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Abstract 

The New Hampshire Army National Guard (NHARNG) training facility in 
Center Strafford, NH, wishes to supply at least 25% of its energy needs 
with renewables by 2025 to meet Army and Department of Defense energy 
goals. They commissioned the Cold Regions Research and Engineering La-
boratory (CRREL) to determine the feasibility of wind energy meeting this 
requirement. Aiming to meet industry standards for assessment, CRREL 
acquired meteorological wind data from June 2012 through May 2014; 
performed data quality control; estimated turbulence, wind shear, and 
speed distributions; and estimated energy production and payback periods 
for five 100 kW wind turbines. The best performing turbine assessed at a 
hub height of 37 m could provide 52% of the site’s annual electric power 
needs with a payback of approximately 18 to 19.6 years. However, extrapo-
lated long-term wind speeds suggest the best performing turbine assessed 
could provide 71% of the site’s annual electric power needs; and the pay-
back would drop to approximately 14 years. CRREL also assessed the fea-
sibility of a comparable solar energy system at Center Strafford, and the 
payback for a fixed-array system is 14–16 years and 11 years for a two-axis 
array system. 
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1 Project Summary 

This section is a brief overview of the U.S. Army Engineer Research and 
Development Center (ERDC) Cold Regions Research and Engineering La-
boratory (CRREL) 2012–2014 wind-energy assessment for the New 
Hampshire Army National Guard (NHARNG) Center Strafford Training 
Center. It summarizes customer expectations and tasks and reviews work 
conducted, results, and recommendations in the context of problems, un-
certainties, and deviations from the Measuring Network of wind Energy 
Institutes (MEASNET) guidelines. 

Energy goals of the Department of Defense (DOD) and the Army are for 
renewable resources to provide at least 25% of the energy at facilities by 
2025. NHARNG hopes to meet this goal by using a variety of renewable 
technologies, possibly including wind turbines. NHARNG wishes to know 
the amount of wind energy that could be harvested at the Center Strafford 
Training Center. 

The purpose of this work was to assess the wind power available, the wind 
characteristics, and the proportion of local electric energy demand that a 
wind turbine could supply and to identify candidate wind turbines. There 
is no Army Unified Facilities Criteria that addresses wind turbines; there-
fore, we referenced a National Renewable Energy Laboratory (NREL) 
commissioned AWS Scientific report (1997) and also MEASNET (2009) 
and IEC (2005a, 2005b) recommendations and requirements. 

NHARNG and CRREL obtained permits and determined the location for a 
34 m tower installed in May 2012 with an array of instruments, including 
heated and unheated anemometers and wind vanes. The unheated ane-
mometers were calibrated to MEASNET standards. A sonic anemometer 
and an ice detector were also installed. Data loggers acquired wind data, 
and CRREL performed data quality control. 

Quality control was a significant component of this project because it en-
sured our data was as accurate as possible before performing analyses. We 
used data plots to visually identify breaks and deviations in data and tested 
for error codes and constant values. We used range tests to detect anoma-
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lous data and determined trends and inconsistencies in the data by com-
paring instruments to one another. This helped to detect instrument cali-
bration drifts over the course of the study. Icing events were detected from 
a combination of ice-detector reports, unheated instrument standard devi-
ations, and a comparison of the speeds recorded by heated and unheated 
anemometers. Shadowing occurred when instruments were downwind of 
the tower, and we used wind direction datasets to detect periods of signifi-
cant shadowing. We used regressions with unaffected instruments to re-
place data affected by any of these sources of error. 

We recorded average, minimum, maximum, and standard-deviation val-
ues with each instrument every 10 min. With this data, we calculated sea-
sonal, annual, and directional values, including average wind speeds. We 
chose the 33.8 m unheated anemometer as most representative of the 
wind regime as it was near the tower’s top and was calibrated to 
MEASNET standards. The mean wind speed for this instrument over two 
years was 4.10 m/s with the highest wind speeds from the west-southwest 
(4.46 m/s) and west-northwest (5.10 m/s). Seasonally, wind speeds were 
higher during the winter than summer. The 3-D ultrasonic anemometer 
near the top of the tower showed an insignificant average flow inclination 
of 0.22° with a standard deviation of 3.14°, nearly parallel to the earth’s 
surface. This implies that flow inclination had a minimal effect on the rec-
orded data, at least at the top of the tower.  

We analyzed the performance of five 100 kW turbines by using seasonal 
wind-shear coefficients to extrapolate wind speed to the turbine hub 
heights. This power-curve analysis incorporated an air-density scaling fac-
tor as Center Strafford is above sea level and has atmospheric conditions 
different than the standard conditions in which turbine power curves were 
formulated. Of the five candidate turbines, the Polaris P25-100 provided 
the most energy because its power-curve distribution matched with the 
distribution of wind speeds at Center Strafford better than the other mod-
els. Figure 57 compares the power curves of the selected turbines, and Ta-
bles 34 and 35 evaluate the physical and performance characteristics of 
each model. Please see Appendix I for information about specifications 
and relevant performance data for each turbine model. This study did not 
consider vertical-axis turbines because they are generally less efficient 
than horizontal-axis turbines, and some vertical-axis turbines require an 
external source to begin spinning. However, they produce less noise and 



ERDC/CRREL TR-15-18 3 

 

pose a lower risk to birds and bats because they generally spin at slower 
speeds than horizontal-axis turbines.  

Turbulence was also included in energy estimates. Summer and fall and 
easterly and southerly winds were generally the most turbulent. Turbu-
lence at Center Strafford was nearly always classified as medium to high 
intensity for wind speeds greater than 3 m/s, which is the cut-in speed for 
most 100 kW turbines. There is no standard method to account for the ef-
fect of turbulence on wind-turbine energy output, so we used the guidance 
of several authors and reduced energy estimates by 5%.    

Overall, using estimates from the two years of observations at Center 
Strafford, we project that the P25-100 would produce about 133,000 kWh 
of electricity per year. This supplies about 52% of the Center Strafford 
site’s annual needs of about 257,000 kWh per year. Overall, monthly en-
ergy delivery would satisfy 26% to 71% of monthly demand. Please refer to 
Figure 59 for a monthly breakdown of average energy usage at NHARNG 
and the estimated wind-energy production.  

A comparison of Center Strafford measurements with those recorded at a 
meteorological station in Rochester, NH, about 14 km to the east, shows 
that the wind speeds correlate moderately well. Rochester wind measure-
ments over 14 years, including the overlapping two years, suggested that 
the two-year monitoring period at Center Strafford had somewhat low 
wind speeds compared to the historical average. Model-predicted energy 
outputs using long-term data suggest that a wind turbine at Center Straf-
ford in recent years would have produced 11% more energy than that esti-
mated during the two-year observation period. This equates to an annual 
energy production estimate of about 183,700 kWh/year, providing 71% of 
NHARNG’s annual energy needs.   

In addition to a wind turbine, we modeled a hypothetical photovoltaic 
(PV) solar array covering an area equivalent to the area encompassed by 
the ground anchors of the meteorological tower, about 670 m2. For com-
parison, a wind turbine would likely require a cordoned area several times 
larger than this to avoid possible damage due to ice thrown from turbine 
blades. NREL PV modeling software estimates that a fixed solar array en-
compassing 670 m2 would have a 100 kW capacity and would supply about 
133,000 kWh/year, the same as the 100 kW wind turbine. A more sophis-
ticated two-axis tracking array covering the same area would produce 
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about 183,000 kWh/year, the same as the long-term energy projection for 
the wind turbine. However, the NREL solar estimates do not reflect local 
effects such as cloud cover on solar availability at Center Strafford.  

Wind and solar are viable renewable energy sources at the Center Strafford 
Training Center. However, repair and maintenance costs for wind and so-
lar are unclear, and the reliability of newer wind and solar technologies is 
unclear because they have not been tested in the field for a sufficient num-
ber of years. The dynamics of a wind turbine in harsh weather, including 
moderate to high turbulence, icing, and lightning; its height and accessi-
bility for repair; and its potential for noise and shadow flicker that could 
bother residents and neighbors, make solar an attractive alternative. How-
ever, additional solar energy analysis is necessary. 

There are several sources of uncertainty in these results associated with in-
struments, extrapolation of wind speed to hub height with shear values 
and the resultant wind-energy estimates, long-term extrapolation of wind 
speed, and prediction of solar potential. We have dealt with the uncertain-
ties as recommended by standards groups and believe the wind power esti-
mates for Center Strafford to be as accurate as possible with current meas-
urement and analysis procedures. 



ERDC/CRREL TR-15-18 5 

 

2 Introduction 

The Center Strafford Training Site of NHARNG plans to use renewable en-
ergy to fill its power needs and to meet the DOD goal of, by 2025, supply-
ing from renewable sources at least 25% of all energy consumed. 
NHARNG funded ERDC-CRREL, to assess the wind resource at Center 
Strafford and to predict how much power the site could harvest by in-
stalling wind turbines.  

A thorough assessment of a potential wind-turbine location requires rec-
orded meteorological data for at least a year and then properly validating 
and assessing that data. In May 2012, CRREL installed a meteorological 
tower with assistance from EAPC Wind Energy to record data on the site’s 
wind resources. CRREL validated this raw data against specific testing cri-
teria and then used the data to estimate the power produced by 50 kW and 
60 kW turbines. CRREL compared these power estimates with the Center 
Strafford Training Site’s power needs to estimate the percentage of power 
wind energy could supply. Using various statistical tools, CRREL charac-
terized the wind resource and determined the cost benefit of wind-energy 
systems at the site. This report describes wind monitoring at Center Straf-
ford, analyzes the data, and concludes with recommendations.  

Wind energy provides a clean and renewable method for producing elec-
tricity. For this power generation scheme to perform optimally at a certain 
location, the site must have consistent and low-turbulence winds of suffi-
cient speeds. Turbulence affects the amount of energy turbines can extract 
from the wind and inflicts extra strain on the turbine, which can shorten 
its lifespan. Therefore, turbulence must be considered as it has a large im-
pact on how well the turbine functions. There are a number of ways to 
quantify or assess all of these different wind-energy concerns, and this 
project set out to compile and apply current best practices. This report 
does not serve as a comprehensive and complete guide for analyzing wind 
resources and for estimating power production; however it does provide a 
good methodology for assessing the strength and weaknesses of wind re-
sources and could serve as a basic model for Army facility energy manag-
ers wishing to consider wind as a renewable energy option. 
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2.1 Background 

The DOD has a goal of, by 2025, supplying from renewable sources at least 
25% of all energy consumed, as stated in the FY2007 Defense Authoriza-
tion Act. Section 2852 specifies that the DOD is “to produce or procure not 
less than 25 percent of the total quantity of electric energy it consumes 
within its facilities and in its activities during fiscal year 2025 and each fis-
cal year thereafter from renewable energy sources” (109th Congress 
2006). In addition, the DOD and the Department of Energy (DOE) have 
assembled a guide for assessing installations for net-zero energy potential 
and for developing strategies tailored to individual installations (Booth et 
al. 2010). These and many other service-specific documents establish pri-
orities for reducing fossil fuel usage in the DOD and in the Army. 

2.2 Tasks 

2.2.1 NHARNG tasks 

NHARNG is attempting to reach DOD and Army energy goals at its facili-
ties, and our project focused on the Center Strafford Training Facility. This 
project’s goal was to assess how much electric energy can be supplied cost 
effectively by wind turbines at the site. Part of the site is located near a 
hilltop that is open to the south, west, and north. Site personnel perceive 
the hilltop site as windy, and CRREL staff members have also perceived 
the site as windy during several visits prior to installing the meteorological 
tower. 

During the initial project planning in 2011, NHARNG data indicated that 
the Center Strafford Training Center consumed about 26,000 kWh of elec-
tricity monthly, ranging from about 10,000 kWh/month to over 44,000 
kWh/month depending upon training schedules, weather, and season. Es-
timates from the DOE NREL maps of wind available at the site were not 
reliable because of the small map scale and the relatively poor resolution 
and accuracy of meteorological models near ground level and in complex 
terrain. NREL models indicated Poor to Marginal wind speeds at a height 
of 50 m above ground level (AGL) at the Center Strafford site (NREL 
2007). At the average NREL Poor wind speed of 2.8 m/s, a nominal 100 
kW Northwind turbine could provide 7.5% to 33% of the Center Strafford 
site’s electric power each month. At the highest NREL Poor speed of 5.6 
m/s, a 100 kW Northwind turbine could provide 46% to 204% of monthly 
electrical requirements. At the average Marginal wind speed of 6.0 m/s, a 
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100 kW turbine could provide 52% to 230% of monthly power require-
ments; and at the highest Marginal speed of 6.4 m/s, the Northwind could 
provide 58% to 254% of monthly electric power needs. 

The power in the wind is a function of the cube of the wind speed. Small 
errors in wind-speed estimates at a site have a large impact on the pro-
jected power availability at that site (Manwell et al. 2002). If wind speed is 
overestimated, then a seemingly strong site may actually provide poor re-
turns. Therefore, it is necessary to monitor the wind at the location where 
a turbine may be installed, preferably at the projected height of the turbine 
hub, or higher if possible.  

2.2.2 CRREL tasks 

The intent of this project was to determine how much energy wind tur-
bines at the Center Strafford site could provide and to project the potential 
payback time for a variety of turbine sizes and models. To provide reliable 
wind-power and payback estimates with high confidence, NHARNG and 
CRREL installed a meteorological tower at the Center Strafford site and 
had an initial goal of monitoring wind for one year—four meteorological 
seasons. However, as explained below, monitoring continued into a second 
year. This report describes the wind monitoring process, analyzes the wind 
at the Center Strafford Site, and estimates the available power and poten-
tial economic benefits.  

The data used for this project were recorded from 1 June 2012 to 31 May 
2014. MEASNET, an organization that has recommended wind-power ob-
servations standard in Europe, explains that at least one year of data is 
necessary to analyze a site’s wind resource. Even then, it is possible that 
the measured year is atypical for the area. A correlation with historical 
data from a nearby weather station can put the results of an analysis in 
perspective of long-term averages, which are more indicative of what the 
wind resource is actually like (MEASNET 2009). 

2.3 Standards 

Guidelines are available and are being developed worldwide for assessing 
sites to determine whether resources are available for installing and oper-
ating wind turbines cost effectively. We used portions of three sets of 
guidelines for executing this project. Unfortunately, we were not aware of 
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all of the guidelines available at the onset of the wind survey and, there-
fore, were unable to follow through with all recommendations as detailed 
in the discussion of each guideline. We also followed guidance provided by 
a contractor, EAPC Wind Energy (http://www.eapcwindenergy.com/), with broad 
experience installing and monitoring meteorological towers for making 
wind-power assessments worldwide. 

The three sets of guidelines we used over the course of the survey were the 
Wind Resource Assessment Handbook from AWS Scientific (1997), Evalu-
ation of Site-Specific Wind Conditions from MEASNET (2009), and 
Power Performance Measurements of Electricity Producing Wind Tur-
bines from the International Electrotechnical Commission (IEC) (2005a).  

2.3.1 AWS Scientific guidelines 

Our primary guidance for conducting the Center Strafford wind assess-
ment came from the AWS Scientific Wind Resource Assessment Hand-
book (1997). Written by AWS Scientific under contract from NREL, the 
document, based on proven field methods, “presents industry-accepted 
guidelines for planning and conducting a wind resource assessment pro-
gram” by any organization or individual. Though, as the document states, 
the guidelines do not represent every possible method of conducting a 
quality wind measurement program, we followed document guidance as 
closely as possible. 

The AWS Scientific (1997) guidelines make recommendations regarding 
siting of wind survey towers, permitting, measurement of basic parameters 
at various heights on towers, and the preferred variables to monitor. We 
followed these guidelines closely, except that we were highly restricted 
with regard to tower placement on the site. Tower placement was re-
stricted on the relatively small site because of site operational uses as a 
National Guard training center. However, restrictions on tower placement 
did somewhat limit the height of the measurement tower, which is re-
flected in hub height extrapolations presented in Section 5 of this report. 
The measurement tower was a tubular, tilt-up guyed tower as recom-
mended by AWS Scientific (1997). 

Data validation and processing used statistical methods recommended by 
AWS Scientific (1997); and data processing and reporting, detailed in later 
sections of this report, were conducted using many of the AWS Scientific 
(1997) recommendations. These included calculations of vertical wind-
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shear exponents, diurnal and seasonal wind speeds, wind speed and direc-
tion frequency distributions, turbulence intensity, and wind-power den-
sity. 

2.3.2 MEASNET guidelines 

MEASNET is a consortium of 20 wind test centers that are working to-
gether to develop measurement standards to ensure that measurements 
are high quality and comparable (MEASNET 2015). Though MEASNET is 
primarily a European effort, NREL is a member. MEASNET has produced 
a series of documents to guide wind survey execution. We supplemented 
AWS Scientific (1997) guidelines with MEASNET guidelines where the lat-
ter were superior. Overall, MEASNET recommendations (MEASNET 
2009; IEC 2005a, 2005b) are the most modern and advanced available; 
and future studies should follow their recommendations closely. All 
MEASNET members must be accredited by the International Organization 
for Standardization ISO/IEC 17025 (ISO 2015), which established require-
ments for the competence of testing and calibration laboratories. The doc-
ument we used was Evaluation of Site-Specific Wind Conditions, Version 
1 (MEASNET 2009).  

Our report is generally organized according to MEASNET reporting rec-
ommendations (MEASNET 2009, 34). Though we were not able to ad-
dress all MEASNET recommendations, they are included as report sec-
tions because they are the best standards available and in many ways 
supplant the AWS Scientific (1997) guidelines. We refer to guidelines that 
we could not accomplish as deviations to the guideline, again as recom-
mended by MEASNET (2009). MEASNET intends these deviations to be 
identified and described within site assessment reports. We address devia-
tions to the MEASNET (2009) guidelines even though the original pro-
posed Center Strafford survey did not indicate an intention to follow 
MEASNET guidelines. We intend this report to serve as an example of how 
to conduct future wind studies in the Army. 

2.3.3 ISO/IEC guidelines 

ISO is the world’s leading organization for the preparation and publication 
of voluntary international standards. Based in Geneva, Switzerland, ISO 
has 163 member nations (http://www.iso.org). The IEC is the world’s leading 
preparer and publisher of international standards for electrical, electronic, 
and similar technologies. IEC cooperates with ISO and ITU (International 
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Telecommunication Union) to ensure that international standards are 
consistent and complementary. 

ISO and IEC have developed standards for engineering wind turbines (IEC 
2005b) and for making power performance measurements for wind tur-
bines (IEC 2005a). IEC (2005a) presents measurement and reporting pro-
cedures that will provide accurate results and that are replicable by others. 
The standard requires derived energy production estimates to be supple-
mented by estimates of uncertainty. The uncertainty estimates are in-
tended to reflect the reliability of energy estimates and characterize the 
dispersion of measurements that can be attributed to measurements. IEC 
describes in detail the types of instruments, their mounting, data analysis 
procedures, and reporting procedures that should provide the best results. 
Though we did not follow all IEC (2005a) guidelines explicitly, we fol-
lowed them as closely as possible.  

2.3.4 EAPC Wind Energy services 

We also used our contractor, EAPC Wind Energy, for guidance. EAPC 
Wind Energy has provided consulting and wind-energy services on over 
25,000 MW of commercial wind-farm capacity in North and South Amer-
ica and Europe. They have installed more than 100 wind survey towers in 
recent years, and they assisted CRREL in selecting and installing the tower 
and instrumentation at Center Strafford. In addition, they advised on in-
strument placement on the tower, data collection procedures, and data te-
lemetry. They installed the tower and instrumentation with the assistance 
of CRREL and NHARNG engineers and also repaired and replaced equip-
ment when failures occurred, including a wind-direction-vane failure and 
a data-logger failure. 

Though EAPC Wind Energy does not create standards, they adhere to 
standards and best practices for their customers. Because they work inter-
nationally in the wind monitoring discipline, we adhered to their advice 
and expertise as often as possible. 
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3 Site Observation and Data Collection 

A combination of observational and statistical data provides information 
necessary to characterize the Center Strafford wind resource. We describe 
in this section a series of quality control tests as recommended by AWS 
Scientific (1997), MEASNET (2009), and IEC (2005a) to validate the rec-
orded data acquired from the meteorological tower. 

3.1 Observation site 

3.1.1 Location and terrain 

Multiple environmental tests assess the area surrounding the turbine for 
obstructions that could hinder the site’s wind resource. It is important for 
a turbine site to have clearance above its immediately adjacent terrain. Be-
cause wind speeds increase with height above the ground and the available 
wind power is proportional to the wind speed cubed, it is important to 
reach fast and unobstructed winds. Any form of obstruction, such as trees, 
buildings, or ridgelines can create turbulent regions in its wake. As dis-
cussed later, these turbulent regions may cause problems. Generally, a re-
gion of disturbed flow extends downstream twenty times the obstruction’s 
height and extends upstream two times the obstruction’s height. The tur-
bulent region can increase in elevation to two times the object’s height be-
fore decreasing, which is another reason why turbine hubs are situated on 
tall towers. An additional recommendation is that the turbine blades 
should reach a minimum height of 10 m above any obstructions within 
100 m (Gipe 2004).   

Obstructions in-line with the site’s most common wind direction are sig-
nificant because they affect a large percentage of the wind power that the 
turbine may harness. Wind rose plots illustrate the directionality of differ-
ent data sets, such as wind speed and turbulence statistics, and can pro-
vide useful information for identifying obstructions that may hinder a tur-
bine at the site. Some of these obstructions may be removed or altered, if 
possible, to help improve the available wind resource. Seasons affect the 
impact of obstructions such as trees, shrubs, and tall grass that become 
more porous or covered with snow during late fall to early spring. Some 
notable obstructions for the Center Strafford site are the tree lines to the 
southeast and northwest and Parker Mountain to the west-northwest of 
the tower location (Figure 1). 
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Figure 1.  The tower location with terrain elevations indicated at the Center Strafford 
Training Center. The tower base is located at lat 43°16′25.04″ N, long 71°7′30.94″ W, 

NAD 83. The base elevation is 195.7 m. 

 

3.1.2 Terrain analysis 

Flow inclination is the angle of wind flow up or down as it crosses terrain. 
Flow is often inclined by terrain; and significant inclination can affect the 
performance of anemometers, often by causing them to report higher than 
actual wind speeds. Wind turbines may also be affected by flow inclina-
tion, depending on the turbine design. In general, IEC (2005b) considers 
flow inclinations of greater than 8° from the horizontal to be large. One 
method of evaluating potential flow inclination, if not directly measured, is 
to measure characteristics of the terrain surrounding the meteorological 
tower or wind turbine.  

According to MEASNET (2009) and IEC (2005a, 2005b), wind turbines 
may be located in simple terrain (Class A) or complex terrain (Class B). 
Terrain is classified according to tests that are conducted with regard to 
site slope and changes in elevation. MEASNET also provides photographs 
of simple and complex terrain as examples (MEASNET 2009, 9). In gen-
eral, simple terrain is relatively flat with small hills and few obstructions 

 

Tower 
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such as trees and buildings. Complex terrain is very hilly or mountainous 
and may be influenced by breaks in tree lines or large buildings. 

CRREL conducted a terrain analysis generally according to recommenda-
tions of MEASNET (2009) and using methods described by IEC (2005a, 
2005b). IEC states that if the terrain is Class B, then a site calibration is re-
quired to either model or measure flow inclination. However, site calibra-
tion is needed only if the meteorological tower and the intended turbine 
location are not at the same location. At Center Strafford the intended tur-
bine is to be at the same location as the meteorological tower. Despite this 
and despite direct measurements of flow inclination on the meteorological 
tower, we conducted a modified site analysis for informational purposes 
and for guidance on whether the anemometer operational conditions fell 
within Class A or Class B (RNRG 2015a). 

IEC (2005a) recommends assessing slopes within multiples of the distance 
between the meteorological tower and the turbine tower, L. Because the 
meteorological tower and intended wind-turbine tower location were iden-
tical, L was 0.0 m at Center Strafford. However, we arbitrarily substituted 
the sum of the intended turbine tower height and the blade disk diameter 
for L: a 37 m tower height + 24.4 m blade disk diameter = 61.4 m. One also 
uses L to help define deviation of terrain from a plane intersecting the base 
of the meteorological tower as described in the IEC (2005a) document. 
Slope and deviation of terrain from a plane are analyzed within 2L, be-
tween 2L and 4L, and between 4L and 8L distances from the tower base. 
Also, the greatest slopes between the tower base and between 2L and 4L 
are determined. 

We found that the maximum slope within 2L of the tower base was about 
5% (Figure 2). IEC (2005a) indicates that slopes within this distance 
should be less than 3%. The maximum slope between 2L and 4L at Center 
Strafford was about 8%. IEC (2005a) recommends that slopes within dis-
tances 2L and 4L should be less than 5% to avoid site calibration. Center 
Strafford’s maximum slope between 4L and 8L was about 14% against the 
IEC (2005a) recommended maximum 10%. Therefore, Center Strafford 
exceeds the maximum slope recommendations of IEC and, if the turbine 
and meteorological tower were in different locations a site calibration 
would be recommended. 
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Figure 2.  The percent terrain slope around Center Strafford meteorological tower 
with distance rings at 2L, 4L and 8L (map courtesy of N. Parker, ERDC-CRREL). 

 

The maximum terrain variations from a plane at Center Strafford are 5%, 
5%, and 12% against maximum recommendations of 2.5%, 5%, and 8% for 
distances of less than 2L, between 2L to 4L, and between 4L to 8L, respec-
tively (Figure 2). A final measurement, the line of steepest slope from the 
tower base to individual terrain points within 2L to 4L distances from the 
tower base, was 7%. IEC (2005a) recommends that this be less than 10%, 
making it the only terrain measure that Center Strafford does not exceed. 



ERDC/CRREL TR-15-18 15 

 

In another document, IEC (2005b) also recommends that site topographic 
complexity be assessed using two slightly different approaches. The first is 
to fit a disc plane through the base of the meteorological tower and fit the 
plane to the terrain for discs of radii 5, 10, and 20 times the intended tur-
bine hub height. The slope of the plane disk indicates the complexity of the 
terrain, with plane slopes greater than 10° denoting complex terrain. We 
could not fit a plane to the terrain, so we determined the maximum slope 
to the greatest terrain deviation within the horizontal plane disk radius, 
overall a more severe test. We found slopes of 3.8°, 4.7°, and 4.3° for the 
three disk radii, indicating that the Center Strafford terrain is simple, or 
Class A. 

In general, the steepest slopes at Center Strafford were located northeast 
and southwest of the tower. There is relatively little power in northeast 
winds at Center Strafford. However, there is considerable power in west-
erly winds, including from the southwest (see Sections 4 and 5). There are 
also numerous buildings and some trees southwest of the tower site (see 
also Figure 1).  

According to MEASNET (2009) documentation, the Center Strafford site 
lies between their simple Class A terrain and complex Class B terrain clas-
sifications. However, we judge the Center Strafford site as more similar to 
complex terrain because of the surrounding mountainous topography. 

3.1.3 Description and photos 

Parker Mountain is approximately 430 m high and is located 3.25 km par-
tially upwind of the Center Strafford site. The mountain is west of the site, 
which is the direction that the majority of and highest winds come from. 
Initially, we believed that the size and proximity of Parker Mountain could 
cause a large turbulent region at the site, but analyses showed only a mi-
nor turbulent effect from that direction. However, this minor turbulent ef-
fect could be from the tree line in that direction instead of the mountain. 
Figure 3 shows the tree lines upwind (west) and downwind (east) of the 
tower. 

The trees on the western side of the site are approximately 160 m away, 
and trees on the eastern side are approximately 85 m away. These trees are 
porous, but they still create upstream and downstream turbulent regions. 
The trees upwind (west) of the tower are approximately 20 m high, which 
means that the turbulent region extends approximately 400 m downwind 
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in a worst-case scenario. However, the porosity of the trees means that the 
turbulent region will likely extend less than 400 m. It is difficult to predict 
how large the turbulent region is without doing additional testing. The 
trees downstream from the tower are also approximately 20 m tall, which 
means that their turbulent region could extend approximately 40 m to-
wards the tower. Fortunately this is not enough to reach the meteorologi-
cal tower. However, when the winds change direction and originate from 
the east, then these trees could produce a larger turbulent region that may 
affect the wind resource at the tower.   

Figure 3.  The upwind (left) and downwind (right) tree lines. 

 

As stated earlier, the blades of the turbine should be at least 10 m above 
any obstructions within 100 m of the turbine. A turbine used in subse-
quent calculations, as described in Section 5, has a hub height of 37 m and 
12 m blades, which mean the blades will reach a minimum height of ap-
proximately 25 m. This means that this turbine would not satisfy the 
height rule and could experience turbulent air whenever the winds come 
from the east. Other potential obstructions include a grouping of vehicles 
and cargo crates approximately 50 m to the southeast and buildings lo-
cated approximately 100–110 m to the southwest of the tower, as shown in 
Figure 4.   

The images of the cargo crates and vehicles in Figure 4 are from 2012, and 
a few of these smaller structures have been removed since then. The build-
ings to the southwest were built sometime between 2013 and 2014 and 
present larger obstructions than the cargo crates. Regardless, these struc-
tures are all less than 6 m tall or are more than 100 m from the tower, so 
they satisfy the general height rule stated previously. They are likely too 
short or too far away to create a turbulent region that would affect a 37 m 
high turbine.  

 

Parker Mountain 

West East 
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Figure 4.  Infrastructure and building obstructions located in the 
vicinity of the meteorological tower and potential turbine site. 

 

A comparison of panoramic images from the summer 2012 and the sum-
mer 2014 show how the surrounding infrastructure has changed in two 
years (Figure 5). 

Figure 5.  Center Strafford panoramic photos from summer 2012 (top pair) and summer 
2014 (bottom pair). Note the addition of three buildings to the south-southwest of the tower 

site. 
Summer 2012 

 

Summer 2014 

 

 

South South 

South 

 

 

E S 

W N 

 

 

 

N 

E S 

W 



ERDC/CRREL TR-15-18 18 

 

A third building located west-southwest of the tower was built about the 
same time as the two structures highlighted in Figure 5. This building is 
approximately the same size as the two southerly buildings but is located 
about 50 m farther away from the tower site. It presents less of an obstruc-
tion than the two closer buildings. NHARNG at Center Strafford should 
avoid building any structures taller than two-stories within 100 m of the 
proposed turbine location. 

