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Abstract: This study has investigated the effectiveness of the large-eddy simulation version of the
Weather Research and Forecasting Model (WRF-LES) in reproducing atmospheric conditions
observed during the Perdigao field experiment. When comparing the results of the WRF-LES model
with the observations, using LES settings can accurately represent both large-scale events and the
specific characteristics of atmospheric circulation at a small scale. Six sensitivity experiments are
performed to evaluate the impact of different Planetary Boundary Layer (PBL) schemes, including
the MYNN, YSU and Shin and Hong (SH) PBL models, as well as Large Eddy Simulation (LES) with
Smagorinsky (SMAG), a 1.5-order turbulence kinetic energy closure model (TKE) and nonlinear
backscatter and anisotropy (NBA) subgrid-scale (SGS) stress models. Two case studies are selected
to be representative of flow conditions. In the northeastern flow, the MYNN NBA simulation yielded
the best result at a height of 100 m with an error rate of -0.03 m/s, although SH generally produces
better results than PBL schemes. In the southwestern flow, MYNN 1.5 TKE simulation at station Mast
29 is the best result, with an error rate of -0.01 m/s. The choice of SGS models over complex terrain
affects wind field features in the boundary layer more than above the boundary layer. The NBA
model generally performed better results in complex terrain when compared to other SGS models. In
general, the WRF-LES can model the observed flow with high-resolution topographic maps in
complex terrain with different SGS models for both flow regimes.

Keywords: Wind Energy; Resource Assessment; large eddy simulation; planetary boundary layer

1. Introduction

Wind farm siting in complex terrain conditions creates significant challenges and requires
thorough validation of modeling methods. The meso-micro coupling is one of the most widely used
techniques nowadays. The higher horizontal resolution enables the accurate modeling of the
boundary layer, resulting in a more accurate depiction of the temporal and spatial distribution of the
atmosphere, boundary layer and turbulence [1-10].

The motion of winds in complex terrain is affected by the characteristics of the surface features
(land class/roughness length) and the specific elevation of the area, including hills, ridges, and
mountains [11]. Modeling wind farms in complex terrain requires a more sophisticated approach
than the typically employed linearized models like WAsP [12]. Computational fluid dynamics (CFD)
methods are being used more and more to predict flows over complex terrain areas to consider these
phenomena and offer more precise predictions of wind resources [13]. However, enhancing
numerical modelling techniques for complex terrain necessitates considering several microscale
processes, such as flow recirculation and the impact of the topography. Atmospheric models like the
Weather Research and Forecasting Model (WRF) allow for downscaling through grid nesting [14].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This means that the lateral boundary conditions for a smaller region in the model are determined by
the outer grid simulations surrounding it.

To perform an accurate simulation of the turbulent flow field in the atmospheric boundary layer,
it is required to conduct high-resolution simulations and account for the consequences of the large-
scale features of the flow. A successful approach involves employing coupled mesoscale and
microscale simulations, which accurately address different scales of atmospheric motion. The
turbulence effects in traditional mesoscale grid cells, which have large horizontal footprints (with a
horizontal grid spacing of approximately a couple of thousands m), are parameterized only in the
vertical direction. This is done using turbulence schemes such as the Mellor-Yamada-Nakanishi-
Niino level 2.5 (MYNN) scheme and the Yonsei University (YSU) scheme [15,16]. The assumption of
horizontal homogeneity is made by these schemes. On the other hand, when conducting turbulence-
resolving simulations with a horizontal grid spacing of 100 meters, turbulence models are required
to parameterize the turbulence in all three orthogonal directions, such as the Smagorinsky approach
or the Lilly method down to the inertial subrange scales [17-19].

Large Eddy Simulation (LES) is a method that involves resolving the energy-producing scales
of three-dimensional atmospheric turbulence, while filtering out the smaller-scale component of the
turbulence spectrum from the flow field using a spatial filter [20,21]. By choosing a filter scale within
the inertial subrange, the flow field might be divided into two parts: a resolved component that
includes many scales responsible for turbulent transport and turbulence kinetic energy production,
and a subfilter component that consists of scales within the turbulence cascade [22,23]. The subfilter
component’s main role is to dissipate energy from the resolved scales. The effects of the unresolved
scales are captured within the subfilter-scale (SFS) stress. SFS stresses and fluxes are typically
represented using SGS models, which offer time and space-dependent inputs for the explicitly
resolved turbulent motion. These models ain to accurately replicate the statistical dissipation of
energy in the turbulance cascade. The SGS can have a significant impact on the performance of LES.
Additional information regarding the incorporation of Large Eddy Simulation into the Weather
Research and Forecasting model can be found in the works of Mirocha and Kirkil [24,25].

Over the past few decades, researchers have created and refined large eddy simulation models
that effectively simulate turbulence in the atmospheric boundary layer. These models also account
for the interaction between the atmosphere and the ground surface, as well as the formation of the
boundary layer [26-32].

In addition, LES simulations conducted in the WRF Model can utilize a wide range of
atmospheric physics parameterizations, including a developing collection of parameterizations that
are sensitive to scale [33,34]. Although LES is ideal for studying turbulent flow in the atmosphere at
the scale of the Weather Research and Forecasting model, the model’s use of terrain-following
coordinates makes it challenge operate LES over more complex or steep terrain [35,36]. Terrain-
following coordinates are effective for mesoscale simulation resolutions. However, when high
resolutions are utilized to record steep terrain slopes, numerical errors can occur, leading to a grid
that is extremely skewed and has significant numerical inaccuracies [37-41].

