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ABSTRACT 

 

A series of experiments and investigations were carried out to inform the development of 

a day-ahead wind power forecasting system. An experimental near-real time wind power 

forecasting system was designed and constructed that operates on a desktop PC and 

forecasts 12 – 48 hours in advance. The system uses model output of the Eta regional 

scale forecast (RSF) to forecast the power production of a wind farm in the Altamont 

Pass, California, USA from 12 to 48 hours in advance. It is of modular construction and 

designed to also allow diagnostic forecasting using archived RSF data, thereby allowing 

different methods of completing each forecasting step to be tested and compared using 

the same input data. 

 

Wind-tunnel investigations of the effect of wind direction and hill geometry on wind 

speed-up above a hill were conducted. Field data from an Altamont Pass, California site 

was used to evaluate several speed-up prediction algorithms, both with and without wind 

direction adjustment. These algorithms were found to be of limited usefulness for the 

complex terrain case evaluated.  

 

Wind-tunnel and numerical simulation-based methods were developed for determining a 

wind farm power curve (the relation between meteorological conditions at a point in the 

wind farm and the power production of the wind farm). Both methods, as well as two 

methods based on fits to historical data, ultimately showed similar levels of accuracy: 
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mean absolute errors predicting power production of 5 to 7 percent of the wind farm 

power capacity. 

 

The downscaling of RSF forecast data to the wind farm was found to be complicated by 

the presence of complex terrain. Poor results using the geostrophic drag law and 

regression methods motivated the development of a database search method that is 

capable of forecasting not only wind speeds but also power production with accuracy 

better than persistence.
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CHAPTER 1: Introduction and Background 

 
 
1.0 INTRODUCTION 

 

California wind plant operators bid to supply real-time and next-day wind energy to the 

California Independent System Operator (ISO) (McGowin and Pantoya, 1999). Bidding 

allows the ISO to pre-schedule power production and power grid usage within the state. 

Therefore, wind plant operators must predict their power production up to 48 hours in 

advance. If their prediction differs from actual production because of changes in wind 

conditions, substantial financial penalties can be imposed on the operator to offset the 

costs of the replacement power that the ISO must find and buy at the last minute on the 

open market. Accurate wind-energy forecasting would provide a way to reduce this 

financial risk to wind plant operators and to make wind energy a more viable alternative 

to fossil fuels. 

 

There has been considerable interest in forecasting wind power 12 to 48 hours in 

advance, which is sufficiently far in the future that it is difficult to use simple approaches 

like persistence or climatology and still achieve useful forecasts. Several wind-power 

forecasting systems have been implemented, such as Risoe's Prediktor (Landberg, 2001) 

and Truewind's eWind (Bailey et al., 1999). These systems utilize the model output of a 

publicly available regional scale forecast, such as AVN, Eta or HIRLAM. A 

computational method, such as nested grid modeling is then used to downscale the 

regional scale weather conditions to a resolution of a few kilometers or less, and predict 
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the wind at a reference site at the wind farm, typically the farm’s meteorological tower. 

These results are in turn input into a wind farm “power curve” that predicts the power 

production of the wind farm. These systems have so far relied primarily on 

computationally intensive numerical prediction methods, with statistical corrections or 

neural networks applied to “tune” the results. The present work extends the robustness of 

the forecast by explicitly including in the power curve site-specific terrain effects derived 

from physical modeling of the wind farm in an atmospheric boundary layer wind tunnel. 

Moreover, the forecast is then further extended to account for general terrain effects with 

semi-empirical models of wind speed distribution around hills, ridges etc. from additional 

wind-tunnel testing results. 

 

Prediktor and eWind were applied to forecasting the power production of two wind farms 

in California (EPRI 2003a, 2003b). The first wind farm was a 90 MW facility in the 

Altamont Pass (a subset of which was the site studied by White and Cheng, 2002), while 

the second was a 66.6 MW facility at San Gorgonio Pass near Palm Springs. Forecasts 

from 0 to 48 hours in advance were produced twice a day over a one-year period. 

Average mean absolute error between forecasts and actual production was found to range 

from 30% to 60% for the various forecasting systems and sites. Considering the difficulty 

of weather prediction in general, the results of the EPRI project were considered to be 

reasonable, however, there is still considerable room for improvement.  

 

A second wind forecasting contract was bid to continue improvement of the forecasting 

methods. Truewind was the primary contractor, however Risoe did not participate. UC 
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Davis was contracted to continue the power curve work from the first contract and also 

develop a forecasting system. The present goal is to develop an experimental forecasting 

system and investigate the accuracy of different methods of performing the forecasting 

steps. The results and the accuracy of most wind power forecasting is not made publicly 

available since most forecasting is done by companies contracted by clients, and both the 

forecasting methods and the forecasts themselves are sensitive commercial information. 

This makes it difficult to determine where to focus research work on wind power 

forecasting, and was one of the reasons an in-house forecasting system was also 

developed at UC Davis. 

 

One of the present goals was to develop a next-day automated wind power forecasting 

system that could operate on a desktop computer, without requiring computationally-

intensive numerical methods. It was realized that it would be difficult to achieve 

forecasting accuracy better than the commercial forecasters that have significant 

resources at their disposal, plus their livelihoods depending on the performance of their 

models. Therefore, the goal of this system was to be able to test various methods of 

performing each step in the forecasting process leading to the final predictions.   

 

The wind power forecasting system implemented at UC Davis during this study is 

diagramed in Fig. 1-1.  The system operates on a desktop PC. Eta (and COAMPS) 

regional scale model output is automatically downloaded as it becomes available. 

(Archived model output data also can be used.) Using this downloaded model output, a 

forecast of the wind speed and direction at the wind farm meteorological tower is 
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produced by one of several methods. The results of this step can be checked for accuracy 

by comparing to recorded wind speed and direction data from the wind farm 

meteorological tower data provided by the wind farm operator. Next, the wind speed and 

direction at the meteorological tower is used to predict the wind speed and power 

production of the wind farm. The power production results can be checked for accuracy 

by comparing the forecasted power to the wind farm power production data provided by 

the farm operator. The accuracy of just this step also can be determined by using the 

recorded wind speed and direction at the meteorological tower as the input, instead of the 

forecasted wind speed and direction, and comparing the resulting predictions to the 

recorded power production.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Download Regional Scale Forecast 

Forecast Wind Speed and Direction at Wind 
Farm Meteorological Tower 

Use Wind Speed and Direction at 
Meteorological Tower to Predict Power 

Production of Wind Farm 

Provide Forecast to Clients 

 

Fig. 1-1. Schematic diagram of UC Davis wind power forecasting system. 
 

1.1`RESEARCH OVERVIEW 

 

Wind-tunnel experiments and many avenues of research were pursued while developing 

the forecasting system. Forecasting wind power requires first forecasting the wind speed 
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at a reference wind farm location. The wind farm power curve, which can be much more 

complicated than a simple single variable function, is used to convert this wind speed into 

the power production of the farm. The first area of investigation was therefore aimed at 

determining the increase in wind speed over hills and complex terrain, commonly called 

“speed-up”. It was found that the available analytical models were insufficient for use in 

complex terrain, and that most previous laboratory investigations had focused on a few 

simple hill geometries with winds blowing only at right angles to the hill. Existing 

formula-based speed-up prediction schemes were limited to these cases. The lack of 

ability to predict speed-up for “off-angle” wind directions (e.g., wind not blowing 

directly perpendicular to a ridgeline) was seen as especially problematic. Therefore, 

wind-tunnel investigations were carried out in the UC Davis Atmospheric Boundary 

Layer Wind-Tunnel (ABLWT) to quantify speed-up factor as a function of wind direction 

and hill shape. Comparison of speed-up predictions to actual measurements of a ridge top 

site at Altamont Pass demonstrated the limited utility of this approach for developing a 

wind farm power curve. 

 

The development of a wind farm power curve was of particular interest, and was the most 

thoroughly investigated part of the forecasting process. Farm power curves were 

developed using several methods, with the goal of finding a method that maximized 

accuracy while minimizing complexity. Specifically, wind farm power curves were 

developed based on ABLWT tests of the wind farm terrain, fitting historical data, and the 

results of a computational model that simulated potential flow over the terrain near 
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turbine sites. Practically speaking, all of the methods achieved a similar level of accuracy, 

while each had its own advantages and disadvantages. 

 

The downscaling of regional scale forecast (RSF) data to a reference site at the wind farm 

was also investigated. This was a challenging problem, particularly for a complicated 

terrain site like the Altamont Pass. Application of the geostrophic drag law, which had 

been used successfully in other locations (Landberg and Watson, 1994), was very 

inaccurate at the Altamont Pass (Lubitz and White, 2005a). Application of multiple linear 

regression also was disappointing. An approach named “matching”, based on searching 

an historical database for conditions similar to the current RSF forecast, turned out to 

produce the best results. This result was not unexpected. While not capable of the same 

level of accuracy as commercial forecasters, it can achieve better results than persistence 

with a small investment in mining available data resources. This method had the added 

advantage of being able to directly forecast power production, in addition to reference 

winds.   

 

1.2 ACCURACY ASSESSMENT 

 

When a prediction is made of an output variable (e.g. wind speed, power, etc.) such as 

when a forecast is made, it is necessary to quantify the accuracy of the prediction relative 

to the true value of the variable. For forecasting, “mean error” (ME) is used to estimate 

the prediction bias, and “mean absolute error” (MAE) measures the average magnitude of 

the prediction error. These are defined as 
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where n is the number of predictions, Pi is the predicted value of the variable for 

observation I, and Oi is the observed, or true, value of the variable. A set of perfect 

forecasts would have MAE = 0. 

 

1.3 WIND POWER FORECASTING METHODS 

 

1.3.1 Climatology and Persistence 
 

Two relatively simple approaches have often been applied in attempts to predict the 

power production of wind turbines. The first, and perhaps most straight-forward, is 

persistence; essentially using the current trends in the power production of a wind farm to 

predict the power production at some point in the future. Persistence forecasting at its 

simplest takes the current power production and assumes that power production will 

continue at that level. This form of persistence forecast is often used as an accuracy 

benchmark for more sophisticated methods of forecasting, with the expectation that the 

more sophisticated method will show a lower overall error level than the simple 

persistence forecast. Looking back in time at the recent power production figures allows 

an increase in sophistication. For example, trends of increasing or decreasing production 

also can be factored in. A persistence forecast can in fact become quite sophisticated in 

the ways the recent production is used to predict future production. Persistence works 
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best over short time intervals, when production must be forecast a few minutes to a few 

hours ahead. Forecasting six hours ahead or less, it has been observed that simple 

persistence generally outperforms physics and meteorology-based models (EPRI, 2003b.) 

Persistence requires only the power production for input data, and because a minimum 

amount of data is used, a persistence forecast can be produced essentially 

instantaneously. 

 

A second approach that is often used is "climatology." This method makes use of the fact 

that a lot of meteorological phenomenon occur in cycles of set duration. For example, in 

many locations, sea-breeze and solar heating effects result in a consistent daily wind 

pattern. A forecast based on climatology first requires a statistical analysis of weather 

data for a site. Then equations are determined that predict the site conditions that would 

be expected for different seasons and times of day, based on the historical climate data. 

Climatology is relatively straight-forward to implement, however actual climate is quite 

variable, and it is difficult to include enough meteorological variables to begin to reflect 

all the factors that cause weather variability. Even a crude attempt at climatology requires 

a large record, preferably over many years, of high resolution climate data that is site 

specific. The main advantage of climatology, like persistence, is that it if a historical 

record is available, it is relatively easy to implement and requires minimal resources to 

operate. Also, a climatology forecast is also a useful benchmark for assessing the 

accuracy of more sophisticated forecasts. 
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1.3.2 Statistical Forecasting 
 
 
 
Before the wide-spread availability of high-speed computing, there was a significant 

amount of interest in statistical weather forecasting. Methods such as multiple linear 

regression were applied to the problem of predicting conditions at a specific site using 

available observed data. The accuracy of the results tended to be highly variable, 

depending on how well correlated the observed data was with the conditions at the site 

being forecast. Entire books have been written on the subject (Wilks, 1995). 

 

The National Weather Service (NWS) uses Model Output Statistics (MOS) to predict 

conditions at surface stations based on the output of regional-scale models such as Eta. 

MOS applies methods such as multiple linear regression to generate formulas that predict 

conditions at the surface station as functions of variables produced by the model (Glahn 

and Lowry, 1972). Burda et al. (1985) and McCarthy (1997) predicted the average daily 

wind speed at sites in the Altamont Pass with reasonable accuracy (90% confidence 

interval of ±3 m/s for daily average wind speeds, 90% confidence interval of ±0.7 m/s for 

monthly average wind speeds) by applying multiple linear regression of measured upper-

atmosphere conditions. The choice of parameters to include in the regression analysis can 

have a significant impact on the prediction accuracy of the final MOS formula (Wilks, 

1995). For sites in complex terrain, Utsunomiya et al. (1998) report improvement of 

regression prediction by adding additional parameters that factor in topography near the 

site.  
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1.3.3 Physics-Based Forecasting 
 
 

Statistics-based forecasting was often found to be of low or variable accuracy, especially 

as the forecast time interval increased. With the advent of modern computing, it became 

possible to simulate, to varying degrees, the physical processes occurring in the 

atmosphere at a given place and time. These methods typically involve the 

implementation of a computer-based model that simulates the flow field in the region of 

interest. 

 

1.3.4 Mass Consistent Models 
 

 

One of the first physics-based simulation methods to be applied in the wind energy field 

was mass-consistent modeling (Hiester and Pennel, 1980). It was initially developed for 

siting wind farms, which required a high resolution prediction of the wind field over the 

terrain where the wind farm was to be located. Mass-consistent simulation involves 

dividing the domain of the region of interest into a series of finite volume regions, both 

horizontally and vertically. The local topography is applied by varying the geometry of 

the bottom of the domain. Wind speed and direction data measured within the domain are 

required. (Results from a regional-scale forecast can be used instead of, or in addition to, 

these measurements.) An interpolation scheme is applied to make an initial guess of the 

conditions in each finite volume. The initial guess wind field is modified in order to 

minimize the deviations from true mass conservation within each finite volume, using a 

method such as Lagrange multipliers. That is, a method is used to come as close as 
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possible to satisfying the principle of continuity in each finite volume element (Hiester 

and Pennel, 1980). 

 

This method has a number of advantages. Mass consistent modeling allows the 

incorporation of a wide variety of meteorological observations. Solving for continuity 

only is much simpler to implement, and runs faster, than a full Navier-Stokes solution. 

Stability effects generally can be easily approximated by changing constants in the 

minimization routine that account for horizontal and vertical diffusion. 

 

A variety of implementations of mass consistent modeling have been used. Mass-

consistent models are simple enough that researchers can program their own versions. 

See Montero and Sanin (2001) for a detailed description of one such approach. The 

MATHEW code was developed at Lawrence Livermore National Laboratory. The 

MINERVE code was developed in France, and is available commercially. The codes vary 

in their handling of the domain discretization and initial data interpolation. Finardi et al. 

(1993) compared results from MATHEW and MINERVE with two dynamic linearized 

models (FLOWSTAR and MS3DJH/3R) and with wind tunnel observations made at the 

EPA. For an example of more recent work, Finardi et al. (1998) compared the results of a 

case study using the MINERVE mass consistent model with a non-hydrostatic 

meteorological model (RAMS) and found the quality of results comparable. 

 

The principle of minimization of continuity error has been incorporated into many other 

codes as well, including CalMET, the meteorological component of the CalPUFF 
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diffusion predictor. Sweet (2004) showed that CalMET could be used to predict wind 

speeds and power production in the Altamont Pass. CalMET was also successfully used 

to forecast the power production of the wind farm by using regional-scale MM5 forecasts 

to initialize CalMET. However, additional investigation of the data from this study 

suggested that the accuracy of CalMET at fine scales could be limited in complex terrain 

sites when a high spatial density of meteorological observations is not available. It is 

postulated that the observed poor performance was due to the way CalMET minimized 

divergence in the flow field: first the horizontal components were adjusted, and then 

vertical velocities were determined.  

 

Other mass consistent models have been successfully applied to local areas. Barnard et al. 

(1987) applied mass consistent modeling to predict the wind field over a 4 km2 region in 

the Altamont Pass, based on meteorological measurements from 28 sites within the 

region. They found that the model was highly sensitive to the input parameters, although 

the application of a tuning scheme produced accurate wind field predictions, with the 

only exceptions being cases of very low winds. (An inquiry was made about obtaining 

the data set from this study, however, the data was stored on 16 mm tapes that are no 

longer capable of being read.) On a slightly larger scale, the San Francisco Bay Wind 

Model, a near-realtime prediction of the surface winds in the San Francisco Bay area 

available online (http://sfports.wr.usgs.gov/wind), also uses a mass-consistent model. 

(See Ludwig et al., 1991.) Next in complexity are the dynamic linearized models, such as 

commercially available FLOWSTAR and MS3DJH/3R. Finardi et al. (1993) compared 

these to several mass consistent methods. 
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1.3.5 Forecasting Based on Regional Scale Weather Forecasts 
 
 

The National Weather Service (NWS) continually produces high-quality forecast 

products that cover the entire continental United States and surrounding areas. These 

regional scale forecast products, such as Eta and AVN, incorporate innumerable research 

findings in meteorology and large-scale atmospheric dynamics. Enormous amounts of 

field data are incorporated into these products, and they represent quite possibly the best 

available regional-scale forecasts. It therefore seems reasonable to use such a model as 

the starting point for a forecast of wind power production. 

 

Attempts to predict local weather conditions, for purposes such as wind farm forecasting, 

generally use a regional-scale forecast as a starting point. However, the regional-scale 

forecasts, with horizontal grid spacing on the order of one or more kilometers, do not 

have sufficient spatial resolution to be used to directly predict the near-surface winds in 

complex terrain. For example, the Eta forecasts produced by the NWS are reported on a 

40 km grid spacing, effectively averaging out all but the largest geographical features. 

This averaging also contributes to the fact that the models tend to be least accurate in the 

immediate vicinity of the surface. To accurately forecast the near-surface winds at a 

specific location, some method must be applied that uses the regional-scale forecasts as 

an input to generate a more refined, site specific forecast. 

 

Risoe's Prediktor is a real-time wind forecasting system that has been implemented in 

Europe. Prediktor initially used the wind speed from the 27th level of HIRLAM, 
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equivalent to a height of approximately 550 m above ground (Landberg, 2001). 

(HIRLAM is a regional-scale model functionally similar to Eta, implemented over most 

of Europe.) The wind at this level is assumed to be the geostrophic wind. The geostrophic 

drag law and logarithmic law were then used to extrapolate wind conditions vertically 

downward to a surface wind. Later, this method was replaced with the use of HIRLAM's 

own prediction of 10 m above ground winds. This estimated near-surface wind became 

the input for meso-scale solver programs (WAsP and WindPark) that generated the wind 

farm power production forecast. However, the accuracy of meso-scale solver programs is 

best in flatter terrain, and increasing terrain complexity is associated with less accurate 

predictions. For example, Strataridakis et al. (1999) compared the results of a wind-

tunnel test of complex terrain in Crete with predictions from WAsP and actual field data, 

and found that the WAsP predictions differed from the field data and wind-tunnel 

predictions. 

 

1.4 UC DAVIS ATMOSPHERIC BOUNDARY LAYER WIND TUNNEL 

 

Atmospheric boundary layer wind-tunnels (ABLWTs) have been used to simulate near-

surface winds for over 40 years, and have been shown to be capable of predicting wind 

fields in complex terrain, dispersion of airborne pollutants and wind-induced pressure 

distributions on buildings (Cermak, 2003). Given the demonstrated ability of ABLWTs to 

predict near-surface winds, it was theorized that wind-tunnel data could be used to 

improve on current wind-power forecasting systems. The ABLWT was utilized to 

investigate both generalized and specific wind farm terrain during this study. 
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The UC Davis ABLWT is designed for simulating neutral atmospheric boundary layer 

flows past surface objects. It is an open-return type tunnel, as seen in Fig. 1-2, composed 

of five sections: an entrance section, a flow development section, a test section, a diffuser 

section and a 56 kW(75 hp) DC motor and fan. The motor is warmed-up for at least half 

an hour prior to taking measurements, allowing the motor to reach a steady operating 

speed and the air in the wind-tunnel room to mix, removing any pre-existing 

stratification. A series of 25 freestream measurements (sampling period of 90 sec., at 

1000 Hz frequency) recorded over a two-hour period on June 11, 2004 showed minimal 

variation in mean and RMS wind speeds. (The standard deviation of the mean wind 

speeds was 0.22% of the average mean wind speed of 3.633 m/s. The standard deviation 

of the RMS wind speed was 2.17% of an average RMS wind speed of 0.169 m/s.) Wind 

speeds within the tunnel can be varied from 2 to 4 m/s. A bell-shaped entrance section 

provides a small contraction area ratio. An air filter, to screen out airborne particles and 

reduce the large-scale pressure fluctuations, is followed immediately by a honeycomb 

flow straightener and a series of spires to "pre-form" the boundary layer. 

 

A 12 m (39 ft) long flow development section is used to generate a mature boundary 

layer at the test section. An adjustable ceiling and diverging walls in the development 

section maintain a zero-pressure-gradient flow throughout the tunnel. Roughness 

elements are placed on the floor of this section to generate the proper boundary-layer 

height in the test section. The test section is 3.7 m (12 ft) long, 1.7 m (5.5 ft) high and 1.2 

m (4 ft) wide. Plexiglas® windows on each side allow observation, and a sealing sliding 
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door is used for access. The tunnel ceiling height increases in the downwind direction to 

maintain a horizontal pressure gradient of zero. 

 

Mean velocity and turbulence intensity were measured using a TSI Inc. single wire, end 

flow hot-wire probe, Model 1210-20. A TSI single sensor plug-in, Model 1150, 50 cm 

probe provided support and electrical connection with the signal conditioner. It should be 

noted that, like most flow measurement techniques, regular hot-wire anemometry as used 

here cannot distinguish the flow reversal that occurs in regions of flow separation. 

 

The hot-wire is installed on a three-dimensional traversing probe system that is mounted 

to the ceiling of the test section (Fig. 1-2, Section B-B). This system allows for precise 

placement of a sensor at any point within the test section. Small one milliwatt lasers are 

mounted on the traverser to sight vertical height and horizontal position to within ±0.5 

mm. 

 

A 10 m shielded tri-axial cable connects the hot wire to a two-channel constant 

temperature thermal-anemometry unit with a signal conditioner, TSI model IFA 100.  

The analog signal from the signal conditioner is passed to a 12-bit analog to a digital 

(A/D) converter (United Electronics Industry Win 30 DS) and then to a personal 

computer (PC) for analysis and data storage by a National Instruments LabView 

program.  The A/D conversion process causes no loss in accuracy of the measurement 

data. LabView was used to sample the hot-wire signal at a rate of 1000 Hz in all of the 

work documented here. 
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Before being used in a test, each hot-wire is calibrated against a pitot-static tube 

connected to a precision manometer. The output voltage of the hot-wire and the wind 

speed at the pitot-static tube are recorded over the range wind speeds expected to be 

observed. A third order polynomial curve is fit through the data to generate the 

calibration curve. The hot-wire voltage is logged for a minimum of 30 seconds at each 

point being measured. Post-processing of the signal data is performed by custom written 

software that uses the calibration curve and logged hot-wire readings to calculate mean 

wind speed, RMS wind speed and turbulence intensity. The results for each point 

measured during a test are usually compiled in a spreadsheet for further analysis.  

 

Accuracy of measurements made using this procedure are generally very good. Accuracy 

can be improved further by recording the signal for longer than 30 seconds. To quantify 

the expected accuracy, tests were performed by measuring the same point multiple times 

for time periods from 30 to 120 seconds. Generally, a longer sampling time resulted in a 

more repeatable result, with a smaller standard deviation between individual readings. 

Diminished improvement was seen when sampling longer than 90 seconds. See Appendix 

A for full test results. 

 

Thermal anemometry has been widely used in measuring turbulent characteristics for its 

ease in handling fast fluctuations in turbulence. Typically, hot-wire measurements made 

close to the surface have an uncertainty of less than ±5% of the true values. 
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Fig. 1-2. Schematic diagram of UC Davis Atmospheric Boundary Layer Wind Tunnel. 
 

1.5 SIMULATION OF THE ATMOSPHERIC BOUNDARY-LAYER 

 

Correct wind-tunnel simulation of the atmospheric boundary layer requires achieving 

geometric, kinematic and dynamic similarity. Strictly speaking, this can not be done 

perfectly for all of the phenomena that must be considered, which leads to limitations in 

the size of the simulation region and the type of atmospheric conditions which can be 

simulated. 

 

Mass, momentum and energy must be conserved in an atmospheric flow. Assuming that 

the atmospheric flow is incompressible and Newtonian, this can be expressed 

mathematically in the scalar continuity equation, the vector Navier-Stokes equations, and 

the scalar energy equation. For atmospheric application, a few refinements are generally 

introduced to account for turbulence, Coriolis force and atmospheric stability. Turbulence 
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will be accounted for by making Reynolds' approximation that a variable can be 

expressed as a mean value plus an instantaneous deviation from that mean value that 

quantifies the turbulent fluctuations. For example, introducing the notation of an 

overhead bar to denote a time average, and the lowercase value of the variable to denote 

the deviation, velocity U at any instant in time would be expressed as 

 

uUU +=          (1.2) 

 

The inclusion of Coriolis effect adds an additional term to the Navier-Stokes equation, 

and the Boussinesq approximation is used to account for buoyancy caused by density 

variations which are in tern caused temperature variation, while allowing the flow to 

continue to be treated as incompressible. The resulting set of continuity, Navier-Stokes 

and energy equations, using Einstein's summation and tensor notation to denote vector 

components, is then 
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where U is velocity, P is pressure and x is distance. T is temperature, with θ being used to 

denote instantaneous deviations since t is reserved to denote time. Density is denoted by 
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ρo, thermal conductivity of air by ko, heat capacity at constant pressure by cPo, the local 

rotation vector of the earth by Ω and the gravitational constant by g. Heat generation 

within the air by radiation or other sources is denoted by ϕ and referred to as the 

dissipation function. A subscript "o" indicates reference values and a δ before a variable 

indicates departure from the reference value of that variable, while a subscripted δij is the 

Dirac delta and εijk is the repeating tensor. 

 

Although the energy equation has been presented for completeness, in most (but not all) 

ABLWTs, including the UC Davis facility, it is not possible to maintain a temperature 

gradient. This essentially means that energy equation becomes trivial for this purpose. 

Additionally, looking at the Navier-Stokes equation, it is apparent that the buoyancy term 

(which contains temperature deviation) must therefore always be zero. Practically 

speaking, this temperature homogeneity means that the wind-tunnel is only capable of 

simulating a neutrally stable atmosphere. 

 

Non-dimensionalizing continuity and Navier-Stokes using the appropriate reference 

variables (denoting the non-dimensionalized variables by primes i.e. ' ) results in 
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The Navier-Stokes equation contains three dimensionless parameters 
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where Fr is the densimetric Froude number, Ro is the Rossby number and Re is the 

Reynolds number. Fr is a measure of the buoyancy of the flow. Since δT can only be zero 

in the wind tunnel, Fr = ∞ and the buoyancy term drops out, meaning only a neutral 

atmosphere can be simulated.  

 

Ro is the Rossby number which indicates the relative importance of Coriolis on the flow. 

The only way to simulate Coriolis force in a wind-tunnel is to rotate the entire tunnel 

while it is operating. Since this is impractical, the tunnel can only simulate situations 

where Coriolis has a negligible effect, such as the bottom 100 m of the surface layer 

(Bowen, 2003) or at small length horizontal length scales, typically on the order of 10 km 

or less, although a literature survey by Bowen (2003) found various authors suggesting 

limits as high as 150 km, he also reports that Snyder suggests 5 km as a maximum, based 

on experimental results for flat terrain under neutral or stable conditions. Cermack (1984) 

found that the presence of complex terrain may allow further relaxation of this limit. 

 

Ideally, the Reynolds number should be matched between the wind-tunnel simulation and 

the actual flow being simulated. This is generally impossible owing to the small size of 

the wind-tunnel relative to the area being simulated. However, the wind-tunnel modeler 

can invoke the principle of Reynolds number independence, the concept that the flow can 
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be considered similar to atmospheric if sufficiently high Reynolds numbers are 

maintained. For the bulk flow, this implies a Reynolds number greater than 10,000 – 

50,000 (Snyder, 1981). This ensures fully isotropic turbulence in the flow. Additionally, 

the flow must remain turbulent even adjacent to the surface. This is done by ensuring that 

the roughness Reynolds number, defined as Re = U*zo/ν (where U* is the friction 

velocity, zo is the surface roughness and ν is the kinematic viscosity of air) is greater than 

2.5 (Schlichting, 1978). 

 

It should also be verified that the wind tunnel is correctly simulating the turbulent 

cascade phenomena, including several decades of the inertial sublayer. This is usually 

achieved by ensuring that the wind-tunnel flow development section is sufficient long to 

allow the boundary layer to become fully developed at the test section. Presence of an 

inertial sublayer can be confirmed by determining the power spectral density of the flow 

as a function of wavenumber (i.e., frequency). Tests performed in the ABLWT indicate 

the simulate of over two decades of the turbulent cascade (Fig. 1-3). 
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Power Spectrum Density
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Fig. 1-3. ABLWT power spectral density distribution. 
 

The boundary layer within the wind tunnel simulates the same turbulent characteristics 

found in the full-scale atmospheric boundary layer. It is important that the atmospheric 

boundary layer approaching the modeled region have the same characteristics as it does 

in full scale. Otherwise, the changes in local velocity over the model will not be 

accurately simulated. The terrain upwind of the modeled terrain is a flat region of the 

Livermore valley, so it was not necessary to build a specific model of this upwind region. 

The relationship between the mean velocity U, and height above the surface z, for a 

boundary layer of height δ and a mean velocity at height δ of U∞, is described by the 

power law: 
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U            (1.6) 

 

The wind-tunnel power-law exponent α must closely match the full-scale value of α.  

Using the empirical power law estimation methods, from Counihan (1975), and a full-

scale surface roughness, zo estimated at 15.6 cm, from a wind study done by Chapman 

and Gouveia (1987), α was estimated to be 0.17 for the approach to Altamont Pass.  

However, using the empirical method from Jensen (1958), and a geostrophic wind speed, 

U∞ of 30 mph and δ of 457 m (1160 ft), from meteorological data used in the study, α 

was estimated to be 0.20. 

 

Given this range of the power-law exponent α, this full-scale condition was achieved in 

the UC Davis ABLWT by systematically arranging a repeating pattern of 3.5” × 5.75” × 

0.75” (thin blocks) and 3.25” × 7.75” × 1.5” (thick blocks) wooden blocks over the entire 

flow-development section of the wind tunnel.  A block pattern roughly consisting of half 

of each type of block was configured in alternating sets of four and five blocks per row.  

This arrangement resulted in a mean velocity profile where the simulated power-law 

exponent α is equal to 0.19. 

 

In addition, the approaching mean velocity profile also should agree with the logarithmic, 

or “law-of-the-wall,” wind profile, within the lower region of the boundary layer: 
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where κ is the von Kármán constant. The surface layer (the lowest 10% to 15% of the 

ABL) is governed by Eqn. 1.7.  For proper wind-tunnel modeling, the model must be 

geometrically scaled to remain within this bound. Another parameter that must be 

considered is the surface roughness Reynolds number Rez = U* zo / ν, where U* is the 

friction velocity, zo is the surface roughness and ν is the kinematic viscosity of air. Proper 

simulation of a turbulent boundary layer flow requires Rez > 2.5 (Schlichting, 1978). This 

is achieved by ensuring that smooth surfaces are kept to a minimum. For the ABLWT, a 

free-stream velocity of Uref = 3.44 m/s, friction velocity U* = 0.42 m/s, and roughness 

height zo = 0.15 mm, gives Rez ≈ 4.2, indicating the simulated atmospheric flow is 

aerodynamically “rough” and similar to full-scale conditions.  

 

Jensen determined that the ratio of the characteristic length (such as building height) over 

the surface roughness should be the same for the model as it is in full scale. The 

satisfaction of Jensen’s criterion will be limited in this study.  Objects in the model are 

limited to the 2.5 mm step layers used to build up the complex terrain. In general, the 

Altamont Pass contains no large objects, vegetation or buildings. As stated by Snyder 

(1981), ignoring the Jensen criterion will only limit the resolution of the flow over the 

model, but with Reynolds criterion met, the overall flow patterns will be matched. 
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1.6 ALTAMONT PASS 

 

A portion of the Altamont Pass wind resource area, near Livermore, California, was used 

as the case study for several of the experiments in this research project. The site is located 

about 50 km east of San Francisco (Fig. 1-4), where wind conditions can be influenced 

by diurnal sea breezes, and a series of rolling hills that separate the San Francisco Bay 

area from the San Joaquin Valley.  Although no longer the largest wind energy producer, 

the Altamont Pass still contains one of the world’s largest concentrations of wind 

turbines. 

Fig. 1-4. Location of Altamont Pass, California. Elevations in meters. 
 

The case study wind farm consists of 900 Kennetech 56-100 wind turbines. The turbines 

are arrayed along ridgelines in the Pass, as shown in Fig. 1-5. For reporting purposes, the 

turbines are divided into ten clusters, each of which has an associated meteorological 

tower. For example, meteorological tower 127 (“Met 127”) has 93 turbines in its 

“cluster.” 

 

San 
Francisco

Sacramento

Altamont 
Pass
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Fig. 1-5. Locations of case study wind farm turbines (red dots) and meteorological towers (brown triangles). 
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The winds in the Altamont Pass area are strongest during the summer, and lowest during 

the winter. For a site approximately 1 km east of the Met 127 site tested in this study, 

Davis and Nierenberg (1980) observed a monthly average wind speed of 10.3 mph during 

July, 1979, versus 7.3 m/sec for December 1979. The level of seasonal variation was 

similar for several other sites they observed within the Altamont Pass region. Winds tend 

to blow from the southwest in the summer, while direction is more variable in the winter 

(see Fig. 1-6). 
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Fig. 1-6. Wind speed vs. direction at Altamont Pass Met 127 meteorological tower during 
January, 2003 (left), showing typical winter winds, and June 2003 (right), showing typical summer 
winds. 
 

Winds also can vary significantly over relatively short distances due to the effects of 

complex terrain. Holets (1985) compared observations from eight hilltop sites in the 

Altamont Pass area, and found significant variation between sites. For 11 summer days in 

1981, Holets observed average wind speed differences between the sites of 3.7 m/sec to 

4.6 m/sec. Brown and Watt (1988) observed a mean annual wind speed ratio of 0.83 

comparing a reference site to a nearby anemometer mast.  
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As part of a study validating a mass-consistent model, Barnard et al. (1987) reported 

eight cases of up to 28 simultaneous wind speed measurements within a 4 km2 square 

region on the eastern slope of the Altamont hills, a few kilometers southeast of the region 

modeled in this study. Sites ranged from hill- and ridge-tops to valley bottoms. Wind 

direction at a reference site was between 225° and 250° for all eight cases. The ratio of 

highest over lowest observed wind speeds for each of the eight cases ranged from 1.46 to 

2.54, with higher ratios generally being observed at greater stability levels. For the eight 

cases, wind speeds at a reference site varied from 8.5 m/sec to 18.3 m/sec. Barnard 

(1991) also conducted a study using data from August 1985 of a different 6 km2 region of 

the Altamont Pass with 26 stations positioned in potential high wind locations. The one-

month average wind speeds observed varied from 8.2 m/sec for a hillside site to 13.0 

m/sec for a hilltop site, with wind speeds generally increasing towards the east, due to a 

downslope flow acceleration that occurs in the Altamont Pass area.  

 

It has also been observed that stable conditions often result in high near-surface wind 

speeds in the lowest 100 m above ground (Nierenberg, 1989). McCarthy (1987) observed 

that a deep marine inversion layer, relative to the height of the pass, often resulted in 

good (eastern) lee slope flow, while a shallow inversion layer resulted in separation zones 

on the lee (eastern) slope, and "spotty" flow in general. McCarthy observed that stable, 

stratified flow is an important factor in producing high winds on the lee (eastern) slope of 

the pass. 
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1.6.1 Altamont Pass Meteorology 
 

Data from 11 meteorological towers in the Altamont Pass were made available for this 

project by Powerworks, Inc. and EPRI, starting on June 26, 2001 (Fig. 1-5). Ten of the 

meteorological towers report wind speed, direction, and the power production of an 

associated turbine cluster. Two of these towers ("Met 127" and "Met 225") are located on 

the wind tunnel terrain model described later. The eleventh tower ("Met 438") does not 

have any associated turbines, but does report, in addition to wind speed and direction, air 

temperature, relative humidity and barometric pressure (although the barometer has been 

non-functional over the entire time period of this study). Additional meteorological data 

was procured from the Lawrence Livermore National Laboratory (LLNL) main site 40 

meter meteorological mast, and a 10 m mast at LLNL's Site 300, located within the 

Altamont hills southeast of the Powerworks meteorological towers. 

