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Abstract

Urbanization intensifies urban heat and compromises thermal comfort. However, few studies
have examined the interactions of Urban Heat Island (UHI) between neighboring cities and the
impacts of expanding satellite towns on central urban areas (CUA). We conducted a series of
WRF/BEP-BEM simulations during a summer heat wave in Fuzhou, China, to understand how
extensive urbanization and complex topography affect thermal comfort. Control runs reveal an
intense UHI centered on Fuzhou’s CUA. Comparisons with scenarios where urban land use and
terrain are altered demonstrate that urbanization degrades thermal comfort citywide by elevating
heat stress while valley-basin topography worsens midday heat but alleviates nighttime humid-
ity. The urban heat island circulation above the CUA suppresses the valley wind circulation and
prevents the sea breeze front from advancing inland in the afternoon. Notably, CUA urbanization
enhances sea breezes in a satellite town, inducing afternoon "cool islands". Interactions between
CUA and satellite towns appear minimized, with urbanization impacts confined locally. Future
expansion according to the "Fuzhou 2035" Master Plan shows negligible effects on thermal com-
fort in CUA. Our findings enhance understanding of intra-urban UHI dynamics in complex ter-
rains. The outcomes directly inform urban planning and climate adaptation strategies to promote
Fuzhou’s livability and resilience.
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1. Introduction

Today, more than half of the world’s population lives in urban areas; and it is projected that
more than two thirds of the global population will be living in cities by 2050 (United Nations,
2020). Such rapid urbanization is aggregating anthropogenic emissions and altering land covers,
leading to numerous environmental challenges. A remarkable challenge is the exaggerated hu-
man thermal comfort due to the interaction between urban heat islands (UHIs) (Howard, 1833;
Oke, 1995) — cities are usually warmer than their rural surroundings — and heat waves (i.e., pro-
longed overheating periods) that may incur extra deaths (e.g. 580 and 206 in Nagpur, India during
2010 and 2014 events (Dutta et al., 2020)). Moreover, the risk of extreme heat to human health
is increasing due to climate change (Liithi et al., 2023). Therefore, it calls for an urgent need to
increase our understanding of human thermal comfort, in particular for developing sustainable
cities.

Many studies have investigated the effects of urban surface properties on UHI and human
thermal comfort (Garuma, 2018; Wang et al., 2021; Li et al., 2019). The increasing building
densities suppress the turbulence and exacerbate the heat stress (Li et al., 2020; Mehrotra et al.,
2019; Wang et al., 2021). The replacement of natural landscapes with built-up surfaces enhances
the heat storage in cities, which contributes to the UHI effect (Huang et al., 2019; Ibrahim et al.,
2018; Wang et al., 2022). Meanwhile, the continuing expansion of cities exacerbates the UHI,
threatening to reduce thermal comfort for urban residents in the future (Shen et al., 2022; Vinayak
et al., 2022).

Besides urban surface properties, topography also influences urban thermal comfort (Fer-
nando, 2010; Ganbat et al., 2014; Wu et al., 2021). For instance, the Beijing-Tianjin-Hebei re-
gion, one of the most developed urban agglomerations in China, is influenced by the intertwined
effects of sea-land breeze circulations, mountain-valley breeze circulations, and urban heat island
circulations. This is due to its geographical location with the Bohai Sea to the east and surround-
ing mountains to the west: the topographically strengthened sea breeze circulation leads to an
asymmetric urban heat island circulations during the daytime, and the mountain breeze circu-

lation can combine with the land breeze to form a large circulation that extends from the coast
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to the mountains at night (Liu et al., 2009; Miao et al., 2015). In Seoul, South Korea, the UHI
circulation generated in the plain urban areas far from the mountains is enhanced by the subsi-
dence heating due to the valley wind circulation, which hinders the sea breeze intrusion (Ryu
and Baik, 2013). Conversely, in Sdo Paulo, Brazil, topography promotes the propagation of sea
breeze by forcing adiabatic cooling of the marine air going up the coastal escarpment, enhanc-
ing the temperature gradient between the southern portion of the plateau and the metropolitan
region (Ribeiro et al., 2018). However, the above studies rarely isolate the effect of topography
on regional thermal comfort.

In addition to the topographical controls, thermal environments of cities are also impacted
by their neighboring counterparts. For example, the increase in the urbanization level of the
upstream cities may enhance the UHI effect in the downstream ones under the influence of back-
ground winds and local circulations (e.g. Shanghai - Kunshan Kang et al. (2014); and Wash-
ington—Baltimore Zhang et al. (2009, 2011)). Development of satellite towns — conventionally
defined as smaller cities near metropolis to facilitate regional socioeconomic development — may
also alter the local climate of the central urban areas (CUAs). To the best of our knowledge,
however, there is little literature focusing on the interaction between them.