Field observations are necessary to validate numerical models for complex terrain. One of the
first field studies at Askervein hill is investigated an isolated hill [42]. The Bolund hill campaign
was another campaign that was carried out over an isolated hill in Denmark, outlined by Bechmann
[43]. Rodrigo conducted the Alaiz field campaign in Spain, which encompassed mountain valley
topography [44]. Perdigao field campaign is the selected test site for this study conducted in Portugal
in 2017 [45]. The Perdigao experiment completed a comprehensive analysis of the airflow along two
parallel ridges and yielded significant data for the characterization of flow in complex terrain
[9,10,46-49].

Ensuring suitable treatment of the planetary boundary layer (PBL) in the “gray zone” is another
crucial concern in multiscale simulations on complex terrain, in addition to the correct
parameterization of turbulence. Within the resolution range of around 1.5 km to 100 m, known as the
‘gray zone’ or 'terra incognita’, models begin to explicitly resolve the bigger turbulent eddies [50-55].
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Implementing a turbulence scheme may thus deteriorate the depiction of the bigger eddies, while
still being essential to parameterize the smaller components of the turbulent spectrum [50,53,56,57].

Mesoscale turbulence parameterization are not appropriate for the gray zone scales and too large
for an LES scheme to accurately represent turbulent eddies. When dealing with complex terrain, a
substantial increase in the mesh refinement ratio might result in a notable discrepancy in topography
at the boundaries between the mesoscale and the nested LES domains. Hence, it is crucial to examine
the model’s performance at gray zone sizes in areas with complex topography.

The aim of this study is to facilitate the shift towards high-resolution atmospheric modeling by
assessing the advantages and drawbacks of existing approaches. The WRF-LES model was tested for
the accuracy of the model by modelling the flow pattern caused by the topography, comparing it
with the measurement results in the Perdigao experimental field [45]. The objective of this study is to
demonstrate how combining mesoscale-to-microscale simulations can enhance wind characteristics
in complex terrain. A study was conducted on how PBL and SGS schemes affect a single day in a
complex terrain. We examine two specific case studies that serve as typical examples of varied
atmospheric wind direction patterns: Northern flow and Southern flow. These patterns were
frequently noticed throughout the field experiment. Six sensitivity simulations were performed using
three distinct approaches: a conventional local PBL parameterization, Mellor—Yamada—Nakanishi-
Niino level 2.5 (MYNN); a conventional, nonlocal PBL parameterization, Yonsei University (YSU);
and a scale-aware PBL parameterization, Shin-Hong (SH), with three LES SGS stress models. Section
2 presents the chosen case study, outlines the model setup and optimization, and explains the
technique used to assess the model’s performance. Section 3 provides an analysis of the spatial and
temporal changes in the boundary layer across several model settings in the multi-nested
configuration. Section 4 examines the outcomes and establishes connections with the findings of
previous research and summarizes the major results.

2. Materials and Methods
3.1. Perdigdo

The Perdigao field campaign is a collaborative effort between the European Union and the
United States, involving more than 70 scientists, engineers, and supported people. This site was
chosen because to the elongated valley that spans more than 2 km, indicating that the flow seen here
may accurately mimic the characteristics of a simplified two-dimensional valley flow in the natural
environment Figure 1 [45]. A comprehensive and high-resolution dataset was obtained throughout
the intensive operation time, which lasted from May 1, 2017, to June 15, 2017.
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Figure 1. Perdigdo Terrain.

The data collection equipment consisted of 49 meteorological towers, ranging in height from 10
to 100m, provided by UCAR/NCAR - Earth Observing Laboratory [58,59]. Additionally, there were
over 180 sonic anemometers, 21 scanning wind lidars, 7 profiling wind lidars three microwave
radiometers (MWRs), a radio acoustic sounding system (RASS) wind profiler and radiosonde
launches conducted every 6 hours [9]. This study utilized tower measurements from towers Mast 20
(also known as tower 20 or TSE04), Mast 25 (also known as tower 25 or TSE(09), and Mast 29 (also
known as tower 29 or TSE13). The predominant wind directions in Perdigao are from the northeast
(NE) and southwest (SW). So, this study specifically examines the wind flow that is perpendicular
(cross-valley) to the double ridge.

Three 100-meter meteorological towers were positioned in a transect that was approximately at
a right angle to the ridges. The location Mast 20, situated around 150 meters southeast of the wind
turbine along the ridgeline, accurately represents the inflow circumstances. Mast 25 is situated in the
valley, whereas Mast 20 is positioned on the north-eastern ridge.

2.2. Case Selection

In May and June 2017, a series of intensive operational period (IOP) were carried out to
specifically study the wind patterns in mountain-valley areas and the boundary layer. The objective
of the project was to assess and enhance the efficiency of numerical models with high resolution
(10m-100m) grids [45].

Our study focuses on two specific cases: one on 19-20 May 2017 for north-eastern flow and
another on 13-14 June 2017 for southwestern flow. These cases were chosen for three reasons: Firstly,
a time period when a wide variety of measurements were observed simultaneously. Secondly, there
was no precipitation, allowing us to avoid the complexities associated with wet processes. Lastly,
these cases represent a typical weather scenario of spring days with higher and moderate winds.

2.3. Multi Scale Simulation Setup
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In order to capture scales ranging from synoptic to turbulent eddies, the WRF-LES (version 3.8.1)
model system is set up with a three-domain, one-way online nesting configuration (Table 1). The
online method helps the model maintain a realistic connection to the real atmosphere at the edges of
the nested simulation grids. Online processing is more efficient than offline processing due to the
simultaneous operation of all domains [33].

Table 1. Information on nested simulation domains.

