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ARTICLE INFO ABSTRACT

Keywords: Urban water bodies offer nature-based heat mitigation solutions, yet the mechanistic contributions of turbulent
Urban water cooling exchange versus advective transport in redistributing canal-induced cooling remain unquantified. We employed
Nature-based heat mitigation PALMA4U large-eddy simulation with realistic urban geometry to investigate canal cooling mechanisms in

Advection cooling
Multi-physics LES
WRF-PALM

Amsterdam, Netherlands, a dense historic center whose semi-circular canal ring enables systematic study of
varying wind-canal orientations within a single setting. Model evaluation against eddy covariance and urban
weather station observations demonstrated strong performance for sensible heat flux, net radiation, and near-
surface air temperature. Through controlled experiments, we decomposed cooling into turbulent and advective
components, revealing that effectiveness depends fundamentally on wind-canal orientation. When wind flows
perpendicular to canals, mechanically-driven canyon vortices redistribute cool air from the water surface to
surrounding areas, with advection accounting for 60 to 80% of the total cooling effect over adjacent pavement
and above the canopy, extending cooling asymmetrically to 2 to 3 building heights vertically and into adjacent
canyons. When wind flows parallel to canals, the absence of a cross-canyon vortex limits redistribution,
leaving cooling concentrated near the water surface and driven predominantly by local sensible heat flux
reduction. Wind-canal orientation does not markedly alter overall cooling intensity but governs how cooling
is spatially redistributed within the canopy, producing pronounced thermal heterogeneity, with temperature
differences up to 1.5 °C within individual street canyons. While these magnitudes reflect a single summer
day and Amsterdam’s specific morphology, the mechanism points to a transferable principle: orienting blue
infrastructure relative to prevailing summer winds can steer cooling toward pedestrian spaces.

1. Introduction the water body, which may redistribute heat across the urban canopy
(Ampatzidis & Kershaw, 2020; Chen et al., 2026). Yet, the relative

Cities worldwide face increasing heat stress from urbanization and importance of vertical turbulent exchange and horizontal advective
climate change (Geleti¢ et al., 2023; Lorenz et al., 2019; Wouters et al., transport remains context-dependent and is not yet well understood,

2017). To counteract urban heat stress, small urban water bodies, like leaving open questions about the magnitude and spatial reach of these

fountains, ponds, and canals, have emerged as a nature-based solution cooling effects in urban street canyons (Chen et al., 2026).

(Chen et al., 2024; Kumar et al., 2024; Yao et al., 2023). Small urban Investigating the thermal effects of small urban water bodies re-
’ ’ ’ ’ ; quires microscale resolution capable of capturing the thermal and flow

heterogeneity within street canyons (Toparlar et al., 2017). The char-
acteristic scales of building-water interactions demand models that re-
solve both individual buildings and water bodies explicitly (Guo et al.,

water surfaces can cool urban environments during daytime through
mechanisms such as evaporative cooling and reduced sensible heat flux,
due to their lower surface temperatures relative to built surfaces, and
the possible generation of horizontal advection of cooler air away from
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2023). Several microscale studies have investigated urban water body
cooling effects using computational fluid dynamics approaches. Tomi-
naga et al. (2015) applied CFD simulations to assess evaporative cooling
effects from water surfaces in residential neighborhoods, reporting
approximately 2.0°C air temperature decrease at pedestrian level with
cooling effects propagating up to 100 m downwind. Jacobs et al. (2020)
used ENVI-met model to evaluate thermal effects of typical Dutch urban
water bodies, finding afternoon air temperature reductions of 0.2 to
0.6°C in surrounding spaces. Wang et al. (2025) employed CFD sim-
ulations validated against field measurements to examine water body
evaporation modeling and microclimate cooling effects. While these
studies provide valuable insights into spatial cooling patterns and the
relative reduction of 2-m air temperature, they are context-dependent
and do not investigate the underlying mechanisms, especially verti-
cal and horizontal advection of turbulent fluxes. Furthermore, they
rely on Reynolds-Averaged Navier-Stokes (RANS) simulations, which
completely parameterize turbulence and utilize time-averaged flow
equations, eliminating the intermittent fluctuations essential to tur-
bulent transport (Salim et al., 2011). This simplification introduces
uncertainties in turbulence modeling and fundamentally limits physical
accuracy for advective processes. For example, Tominaga et al. (2015)
reported cooling propagating up to 100 m downwind, a signature of
advective transport. However, because the cooling appears only as
a downwind temperature gradient, the advective contribution is not
isolated or quantified and the RANS framework cannot resolve the
turbulent eddies that govern this transport.

Previous microscale studies focus predominantly on air temperature
for both evaluation and analysis (Ampatzidis & Kershaw, 2020; Man-
teghi et al., 2015). While these assessments show localized cooling near
water surfaces, they reveal little about the physical mechanisms driving
heat redistribution (Amaripadath & Sailor, 2025; Crank et al., 2018).
The surface energy partitioning, which is the actual pathway regulating
surface-atmosphere energy exchange (Crawford et al., 2017; Offerle
et al.,, 2007), remains largely unquantified. More critically, horizon-
tal microscale advective heat transport is rarely explicitly quantified,
despite likely being a dominant mechanism for propagating cooling
downwind (Chen et al.,, 2026). Although several CFD studies show
downwind cooling dispersion in their temperature fields, these effects
remain implicitly embedded in mean temperature distributions rather
than being decomposed and analyzed as a distinct transport pathway.
Thus, the novelty of the current study lies not in identifying advec-
tive cooling but in explicitly resolving, decomposing, and comparing
the turbulent and advective pathways within a turbulence-resolving
framework. Recent systematic reviews of urban cooling methodologies
confirm this predominant focus on temperature metrics rather than
underlying energy transport processes (Galalizadeh et al., 2024). This
gap limits our ability to predict cooling effectiveness under varying
conditions at the neighborhood scale. The turbulent sensible heat flux
determines whether water bodies reduce total heat input to the urban
boundary layer or redistribute existing heat, while horizontal advective
heat transport governs how thermal benefits extend and controls their
spatial propagation. Key questions remain: How do urban water bod-
ies modify turbulent heat exchange, which is predominantly vertical
against horizontal advective transport? What are the relative magni-
tudes of these pathways? What flow structures facilitate heat transport
away from water surfaces?

To investigate these questions, large-eddy simulation (LES) is re-
quired to explicitly resolve large energy-containing turbulent eddies on
the order of the grid size (Gadde et al., 2021). This capability enables
direct computation of both vertical turbulent heat exchange and hori-
zontal advective transport from resolved scale motions. For urban water
body applications, LES can capture the three-dimensional turbulent
eddy structures that govern heat transport in complex building-canal
configurations (Anders et al., 2023). The ability to resolve turbulent
fluctuations is essential for quantifying horizontal advective heat fluxes,
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which depend on transient thermal circulations and intermittent flow
structures.

The current study employs the PALM for Urban applications large-
eddy simulation (PALM4U LES) system (Maronga et al., 2020) to
address these knowledge gaps using Amsterdam’s canal network as
a case study. Amsterdam’s extensive canal system, embedded within
dense historic building arrays, provides a representative environment
for investigating the effects of narrow urban water bodies on heat
transport. We pursue two objectives. First, we evaluate PALM4U LES
performance for a realistic Amsterdam case by assessing model ac-
curacy of near-surface meteorology and surface-atmosphere heat ex-
change against eddy covariance (EC) tower and urban weather station
observations (Jansen et al., 2023; Ronda et al., 2017; van der Meer
et al., 2025) (Section 3). Second, we characterize canal-induced flow
structures and quantify their impacts on heat exchange by analyzing
mean flow patterns and thermal circulations in a realistic canal envi-
ronment (Section 4), isolating canal-induced modifications to sensible
heat flux partitioning and explicitly decomposing and quantifying the
relative magnitudes of vertical turbulent exchange versus horizontal
advective transport that prior temperature-based and RANS studies
could not provide (Chen et al., 2026) (Section 5).

2. Methodology and materials
2.1. Study area

The study focuses on Amsterdam, The Netherlands (52.37°N,
4.90°E), which features a temperate oceanic climate (Koppen classifi-
cation, Cfb). Amsterdam is an archetypal canal city with approximately
165 canals comprising roughly 25% of the historic center’s surface
area (UNESCO World Heritage Centre, 2010). This centuries-old water
network, originally designed for transportation and water manage-
ment during the 17th century, is now tightly integrated within dense
building arrays that characterize the historic city center. The canal
widths typically range from 15 to 30 m (Figs. 1c, 5b and d) and
canals are embedded within complex building configurations that
create flow channeling and blocking effects. These geometric charac-
teristics make Amsterdam well-suited for examining how urban canals
partition their cooling effect between vertical turbulent heat exchange
and horizontal advective transport. Furthermore, Amsterdam’s concen-
tric semi-circular canal layout naturally presents a continuous spectrum
of wind-canal orientation configurations within a single simulation
domain, enabling comparative analysis of orientation effects without
requiring multiple separate model runs or land-use scenarios.

2.2. Mesoscale forcing

The modeling framework employs a multi-scale downscaling ap-
proach, transitioning from global to mesoscale using the Weather Re-
search and Forecasting (WRF) model (Skamarock et al., 2019), and
subsequently from mesoscale to microscale using the PALM4U model.
Initial and lateral boundary conditions for WRF were derived from
ERAS global reanalysis data (Hersbach et al., 2020).

