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Abstract

The urban expansion-induced heat can deteriorate heat stress for urban dwellers, especially during heat waves. With a focus

on the intra-urban variability of UHIs and thermal comfort, the urban parameterization within the CLM5 was modified to

incorporate the LCZs framework to simulate urban climate during a HW event in the summer of 2013 in East China. The

simulations were validated by observation data from a flux tower measurement site, conventional stations and automatic

meteorological stations, which exhibits a reasonable agreement. The aim of this work was to investigate: 1) the variability of

temperature and heat stress in relation to each urban LCZ, 2) the influence of intra-urban inhomogeneity on attributing factors

of SUHII, 3) the response of CUHII and SUHII, urban thermal comfort and controlling factors of SUHII to HW. The results

show that daytime and nighttime CUHII were highest in LCZ3 and LCZ1 areas, respectively. SUHII separately peaked in LCZ8

and LCZ1 areas during daytime and nighttime. Contrasts of CUHII and SUHII between urban classes could exceed 1.7 and 5.4

which varied with background climate and HW episode. Urban dwellers were exposed to the most serious heat stress in LCZ3

and LCZ1 areas over the north subtropical climate zone. The intra-urban heterogeneity resulted in the changes in dominant

factors controlling SUHII that were modulated by local climate and HW intensity. Moreover, UHIs and thermal comfort were

obviously affected by the occurrence of HW events such as the changes in CUHII for LCZ7 (1.0) and SUHII for LCZ8 (3.8).
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Key Points:

• The Community Land Model Urban (CLMU) was developed by incorpo-
rating the local climate zones (LCZs) framework

• The intra-urban variability of urban heat islands (UHIs) and urban ther-
mal comfort modulated by background climate in the 2013 heatwave
episode were explored

• The dominant factors of surface UHIs vary with intra-urban heterogeneity
and are also regulated by heat wave intensity and local climate

Abstract

The urban expansion-induced heat can deteriorate heat stress for urban dwellers,
especially during heat waves. With a focus on the intra-urban variability of
urban heat islands (UHIs) and thermal comfort, the urban parameterization
within the Community Land Model version 5 (CLM5) was modified to incorpo-
rate the local climate zones (LCZs) framework (i.e., CLM5-LCZs) to simulate
the urban climate during a heat wave (HW) event in the summer of 2013 in East
China. The simulations were validated by observation data from a flux tower
measurement site, conventional stations and automatic meteorological stations,
which exhibits a reasonable agreement. The aim of this work was to investigate:
1) the variability of temperature and heat stress in relation to each urban LCZ,
2) the influence of intra-urban inhomogeneity on attributing factors of SUHII, 3)
the response of canopy urban heat island intensity (CUHII) and surface urban
heat island intensity (SUHII), urban thermal comfort and controlling factors of
SUHII to HW. The results show that daytime and nighttime CUHII were high-
est in the Compact Low Rise (LCZ3) and the Compact High Rise (LCZ1) areas,
respectively. SUHII separately peaked in the Large Low Rise (LCZ8) and the
Compact High Rise (LCZ1) areas during daytime and nighttime. Contrasts of
CUHII and SUHII between urban classes could exceed 1.7 °C and 5.4°C which
varied with background climate and HW episode. Urban dwellers were exposed
to the most serious heat stress in LCZ3 and LCZ1 areas over the north sub-
tropical climate zone. The intra-urban heterogeneity resulted in the changes in
dominant factors controlling SUHII that were modulated by local climate and
HW intensity. Moreover, UHIs and thermal comfort were obviously affected by
the occurrence of HW events such as the changes in CUHII for the Lightweight
Low Rise (LCZ7, 1.0°C) and SUHII for LCZ8 (3.8°C).

Plain Language Summary

1

mailto:email@address.edu)


The Community Land Model Urban (CLMU) is the urban parameterization
within the Community Land Model version 5 (CLM5) to simulate urban cli-
mate and human thermal comfort. The local climate zones (LCZs) framework
have been utilized to facilitate communications and studies of urban climate
knowledge, which was applied to update the CLMU by substituting the current
urban density class representation in the model in this study. The modified
model was evaluated by comparing its results with observations to demonstrate
its credibility. This work aimed to investigate: 1) the intra-urban variability of
urban heat islands (UHIs) and heat stress during the heat wave episode, 2) the
impact of urban features on UHIs, 3) the response of UHIs, thermal comfort
and controlling factors of UHIs to the occurrence of heat waves. It is useful to
investigate the features, causes and controls of UHIs as well as the combined
effects of heat waves and UHIs for this improved model. The results indicate
that temperature behaviors and thermal comfort levels vary with urban form
and materials. This intra-urban heterogeneity significantly affects quantitative
contributions to surface UHIs from the urban-rural contrast of various biogeo-
physical properties, which are regulated by local background climate and heat
wave intensity.

1 Introduction

Urban heat islands (UHIs), manifested as higher temperatures in urban areas
than in their surroundings, are a remarkably growing concern in recent decades
on account of their implications for climate change and population growth (Arn-
field, 2003; Grimm et al., 2008; Hsu et al., 2021; Manoli et al., 2019; Yong Sun
et al., 2021; L. Zhao et al., 2014; Zhao et al., 2021; Zhong et al., 2021). Urban
heat island intensity (UHII) generally could be interpreted as canopy UHI in-
tensity (CUHII) or surface UHI intensity (SUHII), defined as the difference in
surface air temperature or surface skin temperature between urban and rural
areas. The causes of UHIs relate to the urban-rural contrast of surface structure
and cover, such as greater absorption of solar radiation due to lower albedo and
multiple reflections and radiation trapping, lower rates of evaporative cooling
due to less vegetation cover in cities (S. Grimmond, 2007; D. Li et al., 2019;
Oke, 1982). As illustrated by Hamdi et al. (2020) and Masson et al. (2020),
there are three main factors contributing to urban-enhanced warming: 1) urban
geometry, 2) anthropogenic heat, and 3) thermal properties. Local background
climate (L. Zhao et al., 2014) and aerosols (Cao et al., 2016; Han et al., 2020)
can also modulate UHI intensity. UHIs are a form of heat pollution for urban
dwellers and deteriorate urban environment and human health (Bai et al., 2018;
Sen & Khazanovich, 2021). Moreover, UHIs may interact with extremely high-
temperature events such as heat waves that further exacerbate heat stress in
cities (D. Li & Bou-Zeid, 2013; Liao et al., 2018; T. Sun et al., 2017; Zhao et
al., 2018).

Urban areas are becoming increasingly vulnerable to heat wave episodes. The
intensity, frequency, and duration of heat waves (HW) have shown an increasing
trend across China in recent decades (Ao et al., 2019; Ying Sun et al., 2014).

2



Given climate change and urban development, the future likelihood of HW is
projected to further raise (Ying Sun et al., 2014; Zheng et al., 2021). Hence
it is essential to quantify the UHIs-HW interaction and the impacts of syner-
gies between UHIs and HW on human thermal comfort. Many diagnostic and
prognostic methods, such as Heat Index (HI) (Rothfusz, 1990) or the Simpli-
fied Wet-Bulb Globe Temperature (SWBGT) (Willett & Sherwood, 2012), has
been designed as heat stress metrics to account for comfort level. These metrics
are derived from combinations of air temperature, humidity, wind speed, and
so on. Buzan et al. (2015) implemented a module of heat stress indices (four
moist thermodynamic quantities and nine heat stress metrics) in the Commu-
nity Land Model (CLM) (Lawrence et al., 2019) that could be utilized to assess
the urban-rural contrast of human thermal comfort.

