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Abstract. Urban heat islands (UHIs) substantially modify the urban thermal environment, yet the contribution of non-local
processes such as urban heat advection (UHA) in dense urban agglomerations remains poorly quantified. Using five years of
high-density automatic weather station data and Weather Research and Forecasting (WRF) simulations, we investigate how
UHA links canopy-layer UHI (CUHI) and boundary-layer UHI (BUHI) across the Suzhou-Wuxi-Changzhou metropolitan area
in the Yangtze River Delta, China. UHA exhibits pronounced spatiotemporal variability, systematically transporting heat from
upwind to downwind cities along the prevailing winds. Under northwesterly flow, daily-mean UHA intensities increase from
negative values in upwind regions to about 0.3 °C downstream, with nocturnal UHA during peak hours reaching roughly
0.6 °C. Observations show that nighttime UHA is nonlinearly modulated by wind speed and planetary boundary-layer height
(PBLH), with maximum downstream warming under moderate winds and intermediate PBLH, whereas deep daytime
convective boundary layers (PBLH > 800 m) dilute urban heat plumes and can reverse UHA to a net cooling effect. WRF
experiments further indicate that urbanization in the upstream city of Changzhou enhances CUHII in the adjacent downstream
Wuxi by up to about 0.6 °C (9—42%) and BUHII by up to about 0.35 °C (19-141%), with detectable canopy-level warming
extending beyond 100 km downwind. These results demonstrate that cross-city UHA superposition, strongly regulated by
boundary-layer dynamics, is a key physical process coupling UHIs within urban agglomerations, requiring explicit

consideration in regional climate assessments.

1 Introduction

The urban heat island (UHI) is one of the primary characteristics of anthropogenic impacts on local and regional urban climate
(Oke et al., 2017). Urban expansion and anthropogenic heat emissions are key drivers of local temperature rise (Chen et al.,
2022; Shi et al., 2024). Extensive studies have explored the spatial structure, temporal evolution, and physical mechanisms of
UHI at the individual city scale (Oke, 1973; Phelan et al., 2015; Zhang et al., 2024a; Zheng et al., 2024). However, the rapid
development of urban agglomerations in recent years and the consequent reduction in inter-city distances have substantially

altered the regional thermal environment (Zhou et al., 2018). Considering the interactions between UHIs across adjacent cities
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is therefore essential for a comprehensive understanding of the spatiotemporal evolution of the thermal environment within
urban agglomerations.

The spatial influence extent of the UHI is governed by background meteorological conditions (Lowry, 1977; Stull, 1988).
Under quiescent synoptic conditions, UHI-induced local circulation typically exhibits as an "urban thermal dome" structure,
characterized by the most pronounced urban-rural thermal differences at the local scale (Oke et al., 2017). When regional
background winds prevail, an "urban thermal plume" generates (Stull, 1988), transporting heat, moisture, and pollutants
downstream (Brousse et al., 2022; Lowry, 1977; Moustaoui and Georgescu, 2025; Yang et al., 2023; Zhang et al., 2009). Early
observations indicated that urban thermal plumes could extend 10—15 km downwind (Dirks, 1974; Wong and Dirks, 1978),
while recent modelling results show significant heating up to 70 km downwind of the city (Cosgrove and Berkelhammer,
2018). The process of transporting heat to the downwind region of the UHI by horizontal winds is called urban heat advection
(UHA); however, few studies have considered how horizontal wind fields alter the urban thermal environment through the
advection-driven UHI component, or deemed this effect insignificant (Bassett et al., 2016). Ignoring the influence of UHA
may lead to an underestimation of the actual impacts of urban heat on the region.

Current research on UHA primarily utilizes three observational approaches to collect urban temperature: fixed sensors at
weather stations (Bassett et al., 2016, 2017), mobile sensors deployed on traverse vehicles (Danzig et al., 2025), and
crowdsourced data from crowd weather stations (Kittner et al., 2025). Observations within the urban canopy can effectively
capture the two-dimensional spatial patterns and extent of UHI-related UHA, but the paucity of high-quality, high-density
urban observation networks constrains UHA studies (Bassett et al., 2016). Modelling methods can complement the spatial and
temporal dimensions that observations cannot capture. For example, mesoscale numerical models (Bassett et al., 2019),
Lagrange transport models (Cosgrove and Berkelhammer, 2018; Moustaoui and Georgescu, 2025), and urban
micrometeorological models (Dinda and Chatterjee, 2022) have been applied to quantify UHA effects across local to mesoscale
scales, thereby alleviating the vertical and coverage limitations of surface measurements. Consequently, combining
high-resolution observations with mesoscale and urban numerical models has become a key approach for investigating UHA
across local to regional scales.