The WRF simulation domain configuration is illustrated in Fig.
la, with the innermost nested domain at 1 km horizontal resolu-
tion centered over Amsterdam (Fig. 1b). Simulations spanned four
complete diurnal cycles (96 h total), and WRF results were evalu-
ated against meteorological station observations to ensure accurate
representation of synoptic-scale atmospheric patterns. Complete de-
tails of the WRF model configuration, including domain specifications,
physics parameterizations, and vertical discretization, are provided in
the Supplementary Material Table S1.

Atmospheric forcing for the PALM4U model was provided through
the PALM4U mesoscale nesting interface, which facilitates dynamic
coupling between large-scale meteorological fields and the microscale
urban simulations. WRF output fields were preprocessed using the



X. Chen et al.

55.5°N
54°N \
52.5°N
SI°N
49.5°N

48°N

5°E 7.5°E  10°E  12.5°E

. ® AAMS
% EC Tower

S
/i
3;$&
/'

2000

1500

2 visvons
V{;,&' :.";9

Y (m)

1000

Sustainable Cities and Society 149 (2026) 107804

(b)

52.95°N — PALM domain | 1000
9 KNMI Schiphol
52.8°N
800
52.65°N (NN .
600 3
g
52.5°N =
400 §
aq
5235°N &
200 2
522°N
0
52.05°N
~100
4°F 425°F 45°E 475°E 5°E 525°E 5.5°E S5.75°E
(d) o
e > g =
o il . Mo Height = 15.4 m
2000 la“ 5‘%
"} gf"%}a \\ -~ 1 o
‘z,j "”0/4_5 y oy 3 ‘ﬁ—=;».\.
=7 ,.9/5}“@‘%’ Sy
2 &Y, g
1500 £ (?l' I 7% ® z
AR /NS 0 £
- 11508 ¥ (5,80 o &
OO T A L2 d
>~ ! -l bg#ﬂ i (e @ o
10002 & F1 | 111 A5 SR S AL &
2l E S Nl ¢
ga X ﬁi«"l % o g
Lo & n
500 T,
\ 10
0 : - 0
0 500 1000 1500 2000
X (m)

Fig. 1. Illustration of the (a) WRF simulation domains 1 to 3, (b) Innermost WRF nesting domain with the location of the KNMI weather station Schiphol airport
use for evaluation of WRF (WMO 06240, red diamond) and PALM4U LES area (violet square), (c) PALM4U LES domain with land use and locations of the EC
tower and urban weather stations, (d) building height over the PALM4U LES domain.

Table 1

Numerical and physical parameterization schemes used in PALM4U.

Scheme/Module

Reference

Third-order Runge-Kutta scheme
Fifth-order advection scheme
1.5-order turbulence closure
Urban Surface Model (USM)
Land Surface Model (LSM)

Plant Canopy Model (PCM)
Human Biometeorology Model
Radiative Transfer Model (RTM)

Rapid Radiative Transfer Model for Global (RRTMG)

Williamson (1980)

Wicker and Skamarock (2002)

Deardorff (1980) and Saiki et al. (2000)
Resler et al. (2017)

Gehrke et al. (2021)

Kr¢ et al. (2021)

Frohlich and Matzarakis (2020)

Kré et al. (2021) and Salim et al. (2022)
Mlawer et al. (1997) and Iacono et al. (2008)

PALM-meteo utility (Kr¢ et al., 2025), which interpolates and trans-
forms mesoscale data into the dynamic driver format required by
PALM. This approach ensures physically consistent, realistic time-
varying boundary conditions that capture the evolution of synoptic
weather patterns throughout the simulation period. LES covered a 24-
hour period (Aug 13, 2022) extracted from the 96-hour WRF simulation
window.

2.3. PALM4U LES model configurations
PALM4U model system version 23.04 is applied in the current study

(Maronga et al., 2020). The model resolves the incompressible, non-
hydrostatic, Navier-Stokes equations governing momentum, heat, and

moisture transport under the Boussinesq approximation. The numer-
ical framework is based on a staggered Arakawa C grid structure in
three-dimensional Cartesian coordinates. To address urban microcli-
mate processes, the PALM4U model contains an explicit representation
of complex urban building configurations directly on the computational
mesh with specialized parameterizations. The model includes fully
coupled urban surface energy balance schemes for roofs, walls, and
roads; a land surface model that resolves soil heat transfer, vegetation
processes, and water surface; and a radiative transfer module account-
ing for shortwave and longwave interactions, including canyon shading
and reflections. Moisture processes, including evaporation and latent
heat fluxes, are also represented. A complete list of numerical and
physical parameterization schemes used in this study is provided in
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Table 2
Configuration of LES domain.

8 mand 2 m
8 m and 2 m at the first grid level
768 X 768 x 144 and 1152 x 1152 x 144

Horizontal grid size
Vertical grid size
Grid points

Table 1. Further technical details of the PALM4U modeling system are
provided in Maronga et al. (2020, 2015). The dynamic core of PALM4U
has been evaluated against wind tunnel experiments in a neutrally
stratified urban environment, demonstrating its ability to reproduce
canyon vorticity structures and turbulent flow regimes (Gronemeier
et al., 2021).

The LES implementation utilized a two-way nested domain configu-
ration consisting of an outer parent domain and an inner child domain,
with horizontal resolutions of 8 m and 2 m, respectively (Table 2).
The 2 m horizontal resolution corresponds to approximately 7-15 grid
points across typical canal widths within our simulation domain, which
is sufficient to resolve neighborhood-scale heat transport mechanisms
from the canal to nearby streets and buildings (Hollési et al., 2024;
Vogel et al., 2022).

In the vertical direction, both domains used 144 grid levels. The
outer domain employed a uniform vertical grid spacing of 8 m from
the surface to 512 m, above which grid stretching was applied with
a stretching factor of 1.08, yielding a maximum vertical spacing of
20 m near the domain top. The inner child domain maintained uniform
vertical grid spacing of 2 m throughout the entire vertical extent,
adequately resolving the urban canopy layer (mean building height ~15
m, Fig. 1d). This nested approach allows for progressive refinement of
turbulent structures while maintaining computational efficiency, with
the inner domain (2.3 km x 2.3 km, Fig. 1c) positioned to cover the
heritage city center of Amsterdam.

To verify that the 2 m resolution of the nested domain adequately
captures the vorticity structures, two idealized sensitivity simulations
were conducted at 2 m and 1 m horizontal and vertical resolution
under identical meteorological conditions, with wind forced perpen-
dicular to the canyon and canal axis. The idealized simulations use
the same configuration and setup as the main numerical experiment
(Section 2.5), differing only in the idealized landscape layout, which
fixes the street-wind orientation to isolate the vortex structure. The
idealized domain is shown in Figure S1b. The average daytime 2-m
air temperature differs by 0.1 K between the two resolutions. Figures
S2a and S2b compare the spanwise vorticity fields at a vertical cross-
section for the 2 m and 1 m runs at noon. Quantitatively, the two fields
agree closely, with a coefficient of determination of 0.95 and a mean
absolute difference of 2.5% relative to the average vorticity magnitude.
These results indicate that the 2 m resolution adequately resolves the
essential vorticity structures and circulation patterns, and that further
grid refinement yields only marginal improvements in the dominant
flow features relevant to urban heat transport.

2.4. Urban geometric inputs

The PALM4U urban modules require land surface classification,
three dimensional urban geometry, vegetation structure, and material
properties as model inputs. Fig. 1c shows the land surface classification
over the child simulation domain. Land surface types were classified
using Basisregistratie Grootschalige Topografie (PDOK, 2025b), the of-
ficial large-scale topographic register documenting all physical features,
including buildings, roads, water bodies, railways, and agricultural
land. Building footprints were sourced from Basisregistratie Adressen
en Gebouwen (PDOK, 2025a), the national building registry containing
structural attributes such as footprint area, construction year, and
function.

Building geometry was derived from 3DBAG (Peters et al., 2022), a
nationwide dataset containing all 10 million buildings in the Nether-
lands in CityJSON format at LOD2.2 specification. Building heights
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were extracted from the 3D city model following the approach of
Heldens et al. (2020). Fig. 1d shows the spatial map of the building
height over the simulation domain, with a mean height of 15.4 m.
Terrain elevation was obtained from Actueel Hoogtebestand Nederland
(Overheid, 2023), the Dutch national elevation model providing 0.5 m
resolution coverage across the country. Vertical coordinates in sub-
sequent analyses are normalized by the mean building height (z/zy,
where zy; = 15.4 m).

Vegetation parameters, including tree locations, stem positions,
heights, crown diameters, and trunk sizes, were obtained from the
Cobra Groeninzicht municipal database (Cobra-Groeninzicht, 2025).
Crown shapes for species identified trees were assigned from PALM4U
lookup tables. Leaf area index (LAI) and leaf area density (LAD) were
estimated using NDVI-LAI correlations (Wang et al., 2005) following
(Heldens et al., 2020), with NDVI calculated from 8 cm resolution
color-infrared imagery (PDOK, 2025c). We acknowledge uncertainties
in LAI estimates due to the empirical nature of this approach and the
absence of direct high-resolution measurements.

Physical and thermal properties for pavements, bare soil, and veg-
etated surfaces were prescribed from standardized lookup tables inte-
grated within the PALM4U framework (Heldens et al., 2020). In the
absence of spatially explicit albedo data, albedo values were spec-
ified based on typical Dutch building characteristics: 0.1 for roofs
(bituminous materials) and 0.25 for walls (red brick). Window and
wall fractions were set to 0.4 and 0.6, respectively, based on average
window to wall ratio in Amsterdam derived by Dang et al. (2024) using
panoramic images and facade texturing. All input datasets were con-
verted to raster format and processed in accordance with the PALM4U
Input Data Standard (PIDS).