This work centers on Fuzhou, the capital of China’s Fujian Province situated on the south-
east coast, whose unique geographical setting incorporates all the previously mentioned factors
influencing the local thermal environment. The CUA of Fuzhou lies along the estuary basin
of Fujian’s largest river, the Min River, while six satellite towns are separated from it by hills
or mountains. To build Fuzhou into a modern international metropolis, the Fuzhou Municipal
Government is vigorously promoting the construction of a new town (Binhai New Town) along
the southeast coast as part of a grand development plan — the Fuzhou Master Plan 2021-2035
(hereafter referred to as "Fuzhou2035"). Meanwhile, it is noted that Fuzhou has become one of
the hottest cities in China due to rapid urbanization over the past four decades (China Meteoro-
logical Administration, 2012). As such, concerns about potentially exacerbated thermal comfort
induced by the development of Binhai New Town have been escalating since the release of the

Fuzhou2035 Plan.



Although some recent studies based on remote sensing data have looked into the relationship
between the land surface temperature (LST) and land use changes in Fuzhou (Cai et al., 2019;
Yang et al., 2021; Yao et al., 2022; You et al., 2021; Yao et al., 2023), how the topography
and local atmospheric circulation would influence the local thermal comfort are still yet to be
elucidated.

This study aims to investigate the effect of urbanization and topography on the thermal com-
fort in Fuzhou city during a heat wave event (July 8-14, 2021). Specifically, this work is moti-

vated by the following questions:

(1) How do topography and urbanization, respectively, affect the thermal comfort in Fuzhou?
(2) How do urbanization properties of the CUA and satellite towns affect the thermal comfort of
each other? and

(3) Will the development of Binhai New Town increase heat stress in Fuzhou?

To help answer these questions, we adopted the Weather Research and Forecasting (WRF) model,
which is a state-of-the-art numerical weather prediction and atmospheric simulation system with
proven skill representing land-atmosphere interactions in urban domains (Skamarock et al., 2021;
Sanchez et al., 2021; Tan et al., 2023; Zhou et al., 2022).

Through a control simulation evaluated against local observations, we implement WRF cou-
pled with the multi-layer urban canopy model to mimic the Fuzhou’s heterogeneous thermal
environment during a July 2021 heatwave. A series of sensitivity experiments then systemati-
cally quantify the individual and combined effects of realistic topography and land cover change
on thermal comfort indicators. Beyond insights to guide Fuzhou’s planning and development
strategies, this work elucidates physical mechanisms governing urban heat islands in complex
coastal terrains - advancing knowledge transferable to other cities pursuing sustainability and
resilience.

The remainder of this paper is organized as follows: Section 2 describes the research method-
ology, experimental design, and model evaluation. Section 3 presents the the results from three
aspects: the effects of topography and urbanization; the interplay between the urbanization prop-

erties of the CUA and satellite towns; and extreme heat stress. Section 3 also includes a subsec-
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tion discussing limitations of the modeling approach. Finally, Section 4 summarizes the major

conclusions and directions for future research.

2. Methods

2.1. Study area

Fuzhou is a mountainous city, in which mountains and hills account for 72.68 % of the total
area and the proportion of forest land reaches to 58.36 % (Fig.1). The city center lies at the
bottom of the basin, across which the Min River flows into the sea. For several decades, Fuzhou
has seen rapid urbanization. Fuzhou’s urban population grew from 3.36 million in 2000 to 6.01
million in 2020, with the built-up area expanding from 102 km? to 305.3 km? over the same
period (Fuzhou Municipal Statistics Bureau, 2021). Six satellite towns — Fuqing (FQ), Changle
(CL), Lianjiang (LJ), Minhou (MH), Minging (MQ), and Yongtai (YT) — have also experienced
fast development. According to the "Fuzhou2035", the population of permanent residents will
reach 10 million. To satisfy the increasing urban population, the Binhai New Town with an area
of 188 km? is under construction in the Changle area and is expected to be another core built-
up area of Fuzhou. Thus, Fuzhou presents an intertwined geographical context shaped by its

mountainous terrain, coastal location, ongoing urban expansion, and satellite town development.

2.2. Model Configuration

Numerical simulations were performed with the WRF model version 4.3.1 (Skamarock et al.,
2021) with Advanced Research WRF dynamics core developed by the National Center for Atmo-
spheric Research. The WRF model’s modular structure easily integrates detailed urban terrain
characteristics, such as land use heterogeneity and building morphology, which cannot be re-
solved in coarse global models. Advanced microphysics and land surface schemes simulate the
intricate exchange of energy, momentum, and mass between the urban canopy and the overly-
ing atmosphere. Compared to microscale Computational Fluid Dynamic (CFD) studies limited
to small domains or short periods, WRF is capable of mesoscale studies with acceptable com-

putation cost. Compared to resource-intensive microscale computational fluid dynamics studies
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Fig. 1. WRF nested domains and terrain in D04 for CTL scenario. Values in parentheses refer to the grids number for
nested domains.

limited to small spatial domains or periods, the WRF model strikes an optimal balance of de-
tail and computational efficiency to explore mesoscale processes shaping thermal comfort across
metro regions and multi-day heatwaves (Zhang et al., 2011; Ryu and Baik, 2013; Vinayak et al.,
2022; Tan et al., 2023).

