a noticeable escalation in temperatures within urban environments (Kalnay and Cai,
2003; Dadashpoor et al., 2019). As the primary sources of anthropogenic heat and greenhouse gas emissions (Zhou et al., 2023),
compact urban environments are associated with high land surface temperature (LST) (Won and Jung, 2023). While many studies have
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explored the impact of environmental factors on LST (Estoque et al., 2017; Norton et al., 2015), gaps still exist in understanding these
complex relationships. This comprehension is crucial for optimizing the urban structure and living environment.

Previous research has primarily focused on the impact that urban features exert on LST, including vegetation cover, water body
size, land use, and artificial materials with high heat capacity and conductivity (e.g., concrete and waste heat emissions from different
sources) (Chen et al., 2021; Ebrahimi et al., 2022; He et al., 2021). Further studies of urban features impacting LST have been con-
ducted in Asia (Liu et al., 2021; Han et al., 2023; Zhang et al., 2023) Europe (Chen et al., 2022; Schwaab, 2022; Morrison et al., 2023),
the Americas (Zhou et al., 2011; Zhang and Sun, 2019) and other global regions (Hamed Fahmy et al., 2023; Karami et al., 2023). A
recent review (Kim and Brown, 2021) concludes that the primary factors influencing LST include meteorological elements and urban
geometry aspects. These factors affect the urban thermal environment through processes of convection, conduction, and radiation.
However, the interactions among these features have been relatively overlooked and are crucial for a comprehensive understanding of
urban thermal dynamics.

Numerous models, including linear and non-linear models, have been employed in previous studies investigating LST. As in the
studies by Logan et al. (2020) and Lu et al. (2023), linear regression models were used to analyze the relationship between LST and
other variables. For example, from the negative correlation between NDVI and LST (Hong et al., 2007), the cooling effect of vegetation
can be derived. However, these models often fall short in capturing the complex, non-linear relationships between LST and impact
features. Conversely, non-linear models, including machine learning algorithms, have demonstrated a remarkable ability to describe
complex relationships(Li et al., 2023). These methods provide enhanced prediction capabilities, but are also prone to “black box”
related issues which blur the understanding of their inner workings.

In response to these challenges, recent progress in Explainable Artificial Intelligence (XAI) has significantly facilitated the un-
derstanding of underlying physical mechanisms in Al-based models and provided global and fine-scale interpretation abilities of
modeling behavior (Fleming et al., 2021; Gevaert, 2022; Gunning et al., 2019; McGovern et al., 2019). XAI introduces novel per-
spectives for the analysis of impact feature importance ranking and interpreting local effects, demonstrating its effectiveness in
interpreting features of Al model (Fu et al., 2023). For instance, (Temenos et al., 2023) developed a convolutional neural network using
Shapley additive explanation (SHAP) for land classification of remote sensing data and quantified the contributions of different
spectral band values to the classification results. Huang et al. (2023) conducted a comparative analysis of different XAI models and
found that SHAP explainable models outperformed other methods like LIME (local interpretable model-agnostic explanations) in
predicting soil moisture based on the random forest model.

Nevertheless, a limited number of studies have reported the application of XAI techniques to investigate the relationship between
LST and urban features (Kolevatova et al., 2021; Kim et al., 2023). Therefore, this study aimed to develop a machine learning model
that employs XAI capability to quantify the contributions of different impact features to LST, using Beijing, China, as the site of
analysis. The main objectives of this research are to: i) select the best model (between random forest and multiple linear regression)
describing the impacts of urban features on LST; ii) to investigate the distribution of urban features impacting LST; iii) explain the non-
linear interactions of each feature with LST and other features using the XAI method; and iv) analyze the contribution of the most
important features impacting LST in different thermal contexts.

This interdisciplinary study presents a novel approach for employing the XAI model as state-of-the-art technology to deepen our
understanding of the mechanisms underlying the complex relationships between LST and urban features. This innovative methodology
not only offers interpretable insights into how various urban elements contribute to LST variations but also underscores the necessity
for systematic urban planning to mitigate the urban heat island effect. Applying our approach to Beijing’s diverse urban landscape, this
study fills a significant gap in urban climate research and sets a precedent for future studies to employ XAl in environmental science,
enhancing both the precision and transparency of complex ecological models.

