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Abstract. An intercomparison of model results from 25 different Numerical Weather Prediction (NWP) models is presented
for the year 2011 at six sites in Northern Europe characterized by simple terrain. The model results and a detailed description
of each model was submitted by 18 different modeling groups to a open call for data, and serves as a rare quantitative overview
of the model uncertainties associated with state-of-the-art mesoscale models used for wind energy applications today. At three
of the sites the model intercomparison was verified with observations from nearby meteorological masts. The intercomparison
was based on statistical properties of the wind for a number of heights at each site.

The results show better performance of the models and a smaller inter-model spread offshore and aloft (2 — 4% mean wind
speed bias above 40 meters), and greater errors and more spread for inland sites and closer to the surface (up to 7 — 9%
wind speed bias). For the distributions of wind speed, wind direction, and wind shear only small deviations exist between the
observations and the average of the models, but a small shift of the average wind speed distribution towards high wind speeds
at Cabauw, and an underrepresentation of strong shear cases was observed. Although the model setup options were studied to

determine a ’best practice’, no significant indicator was found.

1 Introduction

Numerical Weather Prediction (NWP) models are increasingly being used for wind energy related applications, ranging from
site assessment, development and planning of wind farms, to power-forecasting, maintenance, and energy trading on the elec-
tricity markets. For site assessment, NWP models are commonly part of the model chain used for estimation of the Annual
Energy Production (AEP). However, a large part of the uncertainty in the estimate is contributed by the uncertainties of the
NWP model. This, combined with the extensive use of these models, and the fact that each model typically has multiple options
and parameters available for each sub-component, means that a strong demand exists for quantification of a) the sensitivity to
the choice of sub-components and parameters, and b) the overall model uncertainties. Having a better understanding of the
sensitivities and uncertainties of NWP models can help lower the associated risks, and improve decision making, which in
turn will lower the Levelized Cost of Energy (LCOE). For model users, having access to sensitivity quantification of individ-
ual model components enables optimization of the model setup for specific applications. In the following, the NWP models

in the study will sometimes be referred to as “mesoscale’ models, signifying that they partly resolve weather phenomena in
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the mesoscale range, defined as horizontal length scales from about one kilometer, up to several hundreds of kilometers, i.e.
(Orlanski, 1975).

A common way to assess NWP model uncertainties is to use an ensemble approach, where a number of parallel model
runs, referred to as a ensemble members, are run with slightly perturbed initial conditions for each ensemble member, see
e.g. Warner (2004) for details. The magnitude of the perturbations are typically limited by the uncertainty associated with
the particular perturbed variable, in the hope that the ensemble of solutions will cover the solution-space arising from the
uncertainties of the input parameters. Ensemble-based techniques are used for many meteorological application, including:
precipitation forecasting (Gebhardt et al., 2011; Bowler et al., 2006), wind power generation forecasting (Constantinescu
et al., 2011), and resource assessment (Al-Yahyai et al., 2012). However, one would not expect that the ensembles of one
particular modeling system fully represent the uncertainties of another modeling system. This was shown in the DEMETER
project (Development of a European Multimodel Ensemble for seasonal to inTERannual climate prediction) (Palmer et al.,
2004), which also demonstrated that a multimodel ensemble approach consisting of a number of different modeling systems,
each split into a number of ensembles, does a much better job at representing the overall uncertainties than any single model
ensemble.

NWP model sensitivities related to individual model components have been studied in great detail in the last couple of
decades, in many different climates and terrains. In Northern Europe the sensitivities of the Weather Research and Forecasting
(WRF) model (Skamarock et al., 2008a) have been studied for coastal and offshore locations in several recent papers: Vincent
and Hahmann (2015) studied the effect of grid nudging, spin-up, and simulation time, on near-surface and upper PBL wind
speed variance for the model in the North Sea and the Baltic Sea. One ’short’ setup with 36 hours simulation time, including 12
hours of spin-up, and no grid nudging, was compared to two ’long’ simulations of 11 days, with a one day spin-up, one using
grid nudging above the Planetary Boundary Layer (PBL), and one using spectral nudging. The study showed that while spatial
smoothing is observed when nudging is used, it has little impact in the lower part of the atmosphere, and it is concluded that
the setups using longer simulation time are appropriate for wind energy applications. Draxl et al. (2014) ran the WRF model at
a coastal site in Denmark with seven different PBL schemes, in order to study how well the model represents profiles of wind
speed and wind shear at heights from 10 to 160 meters, using the different schemes. The study shows that the Yonsei University
(YSU) (Hong et al., 2006) PBL scheme represented the wind climate best for unstable atmospheric stability conditions, while
the Asymmetric Convective Model version 2 (ACM2) (Pleim, 2007b), and the Meller- Yamada-Janjic (MYJ) (Janjié, 1994) PBL
schemes worked better for neutral and stable conditions respectively. In Hahmann et al. (2014b) the WRF model sensitivities
over the Baltic and North Seas were studied for the following model components: the dataset used for initial and boundary
condition, the PBL scheme, the number of vertical grid levels, and the source of Sea Surface Temperature (SST) data. A year
long wind climatology simulation was used as the test variable. The study showed that the choice of PBL scheme and spin-up
time had the strongest impact on the observed mean wind speed, while the other components played a lesser role.

The WRF model sensitivities have also been studied in regions of complex terrain. Carvalho et al. (2012) studied the sensi-
tivities to the choice of restart frequency, grid nudging, and suite of Surface Layer (SL) scheme, PBL scheme, and Land Surface

