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SUMMARY 

A semi-objective (S-O) approach to wind forecasting for wind energy 
applications has been developed previously and documented in Learning to 
Forecast Wind at Remote Sites for Wind Energy Applications (Notis et al. 
1983). The S-O procedure has now been tested and refined by applying the 
procedure at three Department of Energy (DOE) candidate wind turbine sites. 
The primary purpose of the S-O approach is for use by trained meteorologists 
to produce 24-hour forecasts of hourly average wind speeds for inclusion in 
utilities ' daily load forecasts. Accurate 24-hour wind forecasts would 
permit more reliance upon wind power generation and, in general, produce a 
shift in unit commitment away from the more costly forms of power 
generation. 

In the first 60 to 90 days of the test application, the S-O forecasts 
were "fine tuned'il at each site to produce forecasts superior to (and much 
more suited for wind energy use than) any routinely available or conventional 
wind forecasts. Furthermore, the accuracy of the S-O forecasts (after 
tuning) was comparable to or greater than model output statistics. Model 
output statistics (MOS) was used for comparison because it is considered to 
be a state-of-the-art approach to wind forecasting. (However, MOS forecasts 
for wind energy use are neither routinely available nor currently feasible to 
develop for most utilities.) 

It is recommended that future work include the development of re~iable 
relationships between hourly average wind speeds and actual wind turbine 
power output, thereby making the wind speed forecasts of more direct use to 
utilities. The result of such work is planned for incorporation into a 
follow-on report that verifies the wind forecasts in terms of wind turbine 
power output rather than wind speed. In addition, future work should be 
directed toward the application of appropriate short-term forecasting 
techniques to produce forecasts of sub-hourly winds for use by utility 
dispatchers/dispatching algorithms. 
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1.0 INTRODUCTION 

Recent investigations have shown that if significant penetrations of 
wind energy are made into utility grid systems, accurate 24-hour wind fore
casts can make a significant positive contribution to the economics of wind 
energy (Goldenblatt et al. 1982). This is not a new idea; earlier, Wendell 
et al. (1978) determined that a 24-hr forecast of hourly average winds would 
be a primary need of utilities having significant penetrations of wind gener
ation. The usefulness of 24-hr wind forecasts in utility operations is 
described below and depicted, in a simplistic manner, in Figures 1-1 through 
1-5. 

Electric utilities generally make daily forecasts of load as shown in 
Figure 1-1, because variations in load occur more rapidly than most electri
cal generators can be started. To ensure the reliability of the power 
system, load forecasts are used to schedule the startup/shutdown of generat
ing equipment. 

The daily scheduling (commitment) of generating equipment must account 
for contingencies such as rapid load fluctuations, errors in the load fore
cast or failure of a generator. When wind energy is introduced into a 
utility system in significant amounts, such as >5% of the generating 
capacity, the stochastic nature of the wind produces variations in power 
generation that, for scheduling purposes, can be treated as variations 
(fluctuating reductions) in the load. It is then consistent with utility 
practices to produce wind/wind power forecasts, as shown in Figure 1-2, and 
to incorporate them into the load forecast to account for the effects of the 
wind turbine generators. 

To meet fluctuations in electrical demand, utilities have traditionally 
used a 3-level hierarchy of generation consisting of the following: 
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Base Generation 

• units are frequently coal or nuclear 
• units operate 24 hours per day at a constant level 
• units provide the most efficient and least costly generation 

Intermediate (Swing) Generation 

• units are cycled up and down to meet routine changes in power 
demand 

• units are more costly to operate and less efficient than base 
generation 

Peaking Generation 

• units are frequently gas or oil-fired turbines 
• units are usually expensive to operate 
• units are used to satisfy surges in demand and immediate backup 

requirements. 

The scheduled use of the three types of generation (to meet the electri
cal demand of Figure 1-1) is illustrated in Figure 1-3. Here the wind gener
ation is disregarded in the schedule; no wind forecasts are used. Note that 
an efficient schedule is planned in which, only at the peak demand time of 
the day, is the use of much peaking generation planned. 

However, if wind energy is used without wind forecasts, then the wind 
generation depicted in Figure 1-2 might cause the inefficiency shown in Fig
ure 1-4. In Figure 1-4 the swing generation was not used efficiently because 
the wind power was not planned; thus, a large amount of peaking generation is 
required. On the other hand, if a reliable wind forecast is available, the 
wind generation is coordinated with the swing and base generation, as shown 
in Figure 1-5. The result is more reliance upon wind energy, less use of 
costly peaking units for backup and, in general, a shift toward lower cost 
generation. 

Previous efforts to develop 24-hr forecasts of hourly average wind 
speeds have, at best, been marginally adequate for the application depicted 
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in Figure 1-5 (Weg1ey 1982). However, a forecasting method based upon 
analysis of synoptic weather events and the resultant winds at several 
Department of Energy (DOE) candidate wind turbine sites (Notis et a1. 1983), 
promises improved accuracy and requires verification. 

In an attempt to develop wind forecasts sufficiently accurate to be used 
in the 24-hr load forecasts, the results of the site-specific analyses 
described by Notis et a1. (1983) were used to develop a semi-objective wind 
forecasting method for the three sites shown in Figure 1-6. 

This report describes the test application of the semi-objective (S-O) 
wind forecasting technique at these three locations. The forecasting sites 

as well as site-specific forecasting procedures are described in Section 2. 
Section 3 presents verification of the S-O wind forecasts and interprets the 
observed verification results. Comparisons are made in Section 4 between S-O 
wind forecasting accuracy and that of two previous forecasting efforts that 

used subjective wind forecasts and model output statistics (MOS). In 
Section 5 conclusions are drawn regarding the usefulness of the S-O wind 
forecasting approach and regarding the need for future efforts in wind 
forecasting for wind energy applications. 
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FIGURE 1-6. Three Sites For Which Semi-Objective Wind Forecasts Were 
Developed and Tested 
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2.0 FORECASTING PROCEDURES 

The three sites selected for verification of the S-O wind forecasting 
method, developed by Notis et al. (1983), were chosen to represent different 
geographical and topographical regimes. Block Island is a coastal site, 
Finley is located in the northern Great Plains and the San Gorgonio site lies 
in a mountain pass. 

The original wind predictors selected by Notis et al. (1983) were pres
sure gradient vectors, synoptic map types and winds aloft (850-mb or 700-mb 
winds). Each of these predictors can be evaluated directly from weather 
analyses or prognoses routinely transmitted by the National Meteorological 
Center (NMC). The forecasting procedure for each site was formulated in 
terms of these three predictors. 

Because it may become undesirable or impractical to develop specific 
forecasting guidelines for every individual wind turbine location owned by a 
utility, the wind forecasting procedures originally developed for two of the 
sites were tested either at a nearby site or at a more distant site in 
similar terrain and having similar exposure to the prevailing wind. Conse
quently, revisions to the site-specific forecasting guidelines were necessary 
during the study to tune the technique to the site. These revisions were not 
made unless the proposed revision was shown to perform (without failure) 
significantly better than the previous procedures for at least two occur
rences of any problem weather pattern or wind event. 

This section describes the procedures used in developing and revlslng 
the forecast guidelines for each of the three sites as well as the procedures 
used in issuing and verifying the S-O wind forecasts. 

2.1 PROCEDURES FOR BLOCK ISLAND 

Block Island, Rhode Island (Figure 2-1) is located about 12 mi off the 

eastern tip of Long Island and about 9 mi south of the Rhode Island coast. 
The island, about 6 mi north-south by 4 mi east-west, slopes gradually upward 
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to the south and terminates in cliffs of about 150 ft on the southern shore. 
Maritime shrubs with a few domestic trees in the populated areas characterize 
the island's vegetation. Because many synoptic systems track through the 
Northeast, Block Island has two prevailing wind directions, one from the 
northwest and the other from the south-southwest. The diurnal wind pattern 
at Block Island (Figure 2-2) is the typical coastal diurnal wind pattern, 
characterized by afternoon maximum and morning minimum wind speeds. 

The wind forecasting guidelines used for Block Island were those origi
nally developed for Montauk Point, New York (see Appendix A). On March 10, 
1982, these forecast guidelines were revised (see Appendix B). The 
revisions, necessary to "fine-tune" the Block Island site, incorporated 
effects of the difference in location and topography between Block Island and 
Montauk Point on wind characteristics. The new guidelines combined a 
description of the synoptic pattern, the pressure difference between two 
stations and probable wind speed and direction. The revisions made the 
guidelines more specific as well as easier to understand, interpret and 
utilize in making forecasts. 

2.2 PROCEDURES FOR FINLEY 

Finley Air Force Base, North Dakota, is located northwest of Fargo and 
southwest of Grand Forks in the Red River valley (Figure 2-3). The site is 
on a slightly elevated spot in basically flat terrain and there is less than 
20 ft of terrain relief within a l-mi radius of the site. Channeling by the 
river valley produces north-south prevailing wind directions and wind speeds 
with little diurnal variation (Figure 2-4). The vegetation in the area 
consists primarily of grass. A group of buildings located 1500 ft east of 
the site is the only obstruction to airflow. 

The wind forecasting guidelines used for Finley were those originally 
developed for Amarillo, Texas (see Appendix A). On March 10, 1982, the 
guidelines for forecasting winds at Finley were revised (see Appendix B). 
Because of the great distance between Amarillo, where the guidelines were 
developed, and Finley, where they were used, the two sites come under 
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different influencing climatological factors: different storm systems 
following different tracks, and different pressure gradient-wind 
relationships. The original forecast guidelines were useful in a general 
way, reflecting that wind directions in the central part of the United States 

are predominantly from the west and that high wind speeds aloft influence the 
wind speeds near the surface. The original rules developed for Amarillo 
state that the pressure gradient is not a useful tool; however, the analyses 
indicated that at Finley the surface pressure gradient was useful to forecast 

wind speed and direction. The hour-to-hour consistent wind patterns at 
Finley enabled the forecasters to have a high degree of confidence in their 

forecasts and this balanced the lack of specific guidelines. 