In addition to infrastructure changes, the surrounding terrain changes 
seasonally. The tree lines become considerably more porous between late 
fall and early spring due to the absence of leaves. The left image in Figure 
6 is taken only a few meters from the trees during the summer while the 
right image is taken from approximately 15 m away during the winter.  

Figure 6.  A comparison of tree porosity for summer versus winter months. 

 

This difference in porosity is difficult to evaluate but is significant enough 
that the turbulent region created by the tree lines will change depending 
on season. With fewer leaves or less ground roughness to hinder the wind, 
the wind resource should increase in speed and decrease in turbulence 
during the late fall to early spring months.   

3.2 Permitting 

Installing wind turbines and meteorological towers to monitor wind re-
quires permitting, as does the construction of any structure. Obtaining 
permits for wind turbines is complex and time consuming and can vary by 
municipality and by other local authorities. Permitting addresses a wide 
variety of site-related issues, including turbine location, noise, shadow 
flicker, proximity to structures, and interruption of radar or communica-
tion signals. Local, state, and federal organizations may require permits or 
at least good faith notification. Local organizations may include zoning 
and planning offices, county boards of commissioners, and city councils. 
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State organizations may include the Public Utilities Commission, environ-
mental agencies, historic preservation offices concerned with viewsheds, 
and industrial development agencies. Typical federal agencies that require 
permits include the FAA, the Bureau of Land Management, and the U.S. 
Fish and Wildlife Service (Juhl 2011). In addition, convention recom-
mends informing the public of installations, especially if the turbines are 
visible outside of facility boundaries. 

The permitting process for meteorological towers is less complex because 
they are relatively small, temporary structures. Nevertheless, they require 
compliance with local, state, federal, and regional organizations. Installa-
tion of the meteorological tower required environmental, cultural, avia-
tion, and communications permitting. Sections 3.2.1 through 3.2.3 de-
scribe the permitting process for the Center Strafford meteorological 
tower. 

3.2.1 Cultural and environmental permitting 

Environmental permitting refers to permits required from agencies that 
protect natural and cultural environments. With information regarding 
hardware, schedule, and other components of project execution provided 
by CRREL, the NHARNG Cultural Resources Program Manager and the 
Facilities Branch Chief of NHARNG sought permission from appropriate 
organizations. 

3.2.1.1 State Historic Preservation Office (SHPO) 

The New Hampshire Division of Historical Resources SHPO assesses the 
impact of new construction on properties eligible for, or potentially eligible 
for, listing on the National Register of Historic Places. In addition, the 
SHPO is concerned about the presence and disturbance of archeological 
resources in the defined Area of Potential Effect (APE). The APE includes 
areas where the soil would be disturbed for tower foundation and guy wire 
anchors, trenches excavated to supply conduit for power and data transfer, 
and areas where historic structures and the tower may be viewed simulta-
neously.  

The NHARNG Cultural Resources Program Manager submitted a Request 
for Project Review by the New Hampshire Division of Historical Resources 
detailing the project boundaries and including maps and a detailed written 
description of the proposed project. Included was information about any 
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buildings or structures in the project area and their age. If the ground will 
be disturbed, the request must also include archaeological information 
that maps project locations and disturbed areas, describes current and 
previous land use and disturbances, and provides any available infor-
mation concerning known or suspected archaeological resources in the 
project area.  

This project required the ground to be penetrated by rebar for anchoring 
the tower base, anchors for the four sets of guy wires and gin-pole anchor, 
and excavation of a 122 m trench for installing a conduit for power and 
data cables. The application also included information about previous ar-
chaeological digs identifying historical and Native American artifacts. All 
of the information in the application addresses U.S. Congress (2004), Pro-
tection of Historic Properties, as specified by the Advisory Council on His-
toric Preservation, an independent federal agency (http://www.achp.gov). The 
council was formed by the National Historic Preservation Act in 1966 to 
have federal agencies act as responsible stewards of the nation’s resources 
when actions affect historic properties (Chabot 2012). 

The response of the SHPO was that a Phase 1B archaeological survey 
should be conducted in the footprint of the APE before commencing exca-
vation or tower installation. To meet this requirement, a qualified archaeo-
logical monitor investigated for subsurface artifacts during trench excava-
tion. Based on the results of the archaeological survey, the SHPO ruled 
that the project would have “no adverse effect” (Chabot 2012).   

3.2.1.2 Division of Historical Resources 

NHARNG sent a letter (Chabot 2012) to the State of New Hampshire De-
partment of Cultural Resources, Division of Historical Resources, explain-
ing the project, planned disturbances, and previous archaeological investi-
gations and findings within the APE. NHARNG (Chabot 2012) explained 
that they applied the criteria of adverse effect, as stipulated in U.S. Con-
gress (2004) at 36 CFR 800.5(a)(1), Assessment of adverse effects, Crite-
ria of adverse effect. The criteria states that “An adverse effect is found 
when an undertaking may alter, directly or indirectly, any of the character-
istics of a historic property that qualify the property for inclusion in the 
National Register in a manner that would diminish the integrity of the 
property’s location, design, setting, materials, workmanship, feeling, or as-
sociation” (U.S. Congress 2004)).  

http://www.achp.gov/
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Using the 36 CFR 800.5(a)(1) from U.S. Congress (2004), NHARNG “de-
termined that the proposed action will have no adverse effect on historic 
properties, but there is a potential for the presence of archaeological re-
sources in the APE.” NHARNG indicated that a qualified archeologist 
would investigate the archaeological resources by excavation and inspec-
tion as specified for complying with the SHPO application. The Division of 
Historical Resources considered this acceptable (Chabot 2012). 

3.2.1.3 U.S. Department of Interior Fish and Wildlife Service 

A responsibility of the Fish and Wildlife Service is to identify and protect 
endangered species. Section 7 of the Endangered Species Act of 1973 “di-
rects all Federal agencies to ensure that any action they authorize, fund, or 
carry-out does not jeopardize the continued existence of an endangered or 
threatened species or designated or proposed critical habitat (collectively, 
referred to as protected resources)” (U.S. Fish and Wildlife Service 2015). 
Title 16 of the U.S. Code (U.S. Congress 2006a) further states that all Fed-
eral departments and agencies must seek to conserve endangered and 
threatened species. This requires identifying any species that may be fur-
ther endangered by a project and identifying methods to prevent addi-
tional endangerment.  

NHARNG sent a description of the project to the New England Field Office 
of the Fish and Wildlife Service (Chabot 2012). The small whorled pogonia 
plant was identified as an endangered species in the area. However, the 
nearest plant was located over 305 m away in a forested area that would 
not be disturbed by the project. Therefore, NHARNG determined, and the 
Fish and Wildlife Service concurred in a letter, that no impacts were antic-
ipated to occur to the habitat as a result of construction or access to the 
site and that the project was “not likely to adversely affect” the endangered 
species (Chabot 2012).  

3.2.1.4 Penobscot Indian Nation 

The National Historic Preservation Act of 1966 (U.S. Congress 1966) and 
subsequent amendments provide for the protection of historic, architec-
tural, and archaeological sites and structures of Native American Indian 
tribes. The Penobscot Indians have jurisdiction over the Penobscot River 
basin of Maine and portions of New Hampshire east of the White Moun-
tains. The proposed tower installation was reviewed by the Penobscot In-
dian Nation Tribal Historic Preservation Officer who found it to have no 
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impact. However, if Native American cultural materials were encountered 
during the project, the Tribal Historic Preservation Officer was to be con-
tacted (Chabot 2012). 

3.2.2 Federal Aviation Administration 

The provisions of 49 U.S.C. 44718 require that the FAA be notified when 
“constructing or altering a structure may result in an obstruction of the 
navigable airspace or an interference with air navigation facilities and 
equipment or the navigable airspace” (U.S. Congress 2011b). Also, 14 CFR 
77 (U.S. Congress 2011c) provides additional requirements with regard to 
height of the construction above ground level and its relationship to air-
ports, heliports, highways, railroads, and traverse ways. If any require-
ment is exceeded, a Form 7460-1 must be submitted to the FAA requesting 
permission to build.  

When FAA application Form 7460-1 is submitted, the FAA assigns an Aer-
onautical Study Number and conducts an aeronautical study to determine 
if the structure is a hazard to operations in the National Airspace. The FAA 
may disapprove of the structure, make recommendations for marking the 
structure and notifying airmen, or may indicate that the structure is not a 
hazard to air navigation. Applications are made to the FAA at https://oe-
aaa.faa.gov/oeaaa/external/portal.jsp.  

The Center Strafford meteorological tower met none of the conditions 
listed above, making filing unnecessary. However, the tower is located on a 
military training site where helicopter operations occasionally occur. 
Therefore, the National Guard and CRREL considered it prudent to file. 
CRREL filed, and the FAA study (FAA 2012) indicated that,  

This aeronautical study revealed that the structure 
does not exceed obstruction standards and would not 
be a hazard to air navigation provided the following 
condition(s), if any, is(are) met:  

Based on this evaluation, marking and lighting are not 
necessary for aviation safety. However, if mark-
ing/lighting are accomplished on a voluntary basis, we 
recommend it be installed and maintained in accord-
ance with FAA Advisory circular 70/7460-1 K Change 
2 [FAA 2007].  
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We placed special night-vision-goggle-approved clearance lights on the top 
of the tower in accordance with FAA (2007). Once approved, we used FAA 
Form 7460-2 to notify the FAA of when tower construction was planned to 
begin. The FAA Form 7460-1 must be updated annually while a structure 
is on-site.  

3.2.3 Federal Communications Commission 

Several months after the tower was erected, we installed a cell-based data 
transmission system, a GSM (Global System for Mobile Communications) 
iPackGPS, on the tower to allow data to be emailed to CRREL. Use of the 
cell-based system required both FAA and FCC approval. To accomplish 
this, we submitted another FAA Form 7460-1, indicating the frequencies 
and power used for transmission. The FAA study was completed in August 
2012 with a determination that the “structure does not exceed obstruction 
standards” and is not a hazard to navigation (FAA 2012b). 

3.3 Tower, instruments, and data acquisition 

3.3.1 Tower 

A 34 m sectional tubular meteorological tower from RNRG was installed at 
the site described in Sections 3.1.1 and 3.1.2. A taller tower was not used 
because of its potential impact on viewshed but also because of real estate 
needed for safety if the tower fell and space needed for placement of guy 
wire anchors so as not to interfere with training center activities. A mete-
orological tower with a height close to the turbine hub height would reduce 
uncertainty in energy estimates caused by extrapolating instrument data 
to the potential turbine hub height using wind-shear measurements. The 
tower was relatively inexpensive to purchase, install, maintain, and re-
move. It withstood relatively high winds and icing and was easily lowered 
and re-raised in one day by using a gin pole when we needed to replace a 
failed wind vane. It was also easily shipped and handled because the tower 
was composed of seventeen 15.2 cm diameter thin-wall galvanized steel 
tubes, each 2.2 m long, that slide together. Sixteen guy wires were attached 
to the tower at four levels—four guys to a level. Guys were anchored to the 
tower at 10.5 m, 16.9 m, 24.3 m, and 32 m AGL (Figure 7). Only eight an-
chors were necessary at ground level, two at each of four quadrants around 
the tower, located approximately 18 m from the tower base. The use of 
only eight screw anchors and a tower baseplate held in place with only re-
bar was significant with regard to acquiring permits: the Penobscot Indian 



ERDC/CRREL TR-15-18 24 

 

Nation and the New Hampshire Division of Historic Preservation required 
that excavation be minimized.  

Figure 7.  Four guy wires were attached at each of the four 
levels on the tower for 16 wires total. 

 

EAPC Wind Energy raised the tower 6 May 2012 with the assistance of 
NHARNG engineers and CRREL (Figures 8 and 9). NHARNG installed a 
secure electrical box within a few meters of the tower for power taps and 
for data-logger installation (Figure 10). The tower base was at 195.7 m ele-
vation, and the final tower height with lights and lightning rod was 34.6 m 
(EAPC Wind Energy 2012). EAPC Wind Energy and CRREL lowered the 
tower for several hours on 15 January 2013 to replace a failed heated wind 
vane; and EAPC Wind Energy, NHARNG engineers, and CRREL perma-
nently lowered and removed the tower on 9 September 2014 after two 
years of observations.   

Though a deviation from MEASNET and IEC guidelines, which recom-
mend that an anemometer and wind vane be placed at the highest location 
on the tower, we placed a lightning rod and FAA clearance lights at the 
tower top (Figure 11). Though FAA (2007) requires obstruction lighting 
only when a tower is 61 m AGL or higher, NHARNG and CRREL deter-
mined that clearance lights would add safety as the training site was occa-
sionally used by army helicopters operating very near the tower (Figure 
12). Dialight Series L-810 LED lights were used, which combined visible 
red and infrared LEDs for better visibility when using night vision goggles. 
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In the two-year observation period, we checked guy wire slack during each 
site visit. We inspected guys after major storms and icing events and after 
changes of season, especially fall and spring after the soil froze or thawed. 
The concern was that frost heave and thaw may tighten or loosen guys. Be-
cause EAPC Wind Energy was under continuous contract during the two 
years, they visited the site on request to adjust guy wire tensions if needed. 

Figure 8.  NHARNG engineers and an EAPC Wind Energy employee installing 
instrument brackets on the tower. 

 

Figure 9.  EAPC Wind Energy raising the tower with a gin pole. 
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Figure 10.  The NHARNG electrical box with the breaker panel, 
transformers, and a data logger for the sonic anemometer and 

ice detector. 

 

Figure 11.  Clearance lights (illuminated) and lightning rod at the 
tower top. 
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Figure 12.  Army Black Hawk helicopter operating near the 
meteorological tower (right foreground) at Center Strafford 

Training Center. 

 

3.3.2 Instruments  

The instrument tower at the Center Strafford Training Center measured 
wind speed and direction at several heights with several instruments, ic-
ing, air temperature, and air pressure. We did not measure humidity. 

Of the twelve instruments installed on the tower, ten measured wind com-
ponents, and the remaining instruments measured temperature and pres-
sure. RNRG supplied nine of the wind instruments.  

We used heated and unheated RNRG instruments on the tower because we 
expected periods of winter icing, primarily from freezing rain. The intent 
was to use the heated instruments to estimate how long ice might impair a 
wind turbine after an icing event by comparing their operation with the 
unheated instruments. We also intended that the heated instruments 
would provide an estimate of wind and power available when the unheated 
instruments were impaired. Unfortunately, spacing confinements on the 
tower did not allow the recommended duplication of instruments of the 
same model at each height when using both heated and unheated instru-
ments.  

Each wind instrument was mounted on an RNRG 1.5 m boom oriented ei-
ther true north or true south. This was a deviation from the MEASNET 
(2009), IEC (2005a), and AWS Scientific (1997) recommendations, which 
state that one set of instrument booms should be oriented into the prevail-
ing wind, and the second set of booms should be oriented orthogonal to 
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the first. However, it was consistent with EAPC Wind Energy best prac-
tices. Each sensor was also mounted on its own boom, which it did not 
share with other instruments.  

The tower included a mix of unheated and heated anemometers and wind 
vanes. Figure 13 shows the tower erected with instruments installed; and 
Figure 14, which was extracted from the EAPC Wind Energy Tower Com-
missioning Report (EAPC 2012), identifies each instrument.  

Figure 13.  The installed wind tower in its final operating configuration. 
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Figure 14.  The sensor configuration on the Center Strafford tower (EAPC Wind Energy 2012). 
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We placed instruments in clusters at three heights on the tower (Figure 
14). However, because only one instrument could be placed at a single 
height on either side of the tower, instruments were actually placed at six 
heights. The three general heights, or levels, used were approximately 
30 m (lowest), 83 m (mid-level), and about 109 m (highest). The highest 
instruments were about 4 m below the uppermost end of the lightning rod, 
the highest point on the tower. 

The mid-level instruments were about twice as far, vertically, from the 
lowest instruments as from the highest instruments. This was, in part, 
driven by the guy wire positions on the tower that could interfere with the 
instruments.  

3.3.2.1 RNRG 40C unheated anemometers 

The unheated RNRG 40C anemometer with MEASNET calibration was the 
primary anemometer model used for the Center Strafford analysis, with 
one placed at each of the three heights (Figure 15) (RNRG 2015a, 2015b). 
The AWS Scientific (1997) recommendations document gives the RNRG 
40C as an ideal instrument to use.  

Figure 15.  An RNRG 40C anemometer. 

 

We placed all three RNRG 40C instruments on the north side of the tower 
at 10 m, 26.2 m, and 33.8 m. This provided a vertical profile of wind with 
all three instruments having the same exposure and allowed a comparison 
of the instruments and development of wind-shear values when the instru-
ments were not in the tower shadow or iced. Instrument calibrations and 
uncertainties were determined by Hansen (2012a, 2012b, 2012c) for each 
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instrument. The absolute uncertainty of each instrument was less than 1% 
at 10 m/s during wind tunnel calibration. The RNRG 40C anemometers 
operated reliably throughout the two-year observation period. 

3.3.2.2 RNRG 200P unheated wind vane 

The RNRG 200P unheated wind-direction vane is widely used for wind 
surveys and is a typical companion to the RNRG 40C anemometer. Similar 
in size to the RNRG 40C anemometer, AWS Scientific (1997) recom-
mended it also (Figure 16).  

Figure 16.  An RNRG 200P wind vane. 

 

We installed three of these instruments on the tower. The initial intent was 
to place one RNRG 200P at each height with identical exposures. How-
ever, real-estate priorities for other instruments caused us to place two 
200P instruments at 24.4 m, one on the north side and one on the south 
side of the tower. We placed the third 200P at a height of 8.2 m on the 
north side of the tower. The RNRG 200P vanes operated reliably through-
out the two-year observation period. 

3.3.2.3 RNRG IceFree3 heated anemometer 

Areas of New England north and east of Springfield, MA have higher 50-
year recurrence interval freezing-rain ice loads than anywhere else in the 
contiguous United States. The 50-year return period uniform radial ice 
thickness at 10 m AGL is 3.8 cm, ignoring topographic factors and height 
factors that would probably increase ice load (ASCE 2002). The National 
Weather Service issues ice storm warnings based on criteria developed for 
regions. The criterion for ice storm warnings in New England, New York, 
northern New Jersey, and northeastern Pennsylvania is 1.3 cm of pre-
dicted ice, twice that of other ice-prone areas (Watling 2014). 
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We installed heated anemometers to allow us to determine wind speeds 
during icing events and to estimate how long ice resided on surfaces after 
precipitation ceased. The IceFree3 anemometers can function and melt ice 
as low as −40°C. One RNRG IceFree3 anemometer was installed at 32.4 m 
on the north side of the tower, and the second was placed at 26.2 m on the 
south side of the tower (Figure 14). The IceFree3 located at 33.8 m was the 
only rotating cup anemometer located on the tower’s south side. We 
placed it here for comparisons with the anemometers located on the north 
side of the tower.  

The IceFree3 instruments, though cup anemometers, are designed quite 
differently than the RNRG 40C (Figure 17). The IceFree3 cups are semi-cy-
lindrical with a brace through the center of the cup (Figure 18). Cups are 
located closer to the axis of rotation than are the RNRG 40C cups; and the 
heated anemometer, being of cast aluminum construction, has greater in-
ertia. The RNRG 40C is constructed of black ABS plastic. Therefore, the 
IceFree3 may have a higher starting speed, respond more slowly to high 
frequency changes in wind speed, and continue to spin if a strong gust is 
immediately followed by a lull.   

Figure 17.  An RNRG IceFree3 anemometer. 
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Figure 18.  RNRG IceFree3 anemometer cups are semi-cylindrical and 
appear more similar to ears than to cups.  

 

The IceFree3 anemometers used for the Center Strafford project were not 
calibrated, and calibrated units were not available when they were pur-
chased (RNRC 2005). Each of the two instruments were provided with the 
same scale factor and offset. Therefore, the IceFree3 instruments were 
used only when the RNRG 40C instruments were unavailable due to icing 
or some other factor). Their use adds minimal uncertainty to the wind 
analysis.  

The IceFree3 anemometers performed without failure during the two-year 
monitoring period. They operated during icing events when the RNRG 
40C instruments were iced and ceased operating. However, we were una-
ble to determine whether they were ever partially compromised by icing. 

3.3.2.4 RNRG IceFree3 heated vane 

We used only one heated vane on the Center Strafford tower, installed at a 
height of 32.4 m (Figure 14). The instrument was located near the tower 
top because we believed wind data from the highest positions were most 
important. The IceFree3 vane, like the IceFree3 anemometer, is of cast 
aluminum and therefore also has more inertia than the RNRG200P vane 
(Figure 19). We used this instrument as our primary direction indicator for 
analysis of data near the tower top. However, a sonic anemometer was lo-
cated 1.5 m above the IceFree3 vane and provided wind direction using 
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completely different physical principles and served as a backup to the Ice-
Free3 vane.    

Figure 19.  An RNRG IceFree3 heated vane. 

 

The IceFree3 vane potentiometer did fail approximately 6 months into the 
monitoring program. Failure began immediately after passage through 
northern New England of the remnants of Hurricane Sandy in October 
2012, though we do not know whether the vane failure was a result of the 
passage of the storm. The vane was replaced 15 January 2013. There was 
no indication that ice caused the vane to cease operating during either 
winter. However, though not detected, ice could have damped its motion. 

3.3.2.5 R.M. Young Ultrasonic Anemometer Model 81000 

An R. M. Young Model 81000 sonic anemometer was located on the south 
side of the tower at a 33.8 m height. The Model 81000 is a fast-response, 
3-axis, unheated anemometer that measures wind speed, wind direction, 
and sonic temperature in one volume of air (Figure 20). The instrument 
provides 3-D wind-speed data (U, V, W), speed of sound, temperature, and 
wind direction. The instrument was interfaced with a Campbell Scientific 
data logger; and U, V, and W wind components and temperature readings 
were acquired at 20 Hz. The mean sonic wind speed, mean wind direction, 
the standard deviation of the wind direction, and the average sonic tem-
perature were also calculated every 10 min. We analyzed only the 10 min 
data for this study. The 20 Hz information is too frequent for the analysis 
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presented here but is available if a more detailed turbulence analysis is de-
sired. The 10 min average of the W component was used for flow inclina-
tion calculations. 

Figure 20.  An R.M. Young Model 81000 sonic 
anemometer. 

 

The sonic anemometer was a desirable instrument to locate near the top of 
the tower because it measures wind information using completely different 
physical principles than the cup anemometers. If the cup RNRG 40C ane-
mometer at 33.8 m and the sonic anemometer indicate nearly identical 
wind speeds, it would reduce uncertainty in the results of the analysis.  

Internal instrument problems never caused the sonic anemometer to fail. 
However, the instrument did not record data when its transducers were 
covered with ice. Occasionally, though conditions were too warm for icing, 
transient failures occurred, possibly from water, dew droplets, or insects 
on the transducers. 

3.3.2.6 RNRG 110S Temperature Sensor 

The RNRG 110S Temperature Sensor, which includes a radiation shield, 
was mounted 3.6 m AGL and strapped only a few centimeters from the 
tower. The Center Strafford instrument was not calibrated, and tempera-
ture uncertainty was ±1.24°C (RNRG 2015d). The unit is now available cal-
ibrated, which reduces uncertainty.  
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3.3.2.7 RNRG BP20 Barometric Pressure Sensor 

An RNRG BP20 pressure sensor was mounted 3.6 m AGL and strapped to 
the tower. The instrument was calibrated and had an uncertainty of 
±1.5 kPa. Our unit was not installed at tower installation because it re-
quired power from the RNRG Symphonie iPackGPS data-logger communi-
cation module. The communication module and pressure sensor were in-
stalled 25 May 2012 after FAA and FCC permits were acquired for the 
communication module. The unit operated without failure. 

3.3.2.8 United Technologies 0872E3 ice detector 

A United Technologies 0872E3 ice detector monitored icing events at Cen-
ter Strafford. Details about the ice detector are presented in Section 3.4.6. 
The instrument recorded data through the Campbell Scientific data logger, 
which also recorded data from the sonic anemometer. 

3.3.3 Data acquisition 

We retrieved data from the Center Strafford site remotely and manually 
during site visits. Both methods are acceptable according to the AWS Sci-
entific (1997) recommendations. Cup anemometer and wind-vane data 
were emailed automatically to CRREL daily whereas sonic anemometer 
and ice detector information were retrieved manually. AWS Scientific 
(1997) recommends that remote data be retrieved at least weekly and that 
site visits occur at least bi-weekly and immediately after system-threaten-
ing events, such as ice storms and other significant weather events. 
Though our automated data retrieval was daily, data were not always 
checked daily. 

Because the Center Strafford site was about 150 km from CRREL, site vis-
its after significant weather events did not occur with the frequency rec-
ommended by AWS Scientific (1997) nor was sonic and ice detector data 
retrieval conducted every two weeks. Fortunately, the greater than two-
week data retrieval frequency of the sonic anemometer and ice detector 
did not result in any significant data losses. Because the meteorological 
tower was located at the Center Strafford Training Center, Army personnel 
inspected the tower frequently for any obvious faults, such as clearance 
light outages or loose guy wires. In addition, EAPC Wind Energy inspected 
the tower in the fall after soil freeze, again in the spring after soil thaw, and 
as requested after significant weather events or after instrument failure. 
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Raw data emailed to CRREL was stored on local desktop computers and 
left in the email servers. In addition, emailed data also remained on the 
data-logger EPROM (erasable programmable read-only memory) chip as a 
backup. Sonic anemometer and ice detector data were copied to a com-
puter on-site and also remained on the EPROM chip.  

Data from all instruments on the meteorological tower at Center Strafford, 
except for the sonic anemometer, were collected and stored by an RNRG 
SymphoniePLUS3 Data Logger (RNRG 2015c). Data from all RNRG tower 
instruments were sampled each second, averaged and time-stamped every 
10 min, and stored on a 128 MB SD card. The data card also provided 
standard deviation for all instruments and 10 min minima and maxima for 
all instruments except for the wind vanes. Measurement resolutions are 
0.1% of full range. However, minimum and maximum values and standard 
deviations are stored at 0.4% resolution of the value stored. The data log-
ger is battery powered and solar charged, providing at least a year of 
power before requiring replacement. 

Approximately one-month after the tower was installed, an RNRG teleme-
try system was installed on the data logger. The Symphonie iPackGPS | 
3G, GSM emailed RNRG tower data to CRREL once daily. The telemetry 
was managed and operated through a subscription with Wireless Innova-
tion, Inc., in Gloucestershire, England, who operates all of the RNRG iPack 
systems.   

The data logger operated well except for one outage caused by a bug in the 
data logger that was unknown to us. The data logger ceased acquiring data 
on 26 October 2013 at 2000h. The data logger and the iPack ceased func-
tioning at the same time. Researching the cause and fix for the failure and 
repairing the equipment on-site caused one month of data loss. Operation 
was restored on 27 November 2013 at 0310h. The error was caused by a 
fault in the SD card formatting that caused the data logger and iPack to re-
set and lose their programming. 

A Campbell Scientific data logger recorded the data from the sonic ane-
mometer and ice detector. As described in Section 3.3.2.4, U, V, and W 
wind vectors and sonic temperature were acquired at 20 Hz. The mean 
sonic wind speed, mean wind direction, the standard deviation of the wind 
direction, and the average sonic temperature were also acquired every 10 
min. Data were stored on an SD card. However, the iPack telemetry was 



ERDC/CRREL TR-15-18 38 

 

not compatible with the Campbell logger, requiring site visits to retrieve 
data. Also, the RNRG SymphoniePLUS3 Data Logger was not compatible 
with the United Technologies ice detector or with the 20 Hz data acquisi-
tion rate used for the sonic anemometer. The Campbell Scientific logging 
system operated reliably throughout the project. 

3.3.4 Important events 

We selected our system components for reliability as recommended by 
AWS Scientific (1997). All instruments were carefully checked for operabil-
ity before installation. Despite this, the instrument set did experience 
hardware failures causing data losses.  

MEASNET recommends logging important events that could affect data 
quality or continuity. Table 1 lists the major events recorded for the Center 
Strafford meteorological tower and associated instruments from May 2012 
through September 2014. 

Table 1.  Significant events, failures, instrument replacements, and tower maintenance. The 
list is not all inclusive.  

Instrument Start Stop Reason for Event 
All  5 May 2012  Install tower and instruments 
Barometer 25 May 2012 NA Powered by iPack and installed when 

iPack installed 
UA86 RNRG40C 25 Jun 2012, 

1000h 
10 Aug 2012, 
0850h 

Wiring connection failure at data logger 

    
All 10 Aug 2012 10 Aug 2012 Site visit 
All 2 Nov 2012 2 Nov 2012 Install ice detector for season 
32.4 m RNRG 
IceFree3 Vane 

2 Nov 2012, 
2110h 

15 Jan 2013, 
1500h 

Internal failure of RNRG IceFree3 vane 

All 5 Dec 2012 5 Dec 2012 Site visit 
All 15 Jan 2013 15 Jan 2013 Replace failed RNRG IceFree3 vane 
All 2 May 2013 2 May 2013 Remove ice detector for the season 
All RNRG 26 Oct 2013, 

2000h 
27 Nov 2013, 
0310h 

Data-logger failure due to SD card 
formatting 

All 26 Nov 2013 26 Nov 2013 Install ice detector for season 
All 11 Dec 2013 11 Dec 2013 Site visit 
All 24 Apr 2014 24 Apr 2014 Site visit 
All 28 May 2014 28 May 2014 Remove ice detector for season 
Remove tower 9 Sep 2014  Remove tower and instruments 
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3.4 Data quality assurance 

Data quality control (QC) is critical to accurately predict wind-power avail-
ability. Instrument failure, data-logger failure, data system power outages, 
site visit data interruptions, icing, and tower shadowing all degrade data 
quality. As possible, we followed MEASNET recommendations for as-
sessing data quality and replacing erroneous data (MEASNET 2009). IEC 
(2005a) and AWS Scientific (1997) also provided some guidance and 
methodology. 

