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The goal of this article is to apply the regional atmospheric numerical weather prediction Eta model and
describe its performance in validation of the wind forecasts for wind power plants. Wind power
generation depends on wind speed. Wind speed is converted into power through characteristic curve of
a wind turbine. The forecasting of wind speed and wind power has the same principle.
Two sets of Eta model forecasts are made: one with a coarse resolution of 22 km, and another with
a nested grid of 3.5 km, centered on the Nasudden power plants, (18.22 E, 57.07 N; 3 m) at island
Gotland, Sweden. The coarse resolution forecasts were used for the boundary conditions of the nested
runs. Veriﬁcation is made for the nested grid model, for summers of 1996–1999, with a total number of
19 536 pairs of forecast and observed winds. The Eta model is compared against the wind observed at the
nearest surface station and against the wind turbine tower 10 m wind. As a separate effort, the Eta model
wind is compared against the wind from tower observations at a number of levels (38, 54, 75 and 96 m).
Four common measures of accuracy relative to observations - mean difference (bias), mean absolute
difference, root mean square difference and correlation coefﬁcient are evaluated. In addition, scatter plots of
the observed and predicted pairs at 10 and 96 m are generated. Average overall results of the Eta model
10 m wind ﬁts to tower observations are: mean difference (bias) of 0.48 m/s, mean absolute difference of
1.14 m/s, root mean square difference of 1.38 m/s, and the correlation coefﬁcient of 0.79. Average values
for the upper tower observation levels are the mean difference (bias) of 0.40 m/s; mean absolute difference
of 1.46 m/s; root mean square difference of 1.84 m/s and the correlation coefﬁcient of 0.80.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Wind is ‘‘fuel’’ that drives wind turbines. However, this fuel
cannot be simply switched on, because its availability is rather
related to the prevailing meteorological conditions. Wind speed
forecasts are important for the operation and maintenance of wind
farms and their proﬁtable integration into power grids. Integration
of wind power into an electrical grid requires an estimate of the
expected power from the wind farms at least one to two days in
advance. Wind as the energy source has an intermittent nature.
A grid operator must be able to balance the production and
consumption of energy at very small time intervals. This is difﬁcult,
when the energy source that is feeding the electrical grid in unreliable. Economic value of the energy production among other
components includes the prediction quality. These are all reasons
why model predictions have an important role in handling of the
wind power in electrical grids.
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There are a lot of papers describing a wind-power forecasting
systems using wind obtained from a numerical weather prediction
(NWP) model. Lei et al. [1] in their paper give a bibliographical
survey on the general background of research and developments in
the ﬁelds of wind speed and wind power forecasting. Paper of
Landberg et al. [2] gives an overview of the different methods used
today for predicting the power output from wind farms on the 1–2
day time horizon. It describes the general set-up of such prediction
systems and also gives examples of their performance. Landberg’s
paper [3] describes a model for prediction of the power produced
by wind farms connected to the electrical grid. The physical basis of
the model is the predictions generated from forecasts from the
high-resolution limited area model (HIRLAM). Ramirez-Rosado
et al. [4] in their paper present a comparison of two new advanced
statistical short-term wind-power forecasting systems developed
by two independent research teams. The input variables used in
both systems were the same: forecasted meteorological variable
values obtained from the NWP.
Wind is often considered as one of the most difﬁcult meteorological parameters to forecast. Observed wind speed is a result of
the complex interactions between large scale forcing mechanisms
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Fig. 1. An example of the power curve.

such as pressures and temperature gradients, the rotation of the
earth and local characteristics of the surface [5].
We are aware of a number of studies that verify model prediction of winds, two of them verifying forecasts of the Eta model.
O’Connor et al. [6] describe the operation and veriﬁcation of a surge
warning system for the Lake Erie, showing a high correlation of the
predicted wind speed by the Eta model and the observed water
levels. Nutter and Manobianco [7] describe an objective veriﬁcation
of the 29-km Eta model from May 1996 through January 1998. The
evaluation was designed to assess the model’s surface and upper-air
point forecast accuracy at three selected locations during separate
warm (May–August) and cool (October–January) season periods.
Numerous studies are available concerning veriﬁcation of the Eta
model for a different regions and different variables (e.g., [8–14]).
The purpose of this study is to investigate how skillful is
a regional atmospheric NWP, in our case the Eta model, in providing
wind speed forecasts needed for wind power plants at a speciﬁc
site. Veriﬁcation is made over Scandinavia for a site in eastern
Sweden, based on the data for summer seasons of 1996–1999. This
study presents, to the authors’ knowledge, the ﬁrst evaluation of
the Eta model in application for the wind energy.

