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Abstract 
 
The use of wind-tunnel measurements to predict the power output of a wind farm at a 
given time, based on the wind speed and direction recorded at the wind farm 
meteorological tower at that time, is investigated. It was found that the power production 
of an Altamont Pass, California, USA wind farm could be predicted with a mean error 
(ME) and a mean absolute error (MAE) of 4.1 and 5.8 percent of the observed wind farm 
capacity, respectively. With some minor tuning of the method to account for apparent 
inaccuracies in the input data, an ME of 0.5% and MAE of 4.8% were observed. The 
prediction method is considered successful and will be incorporated into an automated 
near-real time wind power forecasting system currently under development. 
 
Overview of UC Davis Wind Power Forecasting Project 
 
The study discussed here is part of a larger wind power forecasting project, with the goal 
of developing a near-real time wind power forecasting system that operates on a desktop 
PC and forecasts 12 – 48 hours in advance. The system will use model output of a 
regional scale forecast (Eta or COAMPS) to forecast conditions at a reference near-
surface location. Winds at the turbine locations will then be predicted using a database of 
wind-tunnel measurements of the wind farm terrain. This work is being carried out as 
part of a multi-year wind power forecasting project sponsored by the Electric Power 
Research Institute (EPRI) and the California Energy Commission (CEC), involving the 
California Independent System Operator (CalISO), Lawrence Livermore National 
Laboratory (LLNL), TrueWind Solutions LLC, and the University of California, Davis 
(UCD). 
 
Altamont Pass Wind Farm 
 
This study models an Altamont Pass wind farm. The Altamont Pass wind resource area is 
located in northern California, USA between the San Francisco Bay region on the Pacific 
coast and the inland Central Valley of California. Stronger winds occur in summer, and at 
night, and power producing winds generally blow from the west-southwest. The study 
wind farm consists of approximately 100 Kennetech 100 kW turbines installed along 
ridgelines. The exact location and turbines modeled cannot be given due to non-
disclosure agreements. 
 
The Forecasting System 
 
The complete wind power forecasting system, diagramed in figure 3, will first forecast 
the wind speed and direction at the wind farm meteorological tower. Then the wind speed 
and direction at the tower will be used in conjunction with a database of wind-tunnel 
measurements to predict the wind speed at each turbine. The power production will then 
be forecast by applying the wind turbine power curve at each location. 
 
The goal of the study presented here was to evaluate the ability of the wind-tunnel to 
predict the power production of the study wind farm, given the wind speed and direction 



at a local met tower, before incorporating this method into an operational forecasting 
system. 
 
Predicting Wind Power Using Wind-Tunnel Modeling 
 
The region of the study wind farm (fig. 1) was modeled in foam at 1:2400 scale, using 2.5 
mm steps to maintain surface roughness. A total of five 1.2 m × 1.2 m square model 
panels were constructed.. The turbines of the study wind farm were all located on the 
ridgelines of a single panel, with the remaining four panels comprising the adjoining 
terrain. To simulate one of the four different wind directions tested, three adjacent model 
panels were placed in the in the wind tunnel, with the wind farm on the center panel, as 
shown in figure 2.  
 
Wind-tunnel testing was conducted in the UC Davis Atmospheric Boundary Layer Wind 
Tunnel (ABLWT), which simulates the turbulent characteristics of full-scale, steady 
winds in a neutral atmosphere, even over complex surfaces. The ABLWT is an open 
return tunnel, with a total length of 22 meters, most of which is taken up by a large flow 
development section used to develop a boundary layer with the proper velocity and 
turbulence intensity profile by the time the flow reaches the test section. The test section 
is 1.2 m wide, up to 3.7 m long and 1.8 m tall. Measurements are taken using a hot wire 
anemometer that can be positioned at any point in the test section by a three dimensional 
traversing system anchored to the test-section ceiling. The use of the hotwire allows the 
measurement of both mean velocity and turbulence intensity at a point, with an 
uncertainty of less than 5%. The wind speed in the tunnel was measured at simulated hub 
height at each turbine location, and at instrument height at the meteorological tower. For 
each turbine, the ratio of wind speed at the turbine over wind speed at the met tower was 
recorded for each of the four simulated wind directions. The wind speed ratio was then 
interpolated to characterize the wind speed ratio as a continuous function of wind 
direction, and the results for all of the turbines were compiled into a database. (See figure 
3.) 
 
Once the database is compiled, the power production of the wind farm can be estimated 
from the wind speed and direction at the meteorological tower. As detailed in figure3 the 
wind speed at each turbine is estimated using the tower wind speed and the wind speed 
ratio from the database for the wind direction at the tower. The power is then estimated 
for each turbine individually by plugging the estimated wind speed at that turbine into the 
turbine power curve. Wind power production is theoretically proportional to air density, 
so the power estimates are linearly adjusted for air density. Finally, the power production 
of the wind farm is estimated by summing the power production for all the turbines, 
adjusting the resulting prediction based on the number of turbines logged as being offline, 
and therefore not actually generating power, at the time. 
 