Invalid data may originate from a variety of causes, some of which are 
more readily detected than others. Because our instruments were located 
on arms extending from a 6 ft diameter round tower, the azimuthal posi-
tion of sensors versus the wind direction caused shadowing. Another po-
tential cause of invalid data was related to the site’s location, which was at 
a high elevation near the New Hampshire coast, where icing from freezing 
rain and freezing drizzle are common during winter months. Complete in-
strument or data-logger failure was another source of invalid data. The 
previous causes of invalid data were relatively easy to detect and were per-
haps rectifiable. Though electrical or mechanical failures can cause total 
failure, as when there are problems with the data logger, causes of poor 
data quality that are more subtle and difficult to detect occur when instru-
ments fail intermittently, partially, and from unknown causes. Failures can 
be intermittent; chronic but subtle, such as bearing degradation; complete 
but temporary, such as intermittent electrical connections; or subtle to 
complete, but temporary, such as ice residing on instruments. Many of 
these problems occurred during the two-year measurement campaign, and 
we used a variety of techniques to detect these failure modes within the 
data. 

3.4.1 Data quality assurance methodology 

After compiling the raw meteorological data, quality-assurance tests and 
data validations were required to remove errors caused by any of the rea-
sons mentioned above. This procedure references and uses tests recom-
mended by different wind-energy guidelines (AWS Scientific, MEASNET, 
and IEC). Some of these tests are based on range, relational, and trend 
tests and are described in Tables 9.1, 9.2, and 9.3 of the Wind Resource 
Assessment Handbook (AWS Scientific 1997) but were updated to fit the 
data recorded at the Center Strafford site. There are separate tests for the 
different data categories (wind direction, wind speed, temperature, and 
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pressure), and the specific testing criteria we used are tabulated in later 
sections in Tables 4 through 6.  

MEASNET (2009) provides recommendations for data verification: 

1. Conduct a visual check 
2. Check for error values 
3. Check for data completeness 
4. Check for constant values  
5. Conduct a range test 
6. Test for trends and inconsistencies 
7. Conduct a related parameter test 
8. Conduct a correlation test 

We adapted the MEASNET recommendations to meet the needs of our 
data acquisition and analysis. We conducted the following QC procedures; 
later sections explain each in more detail: 

1. Created plots for visual checks 
2. Developed MATLAB routines to detect error values, time-series gaps, and 

duplicate and constant data values 
3. Conducted range tests to identify extremes  
4. Created relational and trend plots  
5. Removed unacceptable data  
6. Replaced unacceptable data 
7. Created a final database 

3.4.2 Data visual checks 

The first, and one of the most useful, data checks is to plot time series of 
data. Time series often allow rapid detection of data breaks, failed instru-
ments, and extremes that may not be physically consistent. It also allows a 
quick comparison of multiple instruments to assess whether they are all 
operating as expected. For example, anemometers at lower heights should 
generally show speed fluctuations in concert with higher elevation instru-
ments over time, but wind speeds observed by higher instruments should 
generally be faster. Time series help detect extreme events to determine if 
they are artificial or meteorologically driven. Time-series plots also help 
detect at least three types of problems: instrument anomalies, intermittent 
instrument failure, and intermittent instrument failure leading to total 
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failure. Detection of subtle trends in the data demonstrating response con-
sistent with meteorological processes is also possible.   

Figure 21 shows a time series of the RNRG 40C unheated anemometer lo-
cated at 26.2 m. The 10 min averages show large variations in wind speed, 
ranging from calms to mean wind speeds of over 16 m/s. Minimum wind 
speeds are not 0 m/s because the minimum wind speed reported by the in-
strument is 0.3 m/s. Minimum speeds can be caused by calms but also by 
failed instruments or by icing events. An instrument failure is shown early 
in the record where speed did decrease to 0.3 m/s and remained there 
from 25 June at 1010h until repaired on 10 August at 1200h. Time series 
also help identify and verify anomalous peaks. For example, the 17.1 m/s 
peak at 1510h on 29 October 2012 occurred when the remnants of Hurri-
cane Sandy moved into New England.   

Figure 21.  A time series of the 26.2 m unheated RNRG 40C anemometer over two years 
of the project. These raw data are the mean wind speed over 10 min periods. 

 

Time series can also demonstrate calibration differences between instru-
ments of different design. For example, a calibrated, unheated RNRG 40C 
anemometer was located at 33.8 m. Located 7.6 m below the RNRG 40C 
was a heated but uncalibrated IceFree3 anemometer. The heated ane-
mometer had a higher starting threshold, greater mass, and protruding 
ears to catch the wind rather than cups on arms, as on the RNRG 40C. De-
spite being lower in height, the 26.2 m heated anemometer often showed 
higher wind speeds than the RNRG 40C (Figure 22). A similar phenome-
non is obvious when comparing the heated and unheated anemometers at 
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Failure 

Hurricane 
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Failure  
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26.2 m with the heated unit recording a higher wind speed. Section 3.4.8 
discusses this difference in response characteristics. 

Figure 22.  Average time series of diurnal wind speeds over the two-year 
monitoring period. 

 

Intermittent instrument failure is often difficult to detect, and time series 
are not always the best single way to locate intermittent and partial fail-
ures. However, as partial failures become more extreme they can be de-
tected more easily. For example, the R. M. Young 81000 sonic anemome-
ter located at 33.8 m on the tower was not heated and often failed during 
icing events. During these times, wind speed began to increase anoma-
lously, attaining maximum values of about 35 m/s (Figure 23). These 
wind-speed increases alerted us to the temperature failures and ultimately 
led us to use temperature recordings to locate partial failures, also.  

Visual checks and statistics described in following sections helped us to 
detect intermittent to total failures of a heated RNRG IceFree3 wind vane 
located at 32.4 m on the tower. Figure 24 shows a four-week time-series 
segment of wind directions from 27 October to 27 November 2012, plotted 
from the sonic anemometer and the heated vane. The sonic and heated 
vane, both within 1.5 m vertically, began responding somewhat differently 
after 2 November; and the heated vane failed completely in mid-Novem-
ber. Thereafter, there was no agreement between the instruments; and the 
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failed vane provided variable readings until it finally settled on a nearly 
constant value, with occasional significant deviations, for long periods 
(Figure 24). Time series plotting allows rapid visual detection of such 
problems. Wind vanes should nearly agree in direction during moderate to 
high winds, especially if they are located at the same height on a tower. 
Though statistics comparing vanes may have detected this failure, as could 
have vane direction standard deviation, this demonstrates the value of a 
time-series display in visually detecting instrument problems.   

Figure 23.  A time series of sonic anemometer wind speeds from January through December 
2013. Partial or complete instrument failures occurred throughout the year but were difficult 

to detect. 

 

Figure 24.  Time series of sonic and heated RNRG IceFree3 wind vanes and wind speed 
showing the 32.4 m heated vane failure. Wind-speed data are from the RNRG IceFree3 

anemometer located at 32.4 m. Note high wind speeds due to Hurricane Sandy. 
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Appendix A provides plots of the complete time series for each instrument 
for the two-year monitoring period. 

3.4.3 Error, completeness, constant value, range, relational, and trend 
tests 

After we completed the visual check, we conducted the formal MEASNET 
(2009) data quality control assessments by using routines created in 
MATLAB. This assessment included checking for erroneous values, miss-
ing data, and consecutive constant values. It also compared the relative 
value of one instrument’s measurements to another and compared trends 
over time. 

3.4.3.1 Errors, completeness, and constant values 

Raw data from the sonic anemometer, the RNRG anemometers and vanes, 
and the RNRG temperature and pressure sensors were polled for com-
pleteness and erroneous data. Completeness was assessed for 10 min peri-
ods to determine when data were recorded versus missing. Data were 
missing when there were data-logger errors caused by our removing data-
logger chips, when the data logger powered-down for tower maintenance, 
or when electrical wiring problems caused an instrument not to transfer 
the information. We also experienced a manufacturer-related data logger 
failure (see Table 1). In addition, the sonic instrument indicated erroneous 
information by recording a blank data point when it failed to generate a 
valid numerical value. This occurred in a variety of situations that pre-
vented communication between the instrument’s transducers, including 
icing events and perhaps rain and wet snow events where ice, water drop-
lets, or snow may have obscured the transducer heads. We believe from 
the instrument literature that transducer obscuration prevents the instru-
ment from computing air temperature, which then prevents it from report-
ing wind speeds because wind speed depends on air density, which de-
pends on air temperature. We separated the blank sonic data points due to 
icing events from those caused by site visits, tower maintenance, etc. Sec-
tion 3.4.6 addresses the blank sonic data points due to icing events, and 
Table 2 accounts for the missing sonic data due to other reasons. Table 2 
shows the percentage of missing data for each reported parameter per in-
strument based on a two-year potential sample size of 105,120 measure-
ment periods.  
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All of our wind instruments had at least some missing data because we re-
moved and downloaded the data-logger memory chips during periodic site 
visits. There were also 5 hr on 15 January 2013 when we lowered the 
tower, rendering all instruments inoperable, to replace the failed 32.4 m 
heated vane. In total, all of the RNRG instruments were inoperable at the 
same time for 359 timestamps over the two-year recording period, or 
about 0.3% of the time. In addition, all RNRG instruments were out for a 
month between 27 October and 27 November 2013 due to a data-logger 
failure. As indicated earlier, the sonic instrument does not record data 
when it is unable to correctly do so, such as when it is iced over. Missing 
time due to icing events is addressed elsewhere.  

Table 2.  The percentage of missing data for 
wind speed, wind direction, temperature, and 
pressure data for each respective instrument. 

The number of possible 10 min time-steps 
over the two years is 105,120. UA = unheated 
anemometer, HA = heated anemometer, UV = 

unheated vane, and HV = heated vane. 

% Missing Data by Instrument 

Anemometers % Data 
Sonic 33.8 m 0.57 

UA 33.8 m 4.26 
HA 32.4 m 4.26 
UA 26.2 m 10.56 
HA 26.2 m 4.26 
UA 10 m 4.26 

Vanes % Data 
Sonic 33.8 m 0.57 

HV 32.4 m 9.86 
UV 24.4 m N 4.26 
UV 24.4 m S 4.26 

UV 8.2 m 4.26 
Other % Data 

Air Temperature 4.23 
Air Pressure 9.57 

 
The barometer was missing from the beginning of the analysis period on 1 
June 2012 until 1210h on 25 June. The RNRG barometer cannot operate 
without the Symphonie iPackGPS as a power supply, an item that was 
added on 25 June. The unheated anemometer at 26.2 m failed when wires 
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were pulled loose during the 25 June barometer installation. It was inop-
erable until 10 August 2012 at 1100h.  

The heated wind vane at 32.4 m began to fail intermittently on or about 2 
November 2012 after the passage of downgraded Hurricane Sandy. The in-
strument was not replaced until 15 January 2013. This outage of about 2.5 
months equates to 10% of the data record for that instrument.  

Constant, repeating, or duplicate values, for example if a vane indicates 
one direction for long periods or an anemometer remains at zero or some 
other value for long periods, can indicate whether an instrument has failed 
(Table 3). Testing for repeated data did not involve determining the fre-
quency of identical values during the entire period of record. Instead, it 
sought a time series of consecutive, identical values to identify failed in-
struments. This included all reasons for repeating data. For example, dur-
ing calms, anemometers provide their minimum recordable values; and 
direction vanes stall at the last direction causing movement. During icing 
events, cup unheated anemometers become less responsive to wind-speed 
changes and are more likely to repeat values, as are iced wind vanes. The 
sonic anemometer does not suffer the damping effects of icing; it operates 
normally until ice forms over the transducers. Therefore, the only repeat-
ing values on that instrument are caused by calms or unusually steady 
wind speeds or wind directions. 

Strings of repeating wind speeds and wind direction occurred for less than 
20% of the entire data record. For wind speed, the sonic showed the least 
repeating information, at about 13%. The sonic instrument will not repeat 
data due to inertial or other mechanical effects because it is a “massless” 
instrument and has no moving parts that can freeze or stick in place. The 
higher repeat percentages of the cup anemometers may stem from their 
mechanical properties. However, it also relates to the different designs of 
the unheated versus heated anemometers and to the height of each instru-
ment above the ground. The unheated RNRG Max 40 anemometers are 
plastic with cups mounted at the end of the arms (Figure 15). They have 
relatively low inertia and readily respond to low wind speeds. The RNRG 
heated anemometers are cast metal with small ears attached directly to the 
main central rotor to better conduct heat (Figure 17). However, this causes 
slower spin-up in winds; and the greater mass increases inertia despite 
their smaller diameter. The different designs may explain why the 26.2 m 
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anemometers contain slightly different amounts of repeating data though 
at the same tower height.   

Table 3.  The percentage of repeating data of 
wind speed, wind direction, temperature, and 
pressure data for each respective instrument. 

The number of possible 10 min time steps 
over the two years is 105,120. 

% Repeating Data by Instrument 

Anemometers % Data 
Sonic 33.8 m 13.15 

UA 33.8 m 15.35 
HA 32.4 m 17.51 
UA 26.2 m 14.91 
HA 26.2 m 17.10 
UA 10 m 19.12 

Vanes % Data 
Sonic 33.8 m 1.20 

HV 32.4 m 20.90 
UV 24.4 m N 12.93 
UV 24.4 m S 12.79 

UV 8.2 m 12.75 
Other % Data 

Air Temperature 38.86 
Air Pressure 70.36 

 
Table 3 also indicates the effects of the height above the ground on re-
peated data. The unheated cup anemometers at 33.8 m and 26.2 m show 
almost the same amount of repeated data, at about 15%. However, the un-
heated anemometer located at 10 m shows 19.12% repeated data, which 
shows that winds are often slower near the ground surface, and perhaps 
the instrument experiences more frequent or longer-duration calms. In 
addition, there may be an icing-event effect closer to the ground that does 
not affect higher instruments. Note also that the heated anemometers at 
32.4 m and 26.2 m have very similar percentages of repeating data. 

Wind direction repeating percentages are generally smaller in magnitude 
than wind speed repeating percentages. The sonic percentage is smallest, 
again perhaps due to its no-mass technology. The heated vane at 32.4 m 
has the largest repeating percentage. However, it has a higher mass than 
the other direction-measuring instruments; and it is theoretically in the 
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least-turbulent air near the tower top. Therefore, its direction variation 
should be less than the other weathervanes, leading to more repeat data. 
However, it also gradually failed after 1 November, repeating data for long 
periods (Figure 24). That is the best explanation for the nearly 21% repeat-
ing data found with that instrument.  

As there was no other heated vane, comparison of the unheated vanes at 
24.4 m, and 8.2 m show that there is little change in wind direction repeat-
ing with height, despite the expectation that it should increase at lower 
heights above the ground due to more frequent calms.  

Note that the wind speed and wind direction repeating standard deviations 
are all much larger percentages than the speed and direction, with the ex-
ception of the sonic direction. Standard deviations always have a smaller 
range of values than the raw data; therefore, the probability is generally 
higher that values will be repeated. 

Air temperature and air pressure also have very high repeating percent-
ages. Air temperature and air pressure generally change slowly over 10 
min periods when compared to wind speed and wind direction. Therefore, 
there is a much larger probability that values will repeat in sequences. This 
shows that 39% of the time for temperature and 70% of the time for pres-
sure, values for one 10 min period were followed by identical values.   

3.4.4 Range tests 

Range tests determine whether measurements fall within an expected 
range of physically consistent values. We manually checked values falling 
outside of these ranges to determine whether they had a reasonable expla-
nation, such as wind speed during a storm, or whether they were due to in-
strument or some other error. The test assumes that values falling between 
the extremes tested are acceptable. This is why the range test is used in 
conjunction with other tests—no one test allows detection of all possible 
problems.  

MEASNET (2009) and AWS Scientific (1997) recommend range tests. We 
followed guidelines provided by AWS Scientific (1997). Their guidelines 
state that a reasonable range for wind speeds is 0 to 25 m/s (AWS Scien-
tific 1997). However, we modified the minimum speed value depending on 
the instrument. The RNRG 40C anemometers’ minimum reportable wind 
speed is 0.3 m/s; the RNRG heated anemometer minimum reportable 
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speed is 1 m/s; and the sonic instrument’s minimum reportable speed is 
0.1 m/s (R. M. Young Company 2010). Also, our maximum wind speeds 
were less than 18 m/s (Figure 21). AWS Scientific recommends that when 
winds are generally lower in speed, the “limits of the range test must be set 
so they include nearly . . . all of the expected values for the site” (AWS Sci-
entific 1997). Therefore, we set the wind-speed range below the maximum 
observed for each instrument (Table 4). Wind-speed standard-deviation 
ranges were set at 0.1 m/s for the minimum and the mean standard devia-
tion plus two standard deviations for the maximum. For wind direction we 
used 0° and 360° for the minimum and maximum values, respectively. For 
the wind-direction standard deviation, we used a minimum of 3°; and the 
maximum was the mean standard deviation plus two standard deviations 
(Table 5). Air temperature and air pressure ranges were set to the mean 
plus or minus two standard deviations, respectively (Table 6).  

Table 4.  The percentage of data falling outside of set ranges for wind speed and the wind-
speed standard deviation for each instrument during each 10 min measurement period, if 
reported. There are 105,120 possible 10 min time-steps over the two-year measurement 

campaign. 

Instrument Sonic 33.8 m UA 33.8 m HA 32.3 m UA 26.2 m HA 26.2 m UA 10 m 

Wind Speed 
Min Value (m/s) 0.1 0.3 1 0.3 1 0.3 
Max Value (m/s) 16 16 16 15 15 12 
% Data 0.07 3.22 5.90 3.51 4.77 5.23 

Wind-Speed Standard Deviation 
Min Value (m/s) N/A 0.1 0.1 0.1 0.1 0.1 
Max Value (m/s) N/A 2.04 1.91 2.04 1.92 1.83 
% Data N/A 7.18 9.55 6.87 8.59 8.46 
 
Minimum wind speeds were set at the minimum recordable speed of each 
instrument, and maximum wind speeds were arbitrarily set below the 
maximum for each anemometer. Note in Table 4 that the maxima are 
smaller for lower instrument heights because wind speeds are lower close 
to the ground. 

The heated anemometers in Table 4 all have larger percentages of data 
outside the prescribed ranges than the unheated anemometers at or nearly 
at the same height. This is true when comparing the 33.8 m unheated ane-
mometer with the 32.4 m heated anemometer and when comparing the 
26.2 m heated and unheated anemometers. One possible explanation of 
this is due to the additional inertia of the heated instruments, which 
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means they will react slower to changes in wind speed than the unheated 
anemometers will. Therefore, the instrument may take longer to speed up 
from a standstill during a calm or slow down from a high-speed gust and 
thus record those two extremes for longer durations. Also, the percentages 
generally increased with decreasing height because calms are more fre-
quent and of longer duration closer to ground level. 

Wind-speed standard deviations show little difference among the instru-
ments. However, the maximum values are based on the mean standard de-
viation of each instruments’ standard-deviation values plus two standard 
deviations. Therefore, each range is different for each instrument and not 
readily comparable. However, as with all of the range tests, the limits were 
used to isolate the extreme cases for additional inspection. 

We tested wind direction datasets to determine if they fell outside of the 
extreme possible values, 0° and 360°, which is physically impossible 
(Table 5). As shown, no values were negative; and no values were larger 
than 360°. However, this technique does not indicate whether there were 
problems within that range, as occurred with the 32.4 m heated vane.  

Table 5.  The percentage of data falling outside of set ranges of wind direction and wind-
direction standard deviation for each instrument during each 10 min measurement period, if 

reported. There are 105,120 possible 10 min time steps over the two-year measurement 
campaign. 

Instrument Sonic 33.8 m HV 32.4 m UV N 24.4 m UV S 24.4 m UV 8.2 m 

Wind Direction 
Min Value (°) 0 0 0 0 0 
Max Value (°) 360 360 360 360 360 
% Data 0.00 0.00 0.00 0.00 0.00 

Wind-Direction Standard Deviation 
Min Value (°) 3 3 3 3 3 
Max Value (°) 31.60 26.79 31.98 31.89 36.83 
% Data 5.86 23.12 9.63 9.31 9.55 

 
The wind-direction standard-deviation testing range used a minimum of 
3° as suggested by AWS Scientific (1997) and a maximum of the mean di-
rection standard deviation per instrument plus two standard deviations. 
As with the wind-speed standard deviations, each range is different and 
not readily comparable between instruments. However, the limits were 
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used to isolate extreme cases for additional inspection. The large percent-
age of flagged points for the RNRG IceFree3 vane at 32.4 m (23.12%) is 
due to its failure in late fall of 2012. 

Table 6.  The percentage of air temperature and air pressure values 
falling outside of set ranges during each 10 min measurement 

period as measured with the RNRG 110s temperature sensor and 
the RNRG BP-20 pressure sensor. There are 105,120 possible 
10 min time steps over the two-year measurement campaign. 

Instrument Temperature (°C) Pressure (mb) 
Min Value  −13.11 967.70 
Max Value  30.82 1000.73 
% Data 2.21 3.58 

 
Air temperature and air pressure were recorded every 10 min with no 
standard deviations provided by the data logging system. The range max-
ima were set at the mean temperature and pressure plus or minus two 
standard deviations (Table 6). The most significant out-of-range periods 
were when the instruments were not operating (Figure 25). The dropouts 
were determined to be from data-logger error (temperature and pressure) 
and a power supply problem (pressure).  

Figure 25.  Temperature and pressure ranges over the two-year monitoring period. Note the 
temperature and pressure dropouts in November 2013 and the intermittent pressure 

dropouts due to power supply problems. 
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We assessed the data points falling outside the extreme values in Tables 4, 
5, and 6 to determine whether they were caused by error or were simply 
outliers as 5% lies outside of plus or minus two standard deviations, as-
suming the distributions are normal.  

3.4.4.1 Wind speed 

We only manually checked wind speeds greater than the maximum values 
and removed only two values from the sonic anemometer for being incon-
sistent with values at adjacent time intervals and with the other anemome-
ters. Similarly, we selected 26 values from the RNRG anemometer wind-
speed standard-deviation data sets as outliers and, using procedures ex-
plained later in Section 3.4.10, replaced with other values all except seven. 

3.4.4.2 Wind direction 

No 10 min time periods failed the 0° to 360° range test for wind direction. 
The minimum wind-direction standard deviation was 3° as recommended 
by AWS Scientific (1997) to flag possible problems where vanes were not 
responding, for example, due to icing or seized bearings. We checked these 
flagged periods manually. The maximum wind-direction standard devia-
tion was the mean wind-direction standard deviation plus two standard 
deviations. However, the percentage of data points above the maximum 
standard-deviation values ranged from about 2.5% to 4% of the overall 
data, or approximately 2500 to 4000 time intervals per instrument. This 
number of time steps was impractical to check manually. Therefore, we re-
duced the number of data points to a manageable number by checking 
only those maximum values greater than 90°. Of that population, we re-
moved only two. We replaced the standard deviations for both time inter-
vals by using procedures explained later in Section 3.4.10. 

3.4.4.3 Temperature and pressure 

Missing temperature information was replaced with the sonic temperature 
readings as long as they were valid themselves. No alternative pressure in-
formation was available to replace the RNRG barometer when it was una-
vailable. Although 2.21% and 3.58% of the temperature and pressure data 
were identified as out of range according to our methodology, we manually 
checked these values and found them acceptable. Therefore, no data 
needed to be removed or altered. 
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3.4.5 Relational and trend tests 

MEASNET (2009) and AWS Scientific (1997) recommend using relational 
and trend tests to indicate whether instruments are functioning consist-
ently when compared with one another over the entire measurement pe-
riod. Relational tests compare instruments to one another to determine if 
there are lower speeds for an anemometer located at a greater height or 
wind directions that are consistently in disagreement with other wind 
vanes. They can also help determine over 10 min periods, for example, if 
mean wind speeds are greater than the 10 min minimum and smaller than 
the 10 min maximum speed.  

Trend tests, as their name suggests, determine if there are notable data 
trends over time. For example, an anemometer calibration that drifts over 
time may not be detectable alone but may be detected when instruments 
are compared. This is most advantageous if instruments of the same model 
are located at the same height with the same wind exposure.  

Relational tests are conducted using scatter plots to show how one instru-
ment compares to another by pairing instruments. For example, a scatter 
plot of two anemometers shows which instrument is providing higher 
speeds than another; and the linearity of the point cloud indicates the con-
sistency of the relationship with speed. This is one manner of detecting in-
strument calibration changes with time. However, comparisons among 
several pairs of instruments are necessary to determine which single in-
strument may be drifting. That is, we sought deviations of individual in-
struments from all of the others as a flag that there was an individual in-
strument problem. 

We combined the relational and the trend tests by calculating the daily av-
erage speed for each anemometer and the directions for each vane and 
then comparing anemometers to anemometers and vanes to vanes. Means 
of the circular weathervane data were computed using the MATLAB 
CircStat function (Berens 2009). The daily averages of instrument pairs 
were differenced over the two-year period and plotted as time series (Fig-
ures 26–35). Each distribution of difference values was fitted with a sec-
ond-order polynomial, and then the points were bound by lines showing 
plus or minus one standard deviation of the two years of daily differences. 
The standard-deviation values are the standard deviations of the wind 
speed and directional differences—not the standard deviations recorded by 
the instruments. In addition, we plotted the zero difference line to show 
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whether one instrument had higher daily values than the other instru-
ment. We visually compared the mean difference line to the zero differ-
ence line to assess instrument trends. The instruments compared are la-
beled on each plot, with the instrument at the bottom of the plot 
subtracted from the instrument at the top of the plot (Figures 26–35).     

There were five cup anemometers measuring wind speed, four mechanical 
weathervanes measuring wind direction, and one sonic instrument record-
ing wind speed and direction on the tower. We tested every possible pair-
ing of speed and the direction measurements to determine how they com-
pared to one-another. The data set used for these plots was raw data 
without any data replaced or removed. 

3.4.5.1 Wind-speed relationships and trends 

There was insufficient room on the tower for locating more than one ane-
mometer of a given model at the same height. Therefore, it was not possi-
ble to compare two identical anemometers with nearly the same exposure. 
However, we did compare like anemometers between levels, different in-
struments at the same level, and different instruments at different levels. 
We also compared each cup anemometer with the sonic anemometer.  

RNRG 40C unheated anemometers were located at 33.8 m and 26.2 m. 
Both instruments were located on the north side of the tower and had sim-
ilar exposure. In general, these instruments compared well, with the 
33.8 m anemometer being about 0.3 m/s faster than the 26.2 m anemom-
eter, as expected, with a standard deviation between the instruments of 
about 0.6 m/s (Figure 26). There are few large outliers, with the exception 
of a ≈4.5 m/s difference in late December 2013. The nearly straight trend 
line running parallel to the zero-difference dashed line indicates that the 
instruments maintained calibration during the period or that they drifted 
in calibration similarly yielding no visible difference in Figure 26.  

A comparison of the 26.2 m and 10 m RNRG 40C unheated anemometers 
suggests that drift occurred between the instruments (Figure 27). The 
26.2 m anemometer is about 0.5 m/s faster than the 10 m anemometer 
early in the study period, increasing to about 0.8 m/s faster later in the 
study. Overall scatter is relatively small with a standard deviation of about 
0.7 m/s. The source of calibration drift could be either the 26.2 m or the 
10 m anemometer. However, because Figure 26 showed no drift between 
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the 33.8 m and the 26.2 m instruments, this suggests, but does not prove, 
that the 10 m anemometer calibration changed over time. 

A comparison of the RNRG 40C unheated anemometers at 33.8 m and 
10 m shows that the 33.8 m anemometer is about 0.95 m/s to 1.1 m/s 
faster than the 10 m anemometer, with the difference increasing with time 
(Figure 28). The standard deviation is about 0.9 m/s, larger than the 
33.8 m to 26.2 m comparison and the 26.2 m to 10 m comparison. This is 
because the 33.8 m and 10 m anemometers are separated by the greatest 
height difference, and winds at 10 m are less likely to fluctuate at the same 
rate as at 33.8 m. Though the trends are different in magnitude over the 
two years—with a 0.3 m/s change between the 26.2 m and 10 m anemome-
ters and a 0.2 m/s change between the 33.8 m and 10 m anemometers—
the change in both pairs is in the same direction. This suggests that the 
10 m anemometer may have changed calibration and slowed over time.  

Figure 26.  A two-year trend of daily-average wind-speed differences 
between unheated anemometers at 33.8 m and 26.2 m, with the 26.2 m 
instrument subtracted from the 33.8 m instrument. The plot covers the 

breadth of point scatter, the blue line is the second-order-polynomial fit, the 
red lines are ±1 standard deviation, and the black dashed line is the zero 

difference between the instruments.  
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Figure 27.  A two-year trend of daily-average wind-speed differences between RNRG 
40C anemometers at 26.2 m and 10 m, with the 10 m instrument subtracted from 
the 26.2 m instrument. The plot covers the breadth of point scatter, the blue line is 

the second-order-polynomial fit, the red lines are ±1 standard deviation, and the 
black dashed line is the zero difference between the instruments. 

 

Figure 28.  A two-year trend of daily-average wind-speed differences between 
unheated anemometers at 33.8 m and 10 m, with the 10 m instrument subtracted 
from the 33.8 m instrument. The plot covers the breadth of point scatter, the blue 
line is the second-order-polynomial fit, the red lines are ±1 standard deviation, and 

the black dashed line is the zero difference between the instruments. 
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There were only two heated anemometers, located at 32.4 m and at 26.2 m 
(Figure 29). Initially, the 32.4 m anemometer showed wind speeds about 
0.25 m/s faster than at 26.2 m but decreased to less than 0.1 m/s faster 
near the end of the monitoring period. The 32.4 m anemometer shows, as 
expected, higher wind speeds than the 26.2 m anemometer because it is 6 
m higher in elevation. The 0.4 m/s standard deviation is relatively small.  

Figure 29.  A two-year trend of daily-average wind-speed differences between 
heated anemometers at 32.4 m and 26.2 m, with the 26.2 m instrument 

subtracted from the 32.4 m instrument. The plot covers the breadth of point 
scatter, the blue line is the second-order-polynomial fit, the red lines are ±1 

standard deviation, and the black dashed line is the zero difference between the 
instruments. 