2.5. Numerical experiments and setup

To quantify the thermal impact of Amsterdam’s canal network, two
contrasting simulations were performed. The reference case (CTRL)
incorporates the actual urban morphology including all canal water
bodies, while the modified case (NOWAT) replaces all canal surfaces
with the impervious pavement type of the immediately surrounding
streets, preserving all other urban geometry and surface characteristics
unchanged (Supplementary Material Fig. S4). In PALM4U land-surface
model, each land-use type is characterized by a distinct and internally
consistent set of surface parameters including aerodynamic roughness,
albedo, emissivity, thermal properties, and surface energy balance
formulation (Gehrke et al., 2021). Consequently, the CTRL-NOWAT
difference captures the full, physically coupled microclimate effect of
canal presence, reflecting the integrated contrast between the radia-
tive, thermal, and turbulent exchange properties of open water and
impervious pavement as they co-exist in the real urban environment.

Water surfaces in PALM4U are identified through the water type
variable in the static input file, which classifies water bodies into
five categories (lakes, rivers, oceans, ponds, and fountains) with type-
specific roughness lengths and thermal properties. Here, the canals are
set as the river type. The land surface model employs a simplified
skin-layer energy balance approach where water surfaces are assigned
a very high thermal conductivity (A = 1 x 10'® W m~! K1) that
effectively forces the surface temperature to match the prescribed
subsurface value. This formulation computes sensible and latent heat
fluxes without prognostic temperature evolution, explicit shortwave
penetration, water column stratification, or sediment heat exchange
(Gehrke et al., 2021). For both CTRL and NOWAT simulations, canal
water temperature was held constant at 295 K throughout the 24-
hour period, based on typical summer surface water temperatures from
the Dutch national water monitoring network. Observations at nearby
monitoring stations on August 13, 2022, showed minimal diurnal vari-
ation (standard deviation 0.27°C), justifying the constant temperature
assumption for this single-day simulation given the large thermal mass
of canal water relative to atmospheric forcing (Rijkswaterstaat, 2022).
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To assess the sensitivity of the results to this assumption, two addi-
tional simulations were conducted with water temperature prescribed
at 294 K and 296 K, representing plausible uncertainty around the
baseline value.

Full diurnal cycle simulations were conducted for August 13, 2022
(00:00 UTC to August 13 00:00 UTC), a summer day selected from
the middle of the WRF simulation period. Meteorological conditions
at Amsterdam Schiphol airport were characterized by a high-pressure
system (1015.5 hPa) with no nearby frontal activity, nearly clear
skies (solar radiation peaking at 800 W m~2), light easterly winds
(mean 2.5 m s~!), and no precipitation. Temperature ranged from
16.8°C (morning, minimum) to 30.5°C (afternoon, maximum), rep-
resenting typical north-west European summer anticyclonic weather
(KNMI, 2022). The selection of a normal summer day, rather than an
extreme event, is intentional: our research questions focus on under-
standing the fundamental mechanisms by which urban water bodies
modify heat transport, specifically the balance between vertical turbu-
lent exchange and horizontal advection. These mechanistic processes
are most clearly isolated under typical conditions where local urban
surface effects dominate over synoptic-scale forcing, whereas extreme
heatwave events involve anomalous large-scale patterns that can mask
local effects (Liu et al., 2020; Stefanon et al., 2012).

To ensure physically consistent initial conditions, a two-stage spin-
up approach was adopted. First, a 24-hour thermal spin-up was per-
formed prior to activating the 3D atmospheric simulation, during which
LSM and USM were run without an interactive atmosphere (Linden
et al., 2023; Maronga et al., 2020). During this phase, soil and wall
layer temperatures were allowed to equilibrate under prescribed radia-
tion forcing and a diurnal near-surface air temperature cycle, ensuring
that surface energy partitioning at simulation start reflects a realistic
thermal state. Subsequently, once the 3D atmospheric code was ac-
tivated, the first two hours of each simulation were excluded from
analysis, exceeding two flow-through times across the 2.3 km domain,
to ensure fully developed turbulence fields and canyon-scale circula-
tions prior to any diagnostic sampling. Domain-averaged temperature,
sensible heat flux, and advective heat flux had reached a quasi-stable
state after the 24-hour thermal spin-up and by the end of the first two
hours of the simulation period.

2.6. Observations

Model evaluation was conducted using observational data from
three complementary monitoring systems: a meteorological station at
Schiphol airport for mesoscale simulation evaluation; a network of
urban weather stations distributed across the Amsterdam metropolitan
area; and an EC flux tower in central Amsterdam.

Regional meteorological conditions were obtained from the Royal
Netherlands Meteorological Institute (KNMI) weather station at
Schiphol airport (KNMI Schiphol dataset). This station provides stan-
dard hourly observations of air temperature at 2 m, 10 m wind, and
incoming shortwave radiation and is located approximately 15 km
southwest of Amsterdam’s city center (Fig. 1b). The Schiphol station
represents background meteorological conditions outside the direct
urban influence, providing an evaluation dataset for regional-scale
atmospheric forcing simulated by WREF.

Neighborhood-scale meteorological variability was monitored using
a network of 25 automated weather stations distributed across Am-
sterdam (Ronda et al., 2017). Of the 25 stations, 5 are within the
LES inner domain (red dots in Fig. 1). These stations, part of the
Amsterdam Atmospheric Monitoring Supersite (AAMS), measure air
temperature, wind speed, and wind direction at street-canyon level
(Amini et al., 2026; Ronda et al., 2017). The stations are strategically
positioned to capture spatial variations in the urban microclimate. All
sensors are mounted on lampposts at approximately 4 m above ground
level. Fig. S3a presents a photo of one of the sensors. The stations
record measurements at 10-minute intervals, providing high temporal
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resolution data for model evaluation. Ronda et al. (2017) demon-
strated that this network successfully captures the urban heat island
effect in Amsterdam, with mean evening temperature differences of
approximately 1.0°C between neighborhoods and maximum differences
reaching 4.5°C during summer conditions.

The EC tower measuring turbulent fluxes is located at 52.37°N,
4.89°E in Amsterdam’s city center (red star in Fig. 1c), on the rooftop
of a building 39.2 m high (van der Meer et al., 2025). Fig. S2b shows
the photo of the EC tower. The tower measures turbulent fluxes using
a Campbell Scientific CSAT3 sonic anemometer and also coupled with
a LICOR Li-7500 open-path gas analyzer. Sensible heat flux measure-
ments are processed using standard eddy covariance methodology with
quality control procedures applied following established protocols (Fo-
ken et al., 2004; van der Meer et al., 2025). Net radiation components
are measured using a four-component radiation system consisting of
Kipp & Zonen CM11 pyranometers (upgraded) for incoming and outgo-
ing shortwave radiation, and Kipp & Zonen SGR3 smart pyrgeometers
for incoming and outgoing longwave radiation. High frequency data
from EC system are processed to obtain continuous half-hourly aver-
aged fluxes and 1-minute radiation measurements, enabling detailed
analysis of diurnal and seasonal patterns in urban surface-atmosphere
exchange (Jansen et al., 2023).

2.7. Model evaluation metrics

Model performance was quantified using three statistical metrics:
root mean square error (RMSE), coefficient of determination (R?), and
index of agreement (IoA) (Willmott et al., 1985). RMSE measures the
average magnitude of prediction errors:

RMSE = (€]

where M; and O, are the modeled and observed values, respectively,
and n is the number of data points. The coefficient of determination
(R?) quantifies the proportion of variance in observations explained by
the model:
2

R2=1- 2z (0= My )

210, - 0y
where O is the mean of observed values. The index of agreement (I0A)
provides a standardized measure of model accuracy:

i1 (0; = M)
27=1(|Mi -0l +|0; - 07

IoA=1- 3

RMSE has the same units as the evaluated variable and indicates
typical prediction error magnitude, with lower values indicating better
performance. R? ranges from negative infinity to 1, where 1 indicates
perfect predictions and values closer to 1 indicate better model perfor-
mance. [0A ranges from O to 1, with 1 representing perfect agreement
(Willmott et al., 1985). IoA represents the degree to which model
predictions match both the temporal pattern and variability of observed
values. It evaluates both the magnitude and direction of deviations
relative to the mean of the observations, providing a normalized mea-
sure of model performance. These metrics were computed for sensible
heat flux, air temperature, wind speed, and radiation components to
comprehensively assess model performance across different variables
and spatial scales.

2.8. Sensible heat flux and advection heat flux

To analyze the three-dimensional structure of heat transport within
the urban canopy, we diagnosed both turbulent sensible heat flux
and advective heat flux from the LES model output. These diagnostics
provide insight into the different mechanisms of heat transfer and their
spatial distribution across the study domain.
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The 3D resolved turbulent sensible heat flux (H) was calculated
from the covariance between vertical velocity (w) and potential tem-
perature (0) fluctuations:

H = pc,w'® (Wm™) ©))

where p is air density (1.2 kgm™3), ¢, is the specific heat capacity
of air at constant pressure (1004 Jkg=! K~!), prime (') indicates the
fluctuations calculated as w’ = w — w and ¢’ = 0 — 6 with overbar
representing the time-averaging over a half-hour interval, and w6’
represents the vertical turbulent flux of potential temperature. This flux
represents the vertical transport of heat by resolved turbulent eddies
and was directly output by the PALM4U model at each grid point. Both
H and H,,, are computed at grid scale only; the subgrid-scale turbulent
flux parameterized within PALM4U’s 1.5-order closure, together with
other residual heat-budget terms, is not included in this diagnostic
decomposition.