Urban parameterization used to describe urban surface-atmospheric exchanges
of heat, momentum and water can be classified: 1) the slab or bulk model,
2) single-layer urban canopy model, 3) multi-layer urban canopy model (C. S.
B. Grimmond et al., 2011; C. S. B. Grimmond et al., 2010; Masson, 2006).
According to Best and Grimmond (2015) and Daniel et al. (2019), it is sufficient
for a single-layer urban canopy model to simulate UHIs at a regional scale. Given
urbanization as an important aspect of anthropogenic change in climate science,
urban parameterizations are being incorporated into regional and global climate
models (F. Chen et al., 2011; Daniel et al., 2019; Hertwig et al., 2021; Oleson,
Bonan, Feddema, & Vertenstein, 2008; Oleson, Bonan, Feddema, Vertenstein,
et al., 2008), although global modeling groups participating in the Coupled
Model Intercomparison Project Phase 6 (CMIP6) (Eyring et al., 2016) mostly
lack these urban schemes (Zhao et al., 2021). Oleson et al. (2011) implemented
a parameterization for urban areas (i.e., the Community Land Model Urban
(CLMU)) within the CLM of the Community Earth System Model (CESM)
(Hurrell et al., 2013) to simulate UHIs characteristics.

The state-of-the-art regional and global climate models that have urban schemes,
such as the Weather Research and Forecasting (WRF) model (Skamarock &
Klemp, 2008) and the most recent version of CLM (CLM5-CESM2), univer-
sally simulate three urban density classes (i.e., tall building district (TBD),
high and medium density(HD, MD)) within each model grid cell. However, the
current urban density class representation may not capture the variations in ur-
ban microclimates, and it has little climatological relevance. Stewart and Oke
(2012) developed a new climate-based ‘Local Climate Zones’ (LCZs) classifica-
tion system to facilitate the communications and studies of UHIs. Based on the
specific combination of surface cover, structure and fabric, and human activity,
it comprises 10 urban built types. Recent studies demonstrated that each LCZ
portrays a unique thermal behavior and comfort under similar atmospheric and
surface relief conditions (Bechtel, Demuzere, et al., 2019; Kotharkar et al., 2021;
J. Yang et al., 2021; X. Yang et al., 2018), and highlighted it would likely be
beneficial to incorporate LCZ classification into the model (Alexander et al.,
2015; Mughal et al., 2019; Oleson & Feddema, 2020; Stewart et al., 2014).
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The inter-LCZ temperature and humidity variability (Núñez-Peiró et al., 2021;
X. Yang et al., 2020; X. Yang et al., 2018) imply that human thermal comfort
and building energy use are heterogeneous within cities. Especially during heat
wave episodes, the individual local site may face very severe heat stress and
energy demand. It could guide research on the causes and controls of UHIs
to utilize LCZ classification in numerical models (Mughal et al., 2020; Stewart
& Oke, 2012). HW-induced changes in CUHI and SUHI variations have been
investigated (Liao et al., 2021; Miao et al., 2022; Shi et al., 2021; J. Wang et
al., 2021), however, the response differences of UHIs in relation to urban LCZs
to HW across background climates remain unclear. It is necessary to identify
maximum ‘extremely hot’ condition and ‘no heat risk’ condition at the LCZs
level during the HW episodes.

Previous studies have analyzed the controlling factors of spatial variations of
SUHII (C. Li & Zhang, 2021; D. Li et al., 2019; L. Zhao et al., 2014) across
different cities or local climate s. Nevertheless, the impact of intra-urban het-
erogeneity (i.e., various urban features, including morphology, fabric, etc.) on
SUHII remains largely unclear, and the role of HW intensity in quantitative
contributions from intra-urban variations needs to be further investigated.

The present study employed the modified CLM5-CESM to simulate energy and
water exchanges between urban areas and the atmosphere by substituting the
current urban density class representation with the LCZ classification system
in urban parameterization (i.e., CLMU-LCZs). The observational data from a
flux tower measurement site and automatic meteorological stations were used
to evaluate the performance of the CLMU-LCZs by conducting a single-point
case and a regional case across Nanjing. Moreover, we conduct a regional sim-
ulation in East China with LCZs map and specific parameters in relation to
each urban LCZ. In this study, the spatial pattern and diurnal cycle of canopy
UHII (CUHII), surface UHII (SUHII) and urban heat stress for each urban LCZ
were investigated during a HW period in East China. We also investigated the
impacts of the occurrence of HW on UHIs and human comfort by defining HW
and non-HW (NHW) days. Furthermore, the intrinsic biophysical mechanism
(IBM) method utilized to attribute SUHII variations to several controlling fac-
tors was applied to analyze the changes in dominant factors among different
urban LCZs, and the impact of HW intensity and local climate on them.

2 Model and Modeling Setup

2.1 Incorporating LCZs framework into the CLM5

In this study, we employ the modified urban parameterization incorporating
the LCZ classification system (i.e., CLM5-LCZs) within version 5 of the CLM
(Lawrence et al., 2019) as the land component of the CESM version 2 (Dan-
abasoglu et al., 2020). The corresponding modules and codes for geophysical
processes, input and output were revised. The CESM has been widely used in
climate studies that contributed to the CMIP (Blackport et al., 2021; Eyring
et al., 2016; Zhao et al., 2021; Zheng et al., 2021). Moreover, it allows for the
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investigations of both global urban climate questions and local urban environ-
ment under various climate change scenarios. Recent works utilizing this model
to identify the features and causes of UHIs motivate further studies on urban
climates and developments for urban schemes (Meier et al., 2021; Oleson &
Feddema, 2020).

Land heterogeneity in CLM5 is represented as the subgrid hierarchy, comprising
several land units: vegetated, lake, glacier, crop and urban. The urban param-
eterization is represented by the Community Land Model Urban (CLMU) that
divided urban land units into three density classes including TBD, HD and
MD for current urban parameterization. As suggested by Oleson and Feddema
(2020) and Masson et al. (2020), the transition from density classes to the
LCZ classification system in the model may contribute to understanding and
exchange of urban climate knowledge. Surface energy budgets and surface tem-
perature are separately calculated at each of five urban canyon facets: roof,
sunlit wall, shaded wall, and pervious and impervious roads. Evaporation in
pervious surface is characterized with a simplified bulk scheme without explicit
representation of urban vegetation. Anthropogenic heat from space heating and
air conditioning system is parameterized by a building energy submodel. In con-
trast, the corresponding variables over the adjacent rural areas are calculated
from the weighted average of vegetated, crop, lake and glacier land units. The
compositions and area fractions of rural lands were derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS) data, and the biogeophysical
parameters were extracted from prescribed values in CLM5. The vegetation
land unit consists of 15 possible plant functional types (PFTs, e.g., needleleaf
evergreen tree), and the crop land unit comprises 64 crop functional types (CFTs,
e.g., rainfed temperate corn). Therefore all variables for an urban-rural site pair
or urban LCZs-rural pairs could be available.

Table 1. Input parameter values of each urban LCZ for the CLM5-LCZs

Local Climate Zones (LCZs)
1 2 3 4 5 6 7 8 9 10

Land Cover
𝑓𝑏 0.50 0.50 0.55 0.30 0.30 0.30 0.75 0.40 0.15 0.25
𝑓𝑖 0.45 0.40 0.30 0.35 0.40 0.40 0.10 0.45 0.15 0.30
𝑓𝑝 0.05 0.10 0.15 0.35 0.30 0.30 0.15 0.15 0.70 0.45
Morphological
H 37.5 17.5 6.5 30.0 17.5 6.5 3.0 6.5 6.5 10.0
HW 2.5 1.25 1. 25 1.0 0.5 0.5 1.5 0.2 0.15 0.35
�𝑧𝑟 0.3 0.3 0.2 0.3 0.25 0.15 0.1 0.12 0.15 0.05
�𝑧𝑤 0.3 0.25 0.25 0.2 0.2 0.2 0.1 0.2 0.2 0.05
Radiative
𝛼𝑟 0.23 0.28 0.25 0.23 0.23 0.23 0.55 0.28 0.23 0.20
𝛼𝑤 0.35 0.30 0.30 0.35 0.35 0.35 0.55 0.35 0.35 0.30
𝛼𝑖 0.14 0.14 0.14 0.14 0.14 0.14 0.18 0.14 0.14 0.14
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Local Climate Zones (LCZs)
𝛼𝑝 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
𝜀𝑟 0.91 0.91 0.91 0.91 0.91 0.91 0.88 0.91 0.91 0.91
𝜀𝑤 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
𝜀𝑖 0.91 0.91 0.91 0.91 0.91 0.91 0.88 0.91 0.91 0.91
𝜀𝑝 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
Thermal
𝜆𝑟 1.70 1.70 1.09 1.25 1.70 1.09 0.50 1.07 1.09 2.00
𝜆𝑤 1.27 2.60 1.66 1.45 1.88 1.66 0.18 1.07 1.66 1.42
𝜆𝑖 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78
𝑐𝑟 1.32 1.32 1.32 1.80 1.32 1.32 2.00 2.11 1.32 2.00
𝑐𝑤 1.54 1.54 1.54 2.00 1.54 1.54 2.00 2.11 1.54 1.59
𝑐𝑖 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85
Tib, max 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0
Tib, min 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

