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ARTICLE INFO ABSTRACT

Keywords: Despite the growing application of hectometric (100-m) urban simulations, their ability to realistically represent
Urban urban turbulence remains uncertain. This study assesses the improvements offered by large eddy simulations
Eddy-covariance (LES) over the commonly used Yonsei University (YSU) planetary boundary layer scheme (PBL) in urban WRF
WRF

hectometric simulations at 100-m horizontal and 50-m vertical grid resolution. The results are evaluated against
Eddy Covariance (EC) observations from Enschede city, The Netherlands. Two contrasting periods are examined: a
windy, shear-driven event and a calm, hot, buoyancy-driven event. Both YSU and LES faithfully capture temporal
patterns of near-surface meteorology. In addition, during convective conditions, LES captures realistic turbulent
fluctuations indicated by turbulence spectra and resolved fluxes while YSU produces smooth fluxes. LES resolves
significant portion of convective turbulence and structures (rolls during windy and cells during calm conditions),
however it remains partially dependent on sub-grid scale model at first level. YSU fails to produce any con-
vective turbulent structures during windy conditions, but succeeds in producing partially developed convective
cells under calm conditions resolving upto 20% of turbulence. Partial resolving of turbulence with YSU violates
the assumption of 1D PBL scheme causing potential double-counting of turbulence. Hectometric resolution is
insufficient to resolve nighttime turbulence, and both schemes depend on parameterizations. The structures in
LES also enhance the horizontal advection which redistributes the heat between urban and rural areas. Overall,
hectometric WRF-LES generates realistic turbulence and influences boundary-layer dynamics during convective
conditions, strengthening confidence in its use for urban climate studies, including heat stress assessments, and
precipitation.
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1. Introduction

In recent years, there has been a growing shift toward using high-
resolution numerical weather prediction (NWP) at sub-kilometer and
hectometer (100 m) grid resolution to better represent fine-scale atmo-
spheric processes. Hectometric simulations have improved the depiction
of localized phenomena such as cold air pooling in valleys [66], torna-
does [18], and pollutant dispersion [2]. For urban applications, Ronda
et al. [48] used the Weather Research and Forecasting (WRF) model
[57] for fine-resolution forecasting over Amsterdam, while Forster et al.
[14] applied MESO-NH to study how Paris modifies precipitation due
to convection. These simulations enable capturing neighborhood-scale
variability in urban morphology such as Local Climate Zones (LCZs)
[59]. In urban areas with complex morphologies, quantifying energy
fluxes is challenging but essential for improving forecasts and plan-
ning strategies. Previous WRF studies at grid spacings coarser than
100 m examined the urban heat island [73], and mitigation strategies
[10,27,38,47,54,74].

At hectometric grid resolutions, particularly in urban environments,
accurately representing land-atmosphere coupling becomes critical.
Turbulence governs the vertical and horizontal exchange of momentum,
heat, and moisture, thus shaping boundary-layer processes. In WRF, this
coupling is typically managed using planetary boundary layer (PBL) pa-
rameterizations. These one-dimensional (1D) schemes are suitable at
coarse resolutions (Ax > 1 km), where horizontal gradients are mini-
mal compared to vertical gradients [34], and turbulent motions must
be parameterized [21,60]. However, at hectometric grid spacings, the
assumption of scale separation no longer holds. Such hectometric simu-
lations allow for advances in including neighborhood-scale land surface
temperature, urban wind and turbulence, air-quality forecasts, and con-
vection initiation [37]. Grid spacing of 100-500 m lies in the ‘gray
zone’ [70], where eddies are partly resolved and horizontal gradients
become significant. Conventional 1D PBL schemes are not designed for
this regime, and large-eddy simulation (LES) approaches may be more
appropriate [28]. Previous WRF-LES studies over complex terrain at fine
resolutions (~10 m) have demonstrated that LES parameterization in
WREF performs well in resolving large-scale turbulence and flow separa-
tion [5,55], producing results comparable to traditional computational
fluid dynamics (CFD) simulations. This shows that although developed
as a regional scale model, WRF has the capability to resolve turbu-
lence. In general, LES resolves large eddies directly while modeling only
subgrid-scale turbulence, thereby enhancing the fidelity of turbulence
representation while reducing model dependency. However, it is worth
mentioning that at hectometric resolutions while large convective ed-
dies could be resolved, the resolution is still very coarse for nocturnal
conditions [62]. Therefore, while hectometric scale simulations can be
used during convective conditions they largely depend on parameteri-
zation when the turbulence scales are small during nocturnal nighttime
conditions [1]. Due to this grid dependence it is necessary to study if
it is feasible to use LES at these coarse resolutions, and if it provides
additional resolved turbulent structures and physics. In addition, it is
important to evaluate 1D PBL and 3D LES turbulence closures against
observations.

In the literature, most WRF urban evaluations focus on basic me-
teorological variables such as temperature, humidity, and wind [9,23,
50,51,71,72]. These variables largely follow the global climate model
boundary forcing and are therefore less indicative of the added value
of downscaling in predicting turbulent fluxes. Only a few WRF urban
studies have evaluated turbulent fluxes, typically at coarse resolution (
~ 1-3 km) compared to Eddy covariance (EC) observations [24,53,64].
At the microscale, very high-resolution WRF-LES studies (e.g., Ax =~ 2
m) have evaluated turbulence structure and spectra and demonstrated
the benefit of multiscale downscaling for urban turbulence and dis-
persion [68]. However, in such comparisons WRF surface fluxes are
matched against rooftop EC towers ( ~# 50 m above ground) using the
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constant-flux layer assumption [61]. With the growing use of WRF at
hectometric neighborhood scales, rigorous height-consistent validation
against high-quality EC tower observations becomes especially impor-
tant in urban settings. However, no study has systematically examined
how turbulent fluxes and associated structures vary at hectometric grid
resolution in urban WRF simulations especially with LES. To address
this gap, it is necessary to perform a comparative analysis of LES and a
traditional 1D PBL scheme, to evaluate LES’s capability in reproducing
urban fluxes and turbulence.

In this study, we evaluate whether WRF-LES at hectometric grid reso-
lution provides a realistic representation of key urban climate variables
with specific focus on turbulent sensible heat flux (SHF) compared to
a 1D PBL scheme, using high-quality EC tower observations for vali-
dation. It is worth mentioning here that WRF by default only outputs
surface fluxes (z ~ 0). Surface fluxes from WRF typically show smooth
diurnal variation. However, EC measurements are carried out using
masts at heights of 10’s of meters above the surface and the EC fluxes
typically show more chaotic/turbulent diurnal variation with large fluc-
tuations. In most evaluations of WRF it is assumed that the surface fluxes
are equal to the atmospheric fluxes using the ‘constant flux layer’ as-
sumption. To avoid this WRF output is extracted at appropriate model
levels for height-consistent comparisons. In addition, to assess the ad-
vantages of LES over 1D PBL schemes, we investigate differences in
turbulent structures, horizontal local-scale advective flux, resolved ver-
sus modeled turbulence, and the vertical variation of fluxes, providing
crucial insights into surface-atmospheric coupling at hectometric grid
resolution.

2. Data and methods
2.1. Observations

Continuous EC flux and meteorological quantities are being mea-
sured at the ITC International Hotel rooftop (Fig. 1(b)) in the city
center of Enschede, The Netherlands (Fig. 1(a), 52.217 °N, 6.891 ° E).
Enschede is a city and municipality in the province of Overijssel in the
Eastern Netherlands, with a population of approximately 162,000 [6].
Enschede falls under the oceanic climate, classified as temperate oceanic
climate (Cfb) according to the Koppen classification. Flux and weather
measurement instruments are installed on the ITC rooftop which is ap-
proximately 46 m above the ground level, with an underlying terrain
height of 38 m above MSL. Mean building height within the 500 m ra-
dius of the ITC building is approximately 17 m. The EC system at the ITC
rooftop is situated at 51 m and 56 m above the ground, which is around
3 times the mean building height within the usual prescribed range of
2-5 times the mean building height [46]. Fig. 2(h) shows a panoramic
view of the city center of Enschede showing the typical urban form.