Prediction Accuracy 
 
The error levels for three variations on the prediction algorithm given above and in figure 
3 were determined. The given prediction algorithm is an extension of the method 



employed by Cheng et al. (2004) for performing predictions using a single simulated 
wind direction. For comparison, the method used by Cheng, which simulated only the 
most prevalent wind direction (240°) in the Altamont Pass, was applied to this case. 
Additionally, an "optimization" of the algorithm is derived. It appeared from the wind 
farm historical data that the wind speeds reported at the meteorological tower were 
approximately 0.5 m/s too high. For the optimized method, the meteorological tower 
wind speed was reduced before 0.5 m/s before being input into the algorithm. 
Additionally, the final results were scaled slightly, by 91/93, to account for some 
apparent minor inaccuracy in the power curve. 
 
The mean error (ME, average of predicted power minus actual power) and mean absolute 
error (MAE, average of absolute value of predicted power minus actual power) for each 
algorithm variation for the period July 2001 – June 2003 is given in table 1 as a 
percentage of the observed wind farm capacity. The traces in figure 4 are representative 
examples of one week of predictions in summer and fall for each of the three variations, 
as well as the actual power production. 
 
Attempts were made to introduce a statistical correction to improve the final prediction 
results. Meteorological data for a two year period was collected from 12 meteorological 
stations throughout the Altamont Pass region, and from a large, well-instrumented mast 
maintained by LLNL on the Livermore Plain to the west of the Pass. An additional six 
months of data was held in reserve to determine the accuracy of the derived statistical 
corrections. Several additional data types were generated from the collected data, such as 
stability class estimates, and transformations of wind directions and times of day and 
year. All of these were then used as a base dataset to generate predictive equations using 
stepwise multiple linear regression. These equations were generated to predict power 
production and prediction error, however, in all cases, the use of all of the equations 
actually produced larger mean absolute errors (MAE) than the uncorrected power 
prediction when used to predict the power production of the six months of reserve data. 
 
The remaining uncertainty in the prediction results could not be removed either by 
refinement of the prediction scheme or by applying statistically derived corrections, 
including corrections based on atmospheric stability. This may be partly attributable to 
the level of uncertainty in the measured input wind speed, and in the wind turbine power 
curve. 
 
Conclusions 
 
A database of wind-tunnel measurements can be used to accurately predict the power 
production of a wind farm based on meteorological conditions recorded at the farm 
meteorological tower. This method can be used without “tuning”, so good predictions can 
be obtained even if no historical data is available. It could also be applied to siting of 
wind turbines at potential wind farm locations. Work is underway to forecast the wind 
conditions at the meteorological tower, which when used in conjunction with this 
algorithm, will allow forecasting of wind power production. 
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Fig. 1. View of the portion of the wind-tunnel model containing the study wind farm site. 

 

 
Fig. 2. Wind-tunnel model installed in tunnel to simulate a wind from 60°. Wind blows 

from top of image to bottom when tunnel is operating. The study wind farm is located on 
the center, yellow, panel. 

 
 



Algorithm to Predict Wind Farm
Power Production From Wind Speed 

and Direction at Met Tower
1. Apply meteorological data (Unet,full-scale, θ) and wind-tunnel 

measured (Uturb,tunnel(θ)/ Umet,tunnel (θ )) from database (see 
above) to predict full scale wind speed at each turbine.

From Wind-Tunnel Database       From Met Tower

2. Apply wind turbine power curve to determine power 
produced by each turbine.

3. Correct power prediction based on air density at wind farm.

4. Sum power produced by all turbines, correcting for offline 
turbines, to get total power output.

Variations

Three variations of this algorithm are presented in this study:

1. Simplification of the algorithm above. Only one direction of 
wind-tunnel tests (240º, the prevailing wind direction) was 
used and no density correction was applied.

2. Followed the algorithm above.

3. “Optimized” the algorithm above by applying a bias 
correction to the input wind speed (-0.5 m/s), and a small 
scaling factor (1.05) to the predicted power. These 
corrections accounted for apparent error in the anemometer 
readings and the wind plant power curve.
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Fig. 3. Schematic of the proposed forecasting system (top left). Algorithm used to 
construct database of wind-tunnel measurements for a wind farm site (bottom left), and 
the algorithm to use that database to predict the power production of the wind farm, based 
on the wind speed and direction at the wind farm meteorological tower. (In this study, 
historical meteorological tower measurements are used; in the operational forecasting 
system, the tower wind speed and direction will be forecasted. 
 
 Wind-Tunnel Prediction Scheme ME MAE

(% Farm Capacity) (% Farm Capacity)

 Prediction Using 240 Degree Data Only 4.7 6.2
 All Directions of Data w/ Density Correction 4.1 5.8
 Optimized Prediction 0.5 4.8  
Table 1. Mean error (ME) and mean absolute error (MAE) observed for each of the three 
variations of the prediction algorithm. 
 

Construct The Wind-Tunnel Database
1. Simulate four wind directions in the wind tunnel: 60º, 150º, 

240º and 330º.

2. Interpolate to get wind speed in tunnel as a function of wind 
direction θ for each turbine (Uturb,tunnel(θ)), divided by wind 
speed in tunnel at met tower (Umet,tunnel (θ)). Compile ratios 
of (Uturb,tunnel(θ)/ Umet,tunnel (θ )) for all θ. Store in database.
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Wind-Tunnel Predicted vs. Actual Wind Power 
Production for July 15 - 21, 2002
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Wind-Tunnel Predicted vs. Actual Wind Power 

Production for October 15 - 21, 2002
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Fig. 4. Comparison of the three variations of the prediction algorithm to the actual power production. Plots shown are 
representative of summer (above) and fall (below) power production at the study wind farm. 