 

It should be noted that while there is great confidence in the power production figures 

provided by Powerworks (since this is also metered by the utilities purchasing the power, 

and is also required by the state of California in order to receive tax credits associated 

with wind energy production), the meteorological data appear to be of lower quality. In 

addition to the Met 438 barometer being inoperable, a qualitative analysis of the Met 127 

wind direction data revealed several instances of the wind direction being the same value 

over long periods of time, suggesting a "stuck" wind vane. One year out of 2.5 years of 

data for Met 127 were deemed to have unreliable wind direction data. (The following 

time periods between June 25, 2001 and June 11, 2005 have unreliable wind direction 
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data: June 25 – Aug. 17, 2001, Sept 27 and 28, 2001, April 12 – July 1, 2002, March 2 – 

March 27, 2003, April 9 – May 31, 2003, Aug. 21, 2003 – May 24, 2004, and October 

11, 2004 – June 11, 2005.) 

 

1.6.2 Initial Analysis 
 
 

Statistics were calculated for the available meteorological variables for Jan. 1 to Dec. 31, 

2002 (Appendix B). Mean wind speeds at the Powerworks met towers (heights between 

18 and 30 m) varied from 6.4 to 7.8 m/s. These towers are all intentionally positioned in 

high wind areas. For comparison, the mean wind speeds at the LLNL mast, on the 

Livermore plain east of the pass, were 2.2 m/s at 10 m, and 3.0 m/s at 40 m. Site 300 

mean wind speed, at 10 m, was 5.4 m/s for the same time period. 

 

The stability classes in the LLNL data were, until November 2003, estimated using the 

standard deviation of the wind direction, by the "σE" method. At that point, the LLNL 

mast stability estimation method was changed to the Solar/Delta-T (SRDT) method. Both 

of these are EPA currently approved methods. The stability class estimates calculated for 

this project also used the SRDT method. More information on both of these estimates is 

given in EPA (2000). 

 

1.6.3 Correlations 
  

Since the most common statistical approaches in meteorology use multiple linear 

regression, it is of interest to know whether the value to be predicted (such as wind speed 
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or power production) is linearly related to any of the potential predictors. The correlation 

coefficient between two series of data can be considered as a measure of the linearity of 

the relationship between the two series. It can be thought of as a ratio of the covariance of 

the two variables, divided by the product of the standard deviations of the two variables. 

For two data sets xi and yi with 1 ≤ i ≤ n, the correlation coefficient rxy is 
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where bars indicate the average of the variable. The range of rxy is between -1 and 1. A 

correlation coefficient of 1 indicates a perfect linear relation, -1 indicates a perfect 

inverse linear relation, and zero indicates no linear relation. A Matlab script was written 

to compute correlation coefficients between the various data sets for year 2002, the 

results of which are listed in Appendix B.  

 

There is a lack of strong correlation between power production data and wind speeds or 

any of the other meteorological data. The LLNL mast shows the least correlation to the 

met towers. Wind speeds at the met towers show better correlation to other nearby 

meteorological data (as might be expected), however reasonably strong correlations only 

exist to wind speed observations, and to a lesser extent power production, at nearby met 

towers. Additionally, the power production is reasonably well correlated to the wind 

speed at the same met tower. 
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It also was observed that there was essentially no correlation between the stability class at 

either the LLNL or Site 300 masts, and the wind speeds or power production at the met 

towers. Wind characteristics had greater correlation between Site 300 and the met towers, 

while correlation was lower between winds at the LLNL mast and the met towers up in 

hills. The lack of correlations between the LLNL mast on the Livermore plain, and the 

met towers in the pass, confirm the observations of Cheng (2002) that the weather 

conditions in the pass were often decoupled from conditions on the plain. This 

phenomenon was also reported by McCarthy (1987) and Davis and Nierenberg (1980).  

 

1.6.4 Long Time Period Power Spectrum 

 

A long time period power spectrum was calculated for three years (July 1, 2001 to June 

30, 2004) of half-hourly averaged wind observations at the Met 127 meteorological 

tower. For atmospheric conditions, the shape of the power spectrum calculated by van der 

Hoven (1957) is generally considered the "gold standard" (Fig. 1-7). This spectrum was 

constructed using less than one year of data taken between June 25, 1955 and April 30, 

1956 at Brookhaven National Laboratory. It contains power maximums at periods of 

approximately 96 hours (4 days) and 0.02 hours, with a lessor spike at 12 hours and a 

very prominent "spectral gap" centered at 1 hour. van der Hoven observed that when the 

data set used to calculate the spectrum in the region of the 12 hour spike was divided in 

two, and each set was used to calculate the spectrum, the 12 hour spike appeared only in 

one set. (Most of the van der Hoven paper investigates the 1 hour spectral gap.) It should 

be noted that for periods of less than an hour, the wind fluctuations that contribute to the 
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power spectrum are caused by the mechanism of atmospheric turbulence, while the 

power spectrum at periods greater than an hour is due to the fluctuations in weather 

conditions. 

 

Fig. 1-7. Power spectrum for 100 meter above ground winds at Brookhaven National Laboratory, 
from van der Hoven (1957). 
 

While many researchers have subsequently computed power spectral density for periods 

less than one hour in order to investigate turbulent phenomena (see Al-Jiboori et al, 2001, 

Founda et al. 1996, Morfiadakis et al. 1996 and Mitsuta et al., 1983 for wind energy 

related investigations), investigations of the longer period portion of the spectrum is 

much less frequent. With half hourly data available, it is possible to compute the power 

spectral density function for the meteorological towers in the Altamont Pass for all 

periods longer than approximately an hour. Using a three year record of wind speed 

measurements for Met 127, it was possible to construct the power spectral density curve 

for all periods greater than one hour (Fig. 1-8). This power spectrum shows greater power 

over all frequencies than that of van der Hoven, most likely due to the lower elevation of 
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the measurements (18.3 m instead of 100 m) and the location of Met 127 in more 

complex terrain. The shape of the spectrum is broadly similar to Fig. 1-7, including the 

slope asymmetry to either side of the maximum. Differences include a small spike in 

power at a period of approximately 24 hours, and the fact that the main peak appears at 

about 48 hours instead of 96, perhaps due to west coast location of the site, which would 

be expected to experience stronger diurnal cycles associated with sea breeze effects, 

while experiencing fewer instances of the regular passage of frontal systems on roughly 

four day intervals that would be expected in a mid-continent location. 

 

 

 

Fig. 1-8. Power spectrum for Altamont Met 127 wind speed at 18 m. 
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1.7 ETA REGIONAL SCALE FORECAST 

 

The primary regional scale forecast (RSF) used in this study was the NOAA Eta 40 km 

model. On January 25, 2005, the Eta model was renamed the North American Mesoscale, 

or “NAM” model. For consistency, the term “Eta” will refer to the Eta/NAM model. 

 

The Eta model is a regional-scale, non-hydrostatic operational weather forecasting 

system. It is maintained by the United States National Weather Service (NWS). The 

model is run twice a day, at 00:00 and 12:00 GMT, and produces forecasts at three-hour 

intervals from zero hours ahead (the so called "initialization run" since this is essentially 

the observed data interpolated over the domain) to 84 hours ahead. Immediately after a 

forecast is completed, it is made available on several FTP servers for downloading by the 

public. 

 

The Eta model provides predictions of weather conditions on a 40 km square grid 

overlaid across the continental United States and surrounding regions. The grid itself is 

based on a Lambert conformal projection centered on the central United States. Grid 

points, and therefore, vector components, are generally not aligned exactly along true 

north-south or east-west. The location of the model grid points in the Altamont Pass area 

is shown in Fig. 1-9. 
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Fig. 1-9. Location of Eta model grid points in the vicinity of the Altamont Pass case study wind 
farm. Numbers adjacent to points indicate Eta modeled terrain height in meters. The location of 
the Oakland radiosonde launch site is also indicated.  
 

At each grid point, a large number of predicted parameters are available. The most 

important for this study are summarized in Table 1-1. 

 

Table 1-1. Selection of parameters available from Eta model output. 
 

Observation Symbol Units 
Sea-level pressure MSLET:MSL Pascals 
Sea-level pressure again PRMSL:MSL Pascals 
U comp. of wind speed at 10 m above ground UGRD:10 m above gnd m/sec 
V comp. of wind speed at 10 m above ground VGRD:10 m above gnd m/sec 
Height of level above sea level HGT:nnnn mb* Meters 
U comp. of wind speed UGRD:nnnn mb* m/sec 
V comp. of wind speed VGRD:nnnn mb* m/sec 
W comp. of wind speed VVEL:nnnn mb* m/sec 
Air temperature TMP:nnnn mb* Kelvin 
Relative Humidity RH:nnnn mb* Percent 
* nnnn is replaced by the pressure height of the reading. For all readings indicated with (*), available  
pressures range from 25 to 1000 mb in steps of 25 mb. The physical (as opposed to pressure) height 
above sea level of a reading can be determined by looking at the "HGT: nnnn mb" record for  pressure. 
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At each grid point, the Eta model forecasts many parameters in addition to those listed in 

Table 1-1. There are different vertical levels at each grid point. Levels in the atmosphere 

are defined by the pressure at that level. For most atmospheric observations, there are 39 

main levels, ranging from the highest at 50 mb to the lowest at 1000 mb. Additional 

parameters are reported that are either level insensitive or may occur at different pressure 

heights. These parameters are associated with additional levels that include the surface, 

and various heights above ground for variables that are critical near the surface. For 

example, Eta includes a prediction of wind speeds 10 m above ground using data from 

the two lowest regular levels. (This is included for diagnostic purposes only (Black, 

2003), since it can not be representative of any specific location at such a low grid 

resolution.)  

 

All time references in the Eta model are to Greenwich Mean Time (GMT), effectively the 

time observed in the time zone of London, England. To convert GMT to Pacific Standard 

Time, it is necessary to subtract six or seven hours from the time expressed in GMT, 

depending on whether day-light savings time is being observed. (Note that many 

meteorological records, even if expressed in the local time zone, do not observe Daylight 

Savings Time, because it puts one hour discontinuities in the records when it starts or 

ends.) 
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CHAPTER 2: Speed-Up Over Hills 

 

2.0 INTRODUCTION 

 

Wind-tunnel and computer simulations have been shown to accurately predict flow in 

complex terrain (Bowen, 2003), however it is often only a few representative wind 

directions and the flow field that are measured and/or simulated. In many applications of 

this data it is not feasible to conduct wind-tunnel or computational studies; although it is 

necessary to estimate local topography and atmospheric stability effects on the flow field. 

 

A tool that could reasonably predict the results of an ABLWT investigation without 

requiring a wind-tunnel test, or large amount of computational resources, would have 

many applications, including rapid wind resource assessment and the development of 

wind farm power curves for use in forecasting applications. Available methods of 

predicting the results of an ABLWT simulation, without resorting to a full computational 

fluid dynamics solution, were limited to methods involving applying empirical formulae 

to extreme simplifications of the problem, such as only considering a the wind at the peak 

of a hill of ideal shape at right angles to the wind (e.g. Weng et al., 2000). It was 

postulated that it might be possible to extend the applicability of these existing methods 

to include phenomenon such as non-perpendicular wind directions and more complex 

three-dimensional hill shapes. It became apparent that limited data was available for these 

cases, and that general data on the subject, such as wind-tunnel test results of model hills 
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with variable wind directions, were not available in the literature. Therefore, experiments 

were designed and carried out in the ABLWT to characterize this phenomenon.   

 

2.1 SPEED-UP PREDICTION BACKGROUND 

 

Much work has been done developing simplified models for predicting wind "speed-up" 

in complex terrain. Speed-up is the increase of near-surface winds above a hill as 

compared to the wind over a flat surface at the same height above the surface. Non-

dimensionally it is expressed as the fractional speed-up ratio: 

 

 
)(

)()(
zU

zUzU
S

O

O−
=∆         (2.1) 

 

where U is the wind speed at a height z above the hill, and Uo is the upstream speed of 

the hill at the same height. It is assumed that the approach to the hill is a flat surface with 

the same surface roughness as the hill.  

 

Jackson and Hunt (1975) developed an analytical method to predict speed-up over a two-

dimensional, smooth hill without flow separation, which was subsequently improved 

(Hunt et al. 1988). They approached the problem by dividing region above the hill into 

several layers (see Fig. 2-1). An outer layer was defined where the flow was far enough 

removed from the surface that it could be modeled as potential flow. A middle layer was 

included where the flow was not affected by friction with the surface, but was close 
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enough to the hill that it could not be considered irrotational. The inner layer was taken to 

be adjacent to the surface, and the flow was dominated by surface friction here. 

 

 

Fig. 2-1. Flow over a hill. From Kaimal and Finnigan, 1994. 
 

Hunt et al. derived a set of equations to predict the characteristics of the speed-up over 

the hill. The distance from the bottom of the outer layer to the hill surface, hm, and height 

of the inner layer, l, are given by 
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where κ is von Kármán’s constant (≈0.41). Once these parameters are known, the speed-

up factor within the inner and middle layers, respectively, are given by: 
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where uo(z) is the upwind, or "flat surface" wind speed, as a function of height z, h is the 

half-height of the hill, x is the horizontal distance from the crest to the point of interest on 

the hill, and Lh is the horizontal distance between the hill crest and point on the slope of 

height h/2. The functions ζ(x,zo) and ξ(x) are used to take into account the shape of the 

hill, and are close to one. Bars denote time averages of variables. The maximum speed-up 

above a hill occurs when 

 

3,0 lzx ≈=          (2.4) 

 

Other researchers have made minor extensions to the Jackson and Hunt methods. For 

example, Mason and Sykes extended the method of Jackson and Hunt (1975) to a single 

three-dimensional axisymmetric hill. The body of work based on Jackson and Hunt 

remains essentially the only satisfactory analytical method of estimating speed-up over 

hills. 

 

Kaimal and Finnigan (1994) report that the results of Jackson and Hunt (1975) were used 

to formulate a set of widely used simple guidelines to estimate the maximum speed-up 

∆Smax expected to be observed over simple topographic features with slopes low enough 
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to not experience flow separation (i.e., geometric divergence angles of less than 15° to 

18° from the mean flow direction: 

 

 1max /6.1 LhS ≈∆  for axisymmetric hills     (2.5a) 
 1max /0.2 LhS ≈∆  for 2D ridges      (2.5b) 
 

Here L1 is the horizontal distance from the hill peak of height h to the point on the slope 

at height h/2 (the "half-height" of the hill). This set of equations is generally considered 

to usually be accurate to ±15%.  

 

There have been numerous experimental studies that investigated speed-up over two-

dimensional hills. Gong and Ibbetson (1989) performed wind tunnel tests on a two-

dimensional ridge and a circular hill, both with cosine squared cross-sections. Miller and 

Davenport (1998) conducted wind tunnel tests of two-dimensional model hills, and 

presented tables of speed-up values for different approach slopes and upwind conditions. 

Weng et al. (2000) also present guidelines for two-dimensional hills, based on hill 

geometry and surface roughness; and, also report the results of several wind-tunnel tests. 

Taylor (1998) conducted numerical simulations of flow over low and moderate slope 

hills, and presented an equation to predict speed-up based on hill parameters. Kim et al. 

(1997) experimentally and numerically investigated the effects of hill slope on speed-up 

over two-dimensional sine wave hills. Finite volume numerical simulations were 

conducted for flow over four actual hills for which field data were available (Kim et al., 

2000). 
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The surface roughness of the surrounding terrain affects speed-up over a hill (Weng et al. 

(2000), Miller and Davenport (1998)), especially as the ratio of surface roughness to hill 

length scales decreases. In numerical and field studies of actual hills, Kim et al. (2000) 

observed that the flow field over a hill was affected by the presence of other hills nearby, 

and that these hills must be included for accurate results. Lange and Hojstrup (2001) 

evaluated the accuracy of predictions made by the WAsP  program for the power output 

of proposed offshore wind turbines (which are in very simple terrain) and found that, 

while predictions were good overall, observed errors in the prediction correlated to the 

presence of land at distances of about 10 km from the sites investigated.  

 

Further complicating matters, flow separation occurs in the lee of steep hills. Finnigan 

(1988) compiled separation data from multiple field and wind tunnel studies. Separation 

did not occur when maximum slopes were less than 0.27 (15°), always occurred when 

maximum slope was at least 0.32 (18°), and was intermittent when slopes were between 

these values. For two-dimensional, sinusoidal hills, Kim et al (1997) and Miller and 

Davenport (1998) both used the criterion that separation occurred for hills with slopes 

exceeding 0.4 (22°). Once separation occurs, accurate speed-up predictions became 

significantly more difficult. There also have been a number of studies of flow over actual 

three-dimensional terrain. Perhaps the most significant such study was conducted at 

Askervein Hill, Scotland (Taylor and Teunissen, 1987). 

 

There have been several empirical speed-up prediction algorithms published that provide 

formulae or look-up tables to predict speed-up for arbitrary hills. The ESDU (1990) wind 
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speed prediction algorithm incorporates a correction factor for sites on or near two-

dimensional escarpments that was derived from wind tunnel data and field work of 

Bowen and Lindley (1977) and the numerical studies of Deaves (1980). The correction 

factor (called KL) is presented in a series of lookup graphs for different escarpment 

slopes. 

 

Taylor and Lee (1984) present a simple speed-up prediction algorithm (the “original 

Guidelines”) that allowed the prediction of ∆S above a hilltop at various heights above 

ground z. Speed-up can be predicted over a hill that is either isolated, or located among 

regularly repeating hills, as would occur in rolling terrain. The original Guidelines predict 

a maximum speed-up ∆Smax based on hill height h and the hill half-length L1. It is then 

assumed that ∆S varies exponentially with height z: 

 

 1max / LBhS =∆         (2.6a) 
( )1max /exp LAzSS −∆=∆        (2.6b) 

 

where A and B are constants, given in Table 2-1, that depend on the type of hill and 

surrounding terrain. The original Guidelines can be applied in cases of moderate to high 

wind speeds on hills with a maximum slope <0.3, L1/zo > 100 and L1 < 2 km. 

 

Weng et al. (2000) refined the original Guidelines using a series of numerical 

simulations, including some non-linear, and based on the results proposed a set of “new 

Guidelines.” The new Guidelines allow for the variation of surface roughness zo, and the 
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prediction of speed-up at the top of steeper hills with slopes up to about 0.5. The non-

linear version of the new Guidelines are 
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where the constants Ai and Bi, given in Table 2-1, depend on the hill and surrounding 

terrain type. 

 
Table 2-1. Constants used in original and new Guidelines for different hill and terrain types. 

 Original New 
Topography A B A1 A2 A31 A32 B1 B2 B3 B4 
Isolated 2D hill 3.0 2.0 -0.63 -1.36 -0.55 0.69 2.40 -0.051 0.029 -0.51
Isolated 3D hill 4.0 1.6 -0.64 -1.49 -0.34 0.64 2.05 -0.048 0.24 -0.40
2D rolling terrain 3.5 1.55 -0.60 -1.64 -2.03 0.90 2.20 -0.049 -0.64 -0.19
3D rolling terrain 4.4 1.1 -0.63 -1.92 -1.67 0.64 1.58 -0.036 0.069 -0.85
2D escarpment 2.5 0.8         
 

There have been only minimal laboratory investigations of speed-up over non-symmetric 

three-dimensional hills that have different horizontal length and width (i.e., aspect ratio 

not equal to one) in addition to height. Lemelin, Surry and Davenport (1988), hereafter 

referred to as LSD, used a series of numerical simulations with the MS3DJH/3R model to 

derive a set of speedup prediction formulae to predict speedup anywhere above an elliptic 

paraboloid hill defined by three length scales: in the direction of the approach wind L1, 

perpendicular to the approach wind L2 and peak height h.  
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12 LLA =   pp Lh=φ       (2.8a) 
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where hp and Lp are the local height of the hill, and the local primary hill half-length at 

the point of interest. The values of the constants are C1 = 2.3, C2 = 0.4 and C3 = 2.0. At 

the hill top, hp = h and Lp = L1. Then the equations become 
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This model was derived for low to moderate slopes (simulations were done at h/L = 0.28) 

and 150 ≤ L1/zo ≤ 100,000. While the LSD formulation appears to be unique in that it 

includes the hill aspect ratio, the equations do not predict the negative speed-up values 

that occur at the base of very steep hills, and like most methods, it only considers winds 

at right angles to the hill. 

 

No comprehensive results could be found which determine speed-up as a function of the 

approach direction of the wind. Also, most non-field studies have investigated either two-

dimensional, semi-infinite hills with the approaching wind direction perpendicular to the 
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long axis of the model, or three-dimensional axisymmetric circular hills for which the 

flow is not direction dependent. 

 

If these studies address wind direction at all, most empirical speed-up prediction methods 

use simple correction factors to account for the wind direction. Baker (1985) conducted 

model and full-scale tests of 27° (0.51) slope railroad embankments, and found the speed-

up algorithm outlined by ESDU (1990) worked well when the flow was perpendicular to 

the embankment. Baker noted that with non-orthogonal winds, only the velocity 

component normal to the embankment is accelerated, and derived the following equation 

to modify the ESDU “KL” factor (KL = 1 + ∆S) to include wind direction. Expressed in 

terms of speed-up factor: 

 

 ( ) 1sincos)1()( 2
1222 −+∆+=∆ θθθ OSS      (2.10) 

 

where θ is the angle of the wind direction off perpendicular and ∆So = ∆S(θ = 0°) is the 

∆S that would be estimated with a wind direction perpendicular to the embankment. 

 

An FAA (1988) model of speed-up for a two-dimensional ridge, given in a document on 

the siting of wind shear detectors near airport runways, is similar to the original 

Guidelines, except that the model adds a wind direction correction in which the 

horizontal length scale of the ridge is measured across the ridge in the same direction as 

the wind is blowing. The half-length of the hill is taken in the direction of the approach 

wind by using the relation Lo = L1/cos θ, with L1 and Lo being the half-lengths of the hill 
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in the direction perpendicular to the ridgeline and in the direction aligned with the wind 

respectively, while θ is the angle of the approach wind direction relative to normal to the 

ridgeline. (i.e. θ = 0° is a wind normal to the ridge, θ = 90° is a wind parallel to the 

ridgeline.) 

 

2.2 SPEED-UP AT ALTAMONT PASS 

 

The speed-up prediction schemes outlined above show a wide variability in accuracy 

when used to predict the speed-up over actual hills. Weng et al. (2000) compare their 

Guidelines, as well as those of Taylor and Lee (1984) with field measurements from 

several sites. The accuracy of both methods depended most strongly on the site itself: for 

example, Askervein Hill predictions agreed well with actual measurements, while 

predictions for Nyland Hill significantly underestimated ∆S at all heights. Geographic 

sensitivity is significant for all of the prediction schemes outlined above. 

 

It was desired to find the degree of accuracy that might be achieved at the Altamont Pass 

case study site, especially since most of the field data used to evaluate the prediction 

schemes is from single hills surrounded by relatively flat terrain. Fortunately, field data 

was found which could be applied directly to the un-modified prediction schemes. As 

shown in Fig. 2-2, Powerworks meteorological tower 438 (“Met 438”) is situated on the 

crest of a ridgeline that is oriented approximately perpendicular to the prevailing summer 

wind direction of 240°. The fully-instrumented LLNL meteorological tower is situated on 
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a bearing of 240° from Met 438, about 4.5 km away in flat terrain, providing reference 

conditions for speed-up factor calculations.  

 

LLNL Tower to Met 438 Transect
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Fig. 2-3. Elevation transect from LLNL meteorological tower to Met 438. Dotted line shows hill 
slope approximation used for prediction schemes. 
 

As shown in Fig. 2-3, the terrain between the LLNL tower and Met 438 consists of 

mostly flat plain, followed by a steep uniform rise to the ridge crest location of Met 438. 

The prediction scheme parameters can be directly estimated. The hill type is taken to be a 

 
 
Fig. 2-2. Map of western side of Altamont Pass showing location of LLNL meteorological tower 
and Powerworks meteorological towers 438 and 624. North is up. 
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two-dimensional ridge with h = 235 m and L = 503 m. The land use is open grassland 

with zo = 15 mm. Using these parameters, the prediction schemes were used to predict the 

speed-up at z = 24.4 m (the height of the Met  438 anemometer). The results are shown in 

Table 2-2. The variation in predicted ∆S is typical of the amount of variation observed 

between the methods. 

Table 2-2. Speed-up factors predicted by various prediction schemes for Met 438 relative to the 
LLNL tower, at a height of z = 24.4 m above ground. 
 
Prediction Method ∆S at Anemometer Height 
Equation 2.5b 0.935 
FAA 0.808 
Lemelin, Surry and Davenport 0.784 
Taylor and Lee 0.808 
Weng et al. (Linear) 0.691 
Weng et al. (Non-Linear) 0.620 
 

Calculation of the measured speed-up factor at a given time was complicated by the 

differing observation heights at the LLNL tower (10 m and 40 m) and Met 438 (24.4 m). 

A power law profile was fit to the LLNL 10 m and 40 m wind speed readings and used to 

extrapolate the LLNL wind speed at 24.4 m. Equation 1.6 was then used to calculate ∆S. 

This method was used to generate a dataset of speed-up observations at Met 438 on a 

half-hourly basis between July 1, 2001 and June 30, 2003. Observations when the wind 

direction was between 235° and 245° were used for comparison purposes. 

 

A limitation of all of the prediction schemes is that they are limited to the case of a 

neutrally stable atmosphere. It has already been observed that stability significantly 

impacts flow in the Altamont Pass. The observations were binned by Pasquil-Gifford 

stability class (“A” = unstable, “C” = neutral, “F” = very stable). Table 2-3 shows the 
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average speed-up factor calculated for Met 438, as well as the standard deviation, and the 

number of times each stability class was observed when winds were between 235° and 

245°. The average speed-up under neutral (class “C”) conditions was ∆S = 0.87, which is 

within the range of values in Table 2-2. Interestingly, the least sophisticated methods 

(such as Eqn. 2.5b) gave the best predictions in this case. 

 

Neutral conditions correspond to a minimum speed-up. It is believed that under stable 

conditions, winds can be high aloft but are prevented from mixing down to the plains. 

Under unstable conditions, it is believed that additional heating of the terrain to the east 

of the Pass results in a relative increase in winds through the Pass. It should be noted that 

the standard deviation of ∆S within a stability class remains very high, suggesting that at 

any given time, there may be significant variation in actual conditions. This result 

suggests that the ability of the prediction schemes to accurate predict ∆S at an arbitrary, 

specific time is less than ideal. 

Table 2-3. Observed ∆S and standard deviation for each stability class at Met 438. Wind direction 
between 235° and 245°, July 1, 2001 to June 30, 2003.  
 

Pasquil-Gifford 
Stability Class ∆S 

Standard 
Deviation 

Number of 
Observations 

A 1.12 0.47 6 
B 1.27 1.67 133 
C 0.87 0.52 200 
D 1.52 1.10 563 
E 2.93 1.74 151 
F 3.28 2.38 51 
All 1.64 1.47 1104 

 

Defining the wind direction is somewhat problematic, since in reality it is possible for the 

wind direction at the one meteorological tower to be different from the direction at the 
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second. ∆S is dependent on which tower is used to define wind direction, and also the 

range of wind directions that are included in the average. Table 2-4 illustrates this feature 

by tabulating the ∆S determined increasingly wider wind direction ranges based on both 

the LLNL tower and Met 438. 

Table 2-4. Average ∆S observed for different wind direction inclusion criteria, such as which 
location was used to measure the wind direction, and how size range of directions included.  
 

Wind Direction Anemometer Average ∆S 
Num. 

Observations 
Range Location All Data Class C All Data Class C

235 245 LLNL 1.64 0.87 1104 200 
225 255 LLNL 1.58 0.89 3409 614 
210 270 LLNL 1.52 0.85 6398 1169 
235 245 M438 1.51 0.81 1463 315 
225 255 M438 1.62 0.83 4803 991 
210 270 M438 1.98 0.85 9214 1565 

 

By relaxing the requirement that the LLNL tower be upwind of Met 438 to calculate ∆S, 

the variation of ∆S with respect to wind direction can be investigated. Results are shown 

in Fig. 2-4. The wind direction at Met 438 was used as the representative wind direction 

in this case since at off angles the wind direction might vary appreciably in the plain, 

relative to a ridgetop location. As the wind vector is changed northward from 240° 

(which is taken as 0° relative wind direction), ∆S decreases as the wind direction 

becomes more aligned with the ridgeline, up until a relative wind direction of about 60°. 

At angles greater than this, and also at negative relative wind directions, ∆S increases 

where it perhaps would be expected to decrease. This could be due to a low number of 

observations, and the fact that the actual ridge is different from the idealized two-

dimensional modeled ridge, especially to the southeast where ridgeline changes direction 

and increases in height.  
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Fig. 2-4. Average speed-up factor at Met 438 as a function of wind direction relative to 
perpendicular to the ridgeline. A wind from 240° is perpendicular to the ridgeline, and therefore 
corresponds to a relative wind direction of 0°. Also included is the number of observations 
included in each average. For comparison, results from the Taylor and Lee prediction scheme 
with a Baker wind direction modification are also shown.  
 

The observed speed-up also was investigated for Powerworks meteorological tower 624 

(“Met 624”). It is also situated near the entrance to the Pass, although it is on a 

promontory, has more terrain complexity in the direction of LLNL and is not aligned as 

well to LLNL relative to prevailing wind direction. For Met 624, h = 196 m and L = 656 

m. In this case, for class “C” field measurements, ∆S was 0.96, although the lower slope 

of this hill (Met 624 h/L = 0.30, Met 438 h/L = 0.47) would have caused us to predict a 

lower ∆S than for Met 438.  
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Overall, the observed speed-up factors showed significant variability, even within the 

same stability class and wind direction range. Combining this with the simplicity of the 

speed-up prediction schemes available suggests that predicting wind conditions at a 

specific place and time using these methods may not be feasible. Further application of 

the un-modified prediction schemes to sites within the Altamont Pass was hampered by 

the extremely complex terrain that made it difficult to estimate h and L at a given site, the 

fact that winds rarely blow perpendicularly to a ridgeline, and the lack of nearby flat 

reference sites.   

 

2.3 WIND-TUNNEL TESTS OF GENERALIZED HILLS 

 

For speed-up predictions to be applicable to wind energy uses, the wind direction must be 

factored into the prediction algorithm. Additionally, the algorithm would need to include 

more than circular and two-dimensional hill shapes. Since very little systematic data are 

available in the literature documenting how speed-up varies based on these parameters, it 

was decided to conduct a series of tests of generalized hills in the ABLWT to address this 

deficiency. 

 

2.3.1 Test Specifications 

 

For this test, a mechanical height probe and the laser spotting system were used to 

position the hot-wire. Hot-wire measurements were taken at 1000 Hz for 90 seconds. 

This corresponds to a full-scale time period of 46 to 286 minutes for Altamont Pass wind 
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speeds from 4 to 25 m/s. A power law exponent of  α = 0.19 was achieved by 

systematically arranging a pattern of 8.9 × 14.6 × 1.9 cm (thin blocks) and 8.3 × 19.7 × 

3.8 cm (thick blocks) wooden blocks over the flow-development section of the wind 

tunnel.  The block pattern roughly consisted of half of each type of block configured in 

alternating sets of four and five blocks per row. The artificial grass used in the test 

section (mean height of 3 mm) was extended upwind and under the blocks. Additionally, 

the first three rows of blocks upwind of the test section were replaced with smaller blocks 

(Fig. 2-5) to create a smooth flow transition from the roughness elements to the hill 

model.  Fig. 2-6 shows typical mean velocity profiles produced by this arrangement. 

 

2.3.2 Hill Models 

 

Three different hill models were manufactured from polystyrene foam. All of the hills 

had a sinusoidal cross-section and a height of h = 38 mm. An axisymmetric hill with a 

circular base was produced by revolving the cosine cross-section. An elliptical hill was 

made by stretching the circular hill so that the resulting elliptical footprint had a base 

length four times longer than the base width. A semi-infinite ("two-dimensional") hill 

model also was constructed with a cosine cross-section. Model surface roughness was 

maintained on the circular and elliptical hills by reproducing the topography using 2.5 

mm steps, while the two-dimensional model was covered in artificial grass. The equation 

of the height of the surface z(x,y) of these hills is 
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where x and y are the horizontal distances from the hill peak. L1 and L2 are the half-

lengths of the hill in the x and y directions. (The half-length is the distance from the peak 

to the point on the slope where z = h/2.) The aspect ratio of the hill is A = L2/L1. For the 

circular, elliptical and two-dimensional models, A = 1.0, 4.0 and 0 respectively. All the 

models had a primary half-length L1 of 71.5 mm. See Fig. 2-7 for details. 

 

 

Fig. 2-5. Roughness element arrangement used in ABLWT development section for generalized 
hill tests. Also visible is the two-dimensional hill model at θ = 0° and the measurement probe 
support with sighting laser and height probe installed. 
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Fig. 2-6. Non-dimensionalized velocity profiles in empty UC Davis Atmospheric Boundary Layer 
Wind Tunnel test section with artificial grass covering floor at three locations: at center, and 68 
cm upwind and downwind of center. 
 

 
Fig. 2-7. Schematic diagram of the hill models. 
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2.3.3 Effects of Model Roughness 

 

The model surface must be sufficiently rough to maintain a turbulent flow over the model 

surface. Generally, this means that the roughness Reynolds number must be greater than 

about 2.5. Practically, this means that the model must not be "aerodynamically smooth". 

Model roughness can be provided by coating or covering the surface in a suitable 

material. Previous investigators of speed-up over two-dimensional hills have used 

studded rubber sheets (Gong and Ibbetson, 1989), artificial grass (Kim et al., 1997), 

uniformly spread sand (Baker et al., 1985) and textured wall paper (Carpenter and Locke, 

1999).  

 

Roughness also can be achieved by using "steps" or "terraces." This latter type of 

roughness can be a by-product of model construction: if the terrain is carved from a large 

block of material using mapped contours to guide the cutting tool, the result is a 

"stepped" model where the edge of each step follows one of the mapped contour lines. 

The maximum step size will depend on the scale of the features modeled, since larger 

steps cause a greater departure from geometric similarity. Derickson and Peterka (2004) 

tested a 1:4000 scale model of complex terrain of Lantau Island, Hong Kong, in an 

ABLWT, using a model with 3 mm steps. The space between the steps was then carefully 

filled with plaster to make a "smoothed" model, and the test was run again. Little 

difference was observed in the resulting near-surface velocity profiles measured at 

several points on the model. If the steps become too large, however, they start to interfere 

with the properties of the flow: Lindley et al. (1981) modeled Gebbies Pass, New Zealand 
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at 1:4000 scale in both stepped and "smooth" configurations, and found the stepped 

model performed very poorly. This may be attributable to the large step size of 1 cm, and 

the fact that the range between the highest and lowest points on the model encompassed 

only 11 steps. Although generally low, the effect of model roughness is most pronounced 

at and downstream of separation points on the model since the exact location of a 

separation point is a strong function of perturbations in the local model geometry and 

generally unsteady in time. Miller and Davenport (1998) performed ABLWT tests on 

two-dimensional sinusoidal hill models with maximum slopes of 0.5 (27°), steep enough 

to expect lee side flow separation, and reported up to 40% greater velocities at the surface 

on the hill peak, although the difference decreased rapidly with height and was minimal 

above z/h ≈ 0.5. 

 

The circular and elliptical hill models in this study were fabricated with 2.5 mm steps. 

The two-dimensional ridge was covered in artificial grass to ensure a consistent surface 

roughness regardless of orientation in the wind tunnel. For all three hills, artificial grass 

covered the entire floor in the test section. Previous experiments showed that if the test 

section floor was left as an untreated bare plywood surface, an internal boundary layer 

formed in the test section, causing unacceptable variation in velocity measurements with 

test section position. 
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2.3.4 Uncertainty of Measured Speed-Up Values 

 

There are two main sources of error in the reported speed-up values: errors due to the 

position of the probe being slightly off from its correct measurement location, and errors 

due to the measurement process itself. 

 

Positioning uncertainty is considered to be ±1 mm vertically and laterally, and ±0.5 mm 

longitudinally. This is due primarily to the difficulty of precisely fixing the ground level 

relative to the artificial grass surface. Positioning uncertainty will result in the largest 

relative errors in wind speed measurements near the surface, where the spatial variation 

of the flow field is greatest. It should also be noted that the stepped nature of the models 

means that the model geometry may differ from the actual geometry by up to 1 mm 

vertically. 

 

Since ∆S is a normalized difference of two wind speeds, the uncertainty of ∆S is greater 

than the uncertainty of the input wind speeds. Trial experiments in the ABLWT 

repeatedly measuring the same point showed a standard deviation of 0.17% of the 

measured mean velocity at the reference height, and 0.46% of the measured mean 

velocity when measured in the near-wake of a large block. The ABLWT also exhibits 

some speed drift during long, multiple hour runs, mostly due to mechanical effects and 

minor air temperature variations. This drift has been observed to be as high as 1% of the 

reference wind speed, although it is typically less. (This potential error source is partially 

corrected by post-processing software that corrects for this variation using multiple 
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measurements of the reference velocity – typically every half hour – taken during long 

tests.)  

 

The hot-wire measurement system itself is considered accurate to less than 5% of the 

measured mean wind speed. The most significant sources of uncertainty are errors in the 

calibration curve used to convert the electrical output of the hot-wire to wind speeds, and 

temperature differences in the ambient air temperature relative to the temperature at the 

time the calibration curve was generated. 

