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Evaluation of two mesoscale wind farm

parametrisations with offshore tall masts
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Denmark

E-mail: osmasa@dtu.dk

Abstract. We use offshore tall mast measurements in the North and Baltic Sea to evaluate
wind farm parametrisations in the Weather Research and Forecasting (WRF) model. We
identify periods before and after the construction of neighbouring wind farms around the tall
mast for evaluation purposes. We test multiple WRF model set-ups for the pre-construction
period to obtain the best configuration representing the region’s wind climate. Our best set-up
is then used with the wind farm parametrisations to investigate wind farm wake effects in the
post-construction phase. We use two wind farm parametrisation schemes implemented in the
WRF model: the Fitch scheme and the Explicit Wake Parametrisation. We select and prioritise
cases of low variability in wind speed and direction to isolate the wake effects. Our results
indicate an improvement in the wind speed, as a function of height, using both schemes, with
the Fitch scheme creating deeper wakes than EWP. Both parametrisations perform well in cases
when the mast is aligned far-downwind of the turbines, with mean wind speed differences of
less than 0.2 m s−1. In near-wind cases, the performance of the scheme varies with the site.
Finally, our research provides a possible baseline for testing the improvements in the wind farms
parametrisations schemes in these offshore regions.

1. Introduction
There is ongoing motivation to improve our methods for assessing wind resources to maximise
wind farm efficiency and achieve Europe’s decarbonisation goals. Mesoscale modelling is
an attractive tool for studying the subject above from a planning and resource assessment
perspective. It is also widely used in the wind energy sector and requires less computational
resources than other methods. We can create high-fidelity wind atlases based on mesoscale
modelling. An example is the New European Wind Atlas (NEWA; [1]), which provides a 30-
year climatology of Europe’s wind resources. Nonetheless, mesoscale model set-ups previously
used for wind atlas mapping purposes have not accounted for the effects of wind turbines and
wind farms, which can significantly impact the wind resource ([2, 3]).

For wind farms studies, in the context of mesoscale modelling, the Weather Research and
Forecasting (WRF) model [4] is the most used [5]. Two primary wind farm parametrisation
schemes are implemented on this model: the Wind Farm Parametrisation ([6]) and the Explicit
Wake Parametrisation (EWP;[7]). These schemes treat the wind turbines as drag forces and deal
with the physical aspects (e.g., the generation of turbulence kinetic energy, TKE) in different
ways ([7, 8, 9]).
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The Fitch parametrisation has been implemented in the official WRF release for many years,
so most publications have used it ([5]). Studies comparing the capabilities of the two schemes are
scarce due to less convenient access to the EWP scheme than the Fitch scheme. Some examples
include [7], [10], [8], and [9], with the first two focusing on offshore wind farms and the last two
on onshore wind farms. These studies demonstrated the difference in TKE production, with
the Fitch scheme significantly larger than EWP, with deeper wakes than EWP, and with more
power production than EWP.

This study aims to determine the WFP schemes’ ability to reproduce wind profiles from
distant and closer turbines effects. Additionally, this is an opportunity to incorporate wind
farm wakes effects into the NEWA’s mesoscale simulations for the North and Baltic Seas. This
paper is structured as follows. Section 2 details the data used and the methodology, including
the approach to obtain a realistic background flow. Section 3 describes the evaluation results of
wind profiles from the wind farm parametrisations, and Section 4 the conclusions.

2. Methodology
2.1. Cases for evaluation and observed data
Before analysing the wake effects with WFP, we first need an optimal representation of the wind
climate before constructing wind farms. We use the half-hourly wind data from the three FINO
stations to identify these periods of representative flows. The data has been subjected to quality
control using the procedures outlined [11] and filtered to account for mast flow distortion on
FINO1 and FINO2.

We use a modified methodology [12] to select the pre-construction period around the three
FINO stations. The procedure of [12] uses a Montecarlo sampling to draw a set of days
representing the wind statistics of a more extended period (e.g. years, decades). Then, the
set’s quality is determined by using an objective distance function d between the wind speed
histograms of the group and the longer period. Our approach to this methodology replaces the
primary selection-day function d with the Earth Mover’s Distance (EMD; [13, 14]) applied to
both wind speed and direction of each set. Small EMD values represent less area between two
cumulative distributions and thus better agreement. A application example of the EMD for
wind speed and direction can be found in [14].