In WRF model, nested domains allow a need for higher resolution in a specific area, while
its background weather conditions can be provided by the larger domains. In our simulations,
four one-way (i.e. information exchange is only from the coarse grid to the fine grid) nested
domains were used with the horizontal resolutions (grid numbers) of 27 km (100x100), 9 km
(112x103), 3 km (103x103) and 1 km (124x103) (Fig.1). The vertical grid has 45 sigma levels
(8 levels in the lowest 1km; model top at 50hPa). The NCEP FNL (Final) Operational Global
Analysis data were adopted for the initial field and boundary conditions on 1°x1° spatial resolu-
tion and 6 h time resolution (National Centers for Environmental Prediction, National Weather
Service, NOAA, U.S. Department of Commerce, 2000). The simulations began at 0000 UTC
on 7 July and finished at 0000 UTC on 15 July, with the first 24 hours as spin-up time. In the
model, some small-scale or too complex atmospheric processes (e.g. cloud and precipitation pro-
cesses, turbulence of the atmospheric boundary layer, and interactions between the atmosphere

and the land surface) are mathematically represented by physical parameterization schemes. The
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physical parameterization schemes we used included the Thompson scheme (Thompson et al.,
2004) for the microphysics process, the Grell 3D ensemble cumulus scheme (Grell and Dévényi,
2002) (for Domain 01 and Domain 02 only), the rapid radiative transfer model longwave radia-
tion scheme (RRTM) (Mlawer et al., 1997), the Dudhia shortwave scheme (Dudhia, 1989), the
YSU PBL scheme (Hong et al., 2006), the revised MM5 Monin-Obukhov scheme (Zhang and
Anthes, 1982), and the Noah-MP land-surface model, which augmented the representations of
land surface processes in Noah by implementing multiple parameterization schemes (Niu et al.,
2011; Yang et al., 2011). To mimic the effect of urbanization, the multi-layer urban canopy
model (MLUCM) incorporating the Building Effects Parameterization (BEP) and the Building
Energy Model (BEM) was used. The fluxes from urban impervious surfaces were provided by
BEP (Martilli et al., 2002) and the anthropogenic heat of the building was calculated based on
the building energy balance by BEM (Salamanca et al., 2010).

Land use and land cover (LULC) data are crucial for accurately predicting urban effects. In
recent years, the concept of local climate zone (LCZ) introduced by Oke and Stewart (2012) has
been widely used in urban climate research (Brousse et al., 2016; Choudhury et al., 2021; Molnar
et al., 2019; Pellegatti Franco et al., 2019). The LCZ scheme includes 10 urban and 7 natural
land cover types; thus, it can well represent the heterogeneity of the urban landscape. In our
simulations, the LCZ map of the Fuzhou region was generated following the World Urban Data
Access Portal Tool (WUDAPT) level 0 method (Demuzere et al., 2021). The LCZ map data
was imported to WRF using the W2W tool (Demuzere et al., 2022). The newly incorporated
WUDAPT-LCZ module in WREF version 4.3.1 enabled defining morphological parameters of
buildings for each local climate zone type. However, urban grid vegetation information did not
get updated through the module integration. To address this limitation and reflect actual urban
vegetation, leaf area index (LAI) data was substituted with the GLASS LAI_avhrr (Global LAnd
Surface Satellite, Leaf Area Index, Advanced Very High Resolution Radiometer) 0.05° high-

precision product (Xiao et al., 2016).
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Fig. 2. LULC of the simulations (the black nodes denote the locations of the observation stations)

2.3. Experiment Design

A series of numerical experiments were designed to investigate the impacts of topography
and urbanization on the thermal comfort (Table 1, Fig. 2). A control (CTL) experiment was
carried out using the current, realistic land use map. Three sensitivity tests separately evaluated

topography and urbanization effects:

e NoM: Removed all topography variation by setting grid elevations to zero.
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e NoU: Replaced urban areas with cropland using averaged LAI and GREENFRAC values.
o NoMNoU: Combined NoU cropland replacement with NoM zeroed elevations.

Additionally, the center urban area and a satellite town were studied. NoCUA and NoLlJ scenarios
were designed according to the CTL test, while the built type grid cells in CUA and Lianjiang
areas were replaced by the cropland type, respectively. To study the impact of the satellite towns
by themselves, the land use maps in CUA and Lianjiang areas under the NoU experiment were
replaced with the urban types corresponding to CTL, hereafter referred to as OnlyCUA and
OnlyLJ. Furthermore, a simulation named FutureCL was carried out to represent the future urban
expansion in the Changle area (i.e. the building of Binhai New Town), in which the land use
types were set according to "Fuzhou2035". Specifically, the urban types of Binhai New Town
were classified into three types: compact mid-rise (LCZ 2), open mid-rise (LCZ 5), and large
low-rise (LCZ 8), which was based on the GB 50137-2011: Code for classification of urban
land use and planning standards of development land (Ministry of Housing and Urban-Rural

Development, PRC, 2011).