 

Wind-tunnel velocity measurements U are non-dimensionalized by Uref the freestream 

velocity measured at a fixed point above the simulated boundary layer. Defining R = 

U/Uref, speed-up can be defined as 
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where R and Ro are the non-dimensionalized velocity at the measurement point and the 

reference point respectively, with uncertainties of δR. If the errors in R and Ro are 

random and independent, then the uncertainty of the calculated speed-up factor, δS, is 
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This represents a fairly significant level of uncertainty. Table 2-5 shows that the level of 

uncertainty δS is approximately three times δR, the level of uncertainty in R and Ro. Note 

that while Eqn. 2.13 is undefined at R = Ro, this is a singularity (not an asymptote), and 

that δS is otherwise well behaved. Taking the limit as (R – Ro) goes to zero, δS = 

2.83×δR when R = Ro. As shown in Table 2-6, δS decreases as the magnitudes of R and 

Ro become larger. During testing, values of Ro ranged from ~0.5 at 5 mm to ~0.8 at 75 

mm. Values of R ranged as high as ~1.0 and as low as ~0.35. The greatest uncertainty in 

∆S occurs near the surface, where both R and Ro are lowest. It should be noted that the 

above uncertainty propagation assumed independent, random errors in R and Ro. Since it 

is possible that some of the error is bias error, the above results should be considered as a 

“worst case” scenario. 

Table 2-5. Uncertainty (δS) in speed-up factor ∆S as a function of non-dimensionalized velocity R 
and velocity uncertainty δR, when Ro = 0.50. 

 
Uncertainty in S when Ro = 0.50

Speed-Up Uncertainty in R values
R Factor 0 0.01 0.02 0.05 0.1

0.35 -0.3 0.000 0.029 0.058 0.145 0.289
0.45 -0.1 0.000 0.028 0.057 0.142 0.284
0.55 0.1 0.000 0.028 0.057 0.142 0.284
0.65 0.3 0.000 0.029 0.058 0.145 0.289
0.75 0.5 0.000 0.030 0.060 0.150 0.300
0.85 0.7 0.000 0.032 0.063 0.158 0.316  

Table 2-6: Uncertainty (δS) in speed-up factor ∆S as a function of non-dimensionalized velocities 
R and Ro, with velocity uncertainty δR = 0.05. 

 
Uncertainty in S when dR = 0.05

Ro
R 0.35 0.45 0.55 0.65 0.75 0.85

0.35 - 0.177 0.159 0.145 0.133 0.123
0.45 0.203 - 0.158 0.143 0.131 0.121
0.55 0.206 0.177 - 0.142 0.130 0.120
0.65 0.211 0.180 0.158 - 0.129 0.119
0.75 0.218 0.183 0.159 0.142 - 0.118
0.85 0.226 0.188 0.161 0.143 0.129 -  
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Practically, the speed-up results for the two-dimensional hill with a 90° wind (Table 2-7) 

give a good indication of the level of uncertainty in the speed-up results. Since the hill is 

aligned with the wind and extends beyond the test section both upwind and downwind, 

all of the speed-ups observed should be zero. The average mean absolute speed-up factor 

error for all three locations and all nine measurement heights was 0.027; the greatest error 

in the measurements was ∆S = -0.067 near the surface at the hill base. 

Table 2-7. Measured speed-up factors for the two-dimensional hill with wind from 90°. 
 

Top Face Base
x/L

z/L 0 -1 -2
0.07 -0.013 -0.043 -0.067
0.10 0.014 -0.027 -0.041
0.14 0.024 -0.024 -0.033
0.17 0.031 -0.018 -0.021
0.21 0.047 -0.009 -0.014
0.28 0.035 0.004 -0.014
0.42 0.053 0.011 0.005
0.70 0.047 0.017 0.010
1.05 0.063 0.027 0.011  

 

An additional source of potential error is that the wind tunnel itself has a finite width of 

1.17 m (46 inches). Previous measurements in the ABLWT have shown that a boundary 

layer approximately 8 cm thick at the test section exists adjacent to each side wall, 

precluding measurements very near the wall. Additionally, the wind velocity adjacent to 

the wall must be tangent to the wall, meaning that tunnel walls affect the local flow 

direction (and by extension, the velocity distribution) for a distance somewhat greater 

than 8 cm in from either wall. For this study, the majority of measurements were made 

near the tunnel centerline, and none were less than 17 cm from a side wall. 
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2.3.5 Two-Dimensional Ridge and Three-Dimensional Circular Hill 

 

Most previous wind-tunnel studies concentrated on two hill configurations: two-

dimensional ridges with the wind blowing perpendicularly across the ridge, and three-

dimensional axisymmetric hills with a circular "footprint". Both of these configurations 

were tested in the UC Davis ABLWT. Results were reasonably consistent with other 

studies. Table 2-8 summarizes the characteristics and maximum speed-up results 

observed at the hill peak in several previous studies. The greatest speed-up occurs very 

near the surface in all of these studies, either at the lowest measured point (designated as 

"surface" in the table) or only a few measurement points above the surface. Interestingly, 

Eqns. 2.5 a and b are found to overpredict the maximum speed-up ∆Smax, generally by 

more than 15%, for every data set except Gong and Ibbetson's (1989), which show very 

good agreement between measurements and Eqns. 2.5 a and b. 

 

2.3.6 Hill Aspect Ratio 

 

Combining results from the 0° and 90° wind direction tests of the three hill models, it is 

possible to observe how ∆S changes as a function of the hill aspect ratio A. Figure 2-8 

shows the hilltop speed-up profiles for four of the aspect ratios tested. (A = 0 is not 

plotted as ∆S ≈ 0.) The speed-up predicted by the LSD method is also plotted. 

 

Equation 2.9b was optimized by varying the constants C1, C2 and C3 to “best fit” the wind 

tunnel data in Fig. 2-8. Best fit was determined by minimizing the total absolute error  
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Fig. 2-8. Hilltop speed-up factor profiles for four hill aspect ratios: A = 0.25, 1, 4 and ∞. WT 
denotes the present wind-tunnel measurements, LSD denotes predicted speed-up using Eqn. 
2.9b with C1 = 2.3, C2 = 0.2, C3 = 2.0.2.3.7  
 

between the wind-tunnel measurements and the LSD prediction for the five profiles. The 

minimum average absolute error of 0.023 was obtained with almost exactly the constants 

specified by LSD: C1 = 2.3, C2 = 0.2 (instead of 0.4) and C3 = 2.0.  

 

Hill Shoulder 

 

It is interesting to note the variation in speed-up factor at the “shoulder” measurement 

locations as the aspect ratio is changed. The shoulder locations are those where x = 0 with 

a 0° wind. Measurement points available included y = 0 (the hill top) and y = L2 (the 

“shoulder face”). Wind tunnel width limitations precluded taking base measurements (y = 

2L2) for A = 4. It is apparent that the values of ∆S peak for the circular hill (A = 1), as 
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shown in Table 2-9. This effect is believed to be due to lateral (“y direction”) acceleration 

of the flow horizontally on the windward face of the hill, in addition to the longitudinal 

(“x direction”) acceleration that is the primary cause speed-up. 

 
Table 2-9. Measured values of ∆S at the shoulder location (x = 0, y = L2, θ = 0°) at different 

heights above ground z, for hills of different aspect ratio A = L2/L1. 
 

A
z [mm] Infinity 4 1 0.25 0

5 0.677 0.487 0.532 0.249 -0.043
7.5 0.626 0.409 0.437 0.239 -0.027
10 0.560 0.331 0.360 0.174 -0.024

12.5 0.504 0.257 0.289 0.158 -0.018
15 0.443 0.210 0.250 0.150 -0.009
20 0.399 0.169 0.225 0.115 0.004
30 0.310 0.099 0.157 0.085 0.011
50 0.242 0.051 0.095 0.063 0.017
75 0.189 0.006 0.081 0.053 0.027  

 
 

2.3.8 Effects of Wind Direction 

 

Measurements were taken at five similar points on both the two-dimensional and 

elliptical hills: at the base and half-height on both windward and leeward slopes, and at 

the hilltop. Profiles also were taken at both half-height points along the long axis of the 

elliptical hill. Measurements were taken at z = 5, 7.5, 10, 12.5, 15, 20, 30, 50 and 75 mm 

above each point, giving a range of z/h between 0.13 and 1.97. The elliptical and two-

dimensional models were rotated and individually tested in the ABLWT to simulate wind 

from 0°, 15°, 30°, 45°, 60°, 75° and 90° relative to the short axis of the hill. Since the 

models were symmetric, this was sufficient to characterize the velocity profile for wind 

from +90° to –90° at 15° intervals. As the two-dimensional hill model was rotated, 

additional sections were added to the model so that it extended to flush interfaces with 
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both side walls of the test section at angles up to 75°. For the 90° test, the two-

dimensional hill model was terminated at the downwind edge of the test section and 2 

meters upwind into the development section by smoothly bringing the artificial grass 

surface down to floor level over approximately 0.5 meters.  

 

Additionally, for each model and wind direction, profiles of mean velocity and turbulence 

intensity were taken upwind of the hill location for all directions up to 60°. This was not 

possible for the 75° and 90° directions, where portions of the hill models themselves were 

effectively upwind. For these directions, an average of the mean velocity profiles for the 

other directions was used to calculate speed-up factors. Since the profiles showed 

minimal variation, this was not considered to have introduced significant error. 

 

Generally, the range of speed-up factors observed for the two-dimensional hill was 

somewhat greater than the range observed over the elliptical hill. For the top of the two-

dimensional hill (Fig. 2-9), speed-up factors at angles near 0° were the highest (∆S = 

0.677, 0.718) at the lowest measurement point 5 mm above the surface, and decreased as 

height above the surface increased (∆S = 0.504 at z = 12.5 mm). At angles greater than 

45° the variation in ∆S decreases, as the component of the wind parallel to the slope 

increases, until at 90°, ∆S < 0.06 for all of the measurement points. 

 

On the slope face (Fig. 2-10), ∆S reached a much lower maximum of 0.24, and showed 

less variation with either height or direction than the hilltop. Except for very close to the 
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surface, speed-up at a given height varies roughly linearly from a maximum at θ = 0° to 

∆S ≈ 0 at θ = 90°.  

 

The hill base area is a region of reduced velocity near the surface at low values of θ. For 

the two-dimensional hill (Fig. 2-11), the minimum ∆S = -0.27 occurs at z = 5 mm and θ =  
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Fig. 2-9. Speed-up factor versus wind direction for two-dimensional hill at hilltop. Wind from 0° is 
perpendicular to ridgeline. Wind from 90° is parallel to ridgeline. 
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Fig. 2-10. Speed-up factor versus wind direction for two-dimensional hill at half-height on slope 
(“face”). Wind from 0° is perpendicular to ridgeline, with measurement point on windward side. 
Wind from 90° is parallel to ridgeline. 
 

0°, and speed-up factors go to zero by z/h = 2. Similar minimum values of ∆S are 

observed at θ = 0° for the elliptical hill (Fig. 2-14, minimum ∆S = -0.30) and circular hill 

(Fig. 2-17, minimum ∆S = -0.25). It is interesting to note that for all three hills, ∆S trends 

uniformly from a minimum at θ = 0° to a maximum at θ = 90°. While this maximum is 

approximately zero for the two-dimensional hill, it is higher for the elliptical hill 

(maximum ∆S = 0.14). The overall trend is higher still for the circular hill.  

 

The variation of ∆S with θ at the hill face measurement point also depends strongly on 

the hill aspect ratio. For the two-dimensional hill, ∆S trends from maximum values at θ = 

0° to ∆S ≈ 0 at θ = 90° (Fig. 2-10). For the elliptical hill (Fig. 2-13), the variation of ∆S is 
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less pronounced, with ∆S slightly lower at θ = 0° than at θ = 90°. The trend for the 

circular hill is opposite that of the two-dimensional hill: ∆S trends from minimum values 

at θ = 0° to maximum values at θ = 90°. 

 

Some of the variation in ∆S for the base and face points appears to be caused by a “cross 

flow” phenomenon. As the wind strikes the circular hill, a percentage of air is pushed up 

and over the summit, with the remaining air pushed horizontally around the sides of the 

hill. This would cause speed-up factors to be higher around a hill of aspect ratio near 

unity, whereas this effect would be minimal as the aspect ratio approached 0 or ∞.  
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Fig. 2-11. Speed-up factor versus wind direction for two-dimensional hill at base of hill. Wind from 
0° is perpendicular to ridgeline, with measurement point on windward side. Wind from 90° is 
parallel to ridgeline. 
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Fig. 2-12. Speed-up factor versus wind direction for elliptical hill at hilltop. Wind from 0° is 
perpendicular to ridgeline. Wind from 90° is parallel to ridgeline. 
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Fig. 2-13. Speed-up factor versus wind direction for elliptical hill at half-height on slope. Wind 
from 0° is perpendicular to ridgeline, with measurement point on windward side. Wind from 90° is 
parallel to ridgeline. 
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Fig. 2-14. Speed-up factor versus wind direction for elliptical hill at base of hill. Wind from 0° is 
perpendicular to ridgeline, with measurement point on windward side. Wind from 90° is parallel to 
ridgeline. 
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Fig. 2-15. Speed-up factor versus height for circular hill at hilltop at top, face and base. 
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Fig. 2-16. Speed-up factor versus wind direction for circular hill at half-height on slope. Point is 
centered on upwind face when wind is from 0°. Point is on shoulder of hill when wind is from 90°. 

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0 10 20 30 40 50 60 70 80 90
Wind Direction [°]

∆∆∆∆S

5 7.5
10 12.5
15 20
30 50
75

 
Fig. 2-17. Speed-up factor versus wind direction for circular hill at base of hill. Point is directly 
upwind of hilltop when wind is from 0°. Point is on shoulder of hill when wind is from 90°. 
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2.3.9 Analysis of Prediction Schemes 

 

For the hilltop of the two-dimensional ridge, the existing speed-up prediction algorithms 

can be modified in a straight-forward manner to include wind direction effects. Similar to 

the Baker and FAA interpolation methods described earlier, it is also possible to fit 

simple cosine curve to describe wind direction variation 

 

 ( ))2cos(5.05.0)( θθ +∆=∆ OSS      (2-14) 

 )cos()( θθ OSS ∆=∆        (2-15) 

 

The Baker method (Eqn. 2.10), the FAA method and the two cosine fits were applied to 

the speed-up prediction algorithms for the top of the two-dimensional hill. Fig. 2-18 

shows the hilltop ∆S predicted at z = 10 mm by applying each of the four wind direction 

methods to the results of the Weng non-linear prediction algorithm. This allows 

comparison of the results obtained when the different wind direction methods are applied 

in an otherwise identical prediction algorithm. The FAA method was found to be more 

conservative (i.e., over predicting speed-up) than the others. 

 

The method of minimizing error between the predicted and wind-tunnel measured speed-

up factors was used in order to rank the prediction accuracy of each combination of 

prediction algorithm and wind direction interpolation. For each combination, the mean 

error (indicating bias) and mean absolute error in the predicted speed-up values were  
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Fig. 2-18. Speed-up factors for the two-dimensional hill top at z = 10 mm predicted by the non-
linear Weng et al. formulation, using four different wind direction interpolation methods. 
 

calculated for the elliptical and two-dimensional hill over all wind directions and all 

measurement heights. The results, ordered from “best” to “worst” in the present context, 

are presented in Table 2-10. Unfortunately, it is difficult to draw significant conclusions 

at this point, since the accuracy of each prediction algorithm cannot be separated from the 

accuracy of the wind direction interpolation. 

 

It is also noted that this approach of applying the pre-existing prediction algorithms and a 

wind direction interpolation does not translate to points not on the hill top. Therefore, it 

was necessary to formulate a new speed-up prediction algorithm to accomplish this goal. 

This was done by modifying the LSD method, the available method covering the greatest 
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range of phenomena, to incorporate both wind direction dependence and the negative 

speed-up that is observed at the base of a steep hill. 

Table 2-10. Hill top speed-up prediction accuracy comparison for each combination of speed-up 
prediction algorithm and wind direction interpolation method. 

 
Prediction Wind Direction
Algorithm Interpolation Method ME MAE

LSD FAA -0.01 0.08
LSD cos(theta) -0.01 0.08
LSD 0.5+0.5cos(2theta) 0.06 0.10
LSD Baker 0.08 0.11
FAA Baker 0.05 0.12
FAA FAA 0.05 0.12
FAA 0.5+0.5cos(2theta) 0.05 0.12
FAA cos(theta) 0.05 0.12
WTS cos(theta) 0.12 0.20

W Non-Linear cos(theta) 0.13 0.20
WTS FAA 0.13 0.20

W Non-Linear FAA 0.14 0.20
W Linear cos(theta) 0.16 0.22
W Linear FAA 0.17 0.23

WTS 0.5+0.5cos(2theta) 0.21 0.25
W Non-Linear 0.5+0.5cos(2theta) 0.22 0.26

W Linear 0.5+0.5cos(2theta) 0.25 0.28
WTS Baker 0.35 0.36

W Non-Linear Baker 0.36 0.36
W Linear Baker 0.42 0.42  

 

2.3.10 Modified LSD Prediction Scheme 

 

A speed-up factor prediction scheme is presented below. This method is only valid when 

considering a point on the upwind side or ridgeline of the hill. It is based on the LSD 

method, with changes made to account for the negative speed-up factors that occur near 

the surface at the base of steeper (h/L1 > 0.4) hills. Wind direction also is included by 

using a modified LSD method to estimate the speed-up at the point of interest for winds 

from θ = 0° and θ = 90°. Speed-up for wind directions between 0° and 90° is then 

calculated from the two orthogonal components, as follows: 
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Calculate hill slope: 
pp Lh=φ  

 
Calculate expected maximum speed-up at hill top and minimum speed-up 
at base. 
If 4.0<=φ :  φ75.1max =∆S   0min =∆S   
If 4.0>φ :  7.0max =∆S   ( ){ } 14.05.2expmin −−−=∆ φS  
 
Calculate the expected speed-up for a wind blowing parallel to the x axis, 
adjusted for position on hill face and height above surface: 

( ) ( )( )
2

1

1minmaxmin

21

/5.0cos15.0









+

+∆−∆+∆
=∆

L
z

LxSSS
Snorm

π
 

 
Next, using the un-modified LSD method (Eqns. 2.8b, 2.8c), calculate 
∆Sorth, the expected speed-up at the point if the wind was blowing from the 
“side” of the hill. (That is, calculate the speed-up for wind parallel to the y 
axis, instead of wind parallel to the x axis.)  This can be done most easily 
by rotating the hill 90° in the coordinate system, noting that A, Lp and the 
coordinates of the point are all changed by this operation, and then 
applying Eqns. 2.8b and 2.8c. Finally, vector interpolate between ∆Snorm 
and ∆Sorth to get ∆S at the required wind direction θ: 
 

θθ sincos orthnorm SSS ∆+∆=∆  
 

Applying this method to all of the points and heights measured in the wind-tunnel, mean 

absolute error of the ∆S predictions was 0.052, compared to an MAE of 0.076 for the 

original LSD method with the Baker wind-direction interpolation.  

 

2.3.11 Generalized Hill Test Conclusions 

 

The variation in speed-up over an elliptical hill varies considerably depending on the hill 

aspect ratio, wind direction and the position of the point of interest on the hill. For the 
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specific case of the hilltop of the two-dimensional ridge tested, a simple cosine of the 

wind direction was found to be a better interpolating factor than the other methods 

considered. 

 

The wind-tunnel test results highlighted the limitations of current empirical speed-up 

prediction models. For the most part, current models do not include the negative speed-up 

that occurs at the base of steep hills, effects of non-orthogonal wind directions or the 

local horizontal component of flow acceleration that occurs on the sides of hills with 

aspect ratios near one. A method of extending the LSD method (currently the most 

complete model) to include these effects to include these effects (which are most 

pronounced for steeper hills) was developed while maintaining the validity of the un-

modified LSD method for hills with smaller slopes.  
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CHAPTER 3: The Wind Farm Power Curve 

 

3.0 INTRODUCTION 

 

The primary factor determining the power output of a wind turbine is the wind speed at 

turbine hub height. The function that predicts the power production of a turbine based on 

an input wind speed is called the power curve of the wind turbine. If the concept of the 

power curve is extended to an entire wind farm, it is called the "wind farm power curve" 

or "plant power curve". In this case, the input wind speed is a reference wind speed in or 

near the wind farm, usually the wind speed measured at the wind farm meteorological 

tower. The output of this power curve is a prediction of the power production of the 

entire wind farm. 

 

Determining an accurate wind farm power curve is more difficult than determining the 

power curve of a single turbine. The wind farm power curve is sensitive to additional 

factors such as wind direction, atmospheric stability, topography and turbine wake effects 

on downwind turbines. The main difficulty in determining a wind farm power curve is 

the challenge of extrapolating the variation in wind speed at each turbine location relative 

to the meteorological tower (or other wind speed reference location). A novel approach, 

described below, is to use an ABLWT to map the variation in wind speed over the wind 

farm site (Lubitz and White, 2004a). Individual turbine power curves can then be used to 

extrapolate the farm's power production if the wind speed at the meteorological tower is 

known. Alternatively, a numerical potential flow solver was used to determine the wind 
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speed variation by simulating potential flow over the local terrain. Both of these methods 

are applied to the Altamont case study wind farm. Simpler, more traditional methods that 

rely on historical data and statistical analysis to generate the power curve are also applied 

to the Altamont wind farm for comparison. 

 

The Altamont Pass case study wind farm consists of rows of turbines placed along ridges 

aligned roughly perpendicularly to the primary wind direction. For this type of turbine 

configuration, turbine wake effects are not included because the spacing between ridges 

in the windward direction is sufficient to allow recovery of wind speed between turbine 

rows. This is not always the case, and if turbines are spaced closely in the windward 

direction, wake effects will need to be considered in the derivation of the farm power 

curve used. 

 

3.1 POWER CURVE DERIVED FROM WIND-TUNNEL DATA 

 

3.1.1 Wind-Tunnel Modeling of Altamont Pass Terrain 

 

Simulation of terrain in the atmospheric boundary layer wind tunnel (ABLWT) requires 

construction of a model of the terrain capable of simulating the full-scale three-

dimensional flow. The features on the model must be large enough so that the hot-wire, 

which has a finite length on the order of several millimeters, does not average out the 

resolution required and the size of the hot-wire. The wind tunnel simulates a fully 

turbulent flow. 
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The model surface must be rough enough to maintain a turbulent flow over the model 

surface. Most of the models in this study were fabricated with 2.5 mm steps. A 

comparison between stepped, sand covered and smooth models was made for the case of 

a two-dimensional sinusoidal hill. The original model was constructed with steps and 

tested. Then a smooth sheet of "paperboard" was carefully affixed flush to the top surface 

of the model and the test repeated. Lastly, a consistent layer of sand was adhered to the 

paperboard-covered model, and a third test was conducted. The results showed a small 

amount of variation between the three surfaces, with most of the difference being 

between the smooth model and the rough versions, especially on the top and upwind 

slope of the model, probably due to the aerodynamically smooth surface causing reduced 

turbulence relative to the rougher surfaces. Results are consistent with previous studies: 

on the windward slope where the boundary layer accelerates as position moves up the 

face of the hill, the velocity profiles are essentially identical (Fig. 3-1), while at the peak 

the velocity profile above the stepped hill is about 10% lower than the others (Fig. 3-2). 

Profiles above the lee slope also show consistent 10-20% variability depending on 

roughness, suggesting that as might be expected, separation occurs at slightly different 

points on the models. 
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Fig. 3-1. Comparison of velocity and speed-up factor profiles over a sinusoidal hill model with 

three different surface treatments: 2.5 mm sharp steps, sand and smooth. 
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Fig. 3-2. Comparison of velocity and speed-up factor profiles over a sinusoidal hill model with 

three different surface treatments: 2.5 mm sharp steps, sand and smooth. 
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3.1.2 Previous ABLWT Wind Energy Investigations   

 

Several tests involving the surveying of wind flows over models of complex terrain have 

been performed in the UC Davis ABLWT. The first wind energy related study in the 

UCD ABLWT was a wind resource assessment for a proposed wind farm site in the 

Pacheco Pass, California, USA in 1985 (Migliore et al., 1985). This study consisted of 

the construction of a model of a potential wind farm site, surveying the wind distribution 

in the wind tunnel and comparing to the few available field measurements Although this 

was a limited study, it was one of the first wind-tunnel simulations to be performed 

specifically for wind resource assessment. A study was carried out in 1999 of a potential 

wind farm site on steep terrain near the southern coast of Crete demonstrated good 

agreement with field data, especially in the prediction of peak wind speeds and 

turbulence intensity (Strataridakis et al., 1999). A simulation of the same site using the 

WAsP computer code did not identify several high wind locations present in both the 

ABLWT and field data. The ABLWT also was used to investigate the correlation 

between the flow field at different locations over the Crete site in order to select locations 

to install meteorological towers that would be expected to experience the most 

representative winds on the site (Strataridakis et al., 2000). 

 

In 2002, the first investigation of the Altamont Pass wind farm site was performed in the 

UC Davis ABLWT by James Cheng for his Master of Science thesis. He demonstrated 

that the ABLWT could be used to predict the power output of wind turbines in complex 

terrain with reasonable accuracy (Cheng, 2002, Cheng et al., 2004). This study involved a 
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wind-tunnel test simulating two clusters of wind turbines owned by Powerworks, Inc., in 

the Altamont Pass region. A model of the terrain was constructed at 1:2400 scale which 

simulated a region 2.6 km wide by 8.8 km long, with the long axis aligned with 240°, the 

direction from which the majority of power producing winds come from. Wind-speed 

measurements were taken at turbine sites at scale hub height. Turbine wake effects were 

not considered. On-site meteorological ("met") towers recorded wind speed, which was 

used in conjunction with the wind-tunnel measurements and the wind-turbine power 

curve to predict the power output of the wind farm for given meteorological conditions. 

This was compared to the recorded power production, and it was found average 

accuracies of ±20% were achieved in the summer months, and ±40% in the winter 

months (when production was lower and more erratic). It also was demonstrated that the 

wind-tunnel predictions of near-surface winds were most accurate during seasons and 

times of day when neutral or unstable flow would be expected (Cheng et al., 2004). This 

phase of the project was completed as part of the Electric Power Research Institute's 

California Wind Forecasting Project (EPRI 2003a and 2003b). 

 

3.1.3 Altamont Pass Wind-Tunnel Test 

 

The research documented here is an outgrowth of the work done by Cheng (2002). 

Additional terrain models were constructed in order to characterize wind speed 

distributions when the wind came from four directions for one of the turbine clusters 

originally studied (called "Met 127"). A total of five wind-tunnel model sections, each 46 

by 48 inches, were constructed to simulate the Met 127 turbine cluster and surrounding 
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areas (Fig. 3-5). The first three sections were produced by a contractor, and reproduce the 

terrain in dense polystyrene foam in 2.5 mm steps (Fig. 3-3). These three panels were 

used by Cheng (2002), and also used by the author to simulate the 240° and 60° wind 

directions. Two additional panels were constructed by the author. These panels were 

constructed in 12.7 mm steps. The steps were then filled with a plaster compound to form 

the shape of the terrain (Fig. 3-4). The plaster surfaces were intentionally left rough to 

maintain turbulent flow along the surface. The expanded model was tested over four 

simulated wind directions, and the original prediction scheme used by Cheng (2002) was 

enhanced to use both wind speed and direction as measured at the met tower, as well as 

ambient air density, to predict the power production of the Met 127 turbine cluster. 

 

Wind speed and turbulence intensity was measured for many turbine locations on the 

model at simulated hub height, and for the met tower at anemometer height. In some 

cases, where turbines were closely spaced along ridgelines, every other turbine position 

was measured. Wind speed for unmeasured turbine locations was taken to be the average 

of the measured wind speed for the turbine locations to either side of the unmeasured 

location. The model was tested four times, oriented in different directions to simulate 

winds from θ = 60º, 150º, 240º and 330º. At the end of the test, the database (Appendix 

C) contained four measurements of wind speed (Uturb,tunnel), one for each of the wind 

directions tested. 
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Fig. 3-3. Model in wind-tunnel simulating 60°            Fig. 3-4. Model in wind-tunnel simulating  
wind direction. Met 127 turbine cluster is on             150° wind direction. Wind blows towards 
center yellow panel. Met 225 turbine cluster      camera. 
(only tested for 240°) is on rearmost panel. 
 
 

 
 

Fig. 3-5. Map of modeled terrain, with area 
covered by model panels outlined. Mapped 
area is 9.6 km by 7.3 km. Contour interval 

is 20 m. North is vertically upward.  
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For each turbine location, wind speeds Uturb,tunnel(θ = 60º, 150º, 240º, 330º) were 

measured for four different wind directions. However, since winds blow from all 

directions, Uturb,tunnel(θ) must be defined for all values of  θ. To generate a continuous 

function, a curve was fit to the four points of wind speed data as a function of position 

along the ridge line of the wind farm areas. This fit used a cubic spline with a matching 

condition at 0° and 360°. For a wind turbine on a long ridge, Uturb,tunnel(θ) would be 

expected to have two maximums occurring roughly when the wind direction is normal to 

the ridgeline, and two minimums when the wind is roughly parallel to the ridgeline. Fig. 

3-6 shows the interpolated wind speed (non-dimensionalized as R = Uturb,tunnel/Uref where 

Uref is a reference "free-stream" wind speed measured outside the simulated boundary 

layer) versus the true direction the wind was blowing from, in radians, for Met 127. A 

Matlab program was written to automatically perform these interpolations for each 

turbine location. The resulting interpolations were stored in a look-up file. 
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Fig. 3-6. Curve fit predicting non-dimensional velocity (R) as a function of wind direction in 
radians. 
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Once the wind at each turbine site has been characterized for all wind directions, the data 

can be used to predict the wind speed at each turbine site, or collectively as an area, for a 

given wind condition associated with a specific met tower. Wind speed and direction at 

the met tower Umettower,full-scale(θ) , recorded every half hour, is provided by the operator of 

the wind farm. Using this information, the full scale predicted wind speed at the turbine is 

 

scalefullmet
tunnelmettower

tunnelturb
scalefullturb U

U
U

U −− = ,
,

,
, )(

)(
θ

θ
     (3.1) 

 

where θ is the wind direction observed at the met tower. 

 

The wind speed at each turbine site is applied to the wind turbine power curve to predict 

the power produced by each turbine or turbine area. For the Kennetech 56-100 turbines 

associated with Met 127, the electrical energy production in kilowatts E is a function of 

the mean wind speed at hub height in meters per second U: 

E = 0 : U ≤ 4.8319 
E = -0.0224U3+1.8448U2-11.559U+15.308 : 4.8319 < U < 12.1704 
E = 107.5 : U ≥ 12.1704 ≤ U ≤ 19.7 
E = 0 : U > 19.7         (3.2) 
 

This power curve was determined by the Kennetech, the turbine manufacturer, and 

supplied by Powerworks (EPRI 2003b). Fig. 3-7 illustrates the power curve described by 

Eqn. 3.2. 
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Kennetech 56-100 Wind Turbine Power Curve
Air Density of 1.16 kg/m^3

Least squares fit to cubic portion of curve:
P = -0.0224U3 + 1.8448U2 - 11.559U + 15.308
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Fig. 3-7. Power curve for a Kennetech 56-100 100 kW rated wind turbine. 

 

Changes in air density will affect the amount of power produced. According to theory, 

the energy E available in the wind is proportional to air density ρ. During this step, the 

predicted energy E from Eqn. 3.2 is corrected by multiplying by a ratio of ρ/ρo,  

 

 EE
o

i ρ
ρ=          (3.3) 

 

where ρ is the actual density, as determined primarily by temperature, and ρo is the 

reference density of the power curve. The result Ei is the predicted power production for 
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turbine number i. Since the Kennetech 56-100 is a variable pitch turbine, air density 

becomes unimportant above the wind speed where maximum power production is 

reached. Therefore, the predicted power Ei is reduced to 107.5 kW, the maximum 

production of the Kennetech turbine, if Ei exceeds that value. 

 

Once the energy being produced by each turbine is predicted (Ei), the total power 

production of the wind farm over a half-hour period is determined by summing over all 

the turbine locations. The turbines that are offline are accounted for now by correcting 

the power estimate based on the number of turbines that are offline. (This is done here, 

instead of at the level of individual turbines, since online status was not recorded for 

individual turbines at the Altamont site.)  

 

( ) ∑
=

⋅⋅=
N

i available

online
incitotal t

ttUEP
1

)(       (3.4) 

 

where tinc = 0.5 hours, and the ratio tonline/tavailable is the ratio of operating (or online) 

turbines in the farm over the total number of turbines in the farm. The resulting power 

prediction Ptotal is an estimate of the power production of the wind farm for a half hour 

period, and is in units of kWh / ½h. 

 

Programs were written in both Matlab and Perl to perform the prediction scheme outlined 

above. First a Matlab program was used to produce the interpolated R values for each 

wind turbine location. The resulting look-up table gives an R value for each turbine for 

each integer degree of wind direction. The Powerworks company made available power 
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production, turbine online status, and meteorological tower data for ten of their Altamont 

Pass wind turbine clusters, including the Met 127 cluster. This data was provided via FTP 

from a secure server in the form of ASCII text files, each containing either one day or one 

month of data for all ten sites. This data has been continuously archived for use with this 

project since June 26, 2001. Matlab, and later, Perl programs were written to extract data 

for a desired met tower from a set of these files, and store it in a single text file in 

comma-seperated (CSV) format. 

 

Matlab and Perl programs were then written to read in the interpolated R values and 

meteorological data and perform the series of calculations outlined above. The resulting 

predictions of power production were then compared to the actual power production 

recorded by Powerworks for the wind turbine cluster. 

 

3.1.4 Stability 

 

The wind-tunnel models simulate a neutrally stable atmosphere, however, it has been 

observed that at the Altamont Pass, high winds often occur at night under stable 

conditions. Therefore, it was expected that the predictions of wind power production 

would be more accurately predicted by the wind-tunnel during neutral or unstable flow 

regimes than during stable flow. While the Powerworks meteorological towers did not 

provide enough data to directly quantify the stability at the wind turbine cluster locations 

(such as by calculating Richardson numbers or Monin-Obukov lengths), it was still 

possible to get a first order approximation by observing that at certain times of day and 
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seasons, the flow would, on average, be expected to be stable, while at other times it 

would be expected to be neutral or unstable. To estimate wind-tunnel accuracy, it was 

decided to compare the relative wind speeds predicted for two meteorological towers for 

which wind speed data was available from Powerworks. For the 240° wind direction, 

measurements were taken at two meteorological tower sites: Met 127 and Met 225, 

roughly 2 km to the east of Met 127. The ratio of Met 127 to Met 225 wind speed was 

measured in the wind-tunnel as 0.98. 

 

The wind speeds observed at Met 127 and Met 225 were compared for the period 

between July 1, 2001 and June 30, 2002. It was observed that the median wind speeds 

were 6.84 m/s (15.3 mph) at Met 127 and 6.35 m/s (14.2 mph) at Met 225. The average 

ratio of Met 127 wind speed over Met 225 wind speed for the one year period was 1.19, 

with a standard deviation of 0.36, indicating that Met 127 generally experiences stronger 

winds than Met 225, although the wind tunnel predicted that the wind speeds should be 

nearly equal. 

  

It is believed that this variation is due to the wind-tunnel modeling neutral conditions, 

while often there are varying degrees of stable flow in the Altamont Pass. Table 3-1 gives 

the average ratio observed for different seasons, and at different three hour time intervals. 

It is not surprising that the wind-tunnel prediction of 0.98 is very close to the observed 

ratio between the hours of 15:00 to 18:00 local time (corresponding to hours 15-17 on 

table) during spring and summer. At these times, strong solar heating of the surface 

would be expected to have produced locally unstable conditions much of the time. 
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Conversely, larger discrepancies are observed during night periods, and the fall and 

winter seasons, when cool surface conditions would be expected to produce stable flows 

most of the time. 

Table 3-1. Average ratio of Met 127 wind speed over Met 225 wind speed for different seasons 
and times-of-day. (Winter is Dec., Jan. and Feb., spring is Mar., Apr. and May, and so on.) Wind-
tunnel prediction of average ratio for neutral conditions was 0.98. 
 

Hours Winter Spring Summer Fall
0-2 1.25 1.18 1.35 1.23
3-5 1.30 1.17 1.28 1.22
6-8 1.22 1.14 1.21 1.24

9-11 1.19 1.08 1.18 1.15
12-14 1.18 1.08 1.13 1.12
15-17 1.31 1.06 1.07 1.17
18-20 1.27 1.11 1.14 1.30
21-23 1.17 1.19 1.30 1.22  

 

3.1.5 Error Assessment of Prediction Scheme 

 

A sensitivity analysis was performed by Cheng (2002) to determine the effect of wind 

speed on power production, using the power curve defined in Eq. 3.2. An arbitrary mean 

wind speed of 10 m/s was selected for the energy production comparison. For the first 

comparison group, a change in the mean wind speed of ± 0.1 m/s produced a change of 

energy generation by ± 3%.  With a change of mean wind speed of ± 0.5 m/s, the 

difference in energy was ± 15%.  Finally, at ± 1 m/s difference of wind speed, energy 

production varied by ± 30%. This analysis indicates that even with fairly accurate 

estimation of wind speed, the predicted power generation can vary significantly due to 

small uncertainty in wind speeds, since power is related to wind speed cubed. 

 

The uncertainty in the final estimate of electrical energy production from a single turbine 

can be estimated by propogating the uncertainties of the input variables through Eqns. 
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3.1, 3.2 and 3.3. This analysis was performed using an Excel spreadsheet. The input 

variables used in this prediction scheme are two wind tunnel measurements, Uturb,tunnel(θ) 

and Umet,tunnel(θ), and the recorded wind speed at the meteorological tower Umettower,full-

scale(θ), all of which enter Eqn. 3.1. For analysis purposes, independence of error between 

Uturb,tunnel(θ) and Umet,tunnel(θ) could not be assumed, however, uncertainty in Umettower,full-

scale(θ) was taken to be independent of the two wind-tunnel measurements. Therefore, the 

percent uncertainty of the two wind-tunnel measurements was summed, and the result 

added in quadrature to predict the estimated percent uncertainty of the predicted wind 

speed at hub height Uturb,full-scale. This uncertainty then was propagated through Eqn. 3.2 

and then through Eqn. 3.3, adding in quadrature the uncertainty of ρ and E from Eqn. 3.2. 