 

A comparison of heated and unheated anemometers at the same height, or 
at nearly the same height, demonstrates the response of different instru-
ment designs to similar wind speeds. Figure 30a compares the unheated 
RNRG 40C at 33.8 m with the RNRG IceFree3 anemometer at 32.4 m. 
Both instruments are located on the north side of the tower. The daily 
32.4 m heated anemometer speeds are subtracted from the 33.8 m speeds, 
which lie primarily below the zero line, indicating that the heated ane-
mometer records 0.3 m/s to 0.4 m/s higher speeds than the unheated ane-
mometer in similar winds. The standard deviation is about 0.9 m/s, and 
there is no calibration drift with time.  
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Figure 30.  A two-year trend of daily-average wind-speed differences between 
unheated and heated anemometers at (a) 33.8 m and 32.4 m and (b) 26.2 m. The 

plot covers the breadth of point scatter, the blue lines are the second-order-
polynomial fits of each distribution, the red lines are ±1 standard deviation, and the 

black dashed lines are the zero differences between the instruments. 

 

 

a. 

b. 
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Figure 30b compares an RNRG IceFree3 anemometer and an unheated 
RNRG 40C anemometer both located at 26.2 m but on opposite sides of 
the tower. Here, the unheated anemometer speeds were subtracted from 
the heated anemometer speeds, resulting again in higher speeds for the 
heated anemometer, about 0.4 m/s to 0.6 m/s higher. The standard devia-
tion is about 0.8 m/s, and the drift over time was negligible.   

Figure 30a and b both show that the heated IceFree3 anemometers record 
higher wind speeds in similar conditions than the RNRG 40C units. RNRG 
(2005) compares the performance of the IceFree3 anemometer and the 
RNRG 40C and states that the RNRG IceFree3 overspeeds in off-axis 
winds, with an upslope component of 5% to 10% when compared to the 
RNRG 40C. The RNRG IceFree3 also has a longer distance constant, 
meaning that it slows more slowly when the wind speed decreases, than 
the RNRG 40C. The distance constant generally cancels as the sensors ac-
celerate and decelerate over longer time periods. Therefore, averaging di-
minishes the effect. However, the upslope component, which may be a fac-
tor at the Center Strafford site, does not cancel with averaging or with 
time. The RNRG IceFree3 sensors may be responding to a modest upslope 
terrain-induced wind component at Center Strafford and recording wind 
speeds that are about 0.3 m/s to 0.6 m/s too fast (see Sections 3.1.2 and 
4.3).  

Comparing the sonic anemometer to the unheated and heated anemome-
ters shows how instruments using completely different modalities respond 
similarly. Similar measurements from instruments using different sensing 
methods lend credibility to the observations.  

A comparison of the sonic anemometer with the RNRG 40C unheated ane-
mometer at 33.8 m indicates that the sonic reports wind speeds about 
0.2 m/s greater (Figure 31). There is no drift between the instruments, and 
the standard deviation is about 0.7 m/s. The instruments are on opposite 
sides of the tower. 

A comparison of the sonic anemometer at 33.8 m with the RNRG IceFree3 
anemometer at 32.4 m shows that the heated anemometer is about 0.2 
m/s to 0.3 m/s faster (Figure 32). The standard deviation is about 0.2 m/s 
to 0.25 m/s, and there is a slight drift in calibration throughout the two-
year period. Other wind-speed relationships and trends plots may be 
found in Appendix B. 
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Figure 31.  A two-year trend of daily-average wind-speed differences 
between sonic and RNRG 40C anemometers at 33.8 m. The plot covers the 
breadth of point scatter, the blue line is the second-order-polynomial fit, the 
red lines are ±1 standard deviation, and the black dashed line is the zero 

difference between the instruments. 

 

Figure 32.  A two-year trend of daily-average wind-speed differences 
between the sonic anemometer at 33.8 m and the RNRG IceFree3 

anemometer at 32.4 m. The plot covers the breadth of point scatter, the 
blue line is the second-order-polynomial fit, the red lines are ±1 standard 
deviation, and the black dashed line is the zero difference between the 

instruments. 
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3.4.5.2 Wind-direction relationships and trends 

The methodology we used to compare the vanes was similar to how we 
compared the anemometers. In addition to the sonic wind direction at 
33.8 m, an RNRG IceFree3 vane was located at 32.4 m, RNRG 200P vanes 
were located at 24.4 m on the north and the south sides of the tower, and 
an RNRG 200P vane was located at 8.2 m on the north side of the tower. 
The only two identical model vanes located at the same height were the 
two RNRG 200P instruments at 24.4 m (Figure 33). Their exposure was 
identical except that one was located on the north side of the tower and the 
other on the south side. Being the same model of instrument, their re-
sponses should have been nearly identical.  

Figure 33.  A two-year trend of daily-average wind-direction differences between 
RNRG 200P vanes at 24.4 m. The plot covers the breadth of point scatter, the blue 
line is the second-order-polynomial fit, the red lines are ±1 standard deviation, and 

the black dashed line is the zero difference between the instruments. 

 

The trend of the instruments appears to have a slight drift towards zero 
difference as time goes on, and the distribution has a standard deviation of 
about 5.5°. This is good agreement considering that the instruments expe-
rience turbulent tower-shadow effects when winds are from north or south 
and that the direction between instruments can vary widely in near-calm 
conditions.  
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Figure 34 compares two vanes of different designs, an RNRG IceFree3 
vane and an RNRG 200P vane, located on opposite sides of the tower and 
24.1 m apart vertically. The plot suggests that there was slight drift in the 
instruments over time and a standard deviation of about 30°–35°. This 
large standard deviation is likely from the erroneous 32.4 m RNRG Ice-
Free3 vane data in November 2012. These data are visible as the linear 
cluster of large differences around November 2012 and is present in other 
trend-relational plots including for the 32.4 m RNRG IceFree3 vane. Had 
this issue not been found before in Section 3.4.2, this QC test would have 
certainly indicated that something was wrong with that instrument around 
the time when it actually failed.  

Figure 34.  A two-year trend of daily-average wind-direction differences between 
the RNRG IceFree3 vane at 32.4 m and the RNRG 200P vane at 8.2 m. The plot 
covers the breadth of point scatter, the blue line is the second-order-polynomial 
fit, the red lines are ±1 standard deviation, and the black dashed line is the zero 

difference between the instruments. 

 

Comparisons between other vanes and the 8.2 m RNRG 200P vane show 
similarly shaped trend lines that are not perfectly straight, which may im-
ply that the lower vane had a change in calibration over time (Figure 35).  
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Figure 35.  A two-year trend of daily-average wind-direction differences between 
the RNRG 200P vane at 24.4 m and the RNRG 200P vane at 8.2 m. The plot 

covers the breadth of point scatter, the blue line is the second-order-polynomial 
fit, the red lines are ±1 standard deviation, and the black dashed line is the zero 

difference between the instruments. 

 

Appendix B compiles additional trend and relational plots for wind-direc-
tion data sets. 

3.4.5.3 Related parameter tests 

The related parameter test compares the maximum, minimum, and mean 
values for each 10 min observation summary period and determines if the 
minimum ≤ mean ≤ maximum values. This test is recommended by 
MEASNET (2009), which requires rejecting the entire observation period 
if the test fails. 

We conducted the test on all RNRG 40C and RNRG IceFree3 anemome-
ters, and no 10 min period failed. We could not test the sonic anemometer, 
RNRG IceFree3 vane, or three RNRG 200P vanes because they do not pro-
vide maximum and minimum values.  

We did test the RNRG 110S air temperature and RNRG BP20 air pressure 
instruments. Of the 100,605 non-missing temperature measurement peri-
ods, 7253 (7.2%) failed. Of the 94,988 non-missing pressure measure-
ments, 16,571 (17.4%) failed.  
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The explanation for the temperature and pressure failures is a result of the 
RNRG SymphoniePLUS3 Data Logger and the methods used to store in-
formation. The resolution of average values stored in the data logger is 1% 
of full scale (RNRG 2015c). However, the maximum and minimum values 
stored for each 10 min period is stored at 0.4% resolution, and the stand-
ard deviation is stored at 4% resolution. As further explained by RNRG, if 
“temperature or pressure is relatively flat for a period of time, it may have 
maximum and minimum values of 14.76, 14.77, 14.78 and you would only 
see 14.7 as the value. But because the resolution is greater for the mean 
values, you would see 14.8 as the value” (Lepple 2014).   

Though the data logger’s low resolution masked any errors that may have 
occurred elsewhere, Figure 25 shows that there are no apparent anomalies 
in the temperature of pressure data; so we left all values alone. 

3.4.6 Icing events 

The efficiency of wind turbines, and anemometers and wind vanes that as-
sess the availability of wind resources, is affected by icing events (Botta et 
al. 1998; Tammelin et al. 1998; Fikke et al. 2006; Tammelin and Seifert 
2001). Icing events occur when frozen forms of supercooled water, frost 
from vapor deposition, or snow from atmospheric sources accumulates on 
structures. Accumulation of ice on turbine blades, on anemometer cups, 
on sonic anemometer transducers, and on wind vanes changes the sensors’ 
shapes and masses. Ice blocks the sonic anemometer transducers and 
stops the transmission or reception of ultrasonic signals. Ice reduces the 
aerodynamic efficiency of wind turbines and mechanical cup anemometers 
by increasing drag and by changing the shape of airfoils and cups, thereby 
reducing lift and cup catch efficiency. Ice accumulation increases sensor 
inertia, reducing its ability to change speed as wind speed changes. This 
makes anemometers less responsive to wind-speed changes and wind 
vanes less responsive to wind-direction changes. If ice accumulates when 
instruments are stopped or nearly stopped, ice can freeze them in place, 
sometimes for weeks (Ryerson and Kenyon 1998). In addition, turbine 
blades can throw ice if they spin as ice accumulates, a serious problem in 
locations such as the Center Strafford Training Area where this could in-
jure personnel and damage materiel (Seifert et al. 2003; Morgan et al. 
1998; Canadian Wind Energy Association 2007). 
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Because icing reduces turbine efficiency, it also reduces wind-turbine 
power production. Some organizations stop turbines when icing begins; 
and others have heated blades, allowing them to maintain operation.  

Icing that affects wind turbines, anemometers, and wind vanes can occur 
in several forms. Rime ice can form from supercooled cloud droplets if 
blown over wind turbine or instrument components. In addition, the spin-
ning blades and cups can cause additional ice accumulation. Rime is a 
white, friable, relatively low-density ice that forms on the upwind side of 
objects when engulfed in clouds or fog. Glaze ice occurs when supercooled 
precipitation, such as freezing rain or freezing drizzle, impacts objects 
(Figure 36). It forms a clear, hard and dense ice that is difficult to remove. 
Frost can form on clear nights when strong radiative cooling to the sky 
causes objects at or near the surface to cool below the frost point. Frost is 
generally less than a few millimeters thick with low density. However, its 
roughness causes considerable aerodynamic drag and loss of lift, reducing 
turbine efficiency (Figure 36). Wet snow also affects instruments and tur-
bines. It forms in temperatures between about 0°C and +2°C and adheres 
to surfaces because of capillary attraction and the surface tension of water 
in the warm snow. It can accumulate to 5 cm or more (Farzaneh 2008).  

We believe the Center Strafford site experiences primarily glaze ice, wet 
snow, and frost events as suggested by the elevation of the site, the ice de-
tector signatures, and the temperatures during icing. Unfortunately, we do 
not have a photographic record of icing at the site. We believe that the 
most significant events impacting the anemometers and wind-direction 
vanes were freezing rain or freezing drizzle events. 

Icing events reduce the efficiency of anemometers and wind vanes and can 
cause them to stop operating. Instrument recordings affected by ice must 
be removed from the database when icing is suspect, and the icing data 
were used in addition to other data to identify these cases. Icing events at 
Center Strafford were monitored with a United Technologies 0872E3 Ice 
Detector (Figure 37). The ice detector was installed only during the cold 
season and was located about 3 m AGL, about 15 m from the tower base, 
and between two sets of guy wires to prevent water or ice shed from the 
guys or tower from hitting the ice detector. The ice detector detects ice by 
sensing ice mass accumulation on a 25 mm long by 6 mm diameter vertical 
cylindrical probe that vibrates longitudinally at a nominal 40 kHz when ice 
free. When the frequency drops to 39,788 Hz, a heater melts the ice on the 



ERDC/CRREL TR-15-18 66 

 

probe, and a 0.766 mm thickness of glaze ice is assumed to have accumu-
lated. After a few to tens of minutes, depending on air temperature and 
wind speed, the probe cools to below freezing and accumulates ice again. 
Because the instrument responds to ice mass that is well coupled to the 
probe, well-coupled ice of lower density may actually be thicker, causing 
ice thickness to be underestimated. Wet snow is typically poorly coupled to 
the probe and provides a smaller frequency change for a given mass, again 
indicating a smaller mass or thickness than actually accumulates (Ryerson 
and Ramsay 2007).  

The ice detector was installed for the winters of 2012–2013 and 2013–
2014. It was installed 2 November 2012, approximately one month after 
the first frost, and removed 1 May 2013. We installed it again 26 Novem-
ber 2013 and removed it 28 May 2014. We may have missed a few icing 
events because of the late fall installations. 

Figure 36.  Left and top right: glaze ice on anemometers and wind vanes. Bottom 
right: hoarfrost that formed under clear night skies  
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Figure 37.  United Technologies 0872E3 ice detector located at the Center Strafford 
monitoring site. One set of tower cables, with yellow shields, is visible in left mid-ground.  

 

Our study identified 24 icing events over the two winters at the Center 
Strafford site (Table 7). A combination of air temperatures near or below 
freezing and a significant decrease in ice detector frequency below 
40,000 Hz usually indicated the start of icing events. Ryerson et al. (1994) 
and Ryerson and Claffey (1995) showed that frost events can cause the ice 
detector to drop several hundred hertz in frequency overnight. We gener-
ally did not capture nocturnal hoarfrost events because they were difficult 
to verify. Most hoarfrost forms due to nocturnal radiative cooling in near-
calm conditions and rarely lasts more than 12 hr. Event #1 in Table 7 be-
gan at 2350h and ended at 0920h the following morning in near calm 
winds near sunrise when most frost events end. Skies were clear all night 
in nearby Rochester, NH, further suggesting that this may have been a 
frost event. It was perhaps the only frost event of the 24 ice events identi-
fied by meteorological conditions and the ice detector combined. For secu-
rity reasons, on-site imaging was not possible for verifying the appearance, 
and therefore type, of ice accumulations. 
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Table 7.  Times (EST) and characteristics of icing events at Center Strafford.  
ZR = freezing rain; ZD = freezing drizzle; S = snow. 

Event Start Stop Duration Ice Type Ice (mm) Sensor Response 

2012–2013 
1 19 Nov. @ 

2350h 
20 Nov. @ 
0910h 

9 hr 20 min Frost 0.1 Indeterminate event, near 
calm 

2 1 Dec. @ 
1850h 

2 Dec. @ 
1210h 

17 hr 20 min ZR/ZD? 1.5+ 24.4 m UV, sonic froze, near 
calm 

3 7 Dec. @ 
1650h 

9 Dec. @ 
0230h 

33 hr 40 min Wet S? ? 24.4 m UV, sonic froze, near 
calm 

4 16 Dec. @ 
1910h 

19 Dec. @ 
0840h 

61 hr 30 min ZR/ZD? 4.8+ 33.8 m UA, 26.2 m UA, 8.2 
m UV, 24.4 m UV, sonic 
froze, 5–7+ m/s 

5 21 Dec. @ 
0020h 

21 Dec. @ 
0820h 

8 hr 0 min Wet S? 0.5 Sonic froze, low RNRG 
standard deviations, winds 
2–6+ m/s  

6 27 Dec. @ 
0810h 

27 Dec. @ 
2340h 

15 hr 30 min ZR/ZD? 0.3 Sonic froze, winds 6 to 9+ 
m/s 

7 28 Jan. @ 
2210h 

30 Jan. 
1300h 

32 hr 50 min ZR/ZD 1.7+ 33.8 m UA, 26.2 m UA, 10 m 
UA, 24.4 m UV, 8.2 m UV 
froze, winds 1–3.7 m/s  

8 11 Feb. @ 
1140h 

12 Feb. @ 
0040h 

13 hr 0 min S, ZR, R 2.5 Sonic froze, winds 0–3+ m/s 

9 23 Feb. @ 
1430h 

28 Feb. @ 
1230h 

117 hr 0 min S, ZR, R 1.8 Intermittent event, 33.8 m 
UA, 26.2 m UA, 10 m UA, 
24.4 m UV, 8.2 m UV, sonic 
froze, wind 2 10+ m/s 

10 6 Mar. @ 
0050h 

7 Mar. @ 
0820h 

31 hr 30 min Wet S? 
ZR/ZD? 

2.1 Intermittent event, sonic 
froze, wind 5 12+ m/s 

11 12 Apr. @ 
1010h 

13 Apr. @ 
1130h 

25 hr 20 min ZR 7.5 33.8 m UA, 26.2 m UA, 10 m 
UA, 24.4 m UV, 8.2 m UV, 
sonic froze, wind 2–7 m/s 

2013–2014 
12 26 Nov. @ 

2000h 
27 Nov. @ 
0450h 

8 hr 50 min ZR 2.3 Sonic froze, NRGs 
impaired(?), some RNRG 
data missing. 

13 3 Dec. @ 
0550h 

3 Dec. @ 
1220h 

6 hr 30 min ZR/ZD? 0.2 33.8 m UA, 26.2 m UA, 24.4 
m UV, and 8.2 m UV froze, 
wind calm to 4+ m/s 

14 9 Dec. @ 
1120h 

15 Dec. @ 
2350h 

156 hr 30 
min 

S, ZR 4.0 Intermittent event, 33.8 m 
UA, 24.4 m UV, sonic froze, 
wind 2–7+ m/s 

15 22 Dec. @ 
0420h 

23 Dec. @ 
2010h 

39 hr 30 min ZR 5.4 33.8 m UA, 26.2 m UA, 10 m 
UA, 24.4 m UV, 8.2 m UV, 
sonic froze, wind calm to 5.3 
m/s 

16 29 Dec. @ 
1500h 

30 Dec. @ 
0340h 

12 hr 40 min Wet S? 1.0 24.4 m UV, sonic froze, wind 
calm to 7.8 m/s, temp above 
0°C 
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Event Start Stop Duration Ice Type Ice (mm) Sensor Response 
17 5 Jan. @ 

1910h 
6 Jan. @ 
0810h 

13 hr 0 min ZR/ZD 1.6 33.8 m UA, 24.4 m UV, 8.2 
m UV, sonic froze, wind 3–
5+ m/s 

18 10 Jan. @ 
2310h 

11 Jan. @ 
1450h 

15 hr 40 min ZR 1.6 26.2 m UA, 24.4 m UV, 8.2 
m UV, sonic froze, wind calm 
to 2.7 m/s  

19 13 Feb. @ 
1830h 

16 Feb. @ 
1620h 

69 hr 50 min ZR 5.1 33.8 m UA, 26.2 m UA, 10 m 
UA, 24.4 m UV, 8.2 m UV, 
sonic froze, wind calm to 
13+ m/s  

20 19 Feb. @ 
1830h 

21 Feb. @ 
1330h 

43 hr 0 min Wet S? 
ZR 

4.5 Intermittent event, 33.8 m 
UA, 26.2 m UA, 10 m UA, 
24.4 m UV, 8.2 m UV, sonic 
froze, wind calm to 9+ m/s  

21 10 Mar. @ 
1720h 

11 Mar. @ 
1010h 

16 hr 50 min Wet S? 
ZR 

0.3 No frozen instruments, 
NRGs impaired(?), wind calm 
to 5+ m/s 

22 19 Mar. @ 
2150h 

20 Mar. @ 
0840h 

10 hr 50 min Wet S? 
ZR/ZD? 

1.6 24.4 m UV, 8.2 m UV, sonic 
froze, wind 2.8–5.9 m/s 

23 31 Mar. @ 
0050h 

31 Mar. @ 
0000h 

11 hr 0 min Wet S? 
ZR/ZD? 

1.6 33.8 m UA, 26.2 m UA, 24.4 
m UV, 8.2 m UV, sonic froze, 
wind 4–7.5 m/s 

24 16 Apr. @ 
0040h 

16 Apr. @ 
1800h 

17 hr 20 min Wet S? 
ZR/ZD? 

0.4 24.4 m UV and sonic froze, 
wind 6.4–11.4 m/s 

 
Once ice forms, especially if it is glaze ice, it can remain on surfaces for 
many days if temperatures remain below freezing and if there is no strong 
sunlight (Mirto et al. 2015; Ryerson and Kenyon 1998). The ice detector 
indicates only when ice is accumulating; it does not indicate how long ice 
resides on a structure. Therefore, we used other tools to determine how 
long ice affected the wind instruments. After the ice detector indicated an 
icing event, we used temperature data to find any extended periods of sub-
freezing temperatures, which could represent periods when ice remained 
on the instruments after ice stopped accumulating. We considered icing 
events as over if air temperature rose to between +2°C and +4°C. Also, an 
icing event generally did not end until the ice detector indicated that it was 
clear of ice and any unheated anemometers and wind vanes that may have 
frozen were again operating.  

Overall, our methods identified approximately 785 hr of icing events over 
the two-year observation period. This is about 4.5% of the total observa-
tion period. As stated earlier, ice events can impair the accuracy of the an-
emometers and wind vanes, an impairment that is difficult to detect. Be-
cause we identified the icing events, in part, to improve data quality 
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control, we removed all measurements for unheated instruments during 
these events and replaced the data, as described in Section 3.4.10. No ice-
impaired data corresponding to these icing events were included in the 
wind-energy calculations presented in Section 5. We account for the effect 
of icing events on the estimated energy output of a wind turbine at the 
Center Strafford site with an “availability” factor (see Section 5.8). This 
factor essentially assumes that the turbine will be shut off during icing 
events. 

3.4.7 Tower shadowing  

Tower shadowing is a common issue found in wind data recorded by in-
struments on a meteorological tower. Similar to obstructed flow caused by 
buildings adjacent to the tower, the tower’s body can obstruct or alter the 
airflow around it and its instruments. These shadowed regions contain 
turbulent air that acts significantly different than the uninhibited free-
stream wind and is generally slower (Lubitz 2009). This phenomenon is 
most prominent when the wind direction aligns the instrument directly 
downwind from the tower.   

Cylindrical towers create several regions of perturbed flow around their 
perimeter. The IEC graphically describes these modifications to the free-
field wind speed as upwind areas, downwind areas, and areas orthogonal 
to the axis of wind flow (see IEC 2005, Figure G.5). The most dramatic 
area is downstream of the tower where recirculation, turbulence, and re-
duced wind speed can occur for many tower diameters. Upstream, the cy-
lindrical tower is a modified bluff body dominated by a stagnation zone 
where wind speed decreases with distance from the tower (see IEC 2005, 
Figure G.5). Figure G.5 represents the relative wind speed as a function of 
the ratio of the distance from the instrument to the tower’s center, divided 
by the tower’s diameter. The instrument booms on the Center Stafford 
tower were 1.54 m long, and the tower’s diameter was 0.15 m, making the 
ratio at this distance about 10. At this distance, the wind speed is approxi-
mately 99.75% of the free-field wind speed. Therefore, tower shadowing 
had little effect on Center Strafford instruments upwind of the tower.  

Slight wind accelerations ranging from 1% to 4% of the wind speed occur 
orthogonal to the axis of wind flow on either side of the tower, with the 
highest speeds closest to the tower body (see IEC 2005, Figure G.5). Flow 
accelerations in these areas are due to continuity and Bernoulli effects, 
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much like flow over the top of an airfoil or flow around an object in cross-
flow. 

The important information to take from this section is that the obstructed 
instruments will report altered data and not the actual wind conditions. 
This includes both the wind speed and wind-direction data recorded by the 
anemometers and vanes, respectively. At the Center Strafford tower, for 
example, the RNRG 40C anemometer located at 26.2 m on the north side 
may experience tower-shadowing effects if the wind is coming from the 
south. Fortunately, the majority of the winds at this site come from the 
east and west; and the tower’s instruments were oriented in the north and 
south directions to minimize this shadowing problem. However, it is still 
important to analyze and assess shadowing effects when the winds do 
come from the north or south.  

3.4.7.1 Fluid dynamics background 

The fluid dynamics of flow around a cylindrical body is well researched 
and provides insight into how the tower body affects wind. The character-
istics of fluid flow around a cylinder depend on the flow Reynolds Number 
(Re), which is the ratio of the flow inertial forces to the fluid viscous forces, 
as defined in Equation (1) (Lubitz 2009). 

 𝑅𝑅𝑅𝑅 =  𝜌𝜌∙𝑢𝑢∙𝑑𝑑
𝜇𝜇

, (1) 

where 

 𝜌𝜌 = the fluid density (kg/m3), 
 𝑢𝑢 = the flow velocity (m/s), 
 𝑑𝑑 = the tower’s diameter (m), and 
 𝜇𝜇 = the fluid’s viscosity (kg/m·s). 

In very broad and general terms, high Re flows exhibit fluid motion that 
overpowers the damping effect of the fluid’s viscous forces. For example, 
turbulence occurs at high flow speeds because the fluid’s viscosity cannot 
maintain the flow movement in a consistent manner. Conversely, low Re 
(<1) indicates flow conditions in which inertia plays little or no role and 
viscosity dominates any movement. There are several Re regimes in which 
the flow conditions around a cylinder behave differently; however, the 
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Center Strafford meteorological tower experienced only one of these re-
gimes.  

Table 8 shows that the Re number ranges between 3.1 × 104 and 18.8 × 104 
for wind speeds at the Center Strafford site, which falls within the subcriti-
cal flow regime. This means that the tower shadowing effect is composed 
of a wake filled with turbulent vortices that shed off the tower in an alter-
nating fashion (Giosan and Eng 2006).  

Table 8.  Key Reynolds numbers for the Center Strafford tower. 

 Min Mean Max 

Wind Speed (m/s) 3 4.11 18.3 
Re (x104) 3.1 4.3 18.8 

 
Certain Re regimes can result in feedback between the structure’s natural 
frequency and the vortex shedding frequency, causing the structure to vi-
brate. If this is left unrestrained, it can cause structural failure. The electri-
cal cables spiraling around the Center Strafford tower are intended to 
break-up the shed vortices and to inhibit resonant frequency vibration (Gi-
osan and Eng 2006). Although the cables may inhibit vortices formation to 
some extent, the flow downstream of the tower is still disturbed and 
causes a tower-shadowing effect. 

Different groups have developed computational fluid dynamic models or 
empirical models to account for tower shadowing, but these models use a 
number of assumptions that limit their applicability. Many require addi-
tional work before they can be used with high certainty. However, it is im-
portant for future projects to know that such methods are being devel-
oped. 

3.4.7.2 Tower shadowing assessment 

Our study used two techniques to assess and visualize the tower shadow-
ing effect on the wind speed and wind direction at our site. Data sets rec-
orded by instruments at the same height but on opposite sides of the tower 
provide comparative data sets. One method visualizes upwind and down-
wind measurements, and the second uses correlated upwind and down-
wind measurements to assess effects. 



ERDC/CRREL TR-15-18 73 

 

The first technique, ratio visualization, visualizes the shadowed regions 
and provides guidance on sizing the angular breadth of the window for re-
moving data in the correlation technique. First, a ratio of one wind-speed 
data set over another wind-speed data set is calculated for each recorded 
timestamp. For example, the wind speed reported by the RNRG 40C ane-
mometer at 26.2 m is divided by the wind-speed data reported by the 
heated IceFree3 anemometer at 26.2 m for each timestamp. In these ratio 
calculations, the unheated anemometer data were always divided by the 
heated anemometer data. Similar to the correlation method, the data are 
filtered for a cut-off speed of 3 m/s to avoid the variability of low winds. 
The filtered ratio values are plotted against wind direction and should stay 
around unity when neither instrument is shadowed. However, the ratios 
will change as one instrument enters the lower-speed wake zone and the 
other remains in the uninhibited wind. For the Center Strafford tower, 
spikes in this plot should occur around 0° (north) and 180° (south) be-
cause those are the directions in which the tower instrument booms are 
oriented.  

The second technique, correlation, calculates the Pearson correlation coef-
ficient between instruments at the same, or nearly the same, height on the 
north and south sides of the tower while removing downwind windows 
centered on north or south. As mentioned earlier, the tower produces a 
turbulent wake that encompasses some portion of the downstream wind. 
This portion of speed and directional data are removed from the correlated 
data sets to avoid any shadowed data. Because of the turbulent nature of 
the wake zone, the correlation between data sets should increase when the 
data within the affected zone are removed. There is a careful balance be-
tween maximizing the correlation and removing too much data from the 
overall data set, which could hurt the validity of other calculations.  

Both techniques are most effective when data are compared from opposite 
sides of the tower and at similar heights. Requisite pairs were available 
with the set of vanes and anemometers located at 24.4 m and 26.2 m and 
with the unheated 32.4 m vane and anemometer and sonic instrument at 
33.8 m. An issue with most of these comparisons is that the correlations 
are generally between different model instruments and even different mo-
dalities. The 24.4 m direction data sets were the only true comparison be-
tween data recorded by the exact same instruments but on opposite sides 
of the tower. In addition to tower shadowing, the other correlations reflect 
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some of the differences in response characteristics of the different instru-
ment types.   

3.4.7.3 Ratio visualizations 

Ratio visualization provides a graphic indication of the angular size of 
tower shadows for wind speeds greater than 3 m/s. It shows, qualitatively, 
where wind speeds are most different between the instruments as a func-
tion of direction. 

Figure 38 shows that for wind directions between about 20° and 160° and 
between 200° and 340°, the RNRG IceFree3 heated anemometer at 
26.2 m typically reported wind speeds that were about 8% faster than the 
RNRG 40C anemometer. This was partially discussed in Section 3.4.5.1. 
More importantly, the figure illustrates the shadowing effects of the tower 
on the two 26.2 m instruments. The ratios show a downward spike around 
180° because the RNRG IceFree3 anemometer is in clean air upwind of the 
tower and the RNRG 40C is in turbulent air downwind of the tower. Simi-
larly, an upward spike around 0° shows that the RNRG 40C records higher 
speeds than the RNRG IceFree3 when winds are from the north and the 
heated unit is shadowed. The magnitudes of these spikes indicate how 
much the downwind anemometer is perturbed when it enters the lower-
speed wake zone. The up or down direction of the spike depends on which 
anemometer is used as the numerator or denominator for the ratio calcu-
lation. This plot suggests that the tower shadowing covers an angle of ap-
proximately 40° (±20°) for each major direction, north or south.  