[12] Due to the absence of overlapping periods in the three FINO stations without wind farms,
we apply the day-selection methodology to FINO3 and FINO2 in a four years equivalent period.
In [12], the Monte Carlo approach provides a single ”best” set of days from a N potential sets.
Following their sensibility analysis on the number of days needed and saving computational
resources, we decide to represent four year period into the ”best” 72 days set from N = 1× 106

potential sets. We use this set to evaluate our multiple new proposed WRF set-ups.
We select consecutive days with a high frequency (61% occurrence) of a specific wind direction

and low standard deviation for periods where we apply the wind farm parametrisation. The
selection of the direction depends on the presence of wind farms upwind of the tall mast.
For FINO1 and FINO3, west and east component directions are selected for this analysis,
representing the wind farms’ far and closer distant effects. For FINO2, only east directions
are analysed, as a single wind farm influences the measurements. Except for FINO2 (8 days), 12
days are selected for FINO1 and FINO3. Table 2 contains an overview of the directional cases.

2.2. WRF model simulations
The WRF model simulations presented here are divided into testing simulations to determine
the optimal configuration for the region and scenarios involving the effects of neighbouring wind
farms.

For the first section, we propose ten distinct configurations (Table 2) for the 72 days found
in previous section. Each new design represents an incremental improvement over previous sets;
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Table 1. Simulation cases to apply the wind farm parametrisations. The dates, represent >
61% of occurrence of the mean wind direction selected for each FINO station.

Site
Mean wind
direction

Case
classification

Start date
Simulation

days

FINO1

240 far-downwind 2015-11-09 3
240 far-downwind 2017-08-04 2
240 far-downwind 2017-10-10 2
120 near-downwind 2015-10-26 3
120 near-downwind 2016-05-06 2

FINO2
120 near-downwind 2015-09-12 3
120 near-downwind 2016-05-06 2
120 near-downwind 2017-09-27 3

FINO3

270 far-downwind 2017-03-01 2
270 far-downwind 2017-10-31 2
270 far-downwind 2017-08-04 2
120 near-downwind 2015-07-01 2
120 near-downwind 2017-09-27 2
120 near-downwind 2018-01-08 2

10°W 0° 10°E 20°E

45°N

50°N

55°N

60°N

65°N

a)

b)

c)

d)

Figure 1. a) Location of the WRF model domains used in the study. (b) FINO1, c) FINO2,
and d) FINO3 Locations of the tall mast (black dots) and neighbouring wind farms. Lines
represent transects for analysis of TKE and potential temperature.

in other words, if the changing parameter in the configuration improves, it becomes the new
baseline for revisions. The gradual changes begin with the final NEWA configuration from the
[14] sensitivity study. Following the studies conducted in the same region [14, 15], the new WRF
designs emphasise altering the domain’s size and placement (Figure 1a). Since we are utilising
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Table 2. Description of the set-ups tested in WRFv4 to find the best configuration.
Set-up Description

Dom1 3
Baseline: NEWA. 2 domains (ratio 1:3), 3 km grid-space resolution for
inner domain (289x 211 points)

Dom1 5
Baseline: NEWA. 2 domains (ratio 1:5), 2 km grid-space resolution for
inner domain (361 x 321 points)

Dom5 lv1 Baseline: Dom1 5. Lowest model level lifted to 15 m agl.

Dom5 lift
Baseline: Dom1 5. Vertical level distribution modified by using
auto levels opt = 2 function in namelist. Parameters:
max dz=500; dzbot=20; dzstretch s=1.06; dzstretch u=1.9.

Dom5 cam Baseline: Dom1 5. Implementation of the CAM radiation scheme.
mynn mx1 Baseline: Dom1 5. Mixing length parameter = 1 from MYNN PBL scheme.
sw2 mx1 Baseline: mynn mx1. Interpolation of short-wave radiation =2.

sw2 mx2
Baseline: Dom1 5. Mixing length parameter = 2 from MYNN PBL scheme
and interpolation of short-wave radiation =2.

cam sw2 mx2 Baseline: sw2 mx2. Implementation of the CAM radiation scheme.
cam sw2 mx2
no nudge

Baseline: cam sw2 mx2. Spectral nudging deactivated.

a more recent version of the model (4.2) than was used in NEWA, we also examine different
physics parametrisations in this newer version.