Uncertainty discussed here refers to "±" uncertainty. That is, a 10% uncertainty in the 

value of 5 would be 5 ± 10% or 5 ± 0.5. 

 

It became apparent that the power curve itself is a fairly significant potential error source. 

The third order polynomial in U causes any uncertainty in U to be magnified in the 

resulting predicted power. Generally, the uncertainty (expressed as percentage) of the 

result of the power curve was four times the percent uncertainty of the input wind speed.  

  

Uncertainty also varied with the uncertainty of the input R values, and the input met 

tower wind speed. The resulting percent uncertainty of the predicted power from the 

power curve (Eqn. 3.2) for different uncertainty levels in R values (met tower and turbine 

R values taken to have the same uncertainty) and in the wind speed measured at the 

meteorological tower are summarized in Table 3-2. It should be noted that this table 
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presents an extreme range of possible uncertainties: uncertainties of zero are not 

practically obtainable, while R value uncertainties of 0.1 and wind speed uncertainties of 

1 m/s are both excessively conservative in practice. 

Table 3-2. Percent uncertainty of power production predicted using Eqns. 3.1 and 3.2 for different 
uncertainty levels of the R values and met tower wind speeds input into the equations.  Tabulated 
uncertainties are expressed as a percentage of turbine maximum capacity (107.5 kW). 
 

Uncertainty in Met Tower   Uncertainty in Wind Tunnel R Values [dimensionless R value]
Wind Speed [m/s] 0 0.01 0.02 0.05 0.1

0 0.0 2.2 4.5 11.1 22.1
0.1 1.2 2.5 4.6 11.2 22.1
0.2 2.4 3.3 5.0 11.4 22.2
0.5 5.9 6.3 7.4 12.6 22.9
1 11.9 12.1 12.7 16.2 25.0  

 

The increase in percent uncertainty from the density correction (Eqn. 3.3) was 

comparatively low (less than one percent), mainly due to the uncertainty in the measured 

pressure was expected to be relatively low when expressed as percentage, and the density 

correction was a simple scaling that results in only a small change to the predicted power. 

 

There are additional sources of error, including the error inherent in the power curve 

itself. (In the calculations above, it was assumed that the power curve itself only 

introduced error due to the propagation of the wind speed uncertainty through the power 

curve.) Lange and Waldl (2001) report that the uncertainty of the power prediction from a 

power curve is proportional to the first derivative of the power curve. This means that for 

intermediate wind speeds, where the power production changes rapidly with wind speed, 

some additional error could be expected due to uncertainty in the power curve itself. 

Additionally, Eqn. 3.2 describes a new turbine, while those at the Altamont site were 
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installed over 20 years ago. Although the change in the power curve over time is difficult 

to estimate, it is also a source of potential uncertainty. 

 

3.1.6 Error Levels in Prediction Schemes: July 1, 2001 – June 30, 2003 

 

Four different prediction schemes were compared for the period between July 1, 2001 

and June 30, 2003. A dataset comprised of data from all eleven of the Powerworks 

meteorological towers was assembled that included mean and maximum wind speeds, 

and mean and standard deviation of wind directions, as well as the power generated by 

each tower's associated turbines, corrected to 100% turbine availability. Also included 

were the temperature and humidity recorded at Met 438, pressure from the LLNL Site 

300 meteorological tower, and an air density calculated from these parameters using the 

ideal gas law. All data was observed at half-hour intervals, resulting in 48 observations 

per day, for a total of 35040 observations over the two year period. Observed wind speed 

and direction are half hour averages. Observations for which all data was not available 

were removed from the dataset, resulting in a final dataset containing 31035 observations. 

It should also be recalled that during this time period, some of the wind direction data is 

believed to be unreliable. Since it is not possible to verify the wind direction data, two 

datasets were used in the analysis. The first contained all the observations "as is" while 

the second excluded 185 days of data judged as having unreliable wind direction. 

 

Four prediction schemes were considered. First, a scheme was implemented that used the 

measured Met 127 wind speed only, in conjunction with the wind-tunnel measurements 
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for the 240° wind direction, to estimate the power production of the wind turbines 

associated with Met 127. This method replicated the prediction scheme used by Cheng 

(2002). The second scheme used the wind-tunnel measurements of all four wind 

directions. Met 127 wind speed and direction were used as inputs. The details of the 

scheme are outlined above, except that no density correction (Eqn. 3.3) was performed. 

The third and fourth schemes used included Eqn. 3.3 to correct for air density. For the 

third scheme, ρo = 1.16 kg/m3, while for the fourth scheme, ρo = 1.20 kg/m3. The dataset 

was analyzed using statistical analysis software (Intercooled Stata 7.0, Stata 

Corporation). The results of the statistical analysis for a variety of cases are summarized 

in Tables 3-3 and 3-4. It was observed that the observed Met 127 wind direction 

remained essentially constant at times, for periods ranging from hours to several months, 

over the two years of data. Since this data would introduce artificial error into the 

direction dependent prediction schemes, the statistical analysis was repeated after 

removing the approximately 185 days of observations from the dataset for which the Met 

127 wind direction measurement was considered unreliable. Those results are given in 

Tables 3-5 and 3-6. 

 
Table 3-3. Uncertainty levels observed in each prediction scheme. Overall error levels are given, 
as well as those observed for day and night, and each Pasquill-Gifford stability class observed at 
the LLNL mast. Mean errors (ME) and mean absolute errors (MAE) are given. 
 

Prediction Type

Total

D
ay

N
ight

P
G

 S
tability C

lass A

P
G

 S
tability C

lass B

P
G

 S
tability C

lass C

P
G

 S
tability C

lass D

P
G

 S
tability C

lass E

P
G

 S
tability C

lass F

ME 240 Degrees Data Only 142 64 227 1 41 3 178 207 213
ME All Directions 86 7 171 -8 1 -54 105 164 164
ME All Directions w/ 1.16 kg/m^3 Ref. Dens. 88 4 179 -9 -4 -61 111 174 167
ME All Directions w/ 1.20 kg/m^3 Ref. Dens. 49 -34 139 -12 -28 -98 53 135 148
MAE 240 Degrees Data Only 277 236 323 33 144 203 380 273 243
MAE All Directions 267 238 297 29 144 211 374 250 210
MAE All Directions w/ 1.16 kg/m^3 Ref. Dens. 271 244 300 29 147 218 379 256 211
MAE All Directions w/ 1.20 kg/m^3 Ref. Dens. 272 256 290 30 154 235 387 239 198
Number of Observations 31035 16179 14856 163 3805 5115 11359 4120 6473  
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Table 3-4. Uncertainty levels observed in each prediction scheme for different wind directions and 
actual power production levels. Mean errors (ME) and mean absolute errors (MAE) are given. 
 

Prediction Type

Total

A
ctual P

ow
er <= 1000 kW

1000 kW
 < A

ctual P
ow

er < 4000 kW

A
ctual P
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er >= 4000 kW

W
ind D

irection B
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egree

W
ind D

irection B
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een 135 and 225 D
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W
ind D

irection B
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W
ind D

irection B
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een 335 and 45 D
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W
ind D

irection B
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een 225 and 315 D
egree

W
ind D

irection B
etw

een 135 and 225 D
egree

W
ind D

irection B
etw

een 45 and 135 D
egrees

W
ind D

irection B
etw

een 335 and 45 D
egrees

1000 kW < Actual Power < 4000 kW
ME 240 Degrees Data Only 142 177.84 154 -12.76 136 191 89 109 129 142 300 209
ME All Directions 86 141.7 21 -24.78 126 99 26 38 112 -46 -17 -60
ME All Directions w/ 1.16 kg/m^3 Ref. Dens. 88 144.23 29 -32.73 121 107 33 42 104 -28 25 -42
ME All Directions w/ 1.20 kg/m^3 Ref. Dens. 49 135.89 -46 -132.3 60 70 21 17 23 -97 -43 -118
MAE 240 Degrees Data Only 277 213.28 485 185.37 329 324 172 190 463 480 715 502
MAE All Directions 267 189.49 494 193.35 325 306 157 181 461 488 711 539
MAE All Directions w/ 1.16 kg/m^3 Ref. Dens. 271 191.48 501 201.54 332 309 158 184 471 494 709 546
MAE All Directions w/ 1.20 kg/m^3 Ref. Dens. 272 185.71 493 245.27 335 310 156 186 449 496 703 554
Number of Observations 31035 18428 7807 4800 10350 9842 2533 8370 3393 2816 293 1323  

. 
Table 3-5. Uncertainty levels observed in each prediction scheme considering only data for which 
the wind direction observation was considered reliable. Overall error levels are given, as well as 
those observed for day and night, and each Pasquill-Gifford stability class observed at the LLNL 
mast. Mean errors (ME) and mean absolute errors (MAE) are given. 
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ME 240 Degrees Data Only 150 84 215 21 65 25 192 193 187
ME All Directions 121 52 187 12 42 -7 152 172 165
ME All Directions w/ 1.16 kg/m^3 Ref. Dens. 122 49 193 10 37 -14 157 179 166
ME All Directions w/ 1.20 kg/m^3 Ref. Dens. 88 16 158 6 17 -46 105 145 150
MAE 240 Degrees Data Only 264 231 296 40 143 195 380 247 215
MAE All Directions 250 221 279 37 134 186 365 232 199
MAE All Directions w/ 1.16 kg/m^3 Ref. Dens. 255 227 282 37 136 193 371 237 199
MAE All Directions w/ 1.20 kg/m^3 Ref. Dens. 252 233 271 38 138 204 374 222 187
Number of Observations 22115 10907 11208 49 2432 3495 7503 3238 5398  
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Table 3-6. Uncertainty levels observed in each prediction scheme for different wind directions and 
actual power production levels. Analysis includes only observations for which wind direction 
measurement was considered reliable. Mean errors (ME) and mean absolute errors (MAE) are 
given. 
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1000 kW < Actual Power < 4000 kW
ME 240 Degrees Data Only 150 174.39 163 -12.61 155 201 45 110 153 120 175 1081
ME All Directions 121 148.5 107 -15.18 144 151 16 79 136 27 -67 863
ME All Directions w/ 1.16 kg/m^3 Ref. Dens. 122 151.13 109 -24.52 141 155 19 81 132 36 -32 883
ME All Directions w/ 1.20 kg/m^3 Ref. Dens. 88 143.32 32 -128.4 86 119 14 77 51 -36 -91 811
MAE 240 Degrees Data Only 264 207.04 497 178.86 324 329 114 133 469 475 761 1253
MAE All Directions 250 187.35 493 181.23 318 312 104 109 465 480 752 1107
MAE All Directions w/ 1.16 kg/m^3 Ref. Dens. 255 189.54 503 188.94 324 317 105 111 475 491 750 1122
MAE All Directions w/ 1.20 kg/m^3 Ref. Dens. 252 183.57 486 230.96 321 316 103 107 449 489 743 1066
Number of Observations 22115 14902 4619 2594 8125 7088 1885 5017 2573 1836 95 115  

 

In general, the schemes that incorporate the wind direction in the prediction show smaller 

magnitudes of mean error, indicating less bias error, than the 240° direction prediction. 

Levels of mean absolute error do not show a significant reduction over the 240° data until 

the observations with suspect wind direction measurements are removed. Even then, only 

a slight improvement (on the order of 10%) is observed in the MAE values relative to the 

240° only prediction. 

 

It should be noted that the Altamont Pass most commonly experiences wind from 

approximately 240°, and almost all of the strong winds that produce significant amounts 

of power come from this direction. This means that it is common for the 240° only 

prediction scheme, and the schemes using all of the direction data, to be using essentially 

the same R values, and therefore be predicting almost identical power production. During 
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the two-year period considered, the wind blew from between 220° to 260°, 42% of the 

time. Of the observations when the wind speed was greater than 10 m/s, 78% came from 

this direction.  

 

Another interesting result can be seen in the right-most column of Table 3-6, where 

significant bias error (ME) is observed in the few instances when the wind blew from the 

north (between 335° and 45°) and generated moderate amounts of power (between 1000 

and 4000 kWh/0.5h) compared to when the wind blew from the other quadrants. It is 

believed that this is due to the wind direction being roughly parallel to the rows of 

turbines along the ridge lines. At these times, wake effects of the turbines become 

significant, as the turbines are spaced only a few rotor diameters apart along the ridges. 

Also at these times, to reduce turbine wear while maximizing power production, the wind 

farm operator often shuts down every other turbine on the ridgelines; this may also 

account for the significant over-prediction in this case. 

 

3.1.7 Error Bias 

 

Tables 3-5 and 3-6 suggest that the density correction, as implemented by applying Eqn. 

3.3 to the power prediction for all directions, does not produce a significant reduction in 

ME or MAE. Also, it was noted that the maximum power production predicted by either 

the 240° only scheme or the all directions scheme, is 4676.25 kWh/0.5h (87 turbines × 

107.5 kWh/0.5h/turbine). However, an analysis of the actual power production showed 

that this level was exceeded 7.5% of the time. For the period of July 2001 to June 2003, 
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the 92.5 percentile power production was 4677 kWh/0.5h, the 95th percentile was 4795 

kWh/0.5h, and the 99.9th percentile was 4954 kWh/0.5h. This result suggests that the 

prediction schemes under-predict the power production, perhaps because there could be a 

few additional turbines in the cluster than were modeled, or the power curve could be 

slightly wrong. 

 

However, Tables 3-3 through 3-6 show that almost all of the ME values are positive, 

which indicates a bias towards over-prediction of power. Only when observations where 

power production was over 4000 kWh/0.5h are considered separately is ME negative, 

while for power production less than 4000 kWh/0.5h, it is strongly positive. Therefore, 

while it is tempting to simply add a scaling factor to slightly increase all of the power 

production estimates by a ratio of, say, 4950/4676.25, this also would be expected to 

result in increased ME and MAE at times of mid- and low-power production. 

 

The data file supplied by Powerworks Inc. shows 93 turbines in the Met 127 cluster, 

while a check of the wind-tunnel records shows only 87 turbines were modeled. The 

turbines not modeled are numbered 6, 7, 8, 9, 10 and 100. Including these additional 

turbines increases the maximum possible predicted power to (93 turbines × 107.5 

kWh/0.5h/turbine) 4998.75 kWh/0.5h. Since all but one of the missing turbines are near 

the edge of the model, the best that can be done is to correct for them by multiplying the 

predicted power by 93/87. The error levels observed by applying this correction are given 

in Tables 3-7 and 3-8. The most significant results are that in every case, the mean 

prediction is higher than the mean observed power production. Additionally, the schemes 
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that use all directions of wind data tend to show some improvement in both ME and 

MAE relative to the 240° data only case. 

Table 3-7. Error levels observed in each prediction scheme considering only data for which the 
wind direction observation was considered reliable. For all schemes, predicted power production 
was multiplied by 93/87 to account for unmodeled turbines. Overall error levels are given, as well 
as those observed for day and night, and each Pasquill-Gifford stability class observed at the 
LLNL mast. Mean errors (ME) and mean absolute errors (MAE) are given. Percentile values are 
observed Met 127 power production corrected to 100% turbine availability. 
 

Prediction Type
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ME 240 Degrees Data Only 236 162 309 29 110 100 332 282 223
ME All Directions 205 129 279 19 86 66 289 259 200
ME All Directions w/ 1.16 kg/m^3 Ref. Dens. 206 125 285 17 80 59 294 267 201
ME All Directions w/ 1.20 kg/m^3 Ref. Dens. 170 90 248 13 59 24 239 231 184
MAE 240 Degrees Data Only 309 260 355 43 163 214 443 313 248
MAE All Directions 290 246 334 38 149 200 422 295 229
MAE All Directions w/ 1.16 kg/m^3 Ref. Dens. 293 247 338 37 148 202 426 301 230
MAE All Directions w/ 1.20 kg/m^3 Ref. Dens. 271 234 308 37 140 193 393 271 215
Number of Observations 22115 10907 11208 49 2432 3495 7503 3238 5398
Mean Actual Power Production 1099 1052 1145 90 592 1065 1833 1093 343
Standard Deviation Actual Power Production 1628 1567 1684 201 1154 1528 1903 1650 796
25% Percentile Met 127 Power (kWh/0.5h) 0 0 0 0 0 0 0 0 0
50% Percentile Met 127 Power (kWh/0.5h) 24 27 19 0 0 111 1103 0 0
75% Percentile Met 127 Power (kWh/0.5h) 1869 1755 2013 61 572 1771 3849 2117 172
90% Percentile Met 127 Power (kWh/0.5h) 4240 4015 4412 380 2508 3877 4772 4202 1238
95% Percentile Met 127 Power (kWh/0.5h) 4742 4616 4795 661 3573 4574 4856 4649 2294
99% Percentile Met 127 Power (kWh/0.5h) 4897 4867 4908 900 4594 4869 4917 4871 3939  
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Table 3-8. Error levels observed in each prediction scheme for different wind directions and 
actual power production levels. Analysis includes only observations for which wind direction 
measurement was considered reliable. For all schemes, predicted power production was 
multiplied by 93/87 to account for unmodeled turbines. Mean errors (ME) and mean absolute 
errors (MAE) are given. 
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ME 240 Degrees Data Only 236 193 338 304 297 295 58 123 333 286 319 1260
ME All Directions 205 166 277 301 285 242 27 89 315 188 61 1027
ME All Directions w/ 1.16 kg/m^3 Ref. Dens. 206 168 280 291 282 246 31 92 311 197 99 1049
ME All Directions w/ 1.20 kg/m^3 Ref. Dens. 170 160 197 180 223 207 25 87 224 120 36 972
MAE 240 Degrees Data Only 309 223 581 315 391 380 123 144 564 540 853 1408
MAE All Directions 290 201 565 316 384 354 109 117 556 522 784 1239
MAE All Directions w/ 1.16 kg/m^3 Ref. Dens. 293 203 574 309 386 359 111 119 563 535 794 1256
MAE All Directions w/ 1.20 kg/m^3 Ref. Dens. 271 197 539 223 348 337 108 115 518 514 771 1195
Number of Observations 22115 14902 4619 2594 8125 7088 1885 5017 2573 1836 95 115  
 
 

3.1.8 Effect of Stability 

 

Table 3-7 shows the effect of stability on the accuracy of the prediction schemes and the 

power production of the Met 127 turbines. The values support previous research results 

that observed that power production in the Altamont Pass is greatest at night and under 

stable conditions (Pasquill-Gifford classes D, E and F). Variation was observed in power 

production as stability varied. For example, the most unstable class is A. This class was 

observed infrequently (49 observations out of 22,115) and power production never 

exceeded about one quarter of the wind farm capacity. It should be noted that high power 

production also did not occur during the most stable class (F), even though it was a fairly 

common stability level (5098 observations out of a total of 22,115). This may be due to 

very high stability is generally associated with low wind speeds. 
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It also should be noted that while there is a definite variation in the average power 

production during the different stability levels, attempts to develop formulas to predict a 

correction factor based on stability class were not successful. (For more information, see 

Section 3.2.) 

 

3.1.9 Predictions Of Zero Power Production 

 

It should be noted that often, especially in the winter months, there is little power 

producing wind in the Altamont Pass and the turbines do not operate. Since the prediction 

schemes only predict non-zero power production if the Met 127 wind speed input to the 

scheme is greater than about 4.83 m/s, this can result in many cases of "perfect 

predictions": low wind speeds produce a prediction of zero power production, which 

perfectly matches the actual zero power production. A large number of these predictions 

can reduce the magnitude of both ME and MAE. While it is true that these are valid 

predictions, it can give the appearance that predictions when power is being produced are 

more accurate than they actually are. 

 

Table 3-9 categorizes the number of observations in the two year dataset according to 

whether the power produced was non-zero, and whether the observation produced a 

prediction of non-zero power production. The total number of observations in the dataset 

is 22,115, the sum of the four categories. The predicted power was generated using all of 
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the wind tunnel directions measured, corrected for the missing six turbines by a factor of 

93/87. No density correction was applied. 

Table 3-9. Met 127 power production, and predictions of Met 127 power production, categorized 
by whether the predicted and actual power was zero or non-zero. 
 

Met 127 Power Met 127 Power
Production = 0 Production > 0

Predicted Power (All, No Dens. Cor.) = 0 7109 342
Predicted Power (All, No Dens. Cor.) > 0 3385 11279  

 

It already has been noted that significant amounts of the Met 127 wind direction data are 

suspect, and the anemometer also may give erroneous readings. It should be noted that 

instances of non-zero Met 127 power production were recorded for low wind speeds, in 

some cases, less than 1 m/s. See Table 3-10. While in most cases, no power was 

produced, there are instances of significant amounts of power being generated in winds 

where it would not be expected. This suggests that at least some times, there is significant 

uncertainty in the recorded wind speed data or the wind speed may be even more variable 

across the site than the wind tunnel scheme predicts, since the power curve for the 

Kennetech 100 turbines (Eqn. 3.2) requires a wind speed of 4.83 m/s for power to be 

generated. 

Table 3-10. Number of observations of Met 127 power production for several criteria of Met 127 
recorded wind speed. Mean values, standard deviation and minimum and maximum values are 
reported for each set of observations. For the two year period considered, the total number of 
observations was 22,115. 
 

Wind Speed Observations of Mean Std. Dev. Min. Max.
Non-Zero Power Prod. kWh/0.5h kWh/0.5h kWh/0.5h kWh/0.5h

< 5 m/s 8607 9.5 71.8 0 2834.9
< 4 m/s 6016 4.8 66.6 0 2834.9
< 3 m/s 3459 2.4 43.5 0 2079.8
< 2 m/s 1353 1.2 20.9 0 496.3
< 1 m/s 156 5.0 35.7 0 325.8  
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It is interesting to note that almost all the extreme cases of non-zero power production at 

times of low reported wind speed occur during the months of January to March. Although 

there are no cases of non-zero power production at wind speeds less than 2 m/s when 

temperatures are at or below 273 K (10 observations), there are 10 observations of 

significant non-zero power production when wind speed is less than 2 m/s. All but one of 

them occur at temperatures less than 10 degrees K above freezing, and the five 

observations of over 100 kWh/0.5h production occurred on two days in January, 

suggesting a phenomenon associated with near freezing temperatures, such as frost 

buildup, or an increase in bearing or lubricant friction in the anemometer. 

 

3.1.10 Characteristics of the Error in the Prediction Schemes 

 

There are many possible sources of error that could account for the levels of ME and 

MAE seen in Tables 3-7 and 3-8. Atmospheric stability and other meteorological 

variations are expected to contribute significantly. The power curve (Eqn. 3.2) given is 

the one supplied by the manufacturer and represents the production from a new turbine 

under optimum conditions, while the turbines being modeled are not new and may have 

experienced significant wear and tear.. Another potential source of error is the possibility 

that bearing wear, siting, or other factors cause the anemometers to underreport wind 

speed. 

 

An initial attempt was made to use multiple linear regression to generate a correction 

equation that could be applied to the power predicted to correct out some of the 
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remaining error in the prediction. Backward selection multiple linear regression was 

applied to 42 potential predictors, including the predicted power using all directions of 

data and the 1.16 kg/m3 density correction. The historical dataset used was from July, 

2001 to June 2003. Observations with missing predictors were not included, however 

those with suspected bad wind direction data for Met 127 were included. Equations were 

generated to predict two different variables: the actual power production at Met 127, and 

the error in the power production (that is, the power predicted by the wind-tunnel scheme 

minus the actual power production). In the case of the second equation, the "improved" 

power prediction was then calculated by adding the error level predicted by the multiple 

linear regression equation to the power predicted by the wind tunnel scheme. The results 

of both equations was disappointing, and slightly larger MAE values were observed on 

four months of test data (July, 2003 to October, 2003) when the equations were applied, 

compared to the "unimproved" output of the wind tunnel prediction scheme. 

 

It is believed that the regression-based predictive equations fared so poorly due to the 

error in the predictions appears not to account for all variables. That is, the correlation 

appears to be poor between the magnitude of the error and the power production, or any 

other predictive variable, such as wind speeds, temperatures or stability class. The power 

production relative to measured wind speed appears to be an inherently "noisy system". 
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Met 127 Predicted vs. Actual Power Production
July 1, 2001 to June 30 , 2003
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Fig. 3-8. Predicted versus actual power production for the Met 127 turbine cluster between July 1, 
2001 and June 30, 2003. 
 

3.1.11 Comparison of Predictions with Varying Input Wind Speeds 

 

One possible source of error that would affect prediction accuracy could be a bias error in 

the wind speed reported by the Met 127 anemometer. It would be expected that as the 

anemometer aged, deterioration in it's bearings, for example, would reduce the speed at 

which it turned in a given wind, and therefore cause it to underreport the wind speed 

relative to the actual wind speed. It is known that this anemometer has not been routinely 

serviced during the time of this study. To determine if this could be occurring, the Perl 

script used to predict the power as outlined above was adjusted to predict all four of the 

schemes, but at several different wind speeds. In addition to a "baseline" prediction using 
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the actual reported wind speed, predictions also were generated with the following 

correction factors applied to the reported wind speed before it was input to the prediction 

scheme: -1.0 m/s, -0.5 m/s, +0.5 m/s, +1.0 m/s. Varying the input wind speed in this 

manner has the effect of shifting the power curve to the right or left on a plot of wind 

speed versus power production. 

 

The results of the predictions using the five different wind speed corrections (-1, -0.5, 0, 

+0.5, +1 m/s) are summarized in Table 3-11. The most interesting thing to note is that 

adjusting the input wind speed downward, simulating a "worn out" anemometer 

underreporting the true wind speed, resulted in greater ME and MAE, suggesting that the 

anemometer is not, in fact, underreporting wind speed. The shift of ME values from 

positive to negative between a correction of –0.5 m/s and –1.0 m/s suggests an overall 

minimum of prediction error occurs within this range. These results suggest that the 

anemometer may be over-reporting the wind speed by 0.5 – 1.0 m/s. Of course, it should 

be remembered that other factors also may influence the final accuracy of the predictions. 

Table 3-11. ME and MAE for power production schemes with the input wind speed adjusted by 
the specified amounts before being input into the prediction scheme. 
 

Input Wind Speed Correction
Units: kWh/0.5h -1.0 m/s -0.5 m/s No Change +0.5 m/s +1.0 m/s
ME 240 -14 106 236 379 533
ME All -37 79 205 341 489
ME All w/ 1.16 Ref. Dens. -35 80 206 342 491
ME All w/ 1.20 Ref. Dens. -64 48 170 303 447
MAE 240 261 261 309 407 545
MAE All 261 254 290 377 505
MAE All w/ 1.16 Ref Dens. 264 257 293 379 506
MAE All w/ 1.20 Ref Dens. 261 245 271 347 466  
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For the prediction scheme using all wind directions but without a density correction, the –

0.5 m/s correction also seems to give the best results in the intermediate power 

production range between 1000 and 4000 kWh/0.5h. The ME and MAE for the –0.5 m/s 

correction in this range is –59.6 kWh/0.5h and 543.1 kWh/0.5h respectively, while for the 

–1.0 m/s correction the corresponding results were –387.4 kWh/0.5h and 650.8 

kWh/0.5h. These values for the uncorrected ("No Change") version of the prediction 

were 276.7 kWh/0.5h and 5645 kWh/0.5h respectively. 

 

3.1.12 Optimum Prediction Scheme for Met 127 

 

Based on the above analysis, it is recommended that for operational use, the results of all 

directions prediction scheme with a density correction based on a reference density of 

1.20 kg/m3 be used. The input wind speed for this prediction should be reduced by 0.5 

m/s from the reported value, and the resulting predicted power production should be 

multiplied by a factor of 91/87 to account for the six missing turbines and an apparent 

slight optimism in the power curve regarding the maximum power production of a 

turbine. 

 

The resulting ME and MAE resulting from applying these recommendations are given in 

Table 3-12, along with the ME and MAE levels from several other prediction schemes. It 

is believed that if a more accurate power curve was available, some additional error 

reduction would be achieved in this prediction scheme. It is further believed that the wind 
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turbine power curve supplied was for a new turbine, and may no longer be representative 

of the installed turbines in their advancing age. 

Table 3-12. ME and MAE for five prediction schemes. Values based on Met 127 observations 
between July 1, 2001 and June 30, 2003, with observations removed if data was missing or Met 
127 wind direction was considered unreliable. Units of ME and MAE are kWh/0.5h. 
 
Directions of Wind-Tunnel Data Used 240 degrees All All All All
Correction Offset For Input Wind Speed None None None -0.5 m/sec -0.5 m/sec
Density Correction None None Ref.: 1.20 kg/m^3 Ref.: 1.20 kg/m^3 Ref.: 1.20 kg/m^3
Final Prediction Multiplier 93/87 93/87 93/87 93/87 91/87
ME 236 205 170 48 23
ME: Actual Power Production < 1000 kWh/0.5 193 166 160 91 87
ME: Actual Power Production 1000 - 4000 kWh/0.5 338 277 197 -128 -176
ME: Actual Power Production >= 4000 kWh/0.5 304 301 180 113 12
MAE 309 290 271 245 241
MAE: Actual Power Production < 1000 kWh/0.5 222 201 197 158 155
MAE: Actual Power Production 1000 - 4000 kWh/0.5 581 565 539 548 548
MAE: Actual Power Production >= 4000 kWh/0.5 315 316 223 206 183  

 

3.2 PREDICTING POWER USING A STATISTICALLY DERIVED EQUATION 

 

Multiple linear regression (MLR) was applied to derive an equation to predict the power 

production of the case study wind farm using the wind speed at the wind farm 

meteorological tower anemometer and the date and time as input data. (For use in a 

forecasting system, the wind speed at the meteorological tower anemometer would have 

to be forecast first.) A common statistical approach to predicting meteorological 

conditions at a specific location based on other measured data is to generate a predictive 

equation for each predictand, or measurement to be predicted, using multiple linear 

regression, iteratively choosing from the potential predictors to minimize the number of 

predictors while maximizing accuracy. Wilks (1995) gives a good description of the 

statistical processes that were used.  
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3.2.1 Predicting Power Production Using Multiple Linear Regression 

 

It was desired to develop and evaluate the accuracy of a purely statistical approach to 

predicting the power production of the Altamont Pass wind turbine clusters. Statistical 

prediction offers several advantages over wind-tunnel or CFD-based methods. Statistical 

prediction is generally computationally efficient. McCarthy (1997) generated equations to 

forecast next-day Altamont Pass daily average wind speeds that were programmed into a 

pocket calculator. Another important advantage is that statistical methods can 

automatically account for inaccuracies in the data, such as if an anemometer underreports 

the wind speed, that introduce errors into physics-based prediction methods. 

 

Traditionally, the most common statistical approach to predicting and forecasting 

meteorological conditions at a specific location is to generate a predictive equation for 

each predictand, or measurement to be predicted, using multiple linear regression. This 

method requires a historical dataset that includes each predictand, as well as additional 

measurements to be used as predictors. The method of multiple linear regression is used 

to generate a linear equation that predicts a predictand y using a linear combination of the 

predictors xi. For n predictors, x1 to xn, 

 

 nnnnop xaxaxaxaay +++++= −− 112211 ....      (3.5) 

 

where the coefficients ai are optimized to minimize the error observed between the values 

of the predictand predicted by the equation (yp) and the measured values of the predictand 
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in the dataset. Wilks (1995) gives a thorough explanation of linear regression using a 

single variable, as well as multiple linear regression. 

 

3.2.2 Deriving an Optimum Predictive Equation 

 

When presented with a large dataset incorporating many observations of many variables, 

it becomes necessary to choose which variables to include in deriving a predictive 

equation, and which to exclude. It is tempting to simply include all of the available 

predictors in the predictive equation, however this may not necessarily result in the most 

accurate equation. Due to the inter-correlated nature of some meteorological variables, 

adding additional variables does not always increase the accuracy of a predictive 

equation, and can potentially decrease the accuracy. This can occur when the historical 

dataset used to derive the predictive equation has a relatively small number of 

observations compared to the number of predictors in the equation. In such a case, even 

though the equation may fit the historical dataset to a high degree of accuracy, it may not 

actually be a good model of the physical processes. This can be seen by taking the 

limiting case of having the same number of observations as there are predictors in the 

equation. Here, an equation can be derived which perfectly reproduces the historical 

dataset (e.g. R2 = 1). (In this case it is in fact irrelevant what the predictors are, and Wilks 

(1995) gives an example of a predictive equation derived to predict annual rainfall at a 

site in New York, using predictors such as gross domestic product of the United States. 

The equation predicts the historical dataset perfectly, since there are the same number of 

predictors as observations, however it fails when new observations are applied to the 
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equation.) Increasing the number of predictors in a predictive equation also increases the 

difficulty of using the resulting equation, since a simultaneous observation of each 

predictor is needed to calculate the value of the predictand at a given time. 

 

It is standard to use a selection process to minimize the number of predictors in a 

predictive equation while maximizing the accuracy of the equation, as measured using R2 

values, t-values for each predictor, and other measures. Wilks (1995) gives a thorough 

explanation of single and multiple linear regression and its application to the atmospheric 

sciences. 

 

3.2.3 Implementation 

 

Several sets of predictive equations were derived using multiple linear regression during 

the course of this study. While the potential predictor variables, and the predictands, 

varied depending on the equation being derived, all of these derivations were done in a 

similar manner. 

 

For this study, two different computational methods were used to produce predictive 

equations using multiple linear regression (MLR). A Matlab script called "mregress.m" 

by G. Anthony Reina of the Neurosciences Institute, dated 1998, was modified for use on 

the available lab PCs. An additional Matlab script called "auto_regress_ext_data.m" was 

written to perform a forward screening multiple linear regression, calling the modified 

linear regression script to perform each multiple linear regression calculation. For each 
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iteration of forward selection, each of the candidate predictors was added to the list of 

already-selected predictors, and a candidate predictive equation was derived for each 

candidate predictor. The script then chose the candidate predictor that, together with the 

previously selected predictors, produced the predictive equation with the highest 

R2 value. Subsequent iterations were performed until either a specific number of 

variables were included or the change in R2 relative to the previous iteration was less than 

a specified tolerance value. The second method for producing predictive equations was 

the use of a "canned" statistics program (Intercooled Stata 7.0, by the Stata Corporation, 

College Station Texas, 2002) to perform multiple linear regression. (The results of the 

Matlab-based linear regression script were verified by showing that Stata produced the 

same predictive equation when supplied with the same dataset and predictand.) Stata is 

also capable of performing backward screening regression. (This is an iterative process 

where MLR is performed first using all available predictors. The least significant 

predictor is removed and the MLR equation rederived until a significant drop in accuracy 

is observed.) This was the method used to produce most of the multiple linear regression 

predictive equations presented in this study. 

 

MLR was used to generate an equation to predict the power production of the case study 

wind farm. Time data and the wind speed at the meteorological tower from two years of 

historical data (July 1, 2001 to June 30, 2003) were used to generate a dataset with 13 

potential predictor variables, including the logarithm and square root of the wind speed, 

wind speed to the first, second and third power, and sine and cosine functions with 

periods of half day, one day and one year. Wind direction was not included in this 
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equation (or used in the following “median-based” power curve) due to the wind farm 

anemometer apparently sticking in a single position for periods ranging from hours to 

months, and within the two year dataset, some times of the year contained wind direction 

data considered unreliable. 

 

Screening was applied to remove the least important potential predictors, and the 

following equation was derived to predict power P, expressed here as a percentage of the 

observed wind farm capacity 

 

50517.17)2cos(59537.4                 
74768.7307626.02281434.28278.11

+−
−−+−=

Y
AUUUP

π
   (3.6) 

  

where U is the wind speed at the meteorological tower in m/sec, A = 1 if U is greater than 

the cut-in wind speed of the turbine or A = 0 otherwise, and Y is the time of the year in 

decimal form (i.e., at 0:00 on Jan. 1, Y = 0, and at 23:59 on Dec. 31, Y = 1). Eqn. 3.6 is 

plotted in Fig. 3-9 for the case of Jan. 1. 

 

3.3 POWER CURVE BASED ON CURVE FITTING HISTORICAL DATA 

 

If historical power production information is available for a wind farm, it also is possible 

to generate a wind farm power curve by performing a best fit to the power production as 

a function of wind speed. 
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For the case study wind farm, a power curve was generated using two years (July 2001 to 

June 2003) of power production data. A "histogram" method was used, with each 

observation being binned by wind speed. Each wind-speed bin spanned 1 m/s (i.e., the 

first bin was from 0 to 1 m/s, the second from 1 to 2 m/s and so on.) and each observation 

was assigned to the bin that included its wind speed. For each wind speed bin, the median 

value of power production was taken as the amount of power that would be expected to 

be produced at the bin wind speed. Median values were used instead of mean values in 

order to reduce the effects of outlying data points on the fit curve. The resulting power 

curve is plotted in Fig. 3-9. 