Advective heat flux quantifies the transport of sensible heat by
the time-mean flow and is derived from the advection terms in the
thermodynamic energy equation:
00| _ ;06 00 ;06

| = Ks™h )
ot adv 0x dy 0z

where each advection term combines a wind component (ms~!) with
a potential temperature gradient (K m~!), yielding a local temperature
tendency in Ks~!. This term represents the local rate of temperature
change at a fixed point due to the mean wind continuously advecting
warmer or cooler air into that location. A negative value indicates
that the mean flow brings cooler air (local cooling by advection); a
positive value indicates the arrival of warmer air (local warming). The
horizontal and vertical advective heat flux components were computed
as:

_00 _00 _

Hadv,h ==pc, (ua + Ua—y> Az (Wm 2) 6)
_ 00 _

H,g,, = —pc, <w£> Az (Wm™2) @

where u, v, and w are the time-mean wind components in the x, y, and
z directions, respectively, %, ‘;—z, and % are the spatial gradients of
potential temperature, and Az = 2m is the vertical grid spacing. Mul-
tiplying the temperature tendency (Ks™') by pc, m=3K=!) converts
it to a volumetric heating rate (Wm™3); the subsequent multiplica-
tion by 4z (m) then integrates over the layer thickness, yielding a
layer-integrated energy flux (W m~2) that is directly comparable to the
turbulent sensible heat flux H and allows both fluxes to be combined
into a single heat budget per model layer. The negative signs follow
standard meteorological convention: the flux is positive when heat is
transported down the temperature gradient. The total advective heat
flux is the sum of both components:

H,

adv,total =

Hadv,h + Hadv,v (8)

Spatial gradients of potential temperature were computed using
central finite differences with grid spacings of Ax = Ay = Az = 2m.
Grid points within buildings (identified by missing values in the model
output) and points adjacent to buildings where gradient calculations
would be contaminated by boundary effects were masked and ex-
cluded from the analysis. These heat flux diagnostics were computed
for vertical cross-sections through the urban domain to examine the
three-dimensional spatial patterns of turbulent versus advective heat
transport mechanisms in relation to urban morphology and surface
characteristics, particularly the presence or absence of water bodies.

To isolate the thermal effect of the canal, all diagnostics were
computed independently for the CTRL and NOWAT simulations, and
scenario differences were formed as:

AH = Hegp, — Hyowars AAdv = Hadv,CTRL - Hadv,NOWAT )
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A negative AH indicates that the presence of the canal reduces tur-
bulent sensible heat flux relative to the no-water baseline, reflecting a
direct surface cooling effect. A negative AAdv indicates that the canal
enhances the advective import of cool air at that location relative to the
baseline, reflecting an advective cooling effect. Conversely, a positive
AAdv indicates that the canal causes warmer air to be advected toward
that location, resulting in a local advective warming effect. The net
thermal effect of the canal at each grid point is then the algebraic sum
of both contributions:

Net Effect = AH + AAdv (10)

It is important to note that the Net Effect is a local quantity: it describes
the thermal modification at each individual grid point due to the pres-
ence of the canal, not the total heat removed from the urban domain
as a whole. Advective cooling at one location is physically the result of
cool air being transported away from the canal water surface toward
that point; this is necessarily accompanied by compensating advective
warming at adjacent locations where the displaced warmer air arrives.
Advection therefore primarily redistributes the canal cooling signal
spatially across the urban canopy rather than generating additional net
cooling at the system level.

Based on the sign of the net effect, each grid point is classified
as a net cooling location (Net Effect < 0) or a net warming loca-
tion (Net Effect > 0). Within each category, the signed advection

contribution is computed point-wise as:

Fade = % x 100% an
This metric ranges from —100% (advection entirely responsible for local
cooling) to +100% (advection entirely responsible for local warming),
and preserves the thermal direction of the advective contribution while
normalizing by total local effect magnitude. Spatial distributions of f,g,
are examined separately for net cooling and net warming regions within
vertical cross-sections through the canal-influenced urban canopy layer,
allowing the relative roles of turbulent and advective mechanisms to be
quantified and compared between the two wind-canal orientations.

3. Evaluations
3.1. Mesoscale meteorology

The WRF simulation successfully captures the synoptic meteoro-
logical conditions during the study period. Evaluation against KNMI
Schiphol observations shows excellent performance for temperature
and shortwave radiation (R?2 = 0.92 and 0.98, RMSE = 1.2°C and 43
W m~2, respectively), Fig. S4. These performance metrics are consis-
tent with typical WRF skill reported in previous urban meteorological
studies, where temperature and radiation are generally well-captured
while humidity and wind speed show larger uncertainties due to their
sensitivity to local surface characteristics and subgrid-scale processes
(Koopmans et al., 2023; Ronda et al., 2017). The simulation accurately
reproduces the temporal evolution of key meteorological variables,
including diurnal temperature variations (15 to 31°C), solar radiation
patterns (peak ~800 W m~2), and light wind conditions (0 to 6 m s~1).
This demonstrates that WRF provides reliable mesoscale forcing for the
nested LES.

3.2. Near-surface meteorology

The urban near-surface meteorology evaluation is presented in Fig.
2, with quantitative statistics (RMSE and IoA) displayed directly in
each subplot. LES explicitly resolves the urban canyon geometry and
provides meteorological variables at the actual measurement heights
(approximately 4 m) within the street canyons where the AAMS stations
are located. The evaluation focuses on the period after the 3-hour model
spin-up to ensure statistical robustness.
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Fig. 2. Near-surface temperature (left y-axis) and wind speed (right y-axis) on 13 Aug, 2022 at five AAMS stations. Observations shown as black dots (temperature)
and blue squares (wind speed); PALM4U LES 4-m output shown as red dashed line (temperature) and red dotted line (wind speed). RMSE and IoA statistics
displayed in each subplot (black text for temperature, blue text for wind speed). The gray shaded area (00:00-03:00 UTC) indicates the model spin-up period

excluded from statistical analysis.

For temperature (black lines and text in Fig. 2), LES captures the
diurnal cycle well across all five AAMS stations, with temperatures
ranging from approximately 18°C during nighttime to 30°C during
peak afternoon hours. The model achieves a mean RMSE of 2.1°C and
IoA of 0.72 across all stations, demonstrating good agreement with
observations. These results are comparable to the PALM4U validation
study by Resler et al. (2017), which reported an RMSE of 2.0°C for
near-surface air temperature during summer daytime simulation. Indi-
vidual station statistics show RMSE values ranging from 1.8 to 2.5°C
and IoA from 0.68 to 0.75, with the variability reflecting differences
in local urban morphology (building height, street canyon aspect ra-
tio, and surface materials). The model exhibits slight underestimation
during the warmest afternoon periods at some stations.

Wind speed evaluation (square dots and text in Fig. 2) demonstrates
PALMA4U'’s capability to represent the sheltering effects of buildings and
the reduced wind speeds within urban canyons. The observed wind
speeds at the canyon-level stations remain consistently low (<2 m s~!)
due to building sheltering effects. PALM4U model successfully cap-
tures this low-wind-speed environment through its building-resolving
framework, achieving a mean RMSE of 0.50 m s~! and IoA of 0.40
across all stations, comparable to the RMSE of 1.0 m s~! reported
by Resler et al. (2017). The moderate IoA reflects the challenge of
predicting highly variable canyon winds influenced by local turbulence,
exact building configuration, and thermal effects. Nevertheless, the
evaluation shows that LES reproduces the canyon-level wind field with
reasonable accuracy and is therefore suitable for investigating urban
heat transport processes in this study.

3.3. Radiative and turbulent fluxes

Radiative and turbulent flux evaluation focuses on net radiation
and sensible heat flux measured by the combined EC system and
net-radiometer (Fig. 3). Net radiation observations were recorded at
1-minute intervals and averaged to 30-minute periods to match the
model output frequency; confidence intervals represent the standard

deviation within each averaging period. Net radiation (Fig. 3b) shows
excellent agreement, with RMSE of 12.9 W m~2 and IoA of 1.00. The
model accurately reproduces the diurnal cycle, with values reaching
approximately 600 W m~2 at midday and approaching zero during
nighttime hours. This near-perfect performance indicates that the ra-
diative transfer scheme and surface albedo representation are well
captured in the model.

Sensible heat flux (Fig. 3a) shows an excellent overall agreement
(ToA = 0.94) with an RMSE of 46.5 Wm~2 and negative bias of —=16.4 W
m~2. This bias falls within the typical measurement uncertainty of EC
systems (approximately 10% for sensible heat flux Jarvi et al., 2018;
Nordbo et al., 2012), which corresponds to +20 W m~2 at peak flux con-
ditions. Despite the bias, the model successfully captures the temporal
evolution and diurnal pattern of turbulent heat exchange between the
urban surface and atmosphere. Turbulent heat flux evaluation remains
rare in urban LES studies due to the scarcity of direct EC measurements
in complex urban environments (Lieber et al., 2025; Resler et al., 2017);
the strong agreement demonstrated here provides robust evidence that
PALM4U model adequately represents surface-atmosphere energy cou-
pling, which is essential for reliable quantification of sensible heat
reduction and canal-induced heat transport in this study.