For the second section, we apply wind farm parametrisations (EWP and Fitch) to our best
WRF’sset-upupfor periods when the wind farm effects are present in the observations.

2.3. Analysis and evaluation metrics
Different criteria are used to evaluate the accuracy of the set-ups used to replicate the wind
climate statistics of the sites. To describe the general discrepancies in the distributions, we
calculate the bias between the mean of the predicted wind speed and the observed mean. The
above is followed by a calculation of the unequal variance t-test between the modelled and
observed wind speed distributions, which determines whether or not the difference between
the means is statistically significant. To quantify the model’s accuracy in reproducing both
wind speed and direction distributions, we use the EMD introduced in [14] for wind energy
applications. Finally, we use the root mean square error to determine the temporal variability
of wind speed (RMSE) given by:

RMSE =

√√√√ 1

n

n∑
i=1

(U i
m − U i

o)
2, (1)

where Uo and Um are the wind speed from observations and simulations, respectively, and n
is the total number of observations (72 × 48). These four indicators are used to determine the
overall optimal configuration setting.

For the second part, we focus on evaluating the vertical profiles of the three sites using the two
wind farm parametrisations. Since we are more interested in assessing the model’s behaviour in
capturing the wind speed deficit created by the wind farms, the bias is again used to determine
accuracy. The overall bias and the root mean square error are derived from the directional cases
in Table 1 at each level available.

Additionally, cross-sectional transects (right panels of Figure 1) of potential temperature and
turbulent kinetic energy are presented to characterise the discrepancies between the WFPs and
better understand the wind profile’s behaviour.
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3. Results
3.1. Obtaining an improved WRF configuration
To facilitate the intercomparison among each set-up proposed, we compute the evaluation
metrics described in section 2.3of each simulation’s wind speed and direction and present the
result in Figure 2. The figure compares the metric calculated from the wind speed and direction
from the FINO stations during the representative 72 days. The analysis levels are 90.3, 92.4,
and 90.5 meters height for FINO1, FINO2, and FINO3, respectively, for wind speed. The WRF
simulation is interpolated to the same height. The first row in Figure 2 represents the skill of the
NEWA’s final production as a reference to compare with the other set-ups. The first two set-
ups (second and third-row from top) explore the possibility of reducing the number of domains
used to downscale to finer resolutions. In the original NEWA configuration, the domain ratio
is 1:3:3, with the outer and inner domains having 27 and 3 km of grid spacing, respectively.
We remove the intermediate domain inset-upspsDom 3 and Dom 5 to use a ratio of 1:3 and
1:5, with outer domains of 9 and 10 km and inner domains of 3 and 2 km, respectively. From
these two sets in Figure 2, we can observe that only the RMSE metric is improved for the three
stations regarding the NEWA production runs. For the remaining metrics, we can observe an
improvement in FINO1 but a decrease in the skill for FINO3. Although the original NEWA
performed better than these sets overall, We decided to choose a domain ratio of 1:5 than 1:3
since the former’s performance is slightly better than the latter, and having two domains leads
to reduced demand on computational resources.
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Dom5_lv1

Dom5_lift
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Figure 2. Evaluation metrics, for the simulated wind direction a) CEMD [°] and wind speed
b) EMD [m s−1], b) RMSE [m s−1], b) BIAS [m s−1] and b) Tscore at the three sites. Rows
indicates the experiment in Table 2.

The next two sets (Dom5 lv1 and Dom lift) focus on modifying the level’s vertical
distribution slightly but maintaining the total number of levels (61). These two sets show a
small improvement from the previous sets (Dom 5). Set Dom 5 cam investigates [14] suggestion
to include CAM [16] radiation scheme. The skill remains unchanged for all metrics and places
in Dom 5 cam, except for FINO2, where the performance drops for all metrics.

We did not try other Planetary Boundary Layers (PBL) parameterisations because the Fitch
scheme works only with the MYNN [17] PBL scheme. Instead, we explore the properties of
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the MYNN scheme in this WRF version, specifically the mixing length parameter. The default
value of the mixing length is changed to 1, representing a change in the integration levels of the
turbulent length lt [18]. This modification, plus the Dom 5 configuration, improve significantly
on the FINO3 station. The bias is reduced from -0.2 to -0.1 m s−1 RMSE from 2.2 to 1.6 m s−1

regarding NEWA’s production runs. The performance increased in FINO2 for all wind speed-
related metrics but decreased in the directional metric from 4.3 to 8.8°. Except for the CEMD,
all the metrics increased by 0.2 and 0.3 m s−1 for the EMD and Bias, respectively. The difference
of the bias in FINO1 is relatively significant (tscore = 5) concerning the reference.

