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A B S T R A C T

Understanding how complex terrain influences urban wind patterns and cooling effects is crucial for addressing 
urban heat island (UHI) impacts and promoting climate-resilient cities. This study explores how terrain and 
urbanization jointly shape local wind systems and cooling in the Hangzhou Bay area, China, utilizing observa
tional data from up to 574 meteorological stations (July–September, 2017–2021). Mixed local circulations occur 
29–57 % of the time. In this region, strong UHI intensity can advance or delay local wind onset by 1–2 h and 
modify wind direction transitions, with clear west–east contrasts linked to the area’s specific terrain—mountains 
to the west, sea to the east. These findings reflect localized interactions rather than universal patterns. Nocturnal 
mountain winds contribute over 2.5◦C⋅h of cooling, especially from 17:00 to 19:00, with effects lasting ~9 h - 
significantly stronger than those of daytime sea breezes. However, these winds may intensify UHI effects by 
disproportionately cooling rural over urban areas. The results highlight the importance of region-specific station 
selection when assessing UHI, to avoid misinterpretations driven by local wind influences. This work provides 
actionable insights for improving urban ventilation and thermal comfort in complex terrain settings.

1. Introduction

Local thermal circulations, such as sea-land breezes, valley winds, 
and urban heat island (UHI) circulations, play a crucial role in shaping 
urban climate and air quality under weak synoptic conditions (Ribeiro 
et al., 2018). These wind systems can operate independently or interact, 
forming complex multi-scale circulation networks influenced by 
topography, land surface characteristics, and urbanization (Leo et al., 
2015; Hirsch et al., 2021). For instance, Han et al. (2023) demonstrated 
that in a coastal ozone pollution episode in Hangzhou Bay, interactions 
between local winds were more critical than high temperatures. How
ever, uncertainties remain regarding the spatiotemporal evolution of 
local wind systems, the dynamic coupling between different circula
tions, and their effects on urban thermal environments, particularly in 

regions where multiple systems coexist (Cheng et al., 2022; Freitas et al., 
2007; Ooi et al., 2017). Existing studies predominantly rely on numer
ical models, which lack high-resolution observational data for 
validation.

Numerical models provide essential theoretical support for local 
wind studies, yet their simulation accuracy is constrained by planetary 
boundary layer (PBL) schemes, urban canopy parameterizations, and 
spatial resolution, often failing to capture observed wind field evolution 
precisely (Keeler et al., 2012). For example, He et al. (2022) tested 11 
PBL schemes for a sea breeze event in Shanghai and found that most 
schemes only partially matched observations, generally overestimating 
sea breeze intensity while underestimating land temperatures. 
Furthermore, He et al. (2020) highlighted inherent uncertainties in the 
urban canopy parameterization of the Weather Research and 
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Forecasting (WRF) model, affecting its depiction of urban wind fields. To 
address these limitations, this study leverages a high-density meteoro
logical observation network to analyze the spatiotemporal characteris
tics of various local wind systems and their interactions. This approach 
not only provides a more accurate representation of real-world local 
wind variability but also offers essential validation data for improving 
numerical models.

Accurately identifying local wind systems is a prerequisite for 
studying their interactions. However, existing observational studies 
primarily focus on individual wind systems, such as sea breezes defined 
by land-sea temperature contrasts and wind direction stability 
(Azorin-Molina and Chen, 2009; Prtenjak and Grisogono, 2007), or 
valley winds classified based on terrain slopes and wind direction re
lationships (Yu et al., 2021). In regions with multiple interacting wind 
systems, traditional methods struggle to distinguish individual contri
butions, leading to substantial uncertainties in local wind classification 
and spatial delineation (Zardi and Whiteman, 2013). To overcome this 
challenge, we propose a unified identification method based on a com
mon diurnal wind characteristic—twice-daily wind direction reversals. 
Unlike conventional approaches that rely on specific thermal or topo
graphic indicators, this method provides a standardized framework 
applicable across diverse environments, eliminating inconsistencies 

arising from region-specific classification criteria.
Local wind mechanisms, such as sea breezes and ventilation corri

dors, play a crucial role in urban ventilation and thermal regulation 
(Kwok et al., 2022). However, quantifying their cooling potential and 
incorporating them into urban planning remains an unresolved chal
lenge (Ng et al., 2015; Zheng et al., 2024). Traditional cooling effect 
assessments primarily rely on instantaneous temperature drops or 
remote sensing analysis of land surface temperature distributions 
(Falasca et al., 2024; Zhou et al., 2025). Yet, short-term temperature 
fluctuations caused by transient weather phenomena such as cloud 
cover and precipitation introduce uncertainties in cooling effect evalu
ations (Dai et al., 1999; Gray et al., 2010). To address this issue, we 
propose a standardized and generalizable metric for cooling effect 
assessment. This method quantifies cumulative cooling effects while 
filtering out confounding signals from synoptic circulations and tran
sient weather conditions, thereby enhancing the accuracy of local wind 
cooling effect evaluations.

While local winds effectively reduce urban temperatures, their 
impact on UHI intensity—defined as the temperature difference be
tween urban and rural areas—exhibits significant spatial heterogeneity 
(Morris et al., 2001). For example, Ribeiro et al. (2018) found that in São 
Paulo, the cooling effect of sea breezes intensified the thermal gradient 
between the southern plateau and the city center. Conversely, Shang 
et al. (2024) demonstrated that in Tianjin, sea breezes gradually reduced 
the urban-rural temperature difference (URTD) with changing wind 
directions, highlighting the critical role of local winds in modulating 
coastal city UHIs. However, current UHI assessments often rely on fixed 
reference stations, which may themselves be influenced by local wind 
cooling effects, leading to biased UHI intensity calculations (Kwok et al., 
2022; Merlone et al., 2024; Zhou et al., 2023). Additionally, in
consistencies in reference station selection criteria among different 
studies further complicate intercity UHI comparisons (Liu et al., 2022; 
Zhou et al., 2020). This study systematically evaluates the influence of 
local winds on UHI reference station selection and proposes an opti
mized UHI assessment method to improve comparability across cities.