UHA exerts a profound influence on the downwind thermal environment at the urban scale. For example, analyses of
observation data show that UHA can affect ambient temperatures by up to 1°C in rural De Bilt (temperate maritime climate),
Netherlands (Brandsma et al., 2003); the downwind warming in Birmingham (temperate maritime climate), UK can reach
1.2°C and extend beyond 10 km (Bassett et al., 2016); and downwind temperatures rise induced by UHA in Lubbock (semi-
arid region), Texas can exceed 4°C (Danzig et al., 2025). The observational findings are corroborated by numerical simulation
results; for example, downwind temperatures can be up to 2.5°C higher than upwind during a Birmingham heatwave event
(Heaviside et al., 2015). UHA processes are influenced by meteorological conditions and underlying surface characteristics.
Generally, the contribution of UHA to ambient temperature rise is most significant under moderate wind speeds, while the
UHA effect is weaker under strong mesoscale forcing or calm conditions (Bassett et al., 2016; Kittner et al., 2025). However,

current research often lacks consideration of the influence of more boundary layer conditions on UHA processes, such as
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planetary boundary layer height (PBL), beyond conventional near-surface meteorological factors. Furthermore, the intensity
and spatial extent of UHA are closely related to urban size (Bassett et al., 2019) and UHI intensity (Kittner et al., 2025). They
are modulated by the spatial configuration or local climate zones of upwind cities (Bassett et al., 2016; Kittner et al., 2025), as
well as by downwind land use types (e.g., downstream lakes can act as heat sinks for UHA and reduce the horizontal transport
distance of heat plumes) (Cosgrove and Berkelhammer, 2018). It is noteworthy that even in small urban areas, UHAs can
exacerbate air temperatures downwind (Bassett et al., 2017). However, existing UHA studies primarily focus on intra-city heat
transport or the impact of isolated cities, neglecting the synergistic transport effects generated by dense heat sources within
urban agglomerations. It remains an open question whether the cross-city superposition of UHAs from multiple cities within
an urban agglomeration has become a critical physical process coupling the thermal environments of adjacent cities. The extent
to which upwind UHAs exacerbate downstream UHI intensity is currently poorly understood.

The Yangtze River Delta (YRD) region in China exhibits a spatial pattern characterized by the clustered development of
multiple metropolitan areas. To understand the processes of UHA, the UHI can be vertically delineated into the canopy-layer
UHI (CUHI) and the boundary-layer UHI (BUHI) (Oke, 1976). Using high-density automatic weather station observations and
WRF-SLUCM simulations over the YRD, we investigate how UHA links UHIs across cities within an urban agglomeration.
Specifically, we address: (1) how CUHI and BUHI are coupled along the urban chain under different wind regimes; (2) how
wind speed and PBLH modulate the intensity and diurnal asymmetry of UHA; and (3) to what extent upstream urbanization

enhances downstream CUHII and BUHII and over what distances.

2 Data and methods
2.1 Study area and data

YRD is one of the most densely populated and economically developed regions in China. Driven by rapid population growth
and high-speed economic development, the region has experienced extensive urban spatial expansion over recent decades (Shi
et al., 2025; Tian et al., 2011). The Suzhou-Wuxi-Changzhou (SuXiChang) metropolitan area, consisting of the cities of
Suzhou, Wuxi, and Changzhou, is one of the important urban agglomerations within the YRD (Fig. 1a and 1d), located in a
subtropical monsoon climate zone. The urbanization process in this region has significantly intensified both the spatial extent
and the intensity of UHI (Lu et al., 2018), consequently altering the regional thermal landscape pattern, such as the shrinking
of thermal transition zones. As a result, this area is facing severe urban thermal environment risks.

Meteorological observations from automated weather stations, including air temperature, wind speed, and wind direction,
were collected and quality-controlled from 2016 to 2020. Stations located within 1 km of large water bodies, or with elevations
exceeding 100 m relative to the lowest station, were excluded to ensure environmental representativeness (Yao et al., 2023).
Observation stations were further classified into urban and rural categories (Fig. 1b, Table S1), referring to anthropogenic heat
flux (AHF) intensity (Fig. 1c) and built-up density (Fig. 1d). Specifically, urban stations (U1-U10) are characterized by densely

built-up areas with high AHF intensity; whereas rural reference stations were matched according to the same latitudinal zone
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as the urban areas, featuring low impervious surface coverage and flat topography. In addition, the wind directions selected
for analysis should be filtered to avoid interference from large urban-derived heat in rural areas. Due to the aggregated
development of urban agglomerations, area and station classifications in this study do not strictly adhere to administrative

boundaries.
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Figure 1. (a) Geographic location of the study area in China; (b) Locations of the automated weather stations, where the yellow
and blue circles represent urban and rural stations, respectively, and blue asterisks indicate representative stations of the
regional wind field. (c-d) Spatial distribution of (c) anthropogenic heat flux and (d) built-up areas within the SuXiChang area.
The background in (b) is from the Esri World Imagery basemap as of 22 July 2020. The line in (c) represents the region of

interest, and the lines in (d) represent the administrative boundaries of the three cities of Suzhou, Wuxi, and Changzhou.