Typical weather quantities such as wind direction, wind speed, air
temperature, relative humidity, air pressure are measured with the
Vaisala WXT520 weather transmitter [65]. Short- and long-wave up-
and downwelling radiative fluxes close to the tower are measured with
a Kipp & Zonen Net radiometer [3]. Three orthogonal wind components,
speed of sound, and the sonic temperature are measured at a frequency
of 10 Hz with a Campbell Scientific 3D-Sonic anemometer (CSAT3) com-
plemented with LICOR 7500 openpath gas analyzer [4] (Fig. 2(b)) on a
10-meter tall mast. LI-7500 is used to measure the absolute amounts of
CO, and H,O0 at high frequency. The CSAT3 and LI-7500 together make
the so-called ‘Eddy Covariance’ system used to determine the fluxes of
momentum, sensible heat, latent heat, and CO,. The CSAT3 can mea-
sure the turbulent fluctuations of horizontal and vertical wind. These
measurements are then used to calculate SHF. EC observations are pro-
cessed with EddyPro software and quality controlled according to Foken
et al. [13]. All the above instruments combined together provides the
ideal setup for evaluating the WRF model and understanding the flux
dynamics in Enschede city.
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Fig. 2. Instruments and measurement station in Enschede city. (a) 10-m tall mast over the roof, (b) CSAT3 and LI-7500, (c) RHT sensor, (d) Net radiometer setup,
(e) Position of EC tower and radiation measurement setup, (f) Kipp & Zonen net radiometer, (g) Vaisala WXT520, and (h) Panoramic view of the urban form of the

city center of Enschede.

2.2. WRF model setup

We use the non-hydrostatic WRF model [57] version 4.6.0, aug-
mented with flux budget calculations using WRFlux [16]. Default out-
puts provided by WRF include the spatial variation of fluxes only at the
surface, which does not allow for the analysis of three-dimensional (3D)
variation of turbulent fluxes and mixing in the boundary layer in the
vertical direction. WRFlux alleviates this problem by providing the 3D
output of all the resolved and sub-grid scale turbulence components at
all the levels.

WREF uses the nesting technique to scale down the phenomena from
large-scale circulation toward micro-scale transport [9]. It is important

to note that previously WRFlux has only been applied to idealized LES
simulations without nesting. In this study, we extend its application to a
real-case WRF simulation with nesting, which, to our knowledge, has not
been done before. For our simulations, we use the configuration similar
to Ronda et al. [48] (with additional outputs provided by WRFlux), with
four one-way nested domains (Fig. 3) with the innermost domain having
a grid size of 100 m. We use WRF terrain-following grids in the vertical
direction, with the first atmospheric level located at a height of approxi-
mately 50 m above the ground. The coarsest domain comprises the major
part of North-Western Europe as can be seen in Fig. 3(a). We employ 48
vertical terrain-following layers from the surface up to a pressure level
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FRANCE
Lo

Fig. 3. (Left) Figure showing the four nested domains used in WRF simulations. (Right) Zoomed in view of the innermost domain d04 with LCZ indices. Reference
fine-resolution LES domain dO5 is indicated by the white square.

Table 1

Configuration of WRF simulations.

Ax, Ay
Az
Grid points

Reference LES Ax, Ay
Reference LES Az
Grid points
Microphysics scheme
PBL scheme (d01-03)
Horizontal diffusion

Long-wave scheme
Short-wave scheme
Surface layer scheme

12,500 (d01), 2500 (d02), 500 (d03), and 100 (d04)
50 m at the first atmospheric level, stretched above
192 x 192 (d01), 191 x 191 (d02), 191 x 191
(d03), and 301 x 301 (d04)

33m

20 m at the first atmospheric level, stretched above
244 x 244 (d05)

Thompson scheme [63]

Yonsei University Scheme [22]

Smagorinsky first order closure (YSU) and 3D NBA
(LES)

Rapid radiative transfer model [42]

Rapid radiative transfer model [25]

Revised MM5 scheme [26]

Land surface model Noah land surface model [7]

Urban scheme Single-layer urban canopy model (SLUCM) [35]

of 10 hPa. Table 1 provides an overview of the configuration used in our
simulations.

The goal of this study is to evaluate WRF-LES at resolutions that are
typically used in hectometric scale WRF studies. 50-m resolution is the
default grid resolution used in WRF studies and hence we employed it in
this study. The primary goal of this study is to assess whether WRF-LES,
when used with default model settings typical of urban simulations, can
provide performance comparable to the YSU PBL scheme while offer-
ing improvements in resolved turbulent structures. The identical vertical
grid configuration was chosen to support this objective. Although LES
is often conducted at finer vertical resolutions, previous studies have
shown that LES can still reproduce realistic turbulence characteristics
at relatively coarse vertical resolutions, particularly under convec-
tive conditions [40,43,44,62], and therefore we focus our analysis on
convective conditions in the study. All the cases were run on 192
cores on the Snellius supercomputing cluster, where YSU takes approx-
imately 64 hours of computational time while LES takes 56 hours of
computational time.

In order to assess whether hectometric WRF-LES produces realistic
turbulent structures and resolved scale turbulence, we also run a refer-
ence finer LES simulation (hereon LES,,,, with an additional nest d05
with a resolution of 33 m x 33 m x 20 m, respectively. For the final res-
olution simulation we use 60 vertical grid points uniformly distributed
near the surface and stretching above.

Land-use is defined based on the hybrid dataset of Copernicus Global
Land cover - MODIS - LCZ (CGLC-MODIS-LCZ) data by Demuzere et al.
[12] which is available at 100 m resolution. The same dataset is used
for all the domains.In the single layer urban canopy model (SLUCM),
anthropogenic heat flux (AHF) of magnitude 37.5, 37.5, 12.5, 12.5, and

25 Wm~2 is added at the surface to LCZ2 (compact mid-rise), LCZ3 (com-
pact low-rise), LCZ5 (open mid-rise), LCZ6 (open low-rise), and LCZ8
(large low-rise) [59] respectively. For LCZ2 this is based on the previ-
ously published estimates for Rotterdam giving a value of 37.5 Wm™2,
and for other LCZs default values are used. In the present study, we fol-
low the standard practice of applying AHF as sources in SLUCM studies
[35] with the default diurnal pattern provided in WRF. The default diur-
nal pattern for AH in WRF with hourly weights (0.16, 0.13, 0.08, 0.07,
0.08, 0.26, 0.67, 0.99, 0.89, 0.79, 0.74, 0.73, 0.75, 0.76, 0.82, 0.90,
1.00, 0.95, 0.68, 0.61, 0.53, 0.35, 0.21, 0.18) provides low weights dur-
ing night time and higher values during daytime. Although prescribing
anthropogenic heat adds uncertainty to absolute comparisons with EC
observations, the approach is applied consistently across all simulations,
ensuring that the relative comparison between PBL schemes remains
robust.

The ECMWF ERAS5 (European Centre for Medium-Range Weather
Forecasts Reanalysis v5) data [20] was used for initial and lateral
boundary conditions every hour. Furthermore, for the LES simulations
following the standard procedure [15,43], we add random point per-
turbations with magnitude of 0.1 K to four grid points both along the
lateral boundaries and vertical direction to the prognostic equations of
temperature to trigger turbulence as the mesoscale forcing is not enough
to trigger turbulence [45]. In idealized wall-modeled LES with periodic
boundary conditions, turbulence is commonly initiated by introduc-
ing small random perturbations during model initialization [15], after
which turbulence is sustained by the periodic domain configuration. In
contrast, in meso-microscale coupled simulations, lateral boundary forc-
ing derived from mesoscale or global models does not contain resolved
turbulent fluctuations. As a result, it is common practice to introduce
perturbations near the inflow boundaries to promote the development
of turbulence within the LES domain. In our simulations, we apply small
point perturbations only to the temperature field at a limited number
of grid points near the lateral boundaries and within the lowest five
vertical levels. These perturbations act solely as a trigger, while tur-
bulent fluctuations in wind and other variables develop dynamically
through the governing equations. Previous studies have shown that this
approach produces realistic turbulence away from the lateral bound-
aries (see Fig. 2.6 in Munoz-Esparza et al. [45]). To avoid the potential
influence of the random perturbations, in analyzing the results, we have
only sampled data away from the boundary regions and as will be shown
in the results and discussion this produces realistic resolved turbulence
characteristics. Consequently, the evaluation against observations is not
biased by the artificial triggering mechanism. While alternative pertur-
bation methods exist in the literature (see Muiioz-Esparza et al. [45] for
a detailed comparison), the approach used here is computationally ef-
ficient, requires minimal modification to the WRF source code, and is
well suited for the objectives of this study. A detailed intercomparison
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of different perturbation strategies is beyond the scope of the present
work.

In this study, we evaluate the widely used Yonsei University (YSU)
PBL scheme [22] performance against the LES results wherein the sub-
grid scale fluxes are modeled using 3D non-linear backscatter (3D NBA)
scheme. In this study, we use the NBA model variant which is formulated
exclusively in terms of the strain rates with a single model parame-
ter, the backscatter coefficient C, = 0.36. In contrast with the standard
Smagorinsky sub-grid scale (SGS) model [58], NBA scheme [41] dynam-
ically calculates the SGS momentum flux based on constitutive relations
and therefore reduces the model dependency in SGS flux calculation.
NBA model is better than other models available in WRF as it repro-
duces proper normal stresses and anisotropy due to boundary layer shear
and it also incorporates backscatter of energy from SGS eddies to re-
solved scale eddies. In Appendix A, we give a brief description of the PBL
scheme and the LES models used in the study. For evaluations, we use
Root Mean Squared Error (RMSE) and Mean Bias Error (MBE) to quan-
tify the average magnitude and direction of model errors, respectively.
However, these metrics do not capture how well the model reproduces
the observed variability and timing. To complement, we use Index of
Agreement (IOA) [69] over R?> because it assesses both the accuracy
and precision of the model, even when the observations have low vari-
ance unlike R?, which can be misleading in such cases. In Appendix B
we provide a brief description of all the three metrics.