Model. They observe that using grid nudging and frequent restarts (every 2 days) gives the best agreement with several masts
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located in complex terrain, and that a seasonal dependency of the optimal suite of SL-PBL-LSM exists. A seasonal dependency
was found by Garcia-Diez et al. (2013) who looked at systematic biases for the year 2011 for all of Europe, by comparing grid-
ded observations, upper-air data, and high-frequency station observations, with three WRF runs using different PBL schemes.
They also warn that sensitivity studies based on a limited period may not be representative for the whole year. In Carvalho et al.
(2014b) the sensitivities to the choice of SL and PBL scheme is also studied by comparing the model runs to 13 land-based
masts and five offshore buoys. The study shows that the PX SL scheme (Pleim, 2006) and ACM2 PBL scheme (Pleim, 2007b)
gave the smallest errors for wind energy related metrics. However, for offshore only sites the smallest errors were given by
the model using the QNSE-QNSE PBL scheme and SL scheme (Sukoriansky et al., 2005). A similar study by Gémez-Navarro
et al. (2015) analysed the sensitivities the WRF model to the choice of PBL scheme, grid spacing and setup in complex terrain
in Switzerland. The evaluation metric was the near surface wind at a number of masts all over the country. The study showed,
for their suite of setups, that using the YSU PBL scheme, the highest spacial resolution (2 km), and Analysis Nudging, gave
the best agreements with measurements during a number of wind storms. Carvalho et al. (2014a) studied the sensitivities to the
choice of dataset for initial and boundary conditions, and showed that using the ECMWF (European Center for Medium-range
Weather Forecast) ERA-Interim reanalysis dataset (Simmons et al., 2007) gave the best agreement with wind measurements at
several sites of high wind resource, when compared to the NCEP (National Centers for Environmental Prediction) R2 (Kana-
mitsu et al., 2002), CFSR (Saha et al., 2010), FNL, and GFS datasets, as well as the NASA (National National Aeronautics and
Space Administration) MERRA dataset (Rienecker et al., 2011). Schicker et al. (2016) studied the temperature sensitivities to
the choice of land use dataset in two regions in Austria characterized by complex terrain, such sensitivites can be relevant for
wind energy if they influence the wind by misrepresenting the atmospheric stability characteristics. Their study showed that, in
general, when compared to surface, upper air, and satellite observations of temperature and wind speed, the CORINE CLC06
dataset (Biittner et al., 2004) gave better model agreements than the USGS (Garbarino et al., 2002), and MODIS (Friedl et al.,
2010) datasets.

Several intercomparison studies of NWP models for near-surface wind and resource assessment exists. In Horvath et al.
(2012) the MMS5 (Grell et al., 1994) and WRF models were compared for a site in west-central Nevada characterized by
complex terrain. Both models were run in a grid nesting setup from 27 kilometers to 333 meters, and the near-surface wind were
compared to wind observations from several 50 meter tall towers. The study showed that WRF model gave better agreement
with mean wind speed observations, but it suffered from an overestimation of intensity and frequency of thermally driven
flow. In Hahmann et al. (2015) two downscaling methodologies: KAMM-WASsP (Badger et al., 2014) and WRF Wind Atlas
(Hahmann et al., 2014a), both based on a coupling approach between a NWP model and a simple microscale model using a
linearized flow model, were intercompared for a number of mast sites in South Africa. The study showed that the WRF-based
method gave smaller biases than the KAMM-based approach, which were shown to underestimated the wind speeds.

So, while extensive work has been put in assessing model sensitivities to initial initial conditions, by e.g. many-model ensem-
ble studies, and into studying the sensitivities to choice of model components, by e.g. case-control studies, little knowledge has
been derived from assessing the operational NWP models run by the community. However, in the last decade, several intercom-

parison studies have been succesfully carried out for other types of models based on model output submitted by modelers from
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the wind energy community, including the Bolund experiment and the CREYAP exercise. The Bolund experiment (Bechmann
et al., 2011) was an intercomparison of flow models, from simple models to Computational Fluid Dynamics (CFD) models.
The modelers were asked to model the flow around the small island of Bolund in Denmark, and the model results were veri-
fied using observations from a previous measurement campaign (Berg et al., 2011). The Comparison of Resource and Energy
Yield Assessment Procedures (CREYAP) (Mortensen et al., 2015) was an intercomparison study of energy yield assessment
procedures based on four case-studies. The study revealed a large spread among the different procedures, and highlighted the
need for further studies into the uncertainties associated with the models. Carrying out a similar type of intercomparison study
for NWP models can be attractive for a number of reasons, including: 1) It offers an opportunity, not just for model developers
to get a better understanding of the model uncertainties, but also for users and stake-holders in the wind energy community
whom rely on these models. 2) It reduces the workload required to carry out comparative studies because the data, in most
cases, already exists, and it increases scalability because including additional model results require very little effort compared
to traditional studies. 3) Depending on the level of meta-data collected, it offers a unique insight into what the community
considers “best-practice’ when it comes to NWP modeling for wind energy applications.

In the present study a blind intercomparison of 25 different NWP models is presented for six simple sites in northern
Europe. It is co-organized by the European Wind Energy Association (EWEA) and the European Energy Research Alliance
Joint Programme Wind Energy (EERA JP WIND), and based on model output submitted from the modeling community to an
open call for data. The six sites represent some of the simplest terrain for the models. They are all located offshore or in mostly
flat and homogeneous terrain, where the subgrid-scale parameterizations of the models are expected to work well. Three sites
have a tall meteorological mast with observations at many heights available for verification of the model results. The two main
aims of the study are: 1) To highlight and quantify the uncertainties of the models, and to serve as motivation and indicator for
future analysis of model uncertainties. 2) To identify model setup decisions that have an impact on model performance. The
models are intercompared using simple metrics relevant for wind energy applications.

The structure of the paper is as follows: In sect. 2 a detailed description of the methodology used in this study is presented,
including a description of the six study sites and the models used by the participants. In sect. 3 the intercomparison results are

shown. A discussion of the results is given in sect. 4, and finally in sect. 5 the conclusions of the study are presented.

2 Methodology
2.1 Mast sites and observations

The six locations chosen for the intercomparison are labeled FINO3, Hgvsgre, Cabauw, and Dataless1-3, is shown in Fig 1, and
the location and type of the sites are shown in Table Al. Three of the sites correspond to the locations of tall meteorological
masts, located in terrain of different characteristics: land, coastal, and offshore. The mast sites have long-term records of
observations and serve as the main intercomparison sites. The year 2011 was selected as the case-study due to excellent
availability of observations. The three observation-less sites were selected because they each resemble one of the mast-sites,

and serve to identify whether a consistent pattern of intermodel variance exists between similar sites.
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Figure 1. The six site locations: (1) FINO3, the North Sea. (2) Hgvsgre, Denmark. (3) Cabauw, The Netherlands. (4) Dataless1, Skagerrak
Sea. (5) Dataless2, Bay of Aarhus. (6) Dataless3, Germany.