Delta Z

Domain  Delta X [m] Nest Ratio [m] Nx x Ny Delta t [s]
do1 5000 - 50 121 x 121
do2 1000 5 50 101 x 101 1
do3 100 10 10 81 x 81 0.2

Initial experiments within the 100 m domain during simulation preparation revealed that the
performance of WRF-LES is highly depentent on the model configuration. Sensitivity studies were
conducted and qualitatively evaluated to identify the model configuration that resulted in the most
accurate flow development within the innermost 100 m domain. The criteria included domain size,
number of vertical levels, and the determination of whether the WRF-LES mode or a PBL
parameterization is more effective in the 100 m domain. The outer domain (DO01) has a horizontal
resolution of 5000 m and is made up of a grid of 121x121 (Figure 2). The coarser horizontal resolution
for d01-d02 has advantage of reducing computational time and costs. Additionally, two nested
domains with a horizontal resolution of 1000 m and 100 m are incorporated to achieve a gradual
refirement towards to the desired aim of 100 m. The two largest domains employ mesoscale
simulations with a planetary boundary layer (PBL) technique, whilst the one smaller domain utilize
a microscale LES turbulence closure.
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Figure 2. Topography of domains used in the multi-scale simulation. The three domains have resolutions of 5000
m, 1000 m and 100 m.

The parent grid ratio from d02 to d03 is deliberately set at 10, which is relatively large. This
decision is made to navigate the grey zone where turbulence is only substantially addressed
[50,55,60].

It is important to mention that WRF does not have a built-in mechanism to create turbulence at
the sides of the LES domain. This means that it does not have a method like the one described in
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Muioz-Esparza [8]. To implement these strategies effectively, it is necessary to use grid resolutions
of approximately 50 m for convective conditions and 10 m for stably stratified conditions [8,61].
Consequently, this study does not aim to recreate genuine turbulence over the double ridge. Instead,
its concentration is on replicating the meso-micro scale flow over complex terrain.

To minimize needless numerical instability, it is recommended to adopt an aspect ratio Dz/Dx
less than 1 in the innermost domain with ratio being smaller than the PBL height. Research conducted
by Munoz-Esparza has determined that precise vertical grid spacing is essential for PBL systems to
prevent the overestimation of the observed low-level jet height and the excessive diffusion of the jet
structure [8]. The model incorporates 28 vertical levels that are positioned below 1 km above ground
level (a.g.l.). The altitude of the first model vertical level, denoted as z, is approximately 10 meters
a.gl

The entire WRF model was utilized for a spin-up simulation in the outer domain to address the
issue of soil equilibrium in cold start simulations [62]. The ECMWF provided the initial and boundary
conditions. We utilized ERA5 (synoptic) reanalysis data with a horizontal resolution of around 31 km
and a temporal resolution of 1 hour as input for the Weather Research and Forecasting (WRF) model,
which operates at a mesoscale level. We conducted nudging simulations at Perdigdo, while
evaluating the WRF PBL scheme that generates wind simulations with the most minor errors.

The initial 12 hours of the simulation are dedicated to model spin-up and are not included in the
analysis. The model configuration used in this study are presented in Table 1. Relevant physical
parameterizations selected include the Noah land surface model, the Rapid Radiative Transfer Model
for longwave radiation and the Dudhia shortwave radiation model [63-65].

Three topographic datasets of varying resolution are utilized to examine the impact of terrain
on surface wind. Two of these are available in WREF: the traditional Global 30 Arc-Second Elevation
(GTOPO30) digital elevation model with a resolution of 900 meters, and the high-resolution Shuttle
Radar Topography Mission (SRTM) dataset with a resolution of 30 meters [66]. Additionally, there is
a military dataset from the Portuguese Army with a horizontal resolution of 10 meters, specifically
for the area around Perdigao [67]. The land cover classification used in this study was obtained from
the CORINE Land Cover (CLC) 2012 dataset [68]. It was then adjusted to match the classification
system used by the United States Geological Survey (USGS), as described in reference [69].

The resulting classification was integrated into the Weather Research and Forecasting model,
together with the land use lookup table from the New European Wind Atlas (NEWA) [70]. Despite
the availability of the latest CORINE database, CLC 2018, it was not utilized in this study due to its
susceptibility to the significant fire incident that took place in the region after the Perdigao measuring
campaign.

It is important to mention that the initial boundary conditions (IBCs) of the microscale large-
eddy simulation (LES) domain, derived from a smooth mesoscale inflow, do not encompass all the
atmospheric motions that can be resolved by the microscale mesh. Consequently, for the turbulence
related to the absence of scales to form within the smaller-scale domain, a considerable distance needs
to be covered [60]. Various techniques have been examined to initiate turbulence along the inflow,
including the generalized cell perturbation method [71]. This method involves introducing finite-
amplitude perturbations to the potential temperature field along the boundaries of the microscale
domain inflow. However, the approach of initializing turbulence is not utilized in this work. In the
sensitivity experiments discussed in section 4, the simulation results from the inner microscale
domains are compared and analyzed using various IBCs obtained from the parent domain d02.

The output interval for domain d3 in the WRF model are adjusted to 5 minutes to facilitate a
more accurate comparison with tower measurements that were averaged over the same 5-minute
period.
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3. Results and Discussion
3.1. Description of Sensitivity Experiments

The averaged results of the simulations are examined to assess the effectiveness of the high-
resolution WRF-LES model in simulating wind patterns in the Perdigao area. It has been observed in
the statistical analysis that higher-resolution topography datasets produce better outcomes. High
model resolution and SRTM help partially relieve the problem of underestimating wind speed at the
mountaintop and overestimating it in the valley [7,72-74]. The assessment indicates that accurately
representing the terrain is more crucial than the selection of PBL treatment for achieving a realistic
simulation of wind speed.

The variability of several treatments (three PBL schemes and three SGS stress models of LES) are
examined. PBL schemes used in the present study are MYNN, YSU and its scale-aware version SH
[75]. The three SGS models utilized in this study are the SMAG linear eddy-viscosity model, the
1.5TKE model (Lilly 1966), and the NBA model based on SMAG [17,18,24,76].