Removing all the data within ±20° of north and south (Figure 39) removes 
about 11.3% of the data points from the overall data set (see Table 9). It 
also removes most of the periods when the anemometers are perturbed by 
tower-shadow turbulence, therefore removing periods when the anemom-
eters reported artificially low winds due to in situ effects. Though remov-
ing this amount of data actually lowers the correlation between directional 
data sets (see Table 9), it slightly improves the wind-speed correlations; 
and wind speed is more important information for assessing wind-power 
availability.  
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Figure 38.  Tower shadowing of the 26.2 m anemometers by velocity ratio and direction. 

 

Figure 39.  Tower shadowing of the 26.2 m anemometers with a 3 m/s minimum speed and 
40° windows removed straddling north and south. 
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3.4.7.4 Correlations 

Correlations between the two RNRG 200P wind vanes at 24.4 m and be-
tween the two RNRG anemometers at 26.2 m illustrate the effects of re-
moving shadowed data (Table 9). This combination of instruments pro-
vides the best set of data to investigate the effect of tower shadowing 
because the vanes and anemometer are located at the same tower heights 
but on opposite sides of the tower. Appendix C presents other correlations 
between the unheated 32.4 m vane and anemometer and the sonic instru-
ment at 33.8 m.  

The data sets used for this analysis removed missing or erroneous data, 
wind speeds less than or equal to 3 m/s, and data affected by icing events. 
Correlations were made between the entire population of speed measure-
ments with data removed when wind directions were within ±5°, ±10°, 
±15°, ±20°, ±25° and ±30° of north or south. Also provided is the percent-
age of measurements removed for each angular wind size. Differences in 
correlations coefficients are generally quite small. 

Table 9.  Correlations between paired vanes at 24.4 m and paired anemometers at 26.2 m by 
removed-data directional window size. 

Window Size % Removed rdir, raw rdir, win rspd, raw rspd, win 
10° 3.52 0.9430 0.9920 0.9922 0.9932 
20° 6.13 0.9430 0.9938 0.9922 0.9939 
30° 8.81 0.9430 0.9933 0.9922 0.9958 
40° 11.30 0.9430 0.9929 0.9922 0.9961 
50° 14.01 0.9430 0.9921 0.9922 0.9964 
60° 17.01 0.9430 0.9912 0.9922 0.9965 

 
• Window Size is the portion that was removed from the data sets. For 

example, a Window Size of 10° means that any data points between 0° 
± 5° and 180° ± 5° were removed from both wind speed and direction 
data sets.  

• % Removed is the percentage of overall data removed from the pre-
scribed Window Size regions, not including the 3 m/s filtering (the 
3 m/s filtering removed equals about 40% of the total data). 

• rdir, raw is the Pearson correlation coefficient between the two direc-
tional data sets without any data removed from the Window Size re-
gions. This value serves as a comparison for the filtered data correla-
tion. 
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• rdir, win is the Pearson correlation coefficient between the two direc-
tional data sets with data removed from the Window Size regions.  

• rspd, raw is the Pearson correlation coefficient between the two wind-
speed data sets without any data removed from the Window Size re-
gions. This value serves as a comparison for the filtered data correla-
tion. 

• rspd, win is the Pearson correlation coefficient between the two wind-
speed data sets with data removed from the Window Size regions.  

Different results were obtained from filtering directions and speeds. The 
wind-speed correlations were already very high, but removing larger win-
dows produced higher correlations, as hypothesized. The correlations be-
tween wind-direction window sizes increased by a larger magnitude than 
the speed correlations; however, for angle windows larger than 20°, the in-
crease in correlation became incrementally smaller.  

3.4.7.5 Removing tower-shadow effects 

We removed tower shadow effects by replacing perturbed downwind 
measurements with clean upwind measurements. Linear regressions were 
calculated between upwind and downwind anemometer data sets, as Sec-
tion 3.4.10 will describe. The regression used for replacement depended 
on which instrument was shadowed and which was unshadowed. For ex-
ample, in southerly winds, the 26.2 m RNRG 40C anemometer was the de-
pendent variable in the regression because it was shadowed; and the 
RNRG 26.2 m Ice Free3 anemometer was the independent variable be-
cause it was not shadowed. The reverse was true in northerly winds. We 
directly substituted wind-direction measurements without using regres-
sions, as described in Section 3.4.9. Wind direction was less important 
than wind speed in this study because wind speed contributes directly to 
power calculations, which are the focus of this study. 

A secondary advantage of using the downwind replacement approach is 
that all wind-speed measurements are from upwind directions. This avoids 
end effects acting on the highest instruments: the 33.8 m sonic anemome-
ter, the 33.8 m RNRG 40C, the 32.4 m RNRG Ice Free anemometer, and 
the 32.4 m RNRG IceFree3 vane. End effects are complex flow reactions 
around the blunt end of the tower’s peak. 
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3.4.8 RNRG IceFree3 versus RNRG 40C anemometer analysis 

Sections 3.4.5.1 and 3.4.7.4 compare anemometer speeds and trends and 
explain that the RNRG Ice Free3 anemometers generally recorded higher 
wind speeds than the RNRG 40C instruments. The relationship between 
the unheated and heated anemometers was investigated further consider-
ing the RNRG 40C received MEASNET calibrations whereas the RNRG 
IceFree3 anemometers were not individually calibrated. In addition, the 
RNRG IceFree3 anemometers have a known off-axis acceleration (RNRG 
2005).  

Following the methodology described in Section 3.4.7.4, we calculated a 
series of ratio values between the RNRG 40C anemometer located at 
33.8 m and the RNRG IceFree3 anemometer located at 32.4 m. Because 
the two instruments were located on the north side of the tower, they were 
both shadowed at the same time, reducing tower shadowing effects in this 
analysis. These ratio values were then plotted in a histogram in an attempt 
to characterize the relationship between the heated and unheated instru-
ments (Figure 40).  

Figure 40.  The RNRG 40C unheated anemometer speed at 33.8 m divided by the RNRG 
IceFree3 anemometer speed at 32.4 m.   
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The same analysis and histogram were produced for the two 26.2 m ane-
mometers (Figure 41).  

Figure 41.  The RNRG 40C unheated anemometer speed at 26.2 m divided by the RNRG 
IceFree3 anemometer speed at 26.2 m.   

 

For both Figures 40 and 41, wind speeds less than 3 m/s were removed as 
were times when wind directions were within the tower-shadow areas 
±20° of south for the 32.4 m and 33.8 m anemometers and ±20° of north 
and south for the 26.2 m anemometers. The 32.4 m and 33.8 m instru-
ments were on the same side of the tower and were shadowed only when 
wind came from the south. Speed ratios between the instruments were 
computed from the 10 min data summaries rather than from daily sum-
maries.  

Both analyses indicate that the majority of ratio values fall below 1, which 
suggests that the heated anemometers typically record higher wind speeds 
than their unheated counterparts. This supports earlier findings. Ratios 
range from about 0.8 to 1, indicating that the RNRG IceFree3 instruments 
can show speeds up to 20% faster than the RNRG 40C anemometers in the 
same winds. This is important to understand for power estimates because 
power is a function of the cube of the wind speed, and a 20% difference in 
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wind speeds could yield substantially different power availability than is 
actually the case.  

We computed correlations and regressions between the instrument pairs 
with the RNRG 40C as the dependent variable and the RNRG IceFree3 as 
the independent variable. Table 10 shows the correlation and regression 
information for each relationship, and Figures 42 and 43 show the scatter 
plots and best-fit linear regression. 

Table 10.  Correlation and regression between data sets recorded at the same height—RNRG 
40C 33.8 m versus RNRG IceFree3 32.4 m and RNRG 40C 26.2 m versus RNRG IceFree3 

26.2 m.  

Correlation and Regression 
Parameters UA 33.8 m vs. HA 32.4 m UA 26.2 m vs. HA 26.2 m 

Pearson Correlation Coefficient, r 0.9972 0.9942 
Correlation Significance 0 0 
Data-Set Size, N 73401 75124 
Slope 1.0072 0.9885 
Intercept −0.3440 0.4869 

 
Figure 42.  A scatter plot and best-fit regression line between the RNRG 40C unheated 

anemometer at 33.8 m and the RNRG IceFree3 anemometer at 32.4 m.   
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Figure 43.  A scatter plot and best-fit regression line between the RNRG 40C unheated 
anemometer at 26.2 m and the RNRG IceFree3 anemometer at 26.2 m.   

 

As mentioned before, the RNRG 40C anemometers were calibrated to 
MEASNET standards whereas the RNRG IceFree3 anemometers were not 
individually calibrated. Because of this difference, the unheated anemome-
ter data became the predictor variable; and the heated data became the de-
pendent variable.  

The heated anemometer data sets were used primarily for replacing un-
heated anemometer data affected by icing, and the final unheated ane-
mometer data sets were used for power calculations in Section 5. The lin-
ear-regression procedure outlined in Sections 3.4.10 and 3.4.11 addresses 
the difference in response characteristics between the RNRG 40C and Ice-
Free3 anemometers. 

3.4.9 Data replacement 

One of the primary tasks of the quality assurance process is replacing data 
that fail quality control tests. Some wind assessment guidelines suggest in-
terpolating data between the closest valid data points; however, we feel 
that this is an unacceptable procedure. Linear interpolation is unable to 
model increases or decreases in the data that are valid trends in the data. 
Higher-order interpolation methods are available, but they present their 
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own issues and limitations. Instead of interpolating, we calculated linear 
regressions between sets of instruments for different replacement scenar-
ios and then used these regression equations to calculate replacement 
data. For example, a linear regression between the unheated and heated 
anemometers at 26.2 m provides a way to calculate missing data points, 
based on valid data from the other unaffected instrument, if one of them 
fails. This procedure requires two linear regressions—one where the un-
heated data set is the predictor and the heated data set is the dependent 
variable and another regression where the heated data become the predic-
tor and the unheated data become the dependent data set. Both of these 
were necessary because there were situations where either instrument 
needed to be replaced, and the regression equation was specific to which 
data set was used as the predictor variable. As explained in the following 
section, the input data to these regressions represent the cleanest data 
available. 

For power estimates, which are the primary results of this study, wind-di-
rection data are less important than wind-speed data. In addition, the cir-
cular-statistic nature of directional data makes it more difficult to formu-
late regressions between vanes for replacement. Because of this, we 
replaced erroneous wind-direction data with valid direction data from an-
other instrument for the same timestamp instead of replacing them with 
regression data. 

The data replacement process went in the following order. The resultant 
data set of each step was used in the subsequent replacement process. 

1. Replace missing data. 
2. Replace data affected by icing events. 
3. Replace data affected by tower shadowing. 
4. Replace or remove data identified as erroneous by range or trend and rela-

tional QC tests. 

Replacing data identified by the QC tests was done last because it was pos-
sible a number of these problem points were due to either icing or shadow-
ing and would have been replaced by the earlier steps. This last step re-
quired manually going through the data and altering each problem point, 
so we completed the automatic replacement processes first to try to mini-
mize manual work. 
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To ensure that the data sets were as error-free as possible before calculat-
ing linear regressions for all data replacements, we removed data affected 
by all icing events and failed instruments, removed wind speeds below 1 
m/s, and flagged range QC data. During the process described in Section 
3.4.7, we fixed data affected by tower shadowing. 

Almost all of the data used for the regressions were measured directly by 
the instruments without any alterations. This was to ensure that the re-
gressions reflected the actual relationship between instruments as, for ex-
ample, including replaced data would not reflect the true relationships be-
tween instruments. The only data set that was not purely raw data was 
from the RNRG 40C at 26.2 m anemometer, which failed between 25 June 
2012 at 1000h and 10 August 2012 at 0850h due to a wiring issue. This 
timeframe is long enough that it affected any regressions between it and 
another instrument and required specific attention. To account for this 
data gap, we did a preliminary regression between the unheated anemom-
eters at 26.2 m and 33.8 m for the period when they were both functioning 
correctly (Table 11). This regression was then used to replace the missing 
June to August 26.2 m RNRG 40C data. The 33.8 m unheated anemome-
ter was chosen because it is the same instrument type and on the same 
side of the tower as the 26.2 m instrument, which avoids some concerns 
between measurement technique and tower shadowing. This initial regres-
sion included icing events and shadow events but removed low speeds 
(less than 1 m/s). The 26.2 m instrument was the dependent variable and 
the 33.8 m instrument was the predictor variable. 

Table 11.  Correlation and regression between the 33.8 m RNRG 40C 
and the 26.2 m RNRG 40C for the timeframe when they were both 

functioning properly. These data sets included icing events and 
shadowing but removed speeds below 1 m/s. 

Correlation and Regression 
Parameters Wind Speed 

Wind-Speed 
Standard 
Deviation 

Pearson Correlation Coefficient, r 0.9942 0.9880 
Correlation Significance 0 0 
Data-Set Size, N 80846 80846 
Slope 0.9525 0.9608 
Intercept −0.1132 0.0407 

 
Approximately 6%–7% of the data set used for this initial regression was 
affected by icing events and tower shadowing.   
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Appendix D provides all of the statistics of all the regressions and provides 
the purpose of each replacement (i.e., for tower shadowing or icing events) 
and which instrument was replaced. These statistics include the Pearson 
correlation coefficient, the significance of the correlation, the size of the 
data sets, and the slope and intercept of the linear-regression fit.  

3.4.9.1 Missing data 

In addition to replacing the missing data from the RNRG 40C anemometer 
at 26.2 m, the following replacements were done for missing data: 

• Replaced missing and erroneous RNRG IceFree3 data at 32.4 m from 2 
November 2012 at 2110h to 15 January 2013 at 1500h with sonic direc-
tion and direction standard-deviation data. The sonic instrument was 
on the same side as the 32.4 m RNRG IceFree3 vane, so this substitu-
tion avoided shadowing.  
o Went through icing events during this timeframe and removed the 

time stamps when the sonic instrument failed to record valid data 
(64 timestamps in total).  

o There was no valid direction data set to go with the wind-speed data 
for these 64 instances.  

• Replaced all RNRG wind-speed data sets from 26 October 2013 at 
2000h to 27 November 2013 at 0310h (when the RNRG data logger 
failed) with Sonic and RNRG wind-speed regression data (see Appen-
dix D). RNRG vanes were directly replaced with sonic directional data 
(not regression data). 

• Replaced blank sonic entries. The sonic instrument records a blank 
data entry whenever its transducers are unable to send and receive sig-
nals to one another. This typically occurs when ice or snow has col-
lected on the instrument during an icing event. However, there were a 
few blank entries that occurred outside the dates of icing events speci-
fied in Table 7. These blank entries occurred fairly close to one of the 
identified icing events and were replaced with the following procedure: 
o The sonic speed was replaced with regression data between the 

sonic and 32.4 RNRG IceFree3 anemometer, as it was not obvious 
whether the sonic was effected by ice or not at those times. 

o The sonic direction and standard deviation were replaced with data 
from the RNRG IceFree3 vane at 32.4 m as it was the closest vane 
to the sonic in terms of location on the tower.  
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3.4.9.2 Icing events 

This section looks specifically at data that were recorded during the icing-
event intervals in Table 7. During these icing events, invalid data recorded 
by unheated instruments were replaced by valid data from heated instru-
ments. As mentioned in Section 3.4.6, we manually decided the extent of 
icing events and which instruments were affected. It is possible that this 
process missed timeframes when instruments actually experienced icing 
conditions. We used the following methodology for replacements during 
ice events: 

• Replaced sonic speed data with Sonic and 32.4 m RNRG IceFree3 re-
gression data. No standard-deviation data was replaced because the 
sonic instrument did not record standard deviation for wind speed. 

• Replaced sonic direction and direction standard deviation data with 
the corresponding 32.4 m RNRG IceFree3 vane data if available (not 
regression data). 

• Replaced 33.8 m RNRG 40C speed and standard-deviation data with 
33.8 m RNRG 40C and 32.4 m RNRG IceFree3 regression data. 

• Replaced 26.2 m RNRG 40C speed and standard-deviation data with 
26.2 m RNRG 40C and 26.2 m RNRG IceFree3 regression data. 

• Replaced 10 m RNRG 40C speed and standard-deviation data with 10 
m RNRG 40C and 26.2 m RNRG IceFree3 regression data. 

• Directly replaced all RNRG vanes with 32.4 m RNRG IceFree3 vane 
data (not regression data).  

• Replaced the 32.4 m RNRG IceFree3 vane data between 2 November 
2012 at 2110h and 15 January 2013 at 1500h with the sonic directional 
data instead of an RNRG vane. 

In total, we identified that icing events affected just over 4700 timestamps 
of data. As mentioned before, this is approximately 4.5% of the two-year 
data set. 

3.4.9.3 Tower shadowing 

This process included two steps—removing shadowed data to formulate 
regressions that fix shadowing effects and then replacing shadowed data 
depending on which direction the wind was coming from and which in-
struments were shadowed. 
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The regression step calculated two regressions—one for when wind came 
from the north and one when the wind came from the south. These two 
cases were separate because we needed to establish the relationships be-
tween shadowed instruments and un-shadowed instruments. Removing 
both cases at the same time would remove any comparison between shad-
owed and unshadowed, which would not help us to develop the relation-
ship we needed to fix the altered data. 

Creating this regression required a predictor speed data set (the upwind 
anemometer) and a dependent speed data set (the shadowed anemome-
ter). Selecting the data for creating the regression also required a direction 
set (an upwind vane) and an angle for the size of the shadow (±20° for all 
cases—see Section 3.4.7.4). Whenever the upwind-direction data set indi-
cated that there was tower shadowing occurring downwind, the data 
points from both anemometers and vanes were removed from the data set. 
This ensured that the data sets remained the same size so a regression was 
possible. The following list contains which pairs of instruments were used 
for this process. In general, the predictor and dependent anemometers 
and vane were chosen based off how close they were located to each other 
on the tower (Table 12). 

Table 12.  Dependent and predictor anemometers and direction indicator vane for creating 
shadow speed correction regressions. 

Wind 
Direction 

Dependent Shadowed 
Instrument 

Predictor replacement 
instrument Direction vane 

S 33.8 m RNRG 40C 26.2 m RNRG IceFree3  32.4 m RNRG IceFree3 
S 32.4 m RNRG IceFree3  33.8 m RNRG 40C 32.4 m RNRG IceFree3  
S 26.2 m RNRG 40C 26.2 m RNRG IceFree3  South 24.4 m RNRG 

200P 
S 10 m RNRG 40C 26.2 m RNRG IceFree3  South 24.4 m RNRG 

200P 
N Sonic 33.8 m RNRG 40C North 24.4 m RNRG 

200P 
N 26.2 m RNRG IceFree3 26.2 m RNRG 40C North 24.4 m RNRG 

200P 

 
The amount of data replaced for shadowing depended on which direction 
the wind was coming from and how often it came from that direction. 
Northern winds caused tower shadowing on the south-facing instruments 
for a total of 8569 timestamps, or 8.18% of the two-year period. Southern 
winds caused tower shadowing on the north-facing instruments for a total 
of 7417 timestamps, or 7.08% of the two-year period.  
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3.4.9.4 Failed QC data points 

The different QC tests presented throughout Section 3.4 identified a num-
ber of problem data points that needed further assessment. The number of 
data points deemed as unacceptable by our QC standards was large, be-
tween 20% and 30% of the data set. This number encompassed tens of 
thousands of data points, which is far too many for individual assessment. 
This figure indicates that the test criteria of the different QC tests may be 
too strict or reflects the large number of issues we had with our instru-
ments and the extreme weather events. This list of data was reduced to ap-
proximately 350 extreme specific data points that were individually as-
sessed. Fortunately, the vast majority of these points occurred around 
similar events, including Hurricane Sandy and serious icing events.  

Out of this list of points, very few were deemed erroneous and replaced 
with valid data. Table 13 contains the number of data points replaced. 
Points were deemed erroneous if they did not follow trends of adjacent 
data points or the trends of other instruments measuring the same quan-
tity.  

Table 13.  The number of data points replaced due to failing QC tests. The percentage 
columns represent the numbers of replaced points as a percentage of the two-year data set 

for that particular instrument. 

Anemometer # Points % # Stnd Dev Points % 
Sonic 33.8 m 2 0.002 N/A N/A 
RNRG 40C 33.8 m 0 0 4 0.004 
RNRG IceFree3 32.4 m 0 0 1 0.001 
RNRG 40C 26.2 m 0 0 5 0.005 
RNRG IceFree3 26.2 m 0 0 0 0 
RNRG 40C 10 m 0 0 1 0.001 

Wind Vane # Points % # Stnd Dev Points % 
Sonic 33.8 m 0 0 0 0 
RNRG IceFree3 32.4 m 0 0 1 0.001 
N RNRG 200P 24.4 m 0 0 0 0 
S RNRG 200P 24.4 m 0 0 1 0.001 
RNRG 200P 8.2 m 0 0 0 0 

 
The majority of points deemed replaceable were standard-deviation values 
that failed their range QC tests. Although these numbers of replaced data 
seem negligible, they represent extreme values in the data, which may 
have had a non-negligible effect on subsequent power estimates. 



ERDC/CRREL TR-15-18 88 

 

3.4.9.5 Summary of data replacement 

In total, the amount of data replaced differed for each instrument depend-
ing on shadowing, icing events, missing data, and specific QC failures. Ta-
ble 14 contains the percentages specific to each instrument. 

Table 14.  The total percentage of data 
replaced for each instrument by the data 

replacement procedure. The wind speed and 
direction data and their corresponding 

standard-deviation percentages are identical 
for each instrument that provided standard-

deviation data. 

Anemometer Total % 
Sonic 33.8 m 14.73 
RNRG 40C 33.8 m 15.87 
RNRG IceFree3 32.4 m 15.87 
RNRG 40C 26.2 m 22.19 
RNRG IceFree3 26.2 m 16.97 
RNRG 40C 10 m 15.87 

Wind Vane Total % 
Sonic 33.8 m 13.63 
RNRG IceFree3 32.4 m 21.49 
N RNRG 200P 24.4 m 16.97 
S RNRG 200P 24.4 m 15.87 
RNRG 200P 8.2 m 16.97 

 
The replacement percentages of the RNRG 40C 26.2 m and RNRG Ice-
Free3 32.4 m vane are higher than the others because both instruments in-
dividually failed over large timeframes. 

3.4.10 Data removal  

Entire timestamps of data were rarely removed altogether from the work-
ing data set. The only instances were when there was no valid data to plug 
into any of the regressions formulated above. Instead of including the ob-
viously altered data, we removed it completely. This occurred during icing 
events when the unheated, heated, and sonic anemometers had all failed, 
when the tower was lowered on 15 January 2013, or during site visits. 
Wind-direction data are less important than speed data because they do 
not contribute directly to power calculations, especially for a single tur-
bine, so we were concerned only with timeframes when all the anemome-
ters had simultaneously failed.  
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Over the two years, we removed 22 timestamps due to an icing event af-
fecting all the instruments. Of these 22 times, seven were identified with 
QC tests other than the ice event procedure, which illustrates the necessity 
of multiple QC tests and procedures. The tower was lowered in January 
2013 to replace the faulty RNRG IceFree3 vane at 32.4 m. This procedure 
lasted from 1000h to 1500h, a total of thirty timestamps, and rendered 
false any data recorded during that period. In addition, data chips were re-
moved from the data loggers during a number of site visits, which effec-
tively removed 393 data entries from the recorded data set as they were 
never recorded.  

In total, we removed 415 timestamps of data over the two-year period. 
This equates to roughly 0.4% of the whole two-year data set, which is 
much smaller than the replacement percentages presented above. 

3.4.11 Data quality control results 

Quality control was one of the most time consuming steps of this entire 
analysis but resulted in a couple of key findings. For example, the tests for 
non-changing values and for low standard deviations led to a discovery 
that the 32.4 m heated weathervane had a severe failure around 12 No-
vember 12 2012. Later investigations indicated, as shown in Figure 24, 
that the weathervane began to fail around 1 November 2012. It was un-
clear whether the 32.4 m heated vane failed all at once or had failed gradu-
ally. Although we noticed before conducting quality assurance that the un-
heated anemometer at 26.2 m failed due to a wiring issue, the assurance 
procedure was also able to capture this problem.  

Additional QC testing found important differences between the data sets 
recorded by various instruments. For example, the trend and relational 
tests and visual checks highlighted how different instrument types have 
varying response characteristics. This was crucial information that led to 
the implementation of regressions for replacing invalid data instead of 
simply plugging in data from a valid instrument. Investigation of tower 
shadowing illustrated a stark difference between the data recorded by 
shadowed instruments and data from unshadowed instruments. Because 
of this, we implemented procedures for replacing data affected by shadow-
ing.  

There were different amounts of redundancy in the QC testing, but this 
was intentional and proved useful in finding problems. For example, the 
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initial QC procedure for finding icing events failed to identify seven data 
entries that were affected by ice; but the range QC tests were able to iden-
tify them. These QC tests are not perfectly comprehensive, so the redun-
dancy increases the QC procedure’s ability to capture as much erroneous 
data as possible. 

3.4.12 Deviations to the MEASNET Guideline “Evaluation of Site Specific 
Wind Conditions” 

We attempted to conform to AWS Scientific (1997), MEASNET (2009) and 
IEC (2005a, 2005b) standards as closely as possible. However, this was 
not always possible because we were not aware of certain standards when 
we started the project or because other factors prevented our conforming 
to the standards. MEASNET (2009) requires any standards that cannot be 
met be identified as deviations. The following two sections describe devia-
tions from recommended procedures.    

3.4.12.1 Deviations from MEASNET measurement procedures 

To minimize flow distortion effects near the tower top, MEASNET (2009) 
requires that the top anemometer be mounted on a vertical tube extended 
above the top of the tower. AWS Scientific (1997) recommends mounting 
the anemometer at least 0.3 m above the tower top. The IEC (2005a) rec-
ommends the anemometer be placed 0.75 m above the tower top. Because 
military helicopter operations occur within approximately 100 m of the 
tower, we placed clearance lights at the tower top and placed the highest 
anemometers about 0.2 m below the tower top. However, the clearance 
lights and lightning rod made the tower ultimately 35.8 m high, making 
the highest anemometers about 2 m below the highest part of the tower. 
As described below, we oriented our instrument booms to avoid tower-in-
duced flow distortion; and these locations may have compensated some-
what for not having an anemometer at the absolute tower top. 

AWS Scientific (1997) recommends that instrument booms be oriented 
into the prevailing wind and 90° to the prevailing wind. MEASNET (2009) 
recommends that all instrument booms be oriented in the same direction 
and 45° offset from the prevailing wind. IEC (2005a) recommends that the 
instrument booms be oriented such that mast and boom-induced flow dis-
tortion greater than 1% be avoided. This would place the booms into the 
prevailing wind or 90° to the prevailing wind according to IEC (2005a) 
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Figure G.5. We needed many booms to accommodate all of the instru-
ments required at Center Strafford, and even then would could not mount 
some desired instruments. Therefore, we mounted our instruments ac-
cording to EAPC Wind Energy recommendations, which conform closely 
to the IEC (2005a) recommendations. That is, the prevailing winds are 
westerly, so booms were oriented north and south. 

We had limited real estate on the Center Strafford meteorological tower 
due to tower weight restrictions, guy wire locations, and the need to orient 
instruments in only two directions. Therefore, though not a deviation, we 
were unable to place multiple instruments of the same model at the same 
height, except for the two RNRG 200P wind vanes located at 24.4 m. This 
made comparisons between instruments more difficult and less reliable, 
contributing to uncertainty.  

The RNRG 40C anemometers were the only instrument that we calibrated 
to MEASNET standards. None of the other instruments, including the 
heated RNRG IceFree3 anemometers, were calibrated except to manufac-
turer’s standards, which are generally not traceable. However, our anal-
yses were based principally on the RNRG 40C instruments and, when nec-
essary, used regressions to other instruments to complete missing or 
compromised data.  

Air density is important for accurately predicting turbine power produc-
tion. Temperature, pressure, and humidity all affect air density. AWS Sci-
entific (1997) recommends that temperature be measured either within 2 
to 3 m AGL or near the intended turbine hub height. They indicate that av-
erage temperature near the ground is generally within about 1°C of the 
temperature at hub height. This is especially true when there is sufficient 
wind to operate a turbine because considerable atmospheric mixing occurs 
during these conditions. MEASNET (2009) recommends following IEC 
(2005a) measurement procedures, which include mounting calibrated in-
struments within the upper 10 m of the meteorological mast in locations of 
extreme temperature. If the tower is in complex terrain where thermal 
stratification is common, then temperature measurements at two or more 
heights would help characterize temperature change with height more 
thoroughly. IEC (2005a) recommends that the temperature sensor be lo-
cated within 10 m of the intended turbine hub height. 
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We measured temperature at a height of 3.7 m AGL and at 33.8 m AGL, 2 
m below the tower top. The highest measurement was therefore located 
within 3.2 m of the final selected turbine hub height of 37 m. The Center 
Strafford site experiences extreme seasonal temperatures; and because of 
its near-hilltop location, stratification would be uncommon except for in 
calm conditions.  

We measured temperature by using two uncalibrated instruments. The 
lower instrument was the RNRG 110S Temperature Sensor, and the upper 
measurement was made by the R. M. Young 81000 sonic anemometer. 
Our measurement locations conformed to MEASNET (2009) recommen-
dations and to IEC (2005a) recommendations. However, neither tempera-
ture measurement was from a calibrated instrument, which was a devia-
tion.  

AWS Scientific (1997) recommends that air pressure be an optional meas-
urement parameter and, if measured, be done so at a height of 2 to 3 m 
AGL. MEASNET (2009) and IEC (2005a) recommend that air pressure be 
measured close to the intended turbine hub height and, if not so located, 
be extrapolated to hub height. We deviated from MEASNET (2009) and 
IEC (2005a) guidelines and measured pressure at 3.7 m AGL. However, 
we were in compliance with the AWS Scientific (1997) recommendations. 

AWS Scientific (1997) does not require nor make any recommendations 
regarding humidity measurements. MEASNET (2009) and IEC (2005a) 
recommend that humidity be measured only at sites with high tempera-
tures and extraordinary climate conditions. If humidity is measured, the 
hygrometer should be located within the upper 10 m of the meteorological 
tower. We did not measure humidity at Center Strafford because it is not 
exceptionally warm nor are climatic conditions extraordinary. Though it 
may be considered as a deviation from MEASNET (2009) recommenda-
tions, it probably is not.  