In addition, PBLH data were obtained from a global continental dataset (Guo et al., 2024), which integrates high-resolution
radiosonde measurements, ERAS reanalysis, and Global Land Data Assimilation System (GLDAS) products through machine
learning algorithms. This dataset has a 3-hourly temporal resolution and 0.25°x0.25° horizontal spatial resolution. The region
of interest (ROI) was delineated based on the location of downtown areas of Changzhou, Wuxi, and Suzhou (represented by

the U2, U4, and U6 stations, respectively), with a spatial extent of 31°N-32°N, 119.75°E—121°E, and covers 86.3% of the
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urban meteorological stations included in the analysis (Fig. 1¢). Grid data within the ROI were selected and spatially averaged

based on prevailing wind direction to represent the PBLH over the core urban agglomeration region.

2.2 Methods

2.2.1 Calculation of CUHI intensity

The CUHI intensity (CUHII) was calculated by comparing air temperatures between urban and rural areas (Oke et al., 2017):
CUHII;(t) = T;(t) — T.(¢t), (1)

where T;(t) is the average 2-meter temperature of all urban stations in region i (U1-U10) at time ¢, and T, (¢) is the average 2-

meter temperature of all rural reference stations at the same time.

2.2.2 Calculation of UHA intensity

Four representative national meteorological stations (58342, 58345, 58353, 58377) were selected to calculate the regional wind
direction and wind speed. These stations are located in relatively open surroundings, where observations are less disturbed by
local surface heterogeneity, thereby providing more reliable representations of the regional-scale background wind field
(Figure 1b).

Wind directions of representative stations were categorized into eight sectors with equal intervals of 45° to identify the daily
prevailing wind direction. The quantification of UHA intensity was modified based on Bassett et al. (2016), with further

consideration given to exclude seasonal signals:
UHA?(t,s) = CUHII? (t,s) — CUHII(t,s), ()

" 0
CUH”i(t,S) =29=1C+ﬂll(t,s)’ 3)
where CUHII? (t,s) denotes the CUHII in region i under the prevailing wind direction 6 during season s, while CUHII; (t, s)

represents the average CUHII across all wind directions in the same season s.

2.2.3 Model configuration

The spatial features of UHA were evaluated using the Weather Research and Forecasting (WRF) model, version 3.9.1, coupled
with a single-layer urban canopy model (SLUCM). WRF-SLUCM can reasonably reproduce the intensity and spatiotemporal
distribution of UHI (Zhu and Ooka, 2023). A triple-nested two-way domain configuration was employed, with the innermost
domain (d03) encompassing the study area (Fig. 2a). The domains feature horizontal grid dimensions of 102 x 102, 160 x 130,
and 286 x 160, with corresponding resolutions of 9 km, 3 km, and 1 km, and 36 vertically stretched non-uniform sigma levels.
The main physical parameterization schemes adopted in this study include: the Thompson microphysics scheme (Thompson

et al., 2008), the YSU planetary boundary layer scheme (Hong et al., 2006), the Goddard shortwave radiation scheme (Chou
5
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and Suarez, 1994), the RRTM longwave radiation scheme (Mlawer et al., 1997), the unified Noah land surface model (Tewari
et al., 2004), and the Eta Similarity surface layer scheme (Janji¢, 1994). Initial and lateral boundary conditions were derived
from the 6-hourly, 0.25° National Centers for Environmental Prediction (NCEP) Final Operational Global Analysis (FNL)
data. The simulations in this study initiated at 08:00 local time on December 23, 2017, over a 48-hour period, and the first 24-

hour spin-up period was applied for all simulations.

Water
34.5°N
Barren or Sparsely Vegetated

Cropland/Natural Veg. Mosaic
33°N Urban and Built-Up

Croplands

Permanent Wetlands
31.5°N

Grasslands

Savannas

30°N

Woody Savannas

(i
1
1
H
I
o 1
T
1
=
4
1
[
J |
i
1
|

Mixed Forests
28.5°N Deciduous Broadleaf Forest

Evergreen Broadleaf Forest

Evergreen Needleleaf Forest

1
124.5°E

TS TI°F

Figure 2. (a) The setup of the nested domain over the study area. Land use and land cover within the innermost domain for (b)

control simulation and (c) sensitivity experiment.

The default land use/land cover (LULC) data within WRF was replaced with the MODIS land cover product (MCD12Q1,
Version 6.1), which has a 500-m spatial resolution with better detail (Friedl and Sulla-Menashe, 2022). To quantitatively assess
the contribution of the urban landscape to UHA, a sensitivity experiment (EXP) was conducted. In particular, the urban LULC
within the downtown area of Changzhou city (represented by U2 stations) was replaced with croplands, while all other model
configurations and forcing remained identical to the control simulation (CTRL).