Changing the value of the MYNN mixing length to 2 (sw2 mx2) causes a drop in performance
for FINO2 and FINO3, while in FINO1, the skill improved regarding mynn mx1. The remaining
sets (cam sw2 mx2 and cam sw2 mx2 no nudg) are attempts to use the CAM radiation scheme
with a different interpolation of short-wave radiation (sw2) and no spectral nudging. The
nudging is presented in all sets, except the last one, which from Figure 2 it can be observed that
worsen the metrics, specially RMSE.

In summary, the set mynn mx1 represents an improved configuration to use since it improves
the wind climate statistic for two of the three sites regarding the original NEWA production
runs. This set is used in the analysis of the wind farm parametrisations.

3.2. Wind profiles under wind farm effects
This section showed and analysed only simulation results from the mynn mx1 configuration.
These results include the wind farm parametrisations simulated for the specific days selected.
The profile represents the mean of the cases for each height and site. Figures 3 and 4 show the
mean wind profiles for cases considered in this study as near-downwind and far-downwind effects
of wind farms on the observations, respectively. For the closer effects (120°± 15°wind direction),
we see that the new mynn mx1 simulations with WRF version 4.2 and no wind farms (No-farm)
describe higher values than NEWA’s production runs, which range from 0.2 m s−1 in FINO2 to
1 m s−1 in FINO3. Applying WFP to the near-downwind cases improves the results in FINO3
by reducing the level-average error from 0.53 m s−1 (No-farm) to 0.07 m s−1 (EWP). For FINO1
and FINO2, the application of wind farm parametrisation does not resemble the observation’s
profile but reduces the wind difference compared to the NEWA’s and No-farm’s simulations.
Also, the mean wind shear simulated in the No-farm and EWP experiments is slightly greater
than that observed at these sites.

For the far-downwind effects (240°and 270°± 15°wind direction), the simulation without wind
farms resembles the shape of the NEWA’s profile, but with higher (0.1 m s−1) wind speeds in
FINO1 and lower (0.3 m s−1) in FINO3. The Fitch scheme underestimates the mean wind speed
at each site’s height. On the other hand, EWP shows a better agreement with the observation,
with level-average errors of 0.06 and 0.03 m s−1 for FINO1 and FINO3, respectively. The third
site is the only case where the simulation without wind farms is poorer than the NEWA’s profile.

In general, all of the profiles from the No-farm simulation overestimate the profile of the
observations. The behaviour of the mean EWP profile for both cases in the three sites describe
a similar profile to the mean No-farm one but shifted -0.5 to 1.5 m s−1 (depending on the site and
case). On the other hand, the mean Fitch profile behaves differently according to the distance
effect of the turbines. For near-downwind cases, we can observe a higher wind speed reduction
at hub height, whereas in the far cases, the Fitch profile resembles the No-farm one but shifted
− 0.2 m s−1. This can be described by the scheme’s definition, in which the deficit is applied to
the rotor area. On all sites and both cases, the Fitch scheme produces a higher deficit on the
profile than the EWP scheme.
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Figure 3. Near-downwind mean wind speed profile of observations (dots), WRF simulations
(lines) and NEWA production runs (dashed lines) for a) FINO1, b) FINO2, and c)FINO3.
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Figure 4. Same as Figure
3, but for the far-downwind
cases and for a) FINO1 and
b) FINO3 sites.

3.3. Temperature profiles and cross-sectional analysis
Similarly, as with the analysis of wind profiles, we explore the behaviour of the temperature
profile for the three sites and the wind cases previously described. Figures 5 and 6 shows
the mean air temperature profiles for the near-downwind and far-downwind cases, respectively.
Except for the Fitch scheme at the lowest levels, the modelled temperature profiles do not
match the observations in terms of magnitude for the easterly component cases (Figure 5). The
simulated profiles in FINO1 underestimate the observations by less than 0.2 K, whereas EWP
and the No-farm simulation closely resemble the shape of the observations. In FINO2 the profiles
do not match perfectly the observation, but the differences of temperature are less than 0.5 K.
For the third site, the spread of the three simulations is less than 0.05 K in the vertical, but
they do not follow the small positive gradient of the observations.