Table 1
Summary of land surface temperature (LST) and impact feature datasets.
Feature Source Spatial resolution Types References
LST Landsat 8 100 m Environmental https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LC08_C02_T1_L2
WAT_P CLCD 30m Environmental https://zenodo.org/record/5816591
SHR_P CLCD 30 m Environmental https://zenodo.org/record/5816591
GRA_P CLCD 30m Environmental https://zenodo.org/record/5816591
FOR_P CLCD 30m Environmental https://zenodo.org/record/5816591
CRO_P CLCD 30 m Environmental https://zenodo.org/record/5816591
BAR_P CLCD 30 m Environmental https://zenodo.org/record/5816591
NDVI Landsat 8 30 m Environmental https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LC08_C02_T1_L2
TH GEDI 30 m Environmental https://glad.umd.edu/dataset/gedi
DEM FABDEM 30 m Environmental https://data.bris.ac.uk/data/dataset/25wfy0f9ukoge2gs7a5mqpq2j7
As_SoP FABDEM 30 m Environmental Derived from DEM
IMP_P CLCD 30 m Anthropogenic https://zenodo.org/record/5816592
ENN CLCD 30 m Anthropogenic https://zenodo.org/record/5816591
BH GHS 100 m Anthropogenic https://ghsl.jrc.ec.europa.eu/download.php?ds=builtH

WAT_P, proportion of water; SHR_P, proportion of shrub; GRA_P, proportion of grass; FOR_P, proportion of forest; CRO_P, proportion of cropland;
BAR_P, proportion of barren; As_SoP, of area facing south on the slope; IMP_P, proportion of impervious; CLCD, China Land Cover Dataset; GEDI,
Global Ecosystem Dynamics Investigation; FABDEM, digital elevation model excluding forests and buildings; GHS, Global Human Settlement. (See
Fig. 2 for other acronyms of features).
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2. Materials and methods
2.1. Study area

As the world’s largest developing country, China has experienced dramatic urban expansion since the reform of 1978 (Cai et al.,
2020), and its capital city, Beijing, has ranked as one of the fastest growing in China, both economically and in size (Ding and Shi,
2013). Studying LST in Beijing helps to understand how urbanization impacts microclimates, which is crucial for urban planning and
sustainable city development. Beijing is located on the northern edge of the North China Plain, with longitudes ranging from 115°25’ to
117°30°E and latitudes ranging from 39°28' to 41°25' N, near the Bohai Sea in the east, the Taihang Mountains in the west, and the
Yanshan Mountains in the north. The landscape of Beijing is predominantly characterized by mountains and plains. The mountainous
area is mainly distributed in the northwest, while the plain area is mostly distributed in the southeast, with an elevation generally 30 to
50 m above sea level. This latter area is also the most densely developed in Beijing, including the built-up areas of the city (Fig. 1).

The climate of Beijing is of the temperate, semi-humid continental monsoon type and features four distinct seasons. The annual
temperature is relatively moderate, with an average ranging from 10 °C to 12 °C. The winter is cold and dry, with an average tem-
perature of —4.7 °C in January, whereas the summer is hot and humid, registering an average temperature of 26 °C in July. The average
annual precipitation level in Beijing is 626 mm, with approximately 80% concentrated in summer.

