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Abstract
Cities in northwestern Europe face increasingly extreme summer heat under climate
change, intensifying the need for effective neighbourhood-scale heat mitigation strate-
gies. Using hectometric (100 m) idealized Weather Research and Forecasting (WRF)
simulations during three extreme heat events, this study examines how urban blue
space configuration, atmospheric forcing, and physical mechanisms regulate air tem-
perature and thermal comfort (wet-bulb globe temperature index) across coastal and
inland cities. We assess how surface energy fluxes interact with horizontal advection to
propagate cooling beyond waterbodies, while evaluating whether WRF-Lake produces
physically realistic outputs for small, shallow urban blue spaces. Our simulations show
near-surface horizontal advection as the dominant cooling mechanism, mixing cooler
air from blue spaces with warmer urban air. Around midday, this provides approx-
imately 50 W ⋅ m−2 cooling potential, amplified by evaporative cooling enhanced by
urban-generated turbulence. Daily mean temperature reductions ranged from −0.1◦C to
−0.4◦C, with peak morning effectiveness reaching −1.0◦C in coastal areas. Wind speed
emerged as the primary control: moderate winds (4.7–5.8 m ⋅ s−1) propagated cooling
citywide, extending up to three times the city diameter downwind, whereas light winds
(1.2 m ⋅ s−1) limited cooling locally. Randomly distributed waterbodies created more
homogeneous cooling than canal configurations. Thermal comfort analysis revealed a
critical temperature–humidity trade-off. Factor analysis (R2 = 0.93) showed air tempera-
ture cooling (50.3%) is counteracted by increased relative humidity (42.3%). We identified
limitations of WRF-Lake for shallow urban blue spaces. Default roughness lengths under-
estimate turbulence and fluxes, likely underestimating cooling and causing unrealistic
water temperature increases. This underscores the need for improved parametrizations
and targeted observations to advance urban hydrometeorological modelling.
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advection cooling, blue spaces cooling, hectometric-resolution WRF simulation, urban landscape
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1 INTRODUCTION

Urban inhabitants are particularly vulnerable to heat
stress due to high population densities and the intensi-
fying effects of the urban heat island phenomenon (Gao
et al., 2024; Yang et al., 2019). A widely implemented
strategy for mitigating urban heat involves the incor-
poration of water features, collectively known as urban
blue spaces (Fricke et al., 2024), and they influence ther-
mal comfort not only by modifying air temperature but
also by altering humidity, wind patterns, and net radia-
tion. Yet, the contribution of each meteorological factor
and physical mechanism to blue-space-induced changes
in thermal comfort remains poorly quantified. In addi-
tion, most studies indicate that evaporation from blue
spaces enhances latent heat flux while reducing sensible
heat flux contributes to lower air temperature (Tominaga
et al., 2015; Zhang et al., 2025). Furthermore, the high
heat capacity of water creates low surface temperature,
thereby contributing to reducing the urban heat island
(Hathway & Sharples, 2012; Lin et al., 2020). Aside from
lower surface temperatures, the presence of surfaces with
temperature difference gives rise to thermal heterogene-
ity, which can create persistent horizontal advective fluxes
(Cuxart et al., 2016). In the absence of high-resolution
neighbourhood-scale simulations (hectometric, 100 m),
most studies to date have focused only on evaporation and
lower surface temperature as the principal mechanisms
of thermal regulation at the regional scale (Ampatzidis &
Kershaw, 2020) and have overlooked quantifying the con-
tribution of blue-space-induced local horizontal advection
as a cooling mechanism. This necessitates the need for
high-resolution neighbourhood-scale simulations that
resolve blue spaces to understand the role of horizontal
advection in regulating neighbourhood temperatures.

Over the past two decades, summer air tempera-
tures have risen faster over northwestern Europe (Rousi
et al., 2022) than other temperate oceanic regions (Cfb;
Beck et al., 2023), with extreme heat events exceeding 40◦C
becoming more frequent (García-Herrera et al., 2010; Yiou
et al., 2020). Despite increasing thermal stress on public
health and urban systems (Matthews et al., 2025; Tripathy
& Mishra, 2023), studies on urban blue space cooling in
northwestern Europe remain limited compared with Asia
and Australia (Fricke et al., 2024). Within this region, ther-
mal impacts vary considerably between coastal and inland
cities. Theeuwes et al. (2013) showed that a lake in an
inland city reduces daytime air temperature by over 1.5◦C
but increases night-time temperature by 1◦C, with humid-
ity reducing perceived cooling by up to 60%. In contrast,
coastal Rotterdam studies (Jacobs et al., 2020; Steeneveld
et al., 2014) found different night-time responses, indicat-
ing fundamentally different thermal dynamics between

these settings. Comparisons across coastal and inland
environments, however, remain lacking.

Beyond location, spatial configuration significantly
shapes thermal effects. Studies based on surface tem-
perature analysis have identified patch size thresholds
and connectivity as key factors for surface cooling (Peng
et al., 2022; Wu et al., 2021; Yujie et al., 2023). Numeri-
cal modelling approaches to study blue-space configura-
tion can be classified into two categories: simulations of
real urban landscape that reproduce actual urban envi-
ronments with specific land use patterns, and simulations
of idealized urban landscape that systematically test con-
trolled scenarios under real atmospheric conditions. Based
on Weather Research and Forecasting (WRF) simulation
of an idealized urban landscape, Theeuwes et al. (2013)
investigated the cooling effect from different sizes of lakes,
showing that a single large lake cools more effectively than
multiple smaller lakes of equal area. Though simulations
of real urban landscape provide site-specific insights (Ding
& Chen, 2024), idealized landscape approaches enable
systematic comparison of design alternatives by isolat-
ing specific spatial factors. Despite these insights, how
interconnected canal networks affect thermal regulation
remains poorly understood. Urban canal networks vary
widely, ranging from scattered ponds in unplanned devel-
opments to the orthogonal grids of Suzhou, China, or the
winding radial patterns of Amsterdam, Netherlands. Yet,
whether these configurations produce distinct cooling pat-
terns through altered advection or evaporation has not
been examined through controlled comparative analysis.

Investigating the effect of blue spaces on thermal
regulation at the neighbourhood scale requires appro-
priate numerical tools. Previous simulations treated
waterbodies solely with land-surface models, without
activating lake parametrizations, thereby failing to sim-
ulate water-temperature dynamics and the associated
water-body energy balance (Subin et al., 2012). The
WRF-Lake module (Gu et al., 2016; Subin et al., 2012)
offers a potential solution for representing these waterbod-
ies. Though recent hectometric-scale (100 m) WRF studies
have advanced urban atmospheric modelling (Forster
et al., 2024; Koopmans et al., 2023; Ronda et al., 2017), they
represented only large waterbodies, such as rivers and
major lakes, neglecting the shallow canals and ponds (typ-
ically 1–5 m deep) that characterize neighbourhood-scale
blue infrastructure (Zhu et al., 2022). However, the
WRF-Lake module was primarily developed for large,
deep lakes with vertical stratification and thermal dynam-
ics fundamentally different from small and shallow urban
features. Small and shallow waterbodies experience rapid
diurnal heating and cooling due to limited thermal mass,
complete vertical mixing that eliminates stratification,
enhanced evaporation from high surface-to-volume ratios,
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and modified energy exchanges from lateral boundary
effects and building shading. Although the WRF-Lake
parametrization has been shown to perform reasonably
well over large natural lakes (Guo et al., 2022; Wang
et al., 2019; Xu et al., 2016), its applicability to shallow,
urban blue spaces remains largely unexplored. In this
study, we do not aim to perform a formal validation of the
lake model. Instead, we conduct a first-order plausibility
assessment to examine whether the simulated surface
energy fluxes over idealized urban waterbodies exhibit
physically consistent and reasonable behaviour.

To address these knowledge gaps, this study employs
hectometric (100 m) grid resolution idealized WRF simu-
lations to investigate urban blue spaces in northwestern
Europe during summer. We adopt the idealized land-use
set-up (Theeuwes et al., 2013; Yang et al., 2024). Although
simulations on real urban landscapes reproduce specific
urban environments, simulations on idealized urban land-
scapes prescribe homogeneous land-use tiles within desig-
nated domains, enabling systematic testing of alternative
spatial configurations under identical real atmospheric
forcing. This approach allows us to isolate and compare
the effects of blue-space design while maintaining realis-
tic meteorological boundary conditions. We examine three
distinct spatial configurations with a constant 30% water
coverage: (a) randomly distributed waterbodies, repre-
senting unplanned modern development; (b) orthogonal
criss-crossing canals, representing planned grid networks
typified by cities like Suzhou; and (3) winding organic
canals, representing evolved radial systems, like Amster-
dam’s structure. These configurations are simulated for
both coastal and inland cities across three recent sum-
mer periods with contrasting synoptic conditions. Using
this approach, we address the following research questions
(Section 3 and 4):

1. How do different spatially configured urban blue
spaces affect thermal comfort across different convec-
tive events and city types (coastal vs. inland)?