 

3.4 COMPARISON OF WIND-TUNNEL AND HISTORICAL POWER CURVES 

 

Each of three methods ("wind-tunnel", "regression" and "median fit") described above 

produces a power curve for the Altamont wind farm. For comparison, the three power 

curves are plotted in Fig. 3-9, along with the actual measurements of power production as 

a function of wind speed for the period July 1, 2003 to June 30, 2004. It is noted that the 

actual power production data exhibits a rather large amount of scatter relative to other 

wind farm power curves, perhaps due to a higher level of uncertainty in the wind-speed 

measurements. It should be noted that only the "median fit" power curve produces a 

single power curve: for the other methods, the actual power curve will vary depending on 

wind direction (for the wind-tunnel method) and time of year (for the regression method). 
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Altamont Wind Farm Power Production
July 1, 2003 to June 30, 2004
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Fig. 3-9. Wind farm power production, as a percentage of the observed wind farm capacity, July 
1, 2003 to June 30, 2004. Also includes power curve derived using multiple linear regression 
(Eqn. 3.6, assuming time of January 1), power derived using binned, median power production 
values, and a power curve derived from wind-tunnel data assuming a wind direction of 240°. 
 

To quantify the power predicting accuracy of the three methods, each was used to predict 

the power of the case study wind farm for the one year period between July 1, 2003 and 

June 30, 2004. For each case, the ME and MAE between the actual power production and 

the production predicted by the method was determined. See Table 3-13. Results also 

were determined separately for the cases of actual power production of less than 20% of 

wind farm capacity, between 20% and 80%, and exceeding 80% of wind farm capacity. 

Table 3-13. ME and MAE between actual power production and predicted production for each 
power curve. Wind tunnel results include (1) power predicted without using wind direction 
(assuming wind from 240°, the most common wind direction on site), (2) incorporating the wind 
direction, and (3) incorporating both wind direction and an air density correction. Results are 
given for all observations, and for three categories of actual power production (as a percentage of 
wind farm capacity). 

All Data Power < 20% 20% < Power < 80% Power > 80%
16859 obs. 10006 obs. 4541 obs. 2312 obs.

ME MAE ME MAE ME MAE ME MAE
Median-Based Power Curve 0.1 5.9 1.9 3.2 -0.7 10.4 -6.1 8.7

MLR Power Curve -0.2 6.7 2.5 5.0 -1.7 9.0 -8.7 10.0
Wind Tunnel Power Curve (w/o Wind Direction) 2.7 6.7 3.7 4.2 4.2 11.5 -4.5 8.3
Wind Tunnel Power Curve (w/ Wind Direction) 1.1 6.2 2.6 3.4 0.9 11.3 -4.8 8.5

Wind Tunnel Power Curve (w/ Wind Dir.& Density Cor.) 1.0 6.3 2.6 3.4 0.7 11.4 -5.1 8.7  
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3.5 POWER CURVE BASED ON NUMERICAL SIMULATION 

 

The ABLWT power curve prediction method has the significant advantage of not 

requiring an historical dataset to implement it. However, it does require the time-

consuming tasks of constructing terrain models and taking measurements in an ABLWT. 

A method of deriving a power curve quickly, using neither historical data or a wind-

tunnel facility would have useful application. The approach of using the "speed-up" 

prediction methods discussed in Chapter 2 does not appear likely to provide the accuracy 

needed. One difficulty of the methods of Weng et al., Lemelin et al, and others is that 

estimates of the hill height and horizontal length scale must be acquired. Additionally, the 

effect of upwind terrain is not included in the speed-up estimate. In complex terrain, hills 

blend into each other, making it difficult to characterize the hill in terms of h and L1. 

Writing a program to estimate h and L1 for large numbers of sites in complex terrain 

would be enormously challenging. 

 

The analytical method of Jackson and Hunt is based on matching a potential flow 

solution to a viscous solution near the hill surface. Although intended only for smoothly 

varying hills of moderate slope, it has been reported to be surprisingly accurate for 

steeper terrain. It was postulated that perhaps a numerical model simulating potential 

flow above a transect of the terrain surrounding the hill aligned with the wind direction 

could provide useful information. A potential flow is much easier to solve than a viscous, 

turbulent flow, and solutions would require far less computational effort. A numerical 

model would have the additional advantage of not requiring "trained eye" intervention to 
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estimate any parameters, and would therefore lend itself to a fully automated 

computational process. 

 

3.5.1 Two-Dimensional Potential Flow Simulation 

 

Potential flow methods are used to simulate steady, inviscid, non-accelerating flows in 

two-dimensions. Written in terms of the stream function ψ, the governing equation of the 

flow reduces to Laplaces's equation ∇ 2ψ=0. Expressed in two dimensions, 
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ψψ         (3.7) 

 

When this is solved with appropriate boundary conditions, lines of constant ψ represent 

streamlines. The flow velocity is greatest in regions where the streamlines are closest 

together. The velocity components U and V are taken from the gradients of ψ 
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Laplace's equation can be solved using a finite difference formulation of the equation, 

and solving the resulting set of equations iteratively or using matrix inversion. As the 

number of grid points in the finite difference method increases, iterative methods are 

often the least computationally intensive. 
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The traditional method of discretizing Laplace's equation generates an equation for ψ(i,j) 

based on ψ at the four surrounding points. Using a Taylor series expansion in each 

direction, the second derivative in x can be approximated as 
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The value of ψi,j can be estimated by substituting this, and a similar expression for the y 

direction, into Laplace's equation. The result is 
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This equation is valid for all interior points in the domain. The outer points must be 

specified as boundary conditions. 

 

A program ("Potential.f90") was written in Fortran 90 to solve this equation over a large 

domain that incorporated variable terrain elevation along the lower boundary. Terrain 

was included by setting points in the bottom portion of domain to ψ=0 if they were at or 

below ground level. Effectively, the square cell surrounding each grid point was either 

"all air" or "all terrain". Although the program worked as expected, the flow solutions 

were not ideal. The use of a uniform grid required that the grid had to be relatively coarse 
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near the hill site in order to simulate a high enough region above the terrain. Combined 

with the simple terrain boundary condition of setting ψ=0, this meant that the streamlines 

in the solution simulated flow over a "stair-stepped" surface instead of over a smoothly-

varying hill. Streamlines would be highly compressed in the vicinity of these sharp edges, 

resulting in localized extremes of velocity near each step. Results near the surface also 

varied significantly as the grid spacing was changed, because the number and location of 

the steps varied with each grid. An improved solution was required. 

 

After several program iterations, the final version of the program ("Potential10.f90", 

Appendix D) incorporated multiple refinements. The most significant was that for grid 

points adjacent to the surface, ψi,j was approximated using the distance from point (i,j) to 

the actual surface location, instead of to the next grid point, either (i,j-1), (i-1,j) or (i+1,j). 

Making this modification turned out to be rather difficult: a new version of Eqn. 3.10 had 

to be derived that would allow dx and dy to vary, instead of being constants. The Taylor 

series derivation method quickly resulted in equations that would have been 

computationally expensive to solve. Therefore, an alternative discretization of Laplace's 

equation was developed. 

 

The new method is limited to the four surrounding points, the same as the initial method. 

Solving Laplace's equation at a point requires estimating the second derivatives at that 

point. If a function is fit between the three points, the second derivatives could be 

estimated from the fit function. The lowest order polynomial function with non-zero 
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second derivatives is a parabola, which conveniently can be fit between a set of three 

points. Letting  

 

2)( cxbxax ++=ψ         (3.11) 

 

it is noted that d2ψ/dx2 = 2c.  

 

Assume that ψ(x) is a continuous function. Consider this function at three points: ψi-1. ψi 

and ψi+1. These points are at arbitrary locations xi-1, xi and xi+1 respectively along the x 

axis, with the only constraint that xi-1 < xi < xi+1. Define dxi-1 = xi – xi-1 and dxi = xi+1 – xi. 

Substituting these values into Eqn. 3.11 results in two equations in two unknowns: 
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Solving for c gives 
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A similar equation can be derived for the y direction. Both versions of 3.13 are then 

substituted into Laplace's equation and solved for ψi,j. At this point, a change of variables 

is introduced. Let dxi-1 = dl, dxi = dr, dyj-1 = dd and dyj = du. The variables dx and dy 
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have already been defined as the grid spacing in x and y. Away from the boundaries, this 

is also the distance between point (i,j) and its surrounding points. However, to better 

model the stream function near the surface, the next step will be to introduce "artificial 

points" on the terrain surface that do not necessarily coincide with the regular grid 

spacing. Therefore, the variables dl, dr, du and dd are introduced to define the distance 

from the point (i,j) to the adjacent points in the left, right, up and down directions 

respectively. (See Fig. 3-10.) When these approximations are plugged into Laplace’s 

equation, the result is 
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           (3.14) 

 

This formulation has the significant advantage of requiring essentially the same 

computational effort as Eqn. 3.10 since all of the denominators involving dx and dy can 

be pre-calculated once before iteration begins. Only a simple weighted average needs to 

be computed during iteration. However, the distance from (i,j) to each of the surrounding 

points can be varied independently. A literature review did not find previous uses of this 

method of better approximating a curving fixed surface by modifying point locations in 

an otherwise Cartesian grid.
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Fig. 3-10. Grid layout and variable definitions used in Potential10.f90. 

 

Near the surface, the stream function is defined as ψ = 0 for all points on and below the 

surface. There may be a discontinuity at the surface, as the potential gradient goes 

immediately to zero at this point. Simply using the distance to the next grid point that is 

beneath the surface will cause the ψ gradient estimates to be too low, because once past 

the actual surface, ψ = 0 by definition. Therefore, it is preferred to only use data at or 

above the surface to estimate ψ. This is done by adjusting dl, dr and dd to be the distance 

from point (i,j) to the surface when this distance is less than the distance to the next grid 
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point. (The program assumes no overhanging terrain, and therefore dui,j = dyj at all 

times.) 

 

The terrain elevation as a function of x, h(x), is defined in an input file as a series of 

regularly spaced spot elevations. The terrain elevation between two points is modeled as 

a linear fit. Then, for only grid points immediately adjacent to the surface, 
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These values also are pre-calculated before iteratively solving Eqn. 3.14. 

 

3.5.2 Determining Speed-Up Factor 

 

The boundary conditions imposed must represent an equilibrium flow. Since potential 

flow is inviscid, the flow field will not naturally form a boundary layer. Imposing upwind 

and downwind boundary conditions consisting of ψ distributions that correspond to 

logarithmic or power law velocity profiles will result in a flow that is not at equilibrium 

at the boundaries, and in turn will produce a flow field that is not physically realistic. 

Since evenly spaced streamlines are the equilibrium state in a potential flow, boundary 
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conditions consistent with a constant value of dψ/dy are used, starting with ψ = 0 at the 

surface at both side boundaries. 

 

Once the potential flow field is found, the final potential field is output to a file. Velocity 

components U and V are calculated using Eqns. 3.8. Bernoulli's equation is used to 

calculate pressure distribution. Fields of these variables are also stored in output files by 

the program. The primary measure of interest is the speed-up factor profile above the 

central point in the domain. Speed-up factor is essentially the deviation from the 

equilibrium potential gradient. Speed-up factor is calculated as 
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3.5.3 Program Implementation 

 

A program called “Potential10.f90” was written that applies Eqns. 3.14 and 3.15 to 

determine the stream function above a two-dimensional slice of complex terrain. The 

program was written in Fortran 90 using Microsoft Fortran Powerstation 4.0. The 

program should be compilable using other Fortran implementations, as only a few non-

essential tasks (reading the command line arguments and displaying the elapsed iteration 

time) use the Microsoft libraries. 
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Run parameters, including grid size, names of input files, iteration parameters, are read 

from a setup file that can be specified on the command line when the program is run. If 

no filename is specified, a setup file named “Potential.inp” is assumed. An example setup 

file is shown in Appendix E. 

 

Terrain elevations are input to the potential program from two files: one stores a series of 

elevations that start at the point where speed-up is to be determined, with each 

subsequent elevation point being further from the origin in the upwind direction. A 

second file stores elevation points downwind of the origin. Both files contain the same 

number of points. The locations of the points in the file are used to set the size and 

spacing of the computational grid in the horizontal direction. Terrain files are generated 

from digital elevation model (DEM) files using Globalmapper 5.10. A Perl script is used 

to generate a Globalmapper script file that is used to extract elevation transects.  

 

Each transect is stored in a separate file. These transects can be used directly with 

Potential10.f90, however, an additional Perl script is used to take a weighted average of 

the elevation at each distance out from the origin over a user-specified angle, typically 

45°, with elevations in the center of the arc weighted highest. The 45° arc was chosen as 

representative of the upwind region that could be reasonably expected to be directly 

influencing the wind at the origin. For example, to simulate a wind from 240° at a met 

tower, the central upwind transect used would be one where the elevation points are on a 

240° radial outward from the met tower location. However, this transect just might 

happen to include a small isolated butte that the wind blows easily around but is exactly 
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240° from the met tower. If only the 240° transect was used as the two-dimensional 

representation of the upwind terrain, this small three-dimensional feature could appear as 

a large ridge, potentially leading to an inaccurate solution. To minimize this effect, a 

weighted average is performed of all the transects between 218° to 262°, and this 

averaged transect is used as the upwind terrain for a 240° wind. A Gaussian distribution 

was considered, since effects of wind direction are often distributed in this way. 

(Gaussian models are the standard in plume dispersion studies, for example.) However, a 

cosine weighting was ultimately used since it is mathematically simpler and does not 

“tail” at large angles, while still giving a distribution similar to Gaussian. For an 

averaging angle ∆θ containing n transects and centered at angle θo, the weighting factor 

wi of the i’th transect, oriented at an angle of θi is 
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Then the averaged elevation at a given distance from the origin zavg = Σwizi where zi is 

the elevation in the i’th transect. 

 

Data in the input elevation files may be uniformly or variably spaced. For calculating 

speed-up at the central point in the terrain, variable spacing in which the smallest spacing 

is at the central point, and grid spacing increases with distance from the central point, 

allows the same span of terrain to be covered using a much smaller grid, which greatly 

reduced run times. 
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To account for regions of reduced flow in the wakes of hills, the program contains a 

terrain filling algorithm that modifies the input terrain by “filling” in steep slopes so that 

the maximum slope on the lee side of all hills is less than or equal to the user specified 

slope ALPHA. This method approximately simulates the recirculation zone and very low 

speed wake regions in the lee of a steep hill by removing those areas from inclusion in 

the flow field (Myllerup et al., 2004). Several simulations of flow over a cosine hill 

(Table 3-14) were used to choose ALPHA = 7° (0.12) for this application. An example of 

the terrain changes due to filling are shown in Fig. 3-11. ALPHA is set in the setup file. 

Setting ALPHA = 0.0 turns off the filling routine. 

 

Table 3-14. Values of ∆S predicted for cosine hill for: NXIN = 251, DX = 10, Horizontal Spacing 
Factor = 1.0, NY = 90, DY = 1, DELTA = 1.1, UREF = 10, RHO = 1.2. 
 

ALPHA ∆S (0.5 m) ∆S (10 m) ∆S (99 m) 
0 (No Fill) 0.531 0.482 0.230 

0.04 0.343 0.305 0.155 
0.06 0.373 0.332 0.167 
0.12 0.439 0.394 0.194 
0.25 0.508 0.459 0.221 

 
 
 



 

 
 
      133 

Grid Point Elevations - Original vs. Filled (Slope = 0.12) Terraian
Met 926 359 Degree Transect, Averaging Angle 45 Degrees. NX = 69, NY = 90.

Vertical and Horizontal Grid Point Spacing Factors = 1.1. 
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Fig. 3-11. Example of the effect of lee slope filling (ALPHA = 0.12) on the Met 926 359° terrain 
transect. Each point on the traces represents the modeled terrain elevation for a specific 
horizontal grid location. Horizontal grid spacing factor is 1.1, resulting in more points near the 
origin, with greater grid spacing at greater distances upwind and downwind. 
 

The vertical grid spacing is calculated in “Potential10.f90”. Spacing is based on the 

parameters DELTA and DY set in the setup file. The grid spacing at the elevation of the 

central point is set to DY. Starting at the elevation of the central point, grid point 

locations are extrapolated downward until the minimum terrain elevation is reached. Each 

grid point is spaced DELTA times further apart than the previous spacing (DELTA is 

typically set between 1.0 to 1.25). The grid is then generated upward from the central 

point terrain elevation, again making the spacing of each grid point DELTA times the 

spacing below until the maximum number of grid points, NY, has been reached. For a 

grid point that is i levels removed (either up or down) from the central grid point, the 

vertical distance to the i+1 grid point is DY*(DELTA(i-1)). This approach concentrates 
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grid points around the central point, while spacing points farther apart at greater 

distances, especially at high elevations far removed form the surface where flow 

variations occur over much larger length scales. 

 

Upwind and downwind boundary conditions are set using a constant vertical stream 

function gradient (dψ/dy = UREF) extrapolated upward from the surface on both the 

upwind and downwind boundary. UREF is set in the setup file. For all grid points below 

surface level, ψ = 0. Once ψ is fully defined on the upwind and downwind boundaries, 

the initial ψ field is calculated by linearly interpolating the two end conditions across the 

domain (again setting ψ = 0 at all points below surface level). 

 

Equations 3.15 are pre-calculated for each grid point. Eqn. 3.14 is then solved iteratively 

using a Gauss-Seidel approach. This method incorporates updated values of ψ in 

subsequent calculations as soon as they are available. A modest increase in convergence 

rate was achieved by using four alternating sweeping methods in calculating updated 

values of ψ. (For example, the first iteration loop loops through “i” and then “j”. The 

second loops through “j” and then “i”. The third and fourth start at maximum values of 

“i” and “j” and finish at i=1, j=1.) Iteration is complete when none of the points in the 

domain change more than MAXDEV, or when a user-defined maximum number of 

iterations (MAXITERS) is reached. (MAXDEV and MAXITERS are set in the setup 

file.) Output files are generated of the stream function ψ, U and V velocity components, 

and pressure as determined using the Bernoulli equation. Finally, the speed-up factor 

profile at the central point is calculated, and appended to a log file along with the run 
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parameters. The “extract_profile…” series of Perl scripts can be used to determine the 

speed-up factors at user-specified elevations for all of the runs in the log file. 

 

A large number of simulations (such as many directions around one or more locations) 

can be run by pre-generating the setup file for each run, using a batch file to call 

“Potential10” for each setup. This batch file can quickly be generated using a script such 

as “run_potential10_bat.pl”. 

 

3.5.4 Iteration and Convergence 

 

Initially sample calculations were performed simulating potential flow over both a single 

cosine hill and a set of typical complex terrain. Results demonstrated that convergence 

was consistently achieved, as measured by comparing predicted stream function 

distributions and speed-up ratios, when the absolute deviation at all points was less than 

0.001 after a cycle of iteration (Table 3-15). That is, converged solutions were produced 

when MAXDEV was set to 0.001 or less. (All tests were run with UREF = 10.0.)  

 

It also was found that a relatively large domain above the maximum terrain height was 

necessary when the results were to be used to determine speed-up factors. For example, 

with the typical Altamont Pass terrain, 3000-4000 meters of vertical calculation domain 

was needed above the surface to reliably converge to the same near-surface conditions. It  

also was found that DELTA = 1.1 would converge consistently to the same results as 
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DELTA = 1.0 (i.e. uniform grid) when the domains covered the same physical space. 

Using DELTA = 1.1 and NY ≥ 90 was found to result in consistent converged solutions. 

 

The time required to iterate a solution to the same level of convergence increases rapidly 

as the number of points in the domain increases. For example, solving a domain of 6210 

points required 9-12 seconds (on a 3.2 GHz Pentium 4 computer), while solving a domain 

of 45,090 points required 250-300 seconds. Using a variable grid density, such as a 

spacing factor (i.e., DELTA) of 1.1 in both horizontal and vertical directions, to reduce 

the number of grid points has been the most effective method of reducing run times. 

Table 3-15. Values of ∆S predicted for Met 127 0° transect for: NXIN = 35, Horizontal Spacing 
Factor = 1.1, NY = 90, DELTA = 1.1, UREF = 10, RHO = 1.2. Run time is total time for iteration 
on a 3.2 GHz Pentium 4 computer. 
 

ALPHA MAXDEV ∆S (0.5 m) ∆S (10 m) ∆S (99 m) 
Run Time 

(sec.) Iterations 
0.12 0.0000001 0.409 0.354 0.140 12 2363 
0.12 0.000001 0.409 0.354 0.140 12 2363 
0.12 0.00001 0.409 0.354 0.140 12 2363 
0.12 0.0001 0.409 0.354 0.140 12 2341 
0.12 0.001 0.409 0.354 0.140 9 1734 
0.12 0.002 0.409 0.354 0.140 8 1466 
0.12 0.005 0.410 0.355 0.141 6 1174 
0.12 0.01 0.414 0.358 0.143 4 885 

0 (No fill) 0.0001 0.476 0.414 0.153 9 1732 
0 (No fill) 0.0005 0.476 0.414 0.153 9 1732 
0 (No fill) 0.001 0.476 0.414 0.153 8 1584 
0 (No fill) 0.002 0.477 0.414 0.153 7 1341 
0 (No fill) 0.005 0.478 0.415 0.153 6 1101 
0 (No fill) 0.01 0.482 0.419 0.156 4 816 

 

For simulation of Altamont Pass terrain, the following run parameters were found to 

converge to results that could be verified using higher resolution runs with lower 

convergence criteria: DX = 10, DY = 1.0, DELTA = 1.1, NY = 90, MAXDEV = 0.001, 

MAXITERS = 20000, ALPHA = 0.12, UREF = 10, RHO = 1.2. Simulation of Altamont 

Pass wind turbine and met tower sites was performed using terrain files with 35 
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elevations, with a spacing factor of 1.1 between each elevation, giving approximately 2.5 

km of upwind and downwind terrain from the origin. 

 

3.5.5 Initial Validation: Cosine Hills 

 

The potential programs were initially validated using the simulation of a simple hill of 

cosine cross-section. The hill was modeled at various factors of h/L by setting h = 100 m, 

and varying L from 100 m to 1000 m. The ABLWT tests of the two-dimensional cosine 

hill at 0° relative wind angle are simulated when h/L = 0.54. The domain was uniformly 

spaced horizontally, with variable vertical spacing. (DX = 10, DY = 1.0, DELTA = 1.1, 

NX = 501, NY = 90). The filling function was disabled to simulate a true potential flow, 

for comparison with previous linear results. For eight values of h/L, the speed-up factor at 

the top of the cosine hill was calculated, and is shown below in Fig. 3-12.   
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Fig. 3-12. Predictions of hill top speed-up factor versus height for cosine cross-section hills of 
varying h/L. Predicted using potential flow solver. 
 

The results agree well with established results. As Jackson and Hunt (1975) showed, 

speed-up factor varies linearly with h/L, consistent with Fig. 3-12. Speed-up factor also 

decays in an exponential manner with height. Comparing the results to various empirical 

speed-up prediction methods and the ABLWT wind-tunnel results (Fig. 3-13), it is seen 

that the potential flow solver under-predicts the speed-up factors, especially near the 

surface. This also is consistent with previous researchers who noted that linear or 

potential based methods under-predict speed-up (Weng et al., 2000). 
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Cosine Hill Speed-Up Factors by Various Methods
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Fig. 3-13. Hill top speed-up factors predicted for cosine hill of h/L = 0.54 by empirical prediction 
methods, potential flow solver and UC Davis wind-tunnel. 
 

3.5.6 Powerworks Meteorological Towers 

 

Speed-up factors were calculated using “Potential10.f90” for each of the Powerworks 

meteorological towers. See Fig. 3-14. The program was run for each tower and wind 

direction from 0° to 359° degrees, in one degree increments. A variable grid 71 by 90 

cells, with a spacing factor of 1.1 in both x and y was used for all simulations. Speed-up 

factor was calculated at the anemometer height of each meteorological tower. 

 

Previously, it was noted that for a 240° wind, wind-tunnel measurements predicted the 

ratio of wind speeds at Met 127 and Met 225 as U127/U225 = 0.98. When this was checked 

against the actual meteorological data, it was found to be somewhat low. Depending on 
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the time of day and season, this ratio actually varied between about 1.06 and 1.35 (Table 

3-1), with higher values associated with greater expected stability. The ratio of the 240° 

predictions of ∆S from Potential10.f90 is ∆S127/∆S225 = 0.32/0.24 = 1.33. Assuming an 

average reference wind speed of 7 m/s, this results in U127/U225 = 1.06, which agrees well 

with the average observed velocity ratios for neutral/unstable times. 

 

The complexity of the ∆S vs. wind direction curves for the meteorological towers also 

should be noted. While the wind-tunnel R value curve for Met 127 was a simple cubic fit 

through four points (Fig. 3-6), the “Potential10.f90” results show more complicated 

dependencies due to local topography. For example, as shown in Fig. 3-14, the Met 127 

curve shows a sharp reduction in ∆S around 280° where the local ridgeline extends 

upwind, with even higher terrain further upwind. Unless a large number of wind 

directions can be tested, this level of resolution is not easily possible from the wind-

tunnel tests. 
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Fig. 3-14. Potential10.f90 predictions of speed-up factor as a function of wind direction for the 
Powerworks meteorological towers. 

 

3.5.7 Power Curve Generation Using The Potential Flow Solver 

 

The program “Potential10.f90” was used to generate a power curve for the Powerworks 

Met 127 turbine cluster that is directly comparable to the power prediction results 

produced by the method based on wind-tunnel measurements described previously. The 

heart of the wind tunnel method was a database of velocity ratios (called R values) 

defined as R = Uturb(θ) / Umet(θ), where θ is the wind direction. The potential solver 

method was applied to generate an equivalent database using flow field predictions from 

multiple runs of “Potential10.f90”. 
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Elevation transects were determined for winds from 0° to 355°, in 5° steps, for each of 

the 93 turbine locations. Each transect contained 35 elevations starting with a 10 meter 

horizontal spacing at the origin, with spacing increased by a factor of 1.1 between each 

set of successive points, so that the final point was 2.454 km from the origin. The 

program was run for each of the 94 locations and 72 wind directions. R values for each 

turbine then were calculated based on the potential gradient at the height of the wind 

turbine or anemometer. (Most are at 18.3 m (60 ft), although six of the turbines are at 

24.4 m (80 ft).) That is, at a height y = z, 
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The set of R values thus produced were compared to those measured in the wind tunnel. 

Overall, predictions by the potential solver method were similar to the wind-tunnel 

measurements. Comparing the R values for the four wind directions directly measured in 

the wind tunnel with the Potential10 R value predictions shows good agreement: the 

mean difference between corresponding R values is 0.008, and the mean absolute 

difference is 0.034. (The average R value was 0.934.) Tables of the R values predicted by 

both methods for all of the turbines for these four wind directions are in Appendix F. 

Finally, the set of R values produced by this method were substituted into the wind tunnel 

prediction scheme, which was otherwise unchanged, and the wind farm power prediction 
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accuracy of the potential flow method was directly compared to the predictions made 

using the wind tunnel R values. 

 
 
3.5.8 Altamont Wind Farm Power Prediction Accuracy 

 

Multiple wind farm power curves have now been derived using four different methods: 1) 

using data from measurements in the ABLWT, 2) using potential flow simulations of the 

wind farm area by the program “Potential10”, 3) based on fitting a curve to the median 

values of power production, binned by wind speed, for two years of historical data, and 4) 

using an equation derived using screening multiple linear regression of two years of 

historical data. These methods will be referred to below as “ABLWT”, “Potential10”, 

“Median Fit” and “MLR” respectively. 

 

All of the methods were used to predict the power production of the Met 127 turbine 

cluster on a half-hourly basis for the period from June 25, 2001 to June 11, 2005. Inputs 

for the methods were the Met 127 anemometer tower wind speed and direction, 

temperature from Met 438 (the most representative data available) and the time of year. 

After the removal of missing or incomplete data (6.9% of the total), 64,685 predictions 

were produced, compared to the recorded observation, and included in calculations of 

ME and MAE. The overall performance of the methods is shown in Table 3-16. 
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Table 3-16. Overall mean error (ME) and mean absolute error (MAE) of Met 127 power 
predictions, as a percentage of observed wind farm capacity, for four different wind farm power 
curve methods. June 25, 2001 to June 11, 2005. 
 
 

Prediction Method ME MAE 
ABLWT (No Wind Direction) 3.24 6.12 
ABLWT (w/ Wind Direction) 1.99 5.74 
ABLWT (w/ Wind Direction and Density) 1.92 5.82 
ABLWT (Optimum) -0.36 5.74 
Potential10 (No Wind Direction) 4.68 7.05 
Potential10 (w/ Wind Direction) 2.47 6.31 
Potential10 (w/ Wind Direction and Density) 2.40 6.31 
Median Historical Data Fit 0.73 5.38 
MLR Historical Data Fit 0.42 6.33 
  
 
It should be noted the first two years of the dataset include the data used to train the two 

data fit methods (July 1, 2001 to June 30, 2003); the performance of these methods can 

strictly only be evaluated for times outside this time frame. 

 

Another difficulty is the observed lack of reliability of the wind direction data: 51% of 

the almost four year dataset includes unreliable wind direction data.  (It is not possible to 

construct a “representative year” because no reliable data is available for Apr. 12 – May 

24 in any year.) Evaluating ME and MAE for only the periods when wind direction data 

appeared acceptable, the relative performance of the power curves is similar (Table 3-17). 

Table 3-17. Mean error (ME) and mean absolute error (MAE) of Met 127 power predictions, as a 
percentage of observed wind farm capacity, for four different wind farm power curve methods. 
Includes only observations for which Met 127 wind direction data was considered acceptable 
between June 25, 2001 to June 11, 2005. 
 
Prediction Method ME MAE 
ABLWT (No Wind Direction) 2.55 6.18 
ABLWT (w/ Wind Direction) 2.06 5.96 
ABLWT (w/ Wind Direction and Density) 1.89 6.01 
ABLWT (Optimum) -0.38 5.80 
Potential10 (No Wind Direction) 4.17 7.21 
Potential10 (w/ Wind Direction) 3.10 6.77 
Potential10 (w/ Wind Direction and Density) 2.92 6.74 
Median Historical Data Fit 0.07 5.49 
MLR Historical Data Fit -0.34 6.49 
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The MAE of all of the methods is dependent on the wind speed (Fig. 3-16), with the 

larger MAE in the 5 to 12 m/s range that corresponds to the steep portion of the 

Kennetech power curve, and very low MAEs below 4 m/sec, where power production 

and predictions are both generally zero. (The non-zero values of MAE, particularly 

between 0 – 1 m/s, are due to reported non-zero power production from the wind farm). 
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Fig. 3-16. Mean absolute error (MAE) of Met 127 power predictions, as a percentage of observed 
wind farm capacity, versus wind speed. Includes only observations for which Met 127 wind 
direction data was considered acceptable between June 25, 2001 to June 11, 2005. 
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Fig. 3-17. Mean absolute error (MAE) of Met 127 power predictions versus actual Met 127 power 
production, as percentages of observed wind farm capacity. Includes only observations for which 
Met 127 wind direction data was considered acceptable between June 25, 2001 to June 11, 
2005. 
 

The MAE is also a function of the power production. It should be noted that power 

production of less than 5% of the farm capacity accounts for 48% of the observations. 

(Basically, the turbines are not generating power about half the time, a relatively easy 

case to predict.) The overall MAE is heavily weighted to the no power production case. 

Looking at MAE as a function of the actual power production, it becomes apparent that 

MAE is generally higher when power is being produced, with some decrease again when 

the farm gets near maximum capacity.  

 

Generally, the ABLWT method outperformed the Potential10 method, mainly due to a 

tendency of the Potential10 simulation to over-predict power production across a wide 

range of wind speeds. It should be noted that the ABLWT method has been more 

extensively developed than the Potential10 method. Therefore, it may be possible to 
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improve the Potential10 method by refining the model, especially the treatment of hill 

wake effects. 

 

3.6 WIND-TUNNEL MODELING OF WIND TURBINE WAKES 

 

Although the arrangement of the case study wind farm minimizes wake interactions, the 

ABLWT also can be used to study the very localized effect of wind turbine wakes on 

downwind turbines (Lubitz and White, 2004b). A recent review of wind turbine wake 

research is given by Vermeer et al. (2003). The key challenge in wind-tunnel simulation 

of wakes is to determine a model that will generate a wake that correctly simulates the 

variations in velocity deficit and increased turbulence found downwind of an operating 

wind turbine. The interaction of wakes in large arrays of regularly spaced turbines has 

been investigated in ABLWTs using “static simulators,” small models generally 

consisting of a semi-porous disk or vane anemometer, chosen so that the velocity deficit 

and turbulence intensity produced by the models match those in full scale (Builtjes, 1978, 

Vermeulen, 1980 and Ross and Ainslie, 1981). Taylor and Smith (1991) simulated a 

turbine placed upwind of a hill, and found that the hill caused significant changes in the 

wake properties. Neff et al. (1990) simulated up to five turbines in an ABLWT using 

dynamic models. The 1:50 scale models were functional turbines that included moving 

rotors driving small generators to extract energy from the flow. There were a number of 

compromises in this approach. The generators needed for the models were too large to fit 

in the model nacelle, and so belt drives were used to place the generators below ground 
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level. Achieving power similarity required different rotor blade geometry than used on 

the full-scale turbine, and finding the best model rotor was a prolonged, iterative process. 

 

For the purposes of determining wake effects in complex terrain, the individual turbines 

must be modeled at a small enough scale to allow the surrounding terrain to be included. 

It also must be possible to include multiple turbines on the model, limiting both the 

complexity of the models and their overall size. Therefore, the simpler approach of 

modeling the rotor using a porous disk was recently revisited at UC Davis, with the 

understanding that the simulation only would be valid in the far wake (more than ~2 rotor 

diameters behind the turbine) region. An example of the mean wind velocities observed 

behind one such model (D = 6 cm diameter disk with 50% porosity, 10 cm to simulated 

hub height) for different distances L downwind is given in Fig. 3-15. To simulate a 

specific full size turbine, the velocity deficit (i.e., the amount of momentum removed 

from the flow by the turbine) required would be dictated by the thrust and power 

coefficients of the operating turbine, while the required turbulence intensity would be 

determined based on field measurements or empirical or theoretical predictions. 
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Fig. 3-15. Velocity profiles from UCD ABLWT test of 50% porosity static wind turbine simulator of 
diameter D = 6 cm, for different distances L downwind. 
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CHAPTER 4: Downscaling From Eta To The Wind Farm 

 

4.0 UNCERTAINTY OF THE ETA REGIONAL SCALE FORECAST (RSF) 

 

There is a perception that the majority of the uncertainty in commercial wind power 

forecasting results is due to the uncertainty in the output of the RSFs that are used as 

inputs to the forecasting systems. However, the measures of error made available by RSF 

operators rarely assess the error in the specific input variables used by wind power 

forecasters (such as wind speeds at geostrophic levels), or only provide averages of the 

error levels in a variable over many forecasts, and therefore cannot be compared directly 

to specific wind power forecasts. 

 

4.0.1 Comparison of Interpolation Methods: Bicubic, Bilinear and Nearest Point 

 

Weather conditions at a nearby radiosonde launching site (Oakland, CA, USA, 45 km 

west of Altamont Pass. WMO ID# 72943. See Fig. 4-1) were forecasted and compared to 

observations in an attempt to gauge the accuracy of the RSF. Forecasting in this context 

consisted only of interpolating the forecasted variables from the Eta grid points to the 

Oakland site. No statistical or other corrections were applied. It should be noted that since 

the Oakland site is in different terrain, near sea-level adjacent to the San Francisco Bay, 

the meteorological factors affecting downscaling will be somewhat different, especially 

for near-surface observations. The radiosonde is launched twice daily at 0:00 GMT and 
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12:00 GMT, and reports wind speed and direction, temperature and dewpoint at various 

altitudes from the surface to well into the stratosphere.  

 

 

Fig. 4-1. Map of Altamont Pass site ("Site") and Oakland radiosonde site ("OAK"). 
Elevations in meters. Map is 240 km wide. 

 

Initially, bicubic interpolation was used to extrapolate forecast weather conditions from 

the RSF grid points to the sounding location. However, it was suspected that the 

interpolation method itself also introduces error. Therefore, bilinear interpolation and a 

closest grid point method also were implemented in order to investigate the sensitivity of 

the error levels to the interpolation method. Any or all of these interpolation methods can 

be used in the UC Davis forecasting system to extrapolate gridded RSF data to wind farm 

meteorological tower locations. By interpolating the RSF output to the radiosonde 

location, many upper level variables forecasted by the RSF can be compared to field 

measurements on a forecast by forecast basis, and the level of uncertainty in the data 

from the RSF can be estimated. 
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The three interpolation methods were compared by using archived Eta forecasts for a 21 

month period from November 30, 2002 through July 31, 2004. The Eta forecasted wind 

speed at each of the surrounding grid points was determined from the horizontal 

components of the wind speed at each grid point. This data then was interpolated to the 

sounding location using bicubic or bilinear interpolation. The third “interpolation” 

method involved using the data from the closest grid point to the sounding location. The 

radiosonde takes frequent measurements as it rises, typically one or more every few 

hundred meters. Readings were linearly interpolated to the pressure of Eta levels for 

analysis. No statistical or other corrections were applied. 

 

The overall error level, quantified as a mean absolute error (MAE), the absolute value of 

the forecasted minus the actual value of a variable, was almost identical for the three 

interpolation methods implemented. MAE results for wind speed at several different 

levels and at various forecast intervals, are given in Fig. 4-2. As expected, error levels 

increase over longer forecast intervals, and higher levels tend to be forecasted more 

accurately than lower levels. In absolute terms, the data given in Fig. 4-2 represents MAE 

values between 1.5 m/s (for the initialization runs at 700, 800 and 900 mb), to 2.5 to 3 

m/s (for the 48 hour forecasts). The relatively high levels of MAE observed in the 

initialization runs (“forecasting 0 hours ahead”) were somewhat unexpected, since the 

sounding data is used to initialize the Eta model. However, the explanation is that the 

measured data must be interpolated to the grid points and modified to agree with other 

available data, thus increasing the discrepancy between actual and interpolated data. 