This study investigates multi-scale interactions of thermally driven 
circulations in Hangzhou Bay, China - a unique region where complex 

Table 1 
Characteristics of the four subgroups of 49 climatic stations. Locations are shown 
in Fig. 1.

Categories Number Identification Site Distribution 
/ Environmental 
Parameters

Observation 
purposes

VAL-S 5 K1412, K1411, 
58448, K1044, 
K1237

Located on open 
and uniform 
slopes 
/LCZ a B-E

Analysis of Pure 
Valley Wind 
Characteristics

SEA-S 3 K5519, K2543, 
K1014

Located within 5 
km of the 
coastline 
/LCZ 9 & LCZ B-E

Analysis of Pure 
Sea Breeze 
Characteristics

URB-S 5 K1154, K1165, 
K1163, 
K1175, K1029

Located in the 
urban core 
/ Sky view factor 
b: 0.5–0.7; 
Impervious 
surface fraction c: 
30–50 %; 
LCZ 1–5

UHI Intensity 
Calculation

RUR-S 6 K1405, K1162, 
K1210, 
K1408, K5521, 
K1014

Located in the 
rural areas 
outside city 
/Sky view factor: 
0.8–1.0; 
Impervious 
surface fraction: 
0–10 %; 
LCZ 9 & LCZ B–E

Other CS 30 Station 
numbers 
omitted

Mean station 
spacing: 6–8 km 
(suburban), 3–5 
km (urban)

Analysis of Local 
Wind 
Interactions and 
Their Impact on 
UHI

a Local climate zones (LCZs) correspond to urban climate zones in Stewart and 
Oke (2012), which include compact high-rise (LCZ1), compact mid-rise (LCZ2), 
compact low-rise (LCZ3), open high-rise (LCZ4), open mid-rise (LCZ5), open 
low-rise (LCZ6), lightweight low-rise (LCZ7), large low-rise (LCZ8), sparsely 
built (LCZ9), heavy industry (LCZ10), dense trees (LCZ A), scattered trees (LCZ 
B), bush scrub (LCZ C), low plants (LCZ D), bare soil or sand (LCZ E), bare rock or 
paved (LCZ F), and water (LCZ G).

b Ratio of the amount of sky hemisphere visible from ground level to that of an 
unobstructed hemisphere.

c Ratio of impervious plan area (paved, rock) to total plan area ( %). 
d Except for VAL-S, the elevation of the remaining 45 CS stations is within 50 

meters.

Table 2 
Basic characteristics of local winds observed at meteorological stations repre
senting four distinct local wind types.

Types ID of 
station

Frequency Otime 

(LT)
Owd 

(◦)
Ows 

(m/ 
s)

Ctime 

(LT)
Cwd 

(◦)
Cws 

(m/ 
s)

VAL- 
S

K1412 239 9.1 231 2.1 18.1 160 1.8
K1411 233 8.8 191 1.7 18.9 66 0.9
58448 260 9.5 71 2.6 18.3 227 1.7
K1044 206 9.1 47 1.9 18.6 190 1.1
K1237 269 8.8 298 1.8 17.7 144 1.1

URB- 
S

K1154 125 10.3 152 0.9 20.1 204 0.6
K1165 132 10.0 105 0.7 21.7 168 0.9
K1163 170 10.5 142 1.0 21.9 232 0.8
K1175 176 10.2 111 1.3 21.2 209 0.7
K1029 192 9.8 84 1.1 20.9 254 0.8

RUR- 
S

K1405 200 9.2 86 1.4 19.2 264 1.3
K1162 232 8.7 118 1.3 18.3 225 1.1
K1210 183 9.9 86 1.7 19.8 292 0.9
K1408 137 10.1 155 1.2 20.4 227 1.0
K5521 161 9.5 71 1.4 21.0 229 0.9
K1014 206 9.3 102 1.9 20.5 236 2.1

SEA-S K5519 200 8.9 123 2.7 20.1 306 2.9
K2543 212 9.0 325 2.3 19.6 172 2.6
K1014 — — — — — — —

* Otime and Ctime represent the onset times of daytime and nighttime local winds, 
respectively, Owd and Cwd indicate the dominant wind directions during day
time and nighttime, while Ows and Cws denote the average wind speeds during 
these periods. Frequency refers to the occurrence frequency of local winds at 
each station. The dashes in the table appear because station K1014 is classified 
as both a rural and a sea station.
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topography (mountains to the west, coastal plains to the east) and rapid 
urbanization create dynamic interplay between mountain-valley winds, 
sea-land breezes, and urban heat island (UHI) effects. We employ an 
unprecedented high-density meteorological network (574 stations) to: 
(i) establish a novel framework for detecting mixed circulation regimes, 
(ii) quantify synergistic interactions through diurnal phase analysis, and 
(iii) evaluate the net thermal regulation capacity of these coupled sys
tems and refine reference station selection criteria for UHI assessments. 
Our approach resolves critical gaps in understanding how mesoscale 
circulations modulate UHI intensity through competing warming and 
cooling mechanisms.