4. Thermal conditions and flow patterns
4.1. General patterns

The diurnal cycle of 2-m air temperature reveals distinct ther-
mal characteristics between pavement and water surfaces (Fig. 4a).
Throughout the day, air temperature above pavement ranges from
18.1°C to 29.3°C, while air temperature above water ranges from
18.0°C to 28.8°C. Air above both surfaces exhibit similar noctur-
nal temperatures around 18.0°C, followed by a steady warming pe-
riod from sunrise until peak temperatures are reached around midday
(12:00 to 15:00 UTC). Air above water surface maintains consistently
lower air temperatures during the daytime heating phase, with the
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Fig. 3. PALM4U-simulated (red line) versus observed (black dots) surface energy fluxes at the M007 eddy covariance tower on 13 Aug, 2022: (a) sensible heat
flux, (b) net radiation. RMSE and IoA statistics are displayed in each subplot. The gray shaded area (00:00-03:00 UTC) indicates the model spin-up period
excluded from statistical analysis. Net radiation observations are shown with confidence intervals representing the standard deviation of 1-minute measurements

within each 30-minute averaging period.
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Fig. 4. Thermal and flow characteristics from the PALM4U LES CTRL case: (a) diurnal cycle of 2-m air temperature above pavement (red) and water (blue)
surfaces, with shaded areas indicating standard deviation and gray shading denoting nighttime periods (UTC); (b) vertical profiles of spatially averaged air
temperature at 13:00 UTC (solid lines) and 23:00 UTC (dashed lines) above pavement (red) and water (blue); (c) spatial distribution of near-surface wind speed
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dashed box with wind parallel to canals) marked for detailed analysis; (d) vertical profiles of spatially averaged horizontal wind speed at 13:00 UTC (solid lines)
and 23:00 UTC (dashed lines) above pavement (red) and water (blue).
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Table 3

Geometric and surface characteristics of Area I and Area II.
Metric Area I Area 1II
Mean building height (m) 15.7 15.0
Building coverage (%) 40.9 44.2
Water coverage (%) 18.1 16.3
Tree coverage (%) 11.0 12.6
Mean canal width (m) 25.1 23.6
Mean canyon width (m) 43.5 41.5
Wind-canal angle (°) 87.6 3.0

maximum temperature difference of approximately 0.5°C occurring
during peak heating hours. After 18:00 UTC, air over both surfaces
shows rapid cooling, with temperatures converging during the evening
transition period. The vertical profiles of air temperature (Fig. 4b)
further illustrate these thermal differences at two contrasting times:
13:00 UTC (daytime) and 23:00 UTC (nighttime). At 13:00 UTC and
z/zy = 1, air temperature above pavement reaches 28.6°C, while above
water it is 28.0°C, representing a difference of 0.60°C near the surface.
This temperature difference diminishes with height, with the profiles
converging at approximately z/zy = 4. During nighttime (23:00 UTC),
the thermal contrast nearly disappears, with temperatures of 22.1°C
above pavement and 21.9°C above water at z/z; = 1, a difference of
only 0.2°C.

The spatial distribution of near-surface wind at 13:00 UTC (Fig. 4c)
reveals complex flow patterns influenced by the urban morphology and
water bodies within the domain. The highest wind speeds occur over
the large water patch in the top-right portion of the domain, where
the absence of surface roughness elements allows for stronger, more
uniform flow. The vertical profiles of horizontal wind speed (Fig. 4d)
demonstrate the development of the boundary layer. At 13:00 UTC
and z/zy = 1, wind speed above water surfaces is higher than above
pavement, a difference of 1.2 m s~! attributable to the lower surface
roughness over water. Wind speeds increase steadily with height for
both surface types, reaching approximately 5.8 m s~! at the top of the
domain, and the profiles converge above z/z; = 3.8. During nighttime
(23:00 UTC), the water-pavement contrast persists but is reduced, with
wind speeds of 2.0 m s~! above water and 1.3 m s~! above pavement
at z/zy = 1.

4.2. Contrasting wind-canal configurations

Based on relative wind directions, two representative areas are
selected for detailed analysis (Fig. 4c): Area I (red), where the wind di-
rection is approximately perpendicular to the canals, and Area II (blue),
where the wind direction is nearly parallel to the canals. To confirm
that the two areas are comparable in terms of urban morphology and
surface composition, and that wind-canal orientation is the primary dis-
tinguishing factor, a systematic geometric and surface characterization
was conducted (Table 3). The dominant wind direction was diagnosed
at 15 m height (near rooftop level), yielding a wind-canal angle of 87.6°
in Area I and 3.0° in Area I, confirming the near-perpendicular and
near-parallel orientations, respectively. The two areas exhibit closely
comparable urban morphology. These contrasting wind-canal orien-
tations are examined in subsequent analysis to assess their impact
on cooling effectiveness, turbulent heat flux exchange, and thermal
advection mechanisms.

The spatial distributions of 2-m air temperature at 13:00 UTC over
the two selected areas show similar mean values but distinct spatial
patterns (Fig. 5). Area I exhibits a temperature mean of 28.9°C (Fig.
5a), and Area II shows a mean of 28.8°C (Fig. 5c). Despite similar
means, the two areas display different thermal variability. In Area II,
cooler temperatures (bluish colors) are visible over the canal surfaces,
while Area I shows relatively warmer near-surface air over the water
bodies. Additionally, the two street canyons on the right side of Area I
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that lack water features exhibit markedly higher temperatures (intense
red color) than adjacent canyons containing canals.

Fig. 5b,d show vertical cross-sections of flow structures in each
area. In Area I, the projected wind vectors show an anticlockwise
circulation pattern within the street canyon, with right-to-left flow over
and near building height and left-to-right flow near the street surface,
reflecting the mechanical interaction between the perpendicular pre-
vailing wind and the canyon geometry. In Area II, the vertical slice
displays predominantly vertical wind vectors, indicating a thermally
driven circulation: air descends over the water surface and ascends over
pavement and building surfaces. The predominantly vertical motion
in this cross-section occurs because the prevailing wind is parallel to
the canal axis and thus perpendicular to the slice orientation, allowing
the thermal circulation to be clearly visible while the along-canyon
flow component is not captured in this view. To further quantify these
circulation patterns, the cross-slice vorticity is calculated for a zoomed
region spanning z/z; = 0 to 3 vertically (Fig. 6). In Area I, positive vor-
ticity values (red colors, indicating counterclockwise rotation) (Fig. 6a),
confirming the shear-driven anticlockwise circulation pattern within
the canyon. Locations with wide street canyon (30 to 130 m along the
slice) exhibit less negative vorticity compared to the narrow canyons,
which show larger negative values. These recirculating vortices locally
reverse the wind direction thereby transporting the lower temperature
air over the canals toward the streets. This mechanism will be further
elaborated in the upcoming sections.

In contrast, in Area II, slightly positive vorticity values (light blue
color, indicating slight clockwise rotation) are present over the street
canyons around 300 m and 590 m (Fig. 6b). The figure shows that the
strength of the recirculating vortices is lower compared to Area I. These
contrasting vorticity patterns highlight the difference in flow dynamics
between the two wind-canal orientations.

To assess the robustness of the simulated circulation patterns with
respect to the prescribed water temperature, two additional sensitivity
simulations were performed with canal water temperatures of 294 K
and 296 K, 1 K relative to the baseline. The domain-mean cross-
sectional vorticity in Area I amounts to 0.105 s~! (294 K), 0.088 s~!
(295 K), and 0.092 s~ (296 K), with an average grid-point sensitivity
of approximately 0.010 s~! K~!. In Area II, the corresponding values
are near-zero across all three cases. Fig. S5 confirms that the coun-
terclockwise recirculation pattern in Area I and the weaker clockwise
rotation in Area II are qualitatively preserved across all three scenarios.
These results indicate that the prescribed water temperature does not
substantially alter the wind field or canyon circulation, and that the
mechanistic conclusions drawn from the baseline simulation are robust
to a 1 K uncertainty in water temperature.

The simulated flow structures are consistent with well-established
urban canyon flow regimes documented in wind tunnel experiments
and numerical studies. In Area I, where the wind is near-perpendicular
to the canyon axis, the single recirculating vortex with reversed near-
surface flow is characteristic of the skimming flow regime, commonly
observed in canyons with aspect ratios (H/W) approaching or exceed-
ing unity (Letzel et al., 2008; Oke, 1988; Soulhac et al., 2011). The
shear-driven anticlockwise circulation and the dependence of vortex
intensity on canyon width are also consistent with findings from previ-
ous LES studies of urban street canyons (Letzel et al., 2008). In Area II,
the weaker vorticity and predominantly thermally driven vertical cir-
culation under near-parallel wind conditions are likewise in agreement
with the reduced mechanical mixing expected when the along-canyon
wind component dominates (Soulhac et al.,, 2011). This qualitative
agreement with canonical canyon flow behavior provides confidence
in the physical realism of the simulated circulation structures, even in
the absence of direct field measurements of canyon-scale flow at the
study site.
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Fig. 5. Thermal and flow characteristics at 13:00 UTC for the two selected areas: (a) 2-m air temperature spatial distribution over Area I with dashed arrow
indicating the cross-section cutting direction; (b) vertical cross-section along the cutting line in Area I showing air temperature field (color contours) and projected
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5. Canal impact on urban heat exchange
5.1. Temperature difference

To quantify the cooling effect of canal water surfaces on the urban
environment, we compare air temperature between the CTRL case
and the NOWAT case. The diurnal evolution of 2-m air temperature
difference over pavements shows minimal differences during nighttime
(before 06:00 UTC and after 18:00 UTC) for both areas, with values
near zero (Fig. 7a). As solar heating intensifies after sunrise, the cooling
effect strengthens progressively, reaching peak values around 13:00
to 14:00 UTC. This indicates that canal water surfaces reduce near-
surface air temperature over adjacent land areas by up to 0.7°C during
peak heating hours. Vertically, this cooling effect is most pronounced
near the surface and diminishes with height (Fig. 7b). At 13:00 UTC,
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the maximum average cooling of approximately —0.5°C occurs at the
near surface, decreasing to about —0.3°C at z/zy = 1, and nearly
vanishing above z/zy; = 4. During nighttime (23:00 UTC), the vertical
temperature difference becomes negligible throughout the boundary
layer, consistent with reduced thermal contrast between water and
pavement surfaces after sunset. While these values represent the mean
cooling effect, large variability in the values indicates spatial hetero-
geneity in the cooling effect, which will be explained next. Sensitivity
simulations with water temperatures of 294 K and 296 K indicate that a
1 K perturbation shifts the mean near-surface cooling by approximately
0.04 Kelvin per Kelvin in Area I and 0.03 Kelvin per Kelvin in Area II
on average, confirming that the qualitative cooling signal and its spatial
structure are robust to this uncertainty (Figures S6a and S6b).