The FINO3 site (Fabre et al., 2014) is a platform 80 kilometers off the coast of Denmark with a meteorological mast, reaching
an elevation of 120 meters. Hgvsgre (Pefia et al., 2014) is a mast located approximately 2 kilometers from the coastline in
western Jutland, Denmark. Apart from the sharp roughness-change represented by the coastline and the presence of a small
enscarpment, the terrain can be characterized as homogeneous and flat. The Cabauw mast (Ulden and Wieringa, 1996) is
located inland (40 kilometers to the coast) near the small towns of Cabauw and Lopik in the Netherlands. The surroundings are
flat and fairly homogeneous agricultural fields, although some patches of forest and buildings are located in the surroundings.
The Datalessl site is located in the Skagerrak Sea approximately 50 kilometers off the northern coast of Denmark. Dataless2
is a site 5 kilometers offshore the east coast of Denmark, near the town of Aarhus. Besides the town and a small enscarpment
the landscape is relatively flat and homogenous. Dataless3 is site north-east of the city of Bergen in northern Germany. The

surrounding area is relatively flat and homogenous, however some small patches of forest are located nearby.
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Figure 2. Availability of wind speed and direction data for FINO3, Hgvsgre, and Cabauw given as a fraction of completeness for each month

of the year 2011 for each comparison height.

The wind speed data availability for 2011 at the three meteorological masts is shown in Fig. 2. At Cabuaw the gaps were filled
via interpolation due to the low abundance and magnitude of gaps (less than 2% missing data for any given month). This means
that the gap-filled availability was 100%. The observations from the two other sites were not gap-filled. The intercomparison
heights chosen for each site are shown for each site in Table A2, largely chosen because of the placements of instruments on
the masts.

At FINO3 the wind speed measurements at three of the measurement heights: 50, 70, and 90 meters, comes from three

separate booms with cup anemometers separated by a 120° angle. This is done to reduce effects of flow distortion from the
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tower on the wind speed measurements, by combining data from the three anemometors. However, two of the heights used in
the intercomparison in this study, 40 and 60 meters, had only one cup anemometor available, so instead of using the single-
anemometor data from 40 and 60 meters, the 50 and 70 meter data was vertically extrapolated down to 40 and 60 meters
respectively, using log-law extrapolation in height. This was done under the assumption that the errors due to extrapolation are

much smaller than those caused by flow distortion.
2.2 Submission procedure

The modelled time-series evaluated in this study were submitted by the participants to the open call for data issued by the
European Wind Energy Association (EWEA). The submission procedure consisted of a template spreadsheet downloadable
from the EWEA webpage, which included a questionnaire. The spreadsheet was filled with time-series of the required variables
at each location and height. The questionnaire contained queries about the setup of the modeling system used. The participants
then returned the spreadsheet to EWEA, whom passed it on to the authors in an anonymized version.

Table A3 shows the requested model variables. The questionnaire contained questions detailing the modeling setup, in-
cluding information about the following: the model code and version, Surface Layer (SL) scheme, Planetary Boundary Layer
(PBL) scheme, Land Surface Model (LSM), grid nests size(s) and spacing(s), vertical levels, landuse data, simulation and spin-
up time, as well as initial and boundary conditions. Furthermore the participants were asked to comment on any additional

modifications made to the model, as well as details on what assimilation, nudging, and ensemble methods used.
2.3 Models

The modeling groups participating with model data are listed in Table A4. There are representatives from companies, universi-
ties, research centres, and meteorological institutes. The represented models, including the different model setup options used,
are shown in Table AS.

It is clear from Table A5 that the WRF model is the most used in this study, with 18 out of 25 groups using it. It is also
clear that the Noah was the most popular LSM, and the Era-Interim Reanalysis the most popular source of boundary and initial
conditions. The choice of PBL scheme and source of landcover data varied amongst the participants. The simulation length,
including spinup time, of individual sub-simulation for most of the setups used was less than 100 hours, typically 12 hours of
spin-up and 36 hours of total simulation. However, it did vary from 1 hour spin-up and 7 simulation up to continuously running
for the full year.

As a source of reference, time series from the ERA-Interim reanalysis (Dee et al., 2011) was included in the comparisons
whenever possible. The ERA-Interim reanalysis dataset is a global dataset based on extensive assimilation of surface and
upper-air observations to the IFS global model using 4D-Var (Courtier et al., 1994). The spatial resolution of the dataset is
approximately 80 km in the horizontal with 60 vertical levels, so bilinear interpolation was used for interpolation to the site
locations. To get data on appropriate height levels linear interpolation in height was used. The dataset comes in 6 hour intervals

at 0, 6, 12, and 18 Coordinated Universal Time (UTC), so linear interpolation in time was used to fill the sampling gaps.
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2.4 Statistical methods

This study was based on direct comparison between the observations and model output at collocated positions, as well as
intercomparison between the output from the models. The sampling frequency for the study was chosen to be one hour. For
the observation data this means hour mean values, while for the mesoscale models instantaneous values are used. This was
done based on the assumption that the intra-hourly variance is low for the models, such that instantaneous values are very
similar to the hourly means. To ensure temporal collocation, missing observations were used as a mask for the modeled output.
Furthermore, to get vertically consistent profiles, only observations where all heights for a particular mast had available data
were used. The model outputs submitted by the participants were assumed to be quality checked by the submitter, but it was
also checked by the authors for obvious nonphysical or inconsistent behavior, and removed in that case.

From the variables presented in Table A3, the wind speed u and wind direction are the most important ones for wind energy
applications and was emphasized the most. In the following, a subscript m will signify the temporal mean of that variable, i.e.
Uy, 1s the temporal mean wind speed. This is not to be confused with the mean value of the models, which we denote with a

tilde, i.e. the model mean of temporal means is denoted .,,, and calculated as:

1 N
T = 7 D Ui (M

Here the index ¢ is a reference to a specific model submission, and N is the number of models. Likewise it is useful to define

the variation:

1 N
- - \2
Uum - N zﬁ: (uml - um) (2)
Here ¢ is the standard deviation, in this case of the intermodel variation between the temporal model means. Since ., and
o, are sensitive to outliers, so the procedure applied in this study was:

1. Calculate %, and o,

2. Remove models where |y, ; — Uy, | is greater than 3.55,,,,

3. Recalculate u,, and o, with the new subset of models

This was done in an effort to reduce the sensitivity to the outliers. The value of 3.5 standard deviations was chosen somewhat
arbitrarily to ensure that only somewhat ‘extreme’ outliers is removed. Only submission with data available at all heights was

included in the calculation of the inter model mean and variation. This was done to get vertically consistent values.
2.4.1 Coefficient of variation

At the six sites used in this study the variation of wind speed o, scales with the mean wind speed u,,, so to allow for

intercomparison of wind speed variation intensity across vertical levels the coefficient of variation C,, ,, was used. It is defined
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as the variation over the mean o, /u,,, and is a unit-less measure of the relative variation at the sampling time scale. At
timescales of seconds it is known as turbulent intensity, but in this case, with a sampling frequency of one hour, it represents

the intensity of variations of synoptic- and mesoscale weather phenomena.
2.4.2 Wind speed shear exponent

The shear exponent () given by eq. (3) provides a measure of the relative change of wind speed with height between to levels

z1 and za.