Fig. 3. Island Gotland with locations of Nasudden (Wpo) and station Visby.

The paper is organized as follows. Relationship between wind
speed and wind power is described in section 2. A brief overview of
the Eta model and its conﬁguration as well as a veriﬁcation tool are
presented in section 3. Detailed statistical results describing the
performance of Eta model wind forecast are presented in section 4
and the discussion is concluding the paper is summarized in
section 5.

2. Relationship between wind speed and wind power

Fig. 2. Area of coarse grid Eta model with orography (shaded) and area of nested grid
model for Gotland with center in Nasudden.

Wind power is directly related to the wind speed through a socalled power curve (Fig. 1). This is a simpliﬁed way of expressing the
wind power in terms of atmospheric variables. Other atmospheric
ﬁelds, such as wind shear, turbulence and air density have also
impact on the actual power production for a given wind speed.
However, for wind power veriﬁcation wind speed is the most
important parameter, because the bulk of the prediction error is
caused by the wind speed prediction errors.
The prediction error of the wind power may be expressed as
a sum of an error that is independent of the forecast length and an
error, which approximately linearly grows with the forecast length.
The sources of these two error terms have of different natures. The
forecast-length-independent error originates from weather
disturbances that are smaller than the NWP model effective resolution. The sources of this error range from the boundary layer
eddies to the mesoscale developments. The portion of the wind
power prediction error with the about linear growth is a combination of the NWP model errors and the errors in its initial state.
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Fig. 4. Island Gotland, orography and wind in the coarse and nested grid resolution.

Traditionally, only wind speed from the limited area models
has been used to convert wind speed to wind power, though,
the relationship between these two variables is much more
complicated.
3. The Eta model and veriﬁcation tool
3.1. Model summary
Regional Eta model has been used for prediction of wind in this
study. For the description of model dynamical part see Mesinger
et al. [15] and references therein. The model physics, with MellorYamada level 2.5 turbulence closure above the lowest model layer
and Mellor-Yamada level 2 surface layer, is described in Janjić [16].
3.2. Experiments set-up
Two versions of the model geometry in the experiments over
Scandinavia have run (Fig. 2). One with a larger area and a coarse

Fig. 5. Variations of mean difference (MD – bias) [m/s] with time [UTC] in case of: the
Eta model forecast (Eta) against surface observations (SYN) [Eta/SYN] and the Eta
model forecast (Eta) against wind power observations (Wpo) [Eta/Wpo] at surface
(level of 10 m).

resolution, and another one with a smaller area and a ﬁner resolution, nested within the ﬁrst one. The horizontal resolution of the
ﬁrst version was 0.2  0.2 (22  22 km) with 45 layers in
the vertical. Elementary time step was 72 s. The nested version had
the horizontal resolution of 0.033  0.033 (3.5  3.5 km) with 60
vertical layers. The nested model domain was centered at the wind
turbine tower located in Nasudden (18.22 E, 57.07 N; 3 m) at island
Gotland in eastern Sweden (Figs. 2 and 3). Elementary time step of
the nested run was 12 s. Orography of the coarse (Eta22) and nested
(Eta3.5) models for Gotland island are presented in Fig. 4. The two
versions of the model ran were the same except for their different
horizontal and vertical resolutions, and time steps.
Initial conditions for the model with larger area (Eta22) are taken
from the NCEP (National Centers for Environmental Predictions)
global reanalysis, while the boundary conditions are taken from the
NCEP global forecasts. Forecasts start once per day at 00 UTC and
ﬁnish after 48 h. Time-dependent lateral boundary values are linearly
interpolated between predicted ﬁelds available at 6 h intervals.

Fig. 6. Variations of mean absolute difference (MAD) [m/s] with time [UTC] in case of:
the Eta model forecast (Eta) against surface observations (SYN) [Eta/SYN] and the Eta
model forecast (Eta) against wind power observations (Wpo) [Eta/Wpo] at surface
(level of 10 m).
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Table 1
Summary results of MD, MAD, RMSD and CC for all category of comparison at the
surface.