The 2-m air temperature difference maps at 13:00 UTC reveal dis-
tinct spatial heterogeneity in cooling between the two areas (Fig. 8). In
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case relative to NOWAT.

Area I, the cooling pattern is highly asymmetric within street canyons
(Fig. 8a). The most intense cooling, reaching up to —1.5°C, concentrates
on the right side of narrow street canyons containing canals, while
the opposite side experiences only modest cooling of approximately
—0.2°C to —0.5°C. Conversely, Area II displays a more uniform cooling
distribution of around —0.7°C that spreads evenly across the entire
width of canal-containing street canyons (Fig. 8c). These area-averaged
cooling magnitudes are broadly consistent with the 0.2 to 0.6°C af-
ternoon air temperature reductions reported by Jacobs et al. (2020)
for typical Dutch urban water bodies, while the strong within-canyon
spatial heterogeneity highlights that local building configuration and
wind direction relevant to canal orientation critically determine where
thermal benefits are realized.

Vertical cross-sections reveal the three-dimensional structure of
canal-induced cooling and its interaction with street canyon flow
dynamics (Fig. 9). In Area I, cooling is predominantly confined below
z/zy = 2, with slight cooling extending to z/z; = 3 (Fig. 9a). Within
narrow canyons with canals, cooling is strongly concentrated on the
right side, reaching more than —1.0°C, demonstrating the asymmetric
cooling pattern. As the background wind flows from right to left over
rooftops, canyon circulation transports cool air preferentially to the
right side. Due to weaker circulation in the wider geometry (Fig. 6), the
wide street canyon at 30 to 130 m along the slice lacks this pronounced
asymmetry. Cooling also extends beyond canyons containing water
features. The street canyon without a canal at 250 to 300 m still
experiences cooling through horizontal advection from the adjacent
canal-cooled canyon. Some streets lacking canals show minor near-
surface warming (light yellow), with the warming signal limited to
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approximately 0.1°C. In Area II (Fig. 9b), cooling is more vertically
uniform within each canal-containing canyon and confined primarily
to those canyons, with minimal lateral spreading to adjacent street
canyons. This containment reflects the different flow regime when
wind is parallel to the canal axis, where along-canal flow restricts
cross-canyon transport.

5.2. Sensible heat flux difference

Canal water surfaces substantially alter sensible heat flux exchange
between the surface and atmosphere. The diurnal cycle of near-surface
sensible heat flux difference shows considerable spatial variability, ev-
idenced by large standard deviations (Fig. 7c). At night, median values
remain near zero in both areas. The median values reach negative
peaks around 13:00 to 14:00 UTC of approximately —20 W m~? to —40
W m~2. However, the boxes extend over a substantial range, spanning
from approximately —100 W m~2 to +20 W m~2. This large variability
reflects the heterogeneous nature of the domain, which includes land
grids both adjacent to and distant from canal surfaces. The vertical
profile (Fig. 7d) shows how this turbulent heat flux difference extends
vertically through the boundary layer, with the mean difference ap-
proximately —50 W m~2 at z/zj; = 2 at 13:00 UTC. Standard deviation
shading is also substantially wider than that observed for temperature
profiles, extending over 50 W m~2. This large standard deviation arises
from including all pavement in the domain, encompassing both areas
strongly influenced by nearby canals and areas where canal effects
are minimal or absent. During nighttime (23:00 UTC), both median
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Fig. 8. Spatial distributions of temperature and sensible heat flux differences (CTRL - NOWAT) at 13:00 UTC: (a) 4 2-m air temperature over Area [; (b) 4
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effect, while negative heat flux values (blue) indicate reduced upward sensible heat flux in the CTRL case compared to NOWAT.

Temperature Difference (Zoom) - Slice 1 at 13:00 UTC

3 —~
7y o g
i :
2 o/l 0.5 g
= P 2
N Sl 0.0 =
N1 1 &
1 05 &
- ~ # 2 =
0 1.0 <
0 100 200 400 500
Distance along slice (m)
(b)

3 Temperature Difference (Zoom) - Slice 2 at 13:OQ UTC ~5m/s 6
o (et R . . o vtr'!r/vvllVIlV'<vI} AT JAE 1.0 N2
o : . ‘~~Hi~~x “"”’iil'li""f1 A RS e o o

: . R ‘e e o ' ' : b 5
N B BT ST Y Y it = g
N R b d E WL AL Lot ¢ J t . N ! 0.0 5
N1 | g B! ' R ., s
lt i e 05 §
E_‘
0 1.0 4

0 100 200 400 500

Distance along slice (m)

Fig. 9. Vertical cross-sections of temperature difference (CTRL - NOWAT) at 13:00 UTC: (a) 4 air temperature field (color contours) and projected wind vectors
for Area I (wind perpendicular to canal); (b) 4 air temperature field (color contours) and projected wind vectors for Area II (wind parallel to canal). Black
structures represent buildings, cyan areas represent water surfaces. The vertical extent is zoomed to z/z;; = 0 to 3 to emphasize near-surface cooling patterns.

difference and standard deviation become negligible. Sensitivity tests
with water temperature perturbations show that the mean sensible heat
flux difference changes by less than 0.4 W m~2 per Kelvin in both
areas (Area I: 0.29 W m~2; Area II: 0.33 W m~? per Kelvin), which is
small relative to the peak median differences of —20 to —40 W m~2,
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suggesting the conclusions are not materially sensitive to the prescribed
water temperature (Figures S6¢ and S6d).

Spatial distributions of near-surface sensible heat flux difference
at 13:00 UTC follow patterns similar to temperature difference but
with greater spatial heterogeneity and more pronounced small-scale
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Fig. 10. Vertical cross-sections of sensible heat flux difference (CTRL - NOWAT) at 13:00 UTC: (a) 4 sensible heat flux field for Area I (wind perpendicular to
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extent is zoomed to z/z; = 0 to 3. Negative values (blue) indicate reduced upward sensible heat flux in the CTRL case compared to NOWAT, while positive

values (red) indicate enhanced upward sensible heat flux.

variability (Fig. 8b,d). In Area I, strong negative values reaching —150
W m~2 concentrate over and immediately adjacent to canal surfaces,
with the most intense reductions occurring on one side of street canyons
(Fig. 8b). Positive values, indicating locally increased sensible heat flux
in the CTRL case, appear in scattered patches throughout the domain,
creating a fragmented spatial pattern. In Area II, the sensible heat flux
difference displays a more organized structure, with negative values
of approximately —100 W m~2 to =150 W m~2 concentrated primarily
over canal surfaces and their immediate vicinity (Fig. 8d).

Fig. 10 provides further detailed insight into the cross-section struc-
ture of sensible heat flux modification. In Area I, the pattern exhibits
considerable vertical and horizontal complexity (Fig. 10a). Over water
surfaces, strong negative values are present near the surface, indicating
reduced upward sensible heat flux in the CTRL case. At the mid-canyon
level, z/zy = 0.5 above water surfaces, localized positive values ap-
pear, suggesting enhanced upward heat flux in these regions. Negative
values form plume-like structures that extend upward from z/zy =
1 to 2, following the canyon circulation pattern. These structures are
particularly visible in narrow canyons where the right side shows co-
herent negative plumes extending vertically. In Area II, negative values
extend vertically from the surface up to z/z; = 3 above canal surfaces,
forming more vertically elongated structures (Fig. 10b). Unlike Area I,
there is no consistent layer of altered sensible heat flux between z/z =
1 and z/zy = 2, spanning across the domain. Instead, sensible heat flux
modifications are confined primarily to vertical columns above canals,
with minimal horizontal spreading to adjacent street canyons. This
vertical confinement is consistent with temperature difference patterns
observed in Area II, reinforcing the influence of wind direction relative
to canal orientation on the spatial distribution of thermal effects.

5.3. Water-induced thermal advection

To further understand the mechanisms by which canal water sur-
faces affect urban thermal conditions, we examine the difference in
microscale thermal advection between the CTRL and NOWAT cases.
Thermal advection represents the transport of heat by mean flow
motion or persistent flow structures. The difference in total advec-
tion (horizontal plus vertical components) between CTRL and NOWAT
reveals how the presence of water modifies heat transport patterns.
Positive values indicate advective warming induced by water presence,
while negative values indicate advective cooling.