* 𝑓𝑏, 𝑓𝑖 and 𝑓𝑝 denote urban building plan area fraction, impervious road frac-
tion and pervious road fraction, respectively. H, HW, �𝑧𝑟 and �𝑧𝑤 denote mean
building height (m), mean canyon height-to-width ratio, roof thickness (m) and
wall thickness (m), respectively. 𝛼𝑟, 𝛼𝑤, 𝛼𝑖 and 𝛼𝑝 denote roof albedo, wall
albedo, impervious road albedo and pervious road albedo, respectively. 𝜀𝑟, 𝜀𝑤,
𝜀𝑖 and 𝜀𝑝 denote roof emissivity, wall emissivity, impervious road emissivity
and pervious road emissivity, respectively. 𝜆𝑟,𝜆𝑤 and 𝜆𝑖denote roof thermal
conductivity, wall thermal conductivity and impervious road thermal conduc-
tivity (W m-1 K-1), respectively. 𝑐𝑟, 𝑐𝑤 and ci denote roof volumetric heat
capacity, wall volumetric heat capacity and impervious road volumetric heat ca-
pacity (MJ m-3 K-1), respectively. Tib, max and Tib, min represent max interior
building temperature and min interior building temperature (℃), which could
be utilized to estimate the anthropogenic heat flux in cities.

LCZ classification scheme is used in the model to expand urban landunits to
better describe inter-urban variability of temperature or humidity regimes and
thermal comfort. All urban variables are estimated at each landunit of 10 ur-
ban LCZs. In addition to area fractions of each urban LCZ derived from the
LCZ map, it is essential to convert urban canopy parameters to be suitable for
the representation of each urban LCZ. The present study refers to the LCZ pa-
rameter information described in previous studies (Bechtel et al., 2015; Stewart
et al., 2014; Zonato et al., 2021). Table 1 shows the morphological, thermal
and radiative parameters for urban LCZs adapted to the simulations with the
CLM5-LCZs.

2.2 The LCZs Map

The LCZs scheme is a climate-oriented description of the urban landscape based
on the controls of surface climates (i.e., surface cover, structure, material, and
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human activity) with a horizontal scale of hundreds of meters to several kilome-
ters. It comprises 17 standard LCZs, of which 10 are built-up types (i.e., urban
LCZs) and 7 are natural land cover types. The urban LCZs consist of the Com-
pact High Rise (LCZ1), the Compact Mid Rise (LCZ2), the Compact Low Rise
(LCZ3), the Open High Rise (LCZ4), the Open Mid Rise (LCZ5), the Open Low
Rise (LCZ), the Lightweight Low Rise (LCZ7), the Large Low Rise (LCZ8), the
Sparsely Built (LCZ9) and the Heavy Industry (LCZ10). According to Ching
et al. (2018) and Bechtel, Alexander, et al. (2019), the LCZs map for East
China could be developed using available Landsat images, Google Earth for cre-
ating the training areas and the System for Automated Geoscientific Analyses
software. The area fractions of each urban LCZ for East China and the city of
Nanjing were separately exhibited as Figure 1 and Table 2. For the single-point
case with the CLM5-LCZs, the majority of urban landscapes is the LCZ2 within
1.0 km around the observation site in Nanjing. The dominant urban classes vary
with different climate zones for the regional case in East China.

Table 2. Area fractions of LCZs types for single-point simulation in Nanjing

CLM5 – 10 urban LCZs Vegetation
1 2 3 4 5 6 7 8 9 10

Area fractions 0.095 0.388 0.051 0.122 0.122 0.02 0 0.003 0 0.031 0.167

2.3 Experimental Design

Table 3. The design of experiments in this study

Cases Models Simulation types Urban land-use Study area
1 CLM5-U3 single-point TBD, HD, MD Nanjing
2 CLM5-LCZs single-point LCZs Nanjing
3 CLM5-LCZs regional LCZs Nanjing
4 CLM5-LCZs regional LCZs East China

Table 3 exhibits the experiments conducted in this study. Case 1, Case 2 and
Case 3 were utilized to evaluate the performance of the CLM5-LCZs with obser-
vations, whereas Case 1 implemented by default CLM5 (CLM5-U3) and Case 2
implemented by the CLM5-LCZs was forced by meteorological data (i.e., wind,
air temperature, atmospheric pressure, specific humidity, precipitation, and
downward shortwave radiation) obtained from conventional weather stations
(32.03°N, 118.79°E) in Nanjing. Meanwhile, surface energy balance data (net
radiation, sensible heat flux, latent heat flux and storage heat flux) obtained
from this observation site was used to evaluate the performance of reproduc-
ing surface energy balances. These data were measured at a height of 49.5 m
(2.5 times of the average height of the buildings) above the ground that was
estimated to situate in the inertial sublayer (Zou et al., 2015).
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Additionally, for case 3, it was run with atmospheric forcing data derived from
the China Meteorological Forcing Dataset (He et al., 2020) which is suitable
for studies of land surface processes in China. This simulation was conducted
with a spatial resolution of 1km in Nanjing. Through comparing its results
with the observational data (including 2-m air temperature and relative humid-
ity) obtained from a measurement network of automatic weather stations, the
credibility of the CLM5-LCZs was further validate. This measurement network
comprises a total of 36 weather stations, of which 20 stations are situated in
building areas and 16 stations are situated in natural land-cover areas.

To investigate spatiotemporal variations of UHIs and its causes, Case 4 was
conducted with a spatial resolution of 0.1° in East China using the CLM5-LCZs
(Figure 1). It was forced by atmospheric data obtained from the China Meteoro-
logical Forcing Dataset. East China, a region along the central-eastern coastline
of China (21°N - 41°N, 106 °E - 124°E) , comprises China’s three largest urban ag-
glomerations, the Beijing-Tianjin-Hebei agglomeration, the Yangtze River Delta
agglomeration, and the Pearl River Delta agglomeration. It has a high city
density and urbanization level. The area is located in five Köppen–Geiger cli-
mate zones, including the south subtropical (SS), mid subtropical (MS), north
subtropical (NS), warm temperate (WT), mid temperate (MT) climate zones,
determined by the accumulated background climate (Figure 1).

Figure 1. Spatial distribution of total urban area fractions composed of 10
urban LCZs. The highlighted purple box is the simulation domain for the re-
gional case in this study. The SS, MS, NS, WT, MT, AT, and PT denote several
Köppen–Geiger climate zones, including the south subtropical, mid subtropical,
north subtropical, warm temperate, mid temperate, arid temperate, and plateau
temperate climate zones. The pie charts on the right are percentages of each
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urban LCZ in cities across the SS, MS, NS, WT, MT climate zones.