2. What are the relative contributions of the surface
energy fluxes, and is local horizontal advection an
important contributor to the observed cooling?

3. To what extent does the WRF-Lake parametrization
exhibit physically consistent behaviour when applied to
small and shallow urban blue spaces?

Answering these questions advances understanding
of urban blue-space thermal regulation in northwestern
Europe through three contributions. First, quantify-
ing air temperature responses across different contexts
reveals how temporal dynamics, spatial arrangement,
and atmospheric conditions modulate cooling effec-
tiveness. Second, decomposing physical mechanisms

clarifies the roles of surface energy fluxes and advection
in regulating air temperature and identifies individual
meteorological factors’ contributions to thermal com-
fort. Third, discussing the WRF-Lake parametrization
identifies its limitations for shallow urban features and
guides future neighbourhood-scale modelling improve-
ments. These insights benefit both urban climate
adaptation strategies and hectometric-scale simulation
development.

2 METHODOLOGY

2.1 Study location and period

The numerical experiments conducted in this study
employ idealized land surface simulations, following
the methodologies of Yang et al. (2024) and Theeuwes
et al. (2013). This experimental design facilitates a sys-
tematic comparison of cases characterized by varying spa-
tial configurations of urban blue spaces. Consequently,
the specific site selection is not primarily influenced by
land-use characteristics, but rather by the distance to the
coastline and the requirement that the selected sites be
meteorologically independent while situated within the
same climatic region. Two urbanized locations in north-
western Europe were selected for this purpose (Figure 1).
The coastal city corresponds to the location of Den Haag,
Netherlands (latitude 52.16◦N, longitude 4.35◦E), whereas
the inland city corresponds to Brussels, Belgium (latitude
50.82◦N, longitude 4.37◦E), located approximately 90 km
from the shoreline. The proximity of these sites ensures
that they are subject to similar large-scale atmospheric
conditions, and their spatial separation allows for indepen-
dent local-scale dynamics.

Specific weather events were selected to represent dis-
tinct synoptic and mesoscale atmospheric conditions that
are known to influence surface thermal dynamics in dif-
ferent ways. First of all, hot days were chosen to evaluate
the thermal impact of persistent high-temperature con-
ditions, which are critical for assessing heat stress and
the potential cooling effects of blue spaces. We follow the
definition of summer hot days with the daily maximum
2-m air temperature exceeding or equal to 30◦C (European
Environment Agency, 2025) based on European Centre for
Medium-Range Weather Forecasts Reanalysis v5 (ERA5)
data (2005–2024 Hersbach et al., 2020). In total, 17 days are
defined as hot days at both locations.

We then selected three hot events under different
weather patterns, and Supporting Information Figure S1
shows the diurnal variation of spatially averaged 2-m air
temperature over land and rainfall rate, along with geopo-
tential height field, gradient, and wind field at 500 hPa
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F I G U R E 1 Illustration of the Weather Research and Forecasting (WRF) simulation (a) domains 1 to 3 and (b) two nested domains for
coastal and inland cities. Domains 4 and 5 are the same size at the two locations with the same parent domain. LES: large-eddy simulation.
[Colour figure can be viewed at wileyonlinelibrary.com]

with the wind field at 1200 UTC on the three days we
selected:

• Event 1. Hot day without rainfall in both locations (July
24, 2019).

• Event 2. Hot day in both locations, afternoon convective
rainfall in the inland city (August 9, 2020).

• Event 3. Hot day in both locations, but heavy rainfall
followed 1 day after (August 7, 2018).

Event 1 (no precipitation) represents persistent high
temperatures under clear-sky conditions, with daily maxi-
mum 2-m air temperatures of 31.6◦C (coastal) and 35.0◦C
(inland). Event 2 captures short-duration convective rain-
fall effects, defined as afternoon rainfall days based
on ERA5 data, with maximum temperatures of 30.4◦C
(coastal) and 33.8◦C (inland). Event 3 examines tran-
sitional weather patterns where heavy rainfall follows
prolonged heat. Maximum temperatures reached 31.8◦C
(coastal) and 34.6◦C (inland) before rainfall began on
August 7, followed by temperature drops and extreme rain-
fall on August 9 (20.1 and 19.2 mm ⋅ day−1). Heavy rainfall
days are defined as exceeding the 99th percentile thresh-
old from the past 20 years (18.1 mm ⋅ day−1 and 19.0 mm ⋅
day−1 for coastal and inland locations respectively; Pender-
grass, 2018). All values represent spatial means over ERA5
grid cells (0.25◦ × 0.25◦).

2.2 WRF idealized simulation set-up

The numerical simulations are performed using the
WRF model version 4.6.1 (Skamarock et al., 2019). The
basic WRF configuration refers to the set-up of Ronda
et al. (2017) and Koopmans et al. (2023). Two sets of

four one-way nested domains were adopted in the sim-
ulation. Figure 1a shows the first three outer domains.
Figure 1b shows the two innermost domains (d04 and
d05) set for the coastal and inland locations. The vertical
grid contained 48 full sigma levels from the surface up
to 10 hPa. The selected physical parametrization schemes
are listed in Table 1. In this study, the turbulence for the
innermost domains was partly resolved and partly mod-
elled with the three-dimensional Smagorinsky first-order
closure scheme. The single-layer urban canopy model
parametrizes the effect of the built-up area, and the
one-dimensional WRF-Lake module solves the urban blue
space (Kusaka et al., 2001; Obulkasim et al., 2025; Subin
et al., 2012).

We examine the impacts of urban blue spaces and
their placement through Real Atmosphere, Ideal Land
surface simulations, following the methodology of
Yang et al. (2024) and Theeuwes et al. (2013). In this
approach, the atmospheric component is initialized with
three-dimensional, spatially heterogeneous variables
derived from reanalysis data, whereas the land compo-
nent in the innermost domains is initialized with spatially
uniform, idealized conditions. Initial and boundary mete-
orological conditions are derived from six-hourly ERA5
pressure level data (38 vertical levels).

The model employs five one-way nested domains,
two parallel innermost domains at 100 m resolution, each
32.1 km × 32.1 km (Table 1). Only the innermost domains
use idealized land-surface settings; all outer domains
maintain realistic land use to ensure consistency with
ERA5 forcing. This design isolates local land-use effects
(< 2% of the total domain area) while preserving realistic
synoptic-scale atmospheric conditions through one-way
nesting.
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T A B L E 1 Weather Research and Forecasting simulation
configuration schemes.

Horizontal grid size (m) 12,500, 2500, 500, and 100

Vertical resolution at
bottom (m)

50

Grid points 200 × 200, 321 × 321, 481 × 481,
and 321 × 321

Microphysical scheme Thompson scheme (Thompson
et al., 2008)

Boundary-layer scheme Yonsei University scheme
(d01–03) (Hong et al., 2006)

Eddy coefficient option Horizontal Smagorinsky
first-order closure (d01–03)

Smagorinsky first-order closure
(three-dimensional) (d04, d05)

Long-wave scheme Rapid radiative transfer model
(Mlawer et al., 1997)

Short-wave scheme Dudhia scheme (Dudhia, 1989)

Surface-layer scheme Revised MM5 Monin–Obukhov
scheme (Jiménez et al., 2012)

Land-surface model scheme Noah land-surface model (Chen
& Dudhia, 2001)

Urban land-surface
model scheme

Single-layer urban canopy model
(Kusaka et al., 2001)

Two land-use scenarios are examined in the inner-
most domain: a “no-city” baseline with homogeneous
agricultural land, and urban scenarios with varying blue-
space configurations. The baseline uses domain-averaged
surface characteristics from moderate-resolution imaging
spectroradiometer land-use data (Broxton et al., 2014),
with flattened terrain and uniform soil properties (silty
clay loam, four vertical layers). Urban scenarios combine
moderate-resolution imaging spectroradiometer cropland
and lake categories (Broxton et al., 2014) with World Urban
Database and Access Portal Tools Local Climate Zone clas-
sifications (Ching et al., 2018), where built-up areas cor-
respond to LCZ1 (Stewart & Oke, 2012). All blue spaces
have uniform 3-m depth (Jacobs et al., 2020). Surface
temperatures are initialized using surface-type-specific
domain averages from ERA5-based conditions: blue
spaces at 293.8 K (domain-averaged water temperature)
and land surfaces at domain-averaged land tempera-
ture, whereas ocean surfaces retain their realistic spatial
distribution. This surface-type-specific averaging main-
tains thermodynamic consistency by eliminating artifi-
cial horizontal temperature gradients within each sur-
face type while preserving realistic temperature differ-
ences between types, ensuring thermal effects arise from
land–atmosphere interactions rather than heterogeneous
initial conditions.