In (“—1>
Uz

In (%)

In the surface layer « is strongly influenced by the surface roughness and the atmospheric stability. It is important that the

3)

o=

mesoscale models capture the distributions of o well, because it is an indirect measure of how well the mesoscale models

capture the local effects of roughness and stability.
2.5 Wind energy application

To investigate the errors and spread of the models for simple applied wind energy applications, the models output were used
for a wind resource assesment exercise.

A typical approach to resource assessment in the wind energy sector is to run a mesoscale model in the area of interest for a
number of years, followed by a downscaling process where the wind climate statistics obtained from the mesoscale model is
used as input for a microscale model (Badger et al., 2014; Hahmann et al., 2015). In simple terrain the microscale model usually
consists of a simple flow model, similar to the Wind Applications and Analysis Program (WAsP). WASsP uses a linearised flow
model based on the principles of Jackson and Hunt (1975), and consists of an upscaling procedure where local effects from
variations in orography, surface roughness, and objects, are removed from the wind climate statistics. This is referred to as
‘generalisation’ of the wind climate, and the generalized statistics are representative for a larger surrounding area than the site
specific wind climate. The size of the area that it represents depends on the complexity of that area. The generalised wind
climate can then be downscaled to a specific site of interest by ‘reversing’ the generalization process, i.e. putting back in the
site specific effects of orography, surface roughness, and objects.

Given a downscaled wind climate and a turbine-specific power curve, the expected power output can then be calculated.
Since the participants in this intercomparison did not submit their model-specific orography and roughness maps, it is not
possible to go through the generalization procedure, and downscaling process at the inland sites. However, for the offshore
site FINO3 there are no effects of orography, and if differences in surface roughness is assumed to negligible between the
models, then the downscaling process can be applied without the generalization. This was done for the FINO3 site at 90
meters, assuming a single Vestas V80 turbine(s) at the site, and then repeated for the wind farm of Horns Rev, which is a 80
turbine large wind farm located near FINO3. This was done using the simple wake parameterization in the WAsP model to

study how wake effects can alter the results.
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3 Results
3.1 Mean quantatives
3.1.1 Mast sites

From the vertical profiles of mean wind speed (u,,), presented in Fig. 3, it is clear that at the offshore site FINO3 most
mesoscale models (MM) underpredict u,,, at the three heights. However, the bias is less than 0.27m/s on average, correspond-
ing to about 2.8%, which is a small number, especially compared to the ERA-Interim data, which shows a larger negative bias
than all of the mesoscale models. The intermodel variance &,,,, at FINO3 is 2.7 — 3.1%, decreasing with height, which is the

lowest combined inter-model variance of any of the six sites.
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Figure 3. Vertical profiles of mean wind speed (u., ), for all of 2011, at the six sites, for: the observations (black), the ERA-Interim dataset

(green), the Mesoscale Models M M; (red), and the mesocale models mean and intermodel variance MM+6 (blue).
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At Hgvsgre the mesoscale models and ERA-Interim generally have small wind speed biasses above 10 meters, showing a
bias of the mesoscale model mean 1, that is smaller than +0.16 m/s (< £1.9%), and a intermodel variance is 3.0 — 5.2%,
decreasing with height, which is low compared to the other sites. At 10 meters the mesoscale models generally overpredict the
mean wind speed and the model mean wind speed 1, has a positive bias of 0.54m/s (~ 8.41%). ERA-Interim also overpredicts
the mean wind speed at 10 meters, with an even larger bias than 1,,,, and the largest intermodel variance is also observed there
(7.8%).

At Cabauw most of the mesoscale models overpredict u,,,. Only one of the mesoscale and the reanalysis datasets, shows a
significant underprediction, and in the case of the reanalysis this underestimation increases with height. The overprediction by
the rest of the mesoscale models varies in magnitude, but the average of the models, excluding the outliers, are in the range
4 — 9% for the different heights, with the largest relative errors near the surface. The inter model variance (., ) at Cabauw

vary between 3.3 — 8.1% at the different heights, and is highest at the lowest levels.
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Figure 4. Vertical profiles of correlation coefficient between model and observation for wind speed for all of 2011 at the three mast sites, for:

ERA-Interim (green), the mesoscale models M M; (red), and the mesoscale models mean and intermodel variance MM+6 (blue).

Wind speed correlation coefficients between the models and the observations are shown in Fig. 4. The figure reveals that the
correlation between the mesoscale models and the observations, on an hourly time scale is > 0.8. It is also clear that correlation
is generally higher at FINO3, and slightly lower at Hgvsgre and Cabauw. At Hgvsgre and Cabauw the correlation decrease with
height. The correlation of the reanalysis data is similar to the mesoscale models at Cabauw and aloft at Hgvsgre, but slightly
lower at FINO3 and at the lowest levels at Hgvsgre. The intermodel variance is = 2.5% everywhere, by at Cabauw, especially
at the lowest levels, it is slightly higher (=~ 3.4%).

The mean coefficient of variation (C,, ,,) for wind speed is shown in Fig. 5 for all six sites. It shows that at FINO3 the average
of the mesoscale models C‘U’u is similar to the the observations, the difference is less than 1% at all three heights. Ignoring
one outlier, the intermodel variance range between 3.0 — 3.5% at the three heights. The outlier with much lower values is

due to lower variance for that particular model not due to any significant difference in the mean wind speed compared to the
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other models. It was removed by the filtering method described in sect. 2.4 in the calculation of the models mean (C’uu) and
inter-model variance (¢, , ). The ERA-Interim dataset also captured the magnitude of C, ,, well at FINO3, showing values

similar to the observations and the mesoscale models.
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Figure 5. Vertical profiles of coefficient of variation for wind speed C, ., for all of 2011 at the six sites, for: observations (black), ERA-Interim

(green), the mesoscale models M M; (red), and the mesoscale models mean and intermodel variance MM +& (blue).