Vertical cross-sections of advection difference reveal distinct spatial
patterns in the two areas (Fig. 11). In Area I, positive values (red)
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appear directly above water surfaces, indicating that water presence
induces local advective warming at these locations (Fig. 11a). Strong
negative values (dark blue) concentrate on the right side of canals
where the canyon vortex drives downward flow (Fig. 6a), while positive
values (red) appear on the left side pavement where upward flow
occurs. This spatial pattern directly reflects the anticlockwise vortex
circulation. A coherent negative plume extends from z/z; =1 to 1.5 on
the right side of narrow canyons, following the circulation pattern and
indicating sustained advective cooling in this region. The magnitude
of advection difference is generally smaller than the sensible heat flux
difference, with maximum values reaching approximately 50 W m~2
compared to sensible heat flux differences exceeding 100 W m~2. This
indicates that the water surface is warmed by the horizontal heat
transport while the adjacent pavements are cooled due to this thermal
advection.

In Area II (Fig. 11b), positive values also appear directly above
water surfaces, but moderate negative values are present on both sides
of the pavement adjacent to canals, rather than being concentrated on
one side as in Area I. There is no pronounced negative plume structure
near or above building roof level, in contrast to Area I. The advective
modifications remain more vertically confined above the canals without
the horizontal asymmetry observed in Area I. These contrasting advec-
tion patterns between Area I and Area II corroborate the finding of
Chen et al. (2026) that horizontal advection is the dominant cooling
mechanism in urban blue spaces, while further demonstrating that
the effectiveness of advective heat redistribution depends critically on
wind-canal orientation and the resulting canyon flow structure.

6. Discussions
6.1. Relative contribution of advection to total thermal effects

To further quantify the relative importance of sensible heat flux
reduction versus heat advective mechanisms in producing the observed
thermal modifications, we analyze the signed contribution of advection
to the total thermal effect. The net thermal effect is calculated as the al-
gebraic sum of the sensible heat flux difference (4H) and the advection
difference (4Adv) between CTRL and NOWAT scenarios: Net Effect =
AH + AAdv. We classify each location into two categories based on
the sign of this net effect: net warming regions (Net Effect > 0) and
net cooling regions (Net Effect < 0). Within each category, we calcu-
late the signed advection contribution as: Advection Contribution (%) =

m % 100, ranging from —100% (pure advective cooling) to
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Fig. 12. Vertical cross-sections showing advection contribution to total thermal effects at 13:00 UTC for Area I (wind perpendicular to canal, panels a-b) and
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+100% (pure advective warming). This metric preserves the thermal
direction of advection while quantifying its relative magnitude.

The spatial distribution reveals contrasting advective mechanisms
between the two wind-canal orientations (Fig. 12). In Area I's net cool-
ing regions (Fig. 12a), strong advective cooling (—60%) dominates over
pavement on the right side of canals below canopy level (z/zy < 1),
where upward flows within the canyon vortex effectively redistribute
cool air from the water surface. At and above rooftop level (z/zy > 1),
coherent cooling plumes extend from canal-containing canyons (up to
—80%), propagating downwind. In net warming regions (Fig. 12b),
advection warming (+40 to +80%) dominates on the left side of water
surfaces, where downward and left-to-right flows driven by the canyon
vortex transport warmer air from above and from the heated pavement,
thereby enhancing net warming. Above canopy level, net warming
zones originate at the building edges and expand progressively down-
wind across the rooftops. Overall, the canyon vortex redistributes cool
air from the water surface to surrounding areas, such that advection
accounts for the dominant share of cooling over adjacent pavement
and above the canopy, extending the spatial footprint of the water
surface cooling effect. It should be noted that the advective cooling in
net-cooling regions and the advective warming in net-warming regions
are physically complementary, together representing a spatial redistri-
bution of the canal-cooling signal rather than a net increase in heat
removal from the urban system. At the pedestrian levels (z/zy < 0.5),
this advective redistribution is the primary mechanism determining
the spatial extent of canal-induced air temperature reduction beyond
the water surface itself, and is strongly controlled by wind-canal ori-
entation. Sensitivity simulations with water temperature perturbations
show that the advection contribution shifts by approximately 10.6% in
net cooling regions and 7.6% points in net warming regions per Kelvin,
indicating that while the absolute magnitudes are moderately sensitive
to the prescribed water temperature, the dominant role of advection
and the overall spatial structure remain consistent across all three cases
(Figure S8).

In Area II’s net cooling regions (Fig. 12c¢), warming advection
(+10 to +40%) extends vertically over water surfaces, reflecting that
warmer air from surrounding surfaces is transported toward the water
surface. Weak advection cooling (—20 to —40%) appears over adjacent
pavement on both sides of the canal. The net cooling area remains con-
centrated above canal-containing canyons without a consistent spatial
pattern. In the net warming regions (Fig. 12d), the spatial pattern is
more fragmented, lacking the coherent structures observed in Area I
Therefore, without a cross-canyon vortex, cool air remains concentrated
near the water surface, where surface flux dominates the local cooling
budget. Advection accounts for a smaller and spatially inconsistent
share of the cooling, reflecting limited lateral and vertical redistribution
compared to the perpendicular configuration, such that the canal-
induced air temperature reduction at pedestrian level (z/zy < 0.5)
remains largely confined to locations directly above or immediately
adjacent to the water surface. This qualitative contrast between Area
I and Area II is preserved across the sensitivity simulations, where the
advection contribution varies by approximately 6.3% in net cooling
regions and 9.5% in net warming regions per Kelvin, comparable to
the sensitivity observed in Area I yet without altering the conclusion
that advective redistribution is fundamentally weaker in the parallel
wind-canal configuration (Figure S7).

6.2. Implications for urban blue space design

The present simulations, based on Amsterdam’s historic canal mor-
phology under a single anticyclonic summer day, directly demonstrate
that wind-canal orientation governs whether canal cooling reaches
pedestrians or remains confined above the water surface. Under per-
pendicular wind conditions, organized cross-canal circulation advects
cooled air into adjacent street canyons, producing pedestrian-level
temperature reductions on the order of 0.5 to 1.5°C and a vertical
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cooling extent reaching z/z; = 2 to 3. Under parallel wind conditions,
turbulent exchange dominates and cooling remains largely confined
above the canal with limited lateral propagation. While these magni-
tudes are case-specific, the orientation dependence itself establishes a
physically general hierarchy of cooling effectiveness that should be the
starting point for any canal-based urban heat mitigation strategy.

Drawing directly from these case-specific results, three practical
design considerations emerge at the street and corridor scale. First,
new blue-green corridors should be oriented to intercept dominant
warm-season wind directions, maximizing the probability that cooled
air is advected into adjacent street canyons rather than remaining
above the water. Second, where canal alignment is fixed, building
openings and street-level ventilation pathways perpendicular to the
canal axis can extend the functional cooling zone without requiring
changes to the water network itself. Third, infill development adjacent
to canals should be evaluated for its impact on canyon ventilation:
raising building heights, narrowing streets, or introducing building
masses perpendicular to prevailing winds can substantially degrade the
advective cooling pathway even without modifying the water body.
Additionally, the simulated perpendicular-wind case reveals a spatial
asymmetry relevant to pedestrian comfort: leeward pedestrians experi-
ence up to 1.5°C more cooling than windward pedestrians along the
same canal, and public pathway placement should account for this
heterogeneity.

Generalizing beyond the specific case, cooling performance at the
block and neighborhood scale depends on how well the surrounding
urban fabric transmits canal-cooled air into the wider street network,
a principle applicable to any canal-integrated city. Building mass-
ing, block permeability, and street connectivity collectively determine
whether a cool-air plume disperses efficiently or is rapidly diluted by
turbulent mixing. In compact, well-connected grids where short inter-
canal distances and permeable block edges create successive canal-
street-canal pathways, advective cooling can compound across multiple
water bodies, producing neighborhood-scale relief beyond what any
single canal achieves in isolation. In superblock layouts or morpholo-
gies with long uninterrupted building fronts, even a strongly cooled
canal may fail to propagate cooling more than one to two block widths.
Canal placement should therefore be considered as part of a block-scale
ventilation network in which canal orientation, street connectivity, and
building massing are co-optimized for cooling dispersion, regardless of
the specific urban morphology. The idealized simulation conducted for
grid-sensitivity purposes (Section 2.3) uses surface properties represen-
tative of the analyzed canal districts and a prescribed perpendicular
wind-canal configuration; the resulting vorticity structures and near-
surface temperature ranges are consistent with those in the realistic
domain, suggesting that the orientation-dependent cooling hierarchy
identified here is not confined to Amsterdam’s specific canal geometry.

At the broadest scale, and independently of any specific morpho-
logical context, a fundamental constraint facing canal-based cooling
strategies is that the wind conditions most favorable for cooling, calm
anticyclonic flow aligned with the canal axis, are rarely the climatologi-
cally dominant conditions in mid-latitude cities. Prevailing winds under
non-heatwave conditions are often poorly aligned with existing canal
networks, meaning canals operate in the less efficient parallel-wind
configuration for much of the warm season. Yet it is precisely under the
infrequent calm anticyclonic regime that daytime canyon layer urban
heat island intensity is strong (Steeneveld et al., 2011), making canal
cooling most effective exactly when thermal stress is most severe. This
alignment between cooling potential and thermal need is a general
asset of canal systems that extends beyond any single case study. The
governing role of wind is not unique to canals; windcatcher systems in
arid urban canyons similarly demonstrate that airflow enhancement is a
prerequisite for pedestrian-level heat mitigation (Kachmar et al., 2025).
Beyond the warm season, open water surfaces that facilitate summer
cooling may amplify cold discomfort under strong winter winds (Oke
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et al.,, 2017), and balancing these seasonal trade-offs requires site-
specific wind-rose analysis rather than a blanket recommendation for
canal integration.