2.3 Numerical experiments

In total, 15 simulations are conducted for three selected
summer events. Each event includes one control sim-
ulation (CTL) and four experimental cases (Figure 2),
designed to investigate the impact of different configu-
rations of urban blue spaces. The CTL adheres to the
“no-city” configuration with homogeneous agricultural
land (Figure 2a,b). Urban cases without water (U1W0) fea-
ture a built-up area with 8 km radius represented by LCZ1
(Figure 2c,d).

For cases incorporating urban blue spaces, the water
surface fraction within the city is maintained at 30%,
based on typical water coverage in European cities rang-
ing from 6% in Berlin to 25% in city centres and 35%
in Amsterdam as a whole (City of Amsterdam, 2025;
Theeuwes et al., 2013). We first examine the general urban
and blue-space impacts by comparing CTL, U1W0, and
urban cases with 30% randomly distributed water surface
(U7W3r; Figure 2e,f). The random distribution represents
a baseline scenario where waterbodies are placed oppor-
tunistically without systematic spatial planning.

To investigate whether spatial organization of blue
spaces influences cooling effectiveness, we design two
additional configurations representing contrasting urban
water network designs. The criss-crossing canal case
(U7W3c; Figure 2g,h) features an orthogonal grid pat-
tern with canals oriented in perpendicular north–south
and east–west directions, inspired by the systematic canal
layout of Suzhou, China. This configuration represents
planned, geometric water networks with regular spac-
ing and consistent channel widths, facilitating uniform
water distribution across the urban domain. The winding
canal case (U7W3w; Figure 2i,j) features organic, curved
waterways arranged in a radial or semi-concentric pat-
tern, inspired by Amsterdam’s historic canal structure.
This configuration represents evolved water networks that
developed incrementally, with variable channel orienta-
tions and connectivity. Both canal configurations maintain
identical 30% water surface fraction but differ fundamen-
tally in network topology, channel orientation patterns,
and spatial connectivity, allowing us to isolate the effect
of blue-space geometry on thermal regulation. The spa-
tial configurations are kept identical for both coastal and
inland city scenarios. Each simulation covers 30 hr, com-
prising a 6-hr spin-up period followed by a 24-hr analysis
period.

Urban effects are quantified by comparing U1W0
against CTL, whereas water effects are determined
from differences between water-inclusive cases (U7W3r,
U7W3c, U7W3w) and U1W0. Kolmogorov–Smirnov
tests assess how water surface placement affects ther-
mal impact distributions. The Kolmogorov–Smirnov
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6 of 22 CHEN et al.

F I G U R E 2 Land-use types in the innermost model domains for different simulations over coastal and inland areas: (a, b) control cases
(CTL); (c, d) urban cases without water features (U1W0); (e, f) urban cases with randomly distributed water surfaces (U7W3r); (g, h) urban
cases with criss-crossing canals (U7W3c); and (i, j) urban cases with winding canals (U7W3w). [Colour figure can be viewed at
wileyonlinelibrary.com]

statistic quantifies the maximum difference between
cumulative distributions of two samples (Lilliefors, 1969;
Stephens, 1974), with P values below 0.05 indicating
statistically significant differences.

2.4 Thermal environment analysis

To comprehensively assess outdoor thermal comfort in
coastal and inland urban settings, we calculated wet-bulb
globe temperature (WBGT) values using explicit phys-
ical calculations, Among available WBGT calculation
methods, the physical model developed by Liljegren
et al. (2008) is widely recognized as the standard owing

to its sophisticated treatment of heat and mass transfer
principles, careful consideration of sensor geometry, and
extensive validation. This approach provides explicit iter-
ative solutions for the natural wet-bulb temperature and
incorporates detailed meteorological variables, including
temperature components, humidity, and radiation fluxes,
rather than relying on empirical approximations.

Following the methodology validated by Kong
and Huber (2022), we employed the global-climate-
model-specific formulation of the Liljegren et al. (2008)
algorithm, implemented through the PyWBGT
Cython-optimized package. For each 20-min model time
step, WBGT variables were systematically extracted from
WRF output files. The key input variables included 2-m
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air temperature (T2) and relative humidity (RH2), surface
pressure, 10-m wind velocity components (U10, V10), and
cosine of the solar zenith angle. The four radiation com-
ponents required for the global climate model method
were derived directly from WRF diagnostic variables:
downward solar radiation, upward solar radiation (com-
puted based on surface albedo), downward long-wave
radiation, and upward long-wave radiation (computed
from surface skin temperature and emissivity using the
Stefan–Boltzmann law).

Factor analysis was conducted to decompose the
meteorological drivers of urban water effects on WBGT
(Chakraborty et al., 2022). This approach quantifies indi-
vidual factor contributions to observed thermal differ-
ences between urban and water-enhanced environments.
The methodology constructs a comprehensive dataset
of meteorological variables across both urban-only and
water-enhanced scenarios, spanning T2, RH2, 10-m wind
speed (U10), surface net short-wave radiation (SWnet), for
each urban grid cell that remained urban in both scenarios.
The water effect (ΔX = XU7W3r∕c∕w − XU1W0) was calculated
for each meteorological variable difference and ΔWBGT at
every time step and spatial domain, ensuring that spatial
consistency was maintained in urban grid cells across sce-
narios. Multiple linear regression models with an intercept
were then fitted to the relationship for each event and time
step, separately for coastal and inland cities:

ΔWBGT = 𝛽0 + 𝛽1ΔT2 + 𝛽2ΔRH2 + 𝛽3ΔU10

+ 𝛽4ΔSWnet + 𝜖. (1)

The regression coefficients (𝛽1–𝛽4) quantify how much
WBGT changes per unit change in each predictor vari-
able. For example, 𝛽1 indicates the WBGT change (in
◦C) for each 1◦C change in air temperature, while hold-
ing other factors constant. These sensitivities may differ
between coastal and inland settings due to different
baseline climates and waterbody characteristics. The
intercept 𝛽0 captures baseline differences not explained
by the measured variables. 𝜖 is the residual error term.
Each fitted model was subsequently applied to com-
pute factor-specific contributions for each time step and
spatial domain by multiplying the observed Delta val-
ues by their corresponding regression coefficients. This
approach enables us to attribute the relative importance
of temperature, humidity, wind, and radiation changes
to the overall WBGT differences between urban and
water-enhanced environments, providing mechanistic
insights into how blue-space interventions modify out-
door thermal comfort through multiple pathways. The
R2 score and root-mean-square error were calculated to
check models’ robustness. And then each individual factor
contribution was calculated and analysed.

2.5 Surface energy balance

The surface energy balance describes the partitioning of
available energy into turbulent and storage heat fluxes. Net
radiation for land surfaces is calculated as

Rnet = (1 − 𝛼)SW↓ + 𝜖(LW↓ − 𝜎T4
SK), (2)

where 𝛼 is surface albedo, SW↓ is downward short-wave
radiation, LW↓ is downward long-wave radiation, 𝜖 is sur-
face emissivity, 𝜎 is the Stefan–Boltzmann constant (5.67 ×
10−8 W ⋅ m−2 ⋅ K−4), and TSK (K) is skin temperature.

For water surfaces in WRF-Lake, short-wave radiation
is partitioned based on spectral absorption characteristics.
Water transparency causes visible light (60% of solar radia-
tion) to penetrate below the surface, whereas near-infrared
radiation (approximately 40%) is absorbed at the surface
(Subin et al., 2012). Therefore, net radiation over water is
calculated as

Rnet = 𝛽(1 − 𝛼)SW↓ + 𝜖(LW↓ − 𝜎T4
SK) (3)

Qpen = (1 − 𝛽)(1 − 𝛼)SW↓, (4)

where 𝛽 = 0.4 represents the fraction of absorbed
short-wave radiation available at the water surface for tur-
bulent exchange. The penetrating short-wave radiation,
Equation (4), is absorbed in deeper water layers and con-
tributes to subsurface heat storage rather than immediate
surface energy partitioning.