2.3. Turbulent flux modeling in WRF-LES

2.3.1. Surface turbulent flux calculation

Surface turbulent fluxes in WRF are modeled using the bulk aero-
dynamic method, which relates surface momentum flux and SHF to
near-surface atmospheric conditions and surface characteristics, using,

SHF = pc,Cy,|u, |(8, — 6,), with @
c, = k*/R

()% () e ) () - 6) o (2

(2)

where, C,, represents the surface exchange coefficient for heat, u, is the
near-surface wind speed, 6, is the surface temperature, and 6, is the po-
tential temperature in the atmosphere, R = C,;/C,, is the ratio of the
exchange coefficients for momentum and heat, where C, represents the
surface exchange coefficient for momentum, y,, and v, represent the
stability correction functions for momentum and heat, respectively, z,,
and z, represent the roughness lengths for momentum and heat respec-
tively, L is the Obukhov length, k = 0.4 is the von-Karman constant.
From Eq. (1) it is clear that the surface SHF is based on the difference
in temperature between surface and air temperature. More details about
the surface flux parameterization can be found in Chen et al. [8].

2.3.2. Atmospheric turbulent flux calculation
In contrast to surface SHF calculated using Eq. (1), the SHF at
atmospheric model levels is calculated as,

SHF = SHF, ,/eq + SHF, = <u7é - 55) - Kh%. 3)

where, here K, represents the eddy diffusivity for heat. From Eq. (1), it
is evident that the surface sensible heat flux (SHF) is primarily governed
by surface modeling choices. These include the land surface scheme,
surface temperature, roughness lengths, and the parameterizations used
to estimate the bulk heat transfer coefficient. The flux is computed us-
ing near-surface meteorological conditions, and is therefore a diagnostic
output that depends heavily on how the surface-atmosphere coupling
is modeled. In contrast, Eq. (3) describes the turbulent flux calcula-
tion in the atmosphere. This flux is typically derived from the resolved
vertical temperature gradient and the turbulent mixing coefficients cal-
culated by LES scheme. As such, it reflects the resolved vertical transport
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of heat in the atmosphere and is sensitive to the vertical structure of
temperature, atmospheric stability, and turbulence represented within
the model. Therefore, while surface SHF is governed by surface pa-
rameterizations, evaluating turbulent heat fluxes within the atmosphere
is necessary to assess the atmospheric response and the efficiency of
vertical heat transport, which cannot be inferred from surface fluxes
alone.

2.4. Advective heating rate

The presence of differentially heated surfaces and hectometric-scale

turbulence has been found to give rise to spatially varying thermal ad-
vective fluxes [56]. Therefore, it is necessary to quantify the contribution
of local-scale horizontal advection to the variation of sensible heat flux.
In this study, horizontal advective heating rate (W m~3) of the sensible
heat is defined as Eq. (4),
SHFadv=p-Cp~<ﬁ~%+U~%> @
in which p is the density of air (kgm~3), and C, is the specific heat
capacity of air at constant pressure (Jkg~1K~1), 4 is the temperature
in K, and & and & 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.

2.5. Numerical experiments and synoptic conditions

In this study, we consider two contrasting events with high wind
speed in April, 2020 and calm, low wind speed event in August, 2020.
The two contrasting cloud-free, turbulent events in April and August are
based on wind speed and convection which are detailed in the Sections
4.1 and 4.2. For both events, we perform two simulations with, (a)
YSU PBL scheme (Appendix A) (hereon YSU) and (b) NBA model with
Smagorinsky scheme with LES (Appendix A) (hereon LESs;). The ref-
erence LES with finer resolution is indicated as LES,q,,. For the Windy
event, we perform the simulations from 2020-04-18 00:00 UTC to 2020-
04-23 00:00 UTC (hereon ‘windy’ event), where the first day of the
simulations (2020-04-18) is considered as spinup. Similarly, for the
Calm event, we perform the simulations from 2020-08-04 00:00 UTC
to 2020-08-09 00:00 UTC (hereon ‘calm’ event), where the first day of
the simulations (2020-08-04) is considered as spinup. We only consider
the last four days of the simulations for evaluation.

The clear sky days chosen for the study are based on the hourly
cloud cover data from the nearest meteorological station at Twente
Airport (52.273 N, 6.891 E) maintained by the Royal Netherlands
Meteorological Institute, KNMI (Koninklijk Nederlands Meteorologisch
Instituut). In the hourly data from KNMI the cloud cover measured with a
ceilometer [32] is provided in oktas (eighths) from 0 (completely cloud-
less) to 8 (completely cloudy). First, we identified all the cloud free days
in 2020 (oktas=0) and identified continuous cloud free days of at least
four days length. The clear-sky days were chosen to make sure that there
is a pronounced diurnal cycle and there is little influence of clouds on
the fluxes. Furthermore, simulating full diurnal cycle would facilitate
the analysis in both stable and unstable conditions.

2.5.1. Case 1: Windy event, 18-22 April, 2020

During this event, Enschede city was situated at the edge of a high
pressure system (Fig. 4(a)), with a steep pressure gradient causing high
wind speeds in the region. Near surface air temperature was moderate
varying between 5-20 ° C. The pressure gradient gave rise to mostly
Easterly wind in the region with high wind speeds (4-8 ms~! at 10 m
height, Fig. 4(b)).

2.5.2. Case 2: Calm event, 04-08 August, 2020

During this event, Enschede city was situated at the edge of an
Icelandic low, a high over Eastern Europe, and a low over Southern
Europe (Fig. 4(c)). The high pressure system gradually strengthened over
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Fig. 4. Synoptic chart of geopotential height at 500 hPa superimposed on wind speed map on (a) Windy event (2020-04-20) and (b) Calm event (2020-08-06).
Enschede is marked with a triangle and Netherlands is highlighted with the black rectangle. Arrows indicate the wind speed vectors, the contour lines indicate the

geopotential height in meter.
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Fig. 5. Maps showing local climate zones (LCZs), location of the EC tower, and source area footprint for the fluxes in (a) Windy event at 1200 hours on 2020-04-20
and (b) Calm event at 1200 hours on 2020-08-06. In Fig. 5 the EC tower location is marked with a circle. For brevity, we only show the urban land cover types.
Cumulative contribution of the footprint to the total flux is shown by the color gradient, with darker shades indicating larger contribution to the footprint.

the course of next two days, with whole of Europe in a high pressure sys-
tem, yielding a stable, low wind speed, warm episode. Enschede over the
course of 4 days experienced mostly Southerly winds (mostly 0-3 ms™!
at 10 m height, Fig. 4(d)). This calm event involved high land-surface
heating with air temperature reaching 30 ° C [31].

2.6. Source area footprint modeling

While radiative fluxes are primarily local in nature being governed
by the immediate surface characteristics and atmospheric conditions
directly above, the turbulent fluxes measured by the EC systems are in-
fluenced by conditions over a broader upwind area. In boundary-layer
meteorology, it is common practice to apply a footprint model to re-
late the turbulent fluxes observed at a certain height to the area at
which corresponding surface exchange processes occur. This approach
accounts for the fact that advective transport integrates information
from a spatially distributed source area, rather than from a single point.
For comparing the surface fluxes from WRF against EC measurements a
weighted average of the surface fluxes over a footprint is performed.

In this study, we use the Urban Multi-scale Environmental Predictor
(UMEP) plugin [39] in QGIS to calculate the source area footprint.

During the windy event (Fig. 5(a)) the footprint is elongated and
shifts Eastward, consistent with the dominant Easterly winds. It spans
a heterogeneous mix of LCZ types, including compact mid-rise (LCZ
2), open mid-rise (LCZ 5), large low-rise (LCZ 8), and open low-rise
(LCZ 6). According to the footprint model, cumulatively LCZ 2 and
LCZ 8 contribute up to 75% of the fluxes measured at the EC tower.
Cumulative contribution indicates the percentage contribution of each
LCZ to the total flux. With the UMEP plugin we produce maps of weights
for each footprint. Enschede is mostly urban with sparse vegetation, and
therefore default LCZs accurately represent the dominant land use.

In contrast, during the calm event (Fig. 5(b)) footprint is more circu-
lar, reflecting weaker directional wind and enhanced convective mixing.
The footprint is mostly constrained to LCZ 8 and LCZ 5. Shape of the
footprint gives a clue as to dominance of shear or convective turbulent
mixing in the atmosphere. The footprints shown in Fig. 5(a) and (b)
are used for obtaining weighted average of the WRF surface fluxes for
evaluation.
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Fig. 6. Time series and scatter plot of modeled and observed wind speed (a,b)
Windy event and (c,d) Calm event.