3.4.12.2 Deviations from MEASNET quality control procedure 

Our quality control procedure incorporates everything MEASNET (2009) 
suggests for assessing data quality and includes additional analyses to ac-
count for data affected by icing events, tower shadowing, and differences 
between instrument modalities. The main deviation of our QC procedure 
from the MEASNET (2009) method was related to the filling of erroneous 
data. MEASNET (2009) suggests replacing erroneous data with valid data 
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through a series of linear regressions between the two data sets. We fol-
lowed this method, but MEASNET (2009) suggests calculating the linear 
regressions for a variety of directional sectors, which we did not do. We 
calculated one linear regression for the data across all directions. The cor-
relation results shown in Appendix D indicate that these data-set pairings 
have very strong relationships and are highly significant. Because of the 
strength of these relationships, we decided regressions across all direc-
tions were sufficient and that regressions for each directional sector were 
unnecessary.  

Another difference between our procedure and MEASNET’s (2009) 
method was that we directly replaced erroneous directional data with valid 
directional data, and did not use a correlation. Although regressions be-
tween circular data sets are possible, we felt it would introduce additional 
sources of uncertainty; so we decided to directly replace erroneous direc-
tional data. The remaining deviations between our procedure and 
MEASNET’s (2009) were in regard to reporting content. Although we pro-
vide in Sections 3.4.9 statistics on the amount of filtered and filled data, 
we did not tabulate the main periods of time that required filtering or fill-
ing. However, we provide a list of icing events (Table 2) and periods of 
missing data (Table 1). MEASNET recommends that important events that 
could affect data quality or continuity be logged. Table 1 lists the major 
events recorded for the Center Strafford meteorological tower and associ-
ated instruments from May 2012 through September 2014. In addition, we 
did not evaluate the distribution of filled data or their influence on the 
mean and distributions of the relevant data set. The suggestions in IEC 
(2005a) for quality control are related to power output data from an actual 
wind turbine, which we do not have at the Center Strafford site. 
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4 Measurement Results 

We analyzed and characterized the post-QC data with a variety of statistics 
that describe the wind speed, direction, temperature, and pressure over 
varying timescales and across multiple instruments.  

4.1 Introduction 

Because of seasonal changes in meteorological data, we occasionally orga-
nized the data into meteorological seasons to provide a better assessment 
of the wind resource and its variability over the course of a year. Table 15 
provides the meteorological seasons that this project used whenever it re-
ports seasonal data. 

Table 15.  The months of meteorological seasons used to 
separate and organize data. 

Season Months 
Summer June, July, and August 
Fall September, October, and November 
Winter December, January, and February 
Spring March, April, and May 

 
The following data use two full years of data, coinciding with the meteoro-
logical seasons for consistency, to describe the wind resource at the Center 
Strafford NHARNG site. The start date of the measurement period was 1 
June 2012 at 0000h, and the end date was 31 May 2014 at 2350h. 

4.2 Wind speed and direction 

4.2.1 Wind speed 

Table 16 presents the mean, minimum, maximum, and standard devia-
tions for wind speed over the two-year measurement period for each ane-
mometer. 
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Table 16.  Mean, minimum, maximum, and standard deviation of the wind speed over the 
entire measurement period. The units of each value are m/s. 

Wind Speed (m/s) over Two-Year Period 

  33.8 m 
Sonic 

33.8 m 
40C 

32.4 m 
IceFree 

26.2 m 
40C 

26.2 m 
IceFree 

10 m 
40C 

Mean  4.27 4.10 4.46 3.80 4.27 2.98 
Min 0.1 0.3 1 0.3 1 0.3 
Max 19.8 18.3 18.3 17.3 17.6 14.3 
Standard 
Deviation 2.29 2.35 2.29 2.25 2.18 1.94 

 
Appendix E.1 tabulates the mean, minimum, maximum, and standard de-
viation of wind speeds for each month. 

4.2.2 Wind-speed distributions 

Recorded wind-speed data can be used to produce continuous distribu-
tions, the most common of which is the Weibull distribution. Additionally, 
the wind distribution can be characterized using bins that organize the 
data into different speed ranges. These different distributions are used to 
estimate the power produced by a turbine, as explained in Section 5 of this 
report.   

The Weibull probability density function depends on two parameters, k 
and c, known as the shape factor and scale factor, respectively. Both pa-
rameters are functions of the data’s mean, 𝑈𝑈�, and standard deviation, 𝜎𝜎𝑈𝑈 . 
The MATLAB Statistics Toolbox was used to estimate and calculate k, c, 𝑈𝑈�, 
and 𝜎𝜎𝑈𝑈  for the data recorded at Center Strafford. The probability density 
function for a Weibull Distribution is the following: 

 𝑝𝑝(𝑈𝑈) = �𝑘𝑘
𝑐𝑐
� ∙ �𝑈𝑈

𝑐𝑐
�
𝑘𝑘−1

∙ 𝑅𝑅−�
𝑈𝑈
𝑐𝑐�

𝑘𝑘

, (2) 

where 

 𝑝𝑝(𝑈𝑈) = the probability density function, 
 𝑈𝑈 = the particular speed range under consideration, and 
 𝑘𝑘 and 𝑐𝑐 = the shape factor and scale factor, respectively, as discussed 

above. 

The Weibull distribution is described by multiple wind assessment and re-
search projects as the standard and best statistical approach for modeling 
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wind-speed distributions (AWS Scientific 1997; Manwell et al. 2002; 
MEASNET 2009). Table 17 presents the Weibull parameters, mean, and 
standard deviation for the wind-speed data recorded by the 32.4 m RNRG 
IceFree3 anemometer. 

Table 17.  Weibull shape (k) and scale (c) parameters, Weibull mean and 
standard deviation, and direction frequency for the 33.8 m RNRG 40C 

anemometer. The 30° sectors were formed using the 32.4 m RNRG IceFree3 
vane data. 

Weibull Parameters for the 33.8 m RNRG 40C Anemometer for 30° Sectors 
 N NNE ENE E ESE SSE 
Mean (m/s) 3.31 3.88 3.20 2.74 2.91 2.46 
Standard 
Deviation (m/s) 2.50 2.30 2.18 1.80 1.66 1.40 

c 3.60 4.35 3.55 3.05 3.28 2.77 
k 1.34 1.74 1.50 1.56 1.81 1.81 
Frequency 6.0% 6.6% 5.2% 4.2% 4.8% 3.8% 
 S SSW WSW W WNW NNW 
Mean (m/s) 3.14 3.67 4.46 3.14 5.10 3.53 
Standard 
Deviation (m/s) 1.88 1.76 2.02 1.88 2.44 1.95 

c 3.53 4.15 5.04 3.53 5.76 3.97 
k 1.72 2.21 2.35 1.72 2.21 1.88 
Frequency 5.9% 9.6% 15.3% 16.4% 17.5% 4.9% 

 
Appendix E.2 tabulates the Weibull parameters and statistics for each ad-
ditional anemometer. 

4.2.3 Wind direction 

MEASNET (2009) suggests reporting directional data with a “detailed fre-
quency distribution . . . using the method of bins with bin-width of 1 m/s 
and sector-width of 30° or less, the first centered around geographic 
north, for the mast positions in tabular format.” This process includes 
sorting the statistics into different direction bins (north, north-northeast, 
etc.) based off of directional data from a wind vane at a similar height to 
the anemometer used in the statistic calculations. Table 18 presents the 
frequency distribution for the wind-speed data recorded by the 32.4 m 
RNRG IceFree3 anemometer. 
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Table 18.  A frequency distribution of directional data from the heated RNRG weathervane at 
32.4 m. Wind-speed data was provided by the RNRG 40C at 33.8 m. 

Direction 

Wind Speed Frequency Distribution for Each Direction 

0–1 
m/s 

1–2 
m/s 

2–3 
m/s 

3–4 
m/s 

4–5 
m/s 

5–6 
m/s 

6–7 
m/s 

7–8 
m/s 

8–9 
m/s 

9–10 
m/s 

N 1185 1047 1077 865 699 453 315 258 171 61 
NNE 559 878 1366 1268 1029 651 380 302 199 106 
ENE 716 1002 1268 986 638 348 161 90 52 46 
E 759 964 1072 732 412 209 131 42 10 12 
ESE 707 931 1141 969 738 346 110 37 9 2 
SSE 683 955 1076 785 337 98 32 17 8 2 
S 630 1244 1550 1215 651 350 173 146 98 46 
SSW 589 1119 2083 2350 1823 1095 541 261 80 37 
WSW 619 1038 2076 3093 3304 2664 1761 765 345 175 
W 618 987 1739 2469 2591 2554 2187 1604 1153 628 
WNW 555 850 1843 2973 3635 3009 2127 1295 789 515 
NNW 525 692 851 1066 945 571 268 95 47 22 

Direction 10–11 
m/s 

11–12 
m/s 

12–13 
m/s 

13–14 
m/s 

14–15 
m/s 

15–16 
m/s 

16–17 
m/s 

17–18 
m/s 

18–19 
m/s 

19–20 
m/s 

N 22 30 21 4 1 0 0 0 0 0 
NNE 64 31 11 5 0 0 0 0 0 0 
ENE 16 11 5 7 25 11 9 3 0 0 
E 13 7 2 7 1 0 0 0 0 0 
ESE 1 0 1 0 0 1 0 0 0 0 
SSE 0 0 0 0 0 0 0 0 0 0 
S 16 6 4 0 0 0 0 0 0 0 
SSW 14 1 0 0 0 0 0 0 0 0 
WSW 86 29 20 8 6 2 1 0 0 0 
W 278 130 51 37 23 11 1 0 0 0 
WNW 276 134 102 72 40 19 8 5 1 0 
NNW 8 6 3 2 2 0 0 0 0 0 

 
Rose plots provide a clear representation of this same data and are a little 
easier to understand than tabular form (Figure 44). The wind speed rose 
plots are organized so that speeds below the typical cut-in speed of 100 kW 
turbines (3 m/s) are sorted into the lowest grouping. 
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Figure 44.  Rose plot of the 33.8 m RNRG 40C anemometer. The directional data were 
provided by the 32.4 m RNRG IceFree3 vane. 

 

Appendix E.3 presents rose plots of the other calibrated unheated ane-
mometers. This information tells us which directions most of the wind 
comes from and which directions yield the most power. It is important to 
note that the length of each directional wedge reflects how many direction 
points fall within that range. This means that rose plots using the same di-
rectional data sets will have the same size and distribution of wedges. The 
breadth (width) of each colored region indicates which directions the high-
speed winds come from. For example, Figure 44 indicates that approxi-
mately half of the wind came from westerly directions and that the highest 
wind speeds came from west-northwest. This trend is similar for anemom-
eters at all heights on the tower. 

4.2.4 Diurnal and seasonal patterns  

Figure 22 illustrates the diurnal pattern of wind speed at the Center Straf-
ford site. Table 19 provides this same data for the 33.8 m RNRG 40C ane-
mometer. Appendix E.4 provides the diurnal patterns for the other ane-
mometers. 
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Table 19.  Diurnal patterns for the 33.8 RNRG 40C anemometer over the duration of the 
measurement period. Each value represents the average speed for that hour of the day (m/s). 

33.8 m RNRG 40C Diurnal Pattern 

0000 0100 0200 0300 0400 0500 0600 0700 0800 0900 1000 1100 
4.40 4.32 4.30 4.31 4.34 4.30 4.18 4.23 4.45 4.68 4.89 5.16 
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 
5.33 5.34 5.33 5.16 4.91 4.65 4.45 4.39 4.37 4.40 4.43 4.40 

 
Figure 22, Table 19, and Appendix E.4 demonstrate that the anemometers 
behaved as expected, overall, and that daytime wind speeds were greater 
than nocturnal wind speeds. During the day, convection couples the high-
speed upper winds with the surface, carrying momentum to lower heights 
and increasing wind speed near the ground. At night, radiative cooling of 
the Earth’s surface cools the air immediately above. The colder air near the 
surface settles and decouples from the higher-speed winds aloft. With less 
momentum transferred, winds near the surface slow.  

Similar to diurnal variations, the wind resource changes on a seasonal 
scale (Table 20). Appendix E.5 presents the seasonal patterns of the other 
anemometers. 

Table 20.  Seasonal pattern of the 33.8 RNRG 40C 
anemometer for the duration of the measurement period. Each 

value represents the average speed for that season (m/s). 

33.8 m RNRG 40C Seasonal Pattern (m/s) 
Spring Summer Fall Winter 

4.99 3.99 4.41 5.06 

 
Figure 45 illustrates the seasonal changes of wind speeds at Center Straf-
ford for each anemometer. Winter wind speeds are typically faster than 
summer wind speeds. This is because of the greater latitudinal tempera-
ture gradient in the winter hemisphere creating a steeper latitudinal pres-
sure gradient. The steeper pressure gradient causes stronger and more 
persistent winds than found in the summer hemisphere.  
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Figure 45.  Seasonal patterns of wind speed for each anemometer over the entire 
measurement period. Data are from Table 20 and Appendix E.5. 

 

4.3 Flow inclination 

At the Center Strafford site, we conducted a modified site analysis that was 
a deviation from MEASNET (2009) and IEC (2005a, 2005b) recommen-
dations and described it in Section 3.1.2. It indicated that the Center Straf-
ford site fell between a Class A and a Class B terrain site but was more sim-
ilar to a Class B site. It also suggested that flow inclination may be near 
+4° considering the average of slopes surrounding the Center Strafford 
meteorological tower to a radius of about 740 m. IEC (2005b) recom-
mends that flow inclinations up to 8° be considered. It is not clear what 
this means, but it suggests that flow inclinations greater than 8° may be 
excessive. 

Flow inclination was measured at the Center Strafford site with the R.M. 
Young 3-D ultrasonic anemometer located on the south side of the meteor-
ological tower at a height of 33.8 m (Figure 46). U, V, and W wind vectors 
were acquired at 20 Hz and were averaged in the data logger every 10 min. 
We computed 10 min average flow inclination angles from the 10 min vec-
tor averages.  
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Figure 46.  The frequency of flow inclination angles at Center Strafford as measured by the 
3-D ultrasonic anemometer at 33.8 m over 24 months. Negative angles are downflow, and 

positive angles are upflow. 

 

The mean flow angle over the two-year analysis period from June 2012 
through May 2014 was −0.22°. This indicates that flow near the meteoro-
logical tower top was nearly horizontal but with an average −0.22° down-
flow, well within IEC (2005b) acceptable limits. The standard deviation 
was 3.14°. Therefore, about 95% of the flows fell between 2.92° and 
−3.36°. The absolute extremes were quite large, however, with a maximum 
downflow angle of −78.8° and a maximum upflow of 86.1°.     

Figure 47 is an extract of flow inclinations for one week in July 2012. Con-
vective activity with its vertical flow is most common during the summer 
months, and the time series shows negative and positive flow inclination 
reversals that cycle almost daily, as shown by the 12 hr moving average. 
The sequence does not suggest that flow inclination cycling is diurnal, 
though in some circumstances it could be forced by surface and near-sur-
face radiative and thermal fluxes (Andreas et al. 2006).  

In general, the flow inclination measurements show that average flow at 
Center Strafford is nearly horizontal. Though significant deviations do oc-
cur, they are of short duration. More meteorological analysis would be 
necessary to determine the cause for large flow inclination angles, negative 
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and positive. We believe that most cycling is related to weather changes 
that occurred over a periods of days. However, exploration of the cyclic 
causes of flow inclination is outside the scope of this project.   

Figure 47.  A one-week time series of 10 min average flow inclinations shows the cyclic 
nature of flows. Positive angles represent upflow and negative angles represent downflow. 

 

Approximately 95% of flow inclinations are less than 3.2° of downflow or 
upflow. These angles should have negligible impact on the functioning of 
the tower anemometers and a wind turbine if installed. RNRG (2005) 
states that the RNRG 40C is not sensitive to off-axis winds. However, 
Pedersen et al. (2006) found when testing several anemometer models 
that the RNRG 40C off-axis flow speeds were about 10% too high at ex-
treme tilt angles of 30° to 40°. Between tilt angles of ±3°, the change in 
speed was less than 1%. Because Figure 46 shows that approximately 5% of 
inclination angles at Center Strafford are larger than ±3°, a source of un-
certainty in the wind-speed measurements is due to extreme flow inclina-
tion angle effects on anemometer operation. 

4.4 Temperature 

Table 21 presents the mean, minimum, maximum, and standard deviation 
of the temperature data measured by the RNRG 110S Temperature Sensor 
over the two-year measurement period. 

Appendix E.6 presents the same statistics as Table 21, but for each month 
during the two-year measurement period. Figure 48 is a plot of the 



ERDC/CRREL TR-15-18 103 

 

monthly average temperature data. As we would expect, the temperature 
increases for summer months and decreases for winter months. 

Table 21.  Mean, minimum, 
maximum, and standard-deviation 
values for air temperature over the 

entire measurement period. 

Temperature over the  
Two-Year Period 

Mean (°C) 8.65 
Min (°C) −20.6 
Max (°C) 34 
Standard 
Deviation (°C) 10.86 

 
Figure 48.  Monthly variations in the air temperature.  

 

4.5 Pressure 

Table 22 shows the mean, minimum, maximum, and standard deviation of 
the air pressure data measured by the RNRG BP20 Pressure Sensor over 
the two-year measurement period. 
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Appendix E.6 presents the same statistics as Table 22, but for each month 
during the two-year measurement period. Figure 49 is a plot of the 
monthly average pressure data.  

Table 22.  Mean, minimum, 
maximum, and standard-

deviation values for air pressure 
over the entire measurement 

period. 

Pressure over the Two-
Year Period 

Mean (mb) 984.22 
Min (mb) 943.9 
Max (mb) 1010.4 
Standard 
Deviation (mb) 8.26 

 
Figure 49.  Monthly variations in air pressure.  

 

Note that the missing pressure data point for November 2013 falls within 
the period when the RNRG data logger failed causing loss of information 
from all RNRG instruments. There is no other pressure instrument on-
site, so we could not replace the pressure data with a regression during 
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this timeframe. The barometer remained non-functioning until 11 Decem-
ber 2013. 

4.6 Deviations to the MEASNET Guideline “Evaluation of Site 
Specific Wind Conditions” 

As discussed in Section 3.4.12.1, we did not measure humidity at the Cen-
ter Strafford site. This is a deviation from MEASNET (2009) guidelines 
that had no negative effect on results because we used a form of the ideal 
gas law that did not require humidity.  
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5 Site Assessment 

Assessment of a potential wind-turbine site requires a clear understanding 
of the wind resource at that location. We assessed the Center Strafford 
wind resource in terms of turbulence, shear, energy production estimates 
for different turbine models, and long-term characteristics. We introduce 
this topic with general turbine and atmospheric considerations. 

5.1 Site assessment considerations 

Site wind conditions and turbine design performance characteristics must, 
optimally, be matched. This requires an understanding of the key perfor-
mance attributes of turbines and how they relate to the wind. It also re-
quires an understanding of the many characteristics of wind at a site. Here 
we present general overviews of each topic before delving into the analyti-
cal details of the wind characteristics at Center Strafford.  

5.1.1 Turbine design considerations 

Choosing a wind turbine for a particular wind resource can depend on a 
number of criteria, including price, efficiency, power yield, etc. The 
method discussed here focuses on optimizing the power extraction capa-
bilities of a turbine specifically for the Center Strafford site.  

One of the most important criteria is sufficiently matching the frequency 
distribution of the wind with the power curve of a turbine. This is illus-
trated in Section 5.8. Sites with the same average wind speed can provide 
completely different amounts of energy if they have dissimilar wind distri-
butions, and a poor match between the site and turbine can limit energy 
production significantly (Mathew et al. 2011). 

Additional criteria to consider are the turbine cut-in and cut-out speeds. A 
turbine with a high cut-in speed might fail to efficiently extract energy 
from a site with predominantly low wind speeds. Similarly, a turbine with 
a low cut-out speed might fail to capture the majority of wind energy at a 
site with predominantly high wind speeds.  

The theoretical efficiency limit of a turbine, known as the Betz limit, is 
59.26%. This means that a turbine can never extract more than 59.26% of 
power available in the wind. In reality, wind turbines capture between 12% 
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and 40% of the available power in a wind resource, depending on the size 
and type of turbine. The overall efficiency depends on a variety of things, 
including inefficiencies in the blade design, imperfect conversion from ki-
netic energy to electricity, the inability to track wind-direction changes ef-
fectively, the inability to harness fluctuations from gusts and turbulent 
wind, dirty blades from bugs or ice, and more. Turbines may provide high 
efficiency parameters in laboratory settings, but the variability in real-
world conditions often limits their performance (Gipe 2004).   

Small wind turbines (less than 250 kW) are less efficient than larger mod-
els and typically extract less than 20% of the available wind power. Large 
wind turbines (greater than 250 kW) extract power at almost double the 
efficiency of small turbines. The efficiencies of most turbines, regardless of 
size, typically decreases at higher wind speeds (Gipe, 2004). 

The power-curve method explained in Section 5.8 uses actual power re-
sults from running a turbine, inherently accounting for some turbine inef-
ficiencies. However, the power results are typically recorded in ideal or 
wind tunnel settings, not in an actual wind resource. It is best to take the 
power-curves provided by turbine manufacturers with some hesitation 
and to treat the results as upper bounds on what can be expected from a 
real turbine (Gipe 2004).  

When examining the wind turbine to choose for a site, there are considera-
tions in addition to those described above that may be strong factors. 
Noise is one characteristic that some turbine manufacturers include in 
specifications, but many do not. Other factors are prevalence and longevity 
in the field and reliability and availability of parts. Another factor to con-
sider is the turbine design class, for example, the IEC wind speed and tur-
bulence class designations (IEC 2005b).  

This study did not assess vertical-axis turbines because they are generally 
less efficient than similarly rated horizontal-axis turbines. In addition, a 
number of vertical-axis designs require an external source to start the tur-
bine and to get it spinning fast enough to produce energy (Ragheb 2015). 
This poses an issue for the Center Strafford site as the majority of its winds 
is low speed and may not spin the turbine fast enough to effectively extract 
energy. However, vertical-axis turbines generally spin at lower rates than 
horizontal designs, which means they produce less noise and may be less 
harmful to birds or bats.  
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5.1.2 Atmospheric considerations 

In addition to wind-turbine design elements, characteristics of the wind 
can have a significant influence on turbine performance. Wind shear, air 
density, turbulence, wind inclination, and extreme winds are all examples 
of wind characteristics that alter turbine performance. 

The most significant factor determining wind-turbine power output is the 
wind speed. Other than geographic location, wind shear is the most im-
portant factor affecting wind speed. Wind speed increases with height 
above the ground following a logarithmic profile defined by a wind-shear 
exponent. 

Air is motionless at the ground surface due to the no-slip condition, which 
is caused by friction between the atmosphere and objects at the earth’s 
surface (Mathew et al. 2011). In contrast, the upper winds of the atmos-
phere are free of any obstructions and flow at high speeds. Between these 
two vertical locations, shear is created due to variations in wind speed and 
the air’s viscosity. The magnitude of shear is a function of the vertical 
change in speed, which means shear will decrease as the winds become 
more uniform. Therefore, shear is typically greatest near the earth surface 
where wind speeds vary due to terrain and other obstructions and dimin-
ishes with height where speeds are free of obstructions and more uniform.  

This is a necessary relationship to consider when extrapolating wind-speed 
data to greater heights. In addition, this relationship is important not only 
because higher wind speeds provide greater power but also because tur-
bine blades experience different aerodynamic and mechanical loadings as 
they rotate through different heights (Manwell et al. 2002). This section 
further examines the variation in shear across the hub of a turbine and 
shear with height at Center Strafford. 

Air density is the mass of air per unit of volume, and atmospheric density 
is a function of the pressure exerted by the mass of air above a surface. 
Therefore, pressure, and thus density, is highest at the surface because the 
maximum mass of air possible is overhead. As one rises in elevation, less 
atmospheric mass is above, and pressure and density decrease. That is, air 
density is highest at the earth’s surface and decreases with height above 
ground level. 
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Temperature affects atmospheric density because of its influence on the 
kinetic energy of gas molecules. In general, warmer air is less dense than 
cooler air because warmer molecules move more rapidly and force them-
selves apart, decreasing the number and thus mass of air molecules in a 
given volume.  

Atmospheric density is also influenced by the composition of the atmos-
phere. The partial pressure of water vapor in the atmosphere affects air 
density and ranges from about 0% to 4% with location, time of year, and 
elevation. The molecular weight of water vapor, consisting of one hydro-
gen and two oxygen molecules, is 18. The molecular weight of dry air is 29 
when considering the molecular weights of Oxygen (O2 molecular weight 
32) and Nitrogen (N molecular weight 28) and their proportions in the at-
mosphere (Ahrens 2012). If 4% of the atmosphere in the most saturated 
possible condition in a hot climate were water vapor, atmospheric density 
would decrease by only 1.5% due to molecular weight effects. Though an 
important influence on convection and weather, this small change has lit-
tle effect on wind-turbine performance and is not normally considered in 
power calculations. 

Turbulence is the irregular motion of air in the form of vertical and hori-
zontal eddies and speed fluctuations, as opposed to flow that is laminar, 
which moves in a smooth and uniform fashion. Turbulence is caused by 
flow interaction with objects, including those at the earth’s surface, such as 
terrain, vegetation, and structures, and by convective activity due to day-
time heating at the earth’s surface.  

Turbulence is critical to wind-turbine performance because it affects wind 
shear; causes mechanical loads on blades and bearings; hastening fatigue; 
allows noise propagation; influences turbine wake effects; and, most im-
portantly, affects power output (Lundquist and Clifton 2012). At low wind 
speeds, power is often enhanced by turbulence because gusts can make the 
turbine blades rotate when a steady flow near the cut-in speed may not. If 
the turbine is operating near its rated speed, high turbulence can lower 
power output. 

Though we computed turbulence intensity for the Center Strafford site, the 
impact of computed turbulence on wind-turbine power production is still 
not well understood; and there are currently no standards for accounting 
for its effect. 
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Flow inclination refers to the vertical flow of air as it moves over the 
earth’s surface. That is, rather than flowing horizontally, air flow follows 
terrain and rises and falls due to objects at the earth’s surface, such as veg-
etation and structures, and responds to convection and turbulence. There-
fore, a turbine located on a mountainside may experience significant posi-
tive flow inclination as air flows up the sides of the mountain during the 
day and negative flow inclination as air flows down the mountainside due 
to cooling (katabatic flow) at night. There are numerous other possible 
causes of flow inclination, and its impact can be significant. Many ane-
mometers report wind speeds as too low or too high and do so inconsist-
ently as a function of negative or positive inclination angle and wind 
speed. Wind turbines are also affected by flow inclination though the effect 
is less understood. But, in general, it changes the flow’s angle of attack 
over the blade airfoils, which may decrease efficiency. However, some new 
turbine models offer variable-pitch blades that can mitigate this effect.  

MEASNET (2009) and IEC (2005a, 2005b) consider flow inclination as 
largely a function of the terrain slopes surrounding the meteorological 
tower or wind-turbine site. We analyzed flow inclination at Center Straf-
ford through direct measurements with the 3-D ultrasonic anemometer lo-
cated at 33.8 m.  

Extreme winds can cause mechanical damage to wind turbines by abnor-
mally high wind loadings. Though damage can result from extreme wind 
loads even when turbines are stationary, gusts and turbulence during high 
winds can cause sudden torque changes in the blade-generator system, 
causing serious bearing damage and other overloads (Herr and 
Heidenreich 2015). Fortunately, extreme winds are relatively rare and are 
typically assessed with a 50-year return period as done in the Center Straf-
ford analysis.  

5.2 Wind shear and wind profile  

The data recorded by the meteorological instruments at Center Strafford 
are associated with certain heights on the meteorological tower, the high-
est of which is 33.8 m. The hubs of most 100 kW turbines are usually 
higher than the Center Strafford meteorological tower, so the data must be 
adjusted to account for this height difference. This is done with a shear 
method that accounts for wind-speed increases with height, as mentioned 
in Section 5.1. Subsequent wind-speed results have been adjusted to a 
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height of 37 m, the hub height of a Polaris 100 kW turbine (Polaris Amer-
ica 2015b). Section 5.8 explains the reason we chose this height. 

There are multiple equations and empirical formulas that account for the 
increase in wind speed with elevation, but two specific methods are widely 
used: the Power Law and the Logarithmic Law. These methods use differ-
ent parameters to account for wind shear, but both are susceptible to un-
certainty stemming from turbulent effects they fail to capture. In addition, 
both methods are best suited for regions of flat and homogenous terrain. 
Unfortunately, the Center Strafford region does not fit this description, so 
these results are imperfect.  

The Power Law uses a shear exponent, 𝛼𝛼, to adjust recorded data to a de-
sired height (Manwell et al. 2002). 

 𝑈𝑈(𝐻𝐻) = 𝑈𝑈(𝐻𝐻𝑜𝑜) ∗ � 𝐻𝐻
𝐻𝐻𝑜𝑜
�
𝛼𝛼

   (𝑚𝑚 𝑠𝑠⁄ ), (3) 

where 

 𝑈𝑈(𝐻𝐻) = the wind speed (m/s) at a desired height 𝐻𝐻, 
 𝑈𝑈(𝐻𝐻𝑜𝑜) = the recorded wind speed (m/s) at a reference height 𝐻𝐻𝑜𝑜, and 
 𝛼𝛼 = the wind-shear exponent found by Equation (4). 

 𝛼𝛼 =  
log10

𝑈𝑈(𝐻𝐻2) 
𝑈𝑈(𝐻𝐻1)  

log10
𝐻𝐻2
𝐻𝐻1

 
, (4) 

where 

 𝐻𝐻1 = the height of a lower anemometer on the meteorological tower 
and 

 𝐻𝐻2 = the height of a higher anemometer on the meteorological 
tower. 

The shear exponent is calculated between data sets recorded by anemome-
ters at two different heights on the meteorological tower.  

The Power Law is widely used for wind power assessments and provides 
reasonably accurate results for height ranges between 10 to 150 m above 
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the ground (Bañuelos-Ruedas et al. 2011). The wind-shear exponent is dif-
ficult to quantify for data sets that cover long spans of time because the ex-
ponent value can change depending on time of day, season, and tempera-
ture. Also, it is difficult to calculate the exact shear value between the 
desired height and the height at which the data were recorded because the 
extrapolated height is generally one where there are no instruments. In an 
attempt to capture shear variability with time, we calculated seasonal 
shear values using 33.8 m and 10 m RNRG 40C anemometer data. Table 
23 illustrates typical shear exponent values for different landscapes 
(Bañuelos-Ruedas et al. 2011). Wind speeds increase more rapidly with 
height for a small exponent than with a large exponent.  