For the westerly component cases and the two sites, we can observe from Figure 6 that there
is no temperature change downwind since the three profiles do not differentiate between them.
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Figure 5. Near-
downwind mean air
temperature profiles
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and WRF simulations
(dashed lines) for a)
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and c)FINO3.
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Figure 6. Same as Figure 5, but for the
far-downwind cases and for a) FINO1
and b) FINO3 sites.

For FINO1, the three profiles match the values of the observed profiles. In FINO3, the three
modelled profiles slightly overestimate the measurements by 0.2 K. In general, wind farms
modify the temperature profile in the near wake region. In these cases, WRF simulate different
vertical profiles than the observations, but the magnitude of the errors are less than 0.5 K.
Moreover, there are two clear distinctions in the behaviour of the Fitch and EWP schemes in
terms of temperature. The EWP scheme follows the simulation with No-farm, but the profiles
start to separate with colder values as the altitude increases. On the other hand, the Fitch
scheme shows positive (negative) changes below (above) hub height compared to the simulation
without wind farm, as similarly observed by Fitch ([19]). Both behaviours can be confirmed in
the cross-sectional transect of the potential temperature difference in Figure 7. There are regions
of positive temperature change where the turbines are located and are limited in vertical by the
turbines’ hub height in the Fitch scheme (right panels of Figure 7). Above hub height, negative
temperature changes dominate the vertical structure. In FINO1, the negative difference extends
further away from the transect, possibly due to the effects of a second wind farm nearby. In
EWP (left panels of Figure 7), the vertical structure is dominated by the negative differences in
the region of the wind farms. These differences are slightly less than those in the Fitch transects.

The differences in the temperature profiles are mainly linked to the treatment of turbulence
in WFP schemes. Figure 8 shows the cross-sectional transect of turbulence kinetic energy (TKE)
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Figure 7. Cross sectional tran-
sect of mean potential tempera-
ture difference between the No-
farm minus the EWP (left col-
umn) and Fitch (right column)
simulations for FINO1 (top pan-
els), FINO2 (middle panels), and
FINO3 (lower panels). The mean
differences are from the near-
downwind cases (blue transects
in Figure 1 b), c) and d)) and
the red boxes represents rotor
area of the wind farm.

difference between the WFP and the simulation without a wind farm. The TKE injection from
the Fitch scheme induces turbulence mixing in the rotor area, mixing properties up and down
this region. In EWP, turbulence is generated by the PBL parameterisation (MYNN) through
the increased vertical gradients of horizontal wind speed (shear generation). The difference in
TKE from these two schemes has been investigated in several studies that point out the Fitch
scheme produce greater values of TKE than EWP ([10, 8]). In this case, these differences affect
the behaviour of the temperature profile in the near wake.
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Figure 8. Same as Figure 7 but for the mean difference of turbulence kinetic energy.
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4. Conclusions
WRF’s simulations, including wind farm parametrisations, are tested to determine the
performance of reproducing wind profiles in specific wake conditions. Because of the relative
positions of measurement masts and wind farms, our focus has been on the effects of wind
turbines in the near-downwind (< 1 km) and the far-downwind wind farms (>10 km). The
mean wind speed profile from the EWP parameterisation is similar to the one without wind
farms but with a negative shift. This also applies to the temperature profile, which behaves
similarly in the near-downwind region. On the other hand, the mean wind speed profile from
the Fitch parameterisation responds differently to the distance impact of the turbines. In the
near-downwind region, the scheme shows a more significant reduction in wind speed at hub
height, whereas, in the far-downwind region, the Fitch profile resembles the No-farm one but
with a negative shift. The temperature profiles modelled by the Fitch scheme presents a positive
(negative) change down (above) the rotor area. The temperature changes are minimal in the far-
downwind region. In the near-downwind region, both schemes have difficulties reproducing the
shape of the observed profile, but the values reaming close (< 0.5 K). More cases for different
wind directions are needed to understand the scheme’s behaviour entirely. Also, it is essential
to include the operational status of the wind farms involved in this study since the WFP works
assuming the wind turbines are always functioning. Another thing to mention is the background
flow. It is crucial to have a good representation of the background flow in the mesoscale model
to isolate the effects of the wind farm parameterisation.
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