Table 2 lists the details of nine sensitivity experiments; YSU, MYNN and SH PBL schemes are
used respectively in three different experiments over d01 and d02 whose inner domain d03 use LES
models. By comparing results, we intend to find the differences between simulations of PBL and LES
in the boundary layer and the importance of scale-aware PBL treatment. We aim to assess the impact
of SGS stress model of LES in d03.

Table 2. Design of 9 experiment with different PBL and SGS modeling approaches.

Name Meso;;(;ie(dOl) Mesoscale(d02) Tkm Microscale(d03) 100m

MYNN - TKE MYNN MYNN LES (1.5 TKE)

MYNN -SMAG MYNN MYNN LES (SMAG)
MYNN - NBA MYNN MYNN LES (NBA)

SH -TE SH SH LES (1.5 TKE)

SH - SMAG SH SH LES (SMAG)
SH - NBA SH SH LES (NBA)

YSU - TKE YSU YSU LES (1.5 TKE)

YSU - SMAG YSU YSU LES (SMAG)
YSU - NBA YSU YSU LES (NBA)

Due to diurnal variation, the gray zone is not fixed and is not clearly defined in the real world.
In qualitative terms, the gray zone scale range is approximately the size of the dominant eddy motion
[56]. The scales of flow structures also play a role in complex terrain [77].

Zhou has selected 400 m as the minimum gray zone scale in multiple previous gray zone studies,
whereas Shin & Hong (2015) used 250 m [56,75]. Moreover, many real case studies of LES use 100 m
resolution as an LES resolution scale [73,78,79].

In the present study utilizes 1000 m as a reasonable resolution for gray- zone analysis. The
following refers to d02 as the “’gray zone domain”” and d03 as ““microscale domains.”

3.2. Northeastern Flow

The averaged results of the simulations are examined to assess the performance of the high-
resolution WRF-LES model in simulating wind patterns over the Perdigao area. Statistical
evaluations of model results are shown in Figure 3, which gives the Taylor diagrams of 100m wind
speed comparison with 3 different PBL schemes. It can deteced that the normalised standardized
deviation between the simulated and observed wind speeds has been increased at the second hill
(Mast 29) with increasing the complexity and the correlation coefficient has shown higher values at
first hill (Mast 20). In contrast, all the PBL schemes at second hill (Mast 29) show higher precision
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than at Mast 20. The MYNN scheme models wind speeds at both of measurement locations better
compared to the other two PBL schemes.

D02 Domain Taylor Diagram
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Figure 3. Taylor diagrams of 100 m northeastern flow wind speeds at Mast 20 (blue dot) and Mast 29 (red dot),
comparing observations with simulation results for 3 different PBL parameters in I) MYNN PBL Scheme II) SH
PBL Scheme III) YSU PBL Scheme for D02 domain.

The horizontal wind speeds and vertical wind speed component are compared at two different
heights, 100 m and 10 m, and the transects of wind speed over the d03 area are compared with
observation. The averaged results of the simulations are examined to assess the performance of the
high-resolution WRF-LES model in simulating wind patterns over the Perdigao area. Furthermore,
the horizontal wind speeds and vertical wind speed component are compared at two different
heights, 100 m and 10 m, and the transects of wind speed over the d03 area are compared with
observations. Since the flow is divided into northeastern and southwestern regions, the variations in
simulated wind direction at different scales are not as big as the variations in simulated wind
direction. Therefore, this study mainly focuses on verifying wind speeds.

Figure 4 shows average wind speed values and average vertical wind component values at 10
m and 100 m. The differences between the nine setups are summarized in Table 3. The first three
graphs in the working chart show the images of the MYNN, the next three graphs YSU, and the last
three graphs show the visuals of the SH. Higher wind speed values are observed in simulations using
the SMAG parameterization when the area change of wind speed at 10 m are examined on the
windward side. When the wind speed values at 100 m are examined, the distribution at the second
hill is seen in a wider area. In the northeastern flow, the mountain wave also formed a strong wind
area on the leeward side. When the speed of both the 10 m and 100 m low winds are examined, it is
found that the flow from the second hill spread to a wider area. The upward winds on the windy
sides of the hills are more clearly observed at both 10 m and 100 m, while strong descending low
winds have been observed on the leeward side.
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Figure 4. Average horizontal wind velocity and vertical wind component for 3 different PBL parameters and 3
different LES schemes of the northeast flow I) MYNN PBL Scheme II) YSU PBL Scheme III) SH PBL Scheme for
D03 domain. First column is horizontal wind velocity at 10 m, the second column is the vertical wind component
at 10 m, the third column is horizontal wind velocity at 100 m and the fourth column is the vertical wind
component at 100 m for d03 domain area. The first lines of each PBL parameterizations are TKE model results,
the second lines are SMAG model results, and the third lines are NBA model results.

PBL and LES parameters generally yield similar results in all results, with small differences in
fields. Mountain area is mainly controlled by typical large-scale synoptic northwesterly flow. Wind
speeds at the mountaintop are significantly higher than that in the valley.

The selection of each of the three PBL parameters as the meso model starting condition did not
add any difference to the results in general. But the different parameter selection in the LES model
has created differences in the flow in the experimental field. Especially in the flow area within the
valley, the selection of different turbulence parameters shows small differences in the results at both
10 m and 100 m. The change in wind strength in the NBA model is more limited in the TKE and
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SMAG models, while the change in strength of the wind is broader in the area. In each of the three
models, the mountain wave on the downward side was modelled and the increase in wind strength
was captured. The increase in wind strength at both peak points, and the decrease of wind strength
behind the peak, was observed in all model results at both 10 m and 100 m height. It is also modelled
on the leeward side for increases in wind strength and for downward currents. Increasing the vertical
resolution improves the accuracy of vertical transports, and when using a Large Eddy Simulation
(LES) domain, resolved turbulence affects the inner domain.