To quantify the differences in the CUHII of downstream cities in the sensitivity experiments, ACUHII was calculated:
ACUHII;(t) = CUHII; crpy (t) — CUHII; gxp(2), 4
where CUHII; crg,, (t) and CUHII; pxp(t) denote the CUHII values in region 7 derived from the control simulation and the

sensitivity experiment, respectively. The criteria for demarcating the rural reference area in the model are given in

supplementary material Text S1. A positive ACUHII indicates an increase in the CUHII in downstream cities, and vice versa.
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2.2.4 Calculation of BUHI intensity

Thanks to the high spatial resolution of numerical simulations, the BUHII can be further calculated. BUHII is defined as the
mean potential temperature difference within the PBL between urban and reference rural areas, and its calculation formula is

as follows:
BUHII;(t) = (0;)ppL — {Or)ppL, Q)

where (0;)pg;, and (6,)pp1, represent the mean potential temperature within the boundary layer over urban and rural areas,

respectively. Taking the urban area as an example:
1 N; 1 «Kij
(0;)ppL = N_i2j=1 (Ezkzll 9i,j,k(t)>, (6)

where, N; is the number of grid points in the urban region i; for a given grid point j, K; ; denotes the number of vertical layers
from the lowest model level to the PBLH (output by the model); and 6; ; , (t) is the potential temperature at time ¢ at the k-th

layer of grid point j. The calculation method for the rural area (6,)pgy, is similar:
1 r 1 Ky j
(0 )ppL = N—rZ?’zl (EZ,(:’I 9r,j,k(t)>. @)

where N, is the number of grid points in the rural area r. Similarly, ABUHII is employed to quantify the difference in BUHII

of downstream cities between the control simulation and sensitivity experiments:
ABUHII;(t) = BUHII; crg (t) — BUHII; gxp(t), ®)

where the subscripts CTRL and EXP denote the control simulation and the sensitivity simulation, respectively.

3 Results
3.1 Spatiotemporal characteristics of UHA under prevailing wind conditions

Wind conditions play an important role in modulating the intensity and spatial heterogeneity of the UHI (He, 2018; Yang et
al., 2023). The regional background wind speed and direction were derived from four representative observation stations (Fig.
3). The prevailing wind directions exhibit pronounced seasonal variation, which is partly governed by the East Asian monsoon
system. During summer (June—August), southeast flows prevail under the influence of the Western Pacific subtropical high
(Shi et al., 2025; Zong et al., 2021). Conversely, the frequency of northwest winds increases relatively in winter (December—
February), driven by the continental Siberian high (Dai et al., 2025). Spring and autumn serve as transition periods, displaying
greater variability in wind direction, and may be influenced by local circulations (e.g., sea breezes and lake breezes) under

weak synoptic conditions (Yang et al., 2023). It is noteworthy that the prevailing monsoon direction aligns with the
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arrangement of the urban agglomerations, both being northwest-southeast (e.g., the urban U1-U2-U4-U6-U9 and U3-U5-U7),
and there are no strong heat sources in the upstream or downstream of rural areas along this direction (Fig. 1b). Therefore, the

characteristics of UHA under northwest and southeast wind conditions are discussed in detail.

Wind Sp.:aed (m/s)

190
Figure 3. Monthly 10-meter wind rose diagrams based on hourly wind data at four national meteorological stations.

The spatiotemporal characteristics of CUHI and UHA under northwest wind conditions are shown in Supplementary Figure

S1 and Figure 4. The regionally daily-averaged CUHII ranges from 0.22°C to 1.38°C and generally shows higher intensity at

195 night than during daytime (Fig. S1). For upstream areas, the daily-averaged UHA intensity is negative (e.g., —0.17°C in region
Ul, Fig. 4), indicating a mitigation of the CUHI (e.g., Ul exhibits a daytime urban cold island effect, Fig. Sla). Favourable
ventilation conditions help reduce the UHI (Zheng et al., 2022), and increasing wind speed usually leads to a decrease in
CUHII (Tian et al., 2023). When the wind speed exceeds a critical threshold, the UHI intensity may approach zero (He, 2018).
Along the downwind direction, regional UHA intensity changes from negative to positive and progressively strengthens,

200 reaching up to 0.32°C in the strongest downstream region (Fig. 4). This corresponds to daily-mean UHA, while nocturnal peak

8
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values approach 0.6 °C in some regions. This spatial gradient indicates that heat from multiple urban sources is transported
and superposed downstream through advection. In addition, UHA exhibits a distinct diurnal contrast, being generally greater
at night than during the day, with the average intensity reaching approximately 0.6°C during peak hours in some regions. For
regions with positive daily-average UHA intensity (red lines in Fig. 4), the mean nocturnal UHA intensity (~0.4°C) is 319%
205 higher than its daytime counterpart (~0.1°C). In summary, under northwest wind conditions, the regional UHA pattern
indicates that upstream areas benefit from ventilation-induced CUHI relief, whereas downstream urban zones experience

enhanced heat loading, and UHA intensity shows day—night asymmetry.
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210 Figure 4. Diurnal variation of hourly UHA intensity across different regions under northwest wind conditions. The numerical
values indicate the daily-averaged UHA intensity for each region. Line colours represent the sign of the daily-averaged UHA

intensity: red indicates positive values, while blue indicates negative values.
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The spatiotemporal characteristics of UHA under southeast and northwest wind conditions exhibit both commonalities and