Table 2

Statistical metrics comparing wind speed from WRF against

observations.
Event Case R? IOA  RMSE (ms™')  MBE (ms™')
Windy YSU 0.56 0.42 2.08 1.73
Windy  LESy, 0.61 053 1.22 0.89
Windy  LES,, 035 056 1.21 0.15
Calm YSU 0.53 0.59 1.13 0.47
Calm  LESy,, 045 059 1.07 0.02
Calm  LES,, 057 061 1.01 -0.46

3. Results

3.1. Wind speed

The time series of wind speed (Fig. 6(a), c) for both the windy
and calm events shows that both schemes reproduce the overall tem-
poral evolution, though differences appear in their ability to capture
observed variability. During the windy event, LES follows the observed
wind speed more closely, while YSU tends to slightly overestimate values
between 10:00 and 18:00 UTC. In the calm event, both schemes show
comparable behavior, tracking the observed diurnal cycle with similar
fidelity.

Scatter plots (Fig. 6(b), d) highlight these contrasts. For the windy
event, LESs,, shows a tighter clustering around the 1:1 line with lower
dispersion compared to YSU, indicating a closer match to observations
under convective conditions. LES,,;, shows more variability compared
to LESsg,, as more turbulence is resolved and the results are more
fluctuating. For the calm event, both models reproduce the variability
reasonably well, though LES displays somewhat reduced scatter and a
smaller mean error. These visual assessments are supported by the sta-
tistical metrics summarized in Table 2. In the windy case, LESs,, yields
lower RMSE (1.23 ms~!) and MBE (0.89 ms~!) compared to YSU (RMSE
= 2.08 ms~!, MBE = 1.73 ms~!), along with a higher IOA (0.53 vs.
0.42). Compared with LES,,;,, hectometric LESs,,, shows similar per-
formance. In the calm case, both YSU and LESs,,, achieve similar IOA (
~ 0.6).

Overall, both schemes are able to capture the main temporal features
of the observed wind speed. LES shows a slightly better agreement with
observations, particularly during the windy event, whereas YSU shows
a slight overestimation during peak solar heating. These results suggest
that LES successfully predicts the temporal dynamics of wind speed un-
der convective conditions, while both approaches perform comparably
during the calm event.
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Fig. 7. Time series and scatter plot of modelled and observed air temperature
for (a,b) Windy event and (c,d) Calm event.

Table 3
Statistical metrics comparing air temperature (T, (K))
from WRF against observations.

Event Case R? IOA  RMSE (K) MBE (K)
Windy  YSU 0.97 076 1.52 -1.38
Windy  LESs,, 0.97 075 1.66 —-1.54
Windy  LES,,, 0.95 073 210 -1.84
Calm YSU 0.98 089 0.86 -0.22
Calm LESy,, 0.97 090 0.85 -0.23
Calm LES,,, 0.97 089 1.08 —-0.70

3.2. Temperature

The time series of air temperature (Fig. 7(a), c) show that both
schemes reproduce the observed diurnal cycle well. During the windy
event, both YSU and LES slightly underestimate daytime peaks, while
during the calm event, simulated temperatures track observations
closely with only a small negative (cold) bias.

In our simulations, we employ SLUCM, in which AH fluxes are
prescribed a priori based on LCZ-dependent values rather than being
dynamically calculated by a building energy model. Consequently, our
configuration does not include dynamically calculated internally gener-
ated, time-varying building waste heat, and air conditioning as would
occur in a coupled building energy parameterizations (BEP) but neglects
all other sources of AH. Instead, the imposed AH acts as an additional
grid-cell averaged sensible heat source. During daytime, its magnitude
(12.5-38 Wm2, depending on LCZ) remains modest relative to net
radiative fluxes and therefore does not dominate the surface energy
balance. This is consistent with the persistence of a cold bias in near-
surface air temperature, indicating that other processes (for example,
surface radiative properties and energy partitioning) exert stronger con-
trol on the modeled thermal state. During nighttime, AH fluxes are still
applied following the prescribed diurnal profile; however, their mag-
nitude is substantially smaller (approximately 3-10 Wm~2). While this
additional heat source leads to weakly positive sensible heat fluxes over
some urban surfaces, it is not sufficient to offset the modeled cold bias.
We therefore hypothesize that the nighttime cold bias is more strongly
linked to enhanced longwave radiative cooling, potentially associated
with uncertainties in prescribed surface emissivity or radiative parame-
terization. A dedicated sensitivity analysis of these effects is beyond the
scope of the present study.

The scatter plots (Fig. 7(b), d) further confirm this close correspon-
dence, with strong correlations between modeled and observed values.
The windy event simulations show a somewhat wider spread, con-
sistent with the higher RMSE values reported in Table 3. Statistical
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Fig. 8. Spatial variation of 2-m air temperature (a,b) Windy event at 2020-04-22 12:00 UTC and (c,d) Calm event at 2020-08-08 12:00 UTC.
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Fig. 9. Radiation components including incoming and outgoing shortwave
(SW,,, SW,,,) and longwave (LW,,, LW,,) radiation for, (a) Windy event, (b)
Calm event. Lines represent WRF results and markers represents EC tower
observations.

metrics (Table 3) indicate nearly identical performance between the two
schemes. Both YSU and LES achieve high R? across both events, demon-
strating that WRF captures the temporal variability well. IOA values
are also high (0.75-0.85), particularly in the calm case. RMSE remains
around 1 K for the calm event and around 1.5-2 K for the windy event.
Both schemes show a consistent small cold bias (MBE between —0.2
and —1.5 K). LES,,, shows higher bias compared to other simulations
as this simulation resolves more turbulence than LESs,, thereby pro-
ducing more fluctuations and hence higher spread in the data. Fig. 8
supports this argument as it shows that with LES,,, there are turbulent
structures that are observed while such pronounced structures are not
dominant in the YSU results. This indicates differences in spatial distri-
bution of air temperature at the neighborhood scale based on the local
flow structures. Details of turbulent structures under two conditions will
be discussed in detail in Section 4.1.

Overall, LES and YSU yield very similar performance in reproducing
observed air temperature at the EC tower height. Both schemes reliably
capture the diurnal cycle and variability, with improved agreement dur-
ing the calm case. The minor systematic cold bias is consistent across
schemes and likely reflects differences in surface representation rather
than the turbulence parameterization itself. Since resolving or correct-
ing such biases is outside the scope of this work, we focus instead on the
comparative behavior of LES and YSU in representing turbulent fluxes
and vertical variability.

3.3. Radiative fluxes

In Fig. 9(a) and (b) radiative fluxes from only LES simulations are
presented in the figure as there was negligible difference between LES
and PBL runs. Incoming solar radiation is correctly predicted for both
windy and calm events (Fig. 9(a) and (b)). As we chose cloud-free days
for the evaluations, the incoming solar radiation shows a clear diur-
nal cycle with the maximum value of approximately 800 Wm~2. WRF
slightly underestimates the SW,, with an MBE of —2.3 Wm~2, and an
RMSE of 26.9 Wm™2. Ruiz-Arias et al. [49] in their intercomparison
study of different radiation models in WRF report a similar negative
bias in irradiance values with the RRTMG model, which is attributed to
the differences in the aerosol concentration.

o EC tower (b
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Fig. 10. Net radiation during (a) Windy event and (b) Calm event. Lines are
from WREF results, markers represent EC tower observations.

LW,, during the windy event has an average value of 251 Wm~2, and
during the calm event has an average value of 329 Wm~2. LW,, shows
less pronounced diurnal variation but reflects seasonal differences in at-
mospheric temperatures. WRF predicts LW;, very well, with an MBE of
4.2 Wm~2 and RMSE of 10.7 Wm~2. LW,,, shows a diurnal cycle with
maximum values around the solar peak with the values being lower
during Windy event compared to Calm event.

It is important to note that while radiation measurements from the
observational site represent point-scale conditions, WRF outputs repre-
sent fluxes on a 100-m grid. As a result, direct comparisons particularly
of upwelling fluxes which are highly sensitive to local surface proper-
ties should be interpreted with caution. For the chosen roof albedo of 0.3
and emissivity of 0.98 in WRF, upwelling fluxes SW,,, and LW, match
reasonably well with the observations.

As the individual radiation components are rather well predicted,
Fig. 10(a, b) where the net radiation is calculated as SW;, — SW,,, +
LW,, —LW,,, is also well predicted. Observations for the first half of the
day on 2020-04-19 were missing and therefore not plotted in Fig. 10(a).
The figure shows that for both the events WRF results match well with
the observations even though there is a mismatch in the scales. For both
the events we observe a peak net radiation approximately at 450-500
Wm~2 and reliable diurnal variations. For the windy event, RMSE and
MBE are 10.45 and — 1.89 Wm2, respectively. For the calm event, RMSE
and MBE are 42.15 and 14.88 Wm™2, respectively. These results provide
confidence in the model’s ability to simulate surface radiative forcing,
which is a critical driver for surface energy partitioning and boundary-
layer development in urban environments.