MD [m/s]
MAD [m/s]
RMSD [m/s]
CC

Eta/SYN

Eta/Wpo

0.64
1.43
1.81
0.68

0.48
1.14
1.38
0.79

Initial and boundary conditions for the nested model are taken
from the Eta22 run. Forecasts were calculated once per day starting
at 12 UTC and ﬁnishing after 36 h. Boundary values are linearly
interpolated between predicted ﬁelds, with 1 h intervals, using
simple nesting procedure (one-way nesting).
3.3. Veriﬁcation tools
We have used four common measures of accuracy relative to
observations: mean difference, mean absolute difference, root
mean square difference and correlation coefﬁcient (e.g., [17]).
Mean difference (MD) or bias is very useful for a model evaluation. The bias indicates the average direction of the deviation from
observed values, but may not reﬂect the magnitude of the difference. Mean absolute difference (MAD) is used in conjunction with
MD to give an estimate of the conﬁdence with which we can correct
products by their bias. Root mean square difference (RMSD) is
a measure of the amplitude of the difference. As a companion
measure to RMSD, the correlation coefﬁcient (CC) has been used to
express of spatial phase difference between two sets of data.
4. Results
We present veriﬁcation results of 12–36 h wind speed forecasts
from the nested grid model over Gotland island initialized daily
over the summer periods 22 June to 10 October 1996–1999. The
initial times of forecasts are 12 UTC. Surface wind observations,
obtained by standard wind measurements (10 min averaging), are

Fig. 7. Variations of correlation coefﬁcient (CC) with time [UTC] in case of: the Eta
model forecast (Eta) against surface observations (SYN) [Eta/SYN] and the Eta model
forecast (Eta) against wind power observations (Wpo) [Eta/Wpo] at surface (level of
10 m).

Fig. 8. Variations of mean absolute difference (MAD) [m/s] with time [UTC] of the Eta
model forecast against wind power observations at upper levels of 38, 54, 75 and 96 m.

Table 2
Summary results of MD, MAD, RMSD and CC in case of comparison of the Eta model
forecast (Eta) against wind power observations (Wpo) for all levels.

MD [m/s]
MAD [m/s]
RMSD [m/s]
CC

38 m

54 m

75 m

96 m

Mean

0.45
1.34
1.68
0.79

0.43
1.43
1.80
0.80

0.42
1.50
1.89
0.80

0.40
1.59
2.00
0.80

0.40
1.46
1.84
0.80

available hourly. Power tower wind data are available at every
minute. Model wind data are available at every time step. Results in
this study are veriﬁed at every 3 h using mean wind values of the
3 h interval prior to the actual veriﬁcation time. Thus, mean value
from 00 to 03 UTC is assumed as valid at 03 UTC. Using this we

Fig. 9. Variations of correlation coefﬁcient (CC) with time [UTC] of the Eta model
forecast against wind power observations at upper levels of 38, 54, 75 and 96 m.
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Fig. 10. Scatter plots for 10 m observed and predicted pairs at 15 UTC (left hand panel) and 21 UTC (right hand panel) from 1996 (upper panels) to 1999 (lower panels).
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Fig. 11. Scatter plots for 96 m observed and predicted pairs at 15 UTC (left hand panel) and 21 UTC (right hand panel) from 1996 (upper panels) to 1999 (lower panels).
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applied time ﬁlter to all data and reduced total number of data.
Total number of observation-forecast pairs is 19 536. This number
includes surface wind data (5328 pairs) and upper level wind data
(14 208 pairs).
4.1. Surface data
First we compare the surface wind from the Eta model wind
forecast against observations from the nearest regular WMO
surface station at Visby (02590; 18.35  E, 57.66  N; 51 m) (Fig. 3).
The Eta model data at the surface station at Visby are bilinearly
interpolated from four the nearest model points. Also at this stage
we compared the Eta model wind against wind power tower at
level of 10 m. The central point of the model domain coincides with
power tower. Total number of observation-forecast pairs in this
case is 5328. This number includes period of 3 years, 111 days each
year, 8 terms in 24 h forecast each day with 3 hours interval and
ﬁnally 2 variables. At this stage the observed data from 1996 were
not available.
The mean results of veriﬁcation for all years at particular times
for MD (bias) and MAD of the Eta model forecast (Eta) against
surface observations (SYN) and wind power observations (Wpo) are
shown in Figs. 5 and 6. The ‘‘fast bias’’ of MD is present in case of the
Eta model forecast against surface observations (Fig. 5) during the
night hours at 03, 06 and 21, 24 UTC, with values of 1.10, 0.97 m/s
and 0.73, 1.07, respectively. Daytime biases are fairly good. So, total
mean fast bias in this case is of 0.64 m/s (Table 1). ‘‘Small fast’’ total
mean bias of 0.48 m/s in case of the Eta model forecast against wind
power observations can be seen in Fig. 5, and Table 1. The maximum
value of this bias is at 9 UTC of 0.83 m/s and minimum is at 18 UTC
of 0 m/s.
Maximum differences of MAD in case of the Eta model forecast
against surface observations are at 03 and 24 UTC, with values of
1.53 m/s (Fig. 6). Total mean in this case is of 1.43 m/s (Table 1). In
the case of the Eta model forecast against wind power observations,
maximum values of 1.25 m/s are at 09 and 12 UTC (Fig. 6). Total
mean in this case is of 1.14 m/s (Table 1). The variations of RMSD
with time are similar to MAD, with a small increase in magnitudes.
The CC variations with time for all years at particular times
(Fig. 7) in the case of the Eta model (Eta) against surface observations range from 0.63 at 24 UTC (minimum) to 0.71 at 6, 9 and
18 UTC (maximum). Total mean is 0.68 (Table 1). The variations of
CC for the Eta model forecast against wind power observations are
more uniform, with higher values and vary in the range of 0.76
(15 and 18 UTC) to 0.82 (03, 06 and 24 UTC). Total mean is 0.79
(Table 1).
4.2. Upper levels data
In the second phase, the Eta model wind is compared against the
wind from tower observations at a number of levels (38, 54, 75 and
96 m). Vertical data interpolation of wind from the middle of eta
layers to the wind power observation levels is done by linear
interpolation in ln(p). Total number of observation-forecast pairs in
this case is 14 208. This number includes period of 4 years, 111 days
each year, 8 terms in 24 h forecast each day with 3 hours interval
and ﬁnally 4 vertical levels.
Mean results for all years for particular levels and at particular
times for MAD are shown in Fig. 8. The MAD variations are very
uniform and vary from about 1.25 m/s (38 m, 24 UTC) to about
1.73 m/s (96 m, 21 UTC). Overall total mean of MAD for all levels
and all daily hours is 1.46 (Table 2).
Mean results for all years for particular levels and at particular
times for CC in Fig. 9. The CC varies very similarly at all levels with
time. The minimum is at about 0.78 (38 m, at 03 and 21 UTC)