The surface energy balance for both land and water
surfaces can then be expressed as

Rnet + Hadv + LEadv = H + LE − G, (5)

where sensible heat flux H, latent heat flux LE, and ground
heat flux G represent energy sinks, whereas near-surface
horizontal advection of sensible and latent heat, Hadv and
LEadv, contribute additional energy sources. All terms are
in units of watts per metre squared. For water surfaces,
G represents heat storage in the surface water layer. It
is worth mentioning here that, owing to prominent ther-
mal heterogeneity introduced by the presence of water and
land next to each other, the advective heat flux is also
included. The calculation of the near-surface advection
will be explained in the next section.

2.6 Heat advection calculation

The presence of distributed water and land surfaces in
our WRF simulations gives rise to thermal heterogeneities
that have been found to contribute to spatially varying
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fluxes (Margairaz et al., 2020). Therefore, it is necessary
to quantify the contribution of horizontal advection to the
variation of sensible and latent heat fluxes. In this study,
horizontal advections (W ⋅ m−2) of the sensible and latent
heat are respectively defined as

Hadv = ∫
Zmass

0
𝜌Cp

(
ū𝜕𝜃
𝜕x

+ v𝜕𝜃
𝜕y

)
dz (6)

and

LEadv = ∫
Zmass

0
𝜌𝜆

(
ū
𝜕q
𝜕x

+ v
𝜕q
𝜕y

)
dz, (7)

in which 𝜌 (kg ⋅ m−3) is the density of air, Cp (J ⋅ kg−1 ⋅ K−1)
is the specific heat capacity of air at constant pressure,
𝜆 (J ⋅ kg−1) is the latent heat of vaporization, 𝜃 (K) is the
temperature, q (kg ⋅ kg−1) is the specific humidity, and ū
and v are the horizontal winds in the x and y directions
respectively. All the terms are half-hourly averaged. All
the advection terms are calculated at the mass points in
the WRF Arakawa C-grid. Net advection in a WRF cell
is calculated as the integral from the surface to the loca-
tion of the respective mass point. Here, as we focused on

the near-surface advection, Zmass represents the first model
grid level.

For this analysis, we employ WRFlux, an open-source
diagnostic tool designed for the WRF model (Göbel
et al., 2022). WRFlux facilitates detailed budget evalua-
tions and decomposes resolved advection into mean advec-
tive and resolved turbulence components. This capabil-
ity is particularly valuable for interpreting outputs from
large-eddy simulations.

3 IMPACT OF BLUE SPACE ON
URBAN THERMAL ENVIRONMENT

3.1 Air temperature

Figure 3a–c presents the diurnal profile of the spatial mean
2-m air temperature over the built-up area (LCZ1). The
urban heat island effect (U1W0 minus CTL, shown in red-
dish bars) exhibits a pronounced diurnal cycle, with peak
intensities during night-time and reduced values during
daytime. The daily mean urban effect values are 2.0◦C,
0.9◦C, and 1.6◦C for the coastal city, and 1.9◦C, 1.5◦C,

F I G U R E 3 (a)–(c) Temporal evolution of the water effect (U7W3 − U1W0) and urban effect (U1W0 − Control) in terms of 2-m air
temperature during events 1 to 3. (d)–(f) The corresponding evolution of the effects in terms of wet-bulb globe temperature. [Colour figure
can be viewed at wileyonlinelibrary.com]
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CHEN et al. 9 of 22

and 1.7◦C for the inland city across events 1, 2, and 3
respectively.

The water effect (U7W3 minus U1W0, shown in blue
and green lines) demonstrates distinct temporal patterns.
Daily mean cooling effects are −0.43◦C, −0.22◦C, and
−0.22◦C in the coastal city, and −0.24◦C, −0.23◦C, and
−0.1◦C in the inland city for the three events. Blue spaces
induce cooling during most of the day and early evening.
The peak cooling effect occurs between 0600 and 0800
UTC (morning period) in both cities, reaching a maximum
of −1.0◦C in terms of T2 in the coastal area. Note that,
in our focus area (UTC + 2 hr), summer sunrise occurs at
0300–0400 UTC and sunset at 1900–2000 UTC. Though
the cooling magnitude is generally comparable between
coastal and inland cities during most hours, the coastal city
exhibits notably enhanced cooling during specific periods,
particularly during sea breeze events that are absent in the
inland city.

3.1.1 Morning period cooling

The morning period represents the most effective cooling
from urban blue spaces. Figure 4a,b illustrates the spatial

variation in 2-m air temperature difference between cases
with randomly placed water surfaces (U7W3r) and with-
out water surfaces (U1W0). The T2 directly above water
surfaces is substantially lower than over built-up land.
In event 1, the average ΔT2 over water surfaces reaches
−3.9◦C in the coastal city and −3.2◦C in the inland city.
Similar patterns are observed in events 2 and 3 (Supporting
Information Figures S2 and S3). Comparing across the
three events reveals that water surfaces are cooler when
near-surface wind speed is higher, likely due to enhanced
evaporation and stronger turbulent transport under higher
wind speeds.

The cooling impact extends beyond the water surfaces
into surrounding built-up areas. Averaged across the three
events, ΔT2 over built-up areas is −0.41◦C in the coastal
city and −0.28◦C in the inland city at 0600–0800 UTC.
Consistent negative ΔT2 values are also observed in areas
outside the city, downwind from the main wind direction.

Figure 5a–c further examines the spatial extent of
morning cooling by showing cooling intensity as a func-
tion of distance from upwind water surfaces. The results
reveal that wind speed is a primary control on the down-
wind propagation of the cooling effect. Under general to
moderate breeze wind conditions (events 1 and 2, with

F I G U R E 4 Spatial distribution of the
mean 2-m air temperature difference ΔT2

between the U7W3r and U1W0 cases over
the central area of the simulation domain in
coastal and inland cities during event 1: (a, b)
0600–0800 UTC; (c, d) 1100–1300 UTC. Red
dashed lines indicate the dominant surface
wind direction. [Colour figure can be viewed
at wileyonlinelibrary.com]
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10 of 22 CHEN et al.

F I G U R E 5 Cooling effect of blue-space scenarios on 2-m air
temperature. (a)–(c) Change in 2-m air temperature ΔT2 between
blue-space scenarios (U7W3r, U7W3c, U7W3w) and the urban
baseline (U1W0) as a function of distance from the upwind water
surface during the morning period for events 1–3. (d)–(f)
Distribution of 2-m air temperature differences ΔT2 over built-up
grid cells during the afternoon period for the three water placement
scenarios in events 1–3. [Colour figure can be viewed at
wileyonlinelibrary.com]

average wind speeds of 5.8 m ⋅ s−1 and 4.7 m ⋅ s−1 respec-
tively), negative ΔT2 values persist over considerable dis-
tances, extending 20–25 km downwind from waterbodies.
This widespread cooling is facilitated by the stable atmo-
spheric conditions and shallow planetary boundary-layer
characteristic of morning hours, which together promote
horizontal advection of cool air while suppressing vertical
mixing that would otherwise dilute the temperature sig-
nal. In contrast, event 3 with light air winds (1.2 m ⋅ s−1)
exhibits a dramatically reduced spatial extent, with the
cooling effect confined to approximately 3 km. Under light
air wind conditions, the advective transport is insufficient
to overcome local mixing processes, limiting the cooling
influence to areas immediately adjacent to water surfaces.
This contrast underscores the critical role of wind-driven
advection in extending the thermal footprint of urban
waterbodies during morning hours.

3.1.2 Afternoon period cooling

Figure 4c,d shows the spatial variation in ΔT2 during
the midday period. The cooling effect over water sur-
faces intensifies substantially compared with the morning
period. The mean ΔT2 over water surfaces reaches −6.6◦C
in the coastal city and −5.6◦C in the inland city, which are

much larger absolute values than in the morning. Similar
to the morning period, the cooling effect above water sur-
faces is more pronounced under higher wind speeds, and
the coastal city exhibits larger cooling intensity compared
with the inland city.

However, the cooling effect in built-up areas does
not increase proportionally during midday despite the
stronger cooling over water surfaces. On average, ΔT2 over
built-up areas in the midday period is −0.3◦C in both the
coastal and inland cities, similar to or even slightly lower
than the morning values. One possible explanation is that
deeper planetary boundary layers have a smaller effect on
ΔT2 at the ground due to dilution over a deep planetary
boundary layer. Vertical cross-sections along the dominant
wind direction (Supporting Information Figures S4 and
S5) confirm this interpretation: negative ΔT2 values are
concentrated in the lowest 300 m of the boundary layer
shortly after sunrise but can reach up to 1 km in the middle
of the day.