In Figure 5, we looked at the difference from the MYNN TKE scheme for all model results of the
daily average wind speed values. Figure 5a shows the result of the MYNN TKE model simulation of
the transects of average wind speed for the northeastern flow. In the first column we show the
differential results of the TKE parameter, in the second column the areal differentials of the SMAG
parameter and in the third column of the NBA model.

a) wn ke D) MYNN SMAG C) MYNN NBA
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Figure 5. Transect of one day time-averaged along-transect velocity difference from MYNN TKE model results
for b) MYNN SMAG model c) MYNN NBA model d) SH TKE model ) SH SMAG model f) SH NBA modeel e)
YSU TKE model f) YSU SMAG model for northeastern flow.

The first line shows PBL schemes of MYNN parameter, the second line shows the YSU
parameter, and the third line shows the area differences of the SH parameter from the MYNN TKE
parameter. When the transect differences for different PBL schemes of the TKE model from the LES
parameters are examined, Figure 5d the YSU and SH parameters on the windward side showed
higher wind speed values, as shown in the graph, whereas the MYNN parameter in the valley and
on the leeward side had higher wind speed values. The YSU parameter results showed more changes
in the positive and negative side of the field.

When the transect results of the MYNN parameterization for different LES parameters Figure
5b and 5c are examined, they showed higher wind speed values at windward side and in the valley
compared to the SMAG and NBA parameterizations. The MYNN TKE parameterization on the
leeward side of the second hill showed higher wind speed values. The MYNN TKE parameterization
indicates higher wind speed at both peaks in the northeastern flow, but lower wind speed values
inside the valley. The MYNN parameterization has contributed more to the flow on the leeward side
in different SGS models. In the northeastern flow, the change in wind speed at the second hill is
stronger than at the first hill.

For YSU parameterization are examined, a strong flow on the windward side is observed in all
SGS models. In the YSU SMAG parameterization, the value of wind speed at the windward side is
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stronger than the other two SGS models. When examining the results of SH parameterization (Figure
5g-i) MYNN generally showed results more like the PBL parameter than the YSU parameter. The
change in wind speed in the SMAG parameterization is stronger, while the change in the NBA model
is more limited. The microscale model successfully reproduced several key characteristics of the flow
dynamics at the study site, including wave-like patterns associated with nocturnal low-level jets
(LLJ), such as the standing wave observed on the lee side of the ridge during specific wind conditions.
The LL]J’s fine details were not fully captured, probably due to the mesoscale tendencies’ resolution
ability.

The most important difference is seen in the valley. The NBA model, the change in wind speed
showed higher wind speed values, while in the SMAG model, it showed lower wind speed values
than in the TKE model. When we examined the flow at the second peak, the SMAG model showed
the lowest change in wind speed. In general, the contribution of both of PBL schemes and LES
parameterization to the change is identical when we examine the results. A strong descending flow
is generated on the second hill and leeward side by the MYNN TKE parameterization.

Wind speed is also compared with met tower measurements in Figure 6. The modelled wind
speed typically follows the observations at 100 meters but there is a larger range of variation in the
valley than on top of the two ridges.
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Figure 6. Time series graphs and comparisons of simulated and observed wind speed at 100m for northeastern
flow. First column shows MYNN results, second column show YSU results, and third column show SH results.
First row is Mast 20, second row is Mast 25, and third row is Mast 29 results. The black line represents

measurement, green line TKE simulation, blue line SMAG simulation and red line NBA simulation.

Figure 7 displays errors quantified in terms of bias. Wind speed errors at 100 m and along the
two ridges are changing between -1.5m/s and 3.5 m/s. While the bias errors show negative values at
lower part of boundary at both of hill, all models show overprediction on the top of measurement.
Within the valley, wind speed errors are on the order of 4 m/s and 1.2 m/s, respectively. While the
errors have overprediction at 10 m, error rate decreases as you start to move away from the surface.
The model captures the wind speed fluctuations more effectively in the valley than in the ridges,
considering the wind speeds present on the second hill. The presence of this contradiction indicates
that Mast 25 is located below the mountain wave and in a region of more well-mixed and coherent
turbulence.
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Figure 7. Wind Speed Bias Results of comparisons of simulated and observed data vertical profile of wind speed

a) Mast 20 b) Mast 25 c) Mast 29.

3.2. Southwestern Flow

WREF runs are used to test the ability of the model to reproduce the flow situation over complex

terrain. Three different PBL schemes can be compared with 100m wind speed using the Taylor

diagrams in Figure 8. It can be observed that the normalised standardized deviation and correlation

coefficient have more error and low correlation for both of hills with decreasing average wind speeds.
The correlation of all the PBL schemes at the second hill (Mast 29) is higher than at Mast 20. The
MYNN scheme models wind speeds at both of measurement locations better than the other two PBL
schemes as seen in northeastern flow pattern results.
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Figure 8. Taylor diagrams of 100 m southwestern flow wind speeds at Mast 20 (blue dot) and Mast 29 (red dot),
comparing observations with simulation results for 3 different PBL parameters in I) MYNN PBL Scheme II) SH
PBL Scheme III) YSU PBL Scheme for D02 domain.

Figure 9 show averaged flows of cross-valley wind speed simulations of domain D3. All models
accurately replicate the flow pattern approaching the double ridge from the southwest. The simulated
and observed single point findings show a high level of agreement. The configuration of the airflow,
particularly the atmospheric layers near the surface, exhibit notable disparities when comparing
simulations employing distinct parameterization techniques. The flow fails to adequately detach
from the surface, resulting in weak or non-existent recirculation zones. The inconsistencies can be
partially attributed to incorrect and diminished surface friction.
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Figure 9. Average horizontal wind velocity and vertical wind component for 3 different PBL parameters and 3
different LES schemes of the southwestern flow I) MYNN PBL Scheme II) YSU PBL Scheme III) SH PBL Scheme.
First columns are horizontal wind velocity at 10 m, the second columns are the vertical wind component at 10
m, the third columns are horizontal wind velocity at 100 m and the fourth columns is the vertical wind
component at 100 m for d03 domain area. The first line is TKE model results, the second line is SMAG model

results, and the third line is NBA model results.