215 differences. Under southeast wind conditions, a pronounced cooling effect is observed in the upwind region, where the
minimum averaged UHA intensity reaches —0.8°C. Similarly, a distinct spatial gradient exists along the prevailing wind vector,
characterized by a progressive increase in UHA toward the downwind region, with the maximum daily-averaged intensity
reaching 0.09°C (Fig. 5). Regions exhibiting a positive daily-averaged UHA (U1-U3) also demonstrate diurnal asymmetry:
the mean nocturnal UHA is approximately 0.15°C, whereas the daytime intensity decreases to —0.05°C. Notably, CUHII also

220 presents a pattern of higher values at nighttime and lower values during daytime (Fig. S2), consistent with the diurnal variation
trend of the UHA (red lines in Fig. 4-5), suggesting that the specific contribution of UHA to the urban thermal environment is
frequently obscured in conventional CUHI analysis. Overall, although both wind directions facilitate upwind ventilation and
downwind heat accumulation, their net thermal effects differ. Northwest winds mainly exacerbate the CUHI across most
regions of the study area, whereas southeast winds exert a more extensive mitigating influence. Consequently, the subsequent

225 sections investigate the driving factors of UHA specifically under northwest wind conditions.
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Figure 5. Same as Figure 4, but under southeast wind conditions.
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3.2 Changes in UHA with wind speed and PBLH

UHA intensity is modulated by meteorological conditions. Previous studies have discussed nocturnal UHA in some cities,
such as Birmingham (temperate maritime climate) (Bassett et al., 2016) and Lubbock (semi-arid climate) (Danzig et al., 2025),
finding that wind speed and direction are important factors influencing UHA. Extending beyond prior nocturnal analyses, this
study examines UHA under both daytime and nighttime conditions while incorporating PBLH as an additional parameter.
Daytime (typically characterized by unstable boundary layer conditions) was defined as 08:00-19:00 local time, while
nighttime (typically characterized by stable boundary layer conditions) spans 20:00—07:00 (Zhang et al., 2023). Screening was
conducted according to the following criteria: mean 10-meter wind speed <4 m s and mean PBLH < 1400 m (700 m) for
daytime (nighttime) conditions, with 93.13% (94.48%) of the samples meeting the requirements. This section discusses the
relationships between UHA intensity, wind field, and PBLH under nocturnal and diurnal conditions.

In a stable boundary layer, the advection term often dominates the surface heat budget (Stull, 1988). Figure 6 presents the
nocturnal UHA intensity as a function of wind speed and PBLH across different regions. For the downstream region with a
positive mean UHA (red line in Fig. 6), UHA intensity generally increases and then decreases with increasing wind speed and
PBLH. Statistical analysis indicates a significant positive correlation between nighttime wind speed and PBLH (Fig. S3a), r =
0.79 (p < 0.001). The variation in UHA appears closely linked to boundary layer processes. In a very stable boundary layer,
characterized by weak winds, low PBLH, intermittent and weak turbulence (Sun et al., 2012; Xue et al., 2025; Zhang et al.,
2024b), suppressing horizontal heat transport and vertical mixing. As wind speed and PBLH increase, horizontal advection
and turbulence (driven by mechanical shear) strengthen (Mahrt, 2014), and UHA intensity reaches its peak (e.g., in region U7,
the mean UHA intensity can reach 0.88°C in the wind speed range of 2—3 m s, see Fig. 6g1). This phenomenon is consistent
with observations in Birmingham and Lubbock (Bassett et al., 2016; Danzig et al., 2025). Consequently, the peak impact of
nocturnal UHA typically occurs under moderate wind speed conditions, and this pattern may be universal across cities with
different climatic backgrounds. When wind speed further increases, and the stable boundary layer transitions to a neutral
boundary layer, vertical turbulent exchange intensifies, promoting vertical dilution of urban heat, leading to a decrease in UHA,
which may even produce negative values in some regions (e.g., U3-U6; Fig. 6¢—f). Furthermore, for upstream regions with
negative mean UHA (e.g., Ul), UHA intensity decreases with increasing wind speed and PBLH, demonstrating the mitigating
effect of ventilation on CUHI. In summary, nocturnal UHA intensity is nonlinearly modulated by wind speed and boundary

layer turbulence, with maximum UHA typically occurring under moderate wind and PBLH conditions.
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Figure 6. Nocturnal averaged UHA intensity as functions of (al-j1) wind speed and (a2-j2) PBLH across different regions.
Line colours represent the sign of the nocturnal averaged UHA intensity: red indicates positive values, while blue indicates
negative values. The bars indicate the standard deviation.
260

Advection partially contributes to the thermal budget of the convective boundary layer (Stull, 1988). Figure 7 illustrates the
daytime variation in UHA intensity as a function of wind speed and PBLH. In downwind regions characterized by a positive
daytime mean UHA (red lines in Fig. 7), no systematic correlation is observed between wind speed and UHA intensity; overall,
UHA intensity was relatively higher under low wind speed conditions. In contrast, UHA exhibits a pronounced negative