In contrast to the morning period, the cooling effect
spreading beyond the city is less noticeable in the after-
noon, even under high wind speed conditions. This dif-
ference may relate to the development of the turbulent
atmospheric boundary layer, which starts after sunrise
and allows relatively cold air from water surfaces to enter
built-up areas, leading to intense cooling during morning
hours. Later in the day, the deeper atmospheric boundary
layer distributes the cooling over a relatively deep layer,
thus weakening the actual surface cooling compared with
morning conditions.

Figure 5d–f examines how blue-space spatial config-
uration affects the distribution of ΔT2 over built-up grid
cells during this period, comparing three water placement
scenarios (U7W3r, U7W3c, U7W3w). The distributions in
events 1 and 2 show more concentrated patterns, indicat-
ing smaller variations in ΔT2. This occurs because strong
winds spread cooling air more evenly, creating a more
homogeneous cooling effect. Conversely, when surface
wind speeds are low in event 3 (Figure 5f), ΔT2 variations
are larger.

When comparing different spatial configurations of
blue spaces, randomly distributed blue spaces (U7W3r)
tend to follow a normal distribution with a single
peak, whereas canal cases (U7W3c and U7W3w) exhibit
multi-peak distribution characteristics. This difference is
more pronounced under strong wind conditions. The
distribution differences are significant (P < 0.05) based
on the Kolmogorov–Smirnov test. The significant differ-
ence in ΔT2 distribution may relate to the distance to
blue spaces resulting from different spatial configurations.
The reachability of blue spaces for surrounding built-up
areas is greater and shows smaller variations in the ran-
domly distributed case (U7W3r) than with the canal cases.
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Additionally, canal cases display a wider range of ΔT2
values. The larger maximum cooling effect in canal cases
may be due to the larger contiguous water surface area,
whereas the smaller cooling effect (or larger warming
effect) may be attributed to reduced reachability.

3.1.3 Coastal and inland comparison

Though the cooling magnitude from blue spaces is gener-
ally comparable between coastal and inland cities during
most hours, specific meteorological events reveal impor-
tant differences in how blue spaces interact with local
circulation patterns.

During event 1, the coastal city experiences a pro-
nounced enhancement in cooling effect beginning at 1300
UTC (Figure 3a). This enhanced cooling is attributed to
sea breeze circulation, which is present in the coastal city
but absent in the inland city. At 1300 UTC, the increase
in cooling effect from blue spaces coincides with a strong
sea breeze reaching the city edge. The sea breeze intensi-
fies evaporative cooling from water surfaces and advects
cooler air deeper into the built-up area. The westerly wind
continues to advance, completely shifting the flow from
south-to-north to west-to-east by 1500 UTC. This strong
westerly wind persists until 2100 UTC, maximizing both
evaporative cooling from blue spaces and the transport
of cool air into the city, until the cooling effect begins
to weaken. In contrast, the inland city shows steady but
non-enhanced cooling from its blue spaces throughout the
day, lacking sea breeze amplification.

Event 2 reveals a different pattern through complex
interactions between blue spaces and urban-induced con-
vection in the inland city (Figure 3b). At 1500 UTC, the
inland city experiences a sudden drop in the cooling effect,
with the water effect showing positive values (indicating
higher T2 in areas with blue spaces). This phenomenon
coincides with convective rainfall over the inland city and
may be linked to urban-induced convectional precipitation
(Yang et al., 2024; Zhang et al., 2022).

Analysis of simulated precipitation across scenarios at
the time of peak convective activity (1500 UTC) reveals
distinct differences. The urban scenario (U1W0) produces
the highest precipitation intensity (0.94 mm ⋅ hr−1) and
total event accumulation (1.0 mm), whereas the control
scenario shows the lowest values (peak: 0.096 mm ⋅ hr−1;
total: 0.18 mm). The water scenario (U7W3r) exhibits
intermediate precipitation levels, with a peak intensity
of 0.28 mm ⋅ hr−1 and total accumulation of 0.36 mm,
approximately double that of the control but only about
one-third of the urban case. These differences support the
hypothesis that heated urban surfaces induce more intense
convection, resulting in heavier rainfall, especially under

humid atmospheric conditions (Zhu et al., 2017). In con-
trast, areas with blue spaces, which have lower surface
and near-surface temperatures, experience reduced con-
vective rainfall compared with the fully urbanized case
(Wang, 2009). The land surface in the U7W3r case is
cooler with less rainfall than in the U1W0 case, though
still warmer and wetter than the control due to partial
urbanization. Given the complexity and sensitivity of the
precipitation process, current simulations and set-ups do
not allow for definitive conclusions about the role of
blue spaces in convection processes (Forster et al., 2024).
Ensemble simulations are needed to explore how blue
spaces impact moist convection due to the urban heat
island.

3.2 Thermal comfort

Based on the analysis on water effect in WBGT temporal
variations, urban waterbodies demonstrate distinct diur-
nal and event-specific cooling patterns that vary across
heat-wave events and spatial domains (Figure 3d–f). The
July 2019 heat wave exhibited the consistent cooling
effects, with 100% of cases showing net cooling, character-
ized by peak afternoon cooling at 1500 UTC (−0.31◦C) in
coastal areas and morning cooling at 0800 UTC (−0.18◦C)
inland. The warming effect in WBGT over the inland
city is shown from 1300 to 1500 UTC in event 2, which
is before and during the convective precipitation. In
event 3, extreme morning warming peaks reach 0.73◦C
in inland areas. The diurnal ranges varied substantially,
indicating strong temporal variability in waterbody effec-
tiveness across different meteorological conditions and
geolocations.

The WBGT factor analysis employed a four-factor
delta-based multi-linear regression approach, construct-
ing 432 individual linear models (3 events × 2 domains ×
72 time steps) with domain-specific and time-step-specific
coefficients to capture both spatial and temporal variations
in waterbody effects. These models demonstrated excellent
predictive skill with a mean R2 of 0.93, achieving robust
performance, with coastal domains (R2 = 0.94) slightly
outperforming inland domains (R2 = 0.92), and a mean
root-mean-square error of 0.09◦C across more than 10,000
sample points per model. The coefficients over the 432
models reveal that air temperature cooling serves as the
primary mechanism (50.3% of total contribution), whereas
relative humidity warming constitutes the competing sec-
ondary mechanism (42.3% contribution).

Figure 6 reveals distinct temporal patterns in water-
body effects on WBGT across different heat events
and domains, demonstrating a characteristic diurnal
cycle driven by the fundamental temperature–humidity
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F I G U R E 6 Factor contributions to wet-bulb globe temperature (WBGT) differences over the built-up grids due to the implementation
of random water surface at four key time periods (0300, 0900, 1500, 2100 UTC) for (a)–(c) coastal and (d)–(f) inland for events 1–3. Coloured
bars represent individual factor contributions: air temperature (pink), relative humidity (green), wind speed (blue), and net short-wave (SW)
radiation (orange). Grey hatched bars show model residuals. Black dashed outlines indicate the total observed WBGT difference. Positive
values indicate warming effects (U7W3 > U1W0), whereas negative values indicate cooling effects (U7W3 < U1W0). [Colour figure can be
viewed at wileyonlinelibrary.com]

trade-off inherent in heat stress dynamics. The analysis
consistently shows that night-time periods (0300 UTC)
exhibit warming effects (+0.24◦C average), where both
elevated air temperature and increased relative humid-
ity over waterbodies synergistically contribute to posi-
tive WBGT differences, reflecting nocturnal heat release
from water thermal mass and enhanced moisture evap-
oration. Morning hours (0900 UTC) display the high-
est variability, with pronounced event-dependent differ-
ences: events 1 and 2 show consistent cooling (−0.16◦C
on average), whereas event 3 demonstrates exceptional
warming (+0.60◦C average), creating the substantial over-
all variability. Afternoon periods (1500 UTC) demonstrate
peak cooling potential (−0.17◦C average), whereas evening
hours (2100 UTC) maintain moderate cooling (−0.13◦C
average) with persistent air temperature dominance as
urban surfaces begin radiative cooling. Across both coastal
and inland domains, the dominant mechanism during
daytime and early evening involves substantial WBGT
reduction through lower air temperatures over water (neg-
ative pink bars), systematically counteracted by elevated
relative humidity over water surfaces (positive green bars),
creating the characteristic temperature–humidity compe-
tition that fundamentally governs the efficacy of urban

waterbody heat mitigation strategies throughout the diur-
nal cycle.