Overall, the WRF-LES realistically reproduces the magnitude and
timing of surface radiative fluxes for both seasons. The amplitude, phase,
and temporal variability of the modeled radiation terms are consis-
tent with expected physical behavior and observational studies. Minor
discrepancies may arise from simplifications in the land surface or
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Fig. 11. Comparison of time series and scatter plot of modeled and observed SHF
against observations for windy event at (a,b) Observation height (c,d) Surface.

radiation schemes and differences in the scale of measurements but do
not substantially affect the overall energy balance.

3.4. Evaluation of SHF and ‘constant flux layer’ assumption

3.4.1. Windy event

During the windy event, both surface and 50-m fluxes display a clear
diurnal cycle, with daytime peaks above 200 Wm~? (Fig. 11). At the sur-
face (Fig. 11c), WRF reproduces this diurnal evolution well, with only
small differences between YSU and LES. At 50 m, both schemes follow
the daytime cycle reasonably, but differences emerge at night. YSU pro-
duces unrealistically strong negative fluxes (x—125 Wm~2), whereas LES
predicts a weakly stable boundary layer with smaller negative values
(~ —30 Wm~™2). Large negative fluxes with YSU are consistent with its
nonlocal formulation, which prescribes a vertical profile of eddy diffu-
sivity and likely maintains excessively large diffusivity values at 50 m
under stable conditions, thereby enhancing downward heat transport be-
yond what would be expected at that height. In addition, YSU model is
developed for resolutions much coarser than 100-m, so the applicability
of YSU at hectometric resolutions remains uncertain. It is worth men-
tioning here that due to the diurnal profile applied in WRF maximum
AH during night does not exceed 10 Wm~2 and therefore is not strong
enough to produce large negative fluxes observed with YSU model.

It is worth mentioning here that at nighttime, hectometric resolution
LES does not resolve any turbulent structures as stable boundary layers
require a finer grid resolution [1] and therefore it is fully dependent on
SGS modeling. In our results, LES performs better during nighttime, as
the SGS model performs better when compared to YSU model and this
difference in performance is not related to the resolved turbulence.

Observed fluxes from the EC tower remain slightly positive at night,
reflecting near-neutral conditions that neither scheme fully captures.
This contrast arises because WRF’s surface SHF includes anthropogenic
contributions in the SLUCM energy balance, keeping nighttime values
slightly positive, while fluxes at 50 m (diagnosed using Eq. (3)) depend
directly on the resolved vertical temperature gradient. As a result, 50-
m fluxes are more sensitive to how well surface-atmosphere coupling
is represented. Both schemes capture daytime coupling well, but night-
time behavior diverges, illustrating that while a constant-flux layer may
still exist under stable conditions, it becomes much shallower and is
therefore not resolved at the current vertical resolution. Consequently,
the ‘constant flux layer’ assumption holds during convective periods but
becomes less applicable at 50 m under stable conditions.

Scatter plots (Fig. 11(b), d) highlight these differences: WRF repro-
duces the overall variability, though YSU produces excessively negative
values at night. Table 4 confirms that both schemes perform similarly
at the surface and 50 m. Overall, both approaches capture the daytime
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Table 4

Statistical metrics comparing SHF from WRF against observations dur-
ing convective (06:00-18:00 hours) and stable conditions (00:00-06:00 or
18:00-00:00 hours), respectively. A vertical line separates the statistics cor-
responding to the two conditions. All fluxes are footprint averaged.

Event Height Case R? I0A RMSE (Wm~2) MBE (Wm™2)
(m)

Windy 0 YSU 0.66]0.44 0.67|0.57 47.45|15.61  21.41|—0.92
Windy 0 LESs,, 0.65/0.46 0.68]0.53 45.50|15.71 17.11|3.94

Windy 0 LES,,, 0.70/0.58 0.70/0.52 48.71|21.00  16.29|—16.07
Windy 50 YSU 0.66]0.43 0.69|0.16 48.43|85.92  7.78|-79.94
Windy 50 LES;,, 0.68|0.64 0.67|0.27 50.99|43.37  9.37|—41.50
Windy 50 LES,,, 0.51/0.61 0.56/0.29 79.72]40.28  10.26|—38.17
Calm 0 YSU 0.47]0.13 0.58(0.29 49.91|49.54  13.53|43.31
Calm 0 LESs,, 0.48/0.19 0.58]0.29 48.99]49.03  10.51|43.26
Calm 0 LES), 0.51/0.21 0.62]0.39 47.35|33.68  8.35|24.86

Calm 50 YSU 0.48/0.10 0.62(0.38 50.33|36.63  11.88|—6.29
Calm 50 LESs), 0.47|0.33 0.63]0.49 49.48|23.79 —0.41]|-1.98
Calm 50 LES,, 0.38/0.26 0.61]0.40 57.31|25.12  2.97|1.46

SHF evolution during the windy event. As explained in the introduc-
tion, during nighttime hectometric resolution is not sufficient to resolve
turbulence and therefore the comparison in Table 4 is between SGS pa-
rameterization. We explain this in detail in Section 4.3. While daytime
agreement between observations and simulations is reasonable, during
nighttime YSU shows a high RMSE at 50-m height indicating a non-
physical boundary-layer cooling. Our objective here is not to resolve or
correct the nighttime biases in SHF, but rather to assess how LES com-
pares with a traditional PBL scheme in representing turbulent fluxes and
surface-atmosphere coupling.

3.4.2. Calm event

The time series of SHF for the calm event (Fig. 12a, c) shows
lower daytime peaks compared to the windy event, with EC observa-
tions reaching maxima of 100-150 Wm~2 at peak solar heating, despite
2-m air temperatures around 30 °C. Nighttime SHF is negative ( =
-30 Wm™2), indicating a stable boundary layer (SBL), in contrast to
the near-neutral nights in April. This difference is consistent with lower
nighttime wind speeds and stronger radiative cooling during the calm
event.

At the surface (Fig. 12(c), WRF overestimates daytime SHF and
does not reproduce the observed nighttime negative flux, likely because
SLUCM adds anthropogenic heat flux to the surface balance. At 50 m,
LES better represents the nighttime SBL, while YSU produces excessively
negative SHF (— 100 Wm™2) during the first two nights. During daytime,
both schemes overestimate SHF, but the diurnal cycle is still well cap-
tured. Scatter plots (Fig. 12b, d) and metrics in Table 4 confirm these
results with both YSU and LES performing well during daytime con-
ditions. Similar to the Windy event, WRF surface fluxes can be used to
compare against the EC observations during daytime under the ‘constant
flux layer’ assumption for both YSU and LES, while such a comparison
can only be made with LES during nighttime due to the shallow nature
of the surface layer in stable boundary layers.

Overall, both WRF-LES and YSU reproduce the observed SHF reason-
ably well, though nighttime SBL representation remains a challenge. LES
simulates negative fluxes at night more consistently, while YSU tends to
exaggerate stability. However, better performance of LES is not related
to the turbulence being resolved but rather to better SGS parameteriza-
tion compared to YSU. For LES, the hectometer resolution is insufficient
to resolve the nocturnal turbulence which would require very high grid
resolutions [1]. Despite warmer conditions in August, SHF values are
lower than in April, underscoring the key role of turbulent momentum
exchange in regulating surface-atmosphere coupling. At the surface, dif-
ferences between the schemes remain small because fluxes are strongly
constrained by the land surface parameterization. However, at the
observationally consistent height of 50 m, differences become more ap-
parent, highlighting the sensitivity of surface-atmosphere coupling to
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Fig. 12. Comparison of time series and scatter plot of modeled and observed SHF
against observations for calm event at (a,b) Observation height (c,d) Surface. All
fluxes are footprint-averaged.

turbulence representation. These evaluations show that LES and YSU
provide broadly comparable performance for basic meteorological vari-
ables and near-surface fluxes, supporting the use of WRF-LES for urban
simulations at hectometric resolution. A key advantage of LES is its abil-
ity to resolve turbulent structures and influence spatial organization of
turbulent fluxes during convective conditions. In the following discus-
sion, we focus on how differences in turbulent structures and advective
fluxes emerge between YSU and LES.