2.3 PROCEDURES FOR SAN GORGONIO 

The San Gorgonio Pass site (Figure 2-5) lies about 6 mi east of the 
east-west running pass which is approximately 40 mi east of Riverside, 

California, and northwest of Palm Springs. The pass, separating the San 
Jacinto Mountains to the south from the San Bernardino Mountains to the 
north, is at an elevation of 2600 ft MSL while the site is at 1100 ft MSL. 

This geography creates a funneling of the maritime air producing strong 
westerly winds. Figure 2-6 shows the very regular diurnal wind pattern. The 
weakest winds occur just before noon, increase to peak speed at midnight and 
then decrease once again. The land in the immediate vicinity of the site is 

relatively flat with a gentle slope to the southeast. The vegetation is 
native grass and salt brush. There are no trees in the area. 

The wind forecasting guidelines used for San Gorgonio were those orlgl
nally developed for that site (see Appendix A). On April 2, 1982, the guide
lines were upgraded for forecasting winds at San Gorgonio (see Appendix B). 
Because there were no differences in location or topography to incorporate, 
forecasting guidelines were added rather than changed. Guidelines were added 
to account for a reversing pressure gradient between Los Angeles and Las 
Vegas and to add more detailed guidance for periods when the pressure at Las 

Vegas is greater than pressure at Los Angeles. Revised pressure gradient 
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FIGURE 2-6. Observed Hourly Mean Wind Speeds for the Period February 
Through July 1982 at San Gorgonio Pass, California 



guidelines were specified using routinely reported pressure values from 
selected sites, rather than isobaric analyses, in order to remove some of the 
subjectivity involved in extracting predictors from the weather charts. 

2.4 PROCEDURES FOR ISSUING FORECASTS 

The wind forecasts included average hourly wind speed and direction for 
a 24-hr period following both 0600 and 1800 GMT for all three sites. Wind 
directions were forecast to the nearest 10 degrees and speeds to the nearest 
0.5 m/s. These twice-daily forecasts were made for the l50-ft level (for 
comparison, the hub height of a MOD-2 wind turbine is 200 ft). 

The forecasting team consisted of 6 forecasters from the Hanford Meteo
rological Station located on the Hanford Reservation in southeastern 
Washington. The forecasters, who rotate 8-hour shifts on a weekly basis, 
made both 0600 and 1800 GMT forecasts during the S-O wind forecasting test 
period. The facilities available at the station to collect weather informa
tion include national teletype Services "A" and "C", the weather facsimile or 
NAFAX, the Automation of Field Operations and Services (AFOS) system and the 
GOES weather satellite laser facsimile circuit. Service "A" provides hourly 
weather observations, while Service "C" provides the synoptic weather 
observations. Analyses and prognostic charts for the surface and upper-air 
and weather satellite pictures come over the NAFAX circuit. AFOS, a 
relatively new system, is capable of providing all of the aforementioned 
services with more comprehensive areal coverage except it cannot provide 
weather satellite pictures. 

In addition, before preparing a forecast, the forecaster had access to 
current wind conditions (direction and speed data) at the site via a 
telephone-computer hookup (the dial-up). The use of the dial-up system enabled 
the forecaster to adjust the early portion of his forecast for current condi
tions. Due to various hardware/software problems, the use of the dialups was 
limited to 96% of the time for Block Island, 82% for Finley, and 46% for San 
Gorgonio. (These values are based upon the available data set. For Block 
Island, the period of available data is from February through the early weeks 
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of June; for Finley, from February through July; and for San Gorgonio, from 
February through April.) The reason for the low dialup availability at San 
Gorgonio is that the installation of the dialup was not completed until the 
end of the first month of the study. Lack of the dialup system seemed to 
retard improvement of forecast accuracy at San Gorgonio since it delayed site 
tuning of the forecast procedure. 

The forecasts were logged into a VAX 11/780 as soon after they were 
prepared as the forecaster's duties would allow via a computer-telephone link 
from the forecaster's Silent 700 terminal (which has hard copy output). 
(Once logged, only the authors could gain access to the data.) For quality 
assurance, software was written to enable the computer to keep track of the 
time that each forecast was entered. Also, copies of the forecast and 
observation logs were sent to the authors accompanied by the actual hard copy 
of the dialup/forecaster interaction. 

2.5 PROCEDURES FOR PROVIDING FEEDBACK TO FORECASTERS 

Feedback to the forecaster was provided in two forms. First, the fore
caster, via the dialup system, could retrieve the previous 30 hr of data. 
This enabled the forecaster to review the previous day's forecasts and 
verifying observations while they were still fresh in his mind. These 
observations, logged into the computer in the same manner as the forecasts, 
were used to verify the S-O wind forecasts and to perform a statistical error 
analysis, which provided the second form of feedback. Each week these 
forecasting error analyses, plus plots of forecast versus observed wind 
speed, were sent to the forecasters. From this information the forecasters 
could chart their accuracy, perform post-analysis of busted forecasts, and 
identify any systematic forecasting errors. From this information, guideline 
revisions were formed. 

During the periods when the dialups were inoperative, no observed real
time data could be retrieved for forecast preparation or verification. When 
this occurred, the observations were obtained from data collected on cassette 
tapes at each site. However, these data sets became available only after the 
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end of each month. Thus, using this data set delayed feedback to the fore

casters for up to 4 weeks. The effect of this delay caused forecast errors 
to increase since the forecasters were unable to monitor their efforts (see 

Sections 3.2 and 3.3). 
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3.0 FORECASTING VERIFICATION 

Statistical analyses of S-O forecast accuracy were computed both on a 
weekly and monthly basis. They were summarized by site alone; by site and 
forecast time (0600 or 1800 GMT); by forecaster, by site and by forecast 
time; and finally by site, by hour of day, and by forecast time. The last 
breakdown type was only computed monthly because weekly samples were too 
small to be meaningful. Wind direction forecasts, since they are deemed much 
less important than wind speed forecasts, were not analyzed at this time . 
Equations and definitions for the statistical measures used in this study and 
verification results for the three sites are given in the following sections. 

3.1 STATISTICAL MEASURES 

Statistical measures used in the weekly and monthly analyses provided to 
the forecasters were: 

Mean Forecast Wind Speed 

MFWS = l:[Forecast wind speeds (FWS)] 
Sample size 

Mean Observed Wind Speed 

Bias 

MOWS = 2: [Observed wi nd speeds (OW5 )] 
Sample size 

BIAS = MFWS - MOWS 

Mean Absolute Error 

MAE = 2:[ FWS-OWS [ 
Sample Size 
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Root Mean Square Error 

RMSE = ( 

Standard Deviation of FWS 

2 0.5 
L (FWS-OWS) ] 
Sample Size 

SIGMAF = ( 
[ '\' ] 2)0 . 5 L(FWS)2 _ L.. (FWS~ 
Sample SlZe 

Sample Size - 1 

Standard Deviation of OWS 

SIGMAO = ( 
~(OWS)2 _ [L(OWS)~2)0.5 

Sample SlZe 
Sample Size - 1 

Heidke Skill Score 
This skill score is based upon the number of correct forecasts divided by 
the total number of forecasts tempered by the climatological occurrence 
of the event. (See Appendix C for a more detailed discussion.) 

BIAS is a measure of the amount of over-prediction of wind speed (if the 
value is positive) or under-prediction of wind speed (if the value is nega
tive). MAE and RMSE are standard methods used to describe accuracy. Standard 
deviations are measures of variability in the data; the greater the vari
ability, the higher the standard deviation. SIGMAO tells how variable the 
observed wind speeds are. In addition, it provides information on how diffi
cult it is to correctly forecast the wind speed (see Appendix E). A compari
son of SIGMAF and SIGMAO shows in part how well the wind characteristics of 
the site are understood by the forecaster. Appendix D consists of a table 
showing the statistical analysis for the period of the study. 

Because the passage of different synoptic systems with varying degrees of 
forecast difficulty creates an inherent amount of variability in the data, 
several schemes to normalize the errors were developed (see Appendix E). The 
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scheme used in this report uses SIGMAO as a normalizer. SIGMAO, as described 
earlier, is a measure of the variability in the wind and as such is used to 
predict the difficulty associated with correctly forecasting the wind speed. 
This new statistical measure is 

Normalized Root Mean Square Error 

RMSE 
NRMSE = SIGMAO 

3.2 VERIFICATION RESULTS FOR BLOCK ISLAND 

The initial trend in the learning curve for Block Island (Figure 3-1) is 
as expected. The normalized RMSE decreases through April but then increases 
thereafter. The relative increase in error during May is due to a decrease 
in forecast difficulty (SIGMAO) that was not accompanied by an improvement in 
forecasting accuracy (decrease in RMSE). The week-to-week feedback the 
forecasters received for Block Island during April was limited to only the 
first week. Consequently, the improvement in the forecasts did not parallel 
the difficulty of making the forecasts. Figure 3-1 does indicate that learn
ing occurred at Block Island since the period March through April showed that 
forecasting the winds became more difficult (increasing SIGMAO) but the 
forecasting errors decreased. After the guideline revisions on March 10, 
1982, forecast accuracy improved. This provides further evidence of 
learning. Since the guidelines were now station specific, the total time 
spent on making the forecasts decreased. 

It is usually easier to make a forecast for the next few hours then it 
is to project 12 or 24 hours into the future. Therefore, it is expected that 
forecast accuracy will decrease with increasing forecast projection time. In 
Figure 3-2 this is shown to hold true for the 1800 GMT forecast time up to 
the eighteenth projection hour. After that, the error decreases. For the 
0600 GMT forecast time period, errors increase with projection time for the 
first 4 hours then decrease for the next 9 hours and then once again begin to 
increase with the projection hour. For both forecast periods, these periods 
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of decreasing error, when replotted according to local standard time 

(Figure 3-3), coincide with the morning wind speed minima shown in 
Figure 2-2. Apparently the land-sea breeze circulation plays an important 
role in creating this diurnality in forecasting accuracy. The land-sea 
breeze circulation is a phenomenon associated with coastal sites where the 
effect of differential heating and cooling of the land and sea produces the 
sea breeze (from sea to land) during the day and the land breeze at night. 
During the spring and summer, knowledge of the diurnal land-sea breeze circu
lation became important. The lower wind speed during the early morning could 
be relied upon, thereby improving forecast accuracy during the early morning 
hours. 