2.2. Data

The boundaries of the city of Beijing were extracted using the 30-m global artificial impervious area (GAIA) and global urban
boundary (GUB) (http://data.ess.tsinghua.edu.cn/gub.html) data (Fig. 2a). For a comprehensive analysis of LST impact features
datasets for 2018 were used, including LST, DEM (digital elevation model), NDVI (Normalized Difference Vegetation Index), LC (land
cover), TH (tree height), As_SoP (the proportion of area facing south on slopes) and BH (building height). The LST and NDVI data
(Fig. 2b, c, respectively) from June to September in 2018 were derived from the Landsat 8 collection 2 dataset on Google Earth Engine,
preprocessed to remove cloud-contaminated pixels and corrected for atmospheric and geometric inconsistencies (Cook, 2014). DEM
data (Fig. 2d) were derived from FABDEM (Copernicus digital elevation model, excluding forests and buildings), with buildings and
forests removed using a machine learning model (Hawker et al., 2022), and were further used to calculate As_SoP. Land cover data
(Fig. 2e) were obtained from the Landsat-based annual China land cover dataset (CLCD) and classified using the random forest model
and spatial-temporal filtering method to enhance consistency (Yang and Huang, 2021). The Euclidean nearest-neighbor (ENN) dis-
tance data (Fig. 2f) were calculated using the Euclidean proximity index of impervious surfaces based on LC data. TH data (Fig. 2g)
were extracted from the global forest height map, which was derived from the combination of the Global Ecosystem Dynamics
Investigation (GEDI), a merged product of a regression tree ensemble model incorporating GEDI, LiDAR, and Landsat data, ensuring
reliable forest height estimation (Marziliano et al., 2013; Lafortezza and Giannico, 2019; Potapov et al., 2021). BH data (Fig. 2h) were
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Fig. 1. Location map of the study area. The background map of Beijing (right) is a hillshade image generated from a digital elevation model.
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Fig. 2. Spatial distribution of the sample boxes LST, NDVI, DEM, LC, ENN, TH and BH in Beijing, China. (a) Boundary of inner and outer city. (b)
LST, land surface temperature (unit: °C); (c) NDVI, Normalized Difference Vegetation Index; (d) DEM, Digital Elevation Model (unit: m); (e) LC, land
cover; (f) ENN, Euclidean nearest-neighbor (unit: m); (g) TH, tree height (unit: m); (h) BH, building height (unit: m).
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collected from the Global Human Settlement (GHS) dataset, processed through multi-scale convolutional, morphological, and textural
transforms by merging ALOS World 3D, Shuttle Radar Topography Mission and Sentinel 2 composite data (Pesaresi et al., 2021), and
validated against ground measurements in various cities to analyze 3D urban constructs. To integrate different data sources and
conduct spatial analysis, all datasets were projected and resampled to ensure that they incorporated the same coordinate system and
30-m resolution.

2.3. Methodology

2.3.1. Random forest model

This study aims to quantify the contributions of different impact features to LST in both the inner city and outer city areas of Beijing
by applying XAl in constructing a random forest (RF) model (Fig. 3). LST is the dependent variable, reflecting the key indicator of
urban heat environment. Independent variables, including NDVI, LC, ENN, DEM, As_SoP, TH, and BH, were chosen due to their as-
sociations with regulating urban heat environment.

The main steps of the data analysis include: (1) Data collection and preprocessing: all data were uniformly projected and resampled
to 30-m resolution; invalid values were removed. (2) Feature values extraction: A 3 x 3 km grid was created within the study area to
extract the average values of influencing factors in each grid cell. (3) Model development: The RF model was used to predict LST and
compared with traditional multiple linear regression (MLR) models. (4) Model results: The SHAP method was applied to explain the
non-linear impacts of each feature in model predictions (Fig. 3).

Firstly, the 3 x 3 km grid was created using ArcGIS covering all the administrative boundaries of Beijing with individual boxes
having a side length of 3 km. For each box the mean values were extracted for LST, NDVI, DEM, LC, ENN, TH, BH, and the proportion of
each land use type. A total of 3416 sample boxes were detected in the entire study area, 674 of which were considered as inner city
boxes and the remaining as outer city boxes.

Secondly, we built a RF model and a MLR model based on the impact feature data obtained above to compare their performances.