Table 1: Design of the Experiments

Experiment LCZ parameters Topography BEM scheme Purpose

CTL Yes Yes Yes Real case

NoU No Yes No _

NoM Yes No Yes Tnﬂuer.lce _01 Topography and

Urbanization

NoMNoU No No No

NoCUA Yes (without CUA  Yes Yes
area) Interactions between CUA and

OnlyCUA Yes (only CUA area)  Yes Yes a satellite town

NoLJ Yes (without LJ area)  Yes Yes

OnlyLJ Yes (only LJ area) Yes Yes

FutureCL Yes (with Binhai New  Yes Yes Influence of development of
Town) Binhai New Town

2.4. Model Evaluation
The observation data obtained from the China Meteorological Data Service Center (http:
//data.cma.cn/) are used to verify the reliability of the WRF model. There are seven stations

10



in the innermost simulation domain, which can represent the CUA (Fuzhou station) and six
satellite towns (Fig. 1). The model performance is evaluated using mean absolute error (MAE),

correlation coefficient (R) and hit rate (HR) between the measurements and the CTL simulation.

MAE = NIF -0l
== M
T )
Vi 2 (R -7 Yy sk (0 -of
HR = num (|F; — Oy < C) 3)

N

where, F; represents the modeled simulation value, F represents the average of the modeled
values, O, represents the observed value at a specific station, and O represents the average of the
observed values. N represents the total number of samples, and C represents the threshold. The
data used in this study is collected from 7 observation stations, with a total of 169-time steps.
Therefore, the number of samples per station is 169, and the total number of samples is 1183.
HR represents the ratio of the number of cases where the absolute error between the observed
and simulated values is less than the threshold to the total number of samples. In this study, the
threshold is set to 2 °C for temperature, 2 m/s for wind speed, and 10% for relative humidity.
The mean absolute error is used as a metric to measure the discrepancy between the model
and the actual values. A smaller error indicates a better model performance. The correlation
coefficient R is a dimensionless value ranging between -1 and 1. A value of R closer to 1 indicates
a closer similarity in the variation trends between the simulated and observed values, suggesting

better simulation performance.

2.5. Thermal comfort assessment

Thermal comfort indicates satisfaction with the thermal environment (Epstein and Moran,
2006). It is affected not only by the ambient air temperature but also by humidity, wind speed

and even personal factors. In this work, we use Wet Bulb Globe Temperature (WBGT) as a
11



thermal comfort index. The WBGT index was developed in the 1950s by the US military to
help prevent heat-related illnesses in training camps (Budd, 2008). It has been widely utilized to
establish heat safety guidelines and mitigate heat-related illnesses (ISO, 2017), making it suitable
for evaluating thermal comfort during heat wave events. WBGT is calculated using the following

formula (Yaglou and Minaed, 1957):
WBGT = 0.7T,, + 0.2T, + 0.1Ty4 )

where T, is wet-bulb temperature (°C), T is globe temperature (°C), and Ty is dry-bulb temper-

ature (°C) or air temperature. 7 is estimated following Tonouchi et al. (2006) as:
T, -T;=0.017S - 0.208U 5)

where S is downward solar radiation (in W/m?) and U is wind speed (m/s?) that can be estimated

using the method presented by Stull (2011):

T, =T;tan™" [0.151977(RH + 8.313659)'? |
+tan™! (T; + RH%) — tan™'(RH — 1.676331) (6)

+0.00391838(RH)*? tan™" (0.023101RH) — 4.686035

where RH denotes relative humidity (in %).

Higher WBGT suggests individuals should engage in less intense activity and take more
breaks. WBGT values exceeding 28°C warrant caution as continuous competitive events may
require cancelation or rescheduling until heat stress abates. We specifically focus on the threshold
of 32°C as the extreme condition (ISO, 2017), a value recognized as the limit beyond which

outdoor physical training and intense exercise should be stopped (Armstrong et al., 2007).
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2.6. Model evaluation

To assess the ability of the WRF-BEP+BEM to replicate weather conditions in Fuzhou re-
gion, Fig.3 presents a comparison of the near-surface diagnostics including T2 (air temperature
at 2 m agl), RH2 (relative humidity at 2 m agl), and U10 (wind speed at 10 m agl) averaged
from the CTL simulation against observational data collected from seven monitoring sites. The
corresponding statistical metrics for each meteorological variable are summarized in Table 2.

Specifically, the T2 values from the CTL simulation align closely with the observed data,
exhibiting a mean absolute error of 1.0 °C, a high correlation coefficient of 0.95, and a favorable
hit rate of 0.88. RH2 values are generally underestimated compared to observations (Fig.3b),
indicating a mean absolute error of 6.9%, a correlation coefficient of 0.95, and a hit rate of 0.76.

Notably, the simulation’s largest discrepancies with observed values occur during midday and
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nighttime, manifesting as deviations ranging between 10% and 15%.

The U10 of CTL is also significantly underestimated compared with the observations. The
simulated data consistently registers 2-3 m/s lower than the observed wind speed (Fig. 3c). Sev-
eral factors contribute to this disparity. Firstly, the majority of urban sites’ Local Climate Zone
classifications are designated as "compact" at a 1 km resolution, whereas the observation sites
are actually located in open areas at a finer scale of 100 m. Secondly, the complex topogra-
phy of the Fuzhou region poses challenges that a 1 km grid resolution cannot precisely resolve,
consequently introducing errors into the simulations.

In conclusion, the WRF-BEP+BEM model adeptly reproduces the diurnal patterns of tem-
perature, relative humidity, and wind speed within the Fuzhou area throughout the simulation
period.