4, Discussion

4.1. Turbulent structures and horizontal local-scale advective fluxes
in urban areas

The organization of horizontal advective fluxes within urban areas is
closely tied to the underlying turbulent structures, as these control the
spatial distribution of wind and temperature gradients. We therefore be-
gin by analyzing vertical velocity fields to characterize turbulence in
the two events. We note here that this analysis is limited to the day-
time convective conditions. The relative role of mechanical turbulence
(wind shear) during the windy event and buoyant turbulence (surface
heating) during the calm event can be characterized by the ratio z;/L,
where z; is the PBL height and L is the Obukhov length. Previous
studies [17,52,67] show that for —z;/L ~ 15-20, turbulent exchange
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is dominated by convective rolls, while for —z;/L > 25, the system
transitions to convective cells, with buoyancy-driven turbulence domi-
nating. In our simulations, —z;/L < 10 for the windy event and —z;/L >
100 for the calm event at peak solar heating. Consistent with theory and
observations [11,17,30,52,67], LES reproduces quasi-two-dimensional
streamwise convective rolls during the windy case (Fig. 13b) and cellu-
lar convection under buoyancy-dominated conditions in the calm case
(Fig. 13f). In order to ensure that the structures observed in hectometric
LESs,, are not just numerical artifacts, we also present the turbulent
structures from fine resolution LES,; at two heights 20 m and 60 m
(Fig. 13). The figures show that hectometric LESs,, (Fig. 13(b, )
produces realistic turbulent convective rolls and cells very similar to
high-resolution LES,, (Fig. 13(c, d, g, h)).

YSU scheme does not produce fully developed coherent turbulent
structures in either case. During the windy event, only weak mesoscale
perturbations appear (Fig. 13(a), while in the calm event the simulated
structures are poorly developed and would require longer fetch to orga-
nize into resolved convection (Fig. 13(e); [45]). These differences align
with the stronger winds in April versus the weak winds in August. The
turbulent structures captured by LES confirm that WRF-LES at hectomet-
ric resolution can realistically reproduce convective turbulence in urban
boundary layers, while the YSU scheme remains limited by its 1D formu-
lation. It is worth mentioning that, at hectometric resolution, the YSU
scheme manages to resolve a few turbulent structures during the calm
event. However, this is counterproductive, as it leads to partial resolu-
tion of turbulence, which violates the assumptions of the PBL scheme
that grid scale turbulence is negligible. This potentially leads to double
counting of turbulence which will be made clear in the upcoming section
dealing with the partitioning of resolved and SGS fluxes.

The difference in turbulence structures between the two simulations
is also reflected in the one-dimensional velocity spectra (Fig. 14). These
spectra are plotted for the hours 10:00 to 14:00 UTC on 2020-04-19
and 2020-08-05, respectively. The LESs,, runs suggest the characteris-
tic form of the ABL spectra, with an inertial subrange that follows the
Kolmogorov —5/3 scaling, as well as the expected anisotropy between
the longitudinal and transverse velocity components. Toward smaller
scales (large wavenumbers), the v and w spectra converge, reflecting
the transition toward local isotropy in the inertial subrange (consistent
with Figure 2 in Kaimal and Finnigan [29]). The collapse of v and w
energy at high wavenumbers, together with the steeper decay of the
u spectrum, indicates that the LES is resolving a portion of the turbu-
lent cascade down to the grid scale. As expected, the finer-resolution
LES,, resolves a larger fraction of turbulent energy than LESs,,. The
comparison between these two LES configurations also indicates that
hectometric LES does not fully resolve the turbulence spectrum but
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Fig. 13. Horizontal cross-section of vertical velocity for (a,b,c,d) Windy event (on 2020-04-22 12:00 UTC) and (e,f,g,h) Calm event (on 2020-08-08 12:00UTC), for
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captures a dynamically consistent portion of the energy-containing and
inertial subrange motions under convective conditions. In relative terms,
LES5,, resolves substantially more turbulent energy and preserves more
realistic spectral structure than the YSU simulation.

In contrast, the YSU spectra show a more rapid decay of energy with
wavenumber, indicative of limited representation of smaller-scale tur-
bulent motions and a more diffusive effective behavior of the closure
at this resolution. The YSU spectra also do not consistently exhibit the
expected transition from anisotropy at large scales to greater isotropy
at smaller scales. For example, in the windy case, the transverse ve-
locity component departs from the —5/3 behavior, while in the calm,
buoyancy-dominated case, the vertical velocity spectrum contains sub-
stantially less energy than in LES, suggesting weaker representation of
buoyancy-driven motions. Specifically, in the calm case, the LES w-
spectral energy at the energy-containing scales is on the order of 10°,
whereas the YSU w-spectral energy is on the order of 1072, corresponding
to a difference of (9(10%) (approximately two orders of magnitude).

These differences indicate that, although some variability becomes
resolved at hectometric resolution, the turbulence cascade is only par-
tially represented in the YSU simulation. At grid spacings of @(100m),
the model operates in the so-called gray zone (or terra incognita) of
boundary-layer modeling [70], where energy-containing turbulent mo-
tions begin to be partially resolved while parameterizations are still
formulated under the assumption that turbulence is predominantly sub-
grid. Because 1D PBL schemes such as YSU are not scale-aware, they do
not adjust parameterized mixing in response to resolved turbulent mo-
tions, which can lead to an inconsistent partitioning between resolved
and parameterized transport.

Overall, while 100-m resolution does not capture the smallest turbu-
lent scales, the LES simulations reproduce spectral characteristics that
are more consistent with canonical ABL turbulence behavior, whereas
the YSU closure yields a more weakly energetic and less dynamically
structured turbulence field. These differences in the distribution of tur-
bulent energy across scales contribute to differences in the role of
advection in the simulated energy balance.

Differences in turbulent structure directly shape horizontal advective
heating rates over urban pixels (Fig. 15c, d, g, h). In LES, fluxes show
clear roll- and cell-like organization, while in YSU they remain weak.
The magnitudes of SHF,,;, in LES are consistently many times larger
than in YSU, underscoring the role of resolved turbulence in enhancing
lateral heat transport across the urban canopy layer. We note that LES
flux magnitudes can be sensitive to resolution, particularly when simu-
lations operate near the energy-containing scales without fully resolving
the inertial and dissipation ranges. However, the finer-resolution LES,,,
simulation, performed with identical forcing, exhibits similar turbulent
organization and even stronger relative advective heating rates. This
suggests that the enhanced horizontal advection in LES is not solely a
consequence of marginal resolution, although the absolute magnitude
of advective fluxes may remain resolution-dependent. During the windy
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event, advective fluxes are dominated by the streamwise component,
reflecting the easterly wind and roll alignment, while in the calm case
both streamwise and crosswind contributions are comparable, consistent
with cellular convection. Although not generalizable without sensitiv-
ity tests, the urban signal shows a distinct contrast: positive SHF,,,
during the windy spring event, and negative S H F,;, during the calm
summer event. As expected LES,(, due to higher resolution and turbu-
lence, shows higher advective heating rate when compared to LESgq,.
Complete physical interpretation is outside the scope of the current
study, however the structural organization and stronger magnitudes are
robust LES features, further justified by the high resolution LES. A full
sensitivity analysis of the urban warming or cooling through, advec-
tion is beyond the scope of the present study. The results indicate that
the resolved turbulent structures give rise to neighborhood-scale energy
transport in urban areas. The ability of hectometric simulations to re-
solve horizontal advection has been previously reported in Simé et al.
[56]. Furthermore, WRF simulations at 1 km resolution also underline
the importance of advection in heat transport in urban areas [19].

4.2. Horizontal and vertical advective flux divergence over urban areas

The vertical profiles of horizontal advective heating rate averaged
over urban pixels surrounding Enschede, (SHF,,,) (Fig. 16(a)-d) ()
represents planar averaging), show that in both events LES produces
larger near-surface magnitudes than YSU. During the windy event,
(SHF,,,) is positive at the first model level close to the urban surfaces,
a signature of streamwise roll organization that channels heat laterally
across the urban boundary layer (Fig. 13(d). In contrast, during the calm
event, near-surface (S H F,;,) is negative, reflecting the divergent trans-
port associated with cellular convection (Fig. 13(h). In both cases, LES
enhances lateral energy transport in the urban atmosphere compared to
YSU, underscoring the importance of explicitly resolved turbulence for
neighborhood-scale urban-atmosphere coupling. However, it is worth
emphasizing here that while LESs,, captures the neighborhood advec-
tive transport, profiles from LES,;, show a higher magnitude indicating
that the LESg,, results are still grid-resolution dependent. This indi-
cates that although hectometric LES manages to incorporate additional
physics, the results are still grid-resolution dependent. A more detailed
analysis of these fluxes is beyond the scope of the present analysis.