At 1500 UTC during event 2, the inland city exhibits
an anomalous warming effect during the convective pre-
cipitation period, where three factors contribute to warm-
ing: elevated air temperature over water (+0.065◦C),
reduced wind speeds over water compared with built-up
areas (wind coefficient −0.49 with positive contribution
+0.33◦C), and enhanced net short-wave radiation over
water (+0.09◦C with coefficient +0.004). This result is
consistent with what we observed from the ΔT2. The
warming pattern may result from differential precipitation
effects, where urban scenarios experience more intense
convective precipitation leading to stronger evaporative
cooling and enhanced turbulent mixing through down-
draughts, whereas water scenarios receive less precipita-
tion and maintain relatively higher temperatures, weaker
wind speeds, and greater solar radiation input.

At 0900 UTC during event 3, an exceptional warm-
ing exists in both coastal and inland domains, primarily
driven by reduced wind speeds over waterbodies. The
coastal area shows a wind coefficient of −1.7 with a posi-
tive contribution of +0.75◦C and short-wave coefficient of
−0.47 with a negative contribution of −0.04◦C, whereas
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the inland area exhibits a wind coefficient of −1.6 with
a positive contribution of +1.4◦C and a short-wave coef-
ficient of −0.13 with a negative contribution of −0.04◦C,
indicating that significantly reduced wind speeds over the
water case compared with the urban case are the dominant
mechanism driving these exceptional morning warming
effects.

4 DISCUSSION ON THERMAL
REGULATION MECHANISMS

4.1 Land and water surface energy
components

Figure 7 shows the energy balance components over the
built-up (urban) area and the blue space (water surface)
during event 1.

Over the built-up area, H is significantly greater than
LE, and both remain positive throughout the day. In con-
trast, over the water surface, H is only slightly positive
around sunrise (0300–0500 UTC) and becomes negative
for the remainder of the day due to the lower surface tem-
perature of the water surface. For most of the day, H is
negative, indicating a stable boundary layer with a down-
ward transfer of energy indicating the cooling of the air due
to water surface. However, the absolute magnitude of H is
less than 6% of Rnet and therefore is not a dominant mech-
anism of cooling and does not significantly influence the
atmospheric temperature.

LE over the water surface is higher at night than dur-
ing the day, which is the opposite of the pattern observed
over land. Furthermore, at 1200 UTC, LE is only about
5% of the Rnet, indicating most of the net radiation is
utilized to convert the storage energy of water. This diur-
nal behaviour of H and LE is consistent with findings

F I G U R E 7 Diurnal profile of
surface energy balance components
and net horizontal mean advection (in
the lowest 25 m of the atmosphere) of
the simulation at coastal and inland
cities (a, b) over the built-up area and
(c, d) over the blue spaces during event
1. [Colour figure can be viewed at
wileyonlinelibrary.com]
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by Theeuwes et al. (2013), who reported similar patterns
over an urban lake using WRF simulations under sta-
ble atmospheric conditions in early summer. However,
an important point to note here is that the variation of
LE over water surfaces in WRF is extremely sensitive to
the modelling choices, specifically roughness and stability
correction functions influencing the friction velocity and
aerodynamic resistance. Therefore, these results need fur-
ther analysis. Though the roughness values used in the
WRF-Lake model might be appropriate for large lakes and
open blue spaces, the same may not be true for urban
blue spaces such as canals, which are situated in regions
of higher turbulence where the assumptions of horizon-
tal homogeneity are not generally valid. In summary, our
results show that, with the current modelling choices of
the lake model in WRF, both H and LE over water surface
are not dominant and most of the input energy enters the
water and is used in changing the internal energy of the
water, which changes the water temperature. We perform
a deeper analysis of the variation of LE over water sur-
face and the limitations of the WRF-Lake model for urban
blue-space modelling in Section 4.3.

In contrast to the water surface, H is the dominant
energy sink over the built-up areas, with H accounting
for close to 50% of the Rnet at peak solar heating. For
the coastal city in built-up areas, the red solid line repre-
senting H shows a sharp increase starting at 1300 UTC,
peaking around 1500 UTC (Figure 7a). We find that this
sharp increase in H is caused by the near-surface hori-
zontal advection of sensible and latent heat fluxes (Hadv
and LEadv). In built-up areas, Hadv is typically negative,
and positive over blue spaces. Negative Hadv over built-up
areas indicates that the heat is lost from the air above the
surface, indicating the cooling effect caused by the nearby
water surfaces. Similarly, positive Hadv over the water sur-
face indicates energy gained by the air above the surface
of water, indicating the heat transfer from built-up areas
to the water surface. Hadv is nearly 10% of the total Rnet
at 1500 UTC, indicating this is the dominant mechanism
of lateral heat transfer between urban and blue spaces. In
contrast, the magnitude of LEadv is relatively small, gener-
ally contributing less than 10 W ⋅ m−2 to the daily mean.
We elaborate on the mechanism and effect of advection as
the dominant cooling mechanism by the urban blue spaces
in Section 4.2.

The ground heat flux G over both surfaces exhibits a
clear diurnal cycle: it is negative during the day (indicat-
ing heat storage) and positive at night (indicating heat
release), with a pronounced negative peak around midday.
During the day, G is directed downward, meaning that a
substantial portion of the absorbed radiation is stored in
the surface. At night, this stored heat is gradually released.
Notably, the timing of this release differs between surfaces:

the built-up area releases more heat in the early evening,
whereas the blue space releases more in the late evening.

Surface Rnet is higher over the urban surface than
over the water surface, primarily due to the penetration
of the water. The radiation penetration term Qpen does
not participate in the surface energy balance of a water-
body. It represents the portion of incoming short-wave
solar radiation that passes through the water surface and
continues downward into the water column and is finally
absorbed. Unlike other energy fluxes that are absorbed or
reflected near the surface, this term accounts for energy
that contributes to subsurface heating, influencing ther-
mal stratification and internal mixing processes. It is only
active during the daytime, when solar radiation is present,
and its magnitude depends on factors such as water clar-
ity, solar angle, and surface conditions. By transferring
energy away from the surface, the penetration term effec-
tively reduces the amount of heat available at the sur-
face, playing a crucial role in the vertical distribution of
heat within aquatic systems. At night, the majority of the
heat released from the waterbody (represented by pos-
itive G) is dissipated through LE, with the remainder
balanced by radiative cooling (negative Rnet) and a small
warming effect (positive H). In contrast, the radiation
that penetrated the water surface is completely absorbed
and is not released during the night, indicating that this
energy is stored in the water and contributes to increase in
the subsurface water temperature; this will be elaborated
in Section 4.3.

4.2 Role of horizontal advection in heat
exchange between blue space and built-up
areas

The presence of differentially heated thermal surfaces
gives rise to thermal circulations that are similar to
land–sea breezes (Allouche et al., 2023). According to
(Cuxart et al., 2016), in the presence of thermal hetero-
geneity, persistent advective fluxes are found dominant at
hectometric and decametre scales, and give rise to ther-
mal circulations that contribute to the surface energy bal-
ance. These studies show that the presence of differentially
heated surfaces next to each other gives rise to persis-
tent thermal circulations or advective fluxes. In our study,
the presence of urban blue spaces creates thermal het-
erogeneity and, consequently, persistent advective fluxes,
modifying the surface energy balance. In Figure 7, Hadv
was presented with the advection calculated as the net
horizontal mean advective flux between the surface and
the first mass point in WRF (approximately the lowest
25 m of the atmosphere in our simulations). In the pre-
vious section, we observed that H is influenced by the
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horizontal advection over urban areas, with Hadv acting as
the dominant mechanism of horizontal heat transfer.

Avissar and Schmidt (1998), based on idealized
large-eddy simulations, report that in the presence of dif-
ferential heating with regions where sensible heat flux
varies horizontally, a large amount of heat is released into
the atmosphere from the surface where the H is maximum,
which results in an unstable convective boundary layer.
The surface where H is minimum limits the development
of boundary layer; therefore, the boundary layer remains
shallow. The differential heating generated by the gradi-
ent of H gives rise to a horizontal pressure gradient, with
regions of high H having lower surface pressure compared
than regions of low H having a higher surface pressure.
This difference in surface pressure generates a flow of air
from relatively cold to relatively warm areas.