Specifically, during 2013, China experienced the hottest summer on record (Ying
Sun et al., 2014; Xia et al., 2016), therefore simulations were conducted in this
year. The observed daily maximum temperatures almost exceeded 35 °C that
could intensify UHI intensity and exacerbate urban heat stress (Y. Chen &
Zhang, 2018; X. Wang et al., 2020). In view of this, we analyzed intra-urban
variability of UHIs and its controlling factors during the period from 1 July to
31 August in 2013.

3 Model Evaluation

3.1 Evaluation of the CLMU-LCZs

Table 4. Area fractions of default land types for single-point simulation (CLM5-
U3) in Nanjing

Land Cover CLM5 – 3 urban density classes Vegetation
TBD HD MD

Area fractions 0.095 0.617 0.121 0.167

The modified urban parameterization (i.e., CLMU-LCZs) is the module to de-
scribe the urban-atmosphere interaction as one of the important components of
land processes (i.e., CLM5-LCZs). Its performance was evaluated with observed
flux data (Rn+Qah=H+LE+Qs), and contrasting it with the performance of
the original model (i.e., CLM5-U3, which comprises three urban density classes:
TBD, HD and MD). The model was run uncoupled as the single-point case and
was forced by atmospheric variables from tower observations in Nanjing during
the HW period in 2013. Here, it consists of two single-point simulations, one
of which is the case using the CLM5-LCZs and LCZs map, and the other is the
case using the CLM5-U3 and default urban land covers (Table 4).

In general, the CLM5-LCZs did a better job of reproducing the surface energy
balance budget compared with the CLM5-U3. From Figure 2, we could found
that the simulated amplitude and phase of the net radiation (Rn), the sensible
heat flux (H), the latent heat flux (LE) and storage heat flux (Qs) appears to
be reasonable, which is closer to observations for CLM5-LCZs than CLM5-U3.
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Figure 2. The averaged diurnal cycles of (a) net all-wave radiation (Rn), (b)
sensible heat flux (H), (c) latent heat flux (LE), and (d) storage heat flux (Qs)
for site observation (orange lines) and two single-point simulations within CLM5
(CLM5-U3, green lines; CLM5-LCZs, blue lines) as well as a regional simulation
within CLM5-LCZs (CLM5-LCZs-R) in Nanjing. The Taylor diagram (e) ex-
hibits the credibility of the simulations by comparing with site observation.

Compared with observed H, in the CLM5-LCZs case, the daytime peak of H
is overestimated by 22.2W m-2, some of which likely results from the deep and
narrow street canyons on account of large fractions of LCZ2. The nighttime
minimum of H is also overestimated by 26.5W m-2 that may be induced by
building morphology and materials making more daytime storage heat releases
at nighttime (Oleson, Bonan, Feddema, Vertenstein, et al., 2008; W. Zhao et al.,
2014). LCZ2 is a dense mix of midrise buildings (3–9 stories) with stone, brick,
tile, and concrete construction materials. In tower observations, daytime surface
energy balance is dominated by Qs, which is generally captured by CLM5-LCZs,
yet CLM5-U3 can’t reappear it. Nevertheless, the deviation between modeled
and observed Qs is relatively larger than other fluxes (Figure 2-e). Observed
Qs is a residual error between Rn and the sum of H and LE, in which some
of the anthropogenic heat flux (Qah) is contained, that partially accounts for
the underestimation of Qs in CLM5-LCZs. Additionally, simulated Qah (40-
55W m-2) in CLM5-LCZs was calculated as heating and air conditioning fluxes
by a building energy submodel.

In addition, when the CLM5-LCZs was forced by the China Meteorological
Forcing Dataset, surface energy balances derived from a regional simulation
were further utilized to evaluate the credibility of it. Figure 2 shows the com-
parison of simulated fluxes around the tower station (32.03°N, 118.79°E) within
this regional simulation and the single-point simulation forced by meteorological
observations. It demonstrates that the regional case conducted by CLM5-LCZs
with the China Meteorological Forcing Dataset could capture the diurnal fea-
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tures of surface energy balance.

Figure 3. The validation of modeled surface air temperature (a, b, c) and rel-
ative humidity (d, e, f) in selected sites with observational data. (a), (b) and
(c) denote the correlation between modeled and observed daytime, nighttime
and daily mean surface air temperature. (d), (e) and (f) denote the correla-
tion between modeled and observed daytime, nighttime and daily mean relative
humidity. The observational data were obtained from 36 automatic weather
stations in Nanjing.

Apart from utilizing a tower measurement for the model validation within a
single-point case, we also conducted a regional case with a spatial resolution of
1km in Nanjing so as to be compared with observed air temperature and humid-
ity obtained from a measurement network of automatic weather stations. There
are several reasons that may account for this model validation using station mea-
surements in Nanjing. First, observations obtained from automatic weather sta-
tions in Nanjing have a continuous hourly series including air temperature and
relative humidity. Second, these observational data have been cross-checked
to correspond to different urban LCZs or rural vegetations through satellite
images and field works, which could be utilized not only for the inter-LCZs con-
trast of temperature or humidity regimes but also for the evaluation of CLM5-
LCZs. It is clear that there are acceptable agreements between modeled and
observed air temperature (daytime: correlation coefficient, r=0.66, confidence
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level, P<0.001; nighttime: r=0.65, P<0.001; daily-mean: r=0.77, P<0.001)
and humidity (daytime: r=0.56, P<0.001; nighttime: r=0.55, P<0.001; daily-
mean: r=0.66, P<0.001) (Figure 3). These results once again highlight the
credibility of the modified model.

3.2 Sensitivity to Urban Heterogeneity

Figure 4. The differential chart of (a) surface air temperature (Ta) and (b)
surface temperature (Ts) for each urban LCZ during a heat wave period in the
summer of 2013 in Nanjing. The red (MAX), blue (MIN), green (AVG) and
grey (DTR) color table exhibit daytime, nighttime, daily-mean temperature
and diurnal temperature range.

With the LCZs scheme, CUHII and SUHII could be calculated in a physically
based manner by a temperature difference between urban LCZs and rural lands
(i.e., UHII=TLCZ x-Tr). In this study, rural lands used to match different urban
LCZs were consistent over the same grid cells, which are composed of natural
land covers (i.e., vegetation, lake and glacier). To examine intra-LCZs variability
of UHII, we implemented a single-point case assuming urban lands comprise all
urban LCZs. The contrasts of CUHII and SUHII at daytime, nighttime, as well
as daily-mean and diurnal temperature ranges among different urban LCZs were
exhibited as Figure 4.

During daytime, CUHII is highest in LCZ3, and its differences in LCZ3, LCZ7
and LCZ1 exceed 2 °C each comparing to LCZ9. In terms of urban geometrical
morphology alone, the cities with dense and compact buildings (LCZ1~3, the
sum of urban building and road fraction exceeds 85%) as well as dense low-rise
buildings or roads (LCZ7~8) have a larger CUHII. It indicates urban surface
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cover (building and road fraction) plays an important role in daytime CUHII.
Nighttime CUHII peaks in LCZ1, and it is also largely explained by the com-
pactness of built-up. Both LCZ1 and LCZ3 have a larger value of daily-mean
CUHII (>1.6°C), however, the diurnal range (the difference between maximum
and minimum) of CUHII is larger in cities with low-rise buildings (LCZ3, LCZ6,
LCZ7 and LCZ8), and its difference between LCZ7 and LCZ10 could reach 1.7
°C that may be induced by the lightweight construction materials of LCZ7 with
a high surface albedo and a low thermal conductivity.

Similarly, daytime SUHII is more significant in cities with dense and compact
buildings, and the differences exceed 5°C in comparison to sparsely built (LCZ9),
and dense buildings imply a larger nighttime SUHII and daily-mean SUHII. A
larger diurnal range of SUHII generally coincides with dense low-rise buildings
(LCZ3, LCZ6 and LCZ8).