2. Study area

Hangzhou (30◦16́N, 120◦12́E), located in northern Zhejiang Prov
ince on the Hangjiahu Plain in eastern China, is a major urban center 
with a population of 10 million and a total area of 4,875 km². The region 
is characterized by diverse topography, with mountains to the west, 
south, and northwest rising to elevations of up to 1,900 meters, and the 
funnel-shaped Hangzhou Bay to the northeast. This west-high, east-low 
terrain, features a sharp elevation drop over 230 km along the 
WSW–ENE axis, facilitating energy and atmospheric exchanges among 
the ocean, mountains, and urban areas. These unique geographic 

conditions create an ideal setting for studying local circulation 
interactions.

3. Data and methods

3.1. Observation network

This study utilized meteorological data from 574 regional stations in 
the Hangzhou area, with a spatial resolution of approximately 3 km × 3 
km. Each station recorded key variables, including air temperature, 
wind direction, and wind speed, at 5-minute intervals at the height of 
1.5 m. Data were sourced from the National Meteorological Information 
Center of China and the Zhejiang Meteorological Service and underwent 
strict quality control protocols (Lussana et al., 2010; Wang et al., 2007). 
Validation steps included internal consistency checks, temporal consis
tency analysis, and spatial verification. Observations were excluded if 
daily records were incomplete (<22 h), wind directions remained 
invariant for over 3 h, or extreme values (e.g., wind speeds >51 m/s, 
temperatures >50◦C or <− 20◦C) appeared without verification. The 
574 stations primarily served two purposes: (1) analyzing typical 
weather cases and (2) screening representative stations for detailed local 
wind studies.

To align with the study’s objectives, 49 climatic stations (CS) were 

Fig. 1. (a) Map of the study area showing terrain and the locations of 574 regional meteorological stations (AWS, black triangles), including 49 climatic stations (CS, 
yellow circles) and 11 representative stations (RS, red circles). The station IDs for the RS are labeled in black text. (b) Surrounding topography and geographical 
features of the study area (outlined in red). (c) Enlarged view of the urban area within the study region, where the purple shading indicates urban boundaries. From 
the 49 CS, 5 urban stations (URB-S, red stars) and 6 rural stations (RUR-S, yellow circles) were selected, along with 5 valley stations (VAL-S, green triangles) and 3 sea 
stations (SEA-S, shown in panel a, with station IDs K5519, K2543, K1014).
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selected from the 574 regional stations based on uniform observation 
periods (July to September, 2017-2021), data completeness, and long- 
term stability (>20 years). As Village-level climatic reference stations, 
they provide comprehensive meteorological data (wind direction, wind 
speed, temperature, humidity, pressure, and precipitation) and were 
established for regional climate monitoring. The selection process 
prioritized spatial consistency, excluding stations with significant wind 
frequency deviation (>50 % between adjacent stations) or dominant 
wind direction discrepancies (135◦-225◦without a clear transition zone). 
The final 49 CS were optimally distributed with an average spacing of 6- 
8 km in suburban areas and 3-5 km in urban areas, ensuring adequate 

coverage of mesoscale circulations such as mountain winds and sea 
breezes. Additionally, 11 representative stations (RS) along the WSW- 
ENE axis, spaced 20 km apart, were selected to analyze wind penetra
tion and local circulation interactions.

The 49 CS were categorized into five subgroups based on geography 
and land use (Table 1): 5 valley stations (VAL-S), 3 sea stations (SEA-S), 
5 urban stations (URB-S), 6 rural stations (RUR-S), and 30 other CS. 
VAL-S and SEA-S represent typical mountain-valley and sea-land breeze 
characteristics, as they are located in relatively uniform underlying 
surfaces with minimal external wind interference. URB-S and RUR-S 
were used not only for calculating urban heat island intensity but also, 

Fig. 2. Flowchart illustrating the study structure, data selection, research content, and methodology.

Fig. 3. Spatial distribution of cumulative local wind frequency for the 49 climatic stations (CS). Blue hollow circles represent the locations of CS stations, with larger 
circles indicating higher local wind frequencies. Numbers denote the counts of local wind.
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along with the remaining 30 CS, for analyzing local wind interactions in 
complex terrain. Selection criteria included elevation, urban 
morphology parameters (Sky View Factor, Impervious Surface Frac
tion), and the Local Climate Zones (LCZ) index, based on data from the 
World Urban Database and Access Portal Tools (https://www.wudapt. 
org/lcz/). This classification allowed for comparative analysis of pure 
local winds in different environments, interactions under mixed 

circulation conditions, and urban heat island effects (Fig. 2).

3.2. Criteria for Identifying Local Winds

The key criteria for identifying local winds are as follows: 

(I). Wind Directions. Local winds exhibit peak development during 
12:00-15:00 LT (daytime) and 00:00-03:00 LT (nighttime) 
(Junnaedhi et al., 2023). The prevailing wind directions during 
these periods are defined as WDd(daytime) and WDn(nighttime) 
directions. Wind direction must remain stable for at least 2 h 
within these intervals, with hourly deviations not exceeding 45◦. 
The angular difference between WDd and WDn must fall within 
112.5◦ -247.5◦, ensuring consistent diurnal wind reversal. These 
thresholds are adapted from Yu et al. (2021), who defined similar 
criteria for identifying mountain winds in complex terrain.

(II). Wind Persistence. Wind direction must align with WDd during 
the day and WDn at night for at least 3 consecutive h, with a 
directional deviation of less than 45◦.