Data Collection and Preprocessing Projected all data Resampled to 30-m
(3x3 km sample boxes within inner and outer city areas) uniformly resolution

Impact feature Target feature
Xi=(NDVI, LC, ENN...) Y= (LST)

Main dataset

Parameter list
v v l '

Cross-validation Traning Data (80%) Test Data (20%)
(GridSearchcv)

v '

RF and MLR model

Model i optimization
Development !
Model comparison and
selection
v

Model prediction

v

| SHAP model > SHAP value

Net impact of urban features on LST

Model Results Non-linear interactions of impact features affecting LST

Impact features: cooling vs. warming :

Fig. 3. Flowchart of the data analysis process.
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MLR is a classical statistical method used to model the relationship between a dependent variable and multiple independent variables.
The RF model was finally selected for its superior performance. Eighty percent of the dataset was employed as the training set, while
20% was randomly selected as validation data. To ensure the stability of the RF model, we conducted 100 cross-validation iterations to
make it stable and defined hyperparametric grids for tuning. Specifically, GridSearchCV was used to optimize the maximum number of
decision trees and the number of split features (optimized parameters: 500 estimators, max.10 features).

2.3.2. SHAP interpretation for LST prediction

Although the RF model has advantages in processing high-dimensional data, reducing overfitting risks, evaluating feature
importance, and parallel computing, its interpretability is far inferior to traditional MLR models, which are subject to AI black box
problems of machine learning (McGovern et al., 2019). Therefore, the SHAP method was applied to solve this issue and visualize the
non-linear impact between LST and impact features. The basic theory of SHAP, referred to as the Shapely value method proposed by
Shapley (1952), has been employed in the field of cooperative games with the aim to solve conflicts. The Shapley value is calculated
based on the marginal contribution of the members to the alliance, which has the advantage that the benefits shared by the members
are equal to the average of the marginal benefits they create for their participating alliance. The specific formula is as follows:

5i) = 3, = D= KU iy — wis) |

n!

Zi = Zb +h(Xﬂ) +h(xi2)... +h(xij)

In a cooperative game system, the variable n represents the total number of players, and N is the set of members (1, 2, ..., n). Kisa
subset of N that consists of different players. The benefits of the alliance S are represented by v(K), while &;(v) indicates the benefits
obtained by player i in the alliance K. The number of players in the alliance K is denoted by |K|. n! signifies the factorial of n. S(i)
represents the set obtained after removing player i from K. The marginal contribution of member i participating in different alliances,
K, is expressed as [v(K)— v(K(i))]. The weight of the benefits created by member i in the entire alliance is denoted as [(|K| — 1)!(n — |
K|)!n!. Zi represents the predicted value of the i-th sample. Zj refers to the RF model’s baseline, and h(xij) represents the contribution
of the j-th feature of the i-th sample to the final prediction of LST.

The SHAP value is an additional feature attribution method that interprets the predicted values of the model as the sum of
attribution values for each input feature. Therefore, the positive or negative SHAP values (x;) express the specific impact of different
features in the study area in the prediction of LST.

3. Results
3.1. Comparison between the random forest and multiple linear regression model

The relationship between LST and impact features was not a simple linear one, as can be seen in Fig. 4. In the scatter plot, the x-axis
represents the observed LST values, and the y-axis represents the LST predicted by the models. The high R? value of the RF model (0.89
vs 0.83) indicates that it could more precisely explain the relationship between LST and impact features. The RF model exhibited
smaller RMSE (2.10 vs 2.65) and negative biases (—0.035 vs —0.056), indicating that it could predict LST more accurately. Taken
together, the RF model was generally superior to the MLR model. Therefore, it was used in this study to capture the complexity of non-
linear relationships between LST and impact features given the ability to outperform other models.