265 dependence on PBLH. As PBLH increased, daytime UHA intensity decreased significantly. When PBLH exceeds 800 m, the
12
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mean UHA intensity shifts to negative values across all regions, with the lowest intensity at approximately -0.6°C. In daytime
convective boundary layers, intense buoyancy-generated turbulence deepens the PBL (Xian et al., 2024) and efficiently
redistributes urban heat, which suppresses downstream canopy-level UHA and can even lead to a net cooling relative to upwind
conditions.. Although a positive correlation between daytime wind speed and PBLH persists (Fig. S3b, »=0.5, p <0.001), this
positive correlation weakens relative to nocturnal conditions. Therefore, thermally driven turbulent mixing acts as a critical

moderating factor for daytime UHA intensity, with peak UHA intensity typically manifesting under low PBLH conditions.
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Figure 7. Same as Figure 6, but under diurnal conditions.
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3.3 Sensitivity analysis of UHA using the WRF numerical model

Numerical simulations were employed to investigate UHA characteristics at higher spatial resolution. Sensitivity experiments
utilizing modified LULC configurations have become a mature approach for quantifying urban impacts on regional thermal
environments (Moustaoui and Georgescu, 2025; Zhao et al., 2021). In the sensitivity experiment, the LULC within the
downtown area of Changzhou (U2) was replaced with croplands to isolate approximately the thermal contribution of
urbanization to downstream regions (methodology detailed in Sect. 2.2.3), particularly the impact on the downtown areas of
Wuxi (U4) and Suzhou (U6). Model performance was evaluated by comparing simulated 2-m air temperature of domain 3
against hourly observations from all available meteorological stations within the ROI (Fig. 8). The results show that the root
mean square error (RMSE) and coefficient of determination (R?) were 1.44°C and 0.84 (p <0.001), respectively, demonstrating

that the WRF model reasonably reproduced observed thermal environment.

121 —e— Observations

#-  Simulations
104

Temperature (°C)

12-2409:00  12-2413:00  12-2417:00  12-2421:00  12-2501:00  12-25 05:00
Hour (LST)

Figure 8. Comparison of hourly mean 2-meter temperature from WRF simulations and observations within the ROI.

Figure 9 illustrates the spatial distribution of the 2-meter temperature difference between the control and sensitivity
simulations (CTRL minus EXP), approximately representing the thermal contribution of upstream urbanization in Changzhou
to the downstream canopy temperature. During the analysis hours, northwest winds prevailed in domain 3. Influenced by the
UHI, Changzhou exhibited a pronounced warming, with positive temperature anomalies of 2.43 °C and 0.19 °C at 23:00 BST
and 12:00 BST, respectively. The simulations show a diurnal variation in the 2-meter temperature differences. At night (23:00
BST), lower wind speeds accompanied by a high UHA intensity but with a limited advective distance, and strong warming
was concentrated in the short distance downstream of the city (Fig. 9a). In contrast, daytime conditions (12:00 BST) featured
higher wind speeds, which accompanied by lower UHA intensity but a greater thermal influence distance (Fig. 9b). Under the
prevailing northwest winds, the U10 region was also affected by the thermal forcing of Taihu Lake in addition to UHA. During

winter, Taihu Lake functions as a daytime heat sink and a nighttime heat source relative to the surrounding environment (Fig.
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S4). Furthermore, Cosgrove and Berkelhammer (2018) utilized a Lagrangian atmospheric transport model to demonstrate that
the Chicago urban thermal plume caused significant heating at 100-200 m above ground level, extending up to 70 km
downwind. The sensitivity experiments in this study show that the downstream canopy region was also heated, with the thermal

influence beyond 100 km.
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Figure 9. Spatial distribution of the 2-meter temperature difference between the control simulation and the sensitivity
experiment (CTRL minus EXP) at (a) 23:00 BST and (b) 12:00 BST. Vector arrows indicate the 10-meter wind field of the
CTRL. The three marked locations from northwest to southeast correspond to downtown areas of Changzhou (U2), Wuxi (U4),

and Suzhou (U6), respectively.