Figure 5. The moist heat stress for each urban LCZ during a heat wave
period in Nanjing. (a) The surface air temperature (T) – specific humidity (Q)
regime plots. The conditional distributions of T and Q were used to represent
the exceedance percentile of the heat stress metric comprising both heat and
moisture conditions. The purple and blue dots denote daytime (MAX) and
nighttime (MIN) T-Q regimes, Extreme T and extreme Q are deep red and
deep green, respectively. (b) The differential chart of daytime (MAX, the color
of circles) and nighttime (MIN, the size of circles) Heat Index (HI) for each
urban LCZ.

In order to assess intra-urban heterogeneity of thermal comfort, as mentioned
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above, four heat stress metrics with a combination of heat and moist condi-
tions were used for capturing the nonlinearity of the covariation of temperature
and moisture conditions (Buzan et al., 2015). Figure 5-a shows the surface air
temperature (T) – specific humidity (Q) regime that was calculated by the con-
ditional distribution of T and Q percentile during the HW periods in 2013 that
represents threshold percentiles of heat stress metrics. From 5-a and b, we could
find that urban dwellers are exposed to a more serious heat stress level in LCZ7
and LCZ3 at daytime, and the cities with an open arrangement of higher build-
ings (LCZ4 and LCZ5) have a lower heat risk condition, of which the heat index
(HI) is less than 2.1°C with respect to LCZ7. Nevertheless, at nighttime, com-
pact buildings (e.g., LCZ1) experience a larger thermal discomfort. In general,
during the HW periods, LCZ1 and LCZ3 belong to ‘extreme heat’ conditions
due to a higher daytime heat risk and no relief from accumulative heat stress at
nighttime. On the contrary, LCZ5 is in a ‘relative low heat risk’ condition on
account of the minor heat stress at both daytime and nighttime.

4 Urban Heat Islands and Thermal Comfort in East China

4.1 Inter-urban and Intra-urban Variability of UHIs

Figure 6. The spatial distribution of averaged canopy urban heat island inten-
sity (CUHII) (a, daytime; b, nighttime) and surface urban heat island intensity
(SUHII) (c, daytime; d, nighttime) during a heat wave period of 2013 in East
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China.

Figure 7. The spatial-mean CUHII and SUHII across SS, MS, NS, WT, and
MT climate zones. The orange, green, purple and blue lines denote daytime
and nighttime CUHII and SUHII, respectively.

The spatial variations of averaged UHIs across different climate zones during
the HW periods are exhibited in Figure 6, in which UHIs are calculated from
the LCZs-weighted urban temperatures and the adjacent rural temperatures. It
roughly has an increasing trend for daytime CUHII from the southern humid
regions to the northern arid regions, and the average over the warm temperate
(WT) climate zone reaches up to 0.9°C (Figure 7). Apparently, nighttime CUHII
is higher in the mid subtropical (MS) and mid temperate (MT) climate zones
(1.1±0.2°C). For daytime SUHII, it peaks in the MS climate zone (3.2±1.0°C),
and the north subtropical (NS) and warm temperate (WT) also show a high
SUHII (2.9°C). At nighttime, SUHII is obviously lower than daytime SUHII,
and it increases along a latitude gradient, reaching the maximum (1.1±0.4°C)
in the mid temperate (MT) climate zones.
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Figure 8. The spatial-mean CUHII (a, daytime; b, nighttime) and SUHII (c,
daytime; d, nighttime) for each urban LCZ across different climate zones. The
orange, green, purple and blue shaded areas denote LCZs-weighted results.

To understand the response of UHIs to the intra-urban inhomogeneity, latitudi-
nal variations of averaged CUHII and SUHII for each urban LCZ, are calculated
from the temperature difference between urban LCZs and adjacent rural lands
as adopted before (Figure 8). During the daytime, For LCZ1~3 and LCZ6~8,
CUHII increases with the latitude first, reaching its maximum in the NS climate
zone, and then decreases. However, it shows an increasing trend from south to
north for other LCZs. Daytime CUHII is highest in LCZ3 (2.2±0.3°C), LCZ7
and LCZ1 also have a high value. Nighttime CUHII peaks in the MS climate
zone for all urban LCZs but LCZ 9. The larger dense and compactness (i.e.,
LCZ1~3) represent the stronger CUHII at nighttime, especially for LCZ1 (2.7°C
in the MS climate zone).

For daytime SUHII, the cities with a large proportion of impervious built-up
and low-rise buildings (i.e., LCZ8, LCZ3 and LCZ6) have a stronger UHIs,
and daytime SUHII of LCZ8 and LCZ3 are higher in the MS (7.5±2.1°C) and
NS (6.8±1.1°C) climate zone among different background climates, respectively.
LCZ9 and LCZ10 exhibit a stronger SUHII in the WT climate zone at daytime
and nighttime. Nevertheless, the compact building types (i.e., LCZ1~3) have
a stronger SUHII at nighttime that is more significant in the NS climate zone,
especially for LCZ1 (2.7±0.8°C). Over the MS climate zone, LCZ2 is somewhat
higher than LCZ1.
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4.2 The response difference of human thermal comfort among urban LCZs

Many heat stress metrics have been developed to estimate thermal comforts,
such as the Heat Index (HI) (Rothfusz, 1990), the simplified Wet Bulb Globe
Temperature (sWBGT), the Humidex (HUMIDEX), and the Temperature Hu-
midity Index for Physiology (THIP) (Buzan et al., 2015):

HI = - 8.7847+1.6114Ta-0.012308T
2
a+RH (2.3385-0.14612Ta+2.2117×10-3T2

a)

+RH2(-0.016425+7.2546×10-4Ta-3.582×10-6T2
a), (1)

sWBGT = 0.56Ta + 0.393eRH
100 + 3.94, (2)

HUMIDEX = Ta + 5
9 (

eRH
100 -10), (3)

THIP = 0.63Tw + 1.17Ta + 32, (4)

where Ta, RH, eRH and Tw denote air temperature (°C), relative humidity
(%), vapor pressure (mb), and Wet bulb temperature (°C), respectively. These
metrics are the combination of temperature and humidity that could more re-
alistically assess human-perceived heat stress (Mishra et al., 2020; Zhao et al.,
2021). HI is a feels-like moist heat metric based on the comfort algorithms, and
40–51 °C is danger, and � 52 °C is extreme danger. sWBGT is used to estimate
heat stress in sports medicine based on the empirical algorithms. It is unit-
less and � 32.2 is a dangerous condition. HUMIDEX is unitless that also based
on the comfort algorithms, and 46-53 is dangerous, and � 54 is imminent heat
stroke. THIP is designed for direct physiological responses within humans and
animals based on the physiology algorithms, and 79–89 is dangerous, and � 90
is very dangerous. In CLM, a module of heat stress indices has been developed
to study the interactions between urban effect, climate warming, heat wave and
heat stress (Buzan et al., 2015; Oleson et al., 2015). By utilizing this module,
intra-LCZ variability of thermal comfort level could be investigated.
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Figure 9. The spatial distribution of averaged heat stress metrics, including
HI, sWBGT, HUMIDEX and THIP in cities at daytime (a) and nighttime (b)
during the HW periods.

Considering the different behaviors in thermal comfort within cities, four heat
and moist metrics including the Heat Index (HI), the simplified Wet Bulb Globe
Temperature (sWBGT), the Humidex (HUMIDEX) and the Temperature Hu-
midity Index for Physiology (THIP), to evaluate heat stress for all urban LCZs.
Figure 9 depicts spatial variations of these metrics derived from the weighted
average of each LCZ at daytime and nighttime during the HW periods. At
first glance, it is in a remarkable heat risk condition over the NS climate zone.
The spatial patterns of these metrics are roughly consistent, yet the high-value
area of heat stress is more located in the Yangtze River Delta agglomeration for
THIP and other metrics are not.
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Figure 10. The probability distribution functions of HI for each urban LCZ
and LCZs-weighted (Urban) in SS, MS, NS, WT, MT climate zones and the
whole domain (ALL) at daytime (a) and nighttime (b) during the HW periods.
The light pink and red areas denote urban heat stress levels are danger (40~51
℃) and extreme danger (� 52 ℃), respectively.