RF Performance MLR Performance

“® Bias: -0.056
RMSE: 2.644
R2: 0.826

451 Bias: -0.035
RMSE: 2.106
R2:0.889

Predicted LST
& H

g
Predicted LST
&

25 25

204

20 25 30 35 40 45 50 20 25 30 35 40 45 50
Observed LST Observed LST

Fig. 4. Validation of the random forest (RF) model and multiple model linear regression (MLR). LST, land surface temperature; R2, coefficient of
determination; RMSE, root mean square error.
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3.2. Distribution of urban features impacting LST in the study area

As shown in Fig. 5, the features affecting LST were arranged according to importance in descending order from top to bottom. The
y-axis shows the different impact features and the x-axis displays each sample’s SHAP value, with red indicating a positive impact
(warming) and blue a negative impact (cooling). For each feature, sample points were stacked vertically; the greater the height of the y-
axis, the more samples were distributed. We calculated and visualized the SHAP values of the features for all boxes (Fig. 5a), inner city
(Fig. 5b), and outer city (Fig. 5c) boxes to analyze their impact on LST by comparing and sorting the absolute SHAP values (Table 2).
Overall, the mean value of DEM (DEM_MEAN, 44.19%), ENN (ENN_MEAN, 17.27%), NDVI (NDVI_MEAN, 11.12%), the proportion of
IMP (IMP_P, 8.04%), and the mean value of TH (TH_MEAN, 3.83%) were the most important features affecting LST (Fig. 5a). Un-
doubtedly, the LST changes were mainly impacted by the local landscape and closely related to the compactness of urban buildings.
The impact of IMP_P and BH_MEAN on LST was greater in inner cities (Fig. 5b) compared to all boxes (Fig. 5a), while the impact of
TH_MEAN on LST was greater in outer cities (Fig. 5¢).

3.3. Non-linear interactions of impact features with LST and other features

3.3.1. Interactions of IMP_P, ENN, and BH with LST and other features

Anthropogenic features, including IMP_P, ENN_MEAN, and BH_MEAN, were selected to analyze their interactions with LST and
other features across all sample boxes (Fig. 6). These impact features were closely related to the composition and configuration of the
urban landscape. IMP_P generally showed a warming effect on LST, and as IMP_P increased the warming effect also increased in an
almost linear pattern. In addition, we observed interactions between IMP_P and environmental features that influence LST, including
NDVI_MEAN, TH_MEAN, FOR_P, and WAT _P. Specifically, when IMP_P was low and the impacts of these environmental features were
large, then the warming effect of IMP_P was mitigated (Fig. 6b-e). This suggests that the presence of vegetation, forests, and water
bodies can counteract the heat-retaining capacity of impervious surfaces, consistent with findings from other studies (Beaumont et al.,
2022; Norton et al., 2015). As IMP_P increased, BH_MEAN also increased (Fig. 6d); this led to a stronger warming effect on LST.

(a) all boxes (b) inner city boxes
High High
DEM MEAN  somiifiecafiigme- DEM_MEAN weonenn et o 28
ENN_MEAN IMP_P = ¥ =
NDVI_MEAN z NDVI_MEAN
IMP_P ENN_MEAN
TH_MEAN 2 As_SoP g
CRO_P ® CRO_P ®
FOR_P . > BH_MEAN >
As_SoP § WAT_P §
GRA_P g’ TH_MEAN §
WAT_P w FOR_P w
SHR_P GRA_P
BH_MEAN SHR_P
BAR_P BAR_P
WET_P WET_P
r y t T » ™ Low r T t v J Low
-10 -5 0 5 10 -10 -5 0 5 10
SHAP value SHAP value
(c) outer city boxes High
DEM_MEAN
ENN_MEAN
NDVI_MEAN
IMP_P
TH_MEAN 2
FOR_P » ®
CRO_P ;
GRA_P 5
As_SoP §
SHR_P w
WAT_P
BH_MEAN
BAR_P
WET_P
T T T T v = Low
-0 -5 5 10

0
SHAP value

Fig. 5. Contribution of features of the random forest model for (a) all boxes, (b) inner city boxes and (c) outer city boxes. The SHAP value expresses
the specific impact of different features on land surface temperature. DEM, digital elevation model; ENN, Euclidean nearest-neighbor; NDVI,
Normalized Difference Vegetation Index; TH, tree height; BH, building height; IMP, impervious surface area; CRO, cropland area; FOR, forest area;
As _SoP, proportion of area facing south on the slope; GRA, grassland area; WAT, water bodies; SHR, shrubland; BAR, barren land; and
WET, wetland.
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Table 2