(III). Geostrophicwind. To avoid misidentification caused by transient 
strong synoptic systems producing a twice-daily reversal of wind 
direction, only cases with 850-hPa wind speeds (WS850) below 10 

Fig. 4. Spatial distribution of dominant diurnal and nocturnal wind directions 
for the 49 climatic stations (CS) during local wind events. Black arrows 
represent the dominant nocturnal wind directions, and red arrows represent the 
dominant daytime wind directions, with larger arrows indicating higher wind 
speeds. The black hollow arrow denotes a reference wind speed of 2 m/s.

Fig. 5. Hourly wind direction variations at representative stations for mountain and sea-land breezes. (a) Mountain wind station near a plain area (ID 58448). (b) 
Sea-land breeze station on the western shore of Hangzhou Bay (ID K1014). (c) Sea-land breeze station on the northwestern shore of Hangzhou Bay (ID K5519). (d) 
Sea-land breeze station on the southern shore of Hangzhou Bay (ID K2543). Locations of these four stations are indicated in Fig. 1a.
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m/s are included (Arrillaga at al., 2020; Azorin-Molina at al., 
2009; Junnaedhi, 2023).

(IV). Spatial Consistency. A local wind episode is confirmed when at 
least 50 % (more than 40) of the representative stations meet the 
above criteria, ensuring regional consistency (Leckebusch at al., 
2006).

3.3. Calculation of cooling effect

In this study, cooling effects is calculated as the temperature differ
ence between observed values on local wind days and the climatological 
mean under comparable weather conditions. The climatological mean is 
derived from the multi-year hourly average of the 10 days preceding and 
following each local wind day, provided these days meet specific 
criteria: cloud cover ≤8 oktas, no precipitation (< 0.1 mm), and visi
bility >10 km. The cooling effect of local winds is quantified using two 
metrics:

Cooling Magnitude (CM): Defined as the cumulative sum of de
viations (◦C) between the observed temperature curve during local wind 
events and the climatological reference curve over a specified period 
(Ribeiro et al., 2018). This metric is also referred to as cooling degree h 
(CDH) in some studies (McGarity et al., 1984). A negative sum of de
viations indicates the presence of cooling effect, whereas a positive 
value suggests no cooling effect.

Cooling Duration (CD): Defined as the total time (hours) during 
which negative temperature deviations occur within the same period. 

CM =
∑

t∈T
[TOBS(Δt) − TCLIM(Δt)] (1) 

TOBS(Δt) =
∑n

t=2
TOBS(t) − TOBS(t− 1) (2) 

TCLIM(Δt) =
∑n

t=2
TCLIM(t) − TCLIM(t− 1) (3) 

T = {t : TOBS(Δt)<TCLIM(Δt)} (4) 

CD =
∑

t∈T
Δt (5) 

Where TOBS(t) is the observed temperature at hour t, and TOBS(t− 1)is the 
temperature at the previous hour. TCLIM(t) is the multi-year hourly 
average temperature for hour t, calculated over the 10 days before and 

after the local wind day under similar weather conditions. To ensure 
robustness, the weather conditions must also satisfy the third criterion of 
the ‘Key Criteria for Identifying Local Winds’ specifically the geostrophic 
wind threshold. Furthermore, any day with precipitation greater than 
0.1 mm is excluded, thereby removing the influence of strong winds and 
rainfall events that may cause abnormal temperature fluctuations. 
Additionally, T represents all time intervals during which the observed 
hourly temperature variation TOBS(Δt) is less than the climatological 
reference hourly temperature variation TCLIM(Δt), Δt denotes the dura
tion of each time step (e.g., 1 hour for hourly data), calculated as follows 
Eq. (1-5).

3.4. Identification of UHI

Following the regulation and index system for urban climate zones of 
Stewart and Oke (2012), 5 URB-S and 6 RUR-S were selected. The UHI 
intensity was calculated using the mean temperatures of the selected 
URB-S (TURB) and RUR-S (TRUR), and expressed as (ΔTUHI = TURB −

TRUR).
To analyze the interactions among multiple local circulations, a set of 

filters was applied to identify 86 strong and 67 weak UHI intensity cases 
from the observed valley wind episodes (Dupuis et al., 2020). For clas
sification, weak UHI cases were defined by a daily average ΔTUHI < 0.
5∘C and a maximum daily ΔTUHI < 1.5∘C, while strong UHI cases 
required ΔTUHI > 1.5∘C on average and a maximum ΔTUHI > 3.0∘C. In 
both cases, the defined UHI intensity thresholds had to persist for more 
than 5 h.

4. Results and discussion

4.1. Spatial distribution and climatic features of local wind systems

From July to September during 2017–2021, local circulation epi
sodes occurred 134–260 times annually, with frequencies ranging from 
29 % to 57 % (Fig. 3). Higher frequencies were concentrated near the 
Hangzhou Bay coastline and mountainous areas, exceeding 200 epi
sodes, while urban areas recorded fewer (~150 episodes). This distri
bution likely reflects the influence of mountain winds from the west and 
sea-land breezes from the east, with urban roughness and UHI circula
tion limiting the extent of local winds (Barlow et al., 2014). Moun
tainous areas showed slightly higher frequencies than coastal regions, 
likely due to Hangzhou Bay’s narrow inlet restricting sea breeze pene
tration inland (Alomar-Garau et al., 2022). The broader spatial influence 
of mountain winds further highlights their stronger impact compared to 
sea-land breezes, consistent with the findings of Yu et al. (2021).