Fig. 16(e—f) further shows spatially averaged SHF profiles for the
windy event. The profiles were averaged over a square area of approx-
imately 6 km x 6 km in the center of Enschede. In both events, YSU
produces a nearly linear decrease of SHF with height, consistent with its
assumption of horizontal homogeneity, yielding entrainment fluxes of
~25-50 Wm~2 near the PBL top. In contrast, LES exhibits non-standard
(non-linear) vertical profiles in the urban boundary layer. These de-
viations from the near-linear profiles expected in idealized convective
boundary layers arise because the assumptions underlying such profiles
(horizontal homogeneity and statistical stationarity) are not satisfied
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Calm event (on 2020-08-08 1200 UTC), respectively.

in the present case. The urban surface is highly heterogeneous, and
turbulent transport is dominated by spatially organized updrafts and
downdrafts linked to surface contrasts. In addition, the boundary layer
is evolving during the analysis period, as surface radiative forcing and
urban heat storage change on timescales comparable to the 30-minute
averaging window. Under such transient and heterogeneous conditions,
spatial averaging does not necessarily recover the near-linear vertical
flux profiles predicted for steady, homogeneous convective boundary
layers.

This behavior is further illustrated by the higher-resolution LES,,,
which shows stronger entrainment flux at the top of the PBL for
the windy event, while LESs,,, exhibits some resolution dependence.
The comparison with LES,,,, indicates that resolution influences the
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magnitude and vertical distribution of turbulent fluxes, particularly dur-
ing the Windy event. However, the overall non-linear profile shape
persists across resolutions, suggesting that urban heterogeneity and co-
herent flow organization play a primary role. The partially resolved
turbulent flux is further elaborated in Section 4.3. Similar behavior with
non-standard profiles has been reported in hectometer-resolution LES
over London by Lean et al. [36], with a slight near-surface increase in
total flux also noted in hectometer and sub-hectometer simulations by
Blunn et al. [2]. The partitioning between resolved and SGS fluxes in
our study is also consistent with these studies [2,36].

During the calm event, convective cells redistribute heat vertically,
producing large deviations from the linear profile. Although strongly
convective boundary layers over homogeneous surfaces can exhibit
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near-linear mean flux profiles after long averaging, the presence of
spatially anchored convective cells and evolving surface forcing in the
urban environment prevents the boundary layer from reaching such
statistical equilibrium during the averaging window considered here.
At the surface, fluxes are comparable for YSU and LES because they
are constrained by the land surface model. However, as shown by the
vertical profile of horizontal advection in LES, reorganization of fluxes
above urban surfaces produces three-dimensional variability that is only
marginally present in YSU. From Fig. 16(g) and (h), LESs,, produces
profiles that are very similar to those from LES,,, under highly convec-
tive conditions, suggesting that hectometric resolution is sufficient to
capture the dominant turbulent transport structures in buoyancy-driven
regimes.

Finally, in LES for both windy and calm events, SGS turbulence
dominates only very close to the urban surface, while most of the
mixing within the urban boundary layer is explicitly resolved during
daytime convective conditions. LES therefore provides a more explicit
representation of the three-dimensional variability of turbulent trans-
port above the surface layer, while we note that some quantitative
aspects of the fluxes may remain resolution-dependent under certain
conditions.

4.3. Resolved turbulence vs Modeled turbulence

As elaborated in the previous section, LES resolves large-scale con-
vective rolls and cells, allowing a portion of the turbulent fluxes to
be captured by these flow structures. This reduces WRF’s dependence
on parameterized turbulence, thereby minimizing model-related uncer-
tainties in representing turbulent exchanges. It is therefore important to
quantify the proportion of turbulence that is resolved by the model ver-
sus that which remains unresolved and must be parameterized through
the SGS scheme. Fig. 17(a—d) presents the total, resolved, and SGS con-
tributions to the surface SHF for the YSU, LESs,, and LES,,, during
the Windy event. As shown previously, the YSU scheme does not re-
solve any turbulence structures, resulting in negligible resolved SHF and
complete reliance on the SGS component. This highlights the model’s
strong dependence on the PBL scheme for representing turbulent pro-
cesses. In contrast, Fig. 17(b) shows that in the LES5,,, simulation, nearly
50% of the turbulent SHF during daytime is resolved by the model,
with the remaining 50% handled by the SGS scheme. However, during
nighttime, when turbulent structures are smaller than the model’s grid
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scale, both models rely entirely on SGS parameterization, and the re-
solved turbulence becomes negligible. This shows that at hectometric
resolution LESs,, although turbulence is resolved above the first at-
mospheric grid point, at 50-m height nearly 50% of the turbulence
is modeled. However, with finer-scale LES,,,, at 60-m height nearly
80-90% more of the turbulence is resolved. Nonetheless, as the profiles
shown in the previous section indicate, resolved turbulence increases
above the first atmospheric level which will have implications on turbu-
lence mixing in the PBL. It is worth mentioning here that we observe
resolved turbulent fluxes not only with LESgy,, and LES,, but also
with coarser resolution LES with Ax, Ay = 500 m. Comparison of tur-
bulence structures and resolved scale fluxes with 500-m resolution LES
is provided in Appendix C.

During the Calm event, as discussed in the previous section
(Fig. 13(c)), convection generated a few turbulent structures in the YSU
simulation. As a result, compared to the Windy event, a small amount
of turbulence is resolved during the daytime, even with the YSU model
(Fig. 17 c). While PBL schemes are typically designed under the assump-
tion that all turbulence is sub-grid and must be parameterized, running
these schemes at hectometric resolutions results in partial resolution
of turbulent motions, even if limited. This overlap between resolved
and parameterized turbulence may lead to double-counting of turbulent
fluxes, introducing inconsistencies in the simulation of boundary layer
processes. Our results show that YSU resolves nearly 20% of turbulence
due to the partially developed structures presented in Fig. 13(e). In con-
trast, in the LES, the convective cells are approximately the size of the
WREF grid, resulting in 80% of the daytime turbulence being explicitly re-
solved. Only a small portion remains to be represented by the sub-grid
scale scheme Fig. 17(d). The difference in the percentage of resolved-
scale turbulence between the windy and calm events arises from the
dominance of shear during the windy event. Strong wind shear tends to
break up large-scale turbulent structures into smaller eddies that fall be-
low the model’s grid resolution, resulting in a higher proportion of SGS
flux in the windy event simulations.

It is important to note that nighttime SHF is entirely dependent on
the PBL scheme in the YSU model and on the SGS turbulence scheme
in LES. During nighttime, turbulent structures are typically smaller in
scale [1] and therefore remain unresolved at hectometric resolution.
Consequently, both YSU and LES rely on SGS parameterizations and we
conclude that there is no benefit to performing hectometric LES under
nighttime conditions.
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5. Conclusions

This study compared WRF-LES at hectometric grid resolution with
a traditional 1D PBL scheme (YSU) to evaluate whether LES achieves
comparable performance for key urban climate variables, while also
providing additional physics such as resolving turbulent structures, flux
variability with height, the resolved - SGS turbulence partition, and hor-
izontal advection. LES results showed broadly comparable agreement
with observations to the YSU model in predicting near-surface vari-
ables, but with the added advantage of partially resolving turbulent
motions during convective daytime conditions and revealing vertical
variations in fluxes that remain hidden in 1D approaches. However, both
approaches depend on parameterizations during nighttime conditions
due to the coarse grid resolution.

Running WRF at 100 m horizontal and 50 m vertical resolution
enabled the explicit resolution of large-scale turbulent eddies that are
parameterized in mesoscale setups, during convectively forced portions
of the diurnal cycle. Fluxes extracted at model levels corresponding to
the measurement height highlight how LES provides more physically
grounded representation of surface-atmosphere coupling. In particu-
lar, LES resolved convective rolls during the windy April event and
convective cells during the calm August event during convective con-
ditions. However, YSU failed to resolve any turbulent structures during
the windy event and only partially developed turbulent structures dur-
ing calm event which develop after a long fetch. However, the fact that
YSU develops turbulent structures violates the underlying assumption
of the PBL scheme that all turbulence is sub-grid scale. This leads to
double-counting of turbulence and underlines the disadvantage of using
PBL schemes at hectometric resolution.

LES reduced mean wind speed bias from 1.73 to 0.89 ms~! during
the windy event and from 0.47 to 0.02 ms~' during the calm event.
By extracting fluxes at appropriate model levels using WRFlux [16],
we avoided inconsistencies inherent in the constant flux layer [61] as-
sumption and showed that surface fluxes alone can misrepresent flux
variability. Turbulence spectral analysis further confirmed that LES re-
produces an inertial subrange, while absence of realistic spectra in YSU
provided evidence of missing resolved motions. Therefore, at 50 m, LES
fluxes displayed somewhat more realistic turbulent fluctuations similar
to EC observations, whereas surface fluxes were overly smooth dur-
ing day time. However, both LES and YSU were unable to reproduce
near-surface fluxes during nighttime conditions.