The net impact of urban features on land surface temperature.
Features All boxes Inner city boxes Outer city boxes
DEM_MEAN 44.19 29.76 47.30
ENN_MEAN 17.27 8.90 19.07
NDVI_MEAN 11.12 14.75 10.33
IMP_P 8.04 26.44 4.07
TH_MEAN 3.83 2.85 4.04
BH_MEAN 1.38 3.34 0.95
CRO_P 3.19 4.27 2.95
FOR_P 3.06 1.55 3.38
As_SoP 2.61 4.86 2.13
GRA_P 1.99 0.30 2.36
WAT_P 1.90 2.86 1.69
SHR_P 1.41 0.09 1.70
BAR P 0.02 0.02 0.02
WET_P 0.00 0.00 0.00

* The net impact of each feature is determined by its average SHAP value.
** For acronym definitions the reader is referred to Fig. 2.

ENN_MEAN, a measure of the spatial compactness of impervious surfaces, generally showed a negative (cooling) effect on LST.
When the ENN_MEAN increased, environmental features such as NDVI_ MEAN and TH_MEAN increased as well and the cooling effect
became stronger (Fig. 6g, h), indicating a synergistic relationship between urban greenery and surface cooling. Similar results were
also found in the study by Zhao et al. (Zhao et al., 2020). As ENN_MEAN gradually increased, the cooling effect rate of ENN_MEAN
gradually slowed down.

BH_MEAN, categorized as an urban structural feature, showed the opposite warming patterns on LST. When BH_MEAN was low, the
warming effect rate rapidly increased as BH_MEAN increased. However, when the BH_MEAN was high (e.g., exceeded 5 m), the
warming effect rate weakened and maintained a relatively high SHAP value ranging from 0.25 to 0.75 (Fig. 61-0). This previous study
also noted a plateau in the warming effect of BH on LST beyond a certain threshold (Wang and Xu, 2021). It is also worth noting the
boundaries with SHAP values of 0. For example, in Fig. 4 (m), SHAP values are negative in areas with low BH_MEAN and high
TH_MEAN. This suggests that the driving effect on LST values is negative in these areas, implying that low building height and high tree
height contribute to mitigating UHI effect.

3.3.2. Interactions of IMP_P, ENN, and BH with LST and other features across all samples, inner city and outer city samples

We further analyzed the interaction between different features across all samples, inner city samples, and outer city samples. For
anthropogenic features, shown in Fig. 7, when IMP_P increased, NDVI_ MEAN showed a gradually decreasing trend (Fig. 7a0-a2). This
suggests that a higher IMP_P might have a negative impact on green space cover and vegetation growth, which are essential for
temperature regulation through evapotranspiration and shading effects (Obiakor et al., 2012). In both the inner city and outer city
samples, the interaction pattern between IMP_P and NDVI_MEAN appeared to be similar.

ENN_MEAN, which reflects the spatial distribution of impervious surfaces, influenced the urban cooling effect in a non-linear
manner. For ENN_MEAN, as compactness increased, the cooling effect increased as well, but as compactness further increased
(>400 m for inner city boxes, >2000 m for other boxes), the increase of the cooling effect tended to flatten out. As ENN_MEAN
increased, NDVI_MEAN showed a gradually increasing trend. It is also worth noting that in the inner city samples (Fig. 7c1), ENN_-
MEAN was mainly concentrated in the range of <200 m, indicating that the layout of buildings in inner city areas was relatively
compact.