Figure 9 shows average wind speed values and average vertical wind component values at 10
m and 100 m. The average speed of the southwest wind flow is lower than that of the northeast wind,
and the average wind speed of 100 m is less pronounced in all models. Topographic effects have less
effect, especially in the entire flow area at 100 m. For the northeast flow, the wind speed on the hill
behind the flow has spread to a wider area. The results at 10 m show a strong wind field on the
windward side of the Mast 20 measurement point in both the SMAG and the NBA models. This
strong wind field creates a limited flow area due to the inadequate resolution of the model
topography. There is no such flow area in the 100 m altitude results.

We looked at the difference Figure 10. from the MYNN TKE parameterization for all model
results of the average wind speed values. Figure 8a shows the result of the MYNN TKE model
simulation of the transects of average wind speed for the southwestern flow. When examining the
field difference results for different PBL schemes of the TKE model from the LES parameters, (Figure
10d) the change in the YSU and SH parameterization varies area-by-area, as shown in the graph. In
the YSU parameterization, YSU showed higher wind speed in the valley and on the leeward side,
while in the SH parameterisation, higher valley wind speed values are observed. When the areal
results of the MYNN parameter for different LES parameters Figure 10b and 10c are examined, they
showed lower wind speed values over windward, leeward and in the valley compared to the SMAG
and NBA parameterization, while MYNN TKE parameterization on both hills showed higher wind
speed values. In the southwestern flow, the change in wind speed at the second hill is more severe
than at the first hill.

a) MYNNTKE b) MYNN SMAG c) MYNN NBA
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Figure 10. Transect of one day time-averaged along-transect velocity difference from MYNN TKE model results
for b) MYNN SMAG model c) MYNN NBA model d) SH TKE model e) SH SMAG model f) SH NBA modeel e)
YSU TKE model f) YSU SMAG model for southwestern flow.

When the results for YSU parameterization are examined, strong flow on the windward are
observed in TKE and SMAG models, while lower wind speed values are observed on the SMAG
model. In the YSU and SMAG parameterization, the change in wind speed in the wind ward and in
the valley is stronger in YSU parameterisation.

The results of SH parameterization are examined, (Figure 10g, 10h and 10i) generally showed
more similar results to the YSU parameter. The change over the wind showed lower wind speed
values in TKE and SMAG parameters compared to the MYNN TKE model, while the change in wind
speed in the NBA model showed higher wind speed values. When we looked at the flow on both
hills, it showed the lowest change in wind speed in all SGS models. When, we look at the results in
general, the contribution of both the PBL parameters and the LES parameters to the change is similar.

Wind speed is also compared with met tower measurements in Figure 11. The modelled wind
speed generally follows the observations at 100 m, with greater variability and fluctuations in the
valley and on top of the two ridges. All the models capture the general flow pattern all day, expect
the midday all models fluctuate much more. Figure 12 displays errors quantified in terms of bias for
the southeastern flow. At 100 m and along the two ridges, wind speed errors are changing between -
0.75m/s and 1 m/s. Wind speed errors in the valley are around 3 m/s and 1.5 m/s.While the model
overpredicts at 10 m, error rate decreases as you start to move away from the surface. Only second
hill has negative errors at lower part of boundary layer, it shows overprediction at the upper part of
boundary layer.
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Figure 11. Time series graphs and comparisons of simulated and observed wind speed at 100m for southwestern
flow. First column shows MYNN results, second column show YSU results, and third column show SH results.
First row is Mast 20, second row are Mast 25, and third row are Mast 29 results. The black line represents

measurement, green line TKE simulation, blue line SMAG simulation and red line NBA simulation.
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Figure 12. Wind Speed Bias Results of comparisons of simulated and observed data vertical profile of wind
speed a) Mast 20 b) Mast25 c) Mast29.

We looked at the 100 m boxplot results of 9 different simulations at 3 different observation
stations in Figure 13. In this boxplot study, we tried to see the differences in more detail by dividing
the one-day simulation into diurnal cycle. At daily cycle in the southwestern flow, all model
simulations yield closer results, while in the northeast flow, the contradiction is greater at the
measurement station in the southeast hill. Again, the station in the valley exhibits significantly more
inconsistencies compared to the observations.
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Figure 13. Daily Diurnal wind speed at 100m of (a) Northeastern flow at Mast 20 (b) Southwestern flow at Mast
20 c) Northeastern flow at Mast25 d) Southwestern flow at Mast 25 e) Northeastern flow at Mast 29 f)
Southwestern flow at Mast 29. Box plots include the entire time period of the study.

Based on the resolution of both the terrain and land-use data, as well as the capability to resolve
turbulent flow structures, nested WRF-LES simulations produce progressively more comprehensive
flow predictions. The power spectral density of the 100 m wind speed signals in Figure 12 can be
used to detect higher-frequency turbulence as grid resolution increases throught analysis. The spectra
of d03 exhibit an inertial subrange and possess energy content congruent with the data.

The wind speed spectra in d02 exhibit a drop-off, which is characteristic of models that use finite
difference discretization method. Table 4 shows the error metrics at Mast 20 and Mast 25. The
consistency of the bias and RMSE values between the two domains suggests that there is no
substantial decrease in errors at the Mast 20 position when nesting to a higher grid resolution. The
inaccuracies mostly arise from the steady background flow, which remains rather constant across the
domains. Although the recirculation zone is clearly defined on d03, the less steep resolved slopes d02
do not cause recirculation in same areas. Enhanced grid resolution and terrain resolution have a direct
impact on d03, resulting in a more precise depiction of the observed flow characteristics at Mast 25
position.