Table 2: Values of statistical indicators for each meteorological variable

Indicators T2 (°C) RH2 (%) U10 (m/s)

MAE 1.0 6.9 1.6
R 0.95 0.95 0.67
HR 0.88 0.76 0.71

3. Results and discussion

3.1. Effect of topography and urbanization on thermal comfort

Figure 4 presents the diurnal cycles of mean near-surface mean meteorological variables and
WBGT, averaged over the built-up areas and simulation time, for the CTL scenario. Differences
between scenarios reveal the separate and compound impacts of topography and urbanization on
thermal comfort. Specifically:

1) Topography effects refer to influences of terrain variation while holding land cover con-
stant. This is quantified by the temperature (as well as other variables) difference between the
CTL and NoM scenarios, as well as between NoU and NoMNoU. The no-topography simula-
tions remove the potential for slope flows, altitude-dependent temperature lapse rates, and terrain

14
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blocking/channeling effects on winds.

2) Urbanization effects encapsulate impacts of realistic LULC change with standard topog-
raphy. This manifests in the CTL - NoU and NoM - NoMNoU differences. Replacing urban
land cover with cropland eliminates anthropogenic heat fluxes as well as contrasts in moisture
availability, surface roughness, and radiative properties.

3) The coupled effect accounts for synergies between urbanization and topographic factors
that may amplify or dampen one another’s thermal comfort consequences. We diagnose this us-
ing CTL + NoMNoU - NoM - NoU, where the last two terms remove the individual contributions
from points 1) and 2).

In CTL scenario, the mean T2 in the urban area reached a peak of 35.2°C at 1400 LT and a low

of 25.7 °C at 0600 LT (Fig. 4a). It is obviously observed that urbanization leads to a warming of
15



~ 1°C in urban areas. Warming is more pronounced during the night, decreases during the latter
half of the night, and is at its minimum just before sunrise. The urban structures and impervious
surfaces may store solar radiation during daylight hours and slowly release it overnight, leading
to slower nocturnal cooling in urban areas. Topographic factors produce significant warming
in the afternoon. In general, the urban thermal environment is primarily modulated by surface
properties, with terrain exerting a secondary influence. The combined effects of topography and
urbanization increase warming during the night and morning, underscoring the compounding
effects of these factors on urban thermal dynamics.

In the case of RH2, it decreases after sunrise and begins to rise at 1400LT for the CTL sce-
nario (Fig. 4b). Both urbanization and topography contribute to the reduction of humidity in the
urban area. Due to the increase in impervious surfaces and decrease of vegetation in urbanized
areas, transpiration diminishes, leading to a reduction in water vapor content. Meanwhile, the
warming caused by urbanization also reduces relative humidity. This effect varies less markedly
throughout the day. In contrast, the topography’s drying impact is more inconsistent day to day,
peaking before sunrise.

The diurnal variation of U10 for the CTL scenario follows a similar trend to that of T2,
with the maximum onset delayed until 1600 LT (Fig. 4c). The urbanization reduces the wind
speeds by 1-3 m/s. The presence of tall buildings and structures in urban regions increases
surface roughness and generates greater friction against the flow, effectively slowing down the
wind speeds throughout the day. The amplification of the slow-down effect in the afternoon
may result from the convergence of flow due to urban heat island circulations. The removal
of the topography effect introduces a small wind speed peak at 0800 LT in urban areas, which
may attribute to a faster transition from the stable nocturnal boundary layer to a more turbulent
daytime state.

According to the WBGT formulation (i.e. eq. 4), higher temperatures and humidity along-
side lower wind speeds increase WBGT values. Urbanization increases temperatures and reduces
wind speeds, thus raising WBGT consistently despite the drying effects (Fig. 4d). This wors-

ens thermal comfort continuously. Topography primarily exacerbates thermal comfort midday
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by increasing WBGT. However, during late night and early morning, topography conversely im-
proves comfort. This results mainly from topography’s attenuating influence on relative humidity

at these times.

(a) Jul 9th 120 (b) Jul 9th 1400 (c) Jul 9th 1600

TS

2650N T
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Fig. 5. Spatial distribution of the urban heat island intensity (UHIL, shaded colors) and the 10 m wind field (vectors) in
the CTL scenario on July 9th at (a) 1200 LT, (b) 1400 LT, and (c) 1600 LT, the green solid line represents the sea breeze
front of CTL.

Since the highest WBGT and poorest thermal comfort occur during noontime, we further
analyze the impacts of topography and urbanization on the near-surface meteorological condi-
tions during this period. For convenience, July 9th is selected as the typical day for investigation
based on two reasons: 1) Comparisons of urban heat island intensity (UHII) and near-surface
wind fields shows largely similar weather from July 8-13, making the 9th reasonably represen-
tative (Fig. S1 - S7). 2) The CTL simulation on July 9th agrees well with observations (Fig. 3),
giving higher confidence in result accuracy.