3.4. Contribution of the most important features impacting LST in different thermal contexts

To compare and specifically explore the relationship between LST and impact features in different thermal contexts, fishnet box
samples with LST of the 1st and 99th percentiles in the entire study area and 1st and 99th percentiles in the inner city area were
counted and analyzed as four case studies, respectively. For the entire study area, Fig. 8a displays the features (i.e., IMP_P, DEM, and
As_SoP) contributing the most positive effects (warming) to LST in hot samples (LST of the 99th percentile). Correspondingly, Fig. 8b
illustrates the features (i.e., DEM_MEAN, ENN_MEAN, TH_MEAN, and FOR_P) contributing the most negative effects (cooling) to LST in
cold samples (LST of the 1st percentile). These findings suggest that elevation (DEM), the proportion (IMP_P) and compactness (ENN)
of impervious surface area exerted a significant impact on LST from all data, including both cold and hot samples. The case studies of
inner cities showed similar results. Notably, compared with the result of the entire study area where TH and FOR_P contributed to the
cooling effect on LST (Fig. 8b), Fig. 8d shows that NDVI and WAT_P played a role in impacting the LST of inner cities.
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Fig. 6. Dependence plot for interactions of IMP_P, ENN, and BH with land surface temperature and other features. The SHAP value expresses the
specific impact of different features. The colour of the dots from red to blue represent the value of the features, as shown by the bars on the right.
(See Fig. 2 and Table 1 for acronym definitions). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

4. Discussion
4.1. Advantages of the XAI machine learning model

Linear regression models have been commonly applied to investigate the relationship between LST and its impact features
(Aghazadeh et al., 2023; Zhang et al., 2021; D. Zhou et al., 2022a). For example, five patch-level landscape metrics of green cover
classes showed a significant relationship with LST based on the stepwise linear regression model (Asgarian et al., 2015). However, we
found that the RF model outperformed the MLR model in predicting LST, demonstrating complex non-linear relationships between LST
and impact features (Section 3.1). Although Wang et al. (2023) found that urban landscape components are strong explainers of LST in
Beijing using linear spatial autocorrelation analysis, our results are consistent with those of Oukawa et al. (2022). These authors also
compared the MLR model with the RF model and showed that MLR is only able to explain a modest percentage of variance in urban
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Fig. 7. Dependence plot for interactions of IMP_P, ENN, and BH with land surface temperature and other features across all samples, inner city
samples, and outer city samples. The SHAP value expresses the specific impact of different features. The colour of the dots from red to blue represent
the value of the features, as shown by the bars on the right. (See Fig. 2 and Table 1 for acronym definitions). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

heat island intensity (64% and 34% for daytime and nighttime, respectively), while the RF model exhibited a superior performance
with explanatory power over 96% of the variance for both daytime and nighttime conditions.

Moreover, the XAl machine learning model coupled with the RF model used in this study not only surpasses the traditional linear
regression model, but also solves the transparency problem associated with machine learning methods. The XAI method employed in
this study assigns a SHAP value to the features of each fishnet box, representing their contribution to LST in the RF model.

4.2. Relationship between LST and impact features
In this study, we explored the relationship between LST and its impact features in the study area of Beijing, China. Previous studies
have shown that LST is closely influenced by urban landscape configurations, such as patch size, shape and land use type (Arnfield,

2003; Zhou et al., 2011; Jung et al., 2021). Our results show that DEM_MEAN, ENN_MEAN, NDVI_MEAN, and TH_MEAN were the most
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Fig. 8. Force plot of features that contributed the most to impacting LST in four case studies. The subplots (a) and (c) show the hot samples (LST of
the 99th percentile) from all data and inner city data. The subplots (b) and (d) show the cold samples (LST of the 1st percentile) from all data and
inner city data. The red bars represent the warming effect and blue bars the cooling effect. The length of the bar indicates impact intensity. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

important features regulating LST in Beijing. An increase in DEM_MEAN had the greatest impact on the LST of the entire region and
displayed a stronger cooling trend. The IMP_P and BH_MEAN contributed the most to increasing LST, while the ENN, NDVI and WAT_P
were key features in reducing LST in urban areas. For all samples, including inner and outer cities, TH_MEAN and FOR_P were effective
in decreasing LST. The study findings suggest that increasing green spaces and water bodies while reducing the compactness of
buildings and properly controlling building density and height could effectively decrease temperatures in urban areas.