Regarding wind direction, Valley and Coastal stations showed clear 
geographical influences, characterized by terrain-dependent wind pat
terns, while most other stations experienced easterly winds during the 
day and westerly winds at night (Fig. 4). These patterns align with 
theoretical expectations: easterly sea breezes or plain winds dominate 
during the day, and westerly land breezes or mountain winds prevail at 
night under stable conditions. However, the combined influence of sea- 
land breezes and mountain-plain winds complicates the identification of 
a single dominant east-west-oriented wind structure and driving 
mechanism, warranting further analysis in subsequent sections.

Table 2 summarizes data from 18 representative meteorological 
stations, categorized into Valley, Coastal, Urban, and Rural groups, 
comparing key features of local winds: occurrence frequency, onset 
time, average wind direction, and speed. Valley and Sea stations 
recorded higher local wind frequencies than Urban and Rural stations. 
Urban proximity reduced local wind frequency by ~20 %, reflecting the 
spatial trends in diurnal and nocturnal wind speeds (Ows & Cws). Valley 
stations exhibited earlier diurnal wind onset (around 9:00 am) 
compared to Urban stations, while nocturnal winds in urban areas 
showed delays of 1-2 h, increasing with proximity to the city center.

Fig. 4 illustrates diurnal wind direction variations at four 

Fig. 6. Diurnal wind direction and transition patterns across 10 RS stations 
along the west-east transect of the study area. Black arrows indicate mean wind 
directions, while red arrows denote the initial wind direction at the time of 
transition. The reference wind speed is 2.0 m/s.
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representative stations. Mountain-plain winds on the city’s western side 
and sea–land breezes near Hangzhou Bay exhibit relatively consistent 
wind direction characteristics, with wind direction shifts around 
8:00–9:00 am and 19:00–20:00 pm, supporting the interaction between 
these local circulations. Interestingly, sea–land breezes near the north
ern and southern bay (Fig.s 5c and 5d) exhibit anticlockwise and 
clockwise trajectories, diverging from typical Northern Hemisphere 
patterns (Shou et al., 2023). These anomalies may result from pressure 
gradient differences across the gulf, influenced by broader continental 
effects (Physick and Scott, 1977).

4.2. Diurnal Variations and transitions in Surface Wind Fields

Under stable atmospheric conditions, mountain-valley winds and 
sea-land breezes commonly induce diurnal variations in wind direction. 
While earlier studies suggested that these winds may act independently 
(Yu et al., 2021; Zhou, 1994), this study hypothesizes that both systems 
interact to influence the region. To test this, a cross-section along the 
dominant east-west wind axis (Fig. 1a) was analyzed using ten repre
sentative stations to examine wind direction transitions.

Fig. 6 illustrates the spatial variability of wind direction transitions 
along the transect. In the ‘independent’ scenario, wind systems such as 
mountain breezes and sea breezes evolve separately without mutual 

Fig. 7. Hourly occurrence probabilities of 16-directional winds throughout the day. Panels (a), (c), and (e) represent climatological conditions, strong UHI intensity 
events, and weak UHI intensity events at the meteorological station on the western side of the city (ID K1418), respectively. Panels (b), (d), and (f) show the same 
classifications for the meteorological station on the eastern side of the city (ID K1181). Locations of these four stations are indicated in Fig. 1a.
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interference—for example, mountain breezes would trigger sequential 
wind shifts from west to east. However, our observations (Fig. 6) show 
simultaneous wind reversals at both eastern (coastal) and western 
(mountainous) edges, while urban centers exhibit delayed transitions 
(green and red arrows). This pattern indicates that sea breezes and 
mountain winds interact, rather than operate independently. These 
wind patterns are further modulated by urban heat island (UHI) effects, 

which amplify or dampen local circulations depending on the time of 
day and prevailing atmospheric conditions.

Fig. 7 illustrates the modulation of local wind patterns by urban heat 
island (UHI) effects, with stable wind directions defined as probabilities 
exceeding 30 % over consecutive intervals. At the K1418 station 
(western city), strong UHI events (Fig. 7c) advance the stabilization of 
westerly winds to 20:00–21:00, approximately 1–2 h earlier than 
climatological conditions (Fig. 7a). This suggests UHI-induced winds 
enhance mountain and land breezes, facilitating the shift from easterly 
to westerly winds. Under weak UHI conditions (Fig. 7e), transitions 
occur later, at 21:00–22:00, resembling climatological patterns. Addi
tionally, strong UHI increases the stability of westerly winds, with WSW 
and SW directions reaching nearly 50 % probability, while weak UHI 
produces more variable wind patterns. At the K1181 station (eastern 
city), weak UHI maintains a westerly wind transition around 
23:00–00:00, consistent with climatological conditions, whereas strong 
UHI delays the transition past midnight and results in more dispersed 
nocturnal wind directions (Fig. 7d).

These findings highlight the complex interplay between urban heat 
island (UHI) circulations, mountain-plain winds, and sea-land breezes, 
as modulated by UHI intensity (Savijärvi et al., 2001). Strong UHI ac
celerates wind direction shifts in the western city while delaying tran
sitions in the eastern city, reflecting the spatial variability of its impacts. 
Studies examining the simultaneous influence of mountain winds, 
sea-land breezes, and UHI circulations remain limited (Papanastasiou et 
al, 2010). Idealized WRF simulations have typically portrayed topog
raphy between the coast and the city as a barrier that inhibits sea-breeze 
penetration, thereby reducing cooling potential and intensifying urban 
heat accumulation (Du et al, 2024). In contrast, our findings identify a 
distinct wind regime shaped by a terrain configuration where the city is 
situated between mountains and the ocean. Under such conditions, UHI 
intensity modulates the phasing and coupling of local circulations. 
Notably, we show that mountain winds—often underappreciated—play 
a dominant role in nocturnal cooling and significantly improve urban 
ventilation. The combined influence of UHI effects, local topography, 
and coastal proximity underscores the intricate wind dynamics in 
Hangzhou, warranting further investigation to unravel these multifac
eted interactions.