Comparison of horizontal advective SHF revealed that LES captures
substantially stronger lateral transport than YSU (up to 3—4 times larger)
directly linked to the resolved turbulent structures (rolls and cells).
However, it is worth mentioning that 100-m horizontal and 50-m verti-
cal resolution is coarse and therefore these results are grid-dependent.
These results are suggestive of increased lateral transport, which is fur-
ther justified by the fine-resolution LES presented in our study. Vertical
SHF profiles in LES deviate from the linear profile imposed by the 1D
closure, reflecting the three-dimensional turbulent variability that the
YSU scheme does not represent. During peak daytime turbulence, at
100-m horizontal and 50-m vertical resolution, LES resolved approxi-
mately 50% (windy case) to 80% (calm case) of the total flux at the first
atmospheric level, reducing dependence on model assumptions and im-
proving physical realism. However, both LES and YSU struggle during
nocturnal stable conditions, where performance is sensitive to the SGS
closure.

Overall, this study demonstrates the added value of hectometric
WRF-LES for resolving realistic turbulent structures, capturing horizon-
tal and vertical advective heat transport, and quantifying the balance
between resolved and SGS fluxes. These capabilities are essential not
only for urban heat flux studies but also for understanding plume disper-
sion, pedestrian-level thermal comfort, and the role of urban turbulence
in convective initiation and extreme precipitation. Hectometric LES
therefore provides a more physically grounded basis for advancing urban
climate modeling in rapidly warming cities.
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Appendix A. Planetary boundary layer schemes used in the study
A.1. Yonsei university (YSU) PBL scheme

The YSU scheme is based on a ‘nonlocal-K’ approach [22] and in-
cludes counter-gradient fluxes to account for thermals and eddies of
boundary-layer scale that transport heat and other properties based on
bulk gradients which could be larger than, or of opposite sign when com-
pared to local gradients. For the mixed layer (z < h, where h is height of
the PBL), the turbulence diffusion equations for prognostic variable can

( aC
c

be expressed by
5 ) —w/c/h(ﬁ)z] :

where C represents the prognostic variable such as temperature, veloc-
ity, humidity etc., K, is the eddy diffusivity, y, is the counter-gradient
term which acts as a correction to the local gradient and adds the contri-
bution of thermals and PBL scale eddies to the total flux, and w’ C;l is the

JC _ im_a

o T oz

32 (A.5)

— 3
flux at the inversion layer. w'c’), (% accounts for the entrainment flux

at the top of the PBL. Due to the addition of nonlocal, counter-gradient
term YSU model is well-suited for simulating convective boundary lay-
ers. More details about the YSU model can be found in Hong et al. [22].
It is amply clear from Eq. (A.5) that only 1D vertical turbulent exchange
is assumed between the surface and the atmosphere.

A.2. Non-linear backscatter and anisotropy (NBA) model for SGS
momentum flux and smagorinsky model for SGS heat flux

In LES, turbulence partially resolved and only the sub-grid scale tur-
bulence is modeled. Total flux can therefore be represented as, z;,, =

1
ut esolved Tl.sl.gs. Resolved scale turbulence can be easily calculated based

on time averages, using 7;; = ﬁ - ﬁi_iij, where the overbar represents
time averaging, and tilde represents filtering based on the grid size.
However, the SGS turbulence r,ings needs to be modeled with an SGS
model.

In our LES simulations we use the 3D NBA SGS model [41]. This
model is based on a nonlinear constitutive relation that incorporates
second-order terms, which account for both backscatter and normal
stresses in the context of sheared homogeneous turbulence. The SGS
stress within the NBA model can be expressed as a function of the strain
rate, as shown below,

7 = (G 2SS 7Sy + € (St -

1

Smnjmnﬁij )

W | —

(A.6)
+ Cy(Sy Ry — Ry Sy
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where, S, =
R,.j = % (o /ox ;= o /0x;) is the resolved rotation-rate tensor, C; =
[8(1+C,) /2722, € = C, = 96012C,/7(1 + C)Sy, S, = 0.5, and
C, = 0.36.

Model parameters in the NBA model depend only on one free parame-
ter, the backscatter coefficient C,. Based on Kosovi¢ [33] the backscatter
coefficient is given a value of 0.36. In the limit of C;, — 0, the NBA model
reverts to linear eddy-viscosity Smagorinsky model. For detailed expla-
nation of the NBA model we refer to Mirocha et al. [41] and Kosovi¢
[33].

Eq. (A.6) only provides the SGS momentum flux i.e., the eddy viscos-
ity for SGS turbulent mixing, however the heat diffusion coefficient K,
is not modeled with the NBA model. Therefore, under the NBA model X,
is modeled using the Smagorinsky model, where similar to momentum
flux, total heat flux is calculated as, ¢; = q}”"’”"d + qj.gs. Heat flux can

% (0;/0x; + 0ii; /0x;) is the resolved strain-rate tensor,

be easily calculated based on time averages, using ¢/¢**'v¢¢ = L;;b - ﬁ_jg,
where overbar represents time averaging, the tilde represents filtering
based on the grid size, and u; represents the velocity.

The SGS heat flux is modeled as,

sgs a6
qjg — _Kha_xj’ (A7)
K, = ((cxl)2 (S‘,.j§,.j)> /Pr,. (A.8)

Here, K}, is the diffusion coefficient, C, = 0.16 is the Smagorinsky coef-
ficient. The length scale is calculated by / = (AxAyAz)'/3, Pr, is the SGS
turbulent Prandtl number. In Eq. (A.8), the Prandtl number is set based
on the atmospheric stability quantified by the Brunt-Viisila frequency
(N2 = %%) with Pr, values 0.33,0.7, and 1.0 for unstable (N2 < 0),
neutral (N2 = 0), and stable (N2 > 0) conditions respectively [15,40].

Appendix B. Evaluation metrics

We use Root Mean Squared Error (RMSE) and Mean Bias Error (MBE)
to quantify the average magnitude and direction of model errors, re-
spectively. However, these metrics do not capture how well the model
reproduces the observed variability and timing. Index of Agreement
(IOA) is preferred over R?> because it assesses both the accuracy and
precision of the model, even when the observations have low variance
unlike R?, which can be misleading in such cases.

B.1. Root-mean-square error (RMSE)

The Root Mean Square Error (RMSE) measures the average magni-
tude of the errors between modeled and observed values. It is sensitive
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to large errors and is expressed in the same units as the variable being
evaluated. RMSE is defined as:

RMSE = (B.9)

where M; and O, are the modeled and observed values, respectively, and
N is the number of data points.

B.2. Mean bias error (MBE)

The Mean Bias Error (MBE) quantifies the average deviation between
modeled and observed values, indicating whether the model systemati-
cally overestimates or underestimates the observations. A positive MBE
implies overestimation, while a negative MBE implies underestimation.
It is given by:

N
1
MBE = ’;(M,- -0) (B.10)

B.3. Index of agreement (I0A)

The Index of Agreement (IOA) [69] is a dimensionless metric that
quantifies the degree to which model predictions match the pattern and
variability of observed values. It evaluates both the magnitude and di-
rection of deviations relative to the mean of the observations, providing
a normalized measure of model performance.

I0A is defined as,

i, M -0

I0A=1- — 7 .
Yo (M- 0| +|0,-0])

(B.11)

IOA ranges from 0 to 1, where 1 indicates perfect agreement between
modeled and observed values, and O represents complete disagreement.
Low IOA values typically occur when the model’s variability is out of
phase with the observations—i.e., when the model consistently over-
estimates during low observed values and underestimates during high
observed values, or vice versa.

Appendix C. Robustness of WRF-LES turbulent features at coarse
horizontal resolution of 500 m

Fig. C.18 presents a comparison of the resolved and modeled fluxes
at different horizontal resolutions and corresponding turbulent struc-
tures represented by vertical velocity. As can be seen in Fig. C.18(c)
and (o) even at 500-m horizontal resolution turbulent structures are

CALM

—Total == Resolved -:-: SGS o

A2
d’.l\.v‘

dx. dy =100 m|

dx, dy = 100 m

@ dy =500 m

oo,

i) &

X dy=%m

0
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Fig. C.18. Time series of resolved, SGS, and total turbulent SHF for (a) Windy event, YSU, (b) Windy event, LES, (c) Calm event, YSU, and (d) Calm event, LES model.
Shaded region and right axis represents the resolved flux fraction calculated as the ratio of resolved flux to the total flux.
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resolved although the not at the same strength as 100-m horizontal
resolution. Furthermore, the percentage of resolved flux is lower com-
pared to LES with horizontal resolution of 100-m (Figs. C.18(g, k)) and
33-m (Figs. C.18(h, 1)). However, both the resolved flux and turbulent
structures indicate that the features are robust LES features and not just
numerical artifacts. Fig. C.18 shows that at 500m resolution the re-
solved sensible heat flux is reduced by up to 20% at the first atmospheric
model level compared to the 100 m simulation. This result confirms the
expected scale dependence of resolved turbulence, with finer horizon-
tal resolution leading to a larger resolved flux fraction. Importantly,
this comparison demonstrates that the enhanced resolved turbulence at
100m resolution is not an artifact of a single grid choice but follows
physically consistent resolution-dependent behavior.

Data availability

Data will be made available on request.
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