Specifically, we utilized the probability density functions (PDF) of HI to examine
the relationship between urban features and heat stress across different climate
zones (Figure 10). Given the levels of discomfort based on a scale for determining
heat stress: 40–51 °C is danger, and � 52 °C is extreme danger. Urban dwellers
are easily exposed to a serious heat stress in the NS climate zone because almost
all cities (~98%) are with a danger heat level at daytime, of which 1% are in
extreme danger. Meanwhile, people could not get a relief from heat on account
of a high HI at nighttime. By contrast, in the SS climate zone, there are a few
cities situated in an extreme danger conditions even at nighttime. The phase and
amplitude of PDF for each urban LCZs are roughly similar. LCZ3, LCZ7 and
LCZ1 experience a more significant heat discomfort at daytime. Additionally,
at nighttime, the compact building types (i.e., LCZ1~3) correspond to a higher
heat stress, and 23% of LCZ1 are within a danger heat risk.

4.3 The Impacts of HW on UHIs and Urban Heat Stress

19



Figure 11. The definition of heat wave (HW) and non-heat wave (NHW)
periods. (a) The time series of daily Ta from 1 July to 31 August in 2013. p0 is
the percentiles of a total of 828 summer days during 2010-2018 that represent
the threshold to identify HW and NHW days. (b) The Ta departure based on
a temperature threshold of 83.3th percentile (34.7 ℃), HW and NHW days are
represented with red and blue areas, respectively.

A percentile threshold method was implemented to define the occurrence of
the HW based on a certain percentile of temperature observations (Luo & Lau,
2017; Miao et al., 2022). It is suitable to investigate the synergistic interactions
between UHIs and HW at a large scale with different background climates. We
utilized the 2-m daily maximum Ta in a total of 828 summer days during 2010-
2018 to determine the threshold percentile (i.e., p0). A HW day was identified
if maximum Ta reaches the predetermined p0. For instance, if p0 was the 83.3th
percentile and 95th percentile that corresponds to the temperature threshold of
34.7 ℃ and 36.6 ℃, a total of 31 HW days and 13 HW days were identified during
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the summer (July-August, a total of 62 summer days) in 2013, respectively
(Figure 11). The variations of p0 represent different HW intensities. Meanwhile,
the NHW days were identified with a fixed percentile threshold (i.e., the 83.3th
percentile) under various HW intensities. There are a total of 31 NHW days
(p0 < 83.3th, the blue area in Figure 11) during the summer (July-August) in
2013.

Given the compound heat extremes caused by UHIs and HW (Shi et al., 2021;
Wu et al., 2021), we analyzed the impact of HW on CUHII and SUHII as well
as the controlling factors of SUHII using the difference between HW and NHW
periods. It could be described as follows:

�IC = 1
n1

∑n1
1 CUHIIHW- 1

n2
∑n2

1 CUHIINHW= 1
n1

∑n1
1 (Ta,u,HW-Ta,r,HW)- 1

n2
∑n2

1 (Ta,u,NHW-Ta,r,NHW)
(5)

�IS = 1
n1

∑n1
1 SUHIIHW- 1

n2
∑n2

1 SUHIINHW= 1
n1

∑n1
1 (Ts,u,HW-Ts,r,HW)- 1

n2
∑n2

1 (Ts,u,NHW-Ts,r,NHW)
(6)

where �IC and �IS separately denote the changes in CUHII and SUHII between
HW and NHW periods. n1 and n2 are the numbers of HW and NHW days
defined by the temperature threshold method during the summer in 2013, re-
spectively. Ta,u,HW, Ta,r,HW, Ta,u,NHW and Ta,r,NHW represent urban and rural
air temperatures in HW and NHW days, and Ts,u,HW, Ts,r,HW, Ts,u,NHW and
Ts,r,NHW are for surface temperatures.
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Figure 12. The spatial distribution of averaged changes in CUHII (�IC) and
SUHII (�IS) between HW and NHW periods in East China. (a), (b) daytime
and nighttime �IC, (c), (d) daytime and nighttime �IS.

To investigate the role of the occurrence of HW in UHIs, we utilized the
changes in CUHII (�IC) and SUHII (�IS) between HW and NHW periods.
Here HW and NHW periods were identified by the temperature threshold of
34.7°C (i.e., the 83.3th percentile). As Figure 12 shows, the intensification
of HW on CUHII and SUHII generally exhibits a decreasing trend from the
humid to arid regions at both daytime and nighttime. More specifically, the
�IC is mostly a negative value in the WT climate zone and a small negative
value in the west of SS climate zone, while it is greater than 0 in other
climate zones. The �IS nearly represent a positive value apart from some
areas in the WT climate zone (Miao et al., 2022). These results demonstrate
CUHII and SUHII are mostly magnified by HW in the humid regions, however,
HW weakens daytime and nighttime CUHII as well as daytime SUHII in the arid
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regions.

Figure 13. The spatial-mean �IC (a, daytime; b, nighttime) and �IS (c, daytime;
d, nighttime) for each urban LCZ across different climate zones. The grey boxes
denote LCZs-weighted results.

With respect to each urban LCZ, both �IC and �IS generally increase with the
latitude first, peaking in the NS climate zone, and then reaching the minimum
in the WT climate zone (Figure 13). At daytime, the impacts of HW on LCZ7
and LCZ3 are more significant, and it reaches 0.9 and 0.8 °C in the NS climate
zone, respectively. Nighttime �IC is larger for the cities with compact buildings
(i.e., LCZ1~3) and LCZ7, and LCZ1 is easier affected by HW (0.7±0.2°C). In
the WT climate zone with a relatively arid condition, CUHII of all urban LCZs
are weakened by HW at daytime and nighttime. Both �IC and �IS are negative
for LCZ9 in the NS climate zone. For daytime SUHII, the cities with a high pro-
portion of impervious surface and low-rise buildings are significantly magnified
by HW (2.9°C for LCZ8, in the NS climate zone). Nighttime �IS is more likely
to be strengthened for the compact building types (1.5°C for LCZ1 and LCZ2,
in the NS climate zone).
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Figure 14. The spatial distribution of averaged changes in four heat stress met-
rics (�HI, �sWBGT, �HUMIDEX and �THIP) between HW and NHW periods at
daytime (a) and nighttime (b) in East China.
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Figure 15. The probability density functions of �HI for each urban LCZ and
LCZs-weighted (Urban) in SS, MS, NS, WT, MT climate zones and the whole
domain (ALL) at daytime (a) and nighttime (b).

Figure 14 exhibits the spatial distributions of the changes in heat stress metrics
including HI, sWBGT, HUMIDEX and THIP between HW and NHW periods
for LCZs-weighted results. we find that the occurrence of HW deteriorates the
thermal comfort in relatively arid regions (i.e., in the NS, WT and MT climate
zones), which is more notable for the HI metric in the NS climate zone (58%
of cities have a �HI more than 5 °C, see Figure 15). However, urban heat risks
are alleviated by the HW in most parts of SS climate zone and south-central of
MS climate zone. In particular, at nighttime, the peak value of the probability
density function of �HI is approximately -0.9°C, and the thermal environments
for about 50% of cities are improved by more than 0.9°C.

Specially, at daytime, the occurrence of HW reduces the heat risk more easily
in cities with open build types (LCZ4~6) or a high proportion of pervious roads
(LCZ9~10, about half of which are covered by vegetation and unsurfaced road)
in the SS climate zone. This effect for LCZ7 and LCZ1 is relatively weaker.
On the contrary, for a small part of regions in the MS climate zone, LCZ 1
and LCZ7 get more benefits from HW. At nighttime, the cities composed of
low-rise buildings (LCZ3, LCZ6 and LCZ9) get more relief from heat stress
in the SS climate zone when the HW occurs. In northern climate zones with
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a relatively arid condition, the HW worsens the heat environment, especially
for the building types with low-rise buildings and high fractions of impervious
surfaces (i.e., LCZ3, LCZ6, LCZ7 and LCZ8).