At Hgvsgre C,, ,, decreases with height for both the observations, and most of the mesoscale models. The model average
(C‘v’u) agrees well with the observations, but underestimates it by about 2%. The ERA-Interim dataset does not capture the
behavior, and instead show an increase with height, but at the highest levels it does agree quite well with the model average
and observation values. The spread of the mesoscale models (o¢, ) is slightly higher than at FINO3 (3.6 — 4.4%), highest at
the surface.

The magnitude of C, ,, is largest across all sites at 10 meters at Cabauw. Above 10 meters a sharp drop-off with height up
to 80 meters is observed, followed by a small increase up to 200 meters. Most of the mesoscale models are able to capture

this behavior, which is reflected in the mean of the models (év,u)~ However, the models underestimate the magnitude and the

12



10

15

20

25

30

Wind Energ. Sci. Discuss., doi:10.5194/wes-2016-43, 2016 WIND

Manuscript under review for journal Wind Energ. Sci. Py ENERGY
Published: 1 December 2016 e we \ SCIENCE
(© Author(s) 2016. CC-BY 3.0 License. european soademy ofvind energy

drop-off of C,,, at the lowest levels, at 10 and 20 meters the bias of the average of the mesoscale models is ~ 12% . Above
80 meters the mean of the models and observations agree quite well. The ERA-Interim dataset do not show much change with
height, and tend to overestimate C, ,, above 40 meters, and underestimate it below. The inter-model variance (G¢, ,) of the

mesoscale models is largest at the lowest levels, 8.0% at 10 meters, and gradually decreases to less than 4% at 200 meters.
3.1.2 Dataless sites

The mesoscale models mean wind speed (u,,) at the three Dataless sites (Fig. 3 d, e, and f) reveals that at the offshore site
Dataless1 the mesoscale models have a larger mean wind speed than the reanalysis, similarly to the FINO3 offshore site. The
intermodel variance &,,,, is 2.3 —4.3% with the largest variance found at the lowest levels.

At the Dataless? site, offshore the coast in Denmark, the mesoscale models and the reanalysis data agree quite well, but the
mean wind speed of the reanalysis data are slightly lower than the average of the mesoscale models. The inter model variance
(Gu,,) at the site is 5.7% at 10 meters, and gradually decrease to 4.0% at 120 meters.

At the Dataless3 site the mean wind speed of the reanalysis data is generally lower than the mean wind speed from the
mesoscale models. The magnitude of this difference is larger aloft. The site also shows the largest inter-model variance of any
of the six sites: 10.1 — 13.6% at 10 - 40 meters, and 6.7 — 6.8% at 80 - 120 meters. One mesoscale model show considerably
larger mean wind speed than the rest, but was not included in the calculation of the model mean and variance.

The coefficient of variation at the three Dataless sites is presented in Fig. 5 (d), (e), and (f). It shows that relative variations
are larger at Dataless1 than at FINO3, but there is a good agreement between the mesoscale models (G¢, , is < 2.5%). The
ERA-Interim dataset show a large coefficient of variation compared to most mesoscale models, but not significantly.

The coefficient of variation at Dataless2 is slightly lower than for Dataless1 and decrease with height for most mesoscale
models, but not for the ERA-Interim dataset. The inter-model variance is comparable to that at Hgvsgre (2.3 — 5.0%) and is
also slightly higher at the lowest levels.

At Dataless3 large values of coefficient of variation for wind speed is observed at the lowest levels, similar to Cabauw, and a
sharp drop-off with height up to 40 meters is also seen. Just like at Cabauw, ERA-Interim do not show the drop-off with height.
The mesoscale models have a stronger agreement at Dataless3 than at Cabauw (2.9 — 4.8%), but show the largest srpead at 10
meters, exactly like for Cabauw.

In general the observed behavior at the Dataless sites for both mean wind speed and coefficient of variation for wind speed
is very similar to the behavior observed at each of counterpart-sites with observations, apart from a slightly better agreement
between the mesoscale models at low levels at the Dataless2 than at Hgvsgre, and less agreement amongst the models at the

Dataless3 site compared to Cabauw, but it is probably a reflection of differences in terrain-complexity of the sites.
3.2 Distributions

Figure 3 shows that the mesoscale models generally capture the mean wind speed well. In the following the ability of the
models to reproduce distributions of wind direction (Fig. 6), wind speed (Fig. 7), and shear exponent (Fig. 8) is demonstrated.

The distributions are presented at heights relevant to wind energy applications, between 80 and 90 meters, and in the case
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of wind shear exponent, between 40 meters and 80-90 meters. In the following only the sites with observations have been
included, because the results at each of the three data-less sites are similar to the results from the corresponding site with
observations (offshore, coastal, inland).

The wind roses (distribution of the wind direction), shown in Fig. 6 in 15° sectors at heights of either 80 or 90 meters, reveal
that the models capture the observed distributions well, and the intermodel variance is low. In all three cases the mesoscale

models have captured the distribution better than the reanalysis data does.

(@) FINO3,90 m (b) Hoavsare, 80 m (©) Cabauw, 80 m

e (Obs
e Era-|

MM
el +o

270 90°

180° 180° 180°

Figure 6. Distributions of wind direction at the six sites based on 24 directions, each representing 15°, for: the observations (black), the

ERA-Interim dataset (green), the Mesoscale Models M M; (red), and the mesocale models mean and intermodel variance MM+é6 (blue).

Wind speed distributions (Fig. 7) show that on average the mesoscale models capture the distributions well, apart from a
slight shift towards the higher wind speeds at Cabauw, resulting in the positive bias in mean wind speed observed in Fig. 3.
The ERA-Interim dataset capture the distribution well at Hgvsgre, but show a distribution shifted towards lower windspeeds at
FINO3 and Cabauw.

The distributions of the shear exponent («) for the three mast sites are presented in Fig. 8. Under neutral conditions and a
uniform surface roughness (for all wind directions) a sharp distribution centered around a single « value should be observed, so
for offshore sites like FINO3 the spread in shear exponent comes from variations in the atmospheric stability, the Fig. reveals
that in that particular case the models capture stability well on average at the site. The ERA-Interim dataset however, do not
seem to capture the strongest shear situations.