3.3 VERIFICATION RESULTS FOR FINLEY 

Figure 3-4 shows the learning curve for Finley and the variability in 
the observed winds - a measure of the difficulty in forecasting wind events. 
During February 1982 a stationary high pressure system remained over the 
area. This uniform pattern led to persistent winds which in turn increased 
forecast accuracy and caused the errors to be much lower than expected at the 
beginning of the study. The normalized RMSE at Finley decreased through 
April as it did at Block Island. During May no data were available to verify 
the forecasts, and in June there were only limited data, so the amount of 
forecast errors increased. Without continual feedback as a monitor, the 
forecasters began to underpredict the wind speed (Figure 3-5). During July 
the forecasts improved in accuracy even with a trend of increasing forecast 
difficulty. After the guideline revisions on March 10, 1982, forecast 
accuracy improved. 

Forecast errors for Finley show some evidence of a diurnal trend (Fig
ure 3-6). During the afternoon the errors seem to be at their lowest, and 
between 1600 and 1700 hours there is a small increase in error for both of 
the daily forecasts. In Figure 3-7, which shows forecast errors as a 
function of projection time, several patterns become evident: 
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• The overall errors increase slightly with time for the 1800 GMT 
forecast but remain fairly constant for the 0600 GMT forecast. 

• There is little difference in errors as a function of projection 
time between the two daily forecasts especially past the twelfth 
projection hour. 

• Forecast errors are slightly larger for the 0600 GMT forecast. 

The first pattern is expected. Since there is no distinct diurnal wind speed 
pattern at Finley, forecast accuracy is relatively constant. The second 
pattern emphasizes the minimal wind speed diurnality at this site. The third 

pattern is attributable to the fact that the forecasters were more pressed 
for time (due to other shift duties) when issuing the 0600 GMT forecast. 

3.4 VERIFICATION RESULTS FOR SAN GORGONIO 

At San Gorgonio, forecast difficulty increased over the period of study, 
but the errors showed a continual decrease, evidence that learning did occur 
(Figure 3-8). After forecasting guideline revisions were incorporated on 
April 2, 1982, the forecasting accuracy improved. Although there is a 
diurnal trend in the wind speeds here, the high hour-to-hour variability 
causes large errors in the speed forecasts. Figure 3-9 shows examples of 
forecast and observed wind speeds. The forecasts follow the general patterns 
of the observed wind speeds but miss the embedded variability. 

Figure 3-10 shows a plot of forecasting error versus projection hour, 
and Figure 3-11 shows error versus local standard time. There is a diurnal 
trend in the errors made at this site shown by maximums in error during the 
pre-dawn hours. This holds true even for the 0600 GMT forecast time when the 
peak error occurs between the fifth and seventh projection hour, and then 
falls off for the next few hours. The difficulty in forecasting from 
midnight to 9 or 10 a.m. can be attributed to the site location in a mountain 
pass and its proximity to the sea. At night the wind flow is downslope and 
down the valley. This mountain-valley effect combined with the land-sea 
breeze creates a funneling of the wind through the pass. Each of these 
phenomena can be overcome by winds produced from a larger scale weather 
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system. This can cause difficulty in forecasting the winds accurately since 
it is very easy to mistime or miss this effect entirely. 

3.5 VERIFICATION RESULTS WITH AND WITHOUT REAL-TIME FEEDBACK 

A problem with the subjective forecasts produced in the initial wind 
forecasting effort (described in Section 4.1) appeared to be the lack of 
real-time feedback. Wegley (1982) has determined that knowledge of the 
current site winds is useful at least 6 hours into the forecast period. As 
part of the study the authors wished to investigate the effect on forecast 
accuracy when real-time feedback was present. Dialup usage was monitored so 
that its value could be analyzed. Table 3-1 shows the effect dialup avail
ability had on forecast accuracy. Note the disparity in Table 3-1 between 
the sample sizes "with dial-up" and "without dial-up". The differences in 
sample sizes mean that different numbers and types of synoptic situations as 
well as the work of different forecasters are represented in the sample. The 
various synoptic situations are associated with different degrees of 
forecasting difficulty (as illustrated in the table by different SIGMAOs). 
Furthermore, the skill levels of the forecasters vary (as shown in 
Table 3-2). Consequently, it is not possible to accurately separate these 
affects on forecasting accuracy from those attributable solely to the 
availability of the dial-up feedback. 
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RMSE 

1.84 
1.83 
2.04 

4.11 
4.91 
5.78 

TABLE 3-1. Examples of the Effect of Dial-Up 
Usage on Forecast Accuracy 

Finley for 0600 Duri ng March 

With Dial-U~ Without Dial-U~ 
Sample 

SIGMAO Size RMSE SIGMAO 

2.77 27 3.35 8.94 
2.39 27 3.34 9.00 
2.47 26 4.41 7.90 

San Gorgonio for 0600 GtH During March 

4.58 16 2.64 5.71 
5.55 15 2.87 5.22 
5.49 16 3.15 4.94 

Sample 
Size 

4 
4 
4 

7 
7 
7 

TABLE 3-2. Heidke Skill Scores for the Forecasters 

Ski 11 Sample 
Forecaster Score Size 

1 0.025 436 
2 0.189 2283 
3 0.154 2003 
4 0.184 1687 
5 0.201 2348 
6 0.195 2172 
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4.0 FORECAST COMPARISONS 

Three basic approaches have been examined for producing wind forecasts 
for wind energy applications: subjective forecasts, model output statistics 
and a recently developed semi-objective approach. This section compares the 
development and verification of these three approaches to 24-hr wind 
forecasting for wind turbine generator (WTG) operations. 

4.1 SUBJECTIVE FORECASTS 

In April 1979, PNL initiated a wind-forecasting project in which 24-hr 
forecasts were produced by several weather consultants for the eleven DOE 
candidate WTG sites shown in Figure 4-1. The purpose of this project was to 
provide a data base for evaluating the reliability and accuracy of subjective 
wind forecasts for use in WTG operations. 

The subjective wind forecasts were produced once daily, at or before 
1800 GMT; they included forecasts of hourly average wind speed and direction 
at the 150-ft level for the 24 hours following 1800 GMT . 

4.2 DEVELOPMENT OF MODEL OUTPUT STATISTICS FORECASTS 

Contemporaneous to the subjective forecasting, deterministic model 
output statistics (MOS) forecasts were developed by the Techniques 
Development Laboratory of the National Weather Service for the sites shown in 
Figure 4-2. As described by Gilhousen (1980), stepwise screening regression 
(Glahn and Lowry 1972) was performed on output of the Limited Area Fine Mesh 
(LFM) atmospheric model (Gerrity 1977) to produce forecasting equations for 
each site and projection time. To avoid excessive computation time as well 
as the necessity of modifying existing computer codes and to still preserve 
error trends with time, seven forecast projection times were selected: +9, 
+12, +15, +18, +21, +24 and +30 hours from both 0000 GMT and 1200 GMT. 

A set of MOS "primary" forecasting equations were developed in which the 
observed wind speed at +3 hours from data collection time (i.e., at 0300 and 
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FIGURE 4-1. Eleven Sites for Which Subjective Wind Forecasts Were Produced 
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1500 GMT) was used as a potential predictor. A second set of equations, 
termed "backups", was generated without the onsite observation. The backup 
equations covered the contingencies that either no onsite observations were 
available or that the observation was missing at forecast time. 

In addition to the LFM model output, harmonics (sine and cosine) of the 

day of the year were included to help forecast seasonal wind variations. 
When a larger data set is available, MOS seasonal forecasting equations are 
generally developed to better forecast seasonal and seasonal/diurnal wind 
variations. Because MOS tends to underforecast the extreme wind speeds, an 
inflation technique employed by Klein et al. (1959) was used to enlarge the 
variance of the speed forecasts, thus producing forecast speed distributions 
more representative of the actual wind speed distribution at each site. Like 
the S-O and subjective forecasts, the MOS wind forecasts are for hourly 
average wind speeds at the 150-ft level for each site. 

4.3 SEMI-OBJECTIVE VERSUS SUBJECTIVE FORECASTS 

The period of record for the subjective wind forecasts is May through 
October 1979, while S-O forecasts have been verified for February through 
July 1982. Because the two wind-forecasting samples contain different months 
of different years, as well as a different number of months, it is difficult 
to provide a completely equitable comparison of the two methods. However, 
the differences in forecast representativeness and accuracy between the two 
methods are sufficiently large to permit some conclusions to be drawn. 

The two forecasting methods were compared at two common sites, San 
Gorgonio and Block Island, for the 1800 GMT forecast. The forecasting 
verification comparison presented in Table 4-1 is limited to the two sites 
and the single forecast time. The large subjective forecasting errors, such 
as the bias of -1.7 m/s at San Gorgonio, reveal a basic lack of understanding 
of the wind characteristics of the site. 

The normalized RMSE (NRMSE) was used to compare forecasting accuracy, 
because the two data records span different months and include different 
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TABLE 4-1. Verification of Semi-Objective Versus Subjective 
Wind Forecasts for Block Island, Rhode Island, 
and San Gorgonio, California 

5emi-Objective(a) Subjective(b) 
Site Bi as {m/s J NRMSE Bias {m/sJ NRMSE 

Block Island, RI +0.4 1.06 -1.0 1.09 
San Gorgonio, CA -0.4 0.97 -1.7 1.54 
Combined +0.2 1.03 -1.3 1.31 

(a) The semi-objective forecasting sample includes only forecasts made 
when dial-up feedback was available during the period February 
through April 1982. 

(b) The subjective forecasting sample includes forecasts made during 
the period May through October 1979 . 

years. Use of the NRMSE removes a large part of the forecasting error 
associated with inherent differences in the difficulty of forecasting winds 
for the two periods of record, thus providing a more equitable comparison 
(see Appendix E). 