Figure 5 illustrates the spatial distribution of UHII and the 10 m wind fields at three different
times for the CTL scenario. The UHII is calculated as the temperature difference between the
CTL and NoU scenarios for each model grid cell. At 1200 LT, the sea breeze has not yet reached
the CUA. Consequently, the spatial distribution of the urban heat island is relatively uniform
across the city. Influenced by the west-to-east land breeze, an "urban wake effect” is evident
in the eastern part of Fuzhou city (ref circle in 5a). By 1400 LT, the sea breeze has advanced

towards the city center, converging with the land breeze at the sea breeze front. Notably, the
17
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UHII peaks near this convergence, owing to slowed winds within the obstruction zone where the
two breezes meet. This heat accumulation elevates the UHII, which is also observed in previous
studies (Ribeiro et al., 2018; Wang et al., 2017). However, a "cool island" phenomenon appears
in Lianjiang town as the sea breeze front has passed over (red circle in Fig. 5b). By 1600 LT,
the sea breeze front continues inland but progresses shorter distances in the CUA. Due to the
continual absorption of solar radiation by the urban surface, the surface temperature continues to

rise, leading to a greater urban heat island intensity in the CUA.

(b) NoU

Height (km)
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Fig. 6. Vertical cross-section of wind (vectors, m s71) and potential temperature (K) (shaded colors) along the blue
dashed line in Fig.5 (c) at 1600 LT on July 9th for (a) CTL, (b) NoU, (c) NoM, and (d) NoMNoU scenarios. The vertical
wind component is multiplied by a factor of 4. The dots on the x -axis indicate the LULC of each grid, red represents the
urban type, green represents the natural type, and blue for the river or ocean type. The red vertical dashed lines represent
the locations of the sea breeze front.
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Figure 6 shows the vertical cross-section along the blue line in Fig. 5 (c¢), and the shaded col-
ors correspond to the potential temperature. In the CTL scenario, the sea breeze and land breeze
intersect over the CUA, producing a significant updraft. In contrast, the sea breeze intrudes far-
ther inland without urbanization (NoU). Similarly, a steeper onshore flow front appears over the
CUA in the NoM scenario compared to the NoMNoU scenario. This demonstrates that cities
hinder the sea breeze penetration regardless of topography, likely due to the UHI circulation and
rougher surface in the urban area. Moreover, the inland penetration depth of the sea breeze for
both CUA and NoU scenarios surpasses that of scenarios lacking terrain (NoM, NoMNoU). This
results from topography channeling the sea breeze inland like side walls. This channeling effect
potentially explains the higher afternoon wind speeds in urban areas with terrain variation (Fig.
4b).

Figure 7 shows the vertical cross-section of wind and temperature across the valley at 1500
LT and 1600 LT. Mountains that surround the CUA in the basin restrict airflow, which in turn
reduces ventilation and heat dissipation in the afternoon. Additionally, the mountainous terrain
triggers a valley wind circulation featuring downdrafts that adiabatically warm the CUA surface,
further increasing near-surface temperatures. This explains why deeper intrusion of the cooler
sea breeze cannot counteract the warming introduced by the topography (Fig.4 a). Without ur-
banization (NoU scenario), the valley wind circulation produces clear upslope anabatic winds
and downdrafts at 1500 LT and 1600 LT. However, with urbanization, the urban heat island cir-
culation dominates and suppresses the valley wind system. This also induces an earlier transition

from upslope wind to downslope wind on the west side of the CUA at 1600 LT (Fig.7 c).

3.2. Interplay of the urbanization properties of the CUA and satellite towns

As noted in Sect. 3.1, a “cool island” phenomenon occurs in the Lianjiang urban area in the
afternoons (Fig. 5). Correspondingly, model simulations show a sea breeze invasion in Lianjiang
at 1400 LT for the CTL scenario (Fig. 8a), whereas no such sea breeze is found for the NoU
scenario at the same moment (Fig. 8b). Vertical cross sections of wind velocity along the red

dashed lines (Fig. 8e,f) further reveal a fully developed onshore breeze in CTL but a much weaker
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Fig. 7. The vertical cross-section of wind and temperature across tne main valley along the black dashed line of Fig.5¢
at 1500 LT and 1600 LT on July 9th for (a,c) CTL and (b,d) NoU simulations. Vertical wind component is multiplied by
a factor of 4.

flow in NoU within the red box. This implies the inland-penetrating sea breeze, facilitated by
urbanization, lowers Lianjiang’s afternoon temperature and improves its thermal comfort.

An interesting question arises - which part of Fuzhou enables the Lianjiang "cool island"
most, the local Lianjiang town or the CUA? The OnlyLJ and OnlyCUA scenarios provide insight.
In Fig. 8, the OnlyCUA wind field closely resembles CTL in Lianjiang area, while OnlyLJ
resembles NoU. This indicates the increased sea breeze penetration in Lianjiang is not from local

urbanization but rather from the CUA. By amplifying the land-sea thermal gradient, urbanization

can accelerate sea breezes. However, scale matters: the much larger CUA creates a low-pressure
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core that propels the cool sea breeze into relatively smaller Lianjiang. The interaction between
large urban centres and their smaller suburban counterparts underscores the importance of a

holistic approach when examining urban heat islands or thermal comfort in urbanised areas.
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Fig. 9. Differences (minus the NoU scenario) of spatiotemporal average (a) T2, (b) U10, (c) RH2, and (d) WBGT over
urban areas.