In general, LES results show better outcomes in unstable conditions, while in stable conditions,
it has not demonstrated a very good approach in solving turbulent flow.


https://doi.org/10.20944/preprints202502.0275.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2025 d0i:10.20944/preprints202502.0275.v1

18

104

103 4

102 4

10t 4

Spectra [m?s1]

10° 4

10754
— Mast

=== MYNN TKE
—— MYNN SMAG
—— MYNN NBA
—— D02 Domain

1024

1073 1072 16~
Frequency [Hz]

Figure 14. Comparison of spectra between Mast 20 and WREF-LES d03 Domain(Ax=100m) results for MYNN
Parameter and d02 Domain (Ax =1000m).

Table 4. RMSE and Bias results of WRF-LES (simulations) and meteorological tower at 100m.

Domain Mast 20 Mast 25
RMSE Bias RMSE Bias
WRF d03 (Ax =100m) 1.94 0.46 3.07 2.64
WRF d02 (Ax =1000m) 1.96 0.52 5.47 4.95

4. Conclusions

This study used a comprehensive WRF-LES model to replicate a 36-hour real weather scenario
in the Perdigao region at 19-20 May 2017 and 13-14 June 2017. The averaged meteorological aspects
and statistical properties of the flow are strongly correlated during IOP verifications.

Creating a high-performance microscale atmospheric simulation requires the use of high-quality
topography data. The efficiency of high-resolution modelling is increased by using high-resolution
topographic data. The WRF-LES model exhibits the capability to accurately depict the diverse surface
fluxes and small-scale circulations within the relevant ares, such as the mountanious Perdigao region.

The present work also aims to examine the uncertainty of various planetary boundary layer
(PBL) treatments at the gray zone scales. To do this, sensitivity tests using Large Eddy Simulation
(LES), Mellor-Yamada-Nakanishi-Niino (MYNN), Yonsei University (YSU), and Simulated Heating
(SH) have been conducted, and the findings are compared. Different PBL schemes offer various
advantages under different geographical conditions. The YSU scheme performs better in larger areas
with less complex topographical structures, particularly in convective movements. On the other
hand, the MYNN scheme demonstrates better performance in more complex topographies (such as
mountains areas and valleys) and turbulent flows. Although the SH scheme yields better results in
turbulent flows within mountainous and complex terrains, it requires high resolution and high
computational capacity to achieve this. When we examine the results of our study, despite showing
comparable outcomes, the MYNN scheme achieved higher performance due to insufficient resolution
for SH modeling in our simulations. To get more effective results, it is necessary for MYNN to have
a greater capacity for both nonlocal and local heat transport.

Three distinct SFS models, including basic to advanced methodologies in complex terrain are
employed to analyse the effects of horizontal mesh refinement. The two most basic models are linear,
constant coefficient eddy-viscosity models, where the eddy viscosity coefficient is determined either
using the strain-rate (SMAG) or a 1.5-order prognostic equation for subgrid-scale (SFS) turbulence
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kinetic energy [17,18]. The Nonlinear Backscatter and Anisotropy (NBA) model, developed by
Kosovic” in 1997 and further studied by Kosovic” & Curry in 2000, is being investigated [76,80]. This
model incorporates a nonlinear constitutive connection.

Generally, Large Eddy Simulation (LES) models are more effective than Planetary Boundary
Layer (PBL) parameterization techniques when simulating real flow over complex terrain at the gray
zone scale. The difference in day-to-night emissions at the Mast 20 measurement station in the NE
flow is greater than in the SW flow. At station Mast 20, in the northeastern flow, the difference
between night and day is most noticeable. The results in low wind speeds under southwesterly flow
show similarity with observations.

Research on the combined performance of Large Eddy Simulation and Planetary Boundary
Layer has significantly increased in recent times. We have observed that similar approaches on this
subject have been seen simultaneously presented, Large Eddy Simulations being prefered rather than
by Planetary Boundary Layer models for better addressing the gray zone [7,81-84]. The
characteristics of the wind field in the lower atmosphere over complex terrain are highly influenced
by the choice of planetary boundary layer treatments.

To assess the level of uncertainty in the SGS stress model at the microscale, we evaluate three
regularly employed SGS stress models in the LES: 1.5TKE, SMAG, and NBA. On the gray zone scale,
each SGS model has a reduced impact on both the simulated average values and statistical measures.
On a smaller scale, the impact becomes more pronounced. The stress models developed by SGS have
a greater influence compared to the IBCs built using various PBL treatments in the parent gray zone
domain.

Out of these models, the NBA model demonstrates the highest level of performance, which
aligns with the simulated results conducted by Kirkil, Mirocha, and Zhou & Chow [24,25,85-87].

Recently, there has been tremendous progress in the study of the planetary boundary layer (PBL)
through measurement campaigns and modeling efforts. A significant amount of effort has been
devoted to improving the parameterizations of the PBL in complex terrain [88-91]. Nevertheless, the
PBL is not yet a reliable method for navigating complex terrain. However, despite the positive
findings from idealized studies suggesting that LES is highly effective in simulating boundary layer
winds (Kosovic” & Curry 2000; Mirocha et al. 2010), it is not a flawless solution for complex terrain
[24,80].

Additional research should prioritize enhancing the capabilities of the LES model to accurately
represent vertical momentum structures in different atmospheric conditions. This study showcases
the capabilities of WRF-LES as a valuable instrument for acquiring fresh knowledge about PBL
processes in areas with complex topography. The WRF-LES model has great potential for accurately
simulating the flow field in complex terrain. Non-linear models solve the effects in the boundary
layer better than linear models.