Note in the table that the 5-0 forecasts appear superior for both sites. 
Biases, which indicate forecast representativeness, are smaller for the 5-0 
forecasts as are NRMSEs, which indicate the accuracy and skill of the wind 
forecasts. 

The subjective forecasting accuracy was degraded somewhat by a lack of a 
real-time feedback mechanism (such as a dial-up system). Lack of feedback 
combined with lack of understanding of the basic site wind characteristics 
contributed to much of the poor performance of the subjective forecasting 
effort. Given adequate feedback, thorough understanding of site winds, and 
access to NMC weather prognoses and analyses, the subjective approach to 
24-hr wind forecasting could conceivably approach the accuracy of the S-O 
forecasts, providing that the more experienced and/or skillful forecasters 
were used to produce the wind forecasts. 
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4.4 SEMI-OBJECTIVE VERSUS MOS FORECASTS 

The forecast times and projections for the S-O forecasts, 0600 and 
1800 GMT, were selected to permit an equitable comparison between the S-O, 
subjective and MOS wind forecasts. The MOS forecasts were produced based 
upon data collected at 0000 and 1200 GMT respectively. However, since nearly 
6 hours are required to collect the necessary meteorological data, to run the 
atmospheric models (to produce the wind predictors) and to generate the wind 
forecasts using the regression equations, from the forecast user's viewpoint; 
the MOS +9-hr projection from 0000 and 1200 GMT corresponds well in time with 
the S-O +3-hr projection from 0600 and 1800 GMT, respectively. 

MOS forecasts for those months of 1978 corresponding to the period of 
record of the S-O forecasts were selected for comparison. Figure 4-3 shows 
the sites compared. Note that MOS wind forecasts from Huron, South Dakota, 
were compared to the S-O forecasts for Finley, North Dakota. This comparison 
was made because Huron is the nearest to Finley of the MOS wind forecasting 
sites and because both sites lie in similar terrain in the Northern Great 
Plains; thus, wind forecasting difficulty should be reasonably comparable. 

Table 4-2 compares MOS and S-O forecasting accuracy at Block Island by 
presenting monthly RMSEs and NRMSEs for the two forecasting techniques. A 
very pronounced learning curve is evident during the first 3 months in both 
the RMSEs and NRMSEs for the S-O technique. While overall (i.e., for the 
6 months combined) MOS performed better than the S-O approach, by the third 
month of the project (April), the S-O forecasts appear to be better than the 
MOS forecasts. As mentioned in Section 3, loss of real-time feedback as well 
as change of season caused a decline in accuracy of the S-O forecasts in 
May. 

Finley S-O and Huron MOS forecasts are compared in Table 4-3. The 
results are similar to those for Block Island. A steady learning curve is 
clearly evident in the S-O NRMSEs; the S-O forecasts surpass MOS by the third 
month. These trends are not as evident in the RMSEs, because the rather 
steady winter winds experienced at both sites give way to more variable winds 
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*Huron MOS forecasts were compared to Finley S-O forecasts. 

FIGURE 4-3. Sites for Which Semi-Objective and MOS Wind Forecasts 
Were Compared 



TABLE 4-2. Verification of Semi-Objective Versus MOS Wind 
Forecasts for Block Island, Rhode Island 

RMSE {m/s) NR~~SE 
Month MOS S-O ~1OS S-O 

February 2.84 4.05 0.71 0.87 
March 2.44 2.90 0.77 0.99 
Apri 1 2.88 2.06 0.94 0.61 
May 2.88 2.68 0.83 1.05 
June(a) 

Combined 2.76 2.98 0.81 0.86 

(a) Sample size too small for valid comparison. 

TABLE 4-3. Verification of Semi-Objective Wind Forecasts 
for Finley, North Dakota, Versus MOS Forecasts 
at Huron, South Dakota 

RMSE {m/s) NRMSE 
Month MOS S-O MOS S-O 

February 2.11 2.91 1.68 1.04 
March 2.44 3.41 0.75 1.01 
Apri 1 2.99 2.64 0.93 0.90 
May(a) 
June(a) 

~ 2.57 2.24 0.88 1.07 

Combined 2.53 3.13 1.05 1.02 

(a) Sample size too small for valid comparison. 
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in March, thus disguising trends in forecasting skill. As in the case of 

Block Island, limited feedback in May and June broke the continuity necessary 

to tune the forecasting technique to the site. This combined with the change 
of season initiated a new learning curve in July. 

MaS versus S-O comparisons for San Gorgonio are shown in Table 4-4. The 

RMSEs seem to indicate that the S-O forecasts are as accurate as MaS wind 
forecasts at this site. However, NRMSEs indicate that MaS forecasts demon

strated greater skill for the periods compared. 

TABLE 4-4. Verification of Semi-Objective Versus MaS Wind 
Forecasts for San Gorgonio Pass, California 

RMSE (m/s~ NRMSE 
Month MaS S-O MaS S-O 

February 5.38 5.00 1.10 1.24 
March 4.26 4.80 0.90 1.00 
April 4.44 4.45 0.78 0.94 

Combined 4.65 4.63 0.92 1.07 

Since MaS is an objective technique with fixed forecasting equations, 
the improvement in MaS forecasts is primarily due to changes in the 
"forecastability" of the winds. That is, during the period, the MaS 
technique was applied to wind conditions that were becoming easier to 
forecast using the MaS approach. On the other hand, improvements in the S-O 
forecasts are largely attributable to improvements in the application of the 
technique (learning). Comparison of trends in weekly NRMSEs for MaS and the 
S-O wind forecasts provides strong evidence that a learning curve exists at 
each S-O forecasting site and that a significant amount of learning took 
place in the first 60 to 90 days of the study. 
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Figures 4-4 and 4-5 depict the weekly NRMSEs and the NRMSE trend (linear 
least squares fit) for Block Island MaS and S-O wind forecasts, respectively. 
These data are for the first 12 weeks of the S-O forecasting study 
(February 1 through April 25). As expected, the "mature" MaS forecasting 
scheme exhibits almost no trend in the NRMSEs, while, in the mean, the S-O 
forecasting normalized errors were progressively growing smaller. 

Comparisons of the Huron, North Dakota, MaS (Figure 4-6) to the Finley, 
South Dakota, S-O (Figure 4-7) weekly NRMSEs show a similarity. However, 
unusably small weekly data samples limit the MaS data to the final 7 weeks of 
the 12-week period. Consequently, a slight trend toward increasing MaS 
NRMSEs is noted in Figure 4-6. Very steady winds persisted at Finley during 
the first 2 weeks of the study. This is reflected by the low NRMSEs for 
weeks 1 and 2 in Figure 4-7. The low NRMSEs for the first 2 weeks had the 
effect of reducing the slope of the linear fit to the weekly NRMSEs for the 
12-week period. Nevertheless, in the mean, a steady decline is still evident 
in the S-O wind forecasting errors while MaS indicated a slight increase in 

the wind forecasting error. 

Appendix E indicates that normalizing the RSMEs using the wind speed 
standard deviation removes all but about 20% of the variability in RMSEs 
caused by wind forecasting difficulty. Therefore, it is still possible that 
a slight trend in MaS NRMSEs can occur. Such a trend is observed in 
Figure 4-8 for the MaS weekly NRMSEs at San Gorgonio. This suggests that the 
MaS equations may perform better at San Gorgonio as winter gives way to 
spring causing a return to more regular, thus forecastab1e, diurnal wind 
patterns. By comparison, however, the s-o forecasts improved much more 
during the same weeks of the year (see Figure 4-9). 

Figures 4-4 through 4-9 indicate that the forecasters employing the S-O 
technique learned to tune the technique sufficiently in the first 90 days of 

the study to provide more accurate forecasts at each site. It is interesting 
to compare S-O forecasting verification results after the first 60 days of 
the study to MOS for the same period of the year. Table 4-5 provides such a 
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comparison by examining the forecasting errors for the period of record for 
all three forecasting sites. The table shows that while the S-O RMSEs are 
equal to or significantly smaller than those for MOS, normalization of these 
errors shows that the S-O forecasts became slightly better at Finley, but 
never achieved the skillfulness of MOS at San Gorgonio. 

TABLE 4-5. Comparison of MOS Forecasting Accuracy With Semi-Objective 
Forecasts for the Period Following Initial Learning 
(April to July) 

RMSE (m/s) NRMSE 
Site MOS S-O MOS s-o 

Block Island, RI 2.88 2.40 0.88 0.87 
Huron (MOS)/Fin1ey (S-O) 2.78 2.43 0.90 0.81 
San Gorgonio, CA 4.44 4.45 0.76 0.95 -- --
Combined 3.15 2.69 0.86 0.84 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

As discussed in Section 1, 24-hr forecasts of hourly average wind can be 
useful to utilities in reducing the operating reserves required to maintain 
system security. Since the S-O forecasting approach requires the evaluation 
of weather charts when implementing the forecasting rules for a given site, 
the approach requires skilled forecasters having access to NMC analyses and 
prognoses. Therefore, the S-O wind forecasting approach is intended for use 
by utility staff meteorologists, or weather consultants working for a 
utility, rather than by utility operations personnel or other 
non-meteorologists. 

The attempt to apply the S-O approach developed from one site to a new 
site in similar terrain yielded no unexpected results. Using the forecasting 
rules developed for Montauk to forecast at Block Island (see Section 2.1) 
worked well for these two sites, near to one another, having the same general 
type terrain and exposure to the prevailing winds. However, when the sites 
are far apart, such as Amarillo and Finley (see Section 2.2), this approach 
did not work well. The climatologies of Amarillo and Finley are much dif
ferent; the two locations are affected by different storm systems having 
different tracks. Their large differences in latitude mean that different 
winds will result from a given pressure gradient. This is reflected in the 
fact that it became necessary to develop new pressure gradient rules for 
Finley (see Appendices A and B). Therefore, it is recommended that the S-O 
method developed for one site be applied only to nearby sites in similar 
terrain having similar exposures to the prevailing wind . . 