4.4 The Attribution of SUHII

Recent works devoted to identifying the causes of surface UHIs were conducted
by the attribution method including the intrinsic biophysical mechanism (IBM)
method (L. Zhao et al., 2014) and the two-resistance mechanism (TRM) method
(D. Li et al., 2019). These methods are based on the first-order Taylor series ex-
pansion of a linearized surface energy balance equation (Rn+Qah=H+LE+Qs),
where Rn=S↓+L↓-S↑-L↑ is the net all-wave radiation, S↓ and S↑ denote the
downward and upward shortwave radiation, respectively, L↓ and L↑ represent
downward and upward longwave radiation, respectively, and Qah, H, LE, and
Qs denote anthropogenic heat flux, sensible heat flux, latent heat flux and heat
storage, respectively. As demonstrated in C. Li and Zhang (2021), both two
methods indicate the dominant factor of spatial variations of UHI intensity is
the urban-rural contrast of evaporation efficiency, which is modulated by a rural
landscape. Therefore, in this study, the IBM method was utilized to estimate
intra-urban variability of attributing factors of SUHII and the impacts of HW
intensity and local climate on dominant factors.

The IBM method could be described as (the model details see C. Li and Zhang
(2021)):

�Ts =( �Ts
�R*

n
) �R*

n+ ( �Ts
�ra

) �ra+ ( �Ts
�� ) ��+( �Ts

�Qs
) �Qs+( �Ts

�Qah
) �Qah (7)

where �Ts is the change in surface temperature induced by land-use perturbation.
Considering the effect of urbanization, �Ts=Ts,u-Ts,r represents SUHII (Ts,u and
Ts,r denote urban and rural surface temperatures, respectively). R*

n, ra, �, Qs
and Qah represent the apparent net radiation, the aerodynamic resistance, the
Bowen ratio, the heat storage and anthropogenic heat flux, respectively. In
equation (7), five terms successively indicate contributions to SUHII from the
urban-rural contrast of net radiation, the efficiency of convecting heat from the
surface to the lower atmosphere, evapotranspiration, heat storage and anthro-
pogenic heat.

Here, a weighted approach was applied to calculate the partial derivatives (e.g.,
( �Ts
�R*

n
)) in the equation (7) based on urban and rural variables. That could be

described as follows:

D = Dr+mDu
1+m (8)

Where D denotes the final partial derivatives within the attribution, Du and Dr
denote the partial derivatives calculated separately using rural or urban vari-
ables, respectively. m is weight coefficient, which was optimized by minimizing
the root-mean-square-error between modeled and attributed SUHII. Given the
attribution of SUHII in East China, the optimal value for m is 4.2 and 1.9 at
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daytime and nighttime, respectively (Figure 16).

Figure 16. The optimization of m to calculate the derivative terms in the IBM
attribution methods during the daytime (MAX, light blue line) and nighttime
(MIN, light red line) by minimizing the RMSE between modeled and attributed
SUHI intensity. mopt is the optimal value for m.

As mentioned above, the IBM method was used to isolate the causes of SUHII,
and then to explore the impacts of intra-urban heterogeneity on SUHII and its
controlling factors. These factors contain the changes in net radiation (�Rn),
the efficiency convecting heat from the surface to the lower atmosphere (�ra),
the evaporative cooling rate (��), heat storage (�Qs) and anthropogenic heat
(�Qah) between each urban LCZ and adjacent rural areas. Furthermore, to
investigate the effect of HW intensity on SUHII and its controlling factors (i.e.,
�𝐼�Rn, �𝐼�ra , �𝐼��, �𝐼�Qs

and �𝐼�Qah
), HW days in different temperature levels (i.e.,

the temperature percentile, p0) were utilized to compare with NHW days that
defined by a fixed p0 (the 83.3th percentile, corresponding to 34.7 ℃).
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Figure 17. The quantitative attribution of the various contributions to SUHII
from controlling factors obtained by the intrinsic biophysical mechanism (IBM)
method. The spatial distribution of various contributions to SUHII at daytime
(a) and nighttime (b) during the HW periods in East China. The latitudinal
variations in various contributions to SUHII for each urban LCZ and LCZs-
weighted (grey areas) at daytime (c) and nighttime (d). The latitudes increase
gradually in SS, MS, NS, WT, and MT climate zones. �Rn, �ra, ��, �Qs and �Qah
represent contributions from the urban-rural contrast of net radiation, aerody-
namic resistance, Bowen ratio, heat storage and anthropogenic heat.
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At daytime, the spatial variations of SUHII are dominated by �� in the arid
northern region (e.g., 3.4℃ in the WT climate zone) and �ra in the humid
southern region (e.g., 3.5℃ in the MS climate zone) during a heat wave period
(Figure 17). �Qs and �Rn weakens SUHII, and this effect is -2.1℃ for �Qs in the
MS climate zone and -1.2℃ for �Rn in the WT climate zone. �Qah somewhat
strengthens SUHII by 0.5℃ in the NS climate zone. However, at nighttime, �ra
significantly restrains SUHII (~-2℃), while SUHII is largely strengthened by ��
in the SS, NS, WT climate zone (~1℃), and largely strengthened by �Qs in the
MS and MT climate zone.

Given the intra-variability of controlling factors, the latitudinal variations al-
most exhibit as a consistent trend for all urban LCZs. At daytime, the contri-
bution of �ra show a decreasing trend from humid to arid regions, yet �� increases.
Notably, the impact of urban features on �ra contribution (~2℃) is obviously
less than the role of background climates (~4℃), whereas other factors are more
easily affected by intra-urban heterogeneity and local climates play a regulating
role. The city with an open arrangement of relatively high buildings (LCZ4~5)
signifies that it could convect surface heat to the atmosphere more efficiently,
thus reducing SUHII. The city with low-rise buildings and a large fraction of
impervious surfaces (LCZ 3, LCZ7) has a larger �ra contribution. For �� con-
tribution, it is larger in compact types (LCZ1~3) and LCZ8 due to lacking in
pervious roads used to evaporate water, while LCZ9 shows a negative contribu-
tion in humid regions. In addition, the roles of �Qs and �Qah are also notable in
compact types. At nighttime, �Qs contribution roughly increases with latitude,
yet other terms reach their maximum in the NS climate zone. The height of
buildings (e.g., LCZ1, LCZ2, LCZ4) plays a remarkable role in the inhibiting
effect of �ra on SUHII, whereas for other factors, the dense and compactness of
buildings (i.e., LCZ1~3) are of great importance.
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Figure 18. The impact of HW intensity on various contributions to SUHII from
five controlling factors (�𝐼�Rn, �𝐼�ra , �𝐼��, �𝐼�Qs

and �𝐼�Qah
). p0 is the threshold

percentiles to identify HW and NHW days. The spatial distribution of �𝐼�Rn,
�𝐼�ra , �𝐼��, �𝐼�Qs

and �𝐼�Qah
at daytime (a) and nighttime (b) with a temperature

threshold of 83.3th percentile (34.7 ℃) in East China. The changes in averaged
contributions between HW and NHW periods for each urban LCZ vary with p0
(i.e., HW intensity) at daytime (c) and nighttime (d).

Figure 18-a and b depict the spatial distributions of the changes in controlling
factors between HW (p0�83.3th) and NHW (p0<83.3th) periods. At daytime,
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the effects of HW on �ra and �� decrease with latitude for most of the climate
zones except for the MT climate zone. �𝐼�Rn and �𝐼�Qs

show an increasing trend
from the humid southern regions to the arid northern regions, and �Rn and �Qs
are enhanced by the occurrence of HW in the relatively arid regions, especially
for WT climate zone. Daytime and nighttime �𝐼�Qah

reaches its maximum in
the NS climate zone. Nighttime �𝐼�Rn has a similar trend as daytime, whereas
the effects of HW on �Qs decrease from the humid to the arid regions that is
in contrast to daytime. At nighttime, �𝐼�ra peaks in the SS climate zone and
reaches its minimum in the MS climate zone, and the minimum of �𝐼�� is also in
the MMS climate zone, and its peak is in the NS climate.