The results of this study are promising and suggest that it could be useful in complex terrain
too. The microscale model records the weater patterns that change slowly, which are fed to it by
mesoscale tendencies while also including local orographic and surface effects. Although, mesoscale
model appears to provide the correct large-scale force, validating them used for coupling is not an
easy task, particularly in complex terrain.

It is important to highlight that the findings of this paper are based on a limited number of
individual cases of two different flows. Therefore, it is necessary to assess these results using a wider
range of case situations and validate them against further observations. Additional research
conducted at the Perdigdo site may potentially involve analysing and contrasting observed
turbulence measurements. This study specifically examines the impact of large-scale synoptic flow
on the topography. Additional improvements in modelling, such as the development of
parameterization for the gray zone that considers different scales and the implementation of adaptive
subgrid-scale stress (SGS) models at higher resolutions, are anticipated to significantly improve the
capabilities of multiscale modelling. The incorporation of turbulence, such as through cell
perturbation, together with the utilization of more accurate land-use data sets that include improved
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roughness and forest maps, as well as enhanced soil moisture data, is expected to improve the
simulation of the small-scale valley flows in Perdigao in a more realistic manner.
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Abbreviations

The following abbreviations are used in this manuscript:

a.gl above ground level
CFD Computational fluid dynamics
CLC Corine Land Cover

CORINE Coordination of Information on the Environment
ECMWF  European Centre for Medium-range Weather Forecast
ERA5 ECMWEF Reanalysis 5th generation data

GTOPO30 Global topography at 30 arcsec

IBC Initial boundary condition

10P Intensive operational period

LES Large-eddy Simulation

LLJ Low-level jet

MYNN Mellor-Yamada-Nakanishi-Niino level 2.5
MWR Microwave radiometers

NBA Nonlinear Backscatter and Anisotropy Model
NCAR National center for atmospheric Research
NE Northeast

NEWA New European Wind Atlas

PBL Planetary Boundary Layer

RASS Radio acoustic sounding system

SES Subfilter-scale

SGS Sub-grid Scale
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SH Shin-Hong

SMAG Smagorinsky Model

SRTM Shuttle Radar Topography Mission

SW Southwest

TKE 1.5-order turbulence kinetic energy closure Model
UCAR University Corporation for Atmospheric Research
USGS United States Geological Survey

YSU Yonsei University
WASsP Wind Atlas Analysis and Application Program
WRF Weather Research and Forecasting (model)

WREF-LES Weather Research and Forecasting & Large-eddy Simulation

Appendix A
Appendix A.1

In Table Al, the statistical RMSE values of the results are calculated at 3 measurement stations
and at 4 different altitudes; the best result for 100m was 1.37 m/s for the station on the northeast hill
number Mast 29 using the MYNN NBA model simulation for Northeastern flow. In the measuring
station inside the valley, the best result is calculated at with SH TKE simulation. Simulations on both
hills show higher wind speeds than observed wind speed values, while lower values have been
observed in the valley. More statistical evaluations of model results are shown in Table Al which
gives the 10-min 10 m, 30 m, 60 m and 100 m wind speed comparison in all simulations.

Table Al. RMSE results of comparisons of WRF-LES (simulations) and meteorological tower measurements

(observed data) for the Northeastern and Southwestern flow case studies for wind speed.

PBL SGS z Mast 20 Mast 25 Mast 29
[ma.gl] NE SW NE SW NE SW
100 3.69 2.01 4.42 3.14 1.51 1.86
TKE 60 3.45 1.95 3.78 2.87 2.56 1.85
30 3.22 1.86 2.56 2.49 3.05 1.84
10 3.13 1.77 1.63 2.07 3.85 1.82
100 3.51 2.00 4.27 3.54 1.43 2.20
MYNN SMAG 60 3.35 1.89 3.08 3.25 2.07 2.17
30 3.02 1.82 2.43 2.98 2.92 2.13
10 2.88 1.68 1.80 2.73 3.99 2.11
100 3.48 1.94 4.83 3.07 1.35 2.21
NBA 60 3.34 1.89 3.98 2.92 1.89 2.08
30 3.13 1.82 3.05 2.78 2.67 1.99
10 2.97 1.70 2.03 2.63 3.79 1.90
100 3.61 2.07 4.36 3.54 1.79 1.96
TKE 60 3.35 2.06 3.69 3.17 2.16 1.90
30 3.01 2.05 2.31 2.95 2.95 1.82
10 2.72 2.05 1.34 2.27 3.72 1.76
100 3.39 1.97 3.94 3.63 1.37 2.06
60 3.04 1.89 2.73 3.30 2.01 2.03
SH SMAG 30 2.91 1.85 2.00 3.00 3.02 2.00
10 2.48 1.80 1.42 2.74 3.79 1.98
100 3.37 1.90 4.64 3.27 1.46 2.10
NBA 60 3.08 1.88 3.65 3.04 1.90 2.01
30 2.96 1.84 2.13 2.92 2.45 1.95
10 2.58 1.82 1.71 2.72 3.66 1.84

YSU TKE 100 4.00 2.06 423 3.80 2.36 2.18
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60 3.48 1.94 3.58 3.48 2.95 2.09
30 3.01 1.82 2.82 2.97 3.27 1.99
10 2.92 1.73 1.37 2.60 3.82 1.86
100 3.96 1.96 4.14 3.78 2.27 2.06
60 3.65 1.90 3.56 3.35 2.79 2.00
SMAG 30 3.19 1.82 2.35 3.06 3.06 1.95
10 2.82 1.74 1.52 2.83 3.94 1.89
100 3.94 1.99 4.43 3.37 217 2.09
NBA 60 3.33 1.88 3.45 3.02 2.86 2.01
30 3.06 1.76 2.16 2.90 3.06 1.94
10 2.87 1.68 1.65 2.72 3.55 1.82
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