Table 23.  Typical Power Law shear exponent values for varying 
landscape types. 

Landscape Type Shear Exponent, 𝜶𝜶 
Lakes, ocean, and smooth, hard ground 0.10 
Grasslands (ground level) 0.15 
Tall crops, hedges, and shrubs 0.20 
Heavily forested land 0.25 
Small town with some trees and shrubs 0.30 
City area with high rise buildings 0.40 

 
The Logarithmic Law is based off an analysis using mixing length theory. 
This method depends on a roughness factor, zo, which has units of length 
and is representative of how rough the terrain is around a site (Manwell et 
al. 2002). Equation (5) was rearranged for zo, as shown in Equation (6), 
and solved with the seasonal wind-speed averages of the 33.8 m and 10 m 
anemometers. These values were then substituted back into Equation (5) 
to extrapolate data to the desired turbine height.   

 𝑈𝑈(𝐻𝐻) = 𝑈𝑈(𝐻𝐻𝑜𝑜) ∗ �
ln�𝐻𝐻𝑧𝑧𝑜𝑜

�

ln�𝐻𝐻𝑜𝑜𝑧𝑧𝑜𝑜
�
�    (5) 

 𝑧𝑧𝑜𝑜 =  𝑅𝑅

𝑈𝑈(𝐻𝐻2)
𝑈𝑈(𝐻𝐻1)∗ln(𝐻𝐻1)−ln(𝐻𝐻2)

𝑈𝑈(𝐻𝐻2)
𝑈𝑈(𝐻𝐻1)−1  (6) 

Similar to the shear exponent, there are typical roughness-factor values for 
varying landscapes (Table 24). 
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Table 24.  Typical roughness-factor values for varying 
landscape types (Manwell et al. 2002). 

Landscape Type Roughness Factor, zo (m) 
Smooth ice or mud 0.00001 
Snow surface 0.003 
Rough pasture 0.01 
Many trees, hedges, few buildings 0.25 
Forest and woodlands 0.5 
Suburbs 1.5 
Urban 3.0 

 
Bañuelos-Ruedas et al. (2011) state that it is possible to calculate several 
shear exponents or roughness factors between multiple pairs of instru-
ments at different tower instrument heights and then average them to-
gether. However, we are concerned with averaging shear exponents or 
roughness factors together because they represent data at more than two 
different heights. We feel the results of this averaging process potentially 
cause error and add uncertainty. We used the method recommended by 
MEASNET (2009) and calculated seasonal shear exponents and roughness 
factors between only two heights, in our case the 33.8 m and 10 m RNRG 
40C anemometers. We used the 33.8 m and 10 m RNRG 40C anemome-
ters for these calculations because they represent the largest range in 
height between instruments on the tower, which is also closest to the dif-
ference in height between the ground and proposed turbine height (37 m). 
In addition, the RNRG 40C anemometers were calibrated to MEASNET 
standards and formed the basis for our wind-power estimates.  

5.2.1 Wind-shear results 

Our calculations showed that the Power Law and Logarithmic Law meth-
ods produced extrapolated wind speeds at 37 m that matched within 0.3% 
of each other, which is a very high level of agreement. Therefore, we used 
extrapolated data from the Power Law method for subsequent calculations 
because it is more widely used and is the extrapolation method recom-
mended by MEASNET (2009). The fact that both methods matched so 
closely provides assurance that the extrapolation data are accurate. Figure 
50 plots the wind-speed profile created with the Power Law method. This 
curve was created by averaging the wind speed over the two years of obser-
vations at 33.8 m and 10 m and by calculating the wind shear from these 
two average speeds. The 37 m data point is the extrapolated hub-height 
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speed. In this study, wind shear was always calculated using speeds at the 
33.8 m and 10 m heights.  

We also calculated seasonal wind shear to assess whether it changed with 
time of year (Table 25). Seasonal wind shears were calculated as follows: 
10 min average wind shears were calculated from each 10 min wind speed 
at 10 m and at 33.8 m within each season, and the 10 min shear values 
were then averaged within each season. 

Figure 50.  The estimated wind profile at Center Strafford with an average 
shear exponent of 0.265 for all seasons from June 2012 through May 2014. 

 

Table 25.  Two-year average and seasonal 
shear exponents, which were used in the 

extrapolation procedure. 

Season Shear Exponent 
Two-year average 0.265 
Summer 2012 0.288 
Fall 2012 0.257 
Winter 2012/13 0.255 
Spring 2013 0.307 
Summer 2013 0.391 
Fall 2013 0.370 
Winter 2013/14 0.308 
Spring 2014 0.299 
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Table 25 illustrates the variability in shear and how it can vary signifi-
cantly with season. Shear also changes over shorter timeframes, but we de-
cided to account for variations on a seasonal scale. 2013–2014 had a 
higher shear exponent overall than 2012–2013. Summer to fall months 
had higher shear values than winter to spring months for both years. 
Roughness from foliated vegetation is, in part, a cause for the larger sum-
mer and fall shear values. The ground is covered with snow during the 
winter and early spring months, which diminishes ground roughness and 
decreases the shear value.  

Based off the way the shear exponent is calculated in Equation (4), it is 
possible to have a negative exponent, depending on input speeds. These 
negative values usually reflect direction and speed bins that have very few 
data points from which to calculate a shear value. A negative shear expo-
nent indicates that the low-elevation wind speeds were higher in magni-
tude than the high-elevation wind speeds. 

Wind shear also varies with wind speed and direction. Table 26 shows 
wind-shear values binned by wind direction and wind speed over the two-
year observation period. Wind shear was calculated for each 33.8 m and 
10 m average 10 min wind-speed pair. The shear values were then binned 
and averaged by 30° direction increments, as measured at the 24.4 m high 
RNRG 200P vane, and by 1 m/s speed increments, as measured at the 33.8 
m RNRG 40C anemometer.    

The average shear exponent is generally larger at low wind speeds than at 
high speeds and is larger for directions between south and east. This direc-
tional effect may be related to the tree line located southeast and east of 
the tower. As seen in Figure 50, upwind obstructions alter the shear pro-
file; and it can take a distance of up to twenty times the obstruction’s 
height for the wind profile to regain its normal form. When encountering 
an obstruction, the speed profile is effectively clipped at the obstruction’s 
height above the ground; and the vertical distance between high speeds at 
higher elevations and low speeds near the ground is reduced. This results 
in an increase in shear as the wind speed tries to increase the same 
amount over a smaller change of height.  
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Table 26.  The mean shear exponent calculated between 33.8 m and 10 m RNRG 40C 
anemometers by using the Power Law method. Directional data are provided by the northern 

24.4 m RNRG 200P vane.  

Direction 

Average Shear Exponent for Binned Wind Speeds and Directions 

0–1 
m/s 

1–2 
m/s 

2–3 
m/s 

3–4 
m/s 

4–5 
m/s 

5–6 
m/s 

6–7 
m/s 

7–8 
m/s 

8–9 
m/s 

9–10 
m/s 

N −0.096 0.410 0.409 0.350 0.249 0.205 0.153 0.137 0.127 0.138 
NNE 0.058 0.400 0.352 0.258 0.226 0.195 0.186 0.167 0.169 0.174 
ENE 0.128 0.474 0.389 0.306 0.272 0.265 0.263 0.247 0.224 0.222 
E 0.210 0.546 0.408 0.299 0.248 0.238 0.231 0.227 0.213 0.211 
ESE 0.264 0.617 0.494 0.386 0.317 0.292 0.266 0.296 0.294 0.305 
SSE 0.279 0.641 0.553 0.408 0.364 0.339 0.343 0.322 0.311 0.292 
S 0.185 0.521 0.357 0.260 0.217 0.197 0.190 0.188 0.202 0.188 
SSW 0.101 0.493 0.354 0.280 0.244 0.211 0.187 0.179 0.168 0.161 
WSW 0.055 0.398 0.403 0.360 0.320 0.280 0.237 0.200 0.185 0.176 
W 0.062 0.480 0.453 0.381 0.302 0.253 0.235 0.225 0.219 0.215 
WNW -0.015 0.418 0.410 0.367 0.348 0.300 0.238 0.209 0.197 0.195 
NNW -0.010 0.412 0.380 0.342 0.308 0.253 0.203 0.174 0.175 0.172 

Direction 10–11 
m/s 

11–12 
m/s 

12–13 
m/s 

13–14 
m/s 

14–15 
m/s 

15–16 
m/s 

16–17 
m/s 

17–18 
m/s 

18–19 
m/s 

19–20 
m/s 

N 0.154 0.164 0.160 0.132 0.124 - - - - - 
NNE 0.169 0.145 0.153 0.138 - - - - - - 
ENE 0.224 0.228 0.244 0.262 0.269 0.255 0.262 0.250 - - 
E 0.208 0.219 - 0.220 0.254 - - - - - 
ESE - - 0.260 0.253 - 0.280 - - - - 
SSE 0.251 - 0.208 - - - - - - - 
S 0.205 0.197 0.207 - - - - - - - 
SSW 0.159 0.210 - - - - - - - - 
WSW 0.174 0.180 0.174 0.171 0.170 0.190 0.133 - - - 
W 0.208 0.211 0.202 0.200 0.205 0.206 0.235 0.186 - - 
WNW 0.193 0.196 0.195 0.200 0.196 0.198 0.191 0.204 0.203 - 
NNW 0.258 0.245 0.258 0.265 0.190 - - - - - 

 

5.3 Wind speed at turbine hub height 

The following wind-speed data are the result of the shear extrapolation 
process to a turbine hub height of 37 m. The reference height was 33.8 m 
and the reference wind-speed data were from the 33.8 m RNRG 40C ane-
mometer. The eight seasonal shear values in Table 25 were used to account 
for the seasonal variations in shear. Wind direction was not extrapolated 
to 37 m but was used without modification from the 24.4 m RNRG 200P 
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vane. We used this extrapolated data set to calculate Weibull parameters 
at a height of 37 m for the duration of the measurement period (Table 27) 
and for different directional sectors (Table 28). Because of the seasonal 
differences in wind shear, the Weibull parameters for each sector are 
slightly different at 37 m when compared with those at 33.8 m in Section 
4.2.2. 

Table 27.  Weibull parameters over 
the duration of the measurement 

period, but using seasonal wind-shear 
values, for the meteorological-tower 

winds extrapolated to the turbine hub 
height of 37 m. 

Weibull Parameters for  
Extrapolated Hub Data 

Mean (m/s) 4.22 
Standard 
Deviation (m/s) 2.42 

c 4.74 
k 1.81 

 
Table 28.  Directional Weibull parameters for data extrapolated to turbine hub 
height of 37 m by using seasonal wind-shear values. Directional data are from 

the northern RNRG 200P wind vane at 24.4 m. 
Weibull Parameters at  

at Extrapolated Hub Height for 30° Sectors 

 N NNE ENE E ESE SSE 
Mean (m/s) 3.56 3.85 3.27 2.83 3.10 2.60 
Standard 
Deviation (m/s) 2.58 2.43 2.25 1.85 1.73 1.49 

c 3.91 4.30 3.61 3.15 3.49 2.93 
k 1.40 1.63 1.48 1.57 1.86 1.81 
Frequency 5.2% 6.8% 5.4% 3.9% 4.6% 4.2% 

 S SSW WSW W WNW NNW 
Mean (m/s) 3.13 3.69 4.62 3.13 5.19 3.50 
Standard 
Deviation (m/s) 2.00 1.80 2.08 2.00 2.44 1.95 

c 3.50 4.17 5.21 3.50 5.86 3.95 
k 1.61 2.16 2.36 1.61 2.26 1.86 
Frequency 6.2% 9.2% 16.4% 15.7% 17.3% 5.1% 
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We also created a wind rose for 37 m for the extrapolated winds to show 
the directions of the winds with speed graphically (Figure 51). The wind 
rose is similar to that of Figure 44 in Section 4.2.3. However, there are dif-
ferences. For example, winds directly from the west are less frequent at the 
greater height, but winds from the southwest more frequent. In addition, 
mean wind speeds are greater at 37 m than at 33.8 m from the N, ENE, E, 
SSE, SSW, WSW, and WNW. However, in general, the 3.2 m change in 
height from the tower to the hub height is not large with regard to wind-
speed and wind-direction distributions. 

Figure 51.  Rose plot of wind data extrapolated to the hub height of 37 m. The directional 
data were provided by the 24.4 m RNRG 200P vane. 

 

5.4 Air density 

Air density can be described as a function of air temperature, atmospheric 
pressure, and the elevation at which it is measured (Polaris America 
2015b).  

 𝜌𝜌 = � 𝑃𝑃𝑜𝑜
𝑅𝑅∙𝑇𝑇
� 𝑅𝑅�

−𝑔𝑔∙𝑧𝑧
𝑅𝑅∙𝑇𝑇 �    �𝑘𝑘𝑘𝑘

𝑚𝑚3�, (7) 
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where 

 𝑃𝑃𝑜𝑜 = the standard atmospheric pressure (101,325 Pa), 
 𝑅𝑅 = the specific gas constant (287 J/kg∙K), 
 𝑔𝑔 = the gravitational constant (9.8 m/s2), 
 𝑇𝑇 = the temperature at the site (K), and 
 𝑧𝑧 = the proposed turbine hub elevation above sea level (m). 

The following results (Table 29) reflect the estimated hub-height air den-
sity as calculated by Equation (7). 

Table 29.  Mean, minimum, maximum, and 
standard deviation of the air density at hub 
height for the entire two-year measurement 

period. 

Air Density at Hub Height over Two Years  

Mean (kg/m3) 1.220 
Min (kg/m3) 1.121 
Max (kg/m3) 1.355 
Standard Deviation (kg/m3) 0.046 

 
The monthly mean, minimum, maximum, and standard deviation of air 
density at hub height are provided in Appendix F.1. 

5.5 Turbulence 

Turbulence can have a significant effect on the amount of power a turbine 
extracts from a wind resource. Fixed-pitch turbine blades are unable to re-
act to small and quick changes in wind speed, which are characteristic of 
turbulent air. Variable pitch turbines may be too slow to change pitch or 
incapable of changing pitch of individual blades to accommodate turbulent 
flow. Consistent wind flow is ideal for turbines to harness as much power 
as possible; however, real wind resources always have some turbulence. 
Turbulence also increases the wear on a turbine by subjecting it to aerody-
namic loads that it is not designed for, which can shorten its lifespan 
(AWS Scientific 1997). For wind assessments, it is customary to calculate a 
relative parameter called turbulence intensity (TI) that provides a useful 
comparison of turbulence between different prospective turbine sites. It is 
important to note that TI is not a strict quantification of turbulence but is 
only representative of the amount of turbulence. The amount of turbu-
lence in air is related to the standard deviation of wind speed, which is 
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normalized by wind speed to get TI (MEASNET 2009; AWS Scientific 
1997).  

 TI =  𝜎𝜎
𝑣𝑣
, (8) 

where 

 𝜎𝜎 = the standard deviation of wind speed over a 10 min interval 
(m/s) and  

 𝑣𝑣 = the average wind speed over a 10 min interval (m/s).  

Because of the highly irregular nature of turbulence, TI should be calcu-
lated only for periods no longer than 10 min. Calculating it over an hour or 
more does not provide useful information. However, an average of 10 min 
values can estimate the site’s turbulence during hourly, diurnal, monthly, 
or seasonal intervals. 

AWS Scientific (1997) provides the following classifications for TI (Table 
30). The colors in Table 30 are used in subsequent TI results to indicate 
which AWS classification the results fall into. 

Table 30.  Turbulence-intensity classification table. 

Severity of Turbulence: Low Moderate High 
TI Values TI ≤ 0.10 0.10 < TI ≤ 0.25 0. 25 < TI 

 
The effect of turbulence on wind turbines is a major topic in the field of 
wind energy, and there are a number of competing methods used to ac-
count for its impact on energy output. Section 5.8 includes a scaling factor 
in its calculations to address the impact of turbulence on energy estimates, 
and Section 6 discusses these issues further.  

Rose plots of TI measured at different heights illustrate the directions 
most of the turbulence is coming. This can help find removable obstruc-
tions in the area that may cause turbulence. We produced seasonal rose 
plots to illustrate the directional variation in turbulence throughout the 
year. Plotting TI against wind speed also illustrates the relationship be-
tween the two quantities. 
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5.5.1 Turbulence-intensity results 

We produced seasonal rose plots for TI from the 33.8 m RNRG 40C ane-
mometer (Figures 52–55). Appendix F.2 provides the seasonal rose plots 
for 26.2 m and 10 m RNRG 40C instruments. 

Figure 52.  Spring rose plot of TI measured at 33.8 m. The directional 
data were from the 32.4 m RNRG IceFree3 vane. 

 

Figure 53.  Summer rose plot of TI measured at 33.8 m. The 
directional data were from the 32.4 m RNRG IceFree3 vane. 
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Figure 54.  Fall rose plot of TI measured at 33.8 m. The directional data were from the 32.4 m 
RNRG IceFree3 vane. 

 

Figure 55.  Winter rose plot of TI measured at 33.8 m. The directional data were from the 
32.4 m RNRG IceFree3 vane. 

 

Overall, the TI at the NHARNG site is elevated with the majority of the 
wind falling in the “Moderate” to “High” categories specified by AWS 
Scientific (1997) (Table 31). The standard-deviation column in Table 31 
represents the standard deviation across seasons for each directional bin, 
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and the colors correspond to the AWS classifications in Table 30. Similar 
tables for 26.2 m and 10 m TI values are in Appendix F.3. 

Table 31.  Mean seasonal TI for 33.8 m.  

Direction Spring Summer Fall Winter 
Standard 
Deviation 

N 0.277 0.288 0.265 0.224 0.024 

NNE 0.242 0.282 0.256 0.241 0.016 

ENE 0.293 0.305 0.316 0.266 0.019 

E 0.296 0.327 0.333 0.314 0.014 

ESE 0.274 0.323 0.327 0.309 0.021 

SSE 0.308 0.333 0.325 0.315 0.010 

S 0.297 0.306 0.302 0.284 0.008 

SSW 0.258 0.244 0.242 0.229 0.010 

WSW 0.226 0.207 0.214 0.204 0.008 

W 0.266 0.270 0.280 0.263 0.006 

WNW 0.248 0.244 0.257 0.261 0.007 

NNW 0.255 0.267 0.251 0.281 0.012 

 
The largest TI values occurred during the summer and fall and came from 
easterly and southerly directions. This pattern is likely due to summer veg-
etation cover and the nearby tree line to the south-southeast of the tower. 
Trees are full with leaves; and the ground is covered with tall grass during 
summer and fall, which impedes airflow and can increase turbulence. The 
lowest values were from the south-southwest and west-southwest and are 
fairly independent of season, which makes sense as this direction lacks any 
tree lines close to the tower. Comparing Figures 52–55 and Table 31 with 
the rose plots and tables for 26.2 m and 10 m in Appendix F.3 shows that 
turbulence is greatest in the 10 m data. This is likely due to the proximity 
of those instruments to the rough ground surface. The variation of TI with 
height is important for the extrapolation of TI to the hub height, which is 
higher than any of the instruments on the Center Strafford meteorological 
tower.  

Figure 56 plots the relationship between TI and wind speed, which indi-
cates that turbulence is greater at low speeds as low speeds allow for 
greater changes in speed and direction than high speeds do. This results in 
less variability at high speeds and more at low speeds. 
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Figure 56.  TI versus wind speed for 33.8 m. 

 

These results may explain some of problems with the trend-relational QC 
tests, which showed instances of high variability between instruments 
measuring the same quantity (See Section 3.4.5). These periods of incon-
sistency may have been caused by the naturally high-variability of low 
speed winds. 

MEASNET (2009) suggests extrapolating wind speed and wind-speed 
standard-deviation data to the turbine hub height to calculate TI at hub 
height. As explained in Section 5.2, wind speed follows a distinct relation-
ship with respect to the height above the ground; however, this relation-
ship does not necessarily extend to the standard deviation of wind-speed 
data. MEASNET (2009) suggests two options for extrapolating wind-
speed standard deviation: assume the variation in standard deviation with 
respect to height is constant or calculate variation from a modeling tech-
nique. We observed that standard deviation is not constant with height; 
however, we were limited to measurements at three heights, so it was diffi-
cult to formulate a strong relationship between speed standard deviation 
and height. We used the standard-deviation data sets from the two highest 
RNRG 40C instruments (33.8 m and 26.2 m) and linearly interpolated to a 
height of 37 m. This let us calculate approximate TI values at the turbine 
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hub height (Table 32). The colors in Table 32 correspond with those in Ta-
ble 31.  

Table 32.  The average TI at hub height for different directional and speed bins. 

Direction 

Average TI Binned by Speed and Direction 

0–1 
m/s 

1–2 
m/s 

2–3 
m/s 

3–4 
m/s 

4–5 
m/s 

5–6 
m/s 

6–7 
m/s 

7–8 
m/s 

8–9 
m/s 

9–10 
m/s 

N 0.246 0.367 0.223 0.184 0.192 0.204 0.216 0.217 0.217 0.222 
NNE 0.435 0.376 0.233 0.205 0.200 0.204 0.205 0.212 0.211 0.212 
ENE 0.469 0.387 0.254 0.222 0.217 0.214 0.208 0.207 0.211 0.219 
E 0.460 0.380 0.260 0.229 0.218 0.213 0.224 0.216 0.243 0.229 
ESE 0.521 0.389 0.255 0.227 0.218 0.206 0.201 0.202 0.203 0.190 
SSE 0.524 0.406 0.254 0.227 0.223 0.216 0.231 0.241 0.246 0.212 
S 0.486 0.381 0.263 0.235 0.227 0.229 0.231 0.232 0.237 0.236 
SSW 0.512 0.377 0.242 0.201 0.185 0.187 0.189 0.202 0.216 0.247 
WSW 0.500 0.391 0.235 0.185 0.163 0.156 0.161 0.182 0.195 0.211 
W 0.441 0.408 0.281 0.248 0.246 0.245 0.242 0.234 0.232 0.229 
WNW 0.439 0.428 0.281 0.235 0.211 0.205 0.223 0.230 0.236 0.233 
NNW 0.456 0.399 0.254 0.205 0.197 0.197 0.219 0.219 0.233 0.228 

Direction 10–11 
m/s 

11–12 
m/s 

12–13 
m/s 

13–14 
m/s 

14–15 
m/s 

15–16 
m/s 

16–17 
m/s 

17–18 
m/s 

18–19 
m/s 

19–20 
m/s 

N 0.222 0.213 0.216 0.227 0.220 - - - - - 
NNE 0.203 0.206 0.209 0.200 - - - - - - 
ENE 0.215 0.211 0.217 0.235 0.232 0.237 0.223 0.226 - - 
E 0.238 0.231 0.220 0.235 0.245 0.245 - - - - 
ESE 0.220 - 0.225 0.245 0.210 - 0.190 - - - 
SSE 0.250 0.230 0.230 - - - - - - - 
S 0.233 0.239 - - - - - - - - 
SSW 0.228 0.208 - - - - - - - - 
WSW 0.210 0.216 0.218 0.227 0.258 0.210 0.200 - - - 
W 0.225 0.223 0.222 0.224 0.220 0.220 0.232 - 0.200 - 
WNW 0.227 0.230 0.225 0.230 0.220 0.215 0.226 0.228 0.215 - 
NNW 0.258 0.245 0.258 0.265 0.190 - - - - - 

 
It is important to note that these are estimates of the turbulence that a 
37 m turbine (hub height) at Center Strafford might experience. Table 32 
indicates that TI extrapolated to 37 m is lower than TI at lower heights. 
Although the linear interpolation method used to extrapolate standard-de-
viation data is imperfect, it achieves plausible results. Turbulence de-
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creases with height above the ground because the effects of flow interac-
tion with the ground and other objects decreases the farther you are above 
them.  

Although a turbine at the Center Strafford site might experience less tur-
bulence than the meteorological tower because of its greater height, the 
overall magnitude of turbulence is still large, especially at low speeds. The 
average wind speed at hub height is 4.22 m/s (Table 27), and the TI values 
in this speed range are at the upper-end of the “Moderate” range for TI in 
Table 30. The Weibull-shaped distribution of wind speeds implies that the 
majority of wind will be in the low-speed portion of Table 32, and the low-
est wind speeds have the highest TI values (see Figure 56 and Table 32). 
As mentioned before, high turbulence can have a detrimental effect on tur-
bine components and can shorten their life spans or performance and re-
duce turbine efficiency. The high turbulence at Center Strafford may have 
a detrimental effect on turbine efficiency and life span. 

5.6 Flow inclination 

Flow inclination at the 33.8 m 3-D ultrasonic anemometer was nearly hor-
izontal, averaging −0.22° with a standard deviation of 3.14° (see Section 
4.3). IEC (2005b) indicates that the “flow inclination angle shall be as-
sumed to be invariant with height.” MEASNET (2009) indicates that “flow 
inclination is documented as mean flow inclination for each wind turbine 
for each hub height.” Therefore, we will assume that the average flow incli-
nation at turbine hub height is −0.22°, nearly horizontal.  

5.7 Extreme winds 

Extreme winds refer to potentially harmful high-speed winds that occur 
during storms or other severe weather events, such as hurricanes or strong 
thunderstorms. It is important to approximate extreme winds because 
they reflect instances when high aerodynamic loads could damage the tur-
bine. Estimating these extreme winds includes predicting how high the 
wind speed will get on average and how likely they will happen within a 
certain timeframe, expressed as an annual exceedance probability.  

There are multiple methods used to approximate extreme winds from 
long-term (more than 10 years) or short-term (less than 10 years) data 
sets; however, there is no unanimously accepted method to do this 
(MEASNET 2009). Although there is no standard for doing so, a large 
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amount of research has gone into extreme value theory and applying it to 
extreme wind speeds. The intent of extreme value theory is to define a dis-
tribution for the extreme data of interest, approximate its parameters, and 
estimate the desired quantiles from that distribution (Palutikof et al. 
1999). The methods used to approximate extreme values depend on the 
length of available data. Sequences of data that span several years are 
likely to capture a broader range of extreme values than a sequence of data 
spanning only a few years.  

The Gumbel distribution is the primary extreme value distribution used to 
approximate extreme wind speeds but provides better results for long se-
quences of data. The parameters of the Gumbel distribution are approxi-
mated from annual maximum wind speeds, so approximating its parame-
ters with annual averages from only two years is highly suspect. Palutikof 
et al. (1999) reference a study where the maximum speeds recorded at a 
measurement site were compared with those recorded at a meteorological 
site to extrapolate additional data for a Gumbel distribution analysis. The 
results of this analysis were never compared with other extreme value 
techniques, so the validity is unknown. 

We used the “Extreme Wind Tool” from Windographer 4.0 (AWS True-
power 2015) to approximate the 50-year maximum wind speed. The tool 
fits both a simple and Harris variation of a Gumbel distribution to a data 
set of the annual maximum speeds, of which there are only two values. As 
stated earlier, this is highly suspect. However, there is uncertainty associ-
ated with any of the methods used for estimating extreme winds with short 
data sets. 

Table 33 provides the 50-year maximum wind speeds at Center Strafford. 

Table 33.  Estimates of 50-year extreme 
wind speeds at the Center Strafford site, 

equal to a 2% annual exceedance 
probability. 

Gumbel 
Variation 

50-Year Max Wind 
Speed 

Simple 25.02 (m/s) 
Harris 22.70 (m/s) 

 
Although it is suspect to estimate a distribution from two data points, both 
extreme value distributions estimate maximum wind speeds that will not 
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structurally damage the turbine. Most wind turbines in the 100 kW range 
are designed to withstand wind speeds much higher than these extreme 
values. For example, the Polaris P25-100 is designed to withstand a 50-
year peak gust of 59.5 m/s (Polaris America 2015b).  

5.8 Power-production estimates 

The potential power supply of a wind turbine in a particular wind resource 
can be approximated with a few different methods; we will explore the 
power-curve method here. The power-curve method requires extrapolat-
ing meteorological tower data to the hub height of a turbine, and we used 
the Table 25 seasonal shear exponents over the two-year period to do so. 
Table 35 presents these power supply results for each of five 100 kW tur-
bines. We also made more refined monthly power estimates at hub height 
for the Polaris P25-100 turbine but still used the seasonal average shear 
exponents. These power estimates are presented in Figure 59 and Table 
36.  

5.8.1 Power-curve method 

One of the most common methods to approximate annual energy produc-
tion (AEP) of a turbine is the power-curve method, which takes into ac-
count the power-production characteristics of actual turbines. A power 
curve provides an estimate of how much power a turbine produces at a 
given wind speed (see Figure 57). These numbers are typically produced 
from running the turbine, or a scaled model, in actual wind flow at stand-
ard atmospheric conditions and recording the power output. In effect, 
these recordings account for some of the inefficiencies in the energy con-
version process. We assume the turbine companies provide accurate 
power-curve data; however, it is difficult, but important, to know whether 
a power curve represents experimental or theoretical results. The power 
curves for medium and large turbines are usually verified by an independ-
ent certification agency, whereas the power curves of smaller turbines do 
not need third-party verification (Gipe 2004).  

Figure 57 shows the power curves for five different 100 kW turbines we se-
lected as potential candidates for the Center Strafford site.  
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Figure 57.  Power curves for five turbine options (GHREPOWER 2012; Polaris 
America 2015a, 2015b; Northern Power Systems 2015; Wind Energy 

Solutions 2015). 