4.3. Local wind cases under different UHI intensities

This section examines the interaction between local wind dynamics 
and varying urban heat island (UHI) intensities, comparing two summer 
cases under similar stable atmospheric conditions with maximum hourly 
wind speeds below 6 m/s and the presence of mountain and sea breezes 
(Fig. 8).

Strong UHI Case (July 24–25, 2017): In this case, the UHI intensity 
peaked at 4.7◦C and remained above 3.0◦C for 24 h. At 17:00 on July 24, 
easterly sea/land breezes dominated the urban area, while westerly 
mountain winds had already reached the western and mountainous re
gions. By 18:00, mountain winds advanced into the western urban pe
riphery but were obstructed by the intense heat island, halting further 
eastward penetration. It was not until 23:00 that mountain winds 
extended to the eastern outskirts, where they were again halted by 
another heat island center. By 02:00 on July 25, following the break
down of the eastern heat island circulation, mountain/land winds 
reached Hangzhou Bay.

Weak UHI Case (June 1–2, 2018): Under weaker conditions, the 
UHI peaked at 2.6◦C and remained above 2.0◦C for only 5 h. Mountain 
winds reached the city’s edge before 17:00 and faced minimal resistance 
from the dispersed and transient heat island zones. By 20:00, these 
winds crossed the urban core, merging with land breezes to reach 
Hangzhou Bay by 23:00.

The comparison between strong and weak UHI conditions highlights 
the pivotal role of UHI intensity in shaping local wind dynamics and 
cooling effects (Bastin et al., 2006; Shi et al., 2024). Strong UHIs act as 

Fig. 8. Spatial distributions of 3-hourly surface wind fields, urban heat island 
(UHI) intensity, cooling magnitude (CM), and local circulation front positions 
for strong (a, b, c; July 24–25, 2017) and weak (e, f, g; June 1–2, 2018) UHI 
cases. CM represents the hourly cooling magnitude, while UHI denotes the 
urban heat island intensity index. Red curves mark the approximate locations of 
local circulation fronts inferred from the wind fields, and black arrows indicate 
wind direction and speed at meteorological stations.
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barriers, delaying mountain wind progression and confining cooling 
effects to areas west of heat island centers. In contrast, weak UHIs enable 
smoother wind penetration, allowing earlier and broader cooling within 
urban areas, particularly evident after 20:00 (Fig. 8b, 8e). Mountain 
winds can lower temperatures by up to 6◦C per hour at 17:00, effectively 
reducing intense UHI zones, though their cooling effect diminishes in 
stable, expansive heat islands. These findings underscore the need for 
cluster-based urban designs to fragment heat island zones and enhance 
local wind-driven cooling, mitigating heat stress in urban areas.

4.4. Cooling effects of local winds

4.4.1. Cooling effects on air temperatures
Mountain and sea-land breezes play critical roles in cooling urban 

environments and mitigating heat. This section evaluates their impacts 
during 41 high-temperature events (daily maximum temperature 
>35◦C), with hourly cooling magnitude (CM) and cooling duration (CD) 
adjusted against a climatological baseline to isolate local wind effects.

Nocturnal Cooling: A distinct west-to-east cooling gradient emerges 
at night, with stations near the western mountains and urban periphery 
experiencing pronounced and sustained cooling (Fig. 9a, b). Baseline- 
adjusted hourly cooling exceeds 2◦C on average, particularly between 

Fig. 9. Average hourly cooling magnitude (CM) and cumulative cooling duration (CD) at each climatic stations (CS) during nighttime and daytime, with day/night 
division based on sunrise and sunset times. Panels a and b show CM and CD during the night, while panels c and d show CM and CD during the day. Shaded areas 
represent elevation, with the purple region indicating the urban area, as in Fig. 1a.
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17:00 and 19:00, aligning with the onset and eastward penetration of 
mountain winds. Without baseline adjustments, cooling can surpass 
10◦C in specific cases. In contrast, stations near Hangzhou Bay exhibit 
limited cooling, with nocturnal CD only 60 % of that in mountainous 
areas. These results highlight the dominant role of westerly mountain 
winds as primary cooling drivers, though their effect diminishes as they 
progress eastward into urban cores.

Daytime Cooling: Daytime cooling effects are weaker overall. Un
like the nocturnal gradient, CD decreases from Hangzhou Bay toward 
the western mountains, with CM showing minor cooling near the bay 
but warming elsewhere (Fig. 9c, d). This indicates that daytime cooling 
is primarily driven by sea breezes, peaking between 14:00 and 17:00, 
with limited impact in urban cores. Events without baseline adjustment 
reveal isolated cases where sea breezes achieve cooling exceeding 5◦C, 
underscoring their localized impact.

These findings demonstrate the spatial and temporal variability of 
local wind cooling effects. Nocturnal mountain winds provide substan
tial heat relief in western urban peripheries, while daytime sea breezes 
contribute localized cooling near coastal areas. Together, these breezes 
complement each other in regulating urban temperatures. These insights 
emphasize the importance of integrating local wind patterns into urban 
planning strategies.