Figure 9 shows the differences in spatiotemporal average meteorological variables and WBGT
between the NoU scenario and other scenarios. In the CTL scenario, the warming effect of ur-
banization is significantly greater in the CUA than in the other satellite towns, due to the concen-
tration of heat release in the dense urban core. However, CUA does not exhibit more pronounced
wind speed reductions compared to satellite towns. This complexity arises from that urbaniza-
tion’s impact on wind speed involves more than just localized resistance effects, also modifying
mesoscale circulations.

Isolating CUA urbanization (OnlyCUA) reveals that it increases local mean temperatures
almost 2°C and WBGT 0.7°C, but with negligible impact on Lianjiang and Changle. Similarly,

urbanization in the Lianjiang individually (i.e. OnlyLJ) generates 0.7 °C of local warming with
22



limited impact in most non-urban areas. De-urbanization scenarios (NoCUA and NoLJ) further
show urbanization effects are confined locally. Especially, the FutureCL scenario shows that the
construction of Binhai New Town can result in an increase of mean WBGT by 0.1°C in CL area.
But it has minimal impact on CUA and other satellite towns.

Our simulations suggest a weak interplay in the near-surface thermal environment between
the CUA and surrounding satellite towns in the Fuzhou region, which contradicts stronger inter-
actions noted in some megacities like Shanghai-Kunshan (Kang et al., 2014) and Washington-
Baltimore (Zhang et al., 2011). The discrepancy implies that, rather than geographic distance,
the scale and density of urban development drive the strenth of heat island interactions across
cities. This may also be due to the more pronounced effect of local impervious surfaces over
aerodynamics on near-surface air UHI (Li et al., 2019). While the localized urban warming
provides opportunities to mitigate the deterioration of thermal comfort in CUA, projected urban
growth could enhance interactions. This highlights the need to consider differential development
and sizes of CUA and satellite towns in regional planning. Continued urban expansion may re-
quire coordinated strategies across sub-regions within an urban agglomeration to sustain thermal

comfort.

3.3. Extreme heat stress
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Fig. 10. The average number of hours per day during which the WBGT exceeds 32°C for (a) CTL, (¢) CTL-NoU
scenarios, (b) FutureCL-CTL.

Prior work shows WBGT has a stronger correlation with risks of all-cause mortality, respi-
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ratory hospitalizations, and heat-illness hospitalizations, compared with heat index (HI) and air
temperature as indicators of a heat wave (Heo et al., 2019). Analysis of the spatial distribution
of hours when WBGT exceeds 32°C, referred to as extreme heat stress hours, reveals the ex-
tent of extreme unfavorable thermal conditions experienced by Fuzhou residents (Fig.10). Most
lower elevations, except some coastal regions, suffer at least one extreme heat stress hour per
day (Fig.1, Fig.10a). Notably, these low-altitude areas overlap significantly with urban regions
(Fig.2a). Parts of the central urban area (CUA) endure over 3.5 extreme hours daily. At these
levels, outdoor exposure should be reduced even for fit, low-risk individuals to mitigate the high
risk of heat illnesses (e.g. exertional heatstroke, heat exhaustion, and exercise-associated mus-
cle cramping) (Armstrong et al., 2007). For children and other vulnerable cohorts, the critical
WBGT for canceling exercise needs to be adjusted downward to 29 ~ 30 °C. Prolonged extreme
heat also threatens work capacity. For moderate work intensity (300 W), the hourly work capac-
ity of an average worker reduces by 35 % when WBGT exceeds 32°C, based on epidemiological
studies conducted by Kjellstrom et al. (2018). With climate change, the summer heat exposure
may pose a non-negligible threat to Fuzhou’s economic productivity (Casanueva et al., 2020).

Comparing the CTL and NoU scenarios (Fig.10b) shows that the urbanization process con-
tributes to 1 to 2 hours per day of extra extreme heat stress. Figure 10 (c) illustrates the increased
exposure to extreme heat stress following the development of Binhai New Town. Building this
new town increases localized extreme heat hours by approximately 0.5 hours, implying exacer-
bated heat stress for residents and workers. Fortunately, the central urban area and other satellite
towns do not exhibit extended extreme hours resulting from Changle’s development. This sug-
gests that the development of satellite cities or sub-central urban areas, rather than further ex-
pansion of the central city, may be a more suitable strategy to accommodate population growth
without compromising the thermal environment of existing urban residences.

These results highlight the need for coordinated urban planning and heat mitigation strate-
gies across Fuzhou’s metropolitan area. While further urban expansion in the Changle area (Bin-
hai New Town) appears locally contained, urban heat islands remain a pervasive threat. Green

space, cool roofs, and reflective materials, which have proven effective in reducing heat exposure
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(Tan et al., 2023; Yao et al., 2020), may be introduced to alleviate overheating risks in Fuzhou.
Meanwhile, other adaptive behaviors like early health warning systems, public education, and
preparedness of healthcare facilities are also essential to reduce the adverse effects of high heat
stress on health (Kiarsi et al., 2023). As climate change exacerbates heat waves, coordinated
efforts across all levels of government and society are essential to develop Fuzhou into a livable

and thermal-comfortable city.