To evaluate the response of these controlling factors for different urban LCZs to
HW intensity, we utilize the slope of the linear fits (i.e., �𝐼slope, the unit is ℃∕p0)
for the changes in factors with the HW intensity (i.e., the temperature threshold,
p0). At daytime, the intensifications of �ra, �� and �Qah to LCZs-weighted SUHII
gradually increase with HW intensity, and �𝐼slope of them are 0.03℃∕p0, 0.05℃∕p0
and 0.01℃∕p0, while �𝐼slope of �Rn and �Qs are -0.03℃∕p0, -0.06℃∕p0. At nighttime,
the positive contributions of �� and �Qs increase with HW intensity with a slope
of 0.02℃∕p0 (Figure 18-c and d).

For different urban LCZs, daytime �𝐼slope of �ra is larger in the arid northern
regions, especially for LCZ3, yet it is smaller in the humid southern regions
where LCZ5 has a high value and LCZ3 has a low value. The amplitudes
among urban LCZs vary from 0.01 ℃∕p0 to 0.06℃∕p0 across several climate zones,
that is less than the changes in local climates (0.07℃∕p0). Daytime �𝐼slope of ��
also increases with latitude, and the ranges of it on account of urban features
(0.15℃∕p0) exceed local climates (0.10℃∕p0). At nighttime, �𝐼slope of �ra is positive
in the NS climate zone, whereas it is a notably negative value in the MS climate
zone. Additionally, the effects of HW intensity on �ra have a similar variation
range between urban features and local climates (~0.05℃∕p0). The variations
for �𝐼slope of �� induced by intra-urban heterogeneity (0.09℃∕p0) is larger than
background climates (0.04℃∕p0), both of which are comparable for �𝐼slope of �Qs
(~0.02℃∕p0).

4 Conclusions and Discussion

It is crucial to investigate the interactions among climate change, UHIs and
extreme heat for addressing urban climate risks at a global scale and to make
urban areas globally comparable, whereas it is restricted by the absence of urban
representation in global-scale earth system models (Zhao et al., 2021) and lack-
ing in appropriate uniform global-scale data for urban form and cover (Jackson
et al., 2010; Qian et al., 2022). The up-to-date CESM is an extensively used and
validated global climate model that has a physically based urban land param-
eterization (CLMU) as parts of land component (CLM5). It only utilizes the
TBD, HD and MD urban extent, datasets of which have a notable national differ-
ence, and thermal and radiative properties could not be captured. Nevertheless,
the LCZs framework could play an important role in the studies of UHIs, urban
heat mitigation and planning, as well as standardizing the worldwide exchange
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and communication of urban climate. Therefore the LCZs scheme is incorpo-
rated into CLMU-CLM5 to further describe the intra-urban heterogeneity. In
addition, the corresponding LCZs map and parameters are applied for the sim-
ulations. By comparing with observations obtained from a tower measurement
and many automatic meteorological stations, it demonstrates that there is a
good simulation performance.

The intra-urban variabilities of UHIs and urban thermal comfort are investi-
gated across different climate zones during a HW period that is defined by the
temperature threshold in East China. It roughly has an increasing trend for
daytime CUHII and nighttime SUHII from the southern humid regions to the
northern arid regions. Nighttime CUHII and daytime SUHII is higher in the mid
subtropical (MS) climate zone (1.1±0.2°C and 3.2±1.0°C). Daytime CUHII is
highest in LCZ3 (2.2±0.3°C). The larger dense and compactness (i.e., LCZ1~3)
imply the stronger CUHII and SUHII at nighttime, especially for LCZ1 (2.7°C in
the MS climate zone). The cities with a large proportion of impervious built-up
and low-rise buildings (i.e., LCZ8, LCZ3 and LCZ6) experience a stronger day-
time SUHII. Urban dwellers are easily exposed to a serious heat stress condition
in the NS climate zone, and LCZ3, LCZ7 and LCZ1 experience a lower heat dis-
comfort at daytime, and the compact building types (i.e., LCZ1~3) correspond
to a higher heat stress condition at nighttime.

The responses of UHIs and urban heat stress to HW are also explored. CUHII
and SUHII are mostly magnified by HW in the humid regions, however, HW
weakens daytime and nighttime CUHII as well as daytime SUHII in the arid
regions. At daytime, the impacts of HW on LCZ7 and LCZ3 are more significant,
and it reaches 0.9 and 0.8 °C in the NS climate zone, respectively. It is larger
for the cities with compact buildings (i.e., LCZ1~3) and LCZ7 at nighttime.
For daytime SUHII, the cities with a high proportion of impervious surface and
low-rise buildings are significantly magnified by HW (2.9°C for LCZ8, in the NS
climate zone). It is more likely to be strengthened for the compact building types
(1.5°C for LCZ1 and LCZ2, in the NS climate zone) with respect to nighttime
SUHII. The occurrence of HW deteriorates the thermal comfort in relatively
arid regions, while urban heat risks are alleviated by the HW in most parts of
SS climate zone and south-central of MS climate zone. The HW worsens the
heat environment especially for the building types with low-rise buildings and
high fractions of impervious surfaces (i.e., LCZ3, LCZ6, LCZ7 and LCZ8) in
northern climate zones with a relatively arid condition. In the SS climate zone,
the cities with open build types (LCZ4~6) or a high proportion of pervious road
(LCZ9~10) get more benefits from heat stress at daytime, and HW reduces the
heat risk easier in the cities composed of low-rise buildings at nighttime.

Furthermore, We conduct the SUHII attribution to study various contributions
from controlling factors to SUHII and the effects of urban features, local climate
as well as HW intensity on these factors. The spatial variations of daytime
SUHII are dominated by �� in the arid northern region and �ra in the humid
southern region during a heat wave period. The impact of urban features on �ra
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contribution is obviously less than background climates, whereas other factors
are more easily affected by intra-urban heterogeneity and local climates play a
regulating role. The city with an open arrangement of relatively high buildings
(LCZ4~5) makes it convect surface heat to the atmosphere more efficiently, and
compact types (LCZ1~3) and LCZ8 have a low rate to evaporate water. At
nighttime, �ra significantly weakens SUHII, while SUHII is largely strengthened
by �� in the SS, NS, WT climate zone and by �Qs in the MS and MT climate zone.
The height of buildings (e.g., LCZ1, LCZ2, LCZ4) reduces the contributions of
�ra to SUHII more easily, whereas the compactness of buildings (i.e., LCZ1~3)
is important for other factors. The intensifications of �ra, �� and �Qah to SUHII
gradually increase with HW intensity at daytime, while the losses of �Rn and
�Qs are negative. At nighttime, the positive contributions of �� and �Qs increase
with HW intensity. The amplitudes of �𝐼slope of �� are easier affected by urban
features than local climate, while is opposite for �𝐼slope of �ra.

The field observations and numerical simulations must be coordinated to vali-
date the performance of CLM5-LCZs. When the LCZs framework are incorpo-
rated into models, continuous and valid measurements are necessary for each
LCZ that is relatively deficient for the validation of CLM5-LCZs in this study.
Additionally, the accuracy of LCZs map need conduct a scientific and rational
verification before applying to the simulations at a large scale, and correspond-
ing parameters must be adjusted to represent the form and material for each
LCZ. Moreover, urban parameterization should be improved with consideration
of the arrangements of buildings, street plants, urban irrigation and purling,
and so on, to integrate urban climate, heat mitigation and city planning and to
explore the causes of CUHI or SUHI at great length.
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