In our simulations, during daytime, Hadv is typically
negative, indicating that more sensible heat H is being
transported out of the grid cell due to advection. This
reduces the near-surface air temperature, causing an
increase in the difference between surface and air tem-
peratures, which results in a sharp increase of H over
built-up areas (Figure 7a). The corresponding Hadv follows
a similar temporal pattern but with negative values, con-
firming the outward flow of warm air from built-up areas
towards the blue space. Over water surfaces (blue space),
the horizontal advection of sensible heat Hadv during the
daytime exhibits positive values, whereas the surface sen-
sible heat flux H is negative. This occurs because the water
surface typically has a lower temperature than the sur-
rounding land, resulting in a net inflow of sensible heat
into the grid cell (positive Hadv). As shown in Figure 7c,d,

the magnitudes of Hadv and H are comparable, indicat-
ing that horizontal advection is the primary mechanism
responsible for the cooling effect of the water surface on
the surrounding land.

To further investigate the role of near-surface advec-
tion, Figure 8 presents the diurnal variation of Hadv differ-
ence between the U7W3r case and the CTL (ΔHadv). The
ΔHadv represents the horizontal sensible heat advection
among the urban and water surfaces, effectively isolating
the local advection signal from the broader regional back-
ground. The red lines in Figure 8 represent ΔHadv over
built-up areas, and the blue lines correspond to the results
over blue spaces in the cities. As with Hadv, the positive
ΔHadv values represent more sensible heat coming in than
going out, which usually occurs over the water surfaces,
indicating the surrounding built-up area warms the water
surface through advection. On the other hand, the negative
ΔHadv value is usually shown over the built-up area, indi-
cating that the surroundings cool the built-up area through
advection.

In the coastal city (solid lines), the peak of ΔHadv
over the water occurs around 1200 UTC. This represents
that blue spaces are warmed up by the surroundings
approximately 50 W ⋅ m−2 during events 1 and 2, and
about 42 W ⋅ m−2 in event 3. Over the built-up area in the
coastal city, ΔHadv exhibits negative peaks around 1800
UTC. This indicates that the advection cooling in built-up
areas from surrounding blue space is strong in the late
afternoon to early evening, with values ranging from 30
to 25 W ⋅ m−2. In the inland city (dashed lines), the ΔHadv
over the water is slightly lower than in the coastal city, pri-
marily due to weaker horizontal wind speeds. However,

F I G U R E 8 Diurnal profile of the horizontal advection difference between U7W3r and CTL (ΔHadv) at coastal and inland cities during
(a) event 1, (b) event 2, and (c) event 3. [Colour figure can be viewed at wileyonlinelibrary.com]
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in event 3, the values in both cities are comparable, which
corresponds to similar wind speeds observed during that
event. Supporting Information Figure S6 shows the diur-
nal variation of wind speed at 10 m on a spatial average.
In Figure 8b, the results for the inland city show a sudden
fluctuation at 1400–1700 UTC, when the convective rain-
fall occurred. The amount of incoming sensible heat from
the water surface exceeds the outgoing amount from the
built-up area. This suggests that the cooling effect origi-
nating from the blue space extends beyond the urban area,
influencing regions outside the city. This observation is
consistent with the spatial patterns shown in Figure 4.

Figure 9 illustrates the spatial distribution of ΔHadv
in the cities at 1200 UTC. The reddish colours indi-
cate areas of positive ΔHadv, predominantly covering the
blue space (water surface). In Figure 9a,b, darker blue
shades represent strongly negative Hadv values, which
appear in grid cells adjacent to the reddish areas and grad-
ually weaken in a specific direction—aligned with the

prevailing wind. This pattern is particularly evident under
stronger wind conditions. For instance, in the coastal city
at 1200 UTC, the spatially averaged near-surface wind
speed over built-up areas exceeds 6 m ⋅ s−1 (Supporting
Information Figure S6). The spatial variation clearly shows
that built-up areas lose heat and the blue spaces gain heat
due to advection.

4.3 Performance of WRF-Lake
parametrization over urban blue spaces

As shown in Figure 7 during daytime (0600–1800 UTC),
LE is low in magnitude over both built-up and blue space
with values as low as 20–60 W ⋅ m−2. Owing to the low
values of LE, evaporative cooling does not contribute sig-
nificantly to cooling over built-up areas in our simulations.
As elaborated in Section 4.2, Hadv over blue space is the
dominant mechanism of horizontal transfer of the cooling

F I G U R E 9 Spatial distribution of the horizontal advection difference ΔHadv at 1200 UTC, representing the effect of built-up areas and
randomly placed blue spaces. Results are shown for (a, d) event 1, (b, e) event 2, and (c, f) event 3, with (a)–(c) corresponding to coastal cities
and (d)–(f) to inland cities. [Colour figure can be viewed at wileyonlinelibrary.com]
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effect over built-up areas. In the absence of significant LE,
Hadv depends mostly on the temperature gradient due to
the low water surface temperature. Figure 7c,d shows that
LE over the blue space exhibits an unusual diurnal varia-
tion, with higher values during the night-time compared
with the daytime. Similar variations have been reported
from WRF simulations over Amsterdam by Theeuwes
et al. (2013). We hypothesize that this unusual variation
may be related to the modelling choices made in lake
module in WRF and elaborate on this possibility herewith.

LE (W ⋅ m−2) is modelled in the WRF-Lake model with
in which Lv is the latent heat of vaporization of water, 𝜌atm
(kg ⋅ m−3) is the air density, raw (s ⋅ m−1) is aerodynamic
resistance, q (kg ⋅ kg−1) represents the specific humidity,
“sat” means saturated, and “atm” means atmosphere, and
n represents the current time step. The lake surface tem-
perature Tlake (◦C) represents an infinitesimal interface
layer between the top resolved lake layer and the aerody-
namic atmosphere and is solved simultaneously with the
surface fluxes. From Equation (8), it is clear that the mag-
nitude of LE in WRF depends largely on two terms: (a)
the specific humidity difference between the water surface
and the air, and (b) the friction velocity u∗. Figure 10a–c
shows the humidity difference between the water surface
and the air. Large differences contribute to large LE. The
difference is larger in the inland location than the coastal
region, and both reach their peaks at 1500 UTC. However,
LE does not follow the pattern of undersaturation over the
blue space. Figure 10d–f shows the friction velocity over
the urban built-up area and over the blue space. The fric-
tion velocity is very low over the blue space (blue lines),
and the pattern is very similar to the pattern of LE over
the blue space. Therefore, the small LE amount appears to
be directly related to the small friction velocity during the
daytime. The friction velocity is less than 0.1 m ⋅ s−1 dur-
ing the daytime in all three events, which in turn indicates
lower turbulent mixing, and therefore lower LE.

LE = −Lv𝜌atm

raw

×

[
qatm − qTlake

sat −
𝜕qTlake

sat

𝜕Tlake
(Tn+1

lake − Tn
lake)

]
, (8)

We hypothesize that a major factor contributing to low
u∗ over water surfaces is the low surface roughness of
blue spaces assumed in the lake model. In WRF, a rough-
ness length of 0.001 m is used for unfrozen lakes (Gu
et al., 2016). Though this low roughness length is appro-
priate for large open natural water surfaces, it may not
accurately represent small urban blue spaces embedded
within heterogeneous urban landscapes. The roughness
parametrization is in accordance with Monin–Obukhov

similarity theory. In urban areas, owing to high urban
roughness, the wind flow is associated with higher tur-
bulence compared with homogeneous areas such as open
water lake or cropland. This suggests that blue spaces
located in urban areas may experience enhanced tur-
bulence from surrounding urban elements that is not
captured by the current parametrization. In the current
WRF-Lake model, this roughness length is applied uni-
formly, potentially underestimating surface–atmosphere
interactions in urban blue spaces (Gu et al., 2015; Gu
et al., 2016). The friction velocity over built-up areas (red-
dish lines in Figure 10d–f) is significantly higher than over
adjacent urban blue spaces (blue lines), suggesting that the
current modelling approach may not adequately capture
the unique surface energy dynamics of small urban blue
spaces.

The unusually low LE observed over the blue space in
our simulations leads to unrealistically high storage fluxes
in that region. Woolway et al. (2020) pointed out that,
during the heatwave days in 2018, the maximum lake sur-
face temperature over natural lakes is around 2.4◦C higher
than the period base. However, Figure 10g–i illustrates
lake surface temperature Tlake (◦C) in our simulations,
which increases by approximately 2.0◦C over the course of
a single hot summer day. If such conditions persist over
multi-day heatwave events, the model projects a continued
rise in water temperature that may be unreasonably high
compared with observations (Wang et al., 2024; Woolway
et al., 2020).