At Hgvsgre and Cabauw the distribution of « is a combined effect of both the upstream surface roughness, which cannot
be expected to be uniform (it varies with direction), and the varying atmospheric stability. For example, one would expect
that at the coastal site Hgvsgre the upstream roughness vary a lot depending on whether the wind is coming from land or sea,
something that was also observed by Hahmann et al. (2014b). The figure shows that while the distributions are generally well
captured, a slight shift towards lower shear is observed at both sites. The ERA-Interim dataset does not capture the strong shear

cases at Hgvsgre, and at Cabauw neither the weak or strong shear cases are sufficiently represented. Part of the reason for the
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Figure 7. Distributions of wind speed at three mast sites, for: the observations (black), the ERA-Interim dataset (green), the Mesoscale

Models M M; (red), and the mesocale models mean and intermodel variance MM +& (blue).
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Figure 8. Frequency of occurance of the shear exponent («) at the three mast sites, for: the observations (black), the ERA-Interim dataset

(green), the Mesoscale Models M M; (red), and the mesocale models mean and intermodel variance MM+6 (blue).
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poor results for ERA-Interim is the linear interpolation from model levels to fixed height levels used in the data extraction.
However, at least three model levels were used in the interpolation to the two height levels (40 and 80 meters), so even though

some dampening of the shear coefficient is expected from the interpolation method, it does not fully explain the poor results.
3.3 Effect of upstream conditions on variation of wind speed

5 In order to investigate whether a dependency on upstream conditions exists for the coefficient of variation for wind speed
(shown in Fig. 5) exists, two of the sites were studied. One offshore (FINO3), representing the isotropic upstream surface
roughness case, and one with a nearby coastline going from south to north (Hgvsgre), represeting the case with a strong surface
roughness dependence on direction. The coefficients of variation was binned according to four wind directions representing
90 degree sectors: north, east, south, and west. The values for the east and west sectors at the two sites was then extracted and

10 analyzed.
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Figure 9. Coefficient of variation for wind speed C', ., for split into westerly and easterly flow at FINO3 (a,b) and Hgvsgre (c,d), for: the
observations (black), the ERA-Interim dataset (green), the Mesoscale Models M M; (red), and the mesocale models mean and intermodel

variance MM =+ & (blue).
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Figure 9 shows the two cases for FINO3 and Hgvsgre. At FINO3 the coefficient is slightly lower for easterly flow for both
the models and observations, and no dependence on height is observed. The sample size is smaller for easterly directions,
about half that of westerly directions, but both sample size are large (N > 1000) so the difference in C, ,, due to differences in
sample sizes is expected to be small. For both wind directions the average of the mesoscale models, and ERA-Interim, captures
the observed behavior well, and the inter-model variance for the mesoscale models is similar for both directions. At Hgvsgre
westerly flow comes from the sea, and easterly from land. The figure shows that wind sectors coming from sea at Hgvsgre
have a higher coefficient of variation compared to the land sector. Easterly winds (coming from land) show larger coefficients
of variation at the lowest levels, which decreases with height. This reduction with height is underestimated by most of the
mesoscale models, and completely missed by the ERA-Interim dataset. For westerly winds (coming from the sea) at Hgvsgre
the models and observations agree almost exactly.

The westerly wind sector at Hgvsgre, where the wind comes from the sea, show a very similar pattern to the two sectors
at FINO, that is: no change with height. This points to the fact that the pattern observed for the easterly wind directions at
Hgvsgre, where a clear dependence on height is observed, is due to influence from the upstream surface conditions. These
influences do not appear to be well captured by the ERA-Interim dataset, but the mesocale models are, to some degree, able to

capture them.
3.4 Individual model performance

The previous sections have been focused on distributions, mean quantities, and the variance of the mesoscale models. In this
subsection the attention is on identifying the things that set the models apart, be it due to the chosen parametrization, the dataset

used for initial and boundary conditions, the setup of the grid, the time integration choice, or otherwise.
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Figure 10. Absolute mean wind speed bias at 40 meters vs. model resolution for three sites with a mast. R? is the correlation coefficient, and

a is the slope of a least-squares fit to the data points.
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The hypothesis of this study was that, given enough samples (models) in the study, it would be possible to identify the
statistical effects of choosing a particular model setup, compared to another.

The following factors were hypothesised to influence the surface layer winds:

— The model grid spacing and source of orography and land use data, due to the importance of accurately representing the

orography and the upstream surface roughness.
— The choice of SL and PBL scheme.

— To a lesser degree: the model, the boundary and initial conditions, the spin-up and simulation time, and the domain

placement.

(@) FINO3, Az, =3,E.=2.4 (b) Hovsgre, Az, = 3, E.=4.5 (c) Cabauw, Az, =3, E.=6.8
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Figure 11. Chance of mesoscale models to have a mean wind speed error (E.) larger or smaller than the median error if they have smaller or

larger grid spacing than the median (A.) for the three mast sites at 40 meters.

The hypothesized correlations were investigated using a number of approaches, and although some weak indications of
correlation between the model grid spacing and the absolute wind speed bias (Fig. 10), no significant correlation were found
between the different performance metrics tested for the surface layer winds and the factors listed above.

Figure 11 shows the chance, for a random model, of having a mean wind speed error (E.) that is larger or smaller than the
median error, depending on whether the model grid spacing is larger or smaller than the median model grid spacing (A.), for
the three mast sites at 40 meters. At FINO3 and Hgvsdgre the chance of a lower than median error is the same, whether the
model grid spacing is larger or smaller than the median spacing. At Cabauw a higher chance of a smaller mean wind speed

error is observed for smaller grid spacing, and a higher chance for larger errors is seen for larger grid spacing.
3.4.1 Performance consistency across sites

To investigate whether the models that perform well at one site also perform well at the other sites, the mean wind speed
error, as well as the wind speed correlation with observations, was compared for site-wise pairs, see Fig. 12. The figure reveals
that for wind speed correlation (Fig. 12 b) a clear connection is seen between the correlation at one site and the correlation

at another, for all site pairs, resulting in a coefficient of determination R? of 0.57 or above for the three site-pairs. For mean
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wind speed error (Fig. 12 a) the correlation between FINO3 and Hgvsgre (R? = 0.63), and FINO3 and Cabauw (R? = 0.65)
is quite high, while it is smaller for Hgvsgre and Cabauw (R? = 0.44). Even though a correlation is observed between the
performance at one site, and another, for these two metrics, two things should be kept in mind: 1) It is not always the same
models that perform well for mean wind and for wind speed correlation 2) the temporal correlation between the sites is quite
high, Mehrens et al. (2016) showed that for sites in the North Sea area the temporal correlation of 10 minute average wind
speed measurements is R? ~ 0.5 at distances up to 500 km, which makes it difficult to quantify and separate the effects from
the temporal correlation and from and the model skill. The sites are between 150 and 550 kilometers from each other, so some

temporal correlation should be expected.
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Figure 12. a) Errors of u,, at one site for the models plotted against the error of u,, at another site for the same model. b) Correlation of u
at one site plotted against the correlation of u at another site. The coefficient of determination R? is shown for the different site-pairs in the

legends. In both a) and b) the height is 80 meters for Hgvsgre and Cabauw, and 90 meters for FINO3.