and maximum at about 0.81 (96 m, at 09, 15, and 18 UTC; 54 m at
12 UTC). Summary results for all levels of comparison are shown at
Table 2. Whole overall average for all levels is 0.80.
Differences of MD decrease with height (Table 2). But differences of MAD and RMSD increase with height (Table 2), following
the wind increase with height. Overall average for particular levels
are shown in Table 2. Sudden increase of differences and drop of CC
at 21 UTC could be associated with a poor prediction in the PBL.
Scatter plots of observed and predicted data at 15 UTC and
21 UTC from 1996 to 1999 for two levels, the lowest (10 m) and the
highest (96 m), presented in Figs. 10 and 11 show a good agreement
between observed and predicted winds.
5. Conclusions
We have examined an application and performance of the Eta
model in forecasting wind for the wind power plants. Four common
measures of accuracy relative to observations – mean difference
(bias), mean absolute difference, root mean square difference and
correlation coefﬁcient – are evaluated, were calculated for the
nested grid model over Scandinavia for the Nasudden power plants.
The wind at 10 m level obtained from the Eta model forecast has
been compared to the observed wind from the surface station at
Visby (02590; 18.35  E, 57.66  N; 51 m). Also, we have compared
10 m wind from the Eta model to the wind observed from the wind
turbine tower at the same level. The results of this veriﬁcation can
be summarized as follows:
 Difference between the Eta model forecast and surface observations: overall average of MD, MAD, RMSD and CC were
0.64 m/s, 1.43 m/s, 1.81 m/s and 0.68, respectively.
 Difference between the Eta model forecast and wind power
observations: overall average of MD, MAD, RMSD and CC were
0.48 m/s, 1.14 m/s, 1.38 m/s and 0.79 respectively.
The Eta model wind is compared against the wind from tower
observations at a number of levels (38, 54, 75 and 96 m). Average
overall summary results for all levels of accuracy were for: MD of
0.40 m/s; MAD of 1.46 m/s; RMSD of 1.84 m/s and CC of 0.80.
Generally, these results were reasonably good over all measures.
Comparing these results with results from the surface-layer (0.48,
1.14, 1.38 and 0.79) shows a good agreement. This is consistent with
the statement from section 2, that statistics of wind power is
comparable to 10 m wind statistics. We ﬁnd the forecast vs.
observations statistics satisfactory, account taken of the fact that
observations contain instrumental errors as well. Instrumental
errors of observations are about 1 m/s. The results indicate that the
Eta model is quite usable as a meteorological driver for wind energy
modeling and predicting.
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