4.4.2. Cooling effects on UHI intensity
Local winds, such as mountain and sea-land breezes, are known to 

cool surface temperatures effectively in the Hangzhou region. While 
numerical simulations suggest these winds mitigate urban heat island 
(UHI) intensity (Du et al., 2024; Yang et al., 2022; Zhou et al., 2020), 

observational data reveal more nuanced effects. As shown in Section 
4.2.1, mountain breezes reduce the spatial extent of heat islands; how
ever, their impact on overall UHI intensity does not always align with 
theoretical predictions.

Fig. 10 highlights the differences in UHI behavior under climato
logical conditions compared to scenarios influenced by local winds. 
Under climatological conditions, Hangzhou exhibits a weak daytime 
heat island and a pronounced nighttime heat island. UHI intensity in
creases significantly during the evening transition period (17:00–18:00), 
rising by 55 % as heat accumulates in urban areas. When local winds are 
present, two distinct patterns emerge:

Under local wind influence, a weak “cool island” effect replaces the 
typical daytime heat island. Enhanced solar radiation accelerates 
warming at rural stations near mountains or bare land, which have 
lower heat capacity (Dewan et al., 2021), while urban areas, with higher 
heat capacity, warm more slowly. This reduces the urban-rural tem
perature contrast, creating an urban cooling anomaly (Dinda et al., 
2022). In contrast, climatological conditions with weaker or diffuse 
radiation maintain a consistent urban-rural contrast, suppressing the 
‘cool island’ effect.

During the 18:00–19:00 transition period, UHI intensity increases 
sharply by 84 % under local wind conditions, compared to a 55 % in
crease under climatological conditions. This surge corresponds to the 
onset of mountain breezes, which cool rural areas more significantly 
than urban zones. The enhanced rural cooling amplifies the temperature 
gradient between urban and rural stations, paradoxically intensifying 
the apparent UHI intensity. Rural stations experience marked cooling 
between 18:00–21:00, while urban temperatures remain relatively 
stable.

4.4.3. How local winds afffect UHI intensity
To examine how local wind types affect UHI intensity and optimize 

reference station selection, we analyzed three station types for rural 

Fig. 10. Diurnal variations in UHI intensity and hourly cooling magnitude of 
air temperature under local winds and climatological conditions. Solid red and 
blue lines show CM diurnal variations for Urban and Rural stations under local 
winds, while dashed lines represent climatological conditions. Shaded areas 
indicate the 10th–90th percentile range. Red bars depict UHI under local winds, 
and green bars show UHI under climatological conditions.

Table 3 
Fundamental characteristics of UHI and UCI intensity, as well as warming and 
cooling transitions, under mixed local wind conditions. The table includes key 
metrics such as onset time, peak time, and peak intensity for different meteo
rological station types: URB-S, SUB-S, VAL-S, and SEA-S.

Type URB-S RUR-S VAL-S SEA-S

Onset of UHI (LT) — 17 18 All Day
Peak(◦C) /Time(LT) of UHI — 2.8 /02~05 6.9 /01 3.8 /19
Onset of UCI — 09 10 —
Peak(◦C) /Time(LT) of UCI — -1.4 /12 -2.4/16 —
Onset of Heating (LT) 07 06 06 07
Peak(◦C) /Time(LT) of warming 1.7 /09 2.9 /08 4.3/09 1.9 /10
Onset of Cooling(LT) 15 15 16 14
Peak(◦C) /Time(LT) of Cooling -1.1 /18 -1.7 /20 -4.3 /19 -1.8 /19

Fig. 11. Diurnal variations in UHI intensity, air temperature, and hourly 
cooling magnitude under local wind conditions. Dashed lines represent the air 
temperature variations of meteorological stations influenced by different local 
wind types, while solid lines show the hourly temperature changes for each 
station type. Bar charts display the UHI intensity (hourly temperature differ
ences between different station types and the urban station). Different colors 
indicate different station types. Red and black arrows represent the sunrise and 
sunset times during summer (July–September) in Hangzhou, respectively. Lo
cations of four type stations are indicated in Fig. 1a & 1c.
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station selection: SEA-S (K5519), VAL-S (K1044), SUB-S (K1210), and 
one fixed urban station URB-S (K1163) (Table 3 & Fig. 1a, 1c). While the 
location of SEA-S (K5519) is visible in Fig. 1a due to display range 
limitations, the positions of the other three stations are shown in Fig. 1c. 
Unlike Section 4.4.2, which contrasts climatological and local wind 
conditions, this analysis highlights diurnal UHI variations across diverse 
geographic environments under local wind scenarios (Fig. 11).

Fig. 11 and Table 3 demonstrate notable differences in the diurnal 
variation of UHI intensity among the three station types under local 
wind conditions. VAL-S stations exhibit the most pronounced vari
ability, with peak UHI intensity reaching 6.9◦C at 01:00 and a daytime 
cool island effect of -2.4◦C at 16:00. These extremes highlight the strong 
influence of mountain winds on local temperature contrasts. SUB-S, 
located near urban peripheries, show trends similar to URB-S but with 
smaller hourly differences, likely due to slightly lower anthropogenic 
heat emissions while other environmental factors remain comparable 
(Ooi et al., 2017). This stability reinforces the reliability of URB-S 
measurements for UHI assessments, as they are less influenced by 
local wind effects or other external factors.

In contrast, SEA-S stations display distinct patterns, with peak UHI 
intensity occurring earlier in the evening (19:00), diverging from the 
midnight peaks at VAL-S and SUB-S. This difference is likely attributed 
to the high thermal inertia of seawater (Solcerova et al., 2018), which 
dampens temperature fluctuations and results in weaker overall UHI 
effects during the night. Particularly striking is the cooling effect at 
VAL-S during the onset of mountain breezes, with hourly cooling 
reaching 4.3◦C at 19:00 (Fig. 11), coinciding with their eastward pro
gression as seen in Fig. 7.