Additionally, each model run starts at minus 12 hours, (to ensure stability and 
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consistency by hour zero), so only earlier sounding data is used, and giving additional 

opportunity for the initialization run to diverge from the measured data at hour zero. 

Mean Absolute Error between 40 km Eta Forecast Using Bicubic 
Interpolation and Measured Values at Oakland Sounding 

Nov 30, 2002 - July 31, 2004
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Mean Absolute Error between 40 km Eta Forecast Using Bilinear 
Interpolation and Measured Values at Oakland Sounding 

Nov 30, 2002 - July 31, 2004
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Mean Absolute Error between 40 km Eta Forecast Nearest Grid 
Point and Measured Values at Oakland Sounding 

Nov 30, 2002 - July 31, 2004
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Fig. 4-2. Mean absolute error in Eta forecasted wind speed at Oakland sounding location for four 
different levels, as a percentage of the average measured wind speed observed at that level. 
Forecasted winds at the sounding location were determined from gridded Eta model output using 
bicubic interpolation (top), bilinear interpolation (middle) and the grid point closest to the sounding 
location (bottom). Results are given for forecast intervals from 0 hours ahead (initialization run) to 
48 hours ahead. 
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4.1 DOWNSCALING 

 

Once a regional scale forecast (RSF) has been obtained, it is necessary to use that forecast 

data to forecast a near-surface wind speed. This is necessary since the RSF models have 

such large grid spacing (Eta's grid spacing is 40 km) that only the largest terrain features, 

such as large mountain ranges, can be reproduced. Even with much finer grid resolutions, 

the region near the surface (where wind turbines are) is the most difficult region to model 

accurately. The process of taking upper-atmosphere RSF model data and extrapolating to 

surface conditions at a specific point is referred to as “downscaling.” 

 

4.2 GEOSTROPHIC DRAG LAW 

 

Landberg and Watson (1994) used the geostrophic drag law to forecast near surface wind 

speeds from upper air wind speeds taken from an RSF. This method involves the use of a 

few equations that can be solved iteratively with little computational effort. The neutral 

geostrophic drag law is a method of predicting surface shear stress, in the form of the 

friction velocity U*, based on the wind speed at geostrophic height UG: 
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where f is the Coriolis parameter, zo is the surface roughness and κ is von Karman's 

constant (≈ 0.4). A and B are constants. Zilitinkevich found that the median values of A 

and B reported in 16 studies gave A = 1.7 and B = 4.5. The angle of the surface shear 

stress direction from the direction of the geostrophic wind angle α is given by 
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Landberg and Watson (1994) used Eqns. 4.1 and 4.2 in conjunction with the logarithmic 

law (Eqn. 1.7) to predict a reference wind speed at turbine hub height from upper 

atmosphere winds forecasted by HIRLAM. 

 

The neutral geostrophic drag law is derived by matching the so-called "Law of the Wall" 

to the velocity defect law. The derivation that follows is based on Csanady (1967). Near 

the wall (or surface), the velocity profile  is a function of shear stress and surface 

roughness: U(z) = f(U*, zo), while in the outer layer, near the edge of the atmospheric 

boundary layer, the velocity defect is a function of surface shear stress and boundary 

layer height δ: U(z) – U∞ = f2(U*, δ), where U∞ = U(δ). The law of the wall and the defect 

law can therefore be expressed respectively as 
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where ψ1 is a real function and ψ2 is a complex function. (Complex analysis is introduced 

to preserve the turning angle between surface shear stress and geostrophic wind 

directions.) Eqn. 4.3 is taken to be true near the surface, while Eqn. 4.4 is taken to be true 

near the outer edge of the boundary layer. It is next assumed that there is an overlap 

region within the boundary layer where the velocity profile is logarithmic, so that 
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where A and B are real, and C = Cre + iCim. Solving both equations for U and equating 

them gives 
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Noting that ln(z/zo) – ln(zf/U*) = ln(U*/fzo), and letting A = 1/κ, 
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Recalling that C is a complex quantity, separate Eqn. 4.8 into real and imaginary parts: 
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Noting that UG is the vector sum of UG,re and UG, im, Eqns. 4.7 and 4.8 can be written as 
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Applying the Pythagorean Theorem and taking the square root of the resulting equation 

results in 
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Finally, this equation can be expressed in the form of Eqn. 4.1 by taking κ outside the 

square root, and then redefining A = –κ2 (B–Cre) and B = –κCim. (It is this A and B that 

equal 4.5 and 1.7, respectively.)  

 

To determine if this method could be applied to the Altamont Pass region, archived 

initialization runs (i.e., “zero hour forecasts”) of Eta model output from November 30, 

2002 to July 31, 2004 was used to predict the wind speed at the case study wind farm 

meteorological tower. To use this method, first a vertical level in the Eta output had to be 

chosen as being at the geostrophic height. Six different levels evenly spaced between 700 

and 950 mb were used as geostrophic level on a trial basis. For a specific forecast, the 

overall wind speed at the geostrophic height was taken from the Eta model output. Eqns. 

4.1, 4.2 and 1.7 then were used to predict the wind speed that would be seen at the 

meteorological tower if it were situated in flat terrain. A speed-up factor of 1.5 then was 

applied to the forecasted wind speed to account for the ridge-top location of the 

meteorological tower. The speed-up factor was determined by comparing wind speeds at 

simulated anemometer height in an ABLWT test of the complex terrain around the 

meteorological tower site, with a test of flat terrain. 

 

The results of the analysis are given in Table 4-1. Results are given assuming geostrophic 

height at six different levels. Input wind speeds taken from geostrophic height in Eta 

model initialization runs (“0 hour forecasts”) between November 30, 2002 and July 31, 

2004. Average measured wind speed at the meteorological tower was 7.46 m/s. The R 
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values are the correlation coefficients between the Eta model wind speed at each given 

geostrophic height and the measured wind speed at the meteorological tower. 

 

The average forecasted wind speed at the meteorological tower anemometer was low for 

all of the “trial” geostrophic heights, even with the application of the speed-up factor. A 

closer look at the data revealed a significant lack of correlation between the wind speed at 

geostrophic height, and the wind speed at the meteorological tower anemometer location, 

with correlation coefficients ranging from 0.04 when compared to the 700 mb wind, to 

0.34 when compared to the 950 mb wind. It is apparent that this lack of correlation 

represents a potentially large source of error in a forecast for the case study site. 

 

While Landberg reported success applying this method to sites in Denmark and other 

parts of northern Europe, the reliability of the geostrophic drag law appears to break 

down in the more complex terrain of the Altamont Pass, and this approach did not 

accurately predict the near-surface winds at the case study wind farm. 

Table 4-1. Mean Error (ME) and Mean Absolute Error (MAE) of predictions of wind speed at case 
study wind farm meteorological tower (in m/s) using geostrophic drag law. 

 
Geostrophic Level            

700 mb 750 mb 800 mb 850 mb 900 mb 950 mb
ME -0.86 -1.76 -2.46 -2.88 -3.03 -3.02

MAE 4.57 4.41 4.34 4.39 4.23 3.90
R -0.04 -0.02 0.00 0.04 0.14 0.34  
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4.3 MULTIPLE LINEAR REGRESSION 

 

Burda et al. (1985) reported success predicting the average daily wind speed at an 

Altamont Pass site with an equation derived using multiple linear regression, using inputs 

of the zonal component of the 950 mb Oakland sounding wind speed and the maximum 

daily air temperature in San Francisco. Unfortunately, attempts to use multiple linear 

regression to derive equations to predict the wind speed at the meteorological tower 

anemometer at a specific time using variables from the Eta model output were 

unsuccessful, with no equation derived, even for specific cases (such as for specific times 

of day or seasons) have an R2 value greater than 0.5. This was attributed primarily to the 

lack of correlation between the meteorological tower wind speed and the upper level 

wind speeds, temperatures and pressures. For example, Fig. 4-3 shows the relation 

between the wind speed at 700 mb in the Eta initialization runs ("zero hour forecasts") 

and the wind speed as measured at the meteorological tower. 
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Fig. 4-3. Comparison of the wind speed as measured at the wind farm meteorological tower 
versus the wind speed at the 700 mb level of the Eta initialization ("zero hour forecast") runs. 
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4.4 FORECAST MATCHING 

 

Due to the lack of success predicting the wind conditions at the wind farm meteorological 

tower from the Eta output using the above methods, it was decided to use the archives of 

Eta forecasts and wind farm information compiled at UC Davis to directly predict the 

wind farm conditions. 

 

At UC Davis, the information from each forecast is archived in a separate file by the 

forecasting system after the forecast is downloaded. For this analysis, the corresponding 

information from the wind farm (wind speed and direction, and power production) at the 

time being forecasted was appended to each forecast file, so that each archive forecast 

file contained the measured wind farm conditions at the time being forecasted, for future 

error analysis. A "matching forecast" can be performed by downloading a current Eta 

forecast and then searching the archive for a "matching" archived forecast; one with 

conditions closest to those predicted by the current forecast. Since the two "matched" 

forecasts are for two times with similar weather, it is anticipated that the wind farm 

conditions for the current forecast will be close to those associated with the “matched” 

archived forecast: the archived wind speed and direction (and the power production) are 

used as a new forecast (Lubitz and White, 2005b). 

 

A means of quantifying the similarity between two Eta forecasts was necessary in order 

to find a match. A scoring system was devised to quantify the degree of difference 
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between a set of corresponding variables in the current forecast and an archived forecast. 

A set of 19 variables were chosen ("U" and "V" components of wind speed, temperature 

and level height at 1000 mb, 900 mb, 800 mb and 700 mb, plus barometric pressure and 

the horizontal components of the pressure gradient, determined from bicubic 

interpolation) for comparison between the current forecast and an archived one. 

 

The "matching score" S of the two forecasts was then calculated as 
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       (4.14) 

 

where n is the number of variables (19 in this case), Ai and Fi are the archived and current 

forecast values of variable i (where 1 ≤ i ≤ n), and Ri is a normalizing factor used to 

weight the importance of the variable. (Initially for each variable, R was arbitrarily set 

equal to the standard deviation of the variable observed in the dataset, divided by four to 

make many of the R values close to one. Only the relative values of Ri affect the scoring 

of the different variables.) A score is calculated for each archived forecast, with a lower 

score indicating greater similarity between an archived forecast and the current forecast. 

For a given current forecast, the wind farm conditions are taken from the file of the 

lowest scoring archived forecast.  

 

The accuracy of the matching method was determined by forecasting the wind farm 

conditions corresponding to each of the archived forecasts. When a specific forecast was 
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being determined, archive forecasts within four days of the one being used were excluded 

from the matching analysis. This ensures that the forecast is not matched to itself, or to a 

forecast close in time, representing the identical weather conditions in the forecast. Both 

wind speed at the meteorological tower anemometer and wind farm power production 

were forecast. ME and MAE results are summarized in Table 4-2. 

Table 4-2. Observed accuracy of the matching method at forecasting wind speed at the case 
study wind farm meteorological tower anemometer and the wind farm power production. 
Forecasts were prepared for each of the Eta forecasts in the UC Davis archive (consisting of 
forecasts from 0 to 48 hours in the future, initialized at 0:00 and 12:00 
GMT)

      Wind Speed    Power Production
           [m/s]  [% Wind Farm Cap.]

ME MAE ME MAE Obs.
All Data -0.05 2.96 -0.46 18.0 12813

Power < 20% 0.84 2.53 8.33 10.6 7632
20% < Power < 80% -0.78 3.26 -6.56 29.5 3293

Power > 80% -2.38 4.22 -25.33 28.1 1888  
 
 
 
4.4.1 Comparison of Matching Method to Persistence 

 

The matching method was used to forecast four parameters for the Altamont Pass wind 

farm: power production for the entire Altamont farm and for the Met 127 cluster, plus the 

wind speeds at Met 438 and Met 127. The matching forecast MAE also is dependent on 

the forecast interval. For forecast intervals of less than six hours, the persistence method 

outperforms the matching method. However, as shown in Fig. 4-4, the matching power 

forecasts generally have lower MAEs in the important 24 to 48 hour “next-day” interval. 

A comparison with persistence showed that the matching method was of roughly similar 

accuracy. The comparison was performed for the period between Nov. 20, 2002 and July 

31, 2004.   
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Fig. 4-4. Match and persistence forecast mean absolute error as a function of forecast interval. 
Forecasts were performed for the period between Nov. 30, 2002 and July 31, 2004. Results are 
forecasts of the power production of the entire wind farm (upper left) and just the Met 127 turbine 
cluster (upper right), plus the wind speeds at the Met 438 (lower left) and Met 127 (lower right) 
meteorological towers. 
 

4.4.2 Confidence Interval Estimation 

 

An unsuccessful attempt was made to develop a forecast confidence interval, or 

uncertainty, based on the standard deviation of the forecast variable in the 25 closest 

matching historical forecasts. As shown in Fig. 4-5, it was found that there was 

essentially no correlation between the standard deviation of the wind or power variables 

25 lowest scoring forecasts and the actual mean absolute errors of the forecast. 
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Fig. 4-5. Comparison of Met 127 wind speed forecast MAE versus the standard deviation of the 
Met 127 wind speed in the 25 closest matching historical forecasts. 
 

4.4.3 Comparison of Different Matching Variables 

 

The use of different combinations of matching variables was examined. The original Eta 

forecasting algorithm used 19 variables: U and V components of wind speed, temperature 

and pressure height at 1000 mb, 900 mb, 800 mb and 700 mb, plus sea level corrected 

atmospheric pressure and the X and Y components of the pressure gradient (as returned 

by the bicubic interpolation of the surrounding Eta grid points). It was found that in 

general more variables produced better matching forecast accuracy (Table 4-3). 
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Table. 4-3. ME and MAE of Eta matching forecasts using different combinations of matching Eta 
variables, compared with persistence forecasting. 
 

V
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sed   
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ariables   
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 127 W
S

 [m
/s]   
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E

 127 P
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r [%
]   
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E

 Tot P
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]   
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E

 438 W
S
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 127 W
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 127 P
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]   

M
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E
 Tot P

w
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]   

M
A

E
 438 W

S
 [m

/s]   

Persistence N/A -0.15 -0.40 -0.92 0.10 2.85 17.5 14.9 2.39
All (Baseline Case) 19 -0.09 -0.93 -0.63 -0.15 2.91 17.8 14.5 2.67
Press and 1000 7 -0.06 -0.22 -0.14 -0.14 3.04 18.6 14.9 2.67
Press and Tmp 7 0.04 -0.36 -0.30 -0.08 3.10 19.0 15.6 2.86
All But WS 11 0.03 -0.07 -0.15 -0.09 3.13 19.0 15.6 2.86
WS Only 8 -0.13 -1.28 -0.85 -0.13 3.22 20.5 16.3 2.80
Press and Hgt 7 0.03 0.00 -0.02 -0.05 3.31 20.7 16.9 2.96
WS 700 and WS 1000 4 -0.08 -0.56 -0.38 -0.10 3.41 21.7 17.7 2.92
Press and 700 7 -0.05 -1.05 -0.91 -0.13 3.40 22.3 17.8 3.00
Press Only 3 0.06 0.16 0.19 0.01 3.53 23.5 18.8 3.14
WS 1000 2 -0.03 -0.28 -0.20 -0.04 3.54 23.3 18.8 2.99
WS 700 2 -0.02 -0.12 -0.18 -0.01 4.54 32.5 27.3 3.74  

 

4.4.4 Times-Series Matching 

 

A second application of the matching method was attempted, this time using only an 

historical database of the variable to be forecast. The idea was to see if a matching 

approach could improve on persistence. The four days leading up to the time to start 

forecasting from were compared, on a daily interval, to four day sets of data taken from a 

large set of historical data. (For the results given here, the data spanned July 1, 2001 to 

June 30, 2004). Equation 4.14 was used to calculate a matching score for each possible 

set of data in the historical dataset, with the lowest scoring data set being taken as the 

"match." The four days of data following the matched data set were then used as the 

forecast of the variable of interest from 0 to 96 hours in advance. 

 

The method was tested by producing daily forecasts of Altamont total power, up to 96 

hours ahead, for three years (July 2001 to June 2004) of Altamont data, using the same 
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data set as the source for the matching files. As in the Eta matching, the closest four days 

of data were excluded from matching for each individual forecast. Since Altamont wind 

farm data is provided on a daily basis, with a full day of data (0:00 to 23:30) being 

reported, each forecast started at 0:00 PST. For comparison, corresponding persistence 

forecasts also were produced, using the last known power production before the start of 

each forecast (i.e. the power production at 23:30 on the day before the forecast). The 

resulting MAE of the power forecasts as a function of forecast interval is given in Fig. 4-

6 for the persistence and time-series matching forecasts. The oscillations with a period of 

24 hours are partly explained by the fact that all forecasts initialized at midnight. This 

means all persistence forecasts use a midnight power production value, which would be 

expected to be more accurate at the following midnights than it would be during the day. 

Altamont Total Power Daily Forecasts Starting at 0:00
Mean Absolute Errors: July 4 2001- June 26 2004
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Fig. 4-6. Mean absolute error of time-series matching and persistence forecasts of total Altamont 
power production between July 2001 and June 2004. All forecasts start at 0:00 local time and 
forecast out to 96 hours in the future.  
 



 

 

 
 
      168 

4.4.5 Comparison to Other Forecasting Methods 

 

Previously, two other organizations produced energy generation forecasts for the same 

Altamont Pass facility over a one-year period ending September 2002 (EPRI, 2003). A 

series of match forecasts were performed to be as comparable as possible to these 

previous forecasts. Since the previous forecasts were generated for a one year period, 

match forecasts were also generated for a one year time frame. For these forecasts, the 

Eta forecast database used contained 16882 individual forecasts collected between 

December 2002 and March 2005. Each forecast was for a single time between 0 to 48 

hours after initialization time.  

 

Unfortunately, the previous forecasts were for October 2001 to September 2002, and it 

was not possible to diagnostically forecast this time due to the unavailability of forecast 

data from that time. Instead, the year 2004 was forecast diagnostically to evaluate the 

matching method. Each 2004 forecast in the database was used as the “current” forecast, 

and matched to the most similar forecast in the database. Forecasts within four days of 

the “current” forecast were excluded from the matching process to prevent matching two 

forecasts of the same meteorological events. 

 

Figure 4-7 shows the matching forecast mean absolute error (MAE) as a percentage of 

the wind farm capacity for the matching method and persistence forecasts, versus the 

wind speed recorded at a nearby meteorological tower. Interestingly, MAE for both 

methods is highly dependent on wind speed, and increases significantly with wind speed. 
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(The variability of MAE at high winds is due to the small number of times those high 

winds occurred.) Performance also varies significantly depending on the time of year. 

During the winter months when turbines are often idle for days or weeks at a time, MAE 

was low for both methods, with persistence outperforming matching (Fig. 4-8). During 

several months in the summer when power production is highest at Altamont, MAE was 

well above 20% for both methods, with match forecasting outperforming persistence. 

 

The energy forecast MAE also is dependent on the forecast interval (Fig. 4-9). For 

forecast intervals of less than six hours, the persistence method outperforms the matching 

method. However, as shown below, the matching forecast has lower MAEs in the 

important 24 to 48 hour “next-day” interval. Therefore, it appears that the match forecast 

is of most value for predicting next-day power production during the higher power 

producing summer periods. 

 

Table 4-4 gives the overall MAE results of the two previous forecasting studies, the 

match forecast, and persistence forecasts. Skill score (S) is defined as S = 1 – 

MAEf/MAEp where MAEf is the MAE of the trial forecast method and MAEp is the MAE 

for persistence forecasts during the same time period. The match forecasting was less 

accurate than the more sophisticated methods, but more accurate than persistence.  
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Table 4-4. Mean absolute error (MAE) as a percentage of observed wind farm capacity for four 
different forecast methods at the Altamont Pass wind farm. Skill score is percent improvement in 
MAE relative to persistence. 
 

Forecast 
  *Oct. 2001 – Sept. 2002 
  **Jan. – Dec. 2004 

MAE 
[% Cap.] 

Skill Score 
vs. Persistence 

Risø* 14.4 21.6% 

TrueWind* 13.8 30.8% 

Matching** 16.2 7.1% 

Persistence** 17.4 0.0% 
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Fig. 4-7. Mean absolute error (MAE) of the match and persistence forecasts as a function of wind 
speed. January 1 to December 31, 2004. 
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Fig. 4-8. Mean absolute error (MAE) of the match and persistence forecasts as a function of 
month for the period January 1 to December 31, 2004. 
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Fig. 4-9. Mean absolute error (MAE) of the match and persistence forecasts as a function of wind 
speed. January 1 to December 31, 2004. 

 

4.4.6 Effect of Database Size 

 

The most significant factors in match forecasting accuracy are the number of parameters 

matched (as discussed earlier) and the size of the matching database. For evaluation 

purposes, two different database sizes were used to “diagnostically” match forecast the 

period from November 30, 2002 to July 31, 2004. The “small database” consisted of 

10427 archived forecasts within this time frame, while the “large database” contained the 

entire small database, plus an additional 8100 forecasts between August 1, 2004 and June 

10, 2005. Persistence forecasts also were generated for the same time period. Mean, and 

mean absolute errors were calculated for all three forecast methods. Additionally, skill 

scores were calculated. This is a measure that calculates the percentage of improvement 

of a forecast method relative to persistence. The skill score is defined as 
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where MAEmatch and MAEpersistence are the mean absolute errors of the match and 

persistence forecasts during the forecast period. The results for the entire forecast set are 

given in Table 4-5. 

Table 4-5. Overall performance of small and large database matching forecasts relative to 
persistence for six parameters. 

 
 Persistence Small Database Large Database 
Forecasted Parameter ME MAE ME MAE S [%] ME MAE S [%] 
Met 127 Wind Speed [m/s] -0.13 2.85 -0.09 2.91 -2.26 -0.08 2.83 0.73 
Met 438 Wind Speed [m/s] 0.08 2.44 -0.15 2.67 -9.48 -0.26 2.66 -8.79 
Met 127 Power [% Cap.] -0.16 17.40 -0.93 17.75 -2.04 -1.51 17.15 1.42 
Total Power [% Cap.] -0.77 16.25 -0.70 16.16 0.59 -1.18 15.47 4.86 
Met 438 Relative Humidity [%] -2.35 18.35 0.52 16.76 8.63 1.88 16.01 12.72
Met 438 Temperature [K] 0.68 4.37 -0.04 2.92 33.30 -0.10 2.81 35.81

 
 

The results in Table 4-5 include all the forecasts generated, from initialization 

(“nowcasts”) to 48 hours in advance. The large skill scores for temperature and humidity 

are due to the strongly diurnal nature of these parameters, which is not well predicted by 

a persistence forecast at non-24-hour forecast intervals (Fig. 4-10). For wind speed and 

power production, the large database match forecast generally performs better than the 

small database. Interestingly, power production match forecasts appear to be more 

skillful than those for wind speed, at least partially due to the broad range of 

meteorological conditions that result in zero power production. 

 

Since persistence performs well for forecasts less than six hours in advance, while next 

day performance is the goal here, the forecast performance is next determined as a 

function of forecast interval. The forecast MAE as a function of forecast interval for wind 

speed and power production are shown in Figs. 4-11 and 4-12 respectively. 
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Fig. 4-10. Mean absolute error (MAE) versus forecast interval for persistence, small database 
match and large database match temperature forecasts. Forecast period November 30, 2002 to 
July 31, 2004. 
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Fig. 4-11. Mean absolute error (MAE) versus forecast interval for persistence, small database 
match and large database match wind speed forecasts. Forecast period November 30, 2002 to 
July 31, 2004. 
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Fig. 4-12. Mean absolute error (MAE) versus forecast interval for persistence, small database 
match and large database match power production forecasts. Forecast period November 30, 
2002 to July 31, 2004. 
 

For the 24 to 48 hour power production forecasts, the match method generally 

outperforms persistence, with the large database providing better results than the small 

database. Forecasts of power production seem to benefit most from a large database 

matching method, while the forecasts of meteorological parameters are less sensitive to 

the database size at this scale. 



 

 

 
 
      175 

CHAPTER 5: Conclusions 

 

Wind-tunnel tests were performed to investigate the effects of local wind direction and 

hill geometry (in the form of hill aspect ratio) on wind “speed-up” ∆S over a hill. No 

previous investigations of this type were found in the literature. Measurements in the 

UCD ABLWT for cases that were comparable to previous investigations (e.g. wind at 0°, 

or perpendicular, to a two-dimensional ridgeline) measurements were consistent (Table 

2-8). Generally, speed-up was greatest at the ridgetop with winds perpendicular to the 

long axis of the hill, and lowest at the upwind base of hills in the same orientation. At the 

“shoulder” locations of the hills, an increase in ∆S was observed for hills with aspect 

ratio near one, relative to hills with aspect ratios approaching zero or infinity, due to the 

horizontal component of flow acceleration around the sides of these hills. Previously 

published speed-up prediction algorithms were found to not include wind direction 

effects. Adapting these methods to include wind direction using different models of ∆S 

variation with wind direction (i.e. cosine fits and methods based on dividing the wind into 

components and selectively modifying one component) showed promise, although no one 

particular model was demonstratably superior to the others. 

 

It was also observed that the speed-up prediction method is of limited accuracy when 

applied to actual field sites. A location at Altamont Pass was found where two 

meteorological towers, one on a ridge and one in the valley upwind, were aligned with 

the primary wind direction. Speed-up values calculated from these sites showed 

considerable variability, even for the same wind direction and stability class (Table 2-3). 
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Ultimately, the accurate prediction of ∆S at a particular location in actual terrain is 

probably not feasible using any method with only a few input variables (e.g. h, L, θ) 

except in cases of exceptionally ideal sites and meteorological conditions. This limitation 

is apparent in the wide variability in predicted ∆S at the same location predicted by the 

different previously published speed-up prediction algorithms (e.g. Table 2-2 for the 

Altamont site). 

 

Several different methods were developed and evaluated for each of the two main wind 

power forecasting steps: 1) downscaling meteorological conditions from the regional 

scale forecast (RSF) to a near-surface location such as the wind farm met tower, and 2) 

predicting the wind farm power production using the downscaled meteorological data in a 

wind farm power curve.   

 

Several different power curve methods were evaluated. Ultimately, all of these methods 

were of similar accuracy, with MAEs ranging from 5% – 7% of the wind farm capacity 

(Table 3-16). The method based on a database of wind-tunnel measurements of the flow 

over a terrain model was generally about a percentage point more accurate than a method 

based on multiple two-dimensional potential flow simulations centered on each turbine 

location, probably due to the lack of turbulence or boundary layer modeling in the 

potential simulations. The potential flow simulation method has the advantage of being 

the simplest to implement, since no model construction is required. While the power 

curves based on historical data were relatively easy to implement, they required a large 

amount (preferably several years) of historical meteorological and power production data 
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at the wind farm. The wind tunnel and potential methods require only terrain information 

and wind farm layout data to implement, allowing them to be used on wind farms where 

historical data is not available, or for siting purposes, to estimate the production of 

proposed wind farms before construction.  

 

It was observed that it is difficult to accurately downscale meteorological conditions to a 

location in complex terrain such as the Altamont Pass region, even using methods such as 

geostrophic drag law extrapolation or multiple linear regression that are successful in 

flatter terrain. A further complication in this study was a high degree of unreliability in 

the meteorological data reported at the wind farm sites. These methods can not be 

expected to be accurate in cases where accurate on-site meteorological data is not 

available for evaluating (or in the case of statistical approaches, deriving) these methods. 

 

A “matching” method based on the current RSF and finding similar RSF forecasts in an 

historical archive was derived and applied to the case study wind farm. This method 

required no on-site data except for the parameter being forecast (e.g. power production), 

meaning that inaccurate wind farm meteorological data would not affect the accuracy of a 

power forecast. The method is also relatively simple to implement, consisting primarily 

of two automated programs, one to download and process RSF forecasts into a database, 

and another to perform the “matching” of the database forecasts to the current RSF to 

produce a current forecast. When evaluated at Altamont Pass, this forecasting method 

was ultimately more accurate then persistence and somewhat less accurate than the 

forecasts produced by commercial wind power forecasters (Table 4-4).  
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Interestingly, the matching method forecasts predicted power production more accurately 

than wind speeds. At low wind speeds (less than 5 m/s) the wind farm generally produced 

no power, which tended to be forecast very accurately since a wide range of weather 

conditions in the RSF would result in the same power prediction. Also, since the wind 

farm anemometer may be inaccurate itself, it is possible that the error in the wind speed 

forecasts (determined by assuming the anemometer wind speed is the “actual” wind 

speed on-site) could appear higher than is actually the case. Since the matching method 

was the only successful downscaling method, and it forecasts power directly more 

accurately than it forecasts the farm wind speed, the “operational” forecasting method 

resulting from this study is actually a single step “RSF to power” matching forecast, 

instead of the original two step forecasting method (i.e. downscaling, then applying a 

farm power curve). 
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APPENDIX A – UCD ABLWT Sampling Time Repeatability Tests 
 
Tests were performed in the U. C. Davis Atmospheric Boundary Layer Wind Tunnel 
(ABLWT) to determine the effect that sampling time had on repeatability of 
measurements at a point. Two different locations were tested to cover the range of 
velocity and turbulence levels that could be observed: 1) the “Freestream” position in the 
center of the test section at a height of 70 cm above the wind tunnel floor, and 2) “Behind 
Block” position in which the readings were taken in the wake of a single 17 mm tall 
rectangular block placed in the center of the test section. 
 
A sampling frequency of 1000 Hz was used for sampling. At each position, samples were 
taken for periods of 30, 60, 90 and 120 seconds. For the Freestream position, five sets of 
samples were taken, while for the Behind Block position 10 sets of samples were 
recorded. Mean and root-mean-square (RMS) wind speed, and turbulence intensity were 
determined from each sample. Finally the average and standard deviations for all the 
samples taken at the same sampling period and position were computed. The standard 
deviations indicate the observed repeatability of each measurement. The results are 
tabulated below. 
 
MEAN WIND SPEED [m/sec]       
            
      Sampling Time [sec] 
Probe Position Run # 30 60 90 120 
            
Freestream 1 3.099 3.101 3.107 3.11 
  2 3.112 3.117 3.111 3.105 
  3 3.11 3.117 3.118 3.12 
  4 3.132 3.115 3.111 3.117 
  5 3.117 3.111 3.12 3.116 
Average   3.114 3.1122 3.1134 3.1136 
Standard Dev.   0.0120 0.0067 0.0054 0.0060 
            
Behind Block 6 0.614 0.617 0.619 0.62 
  7 0.624 0.626 0.623 0.622 
  8 0.618 0.62 0.617 0.621 
  9 0.633 0.637 0.631 0.63 
  10 0.627 0.626 0.632 0.636 
  11 0.637 0.631 0.628 0.63 
  12 0.639 0.631 0.628 0.632 
  13 0.631 0.634 0.632 0.631 
  14 0.644 0.631 0.635 0.632 
  15 0.63 0.623 0.631 0.632 
Average   0.6362 0.63 0.6308 0.6314 
Standard Dev.   0.0058 0.0041 0.0029 0.0009 
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RMS WIND SPEED [m/sec]       
            
      Sampling Time [sec] 
Probe Position Run # 30 60 90 120 
            
Freestream 1 0.131 0.127 0.121 0.125 
  2 0.118 0.124 0.122 0.122 
  3 0.122 0.119 0.125 0.123 
  4 0.119 0.122 0.127 0.123 
  5 0.122 0.124 0.125 0.123 
Average   0.1224 0.1232 0.124 0.1232 
Standard Dev.   0.0051 0.0029 0.0024 0.0011 
            
Behind Block 6 0.187 0.186 0.185 0.185 
  7 0.185 0.188 0.186 0.189 
  8 0.186 0.186 0.184 0.188 
  9 0.197 0.195 0.189 0.188 
  10 0.19 0.189 0.192 0.191 
  11 0.188 0.192 0.19 0.189 
  12 0.196 0.189 0.189 0.19 
  13 0.192 0.191 0.19 0.191 
  14 0.197 0.192 0.192 0.192 
  15 0.188 0.188 0.191 0.191 
Average   0.1922 0.1904 0.1904 0.1906 
Standard Dev.   0.0043 0.0018 0.0011 0.0011 
 
TURBULENCE INTENSITY [%]       
            
      Sampling Time [sec] 
Probe Position Run # 30 60 90 120 
            
Freestream 1 4.227 4.095 3.894 4.019 
  2 3.792 3.978 3.922 3.929 
  3 3.923 3.818 4.009 3.942 
  4 3.799 3.917 4.082 3.946 
  5 3.914 3.986 4.006 3.947 
Average   3.9311 3.9588 3.9827 3.9568 
Standard Dev.   0.1766 0.1018 0.0753 0.0356 
            
Behind Block 6 30.456 30.146 29.887 29.839 
  7 29.647 30.032 29.856 30.386 
  8 30.097 30.000 29.822 30.274 
  9 31.122 30.612 29.952 29.841 
  10 30.303 30.192 30.380 30.031 
  11 29.513 30.428 30.255 30.000 
  12 30.673 29.952 30.096 30.063 
  13 30.428 30.126 30.063 30.269 
  14 30.590 30.428 30.236 30.380 
  15 29.841 30.177 30.269 30.222 
Average   30.2091 30.2222 30.1838 30.1868
Standard Dev.   0.5068 0.2054 0.0967 0.1544 
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APPENDIX B – Altamont Pass Meteorological Statistics 
 
Altamont PWI and LLNL meteorological data: Jan. 1 - Dec. 31, 2002. 
Generated by: get_all_altamont_llnl.pl and analyze_altamont_llnl_data.m 
David Lubitz, UC Davis, Jan. 16, 2004 
 
Note: Pasquill-Gifford Scale (1=A, 6=F) 
Note: Total possible records = 17520 (365 days * 48 records per day) 
 
LLNL Data - Year 2002

Standard
Measurement Site Minimum Maximum Mean Median Deviation Units Records
Wind Speed (40 m) LLNL 0.1 14.9 3.0 2.7 1.9 m/s 15817
Wind Speed (10 m) LLNL 0.1 12.4 2.2 1.9 1.7 m/s 15817
Wind Gust (40 m) LLNL 0.2 27.4 4.8 4.3 3.0 m/s 15817
Wind Gust (10 m) LLNL 0.1 23.7 4.0 3.5 2.9 m/s 15817
Wind Direction (40 m) LLNL 0 366.0 196.1 225.0 93.9 Degrees 15817
Wind Direction (10 m) LLNL 0 368.0 190.2 218.0 91.9 Degrees 15817
Temp (40 m) LLNL -0.8 312.9 288.1 287.6 11.2 K 15817
Temp (10 m) LLNL -2.2 313.4 286.0 286.2 21.4 K 15817
Stability Class (40 m) LLNL 1 6 3.97 4 1.80 PQ Scale 15817
Stability Class (10 m) LLNL 1 6 3.93 4 1.66 PQ Scale 15817
Solar Radiation (2 m) LLNL -1 949 172.1 4 243.5 Watt/m^2 15817
Sigma Theta (40 m) LLNL 0.7 100.9 25.7 21.7 16.1 Degrees 15817
Sigma Theta (10 m) LLNL 0.5 103.9 23.7 17.5 17.0 Degrees 15817
Relative Humidity (10 m) LLNL 6 95 66.3 71 23.5 % 15817
Rainfall (2 m) LLNL 0 0.3048 0.00082 0 0.00945 cm 15817
Barometric Pressure (15 m) Sandia 998.3 1030.3 1014.9 1014.2 4.8 mb 16080
Wind Speed (10 m) Site 300 0 22.9 5.4 5.2 3.5 m/s 16031
Wind Gust (10 m) Site 300 0 36.3 7.7 7.5 4.7 m/s 16031
Wind Direction (10 m) Site 300 0 359.0 247.5 260.0 86.5 Degrees 16031
Temp (10 m) Site 300 -1.2 312.7 289.7 288.8 11.1 K 16031
Stability Class (10 m) Site 300 1 6 3.99 4 0.98 PQ Scale 16031
Sigma Theta (10 m) Site 300 0.8 102.7 15.0 10.8 13.5 Degrees 16031
Relative Humidity (10 m) Site 300 3 100 48.2 44.0 24.4 % 16031
Rainfall (10 m) Site 300 0 0.3556 0.00065 0 0.00855 cm 16031
Barometric Pressure (10 m) Site 300 995.1 1029.8 1014.4 1013.6 4.7 mb 16031  
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Altamont PWI Data - Year 2002
Standard