Vertical cross-sections of potential temperature and wind vector differences between control and sensitivity experiments
were analysed (Fig. 10). The cross-section along a northwest-southeast direction spans approximately 114 km (Fig. 10a),
encompassing cities from Changzhou (U2) through Wuxi (U4) to Suzhou (U6). Note that the coordinate rotation was applied
to the horizontal wind component u to align it with the cross-section direction, with positive values corresponding to northwest
winds. For example, significant negative horizontal wind components within Changzhou's near-surface layer are due to the
urban rough surface. At night (23:00 BST), the atmospheric stratification is stable, and updrafts and downdrafts induced by
the UHI can be observed over urban areas, particularly in Wuxi (see the CTRL results in Figure S5b). Thermal plume was
suppressed within the near-surface layer, and substantial heat within the Changzhou propagated downstream primarily below
80 m, although the PBLH can reach 300-750 m (Fig. 10b). Following sunrise, solar shortwave radiation enhanced surface
heating and buoyancy-driven turbulence (Zhang et al., 2023), elevating PBLH to approximately 1200 m by noon (12:00 BST,
Fig. S5¢). Compared to nighttime conditions, enhanced ventilation and vertical mixing extended thermal influences throughout

the entire PBL depth (Fig. 10c), intensifying the BUHI in Wuxi and Suzhou. As the thermal plume propagates, vertical heat
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redistribution may occur through turbulent mixing in downstream cities. In addition, the updraft in the downstream area is

strengthened, and the vertical circulation in Wuxi during the day may be UHA -enhanced UHI circulation (Fig. 10b-c).
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Figure 10. (a) Geographical location of the vertical cross-section. (b, ¢) Vertical cross-sections of the potential temperature
and wind vector differences between the control simulation and the sensitivity experiment (CTRL minus EXP) at (b) 23:00
BST and (c) 12:00 BST. Wind vectors were synthesized by rotating u (along the transect axis) and scaling o (o multiplied by
50). The black and blue solid lines denote the PBLH in the CTRL and EXP simulations, respectively.

The sensitivity experiments quantified UHA contributions from a single upstream city. In reality, taking the downstream
city of Suzhou as an example, its UHI is influenced by multiple upstream heat sources, including weak UHA transport from
distant Changzhou superimposed upon strong UHA contributions from adjacent Wuxi. If the LULCs in upstream Changzhou
and Wuxi are simultaneously replaced with croplands in the sensitivity experiment, enhanced cross-city thermal plume
superposition and greater PBLH differences were shown (Fig. S6). These results demonstrate that the intensity and spatial
structure of UHA are closely related to diurnal boundary layer evolution.

The CUHII differences of the downstream adjacent city Wuxi (U4) were evaluated between two experimental scenarios.
Figures 11a—d show scatter plots of ACUHII and both wind speed and PBLH across different hours. Nighttime conditions
exhibited a higher ACUHII (with a maximum increase of 0.59°C), accompanied by lower wind speed and shallower PBLH
(Fig. 11al-a2); while daytime conditions showed a comparatively lower ACUHII (with a minimum increase of 0.12°C),
accompanied by higher wind speed and deeper PBLH (Fig. 11a3—a4). The relative increase in CUHII ranged from 9.1% to
42.2%, with the large proportional amplifications occurring during the nocturnal period. ABUHII ranges from about 0.12 to
0.35 °C (19.2-141.2%), indicating a larger relative sensitivity of the boundary-layer UHI to upstream UHA than at canopy
level. At night, ACUHII exhibited a non-linear response to increases in wind speed and PBLH, characterized by an initial

amplification followed by a decrease (Fig. 11al—a2). In contrast, daytime ACUHII decreased with increasing PBLH, while its
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correlation with wind speed remained ambiguous (Fig. 1 1a3—a4). Wind speed and PBLH exhibited a strong positive correlation
at night (p < 0.001, Fig. S7a), but no statistical significance during the day (p = 0.36, Fig. S7b). While the WRF-SLUCM
typically overestimates 10m wind speed (Avisar et al., 2021) and PBLH (Silva et al., 2021), this bias does not compromise the
qualitative assessment of ACUHII variation in response to these meteorological parameters. Furthermore, the enhancement of
downstream CUHII (i.e., ACUHII) is primarily contributed to by UHA, though it is not entirely attributable to this mechanism;
it is concurrently modulated by other physical processes. For example, advective transport from upstream urban areas can
modify local atmospheric conditions (e.g., ambient humidity, stability), which subsequently influence the thermal environment
of the downstream city. In summary, these sensitivity experiments provide corroborations for the observational findings,

confirming that UHA is regulated by wind speed and PBLH non-linearly.
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Figure 11. Scatter plots between ACUHII and (al, a3) 10-meter wind speed, and (a2, a4) PBLH between the control simulation
and the sensitivity experiment (CTRL minus EXP) at (al-a2) nighttime and (a3-a4) daytime. (b1-b4) Same as (al-a4), but for
ABUHII. Colours represent the relative change of CUHII or BUHII. Note that only the moment when the northwest wind

prevailed in the ROI was reserved.