3.5 Wind energy application

The mesocale model timeseries was applied to a simple wind energy resource assessment application using the 90 meter data
at the offshore site FINO3, as described in section 2.4. In figure 13 the error of the calculated mean wind speed u,,, mean
power density P,,, mean power density with an assumed power curve P, ,., and the mean power density of 80 turbines in a
wind farm including wake effects P, ..

A majority of the models shown in Fig. 13 have less than £5% error for mean wind speed. The errors are mostly due to an
underestimation of the mean wind speed, and for some of them severely (< 10%). For mean power density the spread of the
models are, as expected, much larger due to the third power dependence on the wind speed. However, when the power density
is calculated using a turbine power-curve, where the highest wind speeds (> 14 m/s) are less important for the power than it
is for power density, the variance is comparable to the variance for mean wind speed. For the wind farm situation, where the

power density is dependent on the wind direction distribution, and the losses due to wake effects, the variance is comparable in
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Figure 13. Distributions of errors from the models output at 90 meters at FINO3 for the following statistical quantaties: 1) the mean wind
speed u., (blue), 2) power density P, (green), 3) power density with an implied power curve Py, ,. (red), and 4) average power density of
a wind farm including the same implied power curve as 3) and wake effects (purple). Outliers are not shown, but the most extreme ones go
to —60% for Pr,, —37% for P wf, —35% for P, pe, and —25% for .

size to that of mean wind speed and P, ;.., and most models have errors smaller than £2%. The improvement seen for P, ,, ¢
is caused by a underestimation of the wake effects for most models, leading to a relative increase in mean power density,

offsetting the underprediction from the modelled wind speed distribution.

4 Discussion

The increase of both model errors and inter-model variance, observed with decreasing height at the inland sites, indicates
an influence of misrepresentation of surface characteristics, such as surface roughness and orography of the models, and it
highlights the need for downscaling of the mesoscale results, to include high resolution information and microscale effects,
especially if the models are used for siting and resource assessment.

While the current study offered great insight, especially into the inter-model variance of mesoscale models, several things
could be improved in future studies, including: 1) The model representation of surface roughness for the nine grid cells closest
to the site of interest, was submitted by less than half of the participants. In future studies having these details for all models
may help detect misrepresentation of the surface characteristics. 2) A larger sample size would improve the robustness of the
statistics, and allow for more grouping of the model output, which may allow for a formulation of best-practice principles for
NWP modeling for wind energy. 3) This study showed that for offshore sites the model errors and inter-model variance is
quite low, so future studies would probably benefit most from focusing on inland sites of low to moderate complexity where
effects from the surface characterisation in the model can be studied in greater detail. 4) Future studies could also focus on

specific cases, or phenomena, that is important for wind energy, for example Low Level Jets (LLJ). Several studies, e.g. Storm
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et al. (2009), have shown that the PBL schemes used used in most mesoscale models, including YSU, MYJ, and MYNN have
difficulties in accurately capturing surface layer winds in stable conditions, including LLJ’s. Capturing LLJ’s can be of vital
importance because they are associated with strong winds, strong shear, and high turbulence levels, which have the potential

to either increase power output, or damage the turbine, depending on the strength and location of the jet.

5 Summary and conclusions

In this paper an intercomparison of results from 25 different NWP models has been presented for six locations characterized by
simple terrain in Northern Europe. The models were compared with each other and, at three of the sites, with observations from
nearby meteorological masts for the year 2011. The results, including model meta-data, was submitted by modeling groups
from the wind energy sector, and the model setups represent the practice used within the industry today.

The study showed that on average the mean wind speed as estimated by the mesoscale models had low biases (< 3%) at the
offshore site FINO3 and above 10 meters at the coastal site of Hgvsgre, meanwhile the largest biases (7 — 9%) was observed
at the lowest levels at Hgvsgre (10 meters) and Cabauw (10 and 20 meters). A similar pattern existed for the model spread,
which was greater at the lowest levels and smaller aloft, and largest at inland and coastal sites, and smaller offshore. The same
pattern was also present for correlation between modeled and measured wind speed at the three mast sites: weaker correlation
inland and closer to the surface.

The coefficient of variation (o /u) was used assess how well the models are able to capture the relative wind speed variation.
It revealed that the average of the models have biases of less than 3% at FINO3, Hgvsgre, and above 40 meters at Cabuaw, but
at 10-40 meters at Cabauw the biases was 7 — 13% due to a large coefficient of wind speed variation at the lowest levels, that
decrease with height, that is not well captured by the models.

The study also showed that for the distribution of wind direction (wind rose) only small deviations between the mesoscale
models and the observations are seen. For wind speed, the models also represent the distributions accurately, apart from a
slight shift towards the high wind speeds at Cabauw. For distributions of the shear exponent («), which reflects the ability of
the models to accurate estimate the combined effects of surface roughness and atmospheric stability, the models do well at
FINO3, but seem unable to capture all cases of strong shear at Hgvsgre and Cabauw.

A detailed study of FINO3 and Hgvsgre showed that for wind directions coming from sea the coefficient of variation for
wind speed is constant with height, and the models capture the magnitude and behavior well, while for wind directions coming
from land at Hgvsgre the coefficient is dependent on height. On land the observed coefficient of variation was generally lower,
and the models were less accurate, compared to wind directions coming from sea.

Strong evidence was found, for some metrics (mean wind speed, correlation), that the model performance was consistent
between site-pairs for the mast sites. However, since the mast sites are located within a distance where some spatial correlation
is expected, the consistency cannot be exclusively contributed to the model skill.

A wind energy case study was made at FINO3, where the observations and the output from the models output was used to

estimate the power output for one single turbine and for a whole wind farm that included wake effects. The study showed that
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while a large spread exists between the modeled power density, it is reduced when the power is calculated via a power-curve. It
also showed the importance of accurately estimating the wind speed distribution, since the small deviation in the distributions
changed the power distribution strongly.