Our results are consistent with those of previous studies demonstrating that water and vegetation contribute negatively to LST,
whereas built-up areas contribute positively to LST (Zhang and Sun, 2019; Liu et al., 2021; Bala et al., 2021; Chen et al., 2022).
Furthermore, we quantified the interactive effects and intensity of positive and negative contributions of these features. The inter-
action of features impacting LST revealed an inverse relationship between IMP_P and vegetation characteristics (TH, FOR_P), with a
linear trend impact of IMP_P on LST. In comparison with previous studies that provide general patterns of landscape configurations
(Sanesi et al., 2007; Zhang and Sun, 2019; L. Zhou et al., 2022b), our research more thoroughly demonstrates the non-linear in-
teractions of impact features with LST and other features. For example, urban areas with low ENN were more likely to exhibit low TH
and a weak cooling effect. Contrarily, urban areas with high ENN generally showed low BH and elevated TH with a strong cooling
effect. The case studies further revealed that ENN plays a crucial role in regulating LST in both hot and cold samples.

4.3. Study implications and policy recommendations

Our study highlights the important cooling effect of environmental features such as vegetation and water bodies on LST. Therefore,
urban planning policies should prioritize the preservation and expansion of existing green and blue spaces. With regard to anthro-
pogenic features, our study reveals that building height positively correlates with LST, especially up to a height of 5 m, which suggests

that tall buildings can provide shading effects in densely built areas. Consequently, it behooves policy-makers to promote the design of
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buildings that facilitate air circulation and reduce heat retention. By integrating these recommendations into urban planning and
policy-making, cities can become more sustainable and thermally resilient environments.

4.4. Uncertainties and limitations

Uncertainties may arise from analyzing LST using satellite data. Considering the close relationship between solar radiation and
daytime temperatures, Huang et al. (2016) reported that the sampling error within a 5 x 5-km? region was 1.4% for solar radiation in
monthly time scales, which suggests that uncertainties could be smaller for the LST results derived from the 3 x 3-km box used in this
study. We also noticed that the feature data collected might contain uncertainties due to factors such as instrumentation, processing
methods, misclassification and calibration (Schiavina et al., 2022; Yang and Huang, 2021). In this study we applied a SHAP method
(based on fishnet boxes) to account for these potential uncertainties.

Variance inflation factor (VIF) is a standard metric for assessing multicollinearity in linear models. We calculated VIF values for
each impact feature (Appendix A, Table), However, tree-based models like the RF model have low sensitivity to multicollinearity. The
random sampling of features at each node creation helps reduce the effect of multicollinearity (Kurniati et al., 2023). All impact
features were used due to the ability of the random forest model to effectively manage multicollinearity. Furthermore, we used the
SHAP model by employing the Tree Explainer, and SHAP values do not assume feature independence (Aas et al., 2021).

Despite the presence of limitations, this study provides insight into the complex relationship between LST and various impact
features. Future research endeavors could further investigate additional features that may contribute to variations in LST. In general,
the findings from this research can help inform efforts to mitigate hot urban environments (e.g., urban heat islands).

5. Conclusions

The utilization of Explainable Artificial Intelligence (XAI) coupled with the RF model in this study provides a profound leap in
understanding the non-linear relationships that govern LST. This capability not only surpasses that of traditional linear regression
models but also addresses the transparency issues typically associated with machine learning methodologies, making our study results
more interpretable and actionable. Our detailed analysis highlights the relevance of the compactness of impervious surfaces in
mitigating urban LST, with decreasing compactness leading to a greater cooling effect when the Euclidean nearest-neighbor distance
for impervious surface areas ranges from 0 to 2000 m. These findings can equip policy-makers and urban planners with the data needed
to implement strategies that effectively reduce LST, such as optimizing green space distribution and adjusting urban layout, ultimately
contributing to the creation of thermally comfortable urban environments.

This study provides a more comprehensive understanding of how urban planning elements can modulate temperature. The
complex non-linear interactions between LST and urban impact features emphasize the need for mitigating hot urban environments by
designing new green space and water bodies while reducing impervious surfaces. From a practical standpoint, this work offers valuable
insights and guidance to urban planners and policy-makers in their quest to build more sustainable and livable urban environments.
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