There is evidence that, given an initial analysis of winds from a site 
of interest, or nearby site in similar terrain, the S-O wind forecasting 
approach can be improved upon fairly rapidly. At some sites, such as Block 
Island and Finley, as little as 3 months may be required to fine-tune the 
forecasting technique to reach a level of accuracy equal to, or exceeding, 

MOS (which represents a state-of-the-art forecasting technique). However, 
considerably more time may be required to accomplish this in more complex 
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meteorological and topographic settings, such as San Gorgonio. To more fully 
address the time required to "1earn to forecast" at a new wind turbine site 
and to more accurately compare the relative forecast accuracy of MOS and S-O 

forecasts, it is recommended that: 

• MOS forecasting equations be developed for both warm and cool 
seasons 

• two years of developmental data be used for both forecasting 
techniques 

• both forecasting techniques be applied to the same two years 
of developmental data 

• a forecast verification study be conducted for a full year. 

It was expected that the persistence demonstrated by time series of 
hourly average winds would make real-time wind observations (obtained via the 

dialup system) valuable to the forecasting effort. The S-O forecasts were 
much more accurate than the subjective wind forecasts, which lacked real-time 
feedback (see Section 4.3). However, there were insufficient data to draw 
conclusions about the value of having real-time feedback available when 

producing the S-O wind forecasts. A more closely controlled experiment aimed 

specifically at assessing the value of real-time feedback would be required 
to draw any firm conclusions. 

Semi-objective forecasts have the potential of becoming very accurate in 
the production of 24-hr wind forecasts for wind energy applications; however, 
attaining this accuracy takes time and effort. After 10 months of site data 
analysis and 6 months of forecasting, the forecasting rules for each site 
still cover only a portion of the set of all frequently occurring 
wind/synoptic events. Hence, 
forecasting guidelines exist. 
becomes completely subject to 

there are weather situations for which no 

In these situations, the forecasting accuracy 
the skill of the individual forecaster. Using 

techniques, such as MOS, the computer's "perfect recall" can rapidly 

establish forecasting relationships (providing the necessary data have been 

collected). These relationships might take many months to establish by human 
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analysis. Furthermore, a certain amount of subjectivity remains in the S-O 
approach, as demonstrated by the range of forecaster skill scores in 
Table 3-2. Consequently, the reliability of this approach will always vary 
to a degree with the skill of the forecaster. 

As the use of wind energy grows from single machines to clusters of wind 
turbines, forecasts for shorter time horizons, equal to the startup and 
shutdown times of conventional generators, will be required by utility dis
patchers (Dub and Pape 1981). It is therefore recommended that techniques 
for making detailed, highly reliable wind/wind power forecasts for shorter 
time horizons be explored and tested. Furthermore, to make the hourly 
average forecasts more useful to utilities, it is necessary to develop 
reliable methods of converting hourly average wind speed forecasts into 
estimates of power output for single and multiple wind turbines. 
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APPENDIX A 

ORIGINAL FORECAST GUIDELINES USED AT 
BLOCK ISLAND, RHODE ISLAND 

FINLEY AFB, NORTH DAKOTA 
SAN GORGONIO PASS, CALIFORNIA 



FORECAST GUIDELINES USED AT BLOCK ISLAND 
~ (Developed ortginally for Montauk Point) 

.. 

.. 

.. 

• 

.. 

• 

I. Strong winds can emanate from any direction. 

II. Utilize surface pressure gradients in determining the wind direction. 

III. Forecast the strongest winds when there is an isobaric orientation (1-0) 
of NW-SE and N-S . 

IV. If the pressure at La Guardia (LGA) minus the pressure at Boston (BOS) 
is greater than 4 mb, forecast a SW-NW wind 7 m/s or greater. If the 
pressure gradient is greater than 7 mb, forecast winds over 13 m/s. 

V. When the 1-0 is NE-SW or E-W and there is a 6 mb pressure gradient 
(pressure at BOS minus pressure at LGA), forecast 7 m/s or greater wind 
speeds. 

VI. There is a strong diurnal variation during the spring and summer from 
the SW sea breeze. The sea breeze is generally less than 10 m/s and 
achieves its maximum about 1900 LST . 
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FORECAST GUIDELINES USED AT FINLEY AIR FORCE BASE 
(Developed originally for Amarillo) 

I. The predominant wind direction is 180 to 260 degrees. 

II. The pressure gradient is not a useful tool in forecasting wind charac
teristics except during stagnant synoptic weather patterns. When these 
stagnant situations occur and the pressure gradient is 3 mb (per 180 nm) 
or less, forecast winds less than 7 m/s except for the SW quadrant. 

III. When the winds at 850 mb are 6 m/s or greater, then forecast 8 or more 
hours of wind 7 m/s or greater. (A 99% probability for this event 
exists.) 

IV. Forecast the maximum wind speed at 1200 to 2200 LST. 
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FORECAST GUIDELINES USED AT SAN GORGQNIO PASS 
(Developed originally for San Gorgonio) 

I. Low pressure lying to the east. 

A. Forecast strong winds when the prevailing direction is 220 to 
260 degrees. 

B. With NW-SE, N-S, or W-E 1-0, forecast strong winds. Speeds will 
exceed 7 m/s sometime during the day when the pressure at Los 
Angeles Airport (LAX) minus the pressure at Las Vegas (LAS) is as 
little as 1 mb. 

C. Forecast wind speeds between 13 and 22 m/s when the pressure gradi
ent is 7 mb or greater. (Wind speeds will exceed 13 m/s 95% of the 
time.) 

II. Low pressure lying to the west. 

A. With a NE-SW or S-N 1-0, forecast SW-WSW winds during the day and E 
during the night. When forecasting the E wind direction, forecast 
wind speeds 5 m/s or less. 

B. With an E-W 1-0, forecast W-WNW winds during the day and switch to 
NE-E wind directions during the night. When forecasting the E wind 
direction, forecast wind speeds 5 m/s or less. 

III. Diurnal variation. 

A. Incorporate diurnal variation into forecast when a flat pressure 
gradient or a trough lies over or just east of the area. Included 
are NE-SW, S-N, and N-S 1-0. Note: A W-E 1-0 will override the 
diurnality and continue to produce strong SW winds. 

B. Forecast SW-WSW daytime winds reaching maximum speeds of 7 to 15 m/s 
between 1800 to 2000 LST. Forecast light easterly winds (0 to 
3 m/s) in the early morning (0700 to 0900 LST). 
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APPENDIX B 

REVISED FORECAST GUIDELINES FOR 
BLOCK ISLAND, RHODE ISLAND 

FINLEY AFB, NORTH DAKOTA 
SAN GORGONIO PASS, CALIFORNIA 
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REVISED FORECAST GUIDELINES FOR BLOCK ISLAND 
(Revised March 10, 1982) 

I. Strong winds can emanate from any direction. 

II. Utilize surface pressure gradients in determining the wind direction. 

III. Forecast the strongest winds when there is an isobaric orientation (I-O) 
of NW-SE and N-S. 

IV. When the 1-0 is NE-SW or E-W and there is a 6 mb pressure gradient 
(pressure at BOS minus pressure at LGA), forecast 7 m/s or greater wind 
speeds. 

V. There is a strong diurnal variation during the spring and summer from 
the SW sea breeze. The sea breeze is generally less than 10 m/s and 
achieves its maximum about 1900 LST. 

VI. When an E-W 1-0 caused by a high pressure system moving from the Great 
Lakes over northern New England occurs, forecast NNE-NE winds at 7 m/s 
or greater if the high is strengthening and there is a difference in 
pressure (LGA - BOS) of -1 mb. If the high is weakening, the difference 
in pressure must be 2 mb. 

VII. Forecast 7 m/s or greater NE-ENE winds when an E-W 1-0 caused by a low 
tracking off the coast has a pressure difference of -1 mb (LGA-BOS) and 
the low is deepening; and if there is a -2 mb pressure gradient with a 
filling low. 

VIII. When a deepening low pressure system lies to the west of the Appalachian 
Mountains and pressure falls on the East Coast are 8 mb or greater 
during a 12-hour period, consider the pressure gradient between 
Providence, Rhode Island (PVD), and Albany, New York (ALB). A pressure 
gradient (PVD - ALB) of 1 mb is needed to forecast S-SSW-SW winds 7 m/s 
or greater. A pressure gradient of 4 mb will yield 12 to 13 m/s winds. 

IX. Forecast WSW-W 7 m/s or greater winds with a W-E 1-0 and a pressure 
gradient of 1 mb between LGA and BOS and winds 11 to 12 m/s with a 
pressure gradient of 4 mb . 
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REVISED FORECAST GUIDELINES FOR FINLEY AFB 
(Revised March 10, 1982) 

I. Forecast the maximum wind speed at 2100 to 2200 LST. 

II. Use the pressure gradient between Huron, South Dakota (HaN) and Grand 
Forks, North Dakota (GFK) when a W-E I-a exists. Forecast 7 m/s or 
greater winds when there is a 1 mb pressure gradient (HaN - GFK) and 
forecast winds 11 to 12 m/s when there is a 4 mb pressure gradient. 

III. If the wind direction is SE and there is a low pressure lying to the 
south, the winds will increase and back to the NE and N only if Finley 
is under the direct circulation of the low. If Finley is not in the 
direct circulation, the winds will veer through the SW and NW. 

IV. When the wind is veering from the NE to the SE, forecast an increase in 
wind speed as soon as the wind direction becomes SE. 
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REVISED FORECAST GUIDELINES FOR SAN GORGONIO PASS 
• (Revised April 2, 1982) 

.. 

.. 

I. The pressure at LAX is greater than at LAS. 

A. Forecast strong winds when the prevailing direction is 220 to 
260 degrees. 

B. With NW-SE, N-S, or W-E 1-0, forecast strong winds. Speeds will 
exceed 7 m/s sometime during the day when the pressure at Los 
Angeles Airport (LAX) minus the pressure at Las Vegas (LAS) is as 
little as 1 mb . 

C. Forecast wind speeds between 13 and 22 m/s when the pressure 
gradient is 7 mb or greater. (Wind speeds will exceed 13 m/s 95% of 
the time.) 