Finally, placing these findings in the broader context of urban
nature-based solutions, the cooling magnitudes demonstrated here are
comparable to those reported for green infrastructure, suggesting blue
and green interventions are complementary rather than competing
strategies. Canal cooling acts principally through sensible heat flux
reduction and advective redistribution, whereas green infrastructure
combines solar shading with evapotranspiration and aerodynamic drag
(Li & Wang, 2018). Street trees yield canyon-averaged air temperature
reductions of approximately 0.5°C (Mun et al., 2024), with a global syn-
thesis finding temperate-climate pedestrian-level reductions well below
2°C despite larger mean radiant temperature effects (H. Li et al., 2024).
Under low-radiation conditions, the shading benefit of trees disappears,
yet aerodynamic drag retains a thermal comfort benefit that open water
cannot provide, while canals maintain their sensible heat flux advan-
tage regardless of sky condition. Combined blue—green configurations
can therefore exploit the complementary strengths of both systems,
offering more balanced year-round performance than either alone.
The turbulent-advective decomposition framework demonstrated here
provides a transferable diagnostic tool for evaluating such combined
configurations across diverse urban morphologies.

6.3. Limitations and outlook

The present study has a few limitations that bound the generality
of its findings. The simulations represent a single summer day under
specific meteorological conditions, namely clear sky and moderate
wind speed, and are restricted to two wind-canal orientations with
a fixed canyon geometry and prescribed water surface temperature.
These choices provide controlled mechanistic insight but leave open
how cooling effectiveness varies across meteorological regimes, canyon
configurations, wind-canal angles, and coupled water-atmosphere feed-
backs. The specific quantitative results reported here, including cooling
magnitudes, advective contribution percentages, and the spatial extent
of cooling, are case-specific to this meteorological and morphological
setting and should not be directly extrapolated to other conditions. The
underlying physical mechanisms and the heat-transport decomposition
framework, however, are generalizable and transferable to other urban
water-body configurations.

Several sources of uncertainty affect the quantitative conclusions
and should be considered when interpreting the results. First, the
mesoscale WRF simulation provides lateral boundary conditions through
one-way nesting, capturing the large-scale synoptic environment but
not sub-mesoscale boundary-layer variability; errors in the WRF surface-
layer parameterization may therefore propagate into the LES domain.
Second, urban surface properties including albedo, roughness length,
and heat capacity were derived from GIS datasets and literature values,
carrying inherent parameter uncertainty; leaf area index for street trees
is particularly uncertain, and the absence of explicit anthropogenic
heat release may lead to modest underestimation of sensible heat in
densely built areas. Third, canal water temperature was prescribed as a
spatially uniform, temporally constant 295 K, introducing uncertainty
in the absolute magnitude of both turbulent exchange and advective
redistribution, since the sensible heat flux is directly proportional to
the water-air temperature contrast; sensitivity simulations at 294 K
and 296 K confirm that the key findings are robust within this range.
Nevertheless, the prescribed water temperature neglects diurnal vari-
ation, thermal stratification, shortwave penetration, and bottom heat
exchange, which could modulate the intensity and temporal-spatial
variation of water—atmosphere heat exchange. The 1 K sensitivity range
tested here is intended to partially bracket this uncertainty, though
future studies with coupled water-atmosphere models would better
constrain these effects. Finally, the advective heat flux is a diagnosti-
cally derived quantity sensitive to the definition of the control volume,
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the choice of reference height, and the vertical layer thickness used in
the Wm~2 conversion; the reported 60 to 80% advective contribution
should therefore be interpreted as an order-of-magnitude indicator of
the relative importance of advective versus turbulent pathways rather
than a precise measurement.

Future research should systematically investigate how diverse urban
morphologies and street canyon configurations interact with water
bodies to affect cooling effectiveness. The current analysis examines
two wind-canal orientations at a specific time step with realistic canyon
geometry, revealing two different cooling patterns. However, the rela-
tionship between canyon geometry and cooling effectiveness is sophis-
ticated and needs further investigation. While narrow canyons exhibit
stronger vortex circulation, concentrating cooling on the upwind side,
very high buildings relative to street width (low canyon aspect ratio)
may trap cool air within canyons, limiting vertical transport and spatial
extent of cooling benefits (J. Li et al., 2024). Optimal canyon configura-
tions likely depend on balancing vortex strength (favored by moderate
canyon aspect ratio) and vertical ventilation. Future parametric studies
should also quantify cooling effectiveness across wind-canal angles,
canyon aspect ratios, building heights, and street widths to determine
whether transitions are linear, nonlinear, or exhibit threshold behaviors
(Zhao et al., 2020). Incorporating diurnal wind shifts would capture
temporal variability in cooling effectiveness as local circulation sys-
tems modify wind patterns. Such comprehensive investigations would
establish generalized design principles applicable beyond example ge-
ometries, informing flexible guidelines that optimize canal placement
and urban morphology configurations for maximum cooling benefits
across diverse urban contexts.

Incorporating coupled water-atmosphere modeling would enable
investigation of feedback processes and optimization of water body
design parameters, though such comprehensive modeling is beyond
the scope of the current study and represents a substantial research
undertaking requiring community-wide effort. The current prescribed
surface temperature boundary conditions isolate atmospheric response
to a given water temperature, providing clear mechanistic insight into
flow-mediated cooling redistribution. Future coupled models would
reveal how atmospheric conditions modify water temperature through
surface energy balance (Chen et al., 2025), and would address critical
design parameters including water depth requirements for maintain-
ing stable surface temperatures, differences in cooling effectiveness
between flowing versus stagnant water bodies, and the impact of canal
shading by buildings or vegetation. Spatially explicit water temperature
modeling would capture horizontal gradients from differential solar
heating, inflow/outflow characteristics, and interaction with surround-
ing surfaces, enabling comprehensive optimization of canal design
parameters, including flow rate, depth, and shading strategies. These
advances would require coordinated efforts combining expertise in ur-
ban climatology, hydrology, and urban design, alongside extensive field
observations to validate coupled model performance across diverse
urban contexts.

7. Conclusions

This study employed the PALM4U model with LES to investigate
the mechanisms through which urban canals modify sensible heat
partitioning and heat transport in Amsterdam, Netherlands, a dense his-
toric center. Model evaluation against eddy covariance flux tower and
urban weather station observations demonstrated strong performance
for sensible heat flux (IoA = 0.94), net radiation (IoA = 1.00), and near
surface air temperature (IoA = 0.72), establishing LES as a reliable tool
for quantifying urban surface-atmosphere energy exchange.

By decomposing thermal effects into turbulent and advective com-
ponents through controlled with-canal and without-canal experiments,
we revealed that canal cooling effectiveness depends fundamentally on
wind direction with respect to canal orientation. When wind flows per-
pendicular to canals, mechanically-driven canyon vortices redistribute
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cool air from the water surface to surrounding areas, with advection
accounting for 60 to 80% of the total cooling effect over adjacent
pavement and above the canopy. This redistribution extends the spatial
footprint of cooling asymmetrically, propagating vertically to 2 to 3
building heights and horizontally to adjacent canyons lacking water
features. When wind flows parallel to canals, the absence of a cross-
canyon vortex limits lateral and vertical redistribution, leaving cooling
concentrated near the water surface and driven predominantly by local
sensible heat flux reduction. In this configuration, advection accounts
for a smaller and spatially inconsistent share of the cooling budget,
resulting in more localized thermal benefits despite comparable cool-
ing intensity directly above the water surface. Importantly, advection
redistributes heat within the urban canopy rather than removing more
heat from the system overall: it changes where cooling is felt, not how
much cooling occurs.

These physical insights offer guidance for urban blue space plan-
ning, though they should be interpreted within the scope of the present
case. Historical canal systems originally designed for transportation
may deliver spatially confined and relatively uniform thermal benefits
where their orientation is unfavorable relative to prevailing summer
winds, as cooling tends to remain near the water surface. Where canals
are oriented perpendicular to prevailing winds, cooling is redistributed
more heterogeneously across the urban fabric, benefiting some areas
more strongly while reducing benefits in others, rather than increasing
overall cooling intensity. In practical terms, this suggests that aligning
blue—green infrastructure layout with prevailing summer wind direc-
tions, and treating canal-axis orientation as a design variable alongside
canal width and adjacent building height, can help direct cooling
toward pedestrian spaces where it is most needed. The strong spatial
heterogeneity we found, with temperature differences up to 1.5°C
within individual street canyons, underlines that the thermal benefits
of blue infrastructure are highly location-dependent within the urban
canyon and cannot be assumed uniform.

At the same time, these conclusions are drawn from a single rep-
resentative summer day under anticyclonic conditions and from Ams-
terdam’s distinctive semi-circular canal morphology and dense historic
fabric. The specific values reported here should therefore be regarded
as case-specific rather than universal, and the underlying mechanism,
namely that wind-canal orientation governs the spatial distribution
of cooling through canyon-scale circulation, is expected to be more
broadly transferable than the precise magnitudes. Caution is warranted
when extrapolating to cities with different canal geometries, wider
rivers, grid-based street layouts, or different climatic regimes.

This research advances understanding of urban water body cooling
beyond empirical temperature assessments by quantifying the relative
contributions of vertical turbulent exchange versus horizontal advective
transport. The finding that advection can either enhance or limit cool-
ing depending on flow structure challenges simplified representations
of water body effects in urban climate models. Future work should
test the robustness of these findings across diverse meteorological
conditions and seasons, investigate the full spectrum of wind-canal an-
gles and contrasting urban morphologies, and develop coupled water-
atmosphere models to optimize design parameters, including canal
depth, flow rate, and shading strategies.
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