3.4. Limitations of the modeling approach

Despite the utility of WRF in aiding investigations into thermal comfort changes under hy-
pothetical scenarios, it must be acknowledged that our methodology, due to its modelling nature,
has inherent limitations.

Firstly, we employed WRF model to achieve an optimal balance between computational effi-
ciency and physical detail for the intended simulation domain, timescale, and scientific questions
explored. Nonetheless, the 1-km resolution remains insufficient to fully resolve microscale fea-
tures within the urban canopy. The dependence on parametrizations for turbulence, radiation,
and other subgrid-scale processes represents another source of uncertainty. Subsequent studies
might utilise more advanced urban canopy models, such as WRF-SUEWS (Sun et al., 2024), at
finer resolutions when computational resources permit.

Secondly, validation of the control simulation reveals systematic biases in near-surface tem-
peratures up to 1°C as well as underestimations in RH and wind speeds. Efforts to refine model
physics and LCZ classifications at finer resolutions would likely improve the representation of
the complex urban environment. Ensembles incorporating parametric uncertainty estimates con-
stitute another avenue for constraining simulations.

Finally, the experiment design only considers a single heatwave period. While useful for
characterizing thermal comfort changes between scenarios, the results may not be generalizable
across different synoptic conditions. Additionally, the background climate change would likely
exacerbate heat stress over longer periods, while urban renewal and development projects unac-

counted for here may alter local land covers and thermal dynamics.
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‘We acknowledge these limitations not to undermine confidence in our modelling methodol-
ogy or principal findings, but rather to guide prudent interpretation of the results and encourage

further research.

4. Conclusions

This study utilized the WRF/BEP-BEM model to investigate the impacts of urbanization and
topography on thermal comfort, represented by temperature, humidity, wind speed, and WBGT,
in Fuzhou during a heat wave period in 2021. The control run shows the present-day intense
urban heat island in the Fuzhou’s central urban area (CUA), with rising risks of heat cramps,
exhaustion, syncope, and heat stroke for exposed urban residents. Comparisons with scenarios
removing urban land use and terrain provided insights into the separate and coupled effects of
these two factors.

The key findings are:

(1) The extensive urbanization degrades thermal comfort by raising heat stress city-wide, while
complex topography exacerbates midday heat but can alleviate nighttime humidity. The
coupled effect of urbanization and topography in deteriorating thermal comfort is greater
than the sum of their individual effects.

2

-

Urbanization suppresses the penetration of moderate sea breezes regardless of topography
guiding their inland advancement. However, the existence of CUA may enhance the sea
breeze locally in a satellite town (Lianjiang), inducing a "cool island" effect during after-
noons.

@3

=

Interactions of the mean thermal environment between the CUA and surrounding towns ap-
pear minimized, with urbanization impacts confined locally. Furthermore, simulated expan-
sion in Binhai New Town exhibits negligible effects on the thermal comfort in CUA and
other satellite towns.

4

=

The residents in Fuzhou endured up to 4 hours per day of extreme heat stress during this heat

wave event, indicating a substantial threat to public health and labor productivity.
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While the study provides valuable insights, there remain two main limitations that present

opportunities for further investigation:

(1) This work analyses a single heat wave event, which may limit the generalisability of the
results. Further work including multiple heat wave events would benefit the transferability
of proposed measures in this work.

(2) This study omitted factors such as CUA renewal and the expansion of satellite towns — crucial
elements to consider when evaluating the effects of urbanization on local thermal comfort.
To fully assess future thermal comfort across Fuzhou’s metropolitan area, it is essential to

incorporate these local dynamics.

This work reveals a persistent urban heat island in Fuzhou owing to its geographical unique-
ness. Though future development according to the Fuzhou2035 Plan may not impact CUA, it
could degrade Binhai New Town’s thermal comfort. Thus, sustainable development requires im-

plementing holistic mitigation strategies in both developed and developing districts of Fuzhou.
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List of Abbreviations

BEM Building Energy Model

BEP  Building Effects Parameterization

CL Changle

CTL  control

CUA  central urban area

FutureCL Future Changle

Fuzhou2035 Fuzhou Master Plan 2021-

2035
FzZ Fuzhou
HR hit rate

LCZ local climate zone

LJ Lianjiang

LULC Land use and land cover

MAE mean absolute error

NoCUA No central urban area

NoLJ No Lianjiang

NoM No Moutains

NoMNoU No Moutains and No Urbaniza-

tion

NoU  No Urbanization

OnlyCUA Only central urban area

OnlyLJ Only Lianjiang

R correlation corfficient

RH2  relative humidity at 2 m agl

T2 air temperature at 2 m agl

Ul0  wind speed at 10 m agl

UHI  urban heat island

UHII urban heat island intensity

WBGT Wet Bulb Globe Temperature

WRF  Weather Research and Forecasting

model
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Highlights
®  We model a heat wave event in Fuzhou, China using WRF to assess human thermal comfort
®  Urbanization elevates heat stress citywide while topography exacerbates midday heat.
®  Urbanization of the central urban area (CUA) helps the sea breeze penetrate a satellite town.
®  Urbanization in CUA and satellite towns weakly affects each other's thermal environments.

®  The expansion in Binhai New Town has minimal impact on the thermal comfort in CUA.
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