II. The pressure at LAS is greater than the pressure at LAX. 

A. With a NE-SW or S-N 1-0, forecast SW-WSW winds during the day and E 
during the night. When forecasting the E wind direction, forecast 
wind speeds 5 m/s or less. 

B. With an E-W 1-0, forecast W-WNW winds during the day and switch to 
NE-E wind directions during the night. When forecasting the E wind 
direction, forecast wind speeds 5 m/s or less. 

C. If a low is lying to the south of California, forecast NW winds 4 to 
9 m/s during the night and SE winds 2 to 4 m/s during the day. 

D. Forecast SE winds 3 to 7 m/s if the low is off the northern 
California coast. 

III. The pressure gradient is changing sign. 

A. The wind will briefly gust (1 to 2 hours) 2 to 3 m/s higher than the 
speed supported by the pressure gradient and then will slow down to 
the speed determined by the pressure gradient. 

B. The higher wind speeds associated with the switch in direction to 
WSW will be delayed 2 to 3 hours and then follow A above . 
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HEIDKE SKILL SCORE COMPUTATION 

The Heidke Skill score (Brier and Allen 1952) is computed from a contin
gency table. To create these tables, each forecast wind speed was placed 
into one of five categories. The speed categories depicted in Figure C-1 
were selected to correspond roughly to power output levels of a large wind 
turbine generator. The power curve in the figure is similar to that of the 
DOE MOD-2 wind turbine generator described by Linscott et a1. (1981). In 
category 1 there was no chance of any power being produced in that hour; 
category 2 contained hourly averaged wind speeds that promised about a 50% 
change of some power being produced. Category 3 was for those speeds that 
fell on the ramp--that area of the MOD-2 WTG power-out curve where an 
increase in speed led to an increase in power production. Hourly averaged 
wind speeds that fell within the rated range were put into category 4 and 
anything above the rated range (which also produced no power) was contained 
in category 5. The same procedure was followed for each observed wind speed . 

Table C-1 shows a sample contingency table with only two categories. 
The equation for computing the Heidke Skill score with this contingency table 
is 

HEIDKE SKILL SCORE = (A+D) - ((X*L) + (V*M))/Z 
Z - ((X*L) + (V*M))/Z 

The term ((X*L) + (V*M))/Z is the climatological occurrence of the event 
happening. The II hits II or number of times the event occurs when forecast is 
determined by the value (A+D). So the Heidke skill score is basically the 
number of correct forecasts divided by the total number of forecasts offset 
by the climatological occurrence. 

The score values can range from a low of -1.0 to a high of +1.0. A 
value of 0.0 indicates the forecast was only as good as climatology. 
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STATISTICAL ANALYSIS FOR THE PERIOD 
FEBRUARY THROUGH JULY 1982 

KEY TO COLUMN HEADINGS 

SITE 

2 
3 

SITE 

1 
1 
2 
2 
3 
3 

SITE 

Sites: 1 = Block Island 
2 = Finley AFB 
3 = San Gorgonio P~ss 

Forecast time: 1 = 0600 GMT 
2 = 1800 GMT 

PROJ HOUR ••••••• forecast projection hour 
ID •••••••••••••• forecaster number 
MFWS •••••••••••• mean forecast hourly averaged wind speed 
MOWS •••••••••••• mean observed hourly averaged wind speed 
BIAS •••••••••••• MFWS-MOWS 
MAE ••••••••••••• mean absolute error 
RMSE •••••••••••• root mean sq uare error 
SIGMAF •••••••••• standard deviation of forecast wind speed 
SIGMAO •••••••••• standard deviation of observed wind speed 
SAMPLE SIZE ••••• size of sample anlayzed 

ANALYSIS BY SITE 

SAMPLE 
MFWS MOWS BIAS MAE RMSE SIGMAF SIGMAO SIZE 

6.92 6.11 0.20 2.38 3.04 2.85 2.88 3121 • 
1.10 8.41 -0.11 2.59 3.42 3.00 3.20 5142. 
8.21 8.92 -0.11 3.11 4.12 4. 10 4.61 2666. 

ANALYSIS BY SITE, BY FORECAST TIME 

FCST SAMPLE 
TIME MFWS MOWS BIAS MAE RMSE SIGMAF SIGMAO SIZE 

6.83 6.15 0.09 2.42 3.01 2.93 2.91 1593. 
2 1.00 6.68 0.32 2.34 3.01 2.16 2.84 1528. 
1 1.68 8.43 -0.15 2.62 3.49 3.00 3. 1 9 2649. 
2 1.12 8.39 -0.61 2.55 3.34 2.99 3.21 2493. 
1 1.91 8.94 -0.91 3.80 4.80 4. 13 4.60 13 88. 
2 8.48 8.90 -0.43 3.62 4.63 4.05 4.62 1218. 

ANALYSIS BY SITE, BY HOUR OF DAY (LST), BY FORECAST TIME 

PROJ FCST 
HOUR TIME MFWS MOWS BIAS MAE RMSE SIGMAF SIGMAO 

5.13 6 . 5 1 -0.19 2. 12 2.14 2.66 3.01 
2 5.69 6.15 -1 .06 2. 11 2.16 2.64 2.83 
3 5.81 6.65 -0.19 2.33 3.01 2.41 2.81 

0-1 
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PROJ FeST SAMPLE 
SITE HOUR TIME MFWS MOWS BIAS MAE RMSE SIGMAF SIGMAO SIZE 

4 6.02 6.78 -0.77 2.55 3. 1 8 2.60 2.99 65. 
5 6.26 6.66 -0.39 2.72 3.34 2.83 3 • 1 1 65. 
6 6. 17 6.43 -0.26 2.53 3.05 2.93 2.83 64. 
7 6.37 6. 38 0.00 2.46 2.97 2.97 2.90 64. 
8 6.30 6.78 -0.48 2.36 2.95 3.01 2.90 66. 
9 6.56 6.69 -0.13 2.34 2.94 2.97 2.92 71. 

10 6. 7 4 6.64 O. 10 2.37 2.87 2.87 2.88 70. 
1 1 6.90 6.57 0.33 2.29 2.76 3.07 2.92 67. 
12 6. 91 6 .71 0.20 2. 16 2.73 2.99 2.87 69. 
13 6.96 6.93 0.03 2.09 2.62 2.88 2.82 69. 
14 7. 29 7.25 0.04 2.01 2.44 2.93 2.88 70. 
15 7. 18 7.04 O. 13 2. 1 8 2.72 2.78 2.61 69. 
16 7. 16 7.04 0.12 2.28 2.86 2.79 2.84 68. 
17 7.40 6.90 0.49 2.29 2.85 2.75 2.82 66. 
18 7.34 7.00 0.34 2. 15 2.68 2.87 2.79 64. 
19 7.40 6.89 0.50 2.53 3 • 1 1 2.88 3.08 62. 
20 7.55 6.60 0.94 2.72 3.61 2.95 3.06 64. 
21 7. 7 3 6.66 1. 07 2.69 3.52 2.97 3.07 66. 
22 7.68 6.58 1. 0 9 3. 10 3.98 3. 14 3.03 64. 
23 7.40 6.52 0.88 3.03 3. 81 3.02 2.99 66. 
24 7.45 6.88 0.57 2.80 3.58 3.04 3. 17 65. 

1 2 6.50 7.03 -0.53 1. 36 1.73 2.58 2.84 66. 
2 2 6.60 7.29 -0.70 1. 55 1. 95 2.71 2.91 67. 
3 2 6.39 7.04 -0.65 1. 78 2.26 2.35 2.62 66. 
4 2 6.43 7. 0 1 -0.58 1. 95 2.49 2.39 2.81 65. 
5 2 6.58 6.88 -0.30 1. 97 2.55 2.49 2.78 63. 
6 2 6.64 7.00 -0.36 1. 96 2.53 2.54 2.74 6 1 • 
7 2 6.59 6.87 -0.27 2. 12 2.69 2.69 3.00 59. 
8 2 6.75 6 .51 0.24 2.15 2.86 2.71 2.97 6 1 • 
9 2 6.93 6.56 0.37 2.39 2.95 2.86 3.10 63. 

1 10 2 7.06 6.47 0.59 2.53 3.05 2.82 3.08 61. 
1 1 1 2 7.07 6. 41 0.67 2.41 3.09 2.76 3.07 63. 
1 12 2 7.28 6. 74 0.54 2.60 3. 1 9 2.79 3.23 63. 
1 13 2 7.32 6.52 0.80 2.69 3.29 2.73 3.09 63. 
1 14 2 7. 12 6 .51 o • 6 1 2.43 2.93 2.41 2.66 63. 
1 15 2 7.22 6 .51 o .71 2.53 3.10 2.52 2.75 64. 
1 16 2 7 • 1 1 6.57 0.54 2.69 3.43 2.66 2.70 61. 
1 17 2 7.18 6.48 0.70 2.86 3.71 2.75 2.82 62. 
1 18 2 7.10 6.30 0.80 2.60 3.33 2.84 2.49 61 • 
1 19 2 7.12 6.26 0.86 2.51 3. 1 8 2.97 2.59 62. 
1 20 2 7.37 6.76 o • 6 1 2.57 3.27 3.04 2.76 66. 
1 21 2 7.43 6.68 0.75 2.80 3.60 3. 10 2.87 69. 
1 22 2 7.39 6.66 0.73 2.60 3.43 3.00 2.77 68. 
1 23 2 7.47 6.56 0.91 2.67 3.43 3 • 1 1 2.79 65. 
1 24 2 7.40 6.62 0.78 2.57 3.27 3.08 2.81 66. 
2 1 1 7.72 8.87 - 1 • 15 2. 18 3 • 1 1 3. 1 9 3.24 1 1 0 • 
2 2 1 7.72 8.65 -0.93 2. 19 3.03 3.19 3.17 110. 
2 3 1 7. 72 8.34 -0.61 2. 18 3.00 2.99 3.07 109. 
2 4 1 7.74 8.27 -0.54 2.34 3.27 3.00 3.23 1 1 1. 
2 5 1 7.70 8.30 -0.60 2.44 3.40 2.90 3.08 112. 
2 6 1 7.56 8.51 -0.95 2.58 3.59 2.96 3.34 1 1 1 • 
2 7 1 7.54 8.52 -0.98 2.54 3.58 2.91 3.27 1 1 1. 
2 8 1 7.51 8.35 -0.84 2.40 3.38 2.96 3.00 111 • 
2 9 1 7.55 8.42 -0.86 2.70 3.51 2.93 2.98 110. 
2 10 1 7.64 8.26 -0.62 2.88 3.63 2.96 3. 16 1 1 2. 
2 1 1 1 7.62 8.25 -0.64 2.92 3.72 2.86 3.40 108. 
2 12 1 7.68 8.26 -0.58 2.89 3.79 2.99 3.37 107. 
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PROJ FeST SAMPLE 
SITE HOUR TIME MFWS MOWS BIAS MAE RMSE SIGMAF SIGMAO SIZE 