The influence of local winds on UHI intensity follows a clear hier
archy, with VAL-S exerting the greatest impact, followed by SEA-S and 
SUB-S. This variability underscores the potential for local winds to 
misrepresent UHI intensity, particularly by amplifying rural cooling and 
overstating urban-rural temperature contrasts (Cui et al., 2023; He et al., 
2020). As shown in Fig. 11, compared to climatological conditions, local 
winds can significantly cool urban and surrounding areas but may 
paradoxically lead to an overestimation of UHI intensity.

Fig. 12 illustrates the diurnal mechanisms of local wind interactions 
in the Hangzhou Bay area. During the day, prevailing easterly sea 
breezes and plain winds weaken as they move inland due to surface 
friction and urban roughness, while upslope flows near the western 
mountains show a similar reduction approaching the city. At night, the 
interplay among mountain winds, sea-land breezes, and UHI-induced 
flows creates complex circulation patterns. Westerly mountain winds 
develop earlier, while sea breezes linger in coastal areas. In urban- 
suburban transition zones, these opposing flows converge, with UHI 
effects enhancing the urban-rural temperature gradient and modulating 
wind penetration. Friction and thermal contrasts further delay the 
eastward advance of mountain winds until late evening. Overall, while 
local winds cool suburban areas, they also intensify thermal contrasts, 

emphasizing the need to account for local circulation when assessing 
UHI intensity.

5. Conclusions

This study employed a standardized framework and high-resolution 
meteorological data to examine the interactions and cooling capacities 
among multiple local wind systems in Hangzhou, a region characterized 
by complex topography. The key findings are: 

1. Local Winds Identification and Interactions. This study estab
lishes a novel framework for detecting mixed local wind regimes by 
integrating multi-source meteorological observations with diurnal 
wind-phase analysis. In Hangzhou Bay’s complex terrain, sea bree
zes, valley winds, and UHI circulations frequently occur (29-57 %), 
forming compound systems.. Using diurnal phase shifts, we quanti
fied their synergistic interactions: daytime easterly breezes gradually 
transition to nocturnal westerly mountain winds. UHI intensity 
modulates these transitions-strong UHI delays mountain wind onset 
and weakens cooling, while weaker UHI facilitates continuous flow 
and urban ventilation. These findings reveal the dynamic coupling 
between multiple local circulations and urban thermal patterns.

2. Cooling Effects of Local Winds. We propose a novel approach to 
quantify cooling effects from local circulations. Results show strong 
nocturnal cooling from mountain winds, particularly in western 
areas, while sea breezes provide modest daytime relief near the 
coast. However, local winds can also heighten UHI effects by inten
sifying thermal contrasts, highlighting the nonlinear nature of 
wind–temperature interactions in urban settings.

3. Reference Station Selection for UHI Assessment. Local winds can 
significantly distort UHI intensity measurements. This study em
phasizes the importance of carefully selecting reference stations to 
avoid misinterpretation from wind-driven temperature anomalies. 
Improved observational strategies are needed to separate the con
tributions of local circulations from broader climatic signals in UHI 
analyses.

While the study provides valuable insights, several limitations war
rant further discussion: 

1. Regional Specificity and General Implications. Hangzhou Bay’s 
unique geography—bounded by mountains and the sea—shapes 
region-specific wind behaviors. Although the exact timing and in
tensity of wind shifts may not be universal, the underlying mecha
nisms governing multiscale wind interactions and their modulation 
of UHI are widely applicable to other complex terrains.

2. Observational–Modeling Synergy and Future Directions. While this 
study is grounded in high-density observations, it also reveals dis
crepancies with previous numerical results, underlining the need for 

Fig. 12. Conceptual diagram illustrating the impact of local winds on urban wind structures and cooling effects. The diagram illustrates daytime (top, sun icon) and 
nighttime (bottom, moon icon) wind patterns, with line thickness indicating wind speed. The study area is divided into five zones: mountain (zone1), western rural 
(zone2), urban (zone3), eastern rural (zone4), and coastal (zone5). Yellow dashed (UHI_CLIM) and red solid (UHI_LW) lines represent suburban temperature profiles 
under climatological and local wind conditions, respectively. Local winds enhance cooling in rural zones, increasing urban–rural thermal contrast and potentially 
amplifying apparent UHI intensity. URB-S, SUB-S, VAL-S, and SEA-S refer to representative stations in urban, suburban, mountainous, and coastal areas.
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observational benchmarks. Numerical models (e.g., WRF) offer 
valuable tools to test terrain and land use sensitivities under 
controlled settings. Integrating observational and modeling ap
proaches will refine our understanding of terrain–UHI–wind feed
backs and enhance the simulation of urban climates. Future studies 
should also explore the sensitivity of terrain parameters (e.g., 
mountain height and bay width) through numerical experiments to 
quantify their influence on local wind dynamics and urban thermal 
regulation.

3. Implications for Climate-Responsive Urban Planning. The findings 
highlight the potential of leveraging natural wind resources for 
urban cooling. Future research should incorporate local wind dy
namics into planning strategies to optimize ventilation, reduce heat 
stress, and assess resilience under urban expansion and climate 
change. Understanding how local winds behave under extreme heat 
and altered landscapes will be key to designing future-ready, 
climate-resilient cities.
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