These unexpected LE and water temperature patterns
raise important questions about model representation of
urban blue spaces. Model validation for small, shallow
urban blue spaces is beyond the scope of this ideal-
ized study. Nevertheless, we offer several hypotheses to
explain the observed behaviour. The low surface rough-
ness parametrization (0.001 m) in the WRF-Lake model,
designed for large open waterbodies, may not capture
the enhanced turbulence that urban roughness elements
generate over adjacent water surfaces. This could lead
to underestimation of friction velocity and, consequently,
suppressed latent heat fluxes. If this hypothesis holds, a
more accurate representation of LE would likely result in
lower air temperatures over blue spaces and enhanced hor-
izontal advection of sensible heat Hadv, further amplifying
the cooling effect. The results presented here could there-
fore represent a lower bound of the actual cooling potential
of urban blue spaces.

However, the actual mechanisms governing energy
exchange over small urban waterbodies may be more
complex than our hypothesis suggests, potentially
involving interactions between shallow water thermal
dynamics, urban-induced turbulence, and lateral bound-
ary effects that are not well represented in current
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18 of 22 CHEN et al.

F I G U R E 10 Specific humidity difference between the near-surface atmosphere and the water surface (qatm − qsat) during (a) event 1,
(b) event 2, and (c) event 3 in case U7W3r. Friction velocity u∗ over urban built-up areas and water surfaces is shown during (d) event 1, (e)
event 2, and (f) event 3 in the same scenario. Lake surface temperature Tlake is presented during (g) event 1, (h) event 2, and (i) event 3, also
for case U7W3r. [Colour figure can be viewed at wileyonlinelibrary.com]

parametrization schemes. Addressing these uncertain-
ties requires coordinated efforts from the urban climate
community in two parallel directions: first, establish-
ing observational campaigns to measure energy fluxes
over small urban waterbodies, which would provide
essential validation data currently lacking in the lit-
erature (Van Der Meulen et al., 2023); and second,

developing improved parametrization schemes that incor-
porate physics appropriate for shallow urban blue spaces
embedded within rough urban environments. Progress
on both fronts is essential for advancing the accuracy
of urban hydro-meteorological simulations and under-
standing the true cooling potential of urban blue-space
infrastructure.
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5 CONCLUSIONS

This study investigated the role of urban blue spaces in
regulating the thermal environment during three extreme
heat events in northwestern Europe, using high-resolution
(100 m) WRF idealized simulations. We evaluated their
influence on 2-m air temperature and the WBGT ther-
mal comfort index, capturing both localized and city-wide
effects. We also analysed the surface energy balance to
obtain an understanding of the physical mechanisms driv-
ing the thermal regulation by blue spaces at neighbour-
hood scale and the suitability of WRF-Lake parametriza-
tion in modelling the effect of urban blue spaces.

Our findings suggest that urban blue spaces present
cooling effects on air temperature with distinct temporal
and spatial patterns across three hot events. Daily mean
cooling ranged from −0.1◦C to −0.4◦C, with peak effec-
tiveness during morning hours (0600-0800 UTC) achiev-
ing reductions up to −1.0◦C in coastal areas based on
simulations of idealized urban landscape. Wind speed
emerged as the primary control on cooling extent, with
general to moderate winds (4.7–5.8 m ⋅ s−1) propagat-
ing cooling effects 20–25 km (three times to the city
radius) downwind through shallow planetary boundary
layers, whereas light air winds (1.2 m ⋅ s−1) limited cool-
ing to approximately 3 km. Spatial configuration signif-
icantly influenced cooling distribution, with randomly
distributed waterbodies creating more homogeneous pat-
terns compared with canal configurations. Coastal cities
exhibited enhanced cooling during sea breeze events,
whereas inland cities showed complex interactions with
urban-induced convection.

The thermal comfort analysis, represented by WBGT,
revealed a fundamental temperature–humidity trade-off
governing heat stress mitigation. Factor analysis (mean
R2 = 0.93) identified air temperature cooling as the pri-
mary beneficial mechanism (50.3% contribution), sys-
tematically counteracted by increased relative humidity
(42.3% contribution). This competition created distinct
diurnal patterns: afternoon periods showed peak WBGT
cooling potential (−0.17◦C), whereas night-time exhibited
warming effects (+0.24◦C) due to nocturnal heat release
and moisture evaporation. These findings underscore that
blue-space effectiveness depends critically on time of
day, meteorological conditions, and spatial configuration,
with wind speed playing a pivotal role in determining
whether temperature reductions or humidity increases
dominate the overall heat stress response. Urban plan-
ning strategies should account for these complex dynam-
ics rather than assuming uniform cooling benefits across
all conditions.

A key contribution of this study is the identi-
fication and quantification of the heat exchange

mechanism between built-up areas and adjacent blue
spaces. Unlike previous studies using coarser-resolution
WRF simulations (e.g., 1 km), which cannot resolve
neighbourhood-scale processes, our hectometric-scale
simulations capture near-surface neighbourhood-scale
horizontal advection. This mechanism facilitates the mix-
ing of cooler air from blue spaces with warmer urban
air and is identified as the dominant process through
which blue spaces exert their thermal regulatory influ-
ence. Around midday, blue spaces exhibited a cooling
potential of approximately 50 W ⋅ m−2. This effect is fur-
ther amplified by the cooling due to latent heat flux due
to evaporation of water in the blue spaces. However, we
find that the latent heat flux is influenced largely by the
turbulence in the urban area.

Despite the advantages of high-resolution modelling,
we identified limitations in the WRF-Lake model, par-
ticularly in simulating latent heat fluxes over shal-
low urban blue spaces. The current WRF-Lake model,
which uses low roughness lengths appropriate for large,
deep, open waterbodies, produces unexpectedly low tur-
bulent heat fluxes, leading to unrealistic energy bal-
ance partitioning and water temperature increases. We
hypothesize that this parametrization may underesti-
mate friction velocities and fail to capture the enhanced
turbulence generated by urban roughness elements,
potentially leading to underestimation of the cooling
effects of urban blue spaces. However, this hypothesis
remains speculative. Without observational data from
urban water surfaces, we cannot confirm whether the
model actually underestimates or overestimates cooling
effects, nor can we verify the mechanisms we propose
to explain model behaviour. This underlines the need
for field campaigns to measure flux balance in urban
blue spaces.

The evaporation dynamics of small urban blue spaces
remain underresearched, with limited empirical data and
analytical studies available. Similarly, the energy balance
of urban blue spaces has received little attention. This
gap is partly due to the complexity of urban environ-
ments, which makes eddy covariance techniques unsuit-
able for accurately measuring sensible and latent heat
fluxes in small, shallow urban blue spaces such as canals.
Traditional flux measurement techniques cannot isolate
contributions from individual land-use types embedded
within heterogeneous urban landscapes. Moreover, the
parametrization schemes used in current physically based
urban simulation tools have not been sufficiently validated
for urban blue-space settings. Addressing the identified
limitations likely requires developing new parametriza-
tion schemes that include more comprehensive and phys-
ically appropriate representations of urban–water interac-
tions, such as the influence of urban roughness on water
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surface turbulence, the effects of shallow depth on thermal
dynamics, and the exchange processes at urban–water
boundaries (Chen et al., 2025).

These findings underscore the need for parallel
research efforts. First, observational campaigns focused on
the energy balance of shallow urban blue spaces are essen-
tial to establish ground truth data and validate model per-
formance. Second, developing enhanced modelling tools
with improved parametrization schemes specifically tai-
lored to the unique characteristics of small, shallow urban
blue spaces is necessary to improve the accuracy of urban
hydro-meteorological simulations. The current WRF-Lake
module and Noah land-surface model exhibit signifi-
cant limitations in representing turbulent heat fluxes and
moist transport processes over complex urban landscapes.
With insufficient observational data to guide and validate
model improvements, progress on both fronts will remain
limited.

Finally, we emphasize that this study employs an
idealized modelling approach to isolate and understand
fundamental physical mechanisms. Although our simu-
lation locations correspond to real urban areas in north-
western Europe, the controlled land-use configurations
we designed for systematic comparison do not exist in
reality and cannot be directly validated against obser-
vations. The strength of this approach lies in identify-
ing dominant mechanisms, revealing process relation-
ships, and understanding how meteorological conditions
and spatial configurations influence cooling effective-
ness, insights that would be difficult to obtain from
complex real-world settings. However, the specific quan-
titative cooling magnitudes we report should be inter-
preted as results from our controlled idealized scenarios
rather than precise predictions for actual cities. Apply-
ing these findings to real-world urban planning deci-
sions requires follow-up studies using realistic land-use
configurations validated against observations. Neverthe-
less, the mechanistic insights and model limitations
we identify provide valuable contributions to advancing
urban climate science and informing the development
of more sophisticated modelling approaches for urban
blue spaces.
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