Measurement Site Minimum Maximum Mean Median Deviation Units Records
Wind Speed Met 127 0.2 24.0 7.7 6.8 4.4 m/s 16591
Wind Speed Met 225 0.2 19.4 6.7 6.3 3.7 m/s 16747
Wind Speed Met 427 0.2 24.6 7.8 7.0 5.1 m/s 16505
Wind Speed Met 438 0.4 29.6 6.4 6.0 3.3 m/s 16818
Wind Speed Met 624 0.4 24.0 7.0 6.7 3.1 m/s 16830
Wind Speed Met 723 0.3 24.9 7.3 6.2 4.9 m/s 16746
Wind Speed Met 821 0.3 23.2 6.7 5.7 4.9 m/s 16768
Wind Speed Met 826 0.2 24.3 7.0 5.9 5.1 m/s 15764
Wind Speed Met 832 0.4 19.5 6.6 6.2 4.3 m/s 16600
Wind Speed Met 922 0.2 21.9 7.0 6.4 4.4 m/s 16757
Wind Speed Met 926 0.2 23.2 7.4 6.9 4.8 m/s 16682
Wind Direction Met 127 0.0 360.0 230.2 228.9 100.3 Degrees 16591
Wind Direction Met 225 0.1 360.0 217.0 221.0 78.7 Degrees 16747
Wind Direction Met 427 0.0 359.8 222.6 239.9 86.9 Degrees 16505
Wind Direction Met 438 0.0 360.0 189.4 219.8 87.5 Degrees 16818
Wind Direction Met 624 0.1 360.0 200.3 214.8 80.6 Degrees 16830
Wind Direction Met 723 0.0 360.0 228.7 246.3 85.1 Degrees 16746
Wind Direction Met 821 0.1 360.0 216.3 235.1 78.4 Degrees 16768
Wind Direction Met 826 0.0 359.9 220.5 236.7 83.1 Degrees 15764
Wind Direction Met 832 0.0 360.0 211.5 217.8 72.7 Degrees 16600
Wind Direction Met 922 0.0 360.0 223.1 238.4 84.0 Degrees 16757
Wind Direction Met 926 0.1 359.9 227.8 241.9 78.6 Degrees 16682
Power (100% Turbine Availability) Met 127 0 5407 1397 295 1757 kWh/0.5h 16591
Power (100% Turbine Availability) Met 225 0 7786 1578 212 2100 kWh/0.5h 16747
Power (100% Turbine Availability) Met 427 0 1977 512 115 632 kWh/0.5h 16505
Power (100% Turbine Availability) Met 438 0 0 0 0 0 kWh/0.5h 16818
Power (100% Turbine Availability) Met 624 0 2969 703 136 902 kWh/0.5h 16830
Power (100% Turbine Availability) Met 723 0 9571 1957 74 2846 kWh/0.5h 16746
Power (100% Turbine Availability) Met 821 0 4571 982 48 1400 kWh/0.5h 16768
Power (100% Turbine Availability) Met 826 0 5209 1086 17 1586 kWh/0.5h 15764
Power (100% Turbine Availability) Met 832 0 4799 1077 66 1419 kWh/0.5h 16600
Power (100% Turbine Availability) Met 922 0 5841 1242 14 1840 kWh/0.5h 16757
Power (100% Turbine Availability) Met 926 0 2833 700 49 894 kWh/0.5h 16682
Std Dev Wind Dir Met 127 0.1 13.5 1.8 1.7 1.0 Degrees 16591
Std Dev Wind Dir Met 225 0.0 8.9 2.0 2.0 1.0 Degrees 16747
Std Dev Wind Dir Met 427 0.1 11.7 2.3 2.2 1.2 Degrees 16505
Std Dev Wind Dir Met 438 0.0 26.0 1.8 1.6 1.0 Degrees 16818
Std Dev Wind Dir Met 624 0.1 10.7 2.1 1.9 0.7 Degrees 16830
Std Dev Wind Dir Met 723 0.3 150.3 2.3 2.2 1.7 Degrees 16746
Std Dev Wind Dir Met 821 0.0 32.3 2.6 2.4 1.4 Degrees 16768
Std Dev Wind Dir Met 826 0.1 242.0 2.6 2.2 3.3 Degrees 15764
Std Dev Wind Dir Met 832 0.1 11.2 2.1 1.9 0.9 Degrees 16600
Std Dev Wind Dir Met 922 0.1 11.4 2.7 2.6 1.2 Degrees 16757
Std Dev Wind Dir Met 926 0.1 15.4 2.2 2.1 1.2 Degrees 16682
Max Wind Speed Met 127 0.2 27.6 8.7 7.9 4.5 m/s 16591
Max Wind Speed Met 225 0.2 20.3 7.9 7.5 4.0 m/s 16747
Max Wind Speed Met 427 0.2 25.2 9.0 8.4 5.4 m/s 16505
Max Wind Speed Met 438 0.4 38.3 7.3 6.9 3.5 m/s 16818
Max Wind Speed Met 624 0.4 26.8 7.9 7.5 3.3 m/s 16830
Max Wind Speed Met 723 0.5 34.3 8.6 7.5 5.4 m/s 16746
Max Wind Speed Met 821 0.4 38.5 8.2 7.2 5.4 m/s 16768
Max Wind Speed Met 826 0.2 30.0 8.5 7.8 5.4 m/s 15764
Max Wind Speed Met 832 0.4 26.8 7.7 7.3 4.3 m/s 16600
Max Wind Speed Met 922 0.2 24.9 8.4 7.8 4.8 m/s 16757
Max Wind Speed Met 926 0.2 24.5 8.7 8.3 5.1 m/s 16682
Temperature [K] Met 438 273.8 314.5 288.8 287.2 6.9 K 16818
Rel Humidity [%] Met 438 5.4 94.2 60.0 64.2 24.7 % 16818  
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Correlation Coefficients 
 

 

 

Wind Speeds [m/s]
Average

Site Measurement Met 127 Met 225 Met 427 Met 438 Met 624 Met 723 Met 821 Met 826 Met 832 Met 922 Met 926 All Towers
Met 127 Wind Speed 1.000 0.906 0.910 0.827 0.868 0.904 0.868 0.719 0.882 0.881 0.906 0.879
Met 127 Wind Dir 0.375 0.405 0.427 0.307 0.292 0.412 0.398 0.384 0.404 0.423 0.434 0.387
Met 127 Max Wind Speed 0.989 0.918 0.903 0.854 0.887 0.898 0.862 0.729 0.876 0.869 0.897 0.880
Met 127 Std Dev Wind Dir 0.354 0.484 0.342 0.536 0.522 0.346 0.325 0.370 0.329 0.298 0.328 0.385
Met 127 Power (100% Turbine Capability) 0.915 0.830 0.866 0.729 0.780 0.857 0.842 0.692 0.832 0.837 0.855 0.821
Met 225 Wind Speed 0.906 1.000 0.902 0.851 0.872 0.883 0.858 0.775 0.851 0.862 0.889 0.877
Met 225 Wind Dir 0.094 0.177 0.113 0.093 0.090 0.131 0.103 0.130 0.101 0.130 0.152 0.119
Met 225 Max Wind Speed 0.896 0.989 0.890 0.861 0.876 0.868 0.845 0.773 0.844 0.846 0.875 0.869
Met 225 Std Dev Wind Dir 0.713 0.751 0.682 0.728 0.731 0.656 0.640 0.606 0.669 0.638 0.676 0.681
Met 225 Power (100% Turbine Capability) 0.885 0.854 0.868 0.712 0.758 0.870 0.852 0.732 0.827 0.841 0.851 0.823
Met 427 Wind Speed 0.910 0.902 1.000 0.806 0.834 0.910 0.931 0.842 0.942 0.895 0.928 0.900
Met 427 Wind Dir 0.205 0.265 0.237 0.179 0.184 0.229 0.217 0.239 0.232 0.241 0.268 0.227
Met 427 Max Wind Speed 0.913 0.912 0.992 0.829 0.850 0.907 0.926 0.841 0.942 0.893 0.927 0.903
Met 427 Std Dev Wind Dir 0.715 0.724 0.674 0.727 0.712 0.645 0.652 0.549 0.684 0.657 0.699 0.676
Met 427 Power (100% Turbine Capability) 0.892 0.819 0.898 0.709 0.755 0.869 0.874 0.742 0.870 0.854 0.875 0.832
Met 438 Wind Speed 0.827 0.851 0.806 1.000 0.944 0.763 0.768 0.732 0.784 0.715 0.751 0.813
Met 438 Wind Dir 0.354 0.375 0.431 0.299 0.280 0.357 0.408 0.366 0.443 0.382 0.412 0.373
Met 438 Max Wind Speed 0.774 0.821 0.754 0.981 0.916 0.718 0.720 0.704 0.735 0.666 0.700 0.772
Met 438 Std Dev Wind Dir 0.013 0.173 0.025 0.305 0.236 0.029 0.027 0.113 0.025 -0.008 0.010 0.086
Met 624 Wind Speed 0.868 0.872 0.834 0.944 1.000 0.792 0.794 0.741 0.797 0.737 0.777 0.832
Met 624 Wind Dir 0.227 0.281 0.241 0.179 0.180 0.249 0.224 0.212 0.238 0.270 0.301 0.237
Met 624 Max Wind Speed 0.828 0.857 0.797 0.944 0.983 0.760 0.762 0.729 0.763 0.698 0.738 0.805
Met 624 Std Dev Wind Dir -0.098 0.055 -0.083 0.169 0.115 -0.075 -0.081 0.012 -0.086 -0.117 -0.100 -0.026
Met 624 Power (100% Turbine Capability) 0.862 0.827 0.844 0.807 0.847 0.822 0.829 0.747 0.809 0.768 0.783 0.813
Met 723 Wind Speed 0.904 0.883 0.910 0.763 0.792 1.000 0.904 0.798 0.876 0.935 0.894 0.878
Met 723 Wind Dir 0.186 0.205 0.207 0.123 0.127 0.214 0.178 0.169 0.189 0.221 0.234 0.187
Met 723 Max Wind Speed 0.910 0.899 0.914 0.787 0.812 0.991 0.904 0.802 0.881 0.927 0.899 0.884
Met 723 Std Dev Wind Dir 0.590 0.612 0.573 0.559 0.563 0.593 0.555 0.485 0.559 0.552 0.583 0.566
Met 723 Power (100% Turbine Capability) 0.832 0.752 0.820 0.615 0.654 0.893 0.832 0.694 0.797 0.879 0.828 0.781
Met 821 Wind Speed 0.868 0.858 0.931 0.768 0.794 0.904 1.000 0.838 0.905 0.887 0.880 0.876
Met 821 Wind Dir 0.241 0.293 0.281 0.224 0.237 0.267 0.274 0.266 0.265 0.290 0.299 0.267
Met 821 Max Wind Speed 0.876 0.869 0.935 0.786 0.807 0.904 0.988 0.838 0.912 0.887 0.887 0.881
Met 821 Std Dev Wind Dir 0.696 0.697 0.722 0.687 0.679 0.681 0.707 0.637 0.718 0.666 0.690 0.689
Met 821 Power (100% Turbine Capability) 0.797 0.774 0.849 0.676 0.717 0.853 0.880 0.848 0.822 0.805 0.783 0.800
Met 826 Wind Speed 0.719 0.775 0.842 0.732 0.741 0.798 0.838 1.000 0.823 0.742 0.726 0.794
Met 826 Wind Dir 0.127 0.185 0.180 0.135 0.126 0.166 0.157 0.218 0.177 0.178 0.183 0.167
Met 826 Max Wind Speed 0.702 0.755 0.816 0.732 0.732 0.772 0.811 0.974 0.805 0.715 0.698 0.774
Met 826 Std Dev Wind Dir 0.184 0.184 0.126 0.154 0.135 0.178 0.122 0.177 0.216 0.153 0.139 0.161
Met 826 Power (100% Turbine Capability) 0.714 0.717 0.799 0.655 0.694 0.788 0.815 0.899 0.768 0.711 0.693 0.750
Met 832 Wind Speed 0.882 0.851 0.942 0.784 0.797 0.876 0.905 0.823 1.000 0.859 0.880 0.873
Met 832 Wind Dir 0.131 0.203 0.168 0.123 0.120 0.167 0.156 0.175 0.163 0.185 0.210 0.164
Met 832 Max Wind Speed 0.877 0.865 0.935 0.818 0.821 0.871 0.901 0.830 0.988 0.851 0.873 0.875
Met 832 Std Dev Wind Dir 0.142 0.281 0.169 0.418 0.356 0.132 0.174 0.229 0.142 0.109 0.126 0.207
Met 832 Power (100% Turbine Capability) 0.827 0.777 0.880 0.688 0.732 0.853 0.880 0.845 0.880 0.801 0.803 0.815
Met 922 Wind Speed 0.881 0.862 0.895 0.715 0.737 0.935 0.887 0.742 0.859 1.000 0.919 0.858
Met 922 Wind Dir 0.179 0.204 0.206 0.147 0.156 0.197 0.174 0.191 0.189 0.202 0.213 0.187
Met 922 Max Wind Speed 0.896 0.880 0.906 0.741 0.761 0.936 0.892 0.749 0.871 0.989 0.929 0.868
Met 922 Std Dev Wind Dir 0.748 0.727 0.729 0.660 0.666 0.720 0.708 0.604 0.702 0.723 0.748 0.703
Met 922 Power (100% Turbine Capability) 0.830 0.746 0.806 0.593 0.637 0.868 0.816 0.646 0.774 0.892 0.827 0.767
Met 926 Wind Speed 0.906 0.889 0.928 0.751 0.777 0.894 0.880 0.726 0.880 0.919 1.000 0.868
Met 926 Wind Dir 0.192 0.243 0.226 0.143 0.149 0.217 0.191 0.191 0.206 0.233 0.260 0.205
Met 926 Max Wind Speed 0.909 0.904 0.929 0.778 0.798 0.895 0.880 0.738 0.885 0.915 0.991 0.875
Met 926 Std Dev Wind Dir 0.681 0.748 0.692 0.724 0.710 0.654 0.649 0.611 0.669 0.639 0.668 0.677
Met 926 Power (100% Turbine Capability) 0.861 0.792 0.867 0.652 0.694 0.860 0.857 0.709 0.834 0.862 0.885 0.807
Met 438 Temperature [K] -0.048 -0.019 -0.017 -0.054 -0.043 -0.047 -0.006 0.010 -0.035 -0.051 -0.016 -0.030
Met 438 Rel Humidity [%] 0.307 0.210 0.251 0.211 0.228 0.263 0.236 0.123 0.259 0.270 0.248 0.237

Wind Speeds [m/s]

LLNL Rainfall (2 m) 0.018 0.034 0.009 0.096 0.064 0.010 0.014 0.044 0.015 -0.014 -0.026 0.024
LLNL Solar Radiation (2 m) -0.056 0.008 -0.050 0.021 0.038 -0.091 -0.010 -0.044 -0.076 -0.070 -0.049 -0.035
LLNL Wind Speed (10 m) 0.480 0.583 0.492 0.682 0.679 0.448 0.494 0.521 0.462 0.399 0.431 0.515
LLNL Wind Gust (10 m) 0.448 0.560 0.456 0.672 0.664 0.415 0.460 0.490 0.426 0.365 0.396 0.487
LLNL Wind Direction (10 m) 0.330 0.347 0.380 0.310 0.309 0.321 0.367 0.318 0.370 0.320 0.348 0.338
LLNL Sigma Theta (10 m) -0.338 -0.318 -0.339 -0.353 -0.369 -0.315 -0.330 -0.321 -0.325 -0.307 -0.309 -0.329
LLNL Stability Class (10 m) -0.005 -0.053 -0.003 -0.049 -0.066 0.023 -0.038 0.023 0.018 0.011 -0.012 -0.014
LLNL Temp (10 m) 0.082 0.093 0.088 0.095 0.118 0.065 0.090 0.075 0.079 0.064 0.085 0.085
LLNL Relative Humidity (10 m) 0.119 0.023 0.066 0.001 0.004 0.110 0.047 -0.023 0.082 0.109 0.075 0.056
LLNL Wind Speed (40 m) 0.466 0.570 0.474 0.704 0.697 0.432 0.475 0.525 0.442 0.374 0.401 0.505
LLNL Wind Gust (40 m) 0.440 0.555 0.443 0.698 0.684 0.405 0.446 0.493 0.412 0.348 0.376 0.482
LLNL Wind Direction (40 m) 0.343 0.358 0.403 0.312 0.303 0.343 0.384 0.339 0.398 0.355 0.383 0.356
LLNL Sigma Theta (40 m) 0.238 0.224 0.237 0.165 0.168 0.241 0.228 0.183 0.233 0.235 0.250 0.218
LLNL Stability Class (40 m) 0.112 0.042 0.111 0.017 0.012 0.142 0.071 0.112 0.130 0.132 0.108 0.090
LLNL Temp (40 m) 0.025 0.039 0.038 0.047 0.065 0.007 0.040 0.031 0.026 -0.001 0.023 0.031
Site 300 Wind Speed (10 m) 0.657 0.716 0.740 0.637 0.635 0.733 0.754 0.784 0.742 0.720 0.710 0.712
Site 300 Wind Gust (10 m) 0.653 0.740 0.743 0.685 0.675 0.726 0.752 0.810 0.741 0.701 0.696 0.720
Site 300 Wind Direction (10 m) 0.036 0.063 0.064 0.004 0.011 0.078 0.065 0.078 0.055 0.084 0.084 0.057
Site 300 Sigma Theta (10 m) -0.084 -0.088 -0.120 -0.057 -0.051 -0.141 -0.151 -0.168 -0.128 -0.160 -0.122 -0.115
Site 300 Stability Class (10 m) -0.075 -0.079 -0.072 -0.086 -0.093 -0.044 -0.098 -0.025 -0.066 -0.065 -0.081 -0.071
Site 300 Temp (10 m) 0.207 0.176 0.202 0.089 0.103 0.166 0.177 0.128 0.172 0.189 0.217 0.166
Site 300 Relative Humidity (10 m) -0.217 -0.210 -0.234 -0.082 -0.091 -0.219 -0.196 -0.152 -0.205 -0.263 -0.294 -0.197
Site 300 Rainfall (10 m) -0.005 0.011 -0.001 0.061 0.039 -0.005 0.005 0.034 0.003 -0.021 -0.033 0.008
Site 300 Barometric Pressure (10 m) -0.527 -0.539 -0.537 -0.458 -0.462 -0.526 -0.511 -0.447 -0.514 -0.514 -0.557 -0.508
Sandia Barometric Pressure (15 m) -0.414 -0.431 -0.420 -0.365 -0.368 -0.406 -0.395 -0.339 -0.400 -0.394 -0.443 -0.398
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Power Production (100% Turbine Capability)
Average

Site Measurement Met 127 Met 225 Met 427 Met 438 Met 624 Met 723 Met 821 Met 826 Met 832 Met 922 Met 926 All Towers
Met 438 Temperature [K] -0.039 -0.076 -0.051 N/A -0.048 -0.076 -0.039 -0.020 -0.038 -0.074 -0.059 -0.052
Met 438 Rel Humidity [%] 0.317 0.323 0.328 N/A 0.282 0.316 0.247 0.179 0.263 0.330 0.322 0.291
LLNL Rainfall (2 m) -0.037 -0.028 -0.033 N/A -0.010 -0.038 -0.022 -0.008 -0.023 -0.044 -0.045 -0.029
LLNL Solar Radiation (2 m) -0.031 -0.074 -0.077 N/A 0.005 -0.139 -0.073 -0.079 -0.086 -0.122 -0.108 -0.078
LLNL Wind Speed (10 m) 0.436 0.425 0.399 N/A 0.568 0.297 0.426 0.443 0.412 0.279 0.335 0.402
LLNL Wind Gust (10 m) 0.390 0.381 0.347 N/A 0.529 0.254 0.380 0.401 0.362 0.237 0.286 0.357
LLNL Wind Direction (10 m) 0.355 0.333 0.346 N/A 0.361 0.282 0.318 0.299 0.333 0.283 0.322 0.323
LLNL Sigma Theta (10 m) -0.333 -0.328 -0.343 N/A -0.351 -0.293 -0.325 -0.322 -0.335 -0.284 -0.319 -0.323
LLNL Stability Class (10 m) -0.028 -0.001 0.008 N/A -0.053 0.057 0.018 0.037 0.026 0.037 0.027 0.013
LLNL Temp (10 m) 0.079 0.059 0.074 N/A 0.077 0.051 0.066 0.066 0.070 0.050 0.066 0.066
LLNL Relative Humidity (10 m) 0.146 0.169 0.159 N/A 0.106 0.193 0.099 0.047 0.105 0.206 0.175 0.140
LLNL Wind Speed (40 m) 0.405 0.400 0.369 N/A 0.550 0.272 0.411 0.439 0.397 0.248 0.306 0.380
LLNL Wind Gust (40 m) 0.364 0.359 0.321 N/A 0.514 0.232 0.366 0.394 0.347 0.210 0.260 0.337
LLNL Wind Direction (40 m) 0.359 0.339 0.359 N/A 0.354 0.303 0.322 0.302 0.342 0.301 0.342 0.332
LLNL Sigma Theta (40 m) 0.269 0.264 0.267 N/A 0.256 0.265 0.241 0.210 0.225 0.264 0.258 0.252
LLNL Stability Class (40 m) 0.097 0.121 0.133 N/A 0.046 0.192 0.129 0.137 0.142 0.170 0.156 0.132
LLNL Temp (40 m) 0.019 -0.005 0.012 N/A 0.021 -0.019 0.009 0.020 0.014 -0.019 -0.001 0.005
Site 300 Wind Speed (10 m) 0.576 0.589 0.597 N/A 0.589 0.608 0.683 0.692 0.671 0.573 0.600 0.618
Site 300 Wind Gust (10 m) 0.566 0.584 0.584 N/A 0.608 0.574 0.677 0.699 0.665 0.537 0.575 0.607
Site 300 Wind Direction (10 m) 0.013 0.021 0.028 N/A 0.015 0.042 0.048 0.049 0.055 0.034 0.029 0.033
Site 300 Sigma Theta (10 m) -0.042 -0.059 -0.068 N/A -0.033 -0.126 -0.128 -0.134 -0.117 -0.112 -0.088 -0.091
Site 300 Stability Class (10 m) -0.070 -0.035 -0.052 N/A -0.063 -0.015 -0.022 0.001 -0.023 -0.026 -0.042 -0.035
Site 300 Temp (10 m) 0.205 0.169 0.201 N/A 0.141 0.178 0.147 0.122 0.161 0.194 0.200 0.172
Site 300 Relative Humidity (10 m) -0.215 -0.186 -0.215 N/A -0.120 -0.228 -0.161 -0.138 -0.175 -0.247 -0.232 -0.192
Site 300 Rainfall (10 m) -0.043 -0.034 -0.031 N/A -0.021 -0.041 -0.021 -0.005 -0.021 -0.044 -0.047 -0.031
Site 300 Barometric Pressure (10 m) -0.463 -0.446 -0.469 N/A -0.437 -0.436 -0.415 -0.391 -0.429 -0.430 -0.457 -0.437
Sandia Barometric Pressure (15 m) -0.352 -0.330 -0.356 N/A -0.328 -0.319 -0.298 -0.281 -0.315 -0.314 -0.343 -0.324

NOTES: Met 438 has no turbines associated with it, and therefore, no power production data.  
 

Stability Classes

LLNL LLNL Site 300
(10 m) (40 m) (10 m)

LLNL Stability_Class_(10_m) 1 0.87951 0.55016
LLNL Stability_Class_(40_m) 0.87951 1 0.53861
Site_300 Stability_Class_(10_m) 0.55016 0.53861 1  
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APPENDIX C –  Non-Dimensionalized Mean Velocities For Wind Turbine Sites 
Associated With Met 127 Determined By Wind-Tunnel Testing 
 
"R values" were calculated for each turbine in the Met 127 turbine cluster. In ABLWT 
tests, R denotes a non-dimensionalized mean wind speed, defined as the wind speed at a 
measurement point divided by a reference wind speed. In this instance,  
 

 
tunnelmet

tunnelturb

U
U

R
,

,=  

 
where Uturb,tunnel is defined as the hub-height mean wind speed at a turbine location on the 
wind tunnel model, and Umet,tunnel is the mean anemometer-height mean wind speed 
measured in the wind tunnel at met tower 127. Four R values were calculated for each 
turbine, one for each wind direction tested (60°, 150°, 240° and 330°). The R values 
ranged from a high of 1.173 to a low 0.704. 
 

Turbine Direction Wind Is Blowing From [deg] Hub Turbine Direction Wind Is Blowing From [deg] Hub
Number 60 150 240 330 Height [ft] Number 60 150 240 330 Height [ft]

11 0.975 0.962 1.001 0.937 60 67 0.929 0.965 1.046 0.979 60
12 0.980 0.970 1.010 0.952 60 68 0.912 0.927 1.016 0.959 60
13 0.985 0.978 1.020 0.967 60 69 0.918 0.948 1.016 0.974 60
14 0.994 0.991 1.025 0.981 60 70 0.924 0.969 1.016 0.989 60
15 1.003 1.004 1.030 0.994 60 71 0.930 0.978 0.971 0.981 60
16 0.996 0.973 1.022 0.962 60 72 0.930 0.987 0.928 0.973 60
17 0.988 0.942 1.016 0.930 60 73 0.948 0.940 0.884 0.924 60
18 0.974 0.914 1.000 0.908 60 74 0.948 0.964 0.861 0.949 60
19 0.959 0.886 0.983 0.886 60 75 0.930 0.949 0.841 0.900 60
20 0.969 0.888 1.035 0.862 60 76 0.930 0.937 0.862 0.897 60
21 0.980 0.890 1.088 0.837 60 77 0.937 0.926 0.862 0.893 60
34 0.896 0.906 0.836 0.923 80 78 0.884 0.930 0.862 0.898 60
35 0.896 0.898 0.802 0.908 80 79 0.884 0.935 0.862 0.903 60
36 0.896 0.891 0.769 0.892 80 80 0.886 0.838 0.958 0.862 60
37 0.911 0.900 0.811 0.904 60 81 0.918 0.894 0.969 0.899 60
38 0.939 0.942 0.854 0.920 60 82 0.951 0.950 0.979 0.936 60
39 0.963 0.972 0.893 0.977 60 83 0.968 0.966 0.988 0.968 60
40 0.987 1.002 0.931 1.034 60 84 0.985 0.983 0.996 1.000 60
41 0.970 0.993 0.915 1.025 60 85 0.993 0.987 0.970 0.999 60
42 0.952 0.985 0.900 1.017 60 86 1.002 0.992 0.944 0.997 60
43 0.950 0.953 0.887 0.997 60 87 0.981 0.974 0.926 1.007 60
44 0.948 0.922 0.873 0.978 60 88 0.959 0.956 0.909 1.017 60
45 0.917 0.851 0.866 0.916 60 89 0.948 0.814 1.000 0.828 60
46 0.886 0.781 0.860 0.855 60 90 0.969 0.883 1.021 0.865 60
47 0.873 0.781 0.865 0.827 60 91 0.989 0.951 1.042 0.902 60
48 0.860 0.781 0.870 0.799 60 92 0.996 0.966 1.043 0.946 60
49 0.892 0.829 0.927 0.845 60 93 1.003 0.980 1.043 0.990 60
50 0.925 0.877 0.930 0.890 60 94 1.008 0.978 1.023 0.999 60
51 0.924 0.880 0.993 0.907 60 95 1.013 0.975 1.004 1.008 60
52 0.924 0.884 1.001 0.924 60 96 0.976 0.961 0.958 0.995 60
53 0.929 0.870 0.990 0.921 60 97 0.973 0.915 1.074 0.956 60
54 0.934 0.856 0.977 0.918 60 98 0.993 0.911 1.113 0.952 60
55 0.930 0.835 0.944 0.893 60 99 1.014 0.907 1.153 0.947 60
56 0.926 0.814 0.912 0.868 60 101 1.040 0.904 1.173 0.972 60
57 0.925 0.849 0.925 0.870 60 102 1.043 0.874 1.148 0.956 60
58 0.924 0.883 0.936 0.872 60 103 1.046 0.845 1.124 0.940 60
59 0.945 0.874 0.952 0.890 60 104 1.042 0.851 1.111 0.936 60
60 0.966 0.864 0.967 0.909 60 105 1.038 0.858 1.098 0.931 60
61 0.930 0.872 0.969 0.886 60 106 1.012 0.844 1.036 0.904 60
62 0.937 0.823 0.965 0.842 60 107 0.985 0.831 0.977 0.877 60
63 0.884 0.719 0.930 0.704 60 108 0.983 0.871 1.025 0.914 80
64 0.942 0.978 1.059 0.947 60 109 0.958 0.874 1.074 0.909 80
65 0.944 0.990 1.066 0.973 60 110 0.950 0.863 1.068 0.915 80
66 0.947 1.002 1.075 0.999 60  

 
Table C-1: R values (R = Uturb,tunnel/Umet,tunnel) for Met 127 turbine sites, determined from 
measurements in UCD ABLWT. Hub heights given are for full scale. Wind-tunnel model was 
1:2400 scale. 
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APPENDIX D – Potential10.f90 Program Listing 
 
! POTENTIAL Program Evolution

! Potential10.f90 -> Changes constant spacing in the X direction to arbitrary spacing
! defined in the input terrain file.
! D. Lubitz, Apr. 22, 2005

! Potential9.f90 --> Modified iteration "sweeping" in attempts to speed up execution time
! ie reduce the number of iterations needed.

! Potential8.f90 --> Added "terrain filling" option, set in setup file, to account
! for wake regions behind hill. Specify critical slope using ALPHA in
! setup file. Set ALPHA = 0.0 for unfilled terrain.

! Potential7.f90 --> Uses parabolic discretization, variable y grid spacing and appends
! speed-up profiles and run data to one file. Setup file can be
! specified on command line.

! Potential5.f90 --> Changed discretization to better approximate potential near terrain.

! Potential4.f90 --> New version of potential3.f90 that uses parabolic
! fits to estimate second derivatives instead of
! Taylor series.

! Potential3.f90 --> Grid changed to a terrain following grid at the bottom that tapers
! to a uniform grid at the top of the domain. Terrain following grid
! method was ultimately discarded.

! Potential2.f90 --> Reads input parameters from a setup "potential.inp" file instead of
! from parameter statements within program

! Potential.f90 --> Solution of Laplace's equation over a uniformly spaced grid using
! Taylor Series discretizations.
! D. Lubitz, March 14 2005
!
! =======================================================================================

! -------------------------------------------------------------
! Parameter and variable definitions
! -------------------------------------------------------------

Module Variables
implicit none

! Set parameters
! character(len=90), parameter ::SETUP_FILE = 'potential.inp'
integer, parameter ::MX = 1000 ! Maximum array size in X direction
integer, parameter ::MY = 1000 ! Maximum array size in Y direction
integer, parameter ::ITER_METHOD = 3 ! 1 = Standard 2 = Alternating Direction 3 = 4-

! Way Alternating

! Define grid variables
integer ::NXIN != 51 ! # entries in upwind and downwind files
integer ::NY != 200 ! # of grid cells in Y dir
real ::DX != 10 ! grid size in X dir
real ::DY != 5 ! grid size in Y dir

! Define file name variables
character(len=90) ::INPUT_FILE != 'potential.inp'
character(len=90) ::UPWIND_FILE != 'Met127_240_radial.csv'
character(len=90) ::DOWNWIND_FILE != 'Met127_060_radial.csv'
character(len=90) ::INITIAL_P_FILE != 'Initial_Potential_Array.csv'
character(len=90) ::FINAL_P_FILE != 'Final_Potential_Array.csv'
character(len=90) ::VELOCITY_FILE != 'Velocity_Array.csv'
character(len=90) ::U_FILE != 'U_Array.csv'
character(len=90) ::V_FILE != 'V_Array.csv'
character(len=90) ::PRESS_FILE != 'Press_Array.csv'
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! Define iteration variables
integer ::NUMITERS != 10000 ! max number of iterations to compute potential field
real ::MAXDEV != 0.0001 ! max variation in p between iterations to declare p

! converged

! Define additional simulation variables
real ::ALPHA != 0.12 ! slope angle above which lee slopes are filled
real ::DELTA != 1.0 ! vertical grid spacing multiplier
real ::UREF != 10 ! reference velocity [m/s]
real ::RHO != 1.20 ! air density [kg/m^3] (Used to determine pressure)

! Declare remaining parameters and variables
integer ::NX != 2*nxin-1 ! # of grid cells in X dir
! NOTE: Need to set max array size MX, MY above >= NX, NY
real, dimension(MX,MY) ::p(MX, MY) ! potential at X, Y
real, dimension(MX,MY) ::rx(MX) ! real world (eg UTM meters) X position of terrain point
real, dimension(MX,MY) ::ry(MX) ! real world (eg UTM meters) Y position of terrain point
real, dimension(MX,MY) ::dl(MX, MY) ! distance between (i,j) and (i-1,j) "left"
real, dimension(MX,MY) ::dr(MX, MY) ! distance between (i,j) and (i+1,j) "right"
real, dimension(MX,MY) ::du(MX, MY) ! distance between (i,j) and (i,j+1) "up"
real, dimension(MX,MY) ::dd(MX, MY) ! distance between (i,j) and (i,j-1) "down"
real, dimension(MX,MY) ::t1(MX,MY) ! t1 - Pre-calculated values in potential calculation
real, dimension(MX,MY) ::t2(MX,MY) ! t2 - Pre-calculated values in potential calculation
real, dimension(MX,MY) ::t3(MX,MY) ! t3 - Pre-calculated values in potential calculation
real, dimension(MX,MY) ::t4(MX,MY) ! t4 - Pre-calculated values in potential calculation
real, dimension(MX,MY) ::t5(MX,MY) ! t4 - Pre-calculated values in potential calculation
real, dimension(MX,MY) ::u(MX, MY) ! U velocity component at X, Y
real, dimension(MX,MY) ::v(MX, MY) ! V velocity component at X, Y
real, dimension(MX,MY) ::ws(MX, MY) ! total velocity magnitude (wind speed) at X, Y
real, dimension(MX,MY) ::press(MX, MY)! pressure field at X, Y. Calc'd from velocity field
real, dimension(MX) ::terrain(MX) ! terrain height as imported
real, dimension(MX) ::terrain2(MX) ! terrain height in units of grid cells
real, dimension(MX) ::gx(MX) ! grid point positions in X direction
real, dimension(MX,MY) ::gy(MX,MY) ! grid point positions in Y direction
real, dimension(MX) ::delx(MX-1) ! grid spacing in X direction
real, dimension(MX,MY) ::dely(MX-1,MY-1)! grid spacing in Y direction
real, dimension(MY) ::height(MY) ! physical height AGL at central profile
real, dimension(MY) ::speedup(MY) ! speedup factors at central profile

! Define additional variables
integer ::i,j,k ! index variables
integer ::flag ! flag variable for checks
real ::temp, temp1, temp2 ! temporary variables
integer(2) ::tempi, tempi1 ! temporary variable
character(len=90) ::temps ! temporary variable
character(len=90) ::temps2 ! temporary variable

CHARACTER*90 firstarg ! Used in reading command line
INTEGER*2 IARG,STAT1 ! Used in reading command line
INTEGER(4) start_time ! Used to record start time of run
INTEGER(4) end_time ! Used to record end time of run

real ::maxelev, minelev ! max and min elevations in data
integer ::maxelev2 ! max terrain height in grid units
real ::pl ! interpolated potential to left of point
real ::pr ! interpolated potential to right of point
real ::pgrad ! BC vertical potential gradient
integer ::numiterations ! number of iterations required to converge
real ::enddev ! maximum deviation of last iteration

End module Variables

! -------------------------------------------------------------
! Start of program
! -------------------------------------------------------------

program potential
use Variables
use MSFLIB ! This is used for reading command line only
use PORTLIB ! Only used for keeping track of time (not necessary for program operation)
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implicit none

! Get name of input file from command line
! If no file entered, use 'potential.inp'
tempi1 = NARGS()
if( tempi1 .gt. 1 ) then

IARG=1
CALL GETARG(IARG,firstarg,STAT1)

write(*,*) 'Command line: ', firstarg
INPUT_FILE = firstarg

else
INPUT_FILE = 'potential.inp'

endif
write( *,* ) 'Setup file used: ',INPUT_FILE

! Read in setup information
call GetSetup

! Print starting info to screen
write(*,*) 'Run information:'
write(*,*) ' Number of records in input files = ',nxin
write(*,*) ' Domain size is: NX = ',NX,', NY = ',NY
write(*,*) ' Upwind terrain file is ',upwind_file
write(*,*) ' Downwind terrain file is ',downwind_file

! Read in and process terrain profile data
call GetData

! Generate grid
call GenerateGrid

! Set remaining boundary conditions
call SetBCs

! Write out initial P array
call WriteOutP( INITIAL_P_FILE )

start_time = TIME()

! Iterate potential field
call ComputePotential

end_time = TIME()
end_time = end_time - start_time
write( *,* ) 'Time required for iteration = ',end_time

! Write out final P array
call WriteOutP( FINAL_P_FILE )

! Compute velocity field from potential field
call ComputeVelocity

! Write out final velocity arrays
call WriteOutVelocity

! Compute values for central profile and append to log file
call Calculations

! End of program

end

! -------------------------------------------------------------
! SUBROUTINES
! -------------------------------------------------------------

! -------------------------------------------------------------
! Subroutine reads in model setup info from SETUP_FILE
! -------------------------------------------------------------
subroutine GetSetup
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use Variables

write(*,*) 'Sub GetSetup: INPUT_FILE = ',INPUT_FILE

open(unit=9,file=INPUT_FILE,form='formatted',action='read')

! First five lines are header
do i=1,5

read(9,*) temps
end do

read(9,*) temps ! Read in title line for this section
read(9,1) NXIN
write(*,*) 'NXIN = ',NXIN
read(9,1) NY
write(*,*) 'NY = ',NY
read(9,3) DX
write(*,*) 'DX = ',DX
read(9,3) DY
write(*,*) 'DY = ',DY
1 format(I8)