2 13 7.68 8.24 -0.56 2.70 3.58 2.83 3.21 1 1 a • 
2 1 4 7. 71 8.24 -0.53 2.71 3.42 2.83 3.08 1 1 a • 
2 1 5 7. 7 3 8.24 -0.51 2.6 1 3.36 2.89 3. 16 108. 
2 16 7.69 8.27 -0.58 2.49 3.28 2.87 3.08 1 1 a • 
2 17 7.71 8.42 -0.71 2.71 3.52 2.98 2.99 1 1 a • 
2 18 7. 7 3 8.46 -0.73 2.66 3.43 3.08 3. 10 110. 
2 19 7.66 8.52 -0.86 2.68 3.45 3.04 3. 10 11" 
2 20 7. 57 8.39 -0.82 2.67 3.56 3. 13 3.26 11" 
2 21 7.70 8.55 -0.85 2.78 3.65 3.21 3.37 11 2. 
2 22 7.72 8.62 -0.90 2.89 3.84 3.22 3.45 112. 
2 23 7.81 8.67 -0.86 2.87 3.78 3. 18 3.42 112. 
2 24 7.85 8.69 -0.84 2.86 3.73 3. 18 3.24 11" 
2 1 2 7.55 8.22 -0.68 2.05 2.99 3.05 3. 18 104. 
2 2 2 7.62 8.20 -0.58 2.00 2.65 3.01 3.03 103· 
2 3 2 7.66 8.24 -0.58 2.07 2.57 3.06 3. 11 101-
2 4 2 7.73 8.27 -0.54 1. 95 2.48 3. 10 3.04 1 03. 
2 5 2 7. 76 8.43 -0.67 2.24 2.86 3.24 2.97 103. 
2 6 2 7.62 8.49 -0.87 2.07 2.76 3. a 8 3. 10 104. 
2 7 2 7.74 8.51 -0.78 2.25 2.91 3. 1 3 3. 16 105. 
2 8 2 7.79 8.41 -0.62 2.38 3 • 1 1 3. 18 3.33 105. 
2 9 2 7.88 8.51 -0.63 2.6 1 3.35 3.20 3.50 106 • 
2 10 2 7.84 8.70 -0.85 2.77 3.53 3. 1 4 3.49 105. 
2 1 1 2 7.81 8.76 -0.95 2.78 3.59 3. 12 3.48 105. 
2 12 2 7.87 8.81 -0.94 2.71 3.48 3.08 3.26 105. 
2 13 2 7.85 8.80 -0.95 2.66 3.61 3. 10 3.31 104. 
2 14 2 7.76 8.60 -0.83 2.73 3.53 3.02 3.31 104. 
2 15 2 7.75 8.28 -0.52 2.61 3.39 2.92 3.17 103. 
2 16 2 7.75 8.21 -0.46 2.64 3.46 2.77 3.32 105. .. 2 17 2 7.65 8.25 -0.59 2.65 3.52 2.83 3.14 106. 
2 18 2 7. 66 8.32 -0.66 2.72 3.64 2.76 3.24 105. 
2 19 2 7.63 8.29 -0.66 2.84 3.76 2.77 3.24 105. 
2 20 2 7. 61 8.21 -0.59 2.80 3.49 2.76 2.90 105. 
2 21 2 7.64 8.08 -0.44 2.75 3.52 2.83 2.99 105. 
2 22 2 7.71 8.13 -0.42 2.97 3.81 2.96 3. 1 8 104. 
2 23 2 7.60 8.26 -0.66 2.97 3.85 2.85 3.38 100. 
2 24 2 7.69 8.35 -0.66 2.95 3.80 3.06 3.38 98. 
3 1 1 8.65 9.73 -1 • a 7 3.57 4.62 4.73 4.83 6 o. 
3 2 1 8.45 10.08 -1 .63 3.70 4.84 4.73 4.96 59. 
3 3 1 8.03 10.00 -1 .97 3. 91 4.90 4.75 5 • 11 60. 
3 4 1 7.94 9.81 -1 .88 3.89 4.70 4.82 5. 10 60. 
3 5 1 7.38 9.51 -2.12 4. 31 5.20 4.71 5. a 1 59. 
3 6 1 7.12 9.06 -1.94 4.05 5.20 4.6 1 4.81 59. 
3 7 1 6. 95 8.88 -1 .93 4.07 5. 17 4.51 4.71 59. 
3 8 1 6.77 8.48 -1. 71 3.73 4.82 4.44 4.60 59. 
3 9 1 6.45 8. 15 -1 .70 4.01 5.06 4.36 4.55 59. 
3 10 1 6.47 8. a 9 -1. 61 4.22 5.49 4.29 4.81 59. 
3 1 1 1 6.82 8.23 -1 .41 4.10 5. 1 8 4. 17 4.50 58. 
3 12 1 7. 14 8.27 -1.14 3.89 4.82 3.90 4.56 57. 
3 13 1 7.06 7.73 -0.67 3.50 4.33 3.46 4. 15 54. 
3 14 1 7.34 8.07 -0.73 3.70 4.61 3.27 4.14 56. 
3 15 1 7.64 8.41 -0.77 3.97 4.87 3. 13 4.78 56. 
3 16 1 8.27 8.48 -0.21 3.54 4.53 3.30 4.60 56. 
3 17 1 8.62 8.21 0.41 3.43 4.35 3.37 4.16 56. 
3 18 9.08 8.62 0.46 3.39 4.33 3.50 4.21 56. 
3 19 9.33 9.05 0.28 3.33 4.12 3.58 4.20 56. 
3 20- 9.26 9.06 0.20 3.43 4.36 3.64 4.13 58. 
3 21 9.48 9.81 -0.34 3.52 4.46 3.64 4.36 58. 
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PROJ FCST SAMPLE 
SITE HOUR TIME MFWS MOWS BIAS MAE RMSE SIGMAF SIGMAO SIZE 

3 22 9-30 9.68 -0.38 3.59 4.57 3.66 4.40 58. 
3 23 1 9.05 9.36 -0.31 4.06 5.02 3.64 4.44 58. 
3 24 1 8.82 9.47 -0.65 4 • 1 1 5.23 3.67 4.59 58. 
3 1 2 7.46 7.97 -0.50 3. 1 4 4.09 3.6 1 4.38 51. 
3 2 2 7.6 1 8. 13 -0.52 3.05 3.94 3.56 4.25 52. 
3 3 2 7.89 8.44 -0.55 3.55 4.38 3.66 4.88 5 1 • 
3 4 2 8. 1 8 8.56 -0.39 3.34 4.07 3.49 4.68 52. 
3 5 2 8.60 8.35 0.25 3.03 3.66 3.69 4.24 52. 
3 6 2 8.88 8.69 0.19 3.40 3.82 3.83 4.19 52. 
3 7 2 9 • 11 9.24 -0.13 3.21 3.78 3.79 4.22 52. 
3 8 2 9.45 9.32 O. 13 3.21 3.64 3.82 4.08 54. 
3 9 2 9.62 10. 16 -0.53 3.03 3.64 3. 81 4.26 54. 
3 10 2 9.98 9.99 -0.01 2.91 3.69 3.84 4.23 54. 
3 1 1 2 10. 1 3 9.79 0.34 3.52 4.38 3.88 4.50 54. 
3 12 2 9.98 9.83 o • 1 4 3.51 4.30 3.96 4.63 53. 
3 13 2 9.86 9.62 0.24 3.68 4.54 3.95 4.78 54. 
3 1 4 2 9.52 9.89 -0.37 3.61 4.54 3.99 5.05 54. 
3 1 5 2 9. 1 9 9.68 -0.49 3.53 4.52 3.88 5.20 55. 
3 16 2 9.09 9.43 -0.34 3.37 4.31 4.07 5.23 55. 
3 17 2 8.90 9.03 -0.12 3.51 4.41 4.21 5.07 54. 
3 18 2 8.06 8.54 -0.48 3.78 5.21 4. 31 4.67 54. 
3 1 9 2 7.71 8.60 -0.89 4.56 5.67 4.52 4.59 54. 
3 20 2 7. 18 8.21 -1 .03 3. 91 5.00 4.04 4.54 54. 
3 21 2 6.83 7.97 -1 • 1 4 ~ .07 5.50 3. 91 4.60 54. 
3 22 2 6.60 7.82 -1 .22 4.56 6 • 1 5 4.04 4.74 54. 
3 23 2 6.70 8.06 -1. 36 4.60 6 • 1 0 4. 1 4 4.56 53. 
3 24 2 6.69 8. 1 3 -1. 44 4.68 5.99 3.96 4.63 52. 