UHA also contributed to an increase in BUHII in the downstream city of Wuxi (U4, Fig. 11b1-b4). Specifically, ABUHII
increased by a maximum of 0.35°C and a minimum of 0.12°C, ranging from 19.2% to 141.2%. Compared to ACUHII, the
relative percentage change range of ABUHII was larger. In addition, because the numerical simulation covered a limited time

period, the potential moderating roles of wind speed and PBLH on BUHI were not further examined.
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4 Discussions

In the context of climate change and rapid urbanization, urban impacts on regional climate are increasingly significant. At
local to regional scales, these thermal impacts can rival or exceed the greenhouse effect (Cosgrove and Berkelhammer, 2018),
intensifying cooling energy demand in summer (Fung et al., 2006) while mitigating heating requirements in winter (Meng et
al., 2020). Our results extend previous UHA studies focused on isolated cities by quantifying cross-city superposition of urban
heat plumes within a large urban agglomeration and by demonstrating the modulation of this process by PBLH using both
observations and targeted WRF sensitivity experiments. When background winds are present, UHA propagates heat
downstream. Particularly with urban agglomeration development and decreasing inter-city distances, spatial clustering of heat
sources amplifies regional thermal risks. Based on observations and numerical simulations, Figure 12 presents a conceptual
diagram of UHA impacts on downwind UHI in the YRD urban agglomeration. On the one hand, cities transfer heat downstream
within the canopy layer or near-surface layer, particularly during nocturnal stable boundary layer conditions, where UHA
impacts are confined to relatively low vertical height (Cosgrove and Berkelhammer, 2018) (orange arrow in Fig. 12). Vertical
mixing of shallow PBL and weak turbulence is detrimental to cooling of the built-up area environment (Haeffelin et al., 2024).
On the other hand, as urban thermal plumes are transported downstream over long distances within the PBL, they can be
vertically mixed with the lower-level air of downstream cities through turbulence (above the downstream city in Fig. 12).
During daytime convective boundary layer conditions, buoyancy-driven turbulence is vigorous, and the vertical thermal impact
of the UHA can extend throughout the entire PBL depth. Consequently, thermal plumes from successive cities coalesce and
facilitate further heat transport (Fig. 12). However, this study only quantified UHA impacts on CUHII and BUHII in
downstream cities, without partitioning contributions from horizontal canopy transport and vertical mixing processes of
thermal plume. Additionally, downstream cities receive not only heat but also aerosol inputs from upwind urban sources
(Baklanov et al., 2016). These aerosols may modulate the CUHII of downstream cities through radiative forcing (Wang et al.,
2020; Xue et al., 2023; Yang et al., 2020), and this feedback process warrants further investigation.
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Figure 12. Conceptual diagram showing the impact of UHA on downstream urban UHI within the Yangtze River Delta urban

agglomeration. Modified from Oke (1976) and Cosgrove and Berkelhammer (2018).

5 Conclusions

In this study, we combined five years of high-density automatic weather station observations with WRF-SLUCM simulations
to quantify how urban heat advection (UHA) links urban heat islands (UHIs) across the Suzhou—Wuxi—Changzhou
metropolitan area in the Yangtze River Delta (YRD), China. Our results demonstrate that UHA exhibits pronounced
spatiotemporal variability and systematically transports heat from upwind to downwind cities along the prevailing
monsoon-related wind directions. Under north-westerly flow, daily-mean UHA intensity changes from negative values in
upwind regions to about 0.3 °C in the most affected downstream areas, with nocturnal UHA during peak hours reaching
roughly 0.6 °C and exceeding daytime values by a factor of three.

We show that UHA is non-linearly modulated by wind speed and planetary boundary-layer height (PBLH). At night, when the
boundary layer is shallow and stable, maximum downstream warming occurs under moderate wind speeds and intermediate
PBLH, consistent with an advection-dominated regime. In contrast, deep daytime convective boundary layers (PBLH > 800
m) efficiently dilute urban heat plumes, suppressing downstream canopy-layer UHA and in some cases producing a net cooling
relative to upwind conditions. These findings highlight the central role of boundary-layer dynamics in regulating the magnitude
and sign of UHA within urban agglomerations.

Targeted WRF land-use sensitivity experiments further reveal that upstream urbanization substantially enhances downstream
UHI intensity. Urban land cover in Changzhou increases CUHII in the adjacent downstream city of Wuxi by up to about 0.6 °C
(9—42%) and BUHII by up to about 0.35 °C (19-141%), with detectable canopy-level warming extending beyond 100 km
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downwind. Compared with CUHII, BUHII exhibits larger relative changes, indicating a high sensitivity of the boundary-layer
UHI to upstream thermal forcing. Taken together, the observations and simulations provide quantitative evidence that
cross-city superposition of UHAs is a key physical process coupling UHIs within large urban agglomerations.

These results have several implications for regional climate assessment and heat-risk management. First, neglecting UHA
can lead to systematic underestimation of heat exposure in downwind cities, particularly during nocturnal stable conditions.
Second, because UHA is strongly constrained by wind direction and PBLH, the realistic representation of boundary-layer
processes is essential in regional climate and air-quality models over urban agglomerations. Third, heat-mitigation strategies
should consider cross-city coordination along prevailing wind corridors, as local interventions in upwind cities can propagate
benefits (or disbenefits) far downstream. Future work should extend the present analysis to other seasons and synoptic regimes,
explore compound UHA—pollution events, and assess how projected changes in urbanization and boundary-layer structure

may alter the spatial extent and intensity of UHA in rapidly developing urban regions.
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