While it was a key objective of this study to determine the model setup choices that have a large impact on the models ability

to estimate the wind climate accurately in the lowest part of the PBL, only weak indications were found.

6 Data availability

The output data from the mesoscale models have been submitted submitted to the European Wind Energy Association (EAWE)
for the mesoscale benchmarking study under an agreement that ensures that individual participants are anonymized in the
reported results, and that the model output was not publicly shared. The measurements from the meteorological masts FINO3,

Hgsgre, and Cabauw, are provided by the data owners under an agreement of not sharing the data with any 3rd party.
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Table A1l. Site description, including latitude and longitude coordinates, classification of the site, and the height of the mast z5 as well as the

location terrain elevation relative to sea-level z45; and prevailing wind direction.

Nr. Name Latitude [°]  Longitude [°] Type zs[m]  zag [m]  Prev. wind direction
1 FINO3 55.195 7.158 Offshore 120 0 WSw
2 Hgvsgre 56.441 8.151 Coastal 116 2 WSwW
3 Cabuaw 51.970 4.926 Inland 213 -1 SW
4 Datalessl 57.673 9.024 Offshore - WSW
5 Dataless2 56.011 10.354 Coastal - SE
6 Dataless3 52.830 10.000 Inland - 77 SE
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Table A2. Intercomparison heights for each site (marked by the x).

Height [m] FINO3  Hgvsgre Cabauw  Dataless1-3

200 X
140 X
120 X
100 X X
90 X
80 X X X
60 X X
40 X X X X
20 X X
10 X X X X
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Table A3. Variables submitted by contributers.

eawe)

european academy of wind energy

Variable name Symbol Units
Bulk Richardson number R;

(Obukov length) =1 1/L m~1
Surface temperature Ts K
Air temperature K
Wind speed U m/s
Wind direction °
Specific humidity Q kg/kg
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Table A4. Participants in the study in alphabetical order.

eawe)

european academy of wind energy

Participant Institution Country

3E Company Belgium
Anemos GmbH Company Germany

ATM Pro Company Belgium
CENER Research Center Spain

CIEMAT Research Center Spain

DEWI Company Germany

DTU Wind Energy University Denmark

DX Wind Technologies Company China

EMD International Company Denmark
ISAC-CNR Research Center Ttaly

KNMI Meteorological institute ~ The Netherlands
Met Office Meteorological institute ~ United Kingdom
RES Itd. Company United Kingdom
Statiol ASA Company Norway
University of Oldenburg ~ University Germany

Vestas Company Denmark

Vortex Company Spain
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Table AS. Setup description of the 25 model setups ranked by horizontal grid spacing of the finest grid. The columns are: the model name

and version (Model), the PBL scheme (PBL), the land surface model (LSM), whether nesting was used (Nest.), the horizontal grid spacing

(A), the land cover source, Simulation and spinup time (Sim. time), and initial and boundary condition data (B.C.).

Nr. Model PBL LSM Nest. A [km] Landcover Sim. time [h] B.C.
1 WRF V3.6.12 Custom - yes 1 CORINEP 48-24 Era-I°
2 MAESTRO V15.01 - - no 1 CORINE - Era-1
3 WRF V3.6.1 MyJd Noah® yes 2 usGst 78-6 Era-l
4 WRF V3.3.1 MYJ - yes 2 GlobCover® 11064-24 Era-1
5 WRF V3.5.1 ysuh Noah yes 2 CORINE 30-6 Era-1
6 WRF V3.5.1 YSU Noah yes 2 - 264-24 Era-1
7  HARMONIE V37hl.l' SURFEX ISBAK yes 1.5 ECOCLIMAP! 7-1 Era-l
8 WRF V3.6 ACM2™ Noah yes 3 USGS-MODIS 84-12 FNL"
9 WRF V3.4 MY] Noah no 3 USGS 28-4 Era-1
10 WRF V3.6.1 YSU Noah yes 3 CORINE 672-96 CFSR®
11 WRF V3.0.1 MY] Noah yes 3 GlobCover 36-6 CFSR
12 WREF V3.6.1 MYNNP Noah yes 3 USGS 816-72 Era-I
13 WRF V3.0.1 MYJ Noah yes 3 GlobCover 36-12 MERRAY
14 WRF V3.0.1 MYIJ Noah yes 3 GlobCover 36-12 Era-1
15 WRF V3.1 MYJ Noah yes 3 MODIS' 54-6 FNL
16 WRF V3.6.1 YSU Noah yes 3 CORINE 336-96 CFSR
17 WRF V3.5.1 MYJ Noah yes 4 IGBP-MODIS® 264-24 Era-1
18 UM v8.4! Lock" JULESY yes 4 IGBP-MODIS 36-6 Era-1
19 WRF V3.5.1 YSU Noah yes 5 USGS 8856-24 Era-1
20 SKIRON V6.9% MYNN osu* no 5 USGS 51-3 GFSY
21 WRF V3.5.1 YSU Noah yes 5 USGS 8856-24 Era-I
22 WRF V3.5.1 YSU Noah yes 6 IGBP-MODIS 264-24 Era-I
23 HIRLAM V6.4.2% CBR¥ ISBA no 11 USGS 9-3 TFS2P
24 RAMS V6.0%¢ MYNN LEAFY no 12 CORINE 36-12 IFS
25 MMS5 V32¢ YSU - no 20 CORINE 744-24 MERRA

#Skamarock et al. (2008b)
Niu et al. (2011)

ISeity et al. (2011)
"Pleim (2007a)
9dRienecker et al. (2011)
“"Lock et al. (2000)
YGlobal Forecast System

“Pielke et al. (1992)

"Biittner et al. (2004)
'Garbarino et al. (2002)
jMoigne and Boone (2009)
"NCEP Final analysis

"Friedl et al. (2010)

VCox et al. (1999)

“Kallberg (1989)

*dWalko and Tremback (2005)

‘Dee et al. (2011)

£ Arino et al. (2008)

Noilhan and Mahfouf (1996)
°Saha et al. (2010)

Loveland and Belward (1997)
YKallos et al. (1997)

# Cuxart (2000)

Grell et al. (1994)
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4Janji¢ (2002)

hHong et al. (2006)
!Champeaux et al. (2005)
PNakanishi and Niino (2006)
‘Lean and Clark (2008)

*Pan and Mahrt (1987)

abIntegrated Forecasting System