! Read filenames
read(9,*) temps ! Read in title line for this section
read(9,*) temps
read(9,2) UPWIND_FILE
write(*,*) temps, UPWIND_FILE
read(9,*) temps
read(9,2) DOWNWIND_FILE
write(*,*) temps, DOWNWIND_FILE
read(9,*) temps
read(9,2) INITIAL_P_FILE
write(*,*) temps, INITIAL_P_FILE
read(9,*) temps
read(9,2) FINAL_P_FILE
write(*,*) temps, FINAL_P_FILE
read(9,*) temps
read(9,2) VELOCITY_FILE
write(*,*) temps, VELOCITY_FILE
read(9,*) temps
read(9,2) U_FILE
write(*,*) temps, U_FILE
read(9,*) temps
read(9,2) V_FILE
write(*,*) temps, V_FILE
read(9,*) temps
read(9,2) PRESS_FILE
write(*,*) temps, PRESS_FILE
2 format(A)

! Read iteration parameters
read(9,*) temps ! Read in title line for this section
read(9,1) NUMITERS
write(*,*) 'NUMITERS = ',NUMITERS
read(9,3) MAXDEV
write(*,*) 'MAXDEV = ',MAXDEV
3 format(F10.8)

! Read boundary condition parameters
read(9,*) temps ! Read in title line for this section
read(9,3) ALPHA
write(*,*) 'ALPHA = ',ALPHA
read(9,3) DELTA
write(*,*) 'DELTA = ',DELTA
read(9,3) UREF
write(*,*) 'UREF = ',UREF
read(9,3) RHO
write(*,*) 'RHO = ',RHO

close(9)
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! Calculate NX
NX = 2*NXIN - 1 ! # of grid cells in X dir
write(*,*) 'NX = ',NX

end subroutine GetSetup

! -------------------------------------------------------------
! Subroutine to read terrain profile data
! -------------------------------------------------------------

subroutine GetData
use Variables

write(*,*) 'Loading and processing elevation data.'

open(unit=11,file=UPWIND_FILE,form='formatted',action='read')
open(unit=13,file=DOWNWIND_FILE,form='formatted',action='read')
fileread: do i=1,NXIN

read(11,*) rx(NXIN-i+1), ry(NXIN-i+1), terrain(NXIN-i+1)
read(13,*) rx(i+NXIN-1), ry(i+NXIN-1), terrain(i+NXIN-1)

end do fileread
close(11)
close(13)

! Immediately calculate gx(i) and delx(i): Needed for terrain filling
do i=1,NX

gx(i) = sqrt( (rx(i)-rx(NXIN))*(rx(i)-rx(NXIN)) + (ry(i)-ry(NXIN))*(ry(i)-
ry(NXIN)) )

! Make upwind direction negative, downwind positive
if( i .lt. NXIN ) then

gx(i) = gx(i) * (-1.0)
endif

end do

do i=1,NX-1
delx(i) = gx(i+1) - gx(i)

end do

write(*,*) 'Upwind maximum domain extent = ',gx(1)
write(*,*) 'Downwind maximum domain extend = ',gx(NX)

! Save the unfilled terrain to a file
open(unit=12,file='terrain_original.csv',form='formatted',action='write')
do i=1,NX

write(12,*) i,gx(i),terrain(i)
end do
close(12)

! Fill terrain before fitting grid. Only fill if ALPHA .ne. 0.0
if( ALPHA .ne. 0.0 ) then

write(*,*) 'Filling all terrain with lee slopes > ', ALPHA
flag = 0
i = 0
do i=1,NX-1

! Is slope from i to i+1 steeper than ALPHA?
! If so, modify i+1 to make it an ALPHA slope from i
temp = (terrain(i) - terrain(i+1)) / delx(i)
if( temp .gt. ALPHA ) then

temp1 = terrain(i) - ALPHA*delx(i)
terrain(i+1) = temp1
if( i .eq. NXIN ) write(*,*) 'WARNING: Filling central domain

point!'
endif

end do
endif

! Save the filled terrain to a file
open(unit=12,file='terrain_filled.csv',form='formatted',action='write')
do i=1,NX
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write(12,*) i,gx(i),terrain(i)
end do
close(12)

! Store the terrain as read in for use in GenerateGrid
do i=1,NX

terrain2(i) = terrain(i)
end do

! Check the data: Find minimum and maximum elevations in physical units

minelev = 99999999999. ! Minimum elevation in physical units (eg meters)
maxelev = -99999999999. ! Maximum elevation in physical units (eg meters)
do i=1,NX

! write(*,*) ' Terrain: ',i,terrain(i)
if( terrain(i) .lt. minelev ) then

minelev = terrain(i)
! write(*,*) 'Max elev. = ',maxelev,' Min elev. = ',minelev

endif
if( terrain(i) .gt. maxelev ) then

maxelev = terrain(i)
! write(*,*) 'Max elev. = ',maxelev,' Min elev. = ',minelev

endif
end do
write(*,*) 'Max elev. = ',maxelev,' Min elev. = ',minelev

! Convert elevations stored in "terrain()" to grid Y units

flag=0
maxelev2 = -999999
do i=1,NX

! NOTE: terrain(i) is RE-CALCULATED IN ComputePotential. THIS PART CAN BE REMOVED
terrain(i) = 2+int((terrain(i) - minelev)/DY) ! Changed from 1+int....
! write(*,*) 'Terrain height in grid cells: ', i, terrain(i)
!if( terrain(i) .gt. (NY - 3) ) then
! write(*,*) 'Warning: Terrain height near or exceeds domain:',terrain(i),NY
! flag=1
!endif
if( terrain(i) .gt. maxelev2 ) then

maxelev2 = terrain(i)
endif
! write(*,*) 'terrain, terrain2, i: ',terrain(i), terrain2(i), i

end do
! if( flag .eq. 1) stop
write( *,* ) 'Max terrain height compared to grid height: ',maxelev2, NY

end subroutine GetData

! -------------------------------------------------------------
! Subroutine generates grid point locations
! -------------------------------------------------------------

subroutine GenerateGrid
use Variables

write(*,*) 'Generating grid.'

! Generate y grid

! Propogate grid downward until below minelev to determine height of row 1
write(*,*) 'Elevation of central point: ',terrain2(NXIN)
temp = terrain2(NXIN)+(DY/2.)
k = 0
do while( temp .gt. minelev )

temp2 = DY * (DELTA**k)
temp = temp - temp2
! write(*,*) 'Down: k temp minelev = ',k,temp,minelev
k = k + 1

end do
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! temp is now the level of row 1, below minelev
! k is now the count to the bottom row
! Now loop through and write out gy for all points BELOW central point
gy(1,1) = temp
write(*,*) 'Domain bottom elevation = ',gy(1,1)
tempi = k
do m=2,tempi+1

temp = temp + DY*(DELTA**(k-1))
gy(1,m) = temp
k = k - 1
! write(*,*) 'Up: m k gy(m) = ',m,k,gy(1,m)

end do
! now m is the grid index of the central point
! Propogate vertical grid upward until NY reached
k=0
do j=m,NY
temp = temp + DY*(DELTA**k)

gy(1,j) = temp
k = k + 1
! write(*,*) 'Up: j k gy(j) = ',j,k,gy(1,j)

end do
write(*,*) 'Domain top elevation = ',gy(1,NY)

! Calculate vertical spacing between rows, store in dely
do j=1,NY-1

dely(1,j) = gy(1,j+1) - gy(1,j)
end do

! Propograte it across
do i=2,NX

do j=1,NY
gy(i,j) = gy(i-1,j)
dely(i,j) = dely(i-1,j)

end do
end do

! Calculate dl, dr, du, dd for each interior point
write(*,*) 'Calculating dl, dr, du and dd for each point.'
do i=2,NX-1

do j=2,NY-1
! Calculate initial "default" value for each point
dl(i,j) = gx(i) - gx(i-1)
dr(i,j) = gx(i+1) - gx(i)
du(i,j) = gy(i,j+1) - gy(i,j)
dd(i,j) = gy(i,j) - gy(i,j-1)

! Modify values if point is near the surface
! If point is below surface, ignore it
if( gy(i,j) .gt. terrain2(i) ) then

! Modify dd
if( terrain2(i) .gt. gy(i,j-1) ) then

dd(i,j) = gy(i,j) - terrain2(i)
endif

! Modify dr
if( terrain2(i+1) .gt. gy(i+1,j) ) then

dr(i,j) = delx(i) + (gy(i+1,j) - terrain2(i+1))*( delx(i) /
( terrain2(i+1) - terrain2(i) ) )

endif

! Modify dl
if( terrain2(i-1) .gt. gy(i-1,j) ) then

dl(i,j) = delx(i-1) + (gy(i-1,j) - terrain2(i-1))*( delx(i-
1) / ( terrain2(i-1) - terrain2(i) ) )

endif
end if

end do
end do

end subroutine GenerateGrid
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! -------------------------------------------------------------
! Subroutine to set domain boundary conditions
! -------------------------------------------------------------

subroutine SetBCs
use Variables

write(*,*) 'Determing boundary conditions.'

! Write zeroes into regions "at and below surface"

do i=1,NX
! write(*,*) 'Writing zeroes ',i, terrain(i)
do j=1,terrain(i)

p(i,j) = 0.
end do

end do

! Write IC at X=1. Also extrapolate velocity profile across domain
! for start of iteration
! Start by assuming uniform velocity profile
! This means the stream function is evenly spaced, dpdy = constant
! p = 0 at surface and increases uniformly upward

! Calculate upwind potential profile (ie find p for i=1 and all j)
do j=1,NY

if( terrain2(1) .lt. gy(1,j) ) then
p(1,j) = (gy(1,j) - terrain2(1)) * UREF

else
p(1,j) = 0

endif
end do

! Show vertical potential distribution
write(*,*) 'Upwind terrain height terrain2 = ',terrain2(1)
!do j=1,NY
! write(*,*) 'j dely(1,j) p(1,j): ',j,dely(1,j),p(1,j)
!end do

! Save the potential gradient
pgrad = (p(1,NY-1) - p(1,NY-2)) / dely(1,NY-2)
write(*,*) 'Potential gradient dp/dy = ',pgrad

! Calculate downwind potential profile (ie find p for i=1 and all j)
do j=1,NY

if( terrain2(NX) .lt. gy(NX,j) ) then
p(NX,j) = (gy(NX,j) - terrain2(NX)) * UREF

else
p(NX,j) = 0

endif
end do

! Now extrapolate these two end cases across domain: use a weighted average
! based on horizontal location. For points below local ground level, let p=0
temp1 = gx(NX) - gx(1)
do i=2,NX-1

temp2 = gx(i) - gx(1)
do j=1,NY

if( terrain2(i) .lt. gy(i,j) ) then
p(i,j) = (temp2/temp1)*p(NX,j) + ((temp1-temp2)/temp1)*p(1,j)

else
p(i,j) = 0

endif
end do

end do

end subroutine SetBCs

! -------------------------------------------------------------
! Subroutine saves the array p() to file
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! -------------------------------------------------------------
subroutine WriteOutP( filename )
use Variables
character(len=90) ::filename

write(*,*) 'Saving potential field to ',filename

open(unit=12,file=filename,form='formatted',action='write')

! Write out layers in reverse, so that top level (y=NY) is at the top
do j = NY,1,-1

write(12,123) (p(i,j),',', i = 1, NX)
!123 format (1001(F9.3,A))
123 format (1001(E9.3,A))
end do

close(12)

end subroutine WriteOutP

! -------------------------------------------------------------
! Subroutine computes potential field p() iteratively
! -------------------------------------------------------------
subroutine ComputePotential
use Variables

! Pre-calculate parts of the terms based on grid geometry
write(*,*) 'Pre-calculating parts of formula based on grid geometry.'
do i=2,NX-1

do j=2,NY-1
! write(*,*) '==> Pre-calculating i j: ',i,j
! write(*,*) 'dl dr du dd: ',dl(i,j),dr(i,j),du(i,j),dd(i,j)
! write(*,*) ' dl(i,j) = DX + (gy(i-1,j) - terrain2(i-1))*( DX / (

terrain2(i-1) - terrain2(i) ) )'
! write(*,*) ' gy(i-1,j) terrain2(i-1) terrain2(i):',gy(i-

1,j),terrain2(i-1),terrain2(i)
t1(i,j) = dr(i,j)*(dr(i,j)+dl(i,j))
t2(i,j) = dl(i,j)*(dr(i,j)+dl(i,j))
t3(i,j) = du(i,j)*(du(i,j)+dd(i,j))
t4(i,j) = dd(i,j)*(du(i,j)+dd(i,j))
! write(*,*) 'Ts: ',t1(i,j),t2(i,j),t3(i,j),t4(i,j)

t5(i,j) = (1./t1(i,j)) + (1./t2(i,j)) + (1./t3(i,j)) + (1./t4(i,j))
end do

end do

! Pre-calculate terrain(i), the first zero grid point
! write(*,*) 'Calculation of terrain(i):'
do i=1,NX

j=1
flag = 0
do while( flag == 0 )

if( gy(i,j) .lt. terrain2(i) ) then
terrain(i) = j

else
flag = 1

endif
j = j + 1

end do
! write(*,*) 'i terrain(i) terrain2(i): ',i,terrain(i),terrain2(i)

end do

! Iterate through each point and update potential
write(*,*) 'Beginning iteration'
! temp2 = ( DX*DX ) / ( DY*DY )
flag = 0
do k=1,NUMITERS

if( flag .eq. 0 ) then ! Skip interpolation if already converged
if( mod(k,250) .eq. 0 ) write(*,*) ' Iteration, Dev, X, Y =',k, temp2,

tempi, tempi1
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! Comnpute potential at each point
temp1 = 0
do i=2,NX-1

do j=terrain(i)+1,NY-1 ! Note: Must have already set the value of i
before assigning j

! write(*,*) 'I,J,K --> ',i,j,k
! Calculate p(i,j)

temp = p(i,j)
p(i,j) = (1./t5(i,j))*( (p(i+1,j)/t1(i,j))+(p(i-

1,j)/t2(i,j))+(p(i,j+1)/t3(i,j))+(p(i,j-1)/t4(i,j)) )
if( abs(temp - p(i,j)) .gt. temp1 ) then

temp1 = abs(temp - p(i,j))
temp2 = temp - p(i,j)
tempi = i
tempi1 = j

endif
end do

end do

! If using alternating method, do another iteration in alternate direction
if( ITER_METHOD .gt. 1 ) then

! Comnpute potential at each point
temp1 = 0
do i=NX-1,2,-1

do j=NY-1,terrain(i)+1,-1
temp = p(i,j)
p(i,j) = (1./t5(i,j))*( (p(i+1,j)/t1(i,j))+(p(i-

1,j)/t2(i,j))+(p(i,j+1)/t3(i,j))+(p(i,j-1)/t4(i,j)) )
if( abs(temp - p(i,j)) .gt. temp1 ) temp1 = abs(temp

- p(i,j))
end do

end do
endif

! If using alternating method, do another iteration in alternate direction
if( ITER_METHOD .gt. 2 ) then

! Comnpute potential at each point
temp1 = 0
do j=2,NY-1

do i=2,NX-1
if( j .gt. terrain(i) ) then

temp = p(i,j)
p(i,j) = (1./t5(i,j))*(

(p(i+1,j)/t1(i,j))+(p(i-1,j)/t2(i,j))+(p(i,j+1)/t3(i,j))+(p(i,j-1)/t4(i,j)) )
if( abs(temp - p(i,j)) .gt. temp1 ) temp1 =

abs(temp - p(i,j))
endif

end do
end do

endif

! If using alternating method, do another iteration in alternate direction
if( ITER_METHOD .gt. 2 ) then

! Comnpute potential at each point
temp1 = 0
do j=NY-1,2,-1

do i=NX-1,2,-1
if( j .gt. terrain(i) ) then

temp = p(i,j)
p(i,j) = (1./t5(i,j))*(

(p(i+1,j)/t1(i,j))+(p(i-1,j)/t2(i,j))+(p(i,j+1)/t3(i,j))+(p(i,j-1)/t4(i,j)) )
if( abs(temp - p(i,j)) .gt. temp1 ) temp1 =

abs(temp - p(i,j))
endif

end do
end do

endif

endif
! if( mod(k,10) == 0) write(*,*) 'Iteration and Deviation',k, temp1
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if( temp1 .lt. MAXDEV .and. flag == 0 ) then
numiterations = k
enddev = temp1
write(*,*) 'Converged. Number of iterations = ', numiterations
flag = 1

endif
end do
if( flag .eq. 0 ) then

write(*,*) 'WARNING: Did not converge. Iterations and Dev.: ',NUMITERS, temp1
numiterations = NUMITERS
enddev = temp1

endif

end subroutine ComputePotential

! -------------------------------------------------------------
! Subroutine computes velocity components from potential field
! -------------------------------------------------------------
subroutine ComputeVelocity
use Variables

! Iterate through each point and calculate velocity components
! Recall: u = dp/dy v = -dp/dx
do i=2,NX-1

! do j=(terrain(i)+1),NY-1
! NOTE This needs to be updated for non-orthogonal grid
do j=2,NY-1

u(i,j) = (p(i,j+1) - p(i,j-1)) / (dely(i,j-1)+dely(i,j))
v(i,j) = -(p(i+1,j) - p(i-1,j)) / (delx(i-1)+delx(i))
ws(i,j) = sqrt( u(i,j)*u(i,j) + v(i,j)*v(i,j) )
press(i,j) = 0.5*RHO*( ws(2,NY-1)*ws(2,NY-1) - (ws(i,j)*ws(i,j)) )

end do
end do

end subroutine ComputeVelocity

! -------------------------------------------------------------
! Subroutine saves the arrays ws(), u(), v() and press() to files
! -------------------------------------------------------------
subroutine WriteOutVelocity
use Variables

! Write out layers in reverse, so that top level (y=NY) is at the top

! Write out total velocity ws()
open(unit=12,file=VELOCITY_FILE,form='formatted',action='write')
! write(12,*) 'Magnitude of Velocity:'
do j = NY,1,-1

write(12,124) (ws(i,j),',', i = 1, NX)
!124 format (1001(F9.3,A))
124 format (1001(E14.7,A))
end do
close(12)

! Write out U component velocity u()
open(unit=12,file=U_FILE,form='formatted',action='write')
! write(12,*) 'U Component of Velocity'
do j = NY,1,-1

write(12,124) (u(i,j),',', i = 1, NX)
end do
close(12)

! Write out V component velocity u()
open(unit=12,file=V_FILE,form='formatted',action='write')
! write(12,*) 'V Component of Velocity'
do j = NY,1,-1

write(12,124) (v(i,j),',', i = 1, NX)
end do
close(12)
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! Write out pressure press()
open(unit=12,file=PRESS_FILE,form='formatted',action='write')
! write(12,*) 'Pressure'
do j = NY,1,-1

write(12,124) (press(i,j),',', i = 1, NX)
end do
close(12)

! Write out Y grid location information
open(unit=12,file='delY_Grid_Spacing.csv',form='formatted',action='write')
do j = NY,1,-1

write(12,225) (dely(i,j),',', i = 1, NX)
225 format (1001(F9.3,A))
end do
close(12)

! Write out X and Y coordinates of grid
open(unit=12,file='delY.csv',form='formatted',action='write')
do j=1,NY

write(12,125) (gy(1,j))
125 format (F12.3)

end do
close(12)

open(unit=12,file='delX.csv',form='formatted',action='write')
write(12,135) (gx(i),',', i = 1, NX)
135 format (1001(F12.3,A))
close(12)

end subroutine WriteOutVelocity

! -------------------------------------------------------------
! Subroutine prints to screen values for central profile
! Also appends data to a file
! -------------------------------------------------------------
subroutine Calculations
use Variables
implicit none

! Calcaulte results and write out to screen

! Change normalizing value of dpdy used for speedup
! Use top of domain directly above hill
! Therefore, redefine pgrad for use here
pgrad = (p(NXIN,NY-1) - p(NXIN,NY-2)) / dely(NXIN,NY-2)

write(*,226) 'Grid','Height','WindSpd','U','Pot','Spd-Up'
226 format( A5, 3X, A8, 4X, A8, 4X, A8, 4X, A8, 4X, A8 )
do j=NY-1,terrain(NXIN)+2,-1

! Calculate height AGL
temp = gy(NXIN,j-1) - terrain2(NXIN)
height(j) = temp

temp2 = (p(NXIN,NY-1) - p(NXIN,NY-2)) / dely(NXIN,NY-1)

! Calculate speed-up factor dS = ( dp/dy - (dp/dy)o ) / (dp/dy)o
! Assume uniform approach potential field (ie ALPHA = 0.0)
! Then (dp/dy)o = constant = pgrad for all z
if( j .eq. terrain(NXIN) ) then

temp1 = (p(NXIN,j) - 0.0) / temp
else

temp1 = (p(NXIN,j) - p(NXIN,j-1)) / dely(NXIN,j)
endif
!temp1 = (temp1 - pgrad) / pgrad
speedup(j) = (temp1 - temp2) / temp2
!speedup(j) = temp1
!speedup(j) = ws(2,NY-1) !ws(NXIN,j) !- ws(2,NY-1)) / ws(2,NY-1)

write(*,126) j, temp, ws(NXIN,j), u(NXIN,j), p(NXIN,j), speedup(j)
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126 format( I4, 4X, f10.3, 4X, E10.3, 4X, E10.3, 4X, E10.3, 4X, E10.3 )
end do
write(*,226) 'Grid','Height','WindSpd','U','Pot','SpedUp'

! Append results to file
open(unit=16,file='potential8_speed-
up.csv',form='formatted',action='write',access='append')

tempi = len_trim(UPWIND_FILE)-4 ! Trim carriage return and extension from filename
write(16,131) 'Profile,',UPWIND_FILE(1:tempi), ',DY,',DY, ',DELTA,',DELTA, ',NY,',NY,
',Max Elev,',gy(NXIN,NY),
',NXIN,',NXIN,',DX,',DX,',MAXDEV,',MAXDEV,',Iterations,',numiterations,',End Dev.',enddev
131 format ( A, A, A, F12.3, A, F9.3, A, I8,
A, F15.3, A, I8, A, F12.4, A, E12.4, A, I8,
A, E12.4 )

!write(16,129) (height(j),',', j=NY-1,terrain(NXIN)+1,-1)
write(16,129) (height(j),',', j=terrain(NXIN)+2,NY-1)
129 format (1001(F18.7,A))

!write(16,130) (speedup(j),',', j=NY-1,terrain(NXIN)+1,-1)
write(16,130) (speedup(j),',', j=terrain(NXIN)+2,NY-1)
130 format (1001(F14.7,A))

close(16)

end subroutine Calculations
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APPENDIX E – Example “Potential.inp” Setup File 
 
Example of setup file Potential.inp used to set simulation parameters for Potential10.f90. 
 
Input file for potential10.f90
Met 127 north wind test
First variable NXIN should be on line 8
Blank lines get skipped when doing read( ,*)
The first five lines of the file are comments

! SET GRID INFO BELOW
35 NXIN ! # entries in upwind and downwind files
90 NY ! # of grid cells in Y dir
10. DX ! grid size in X dir
1.0 DY ! grid size in Y dir

! SET FILE NAMES BELOW
UPWIND_FILE =
Avg_dtheta44_M127_000_radial_dx10.csv
DOWNWIND_FILE =
Avg_dtheta44_M127_180_radial_dx10.csv
INITIAL_P_FILE =
Initial_Potential_Array.csv
FINAL_P_FILE =
Final_Potential_Array.csv
VELOCITY_FILE =
WS_M127_000.csv
U_FILE =
U_M127_000.csv
V_FILE =
V_M127_000.csv
PRESS_FILE =
Press_M127_000.csv

! SET ITERATION PARAMETERS BELOW
100000 NUMITERS ! max number of iterations
0.000001 MAXDEV ! max variation in p before convergence completed

! SET BC PARAMETERS BELOW (Include decimals in each variable)
0.0 ALPHA ! Maximum lee side slope to be left unfilled
1.1 DELTA ! multiplier for vertical grid cell spacing
10.0 UREF ! reference velocity [m/s]
1.20 RHO ! air density [kg/m^3] (Used to determine pressure) 
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APPENDIX F – Met 127 R Values Determined By ABLWT and Potential Flow 
Simulations 
 
Potential10 R Values (Uturb/Umet) ABLWT R Values using (Uturb/Umet)
(Fill = 0.12)

Wind Direction Wind Direction
60 150 240 330 60 150 240 330

Minimum 0.831 0.763 0.840 0.759 Minimum 0.860 0.719 0.769 0.704
Mean 0.953 0.910 0.960 0.913 Mean 0.954 0.913 0.973 0.929
Maximum 1.030 1.041 1.055 1.034 Maximum 1.046 1.004 1.173 1.034

Wind Direction Wind Direction
Turbine 60 150 240 330 Turbine 60 150 240 330

6 1.001 0.988 0.898 1.001 6
7 1.001 0.911 0.908 0.954 7
8 0.988 0.839 0.912 0.919 8
9 0.981 0.802 0.913 0.886 9
10 0.961 0.839 0.936 0.786 10
11 0.979 0.917 0.971 0.915 11 0.975 0.962 1.001 0.937
12 1.001 0.957 0.990 0.964 12 0.980 0.970 1.010 0.952
13 1.008 0.986 1.000 0.994 13 0.985 0.978 1.020 0.967
14 1.023 1.009 0.999 1.013 14 0.994 0.991 1.025 0.981
15 1.022 0.995 0.976 1.000 15 1.003 1.004 1.030 0.994
16 1.018 0.947 0.968 0.959 16 0.996 0.973 1.022 0.962
17 1.016 0.914 0.968 0.925 17 0.988 0.942 1.016 0.930
18 1.005 0.877 0.960 0.888 18 0.974 0.914 1.000 0.908
19 0.990 0.838 0.960 0.850 19 0.959 0.886 0.983 0.886
20 0.993 0.878 0.978 0.845 20 0.969 0.888 1.035 0.862
21 1.030 0.938 1.009 0.935 21 0.980 0.890 1.088 0.837
34 0.854 0.867 0.862 0.878 34 0.896 0.906 0.836 0.923
35 0.854 0.873 0.857 0.884 35 0.896 0.898 0.802 0.908
36 0.835 0.863 0.854 0.870 36 0.896 0.891 0.769 0.892
37 0.831 0.845 0.840 0.848 37 0.911 0.900 0.811 0.904
38 0.862 0.900 0.877 0.893 38 0.939 0.942 0.854 0.920
39 0.895 0.951 0.917 0.959 39 0.963 0.972 0.893 0.977
40 0.934 1.009 0.952 1.019 40 0.987 1.002 0.931 1.034
41 0.956 1.041 0.969 1.034 41 0.970 0.993 0.915 1.025
42 0.948 1.011 0.955 0.993 42 0.952 0.985 0.900 1.017
43 0.922 0.963 0.937 0.954 43 0.950 0.953 0.887 0.997
44 0.903 0.930 0.926 0.924 44 0.948 0.922 0.873 0.978
45 0.891 0.879 0.916 0.895 45 0.917 0.851 0.866 0.916
46 0.868 0.796 0.896 0.858 46 0.886 0.781 0.860 0.855
47 0.878 0.763 0.906 0.806 47 0.873 0.781 0.865 0.827
48 0.899 0.806 0.916 0.777 48 0.860 0.781 0.870 0.799
49 0.929 0.848 0.934 0.840 49 0.892 0.829 0.927 0.845
50 0.938 0.890 0.945 0.884 50 0.925 0.877 0.930 0.890
51 0.957 0.928 0.967 0.935 51 0.924 0.880 0.993 0.907
52 0.965 0.942 0.967 0.947 52 0.924 0.884 1.001 0.924
53 0.959 0.918 0.956 0.920 53 0.929 0.870 0.990 0.921
54 0.942 0.867 0.940 0.879 54 0.934 0.856 0.977 0.918
55 0.932 0.818 0.934 0.829 55 0.930 0.835 0.944 0.893
56 0.932 0.794 0.934 0.798 56 0.926 0.814 0.912 0.868
57 0.941 0.831 0.938 0.826 57 0.925 0.849 0.925 0.870
58 0.952 0.876 0.942 0.880 58 0.924 0.883 0.936 0.872
59 0.963 0.908 0.942 0.920 59 0.945 0.874 0.952 0.890
60 0.961 0.874 0.933 0.896 60 0.966 0.864 0.967 0.909
61 0.954 0.810 0.933 0.849 61 0.930 0.872 0.969 0.886
62 0.923 0.769 0.908 0.807 62 0.937 0.823 0.965 0.842
63 0.906 0.808 0.890 0.759 63 0.884 0.719 0.930 0.704
64 0.952 0.954 0.953 0.986 64 0.942 0.978 1.059 0.947
65 0.992 0.984 0.971 1.021 65 0.944 0.990 1.066 0.973
66 0.999 0.986 0.971 1.008 66 0.947 1.002 1.075 0.999  
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Wind Direction Wind Direction
Turbine 60 150 240 330 Turbine 60 150 240 330

67 1.000 0.971 0.973 0.980 67 0.929 0.965 1.046 0.979
68 0.992 0.955 0.970 0.954 68 0.912 0.927 1.016 0.959
69 0.982 0.954 0.970 0.946 69 0.918 0.948 1.016 0.974
70 0.984 0.982 0.973 0.960 70 0.924 0.969 1.016 0.989
71 0.976 0.996 0.973 0.959 71 0.930 0.978 0.971 0.981
72 0.971 0.995 0.969 0.943 72 0.930 0.987 0.928 0.973
73 0.950 0.958 0.965 0.919 73 0.948 0.940 0.884 0.924
74 0.937 0.908 0.954 0.902 74 0.948 0.964 0.861 0.949
75 0.918 0.857 0.945 0.888 75 0.930 0.949 0.841 0.900
76 0.957 0.881 0.964 0.872 76 0.930 0.937 0.862 0.897
77 0.967 0.877 0.949 0.869 77 0.937 0.926 0.862 0.893
78 0.967 0.878 0.931 0.868 78 0.884 0.930 0.862 0.898
79 0.954 0.894 0.923 0.882 79 0.884 0.935 0.862 0.903
80 0.885 0.870 0.941 0.846 80 0.886 0.838 0.958 0.862
81 0.901 0.892 0.961 0.887 81 0.918 0.894 0.969 0.899
82 0.924 0.917 0.979 0.933 82 0.951 0.950 0.979 0.936
83 0.944 0.951 0.995 0.975 83 0.968 0.966 0.988 0.968
84 0.952 0.971 0.993 0.981 84 0.985 0.983 0.996 1.000
85 0.942 0.971 0.972 0.964 85 0.993 0.987 0.970 0.999
86 0.950 0.996 0.973 0.977 86 1.002 0.992 0.944 0.997
87 0.947 1.021 0.963 0.987 87 0.981 0.974 0.926 1.007
88 0.921 1.002 0.925 0.958 88 0.959 0.956 0.909 1.017
89 0.875 0.855 0.916 0.833 89 0.948 0.814 1.000 0.828
90 0.902 0.875 0.951 0.877 90 0.969 0.883 1.021 0.865
91 0.921 0.907 0.978 0.894 91 0.989 0.951 1.042 0.902
92 0.945 0.947 1.016 0.945 92 0.996 0.966 1.043 0.946
93 0.956 0.991 1.038 0.998 93 1.003 0.980 1.043 0.990
94 0.953 0.998 1.016 0.992 94 1.008 0.978 1.023 0.999
95 0.961 0.992 1.017 0.972 95 1.013 0.975 1.004 1.008
96 0.962 0.973 0.993 0.950 96 0.976 0.961 0.958 0.995
97 0.938 0.881 1.031 0.919 97 0.973 0.915 1.074 0.956
98 0.948 0.892 1.032 0.920 98 0.993 0.911 1.113 0.952
99 0.965 0.912 1.037 0.929 99 1.014 0.907 1.153 0.947

100 0.993 0.938 1.055 0.955 100
101 1.003 0.940 1.050 0.953 101 1.040 0.904 1.173 0.972
102 1.013 0.937 1.054 0.946 102 1.043 0.874 1.148 0.956
103 1.021 0.926 1.048 0.931 103 1.046 0.845 1.124 0.940
104 1.023 0.905 1.049 0.907 104 1.042 0.851 1.111 0.936
105 1.018 0.879 1.041 0.879 105 1.038 0.858 1.098 0.931
106 1.005 0.850 1.023 0.853 106 1.012 0.844 1.036 0.904
107 0.991 0.828 1.000 0.828 107 0.985 0.831 0.977 0.877
108 0.954 0.830 0.967 0.831 108 0.983 0.871 1.025 0.914
109 0.964 0.863 0.972 0.864 109 0.958 0.874 1.074 0.909
110 0.972 0.884 0.965 0.888 110 0.950 0.863 1.068 0.915  
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Differences Between Potential10 and ABLWT R Values 
 
Difference Between Potential10 and ABLWT R Values
( Potential10 - ABLWT )

Wind Direction Wind Direction
60 150 240 330 Turbine 60 150 240 330

Minimum -0.080 -0.091 -0.123 -0.083 67 0.071 0.007 -0.073 0.001
Mean -0.003 -0.001 -0.011 -0.016 68 0.081 0.028 -0.045 -0.005
Maximum 0.084 0.089 0.103 0.098 69 0.065 0.006 -0.045 -0.028

70 0.060 0.012 -0.043 -0.029
Wind Direction 71 0.045 0.018 0.001 -0.022

Turbine 60 150 240 330 72 0.041 0.008 0.040 -0.030
6 73 0.002 0.018 0.081 -0.005
7 74 -0.011 -0.056 0.093 -0.048
8 75 -0.012 -0.091 0.103 -0.012
9 76 0.027 -0.056 0.101 -0.025
10 77 0.030 -0.049 0.087 -0.024
11 0.003 -0.045 -0.031 -0.022 78 0.084 -0.053 0.069 -0.030
12 0.021 -0.013 -0.020 0.012 79 0.071 -0.040 0.061 -0.021
13 0.022 0.008 -0.020 0.026 80 -0.001 0.032 -0.017 -0.016
14 0.028 0.018 -0.026 0.032 81 -0.017 -0.002 -0.007 -0.012
15 0.019 -0.009 -0.054 0.006 82 -0.027 -0.033 0.000 -0.004
16 0.022 -0.026 -0.054 -0.003 83 -0.024 -0.016 0.006 0.006
17 0.027 -0.028 -0.048 -0.005 84 -0.033 -0.011 -0.003 -0.019
18 0.032 -0.036 -0.040 -0.020 85 -0.051 -0.016 0.002 -0.034
19 0.031 -0.048 -0.023 -0.036 86 -0.052 0.005 0.029 -0.020
20 0.024 -0.010 -0.057 -0.016 87 -0.033 0.047 0.037 -0.021
21 0.050 0.047 -0.079 0.098 88 -0.038 0.046 0.016 -0.060
34 -0.042 -0.039 0.026 -0.045 89 -0.073 0.041 -0.084 0.005
35 -0.042 -0.026 0.054 -0.024 90 -0.067 -0.008 -0.070 0.012
36 -0.061 -0.028 0.086 -0.022 91 -0.068 -0.044 -0.063 -0.008
37 -0.080 -0.055 0.029 -0.056 92 -0.051 -0.019 -0.027 -0.001
38 -0.077 -0.042 0.022 -0.027 93 -0.047 0.011 -0.005 0.008
39 -0.068 -0.021 0.024 -0.018 94 -0.055 0.020 -0.008 -0.007
40 -0.053 0.007 0.020 -0.015 95 -0.051 0.016 0.013 -0.036
41 -0.014 0.048 0.054 0.009 96 -0.014 0.012 0.035 -0.045
42 -0.004 0.026 0.055 -0.024 97 -0.035 -0.035 -0.043 -0.037
43 -0.028 0.009 0.050 -0.043 98 -0.045 -0.019 -0.082 -0.032
44 -0.045 0.008 0.054 -0.054 99 -0.049 0.005 -0.116 -0.018
45 -0.026 0.028 0.050 -0.021 100
46 -0.017 0.015 0.037 0.004 101 -0.036 0.036 -0.123 -0.019
47 0.005 -0.018 0.041 -0.022 102 -0.030 0.063 -0.095 -0.010
48 0.039 0.025 0.046 -0.022 103 -0.025 0.082 -0.076 -0.010
49 0.036 0.019 0.007 -0.004 104 -0.020 0.054 -0.061 -0.029
50 0.013 0.013 0.016 -0.006 105 -0.020 0.022 -0.057 -0.052
51 0.033 0.048 -0.026 0.027 106 -0.007 0.006 -0.014 -0.051
52 0.041 0.059 -0.034 0.022 107 0.006 -0.002 0.024 -0.049
53 0.030 0.048 -0.034 -0.001 108 -0.030 -0.041 -0.057 -0.083
54 0.008 0.011 -0.037 -0.039 109 0.006 -0.011 -0.102 -0.045
55 0.002 -0.018 -0.010 -0.064 110 0.022 0.020 -0.102 -0.027
56 0.005 -0.020 0.023 -0.071
57 0.016 -0.018 0.014 -0.044
58 0.028 -0.006 0.006 0.008 Absolute Difference Between R Values
59 0.018 0.034 -0.010 0.029 ABS( Potential10 - ABLWT )
60 -0.005 0.010 -0.034 -0.013
61 0.024 -0.061 -0.036 -0.037 Wind Direction
62 -0.013 -0.054 -0.056 -0.035 60 150 240 330
63 0.023 0.089 -0.040 0.055 Minimum 0.001 0.002 0.000 0.001
64 0.010 -0.024 -0.105 0.039 Mean 0.034 0.028 0.046 0.026
65 0.048 -0.007 -0.095 0.048 Maximum 0.084 0.091 0.123 0.098
66 0.053 -0.016 -0.104 0.009  

 