ANALYSIS BY FORECASTER, BY SITE, BY FORECAST TIME 

FCST SAMPLE 
ID SITE TIME MFWS MOWS BIAS MAE RMSE SIGMAF SIGMAO SIZE 

2 7. 0 4 7 .21 -0.18 2.04 2.36 1. 5 1 2.61 72. 
1 2 1 4.61 10.34 -5.73 5.76 6.35 1 .04 2.73 1 24. 
1 2 2 7 • 1 1 7. 15 -0.04 2. 10 2.49 1. 26 2.92 1 44. 
1 3 2 5.80 8. 17 -2.37 3.48 4.32 3.03 3.63 96. 
2 1 1 5.90 5 .7 1 0.19 2.27 2.78 2.28 2.03 320. 
2 1 2 7. 14 7.47 -0.32 2.61 3.34 3. 13 2.92 327. 
2 2 1 7.98 7.82 o. 17 2.23 2.92 2.70 2.51 653. 
2 2 2 7.36 8.90 -1 .54 3.21 4.21 3.05 3.38 504. 
2 3 1 7.32 7. 13 O. 1 8 3.32 4 • 11 3.74 3.27 262. 
2 3 2 11. 81 9.45 2.36 3.86 4.69 5 .31 5.44 217. 
3 1 1 6.48 6.50 -0.02 2.25 2.79 2.41 2.63 257. 
3 1 2 6.36 5.36 1. 00 2.42 3. 12 2.33 1. 95 272. 
3 2 1 7.89 9.13 -1 .25 3.00 3.98 3.01 3.80 6 15. 
3 2 2 8.01 7.78 0.23 2.17 2.70 3.24 2.69 405. 
3 3 1 10. 16 9.15 1. 0 1 3.21 3.97 3.47 4.00 286. 
3 3 2 8.74 6.19 2.55 3.91 4.80 2.83 2.49 168. 
4 1 1 7.59 7.92 -0.32 2.50 3 • 11 .3.94 3.52 307. 
4 1 2 7.34 7.43 -0.09 2.72 3.40 2.96 2.72 185. 
4 2 1 6.84 7.07 -0.22 2.46 2.92 2.59 2.50 202. 
4 2 2 8.23 9.16 -0.93 2.41 3.22 3.23 2.71 482. 
4 3 1 9.71 10.57 -0.86 3.77 4.81 4.90 5.56 216. 
4 3 2 7.61 8.00 -0.38 2.93 3.68 3.24 4.02 295. 
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PROJ FeST SAMPLE 
SITE HOUR TIME MFWS MOWS BIAS MAE RMSE SIGMAF SIGMAO SIZE 

5 7.36 6.49 0.87 2. 17 2.83 2.72 2.76 329. 
5 1 2 6.70 6.38 0.32 2.04 2.53 2. 13 2.74 405. 
5 2 1 9.03 9.26 -0.22 1. 75 2.42 2.69 2.69 405. 
5 2 2 7.81 8.51 -0.69 2.52 3.31 2.86 3.64 662. 
5 3 1 6 . 81 7.54 -0.73 3.58 4.39 2.79 3.53 261. 
5 3 2 7.94 10.51 -2.57 4. 18 5.24 3.25 4.48 286. 
6 1 1 6.79 7.06 -0.27 2.82 3.59 2.69 2.95 380. 
6 1 2 7.72 6.85 0.87 2.23 3.02 3.38 3.22 267. 
6 2 1 7 • 17 7.93 -0.75 2.64 3.48 3.25 3.30 650. 
6 2 2 7. 16 7.45 -0.29 2.46 3. 10 2.81 2.88 296. 
6 3 1 6.53 1 0 . 11 -3.58 4.77 5.99 4. 1 3 5. 17 363. 
6 3 2 8.00 9.89 - 1 .89 3.40 4.85 3.83 5. 13 216. 

... 
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SELECTION OF A NORMALIZING STATISTIC FOR 
COMPARISON OF WIND SPEED FORECASTING ERRORS 

When making comparisons of the relative accuracy of different wind 
forecasting methods, it is often necessary to remove the effects of differ
ences in the difficulty of forecasting the winds in order to achieve accurate 
comparisons. Removing these effects is required whenever any of the 
following comparisons are to be made: 

• comparison of forecasts made during different seasons at a site 
• comparison of forecasts made at different sites 
• comparison of forecasts made during different years. 

The process of removing the effects of differences in forecasting diffi
culty (in order to examine the skill of the forecasts) is often referred to 
as normalization. In order to normalize wind forecasting verification 
statistics, it is necessary to identify the wind characteristic(s) that is 
associated with forecasting difficulty and then to formulate statistical 
measures of that wind characteristic(s). The statistical measure, if 
numerically suitable, can be used as a divisor/multiplier to normalize the 
wind forecasting error statistics. 

To identify characteristics of the wind that are highly correlated with 
wind forecasting difficulty, a data set containing nine contiguous months of 
Model Output Statistics (MOS) forecasts was developed for three sites. As 
described in Section 4.2 of the main body of this report, MOS is an objective 
forecasting technique using fixed forecasting equations. Therefore, MOS is a 
"mature ll technique that has no inherent learning curve that would disguise 
relationships between wind characteristics and forecasting accuracy. 

If the climatology of a location is sufficiently known to produce 
unbiased wind speed forecasts, errors made in wind forecasting can usually be 
associated with two general characteristics exhibited by the time-series of 
observed wind speeds: 1) trends in the wind speed (lasting several hours), 
and 2) variability (noise) in the hour-to-hour wind speed observations. 
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Errors occur when trends are incorrectly forecast. Usually these errors are 
associated with mistiming the trend (as shown in Figure E-l). Such errors 
are often the result of errors made in estimating the rate of movement and/or 
development of weather systems. Rapidly moving storm systems that frequently 
move through or by a location could contribute to such errors. 

Other wind forecasting errors occur due to the inability of the 
forecaster or forecasting scheme to predict highly variable winds. 
Figure E-2 depicts a time series of hourly mean wind speeds having rather 
high variability. The dashed line, an actual wind speed forecast, follows 
the general trend of the winds. Nevertheless, the RMSE of this forecast is 
large (4.52 m/s). The dashed curve in Figure E-3 is a fourth order 
polynomial fit to the observed winds of Figure E-2. In essence, the 
polynomial fit can be considered to be the best possible forecast for these 
winds. Despite the mathematical fitting of a curve to the data, using the 
fitted curve as a forecast still results in a moderately large RMSE of 
3.01 m/s. 

Several wind statistics were examined to determine how well they 
measured both speed trends and variability (noise) in sequences of hourly 
average wind speeds and how well each statistic correlates with wind speed 
forecasting errors. Wind statistics examined for correlation with the RMSE 
of the forecast were: 

• standard deviation of the observed wind speeds (SIGMAO) 

• auto-correlation of the observed wind speed (using 1- through 12-hr lag) 

• mean deviation of successive wind speed observations (using 1- through 
12-hr lag) 

• mean square deviation (MSD) of observed wind speed (using 1- through 
12-hr lag) 

• root mean square deviation of observed wind speed (using a 1- through 
12-hr lag). 

Two statistics proved superior to the others in explaining the variance 
in wind speed forecasting errors. These were the monthly standard deviation of 
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the observed wind speed and the monthly mean square deviation of observed 
wind speed (computed using a 6-hr lag). The standard deviation of speed 
provides a general information about the wind speed variability and thus 
forecasting difficulty. Though the standard deviation has been used in the 
past to indicate forecasting difficulty (Bodin and Fredriksson 1981), there 
was concern that standard deviation may not provide sufficient information on 
trends or the hour-to-hour variability in the wind speed on time scales 
important to forecasting. On the other hand, the 6-hr lagged mean square 
deviation of wind speed appeared to provide information about noise-type 
variability in speed as well as speed trends of near 6 hours duration. 

Statistical analysis of the MOS wind forecasting data shown in Table E-l 
was performed to select the statistic that explains the greatest amount of 
variation in MOS wind forecasting error (RMSE). The data in the table were 
sorted in order of increasing RMSE and analysis of variance (ANOVA) was 
performed. A plot of residuals indicated that the natural log of the MSD 
(lagged 6 hours) was more linearly related to RMSE than the MSD itself. 
Results of the ANOVA on the sorted data are shown below: 

Standard deviation of the speed observations 82% of RMSE variance 
explained 

Natural log of MSD lagged 6 hours 72% of RMSE variance 
explained 

An explanation of these results is shown in Figures E-4 and E-5. Figure 
E-4 contains a plot of the data of Table E-l sorted on RMSE. It appears that 
SIGMAO follows the RMSE more closely than LN(MSD), particularly for larger 
values of RMSE. To depict this more clearly, a third order polynomial fit to 
the data of Figure E-4 is presented in Figure E-5. SIGMAO parallels RMSE 
through the entire range of RMSEs, while LN(MSD) is not linearly proportional 
to the RMSE for values greater than 4 m/s. 

For these reasons, SIGMAO was selected as the normalizing statistic. 
Division of RMSE by SIGMAO results in a value that is much more representa
tive of the skill exhibited in the wind speed forecasts; thus, the relative 
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accuracy of forecasts made for different times of the year and using differ
ent techniques can be more equitably determined. Normalized Rr~SEs also 
permit evaluation of the learning curve resulting from implementation by 
forecasters of a new forecasting technique or from forecasting for a new 
location . 

TABLE E-l. MOS Monthly Wind Forecasting Errors and 
Two Candidate Normalizing Statistics for 
Three Selected Sites 

Site Month RMSE SIGMAO LN(MSO) 

Block Island, RI Feb 2.84 4.04 2.175 
Mar 2.44 3.18 2.041 
Apr 2.88 3.07 2.129 
May 2.88 3.46 2.113 
Jun 2.01 2.36 1 .615 
Jul 2.44 3.01 1.649 
Aug 2.87 3.00 2.285 
Sep 2.24 3.48 2.281 
Oct 2.90 3.16 2.298 

Huron, SO Feb 
Mar 2.39 3.28 2.474 
Apr 2.91 3.29 2.561 
May 2.79 3.02 2.116 
Jun 2.98 3.20 2.436 
Jul 2.57 2.93 2.311 
Aug 2.08 2.55 1.650 
Sep 2.32 2.82 1.734 
Oct 2.24 2.45 1 .761 

San Gorgonio, CA Feb 
Mar 4.33 4.73 2.918 
Apr 4.31 5.71 2.96 
May 4.49 6.06 3.073 
Jun 3.27 4.19 2.992 
Jul 3.62 5.03 3.042 
Aug 3.68 5.06 3.237 
Sep 4.76 5.51 2.789 
Oct 4.01 3.92 2.852 
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