 

Our power-curve procedure follows the methods described in Gipe (2004) 
and Manwell et al. (2002), with slight differences. As explained previously, 
power in the wind is a function of air density, which can vary from location 
to location depending on atmospheric conditions. Gipe (2004) uses eleva-
tion and temperature correction factors to account for the difference in el-
evation and temperature between the turbine site and the standard condi-
tions in which the power curves were recorded. These factors estimate the 
effects that elevation and temperature individually have on air density. In-
stead of two factors, we implemented a single atmospheric correction fac-
tor equivalent to the ratio of the site’s average air density, as calculated by 
Equation (7), to standard atmospheric air density (1.225 kg/m3). Each 
value in the turbine power curves were multiplied by this factor: 

 
𝜌𝜌𝑎𝑎𝑎𝑎𝑔𝑔
𝜌𝜌0

= 𝜌𝜌𝑎𝑎𝑎𝑎𝑔𝑔 𝑘𝑘𝑘𝑘/𝑚𝑚3

1.225 𝑘𝑘𝑘𝑘/𝑚𝑚3 (9) 

Equation (7) already accounts for the temperature and elevation at Center 
Strafford. Normalizing this quantity by standard air density effectively 
achieves the same thing as Gipe (2004). Because air density at Center 
Strafford is marginally lower than standard atmospheric density, this fac-
tor implies turbines functioning in the Center Strafford winds will produce 
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slightly less energy than indicated in their power curves. The result of this 
atmospheric adjustment procedure is a corrected power curve, which is 
used in subsequent calculations. The corrected power curves have the 
same shape as the curves in Figure 57 but are shifted downward slightly. 

The next step in the power-curve method is to multiply the site’s wind-
speed distribution, 𝑝𝑝(𝑈𝑈), by the adjusted power curve, 𝑃𝑃𝑤𝑤(𝑈𝑈) (Gipe 2004; 
Manwell et al. 2002). The wind-speed probability distributions are pro-
vided by frequency distributions of the extrapolated wind speeds at each 
turbine hub height. Turbine power curves are generally in the form of dis-
cretized bins ranging from turbine cut-in speed to cut-out speed, so we cal-
culated wind speed frequency distributions with speed bins matching 
those of the power curve. These bins were centered on whole speed values. 
For example, the 10 m/s bin contains speeds between 9.5 and 10.5 m/s. 

The next step in this method is multiplying the frequencies of the wind-
speed distribution by the number of hours in a non-leap year (8760 hr). 
This calculates the total hours per year the wind blows at each particular 
speed. These speed frequencies are then multiplied by the corresponding 
power-curve bins, resulting in an energy curve that reflects the amount of 
energy (kWh) produced by each wind-speed bin over a year (Gipe 2004). 
The summation of this energy curve estimates how much energy the tur-
bine could produce if it operated continuously throughout the year.  

The last step accounts for two important factors, turbine “availability” and 
turbulence, which have significant impacts on the turbine and derate the 
overall energy output. Turbine “availability” is “the quotient, expressed as 
a percent, of the total number of hours that a wind turbine is available for 
operation divided by the total number of hours in the period” (Gipe 2004). 
This was approximated at 95%, and reflects the percentage of time lost due 
to icing events and maintenance periods when a turbine could not produce 
energy. This means we assume the turbine will be shut down during an 
icing event so as to avoid damaging the turbine or having it throw any ice 
during the ice event. Manwell et. al (2002) state that modern turbine de-
signs have availability factors of 97%–99%, so we believe 95% is a con-
servative factor considering the potential for ice storms at NHARNG.  

As discussed in Section 5.5, turbulence in the wind has an impact on how 
much energy a turbine can produce. To account for turbulent effects, (Gipe 
2004) scales the energy estimates by a factor of (1 - TI) where TI is treated 
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as a percentage. As discussed later, this likely overestimates the effect of 
turbulence on the turbine’s power output. Multiple references measured 
the effect of turbulence on actual turbine energy output, and the largest re-
ported was a 5% decrease of the overall energy output (Albers 2010; 
Harman 2012; Kooijman 2012; Rareshide et al. 2009; Tindal et al. 2008). 
We have decided to scale energy estimates by a conservative turbulent 
scaling factor of 95%. Equation (10) shows the overall calculation. 

 𝐴𝐴𝐴𝐴𝑃𝑃 = 𝐹𝐹𝑎𝑎𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡 ∙ 𝐹𝐹𝑡𝑡𝑢𝑢𝑡𝑡𝑎𝑎𝑢𝑢𝑎𝑎𝑡𝑡𝑡𝑡𝑐𝑐𝑡𝑡 ∙ ∑  𝑝𝑝(𝑈𝑈) ∙ 𝑃𝑃𝑤𝑤(𝑈𝑈) ∙ 8760 (ℎ𝑟𝑟) (10) 

In addition to the energy estimates, we calculated two values—average 
conversion efficiency and capacity factor—to assess how well each turbine 
would perform in the Center Strafford wind resource. The average conver-
sion efficiency reflects how well the turbine captures the raw power in the 
wind resource, not including effects from availability or turbulence. It is 
equivalent to the energy curve sum divided by the total amount of raw 
power in the wind over the course of a year (Gipe 2004).  

 𝐴𝐴𝑣𝑣𝑔𝑔 𝐶𝐶𝐶𝐶𝐶𝐶𝑣𝑣𝑅𝑅𝑟𝑟𝑠𝑠𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐸𝐸𝐸𝐸𝐶𝐶𝑐𝑐𝐶𝐶𝑅𝑅𝐶𝐶𝑐𝑐𝐸𝐸 =  ∑  𝑝𝑝(𝑈𝑈)∙𝑃𝑃𝑤𝑤(𝑈𝑈)∙8760 (ℎ𝑡𝑡)  
∑  𝑝𝑝(𝑈𝑈)∙12𝜌𝜌0𝐴𝐴∙8760 (ℎ𝑡𝑡)  

  (11) 

Capacity factor reflects how much the turbine actually produces (including 
the availability and turbulence loss factors) compared to what it is rated to 
produce. It equals the final energy estimate divided by the turbine’s energy 
output as if it produced at its rated power for a full year (Gipe 2004). 

 𝐶𝐶𝐶𝐶𝑝𝑝𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶𝐸𝐸 𝐹𝐹𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶𝑟𝑟 =  𝐴𝐴𝐴𝐴𝑃𝑃
8760 (ℎ𝑡𝑡)∙𝑃𝑃𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟

 (12) 

In terms of performance, these two values provide insight as to which tur-
bines are best suited for the Center Strafford site. Please reference Appen-
dix H for an example of the power-curve calculations. 

5.8.2 Power-curve results 

Annual energy output estimates for each turbine presented in Figure 57 
are based on a corrected power-curve method incorporating availability 
and turbulence factors as described in Section 5.8.1. Table 34 presents the 
characteristics of each turbine. Note that each has the same cut-out speed 
of 25 m/s, but the cut-in speed as advertised varies from 2.7 m/s for the 
two Polaris models to 3.0 m/s for the other three units. However, despite 
the documented start speed of 2.7 m/s for the two Polaris models, their 
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power curves show no power production until 3 m/s. Also note that only 
the Wind Energy Solutions (WES) unit is not available with a hub height 
option of approximately 37 m.  

Several reasons caused us to choose these specific turbine models for com-
parison. All of the models are nominally 100 kW turbines, they have simi-
lar low cut-in speeds and identical cut-out speeds, specifications and 
power curves were available, and they are all currently available and on 
the market. None of these turbines have blade anti-icing capability. Our 
survey was not exhaustive, and the U.S. Government and the authors do 
not endorse the listed turbines in any way. For full specification sheets for 
each turbine, please reference Appendix I. It should be noted that North-
ern Power Systems released a new version of their 100 kW turbine around 
the time of publication of this study. Appendix I also presents preliminary 
power estimates for this new turbine. 

Table 34.  Characteristics of selected nominal 100 kW turbines (GHREPOWER 
2012; Northern Power Systems 2015; Polaris America 2015a, 2015b; Wind 

Energy Solutions 2015). 

Turbine 

Cut-in 
Speed 
(m/s) 

Cut-out 
Speed 
(m/s) 

Rated 
Power 
(kW) 

Blade Disk 
Diameter (m) 

Hub 
Height (m) 

GHREPOWER 100 3.0 25.0 100 21.5 37.0 
Northern 100-24 3.0 25.0 95 24.0 37.0 
Polaris P21-100 2.7 25.0 100 21.2 36.6 
Polaris P25-100 2.7 25.0 100 25.0 36.6 
WES100 3.0 25.0 100 17.9 30.0 

 
The energy estimates in Table 35 are based off wind-speed data extrapo-
lated to each turbine hub height with the seasonal exponents in Table 25. 

Table 35.  Energy output, uncertainty, conversion efficiency, capacity factor, and percent of 
NHARNG’s energy needs met by each nominal 100 kW turbines. Uncertainty is addressed in 

Section 5.8.4. 

Turbine AEP (kWh) Uncertainty 

Avg. 
Conversion 
Efficiency 

Capacity 
Factor 

Percent of 
NHARNG’s 

Annual Needs 
GHREPOWER 100 95103 12.3% 33.9% 0.109 37.0% 
Northern 100-24 104271 11.6% 29.8% 0.125 40.6% 
Polaris P21-100 91093 12.4% 33.7% 0.104 35.4% 
Polaris P25-100 130537 10.2% 34.8% 0.149 50.8% 
WES100 50869 17.2% 31.6% 0.058 19.8% 
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The estimates in Table 35 suggest that the Center Strafford site might pro-
vide a quarter to a half of its power needs with one 100 kW turbine. How-
ever, there are uncertainties associated with these estimates, which are ex-
plained in Section 5.8.4. Of the five turbines, the Polaris P25-100 turbine 
provides the most energy output. Because it has a hub height of 37 m 
(rounded to the nearest meter), we chose a hub height of 37 m in Section 
5.2 for the wind-shear extrapolations.  

The capacity factors for each turbine are quite low—NREL (2014) states 
that typical capacity factors for wind-energy installations are between 0.30 
and 0.52 in recent years. However, these numbers are likely based off wind 
farms with several large turbines, which have higher efficiencies than me-
dium-sized units. In addition to low availability and high turbulence fac-
tors, the low capacity factors relate to the fact that these turbines reach 
their rated power less than 2% of the time within the Center Strafford 
wind resource. Unfortunately, even small turbines (10 kW range), reach 
their rated power at much higher speeds (9–10 m/s) than Center Strafford 
typically experiences. 

Figures 57 and 58 illustrate the variability between power curves of simi-
larly rated turbines and how it is important to choose a turbine with a 
power curve that matches well with the site’s wind-speed distribution. For 
example, the Polaris P25-100 energy curve is larger than those of the other 
turbines, and this relates to how its power curve is shifted to the left of the 
other turbines (Figure 57). For this reason, it produces more power at 
lower wind speeds, which is good for the Center Strafford site as the ma-
jority of its wind resource is low speed.  

Once we established that the Polaris P25-100 turbine performs best in the 
Center Strafford wind resource, we produced a monthly breakdown of av-
erage energy usage and estimated energy production to illustrate how the 
site’s needs and turbine production compare over the course of a year. The 
energy-usage data are of the average energy actually used each month at 
NHARNG between October 2008 and July 2013. The estimated energy 
production follows the power-curve method and uses monthly wind-speed 
frequency distributions and monthly average wind-shear values. 

The estimated power production tracks the site’s power demands well 
throughout the year, producing about 50% of the site’s overall energy 
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needs. The data in Figure 59 are reproduced in Table 36 with the percent 
of NHARNG’s energy needs met by these estimates. 

Figure 58.  Energy curves for five turbine options. These are based off 
the height-corrected power curves for each turbine. 

 

Figure 59.  Estimated monthly energy production for one Polaris P25-
100 turbine compared to the average monthly energy usage at 

NHARNG Center Strafford between October 2008 and July 2013. 
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Table 36.  A comparison of monthly NHARNG energy demands and the estimated wind-energy 
production for a Polaris P25-100 turbine. 

Month 
NHARNG Energy Demand 

(kWh) 
Estimated Energy 
Production (kWh) 

Percent of 
NHARNG Needs 

October 13813 8873 64.2% 
November 19616 14015 71.4% 
December 24857 11978 48.2% 
January 28352 17442 61.5% 
February 29958 14437 48.2% 
March 26590 17671 66.5% 
April 23333 14387 61.7% 
May 14366 8767 61.0% 
June 22953 7731 33.7% 
July 16836 5826 34.6% 
August 22319 5728 25.7% 
September 14079 6340 45.0% 
Total 257073 133193 51.8% 

 
The annual estimated energy production (133,193 kWh) and percent of 
NHARNG’s needs provided (51.8%) in Table 36 are slightly higher than 
those presented for the Polaris P25-100 turbine in Table 35. This differ-
ence is because the monthly energy estimates more finely account for vari-
ations in wind speed each month than do the more generalized seasonal 
wind estimates. However, the calculations still use seasonal wind-shear 
values.  

5.8.3 Estimated electricity savings 

The amount of money a turbine could save on electricity is equivalent to 
the estimated energy production times the cost of electricity ($/kWh). Be-
tween the 2009 and 2012 fiscal years, the Center Strafford site paid an av-
erage of $0.14/kWh. We used a range of electricity prices to project the 
system savings for different electricity-market conditions. The economic 
feasibility of this project may depend entirely on the electricity market 
over the lifespan of the wind-energy system. The estimated monthly sav-
ings (Table 37) are based on the data in Table 36. 

Energy demand is highest during winter months, likely due to increased 
heating demands, and lower during the summer months. This matches the 
seasonal trend in wind energy, where higher wind speeds during the win-
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ter correspond to a higher energy output than in the summer. These esti-
mated savings do not account for inflation, interest, or other financial con-
cerns. The savings are modest when considering the cost of a turbine in 
the 100 kW range. The total cost, including purchase and installation, in-
terest, maintenance, and other costs, can be several hundreds of thou-
sands of dollars. Turbines in this power range typically have life spans of 
20 years before they must be replaced. Depending on the electricity mar-
ket, the wind turbine’s payback period may be longer than its expected life 
span. Section 6 estimates the payback period and ROI for a wind-turbine 
system. 

Table 37.  Estimated monthly cost savings for different electricity prices. 

Month 

Electricity Savings 
$0.10 
(kWh) 

$0.14 
(kWh) 

$0.20 
(kWh) 

$0.25 
(kWh) 

October  $887   $1242   $1775   $2218  
November  $1401   $1962   $2803   $3504  
December  $1198   $1677   $2396   $2994  
January  $1744   $2442   $3488   $4360  
February  $1444   $2021   $2887   $3609  
March  $1767   $2474   $3534   $4418  
April  $1439   $2014   $2877   $3597  
May  $877   $1227   $1753   $2192  
June  $773   $1082   $1546   $1933  
July  $583   $816   $,165   $1456  
August  $573   $802   $1146   $1432  
September  $634   $888   $1268   $1585  
Est. Savings  $13,319   $18,647   $26,639   $33,298  

 

5.8.4 Uncertainty of energy estimates 

The energy estimates provide a basis to determine the viability of wind en-
ergy at the Center Strafford site and whether a large financial investment 
is worthwhile for NHARNG. This means that the energy estimates must be 
bound by some limits to approximate how much NHARNG could expect 
from a turbine at their site. These bounds are estimated with an uncer-
tainty analysis of the different variables that factor into the energy esti-
mate calculations.  
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We followed the recommendation for uncertainty analysis made in 
MEASNET (2009), which says to follow IEC (2005a) Annex D and E and 
Joint Committee for Guides in Metrology (JCGM) (2008). See Appendix G 
for details. 

5.9 Long-term assessment 

As mentioned and illustrated previously, wind resources can change from 
year to year. This raises the question of whether the two-year measure-
ment period at Center Strafford represents typical or atypical years for the 
wind resource. Manwell et al. (2002) state, “Meteorologists generally con-
clude that it takes 30 years of data to determine long-term values of 
weather or climate and that it takes at least five years to arrive at a reliable 
average annual wind speed at a given location.” Two years of wind data is 
not enough to make concrete conclusions about the Center Strafford site, 
but there are ways to approximate long-term averages by comparing Cen-
ter Strafford data with several years of historical data from a nearby mete-
orological site. Skyhaven Airport in Rochester, NH, is one of the closest 
meteorological facilities to Center Strafford and has approximately 14 
years of meteorological data. Its anemometer and wind vane are located 
10 m above the ground. 

This long-term assessment technique is referred to as measure-correlate-
predict (MCP). The general process consists of acquiring measured mete-
orological data, correlating them with data from a reference site, and then 
using prediction algorithms to create synthetic historical data from the ref-
erence historical data. From this synthetic data, you can estimate histori-
cal trends in the wind resource at your target site. Section 5.9.2 addresses 
these prediction algorithms. 

For the correlation step, we correlated the concurrent Rochester weather 
data and the 10 m RNRG 40C anemometer data over the two-year meas-
urement period (1 June 2012 to 31 May 2014). Sanchez et al. (2009) states 
that Pearson correlation coefficients above 0.7 are considered adequately 
strong for this purpose. An important note about the correlation process is 
that the correlation strength depends on the sampling period of the con-
current data. For example, correlating between hourly wind-speed aver-
ages will have a different result than correlating over daily averages. 
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There are differences between the geographical settings and data record-
ing procedures at Center Strafford and Skyhaven Airport, which likely af-
fect how well the two data sets correlate. Unfortunately, there are very few 
weather stations located near Center Strafford, NH, that can provide the 
historical data we need for this assessment. Skyhaven Airport’s elevation is 
98 m, which is approximately half the elevation of the Center Strafford 
site; and the airport is in a valley, unlike the Center Strafford site, which 
sits relatively above its surroundings. These topographical differences may 
lead to some of the directional differences between sites, as seen in Figures 
60 and 61. 

Also, the instruments at Skyhaven Airport have different offsets and re-
cording characteristics than the instruments at Center Strafford. The 
Rochester instruments record a 2 min average at the 5oth minute of every 
hour or whenever a noteworthy meteorological event occurs, such as large 
gusts, whereas the Center Strafford instruments record 10 min averages 
every 10 min. In addition, the instruments at Rochester record wind speed 
in whole knots while the Center Strafford instruments record speed in m/s 
to the tenths place. The Rochester data has an offset of 3 knots, which 
equates to 1.54 m/s, under which the instrument automatically records 0 
knots. Because of this, all of the 0-knot data points were removed from the 
Rochester data before correlating with the Center Strafford data. The Cen-
ter Strafford instruments recorded 0.3 m/s if the wind was at 0.3 m/s or 
lower. It is not obvious whether those data points were actually 0.3 m/s or 
less, so each 0.3 m/s data point was removed from the Center Strafford 
data. Before correlating, we trimmed down the data sets so that they con-
tained only the timestamps that were valid for both data sets. 

Wind-speed data were the only data correlated between both sites because 
they are more important for characterizing long-term power estimates 
than wind direction, temperature, or pressure. We broke the correlation 
into smaller temporal segments, including seasons and months, to account 
for changes in wind speed over varying timescales. Some wind-assessment 
groups perform these correlations on a directional basis where the data are 
sorted into bins based on the reference site direction data (Bass 2000). We 
performed both the temporal and directional types of analyses to illustrate 
the relationships between the Center Strafford and Rochester wind re-
sources. 
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Figure 60.  Wind rose of valid Center Strafford data used for correlation. 

 

Figure 61.  Wind rose of valid Rochester data used for correlation. 

 



ERDC/CRREL TR-15-18 140 

 

5.9.1 Center Strafford and Rochester correlation results 

The Rochester data had a number of timestamps recording 0° for direction 
or 0 m/s for speed. As mentioned before, we filtered low wind-speed data 
points (0 m/s for Rochester and 0.3 m/s for Center Strafford) from both 
data sets. In addition to this, we removed 0° wind-direction timestamps 
were removed from both the Rochester and Center Strafford data sets to 
keep them the same size for the correlation. It is unclear why the Roches-
ter instruments recorded 0°, especially as north is considered 360° in their 
measurement procedure. In total, there were 8238 valid data points be-
tween Rochester and Center Strafford for the concurrent two-year period. 

Approximately half of the wind-speed correlations are above 0.7, and the 
majority of them are greater than 0.67, close to 0.7 (Table 38). It is encour-
aging that the overall correlation between both sites is above 0.7 and that 
all correlations are very significant.  

Table 38.  Two-year, seasonal, and monthly correlation wind-
speed coefficients with the corresponding significance values 

between Rochester, NH, and Center Strafford. 

Timeframe Pearson Coefficient, r Significance 
Total 0.7058 0 

Season 
Spring 0.7097 0 
Summer 0.5729 4.61 E−138 
Fall 0.7292 4.04 E−311 
Winter 0.6846 9.71 E−289 

Month 
January 0.6105 1.47 E−68 
February 0.7474 2.22 E−133 
March 0.7298 7.91 E−166 
April 0.6740 1.10 E−119 
May 0.6840 8.15 E−113 
June 0.5408 8.95 E−48 
July 0.5788 5.39 E−49 
August 0.5878 2.60 E−41 
September 0.6746 1.76 E−73 
October 0.7312 4.43 E−95 
November 0.7280 4.96 E−128 
December 0.6839 5.28 E−96 
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Half of the direction correlations are also above 0.7, and all of them are 
very significant (Table 39). Winds from westerly directions have the lowest 
correlations, which is unfortunate because most of the Center Strafford 
wind comes from those directions. The terrain and geographical settings of 
both locations are very different; but despite the terrain differences, the 
wind directions had reasonably high correlations. Based on these results, it 
would appear there is a significant relationship between the sites and that 
we can assume the wind resource at Center Strafford has similar charac-
teristics to that at the Rochester site. An important assumption that the 
MCP method makes is that the relationship between the two sites during 
the concurrent two years is the same relationship that existed between the 
sites in previous years. Section 6.5 addresses this. 

Table 39.  Wind direction correlation coefficients and 
corresponding significance values. The directional sectors were 
based off the wind-direction data recorded at Skyhaven Airport 

in Rochester, NH. 

Direction Pearson Coefficient Significance 
N 0.8165 1.24 E−201 
NNE 0.8261 1.25 E−139 
ENE 0.8829 1.35 E−91 
E 0.8616 4.43 E−82 
ESE 0.7507 1.03 E−63 
SSE 0.6111 8.91 E−66 
S 0.6145 1.00 E−58 
SSW 0.6319 9.36 E−06 
WSW 0.6730 2.01 E−13 
W 0.5407 4.71 E−40 
WNW 0.6655 2.46 E−300 
NNW 0.7745 0 

 
To assess the historical wind-speed pattern at the Rochester site, we calcu-
lated seasonal averages dating back to 2000, as shown in Figure 62. 

The seasonal averages have been fairly consistent over the last 15 years 
with slightly more fluctuation since 2009. Table 40 provides comparative 
statistics to illustrate how the period of measurement (1 June 2012 to 31 
May 2014) compares to the years prior to it. We used Rochester data from 
19 January 2000 (earliest available data) through the end of the measure-
ment period on 31 May 2014, which is why there are no summer, fall, or 
winter values for 2014 in Figure 62. 
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Figure 62.  Historical seasonal patterns for wind speed. 

 

Table 40.  Seasonal mean and standard-deviation wind 
speeds within the last 15 years for wind-speed data 

recorded at Skyhaven Airport in Rochester, NH. “Entire” 
represents data from 2000 to Spring 2014, “Pre-

Measurement” contains data from 2000 to spring 2012, 
and “Measurement” contains data from summer 2012 to 

spring 2014. 

Time Period Mean 
Standard 
Deviation 

Entire   
Spring 3.556 0.203 
Summer 2.693 0.124 
Fall 3.045 0.150 
Winter 3.677 0.351 
Pre-Measurement   
Spring 3.543 0.216 
Summer 2.697 0.133 
Fall 3.040 0.160 
Winter 3.692 0.367 
Measurement   
Spring 3.639 0.047 
Summer 2.670 0.070 
Fall 3.073 0.096 
Winter 3.590 0.323 
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Wind speeds during the measurement period do not seem to differ much 
from the pre-measurement period and are within one standard deviation 
of the wind-speed averages measured prior to it. The summer and fall 
months hardly changed at all, and there was a slight increase in spring 
wind speeds but also a slight decrease in winter speeds.  

Although there appears to be little difference between the Rochester wind-
speed averages during the two-year measurement period and the years 
prior to it, it is necessary to estimate the historical power estimates at Cen-
ter Strafford because wind power is a function of the wind speed cubed 
and its overall distribution. To do this, we must extrapolate historical 
wind-speed data for the Center Strafford site from the historical Rochester 
data described above. 

5.9.2 Prediction algorithm results 

There are multiple prediction algorithms used for extrapolating historical 
wind-speed data. The strength of the relationship between data sets de-
pends, in part, on the time interval of the data. Larger time steps (24 hr, 12 
hr) reduce noise in the data, which typically increases the correlation 
strength between data sets. Similarly, the prediction algorithms will per-
form differently depending on the time interval of the reference data. We 
used the “Measure Correlate Predict” module in Windographer 4.0 (AWS 
Truepower 2015) software to assess how well the following algorithms pre-
dicted Center Strafford winds from Rochester winds from 2000 to 2014 
based on several performance criteria: 

• Linear Least Squares (LLS) 
• Total Least Squares (TLS) 
• Variance Ratio (VR) 
• Matrix Time Series (MTS) 

The performance criteria include mean bias error, mean absolute error, 
and distribution error as described in Windographer (AWS Truepower 
2015). Depending on the data’s time step, synthetic data were produced 
with whichever MCP algorithm we felt performed best, as determined by 
these criteria. Table 41 indicates which MCP algorithms were chosen based 
on the performance criteria for each time interval.  
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Table 41.  MCP algorithms used to produce 
synthetic data based off different time intervals.  

Time Interval Best Algorithm 
1 hr MTS 
3 hr MTS 
4 hr VR 
8 hr TLS 

12 hr VR 
24 hr TLS 

 
We also used the “Measure Correlate Predict” module in Windographer 
4.0 (AWS Truepower 2015) to produce synthetic wind-speed data sets for 
each time interval in Table 41. Once we had this synthetic data, we used 
the power-curve method described in Section 5.8.1 to estimate with each 
synthetic data set the annual energy production between 2000 and 2014 
for a Polaris P25-100 turbine.  

Figure 63 presents the results of these energy estimates; the colored hori-
zontal lines represent the average energy output between 2000 and 2014 
for each synthetic data set. The 3 hr and 8 hr energy estimates were not in-
cluded to avoid overloading the plot. The short black line covering 2012 
through 2014 in Figure 63 reflects our in-depth energy estimate for a Pola-
ris P25-100 turbine (see also Table 36) using the two years of measured 
wind speeds at Center Strafford. 

Figure 63 indicates that energy estimates during the measurement period 
(2012 to 2014) were low compared to the historical average. This is be-
cause the two-year average of measured wind-speed data extrapolated to a 
hub height of 37 m was 4.22 m/s, whereas the historical averages at the 
same hub height were much higher (4.87 m/s for the 4 hr VR model esti-
mate). This is an interesting finding that is not evident when looking at 
just the historical wind speed averages in Figure 62.  

To get a sense of how the estimates of these different algorithms compare 
to our energy estimates, we compared them during the concurrent period 
between 2012 and 2014. Table 42 indicates the percent difference between 
the average energy estimate of each prediction model between 2012 and 
2014 and our in-depth energy estimates from Table 36 (133193 kWh).  
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Figure 63.  Historical energy estimates based on MCP synthetic data. The colored horizontal 
lines correspond to the historical average of each data set for the Polaris P25-100 turbine. 
The black line reflects the energy estimate for the Polaris P25-100 turbine for the two years 

of measured winds at Center Strafford (see Table 36).  

 

Table 42.  Percent difference between the 2012–2014 average 
energy estimates of each prediction model and the energy estimates 

in Table 36 for a Polaris P25-100 turbine. 

Time Interval 
2012–2014 Avg. 

Energy (kWh) % Difference 
24 hr 128881 −3.24 
12 hr 135823 1.97 
8 hr 144330 8.36 
4 hr 148098 11.19 
3 hr 148838 11.75 
1 hr 152011 14.13 

 
Depending on the data set, these results indicate that the long-term ex-
trapolated power-production estimates agree within 15% of our two-year 
observation-based power-production estimates. This suggests that the ex-
trapolated historical data sets are reasonably accurate as our energy esti-
mate is based on recorded data that were then run through a rigorous 
quality control procedure before a power-curve analysis.  

Uncertainty values for these long-term energy estimates are not readily 
calculated with the methods described in Section 5.8.4. Each MCP algo-
rithm produces its own uncertainty component in the resultant synthetic 
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data sets, and these combine with the uncertainty of the initial reference 
data and then propagate through the subsequent energy calculations. Alt-
hough we cannot assign uncertainty bounds to these estimates, all except 
one of the synthetic data sets indicate that the energy output during the 
two-year measurement period was lower than the historical average. It dif-
ficult it is to approximate its accuracy; however, the long-term data sets 
compare very well with our high-fidelity estimates in Section 5.8. In con-
clusion, NHARNG can expect energy outputs at least the size of those pre-
sented in Section 5.8, with a chance of higher output if the climate returns 
to its historical average. 

5.10 Deviations to the MEASNET Guideline “Evaluation of Site 
Specific Wind Conditions” 

We did not perform flow modeling of the Center Strafford site. This is a 
deviation from Section 8.4 MEASNET (2009) recommendations. How-
ever, the 3-D sonic anemometer flow-inclination measurements make the 
flow modeling unnecessary. 
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6 Discussion 

We adhered to AWS Scientific (1997), MEASNET (2009), and IEC (2005a, 
2005b) standards as much as possible throughout this study and even or-
ganized this report largely on MEASNET recommendations. However, we 
could not follow all requirements and recommendations throughout be-
cause we did not know about MEASNET or the IEC guidelines at the start 
of the project. As explained in Section 3, unforeseen problems occurred as 
the project progressed that had to be solved within the resources we had 
available. Because MEASNET and IEC requirements are not always clear, 
we made assumptions in an attempt to satisfy guidelines.  

Several significant areas require discussion to indicate how we deviated 
from standards or solved problems where there was no clear solution. 
These all affect the wind analysis results in some manner. Here we present 
assumptions we made and the processes executed to maintain the fidelity 
and accuracy of the study. In addition, we compute the payback period for 
a wind turbine and solar PV systems at Center Strafford. 

6.1 Observations 

Section 3.4.12 details deviations from the meteorological tower measure-
ment procedures required or recommended by MEASNET (2009), IEC 
(2005a, 2005b), and in some cases AWS Scientific (1997). This included 
the location of instruments with regard to the tower top, pairing of like-in-
struments at different heights, orientation of instrument booms, instru-
ment calibration, and the location of temperature and pressure instru-
ments. 

The Center Strafford meteorological tower was relatively short compared 
to most monitoring towers, which reduced real estate on the tower and the 
amount of weight that it could carry. In addition, because the site is lo-
cated in a severe glaze-icing environment, we needed anemometers and 
wind vanes that were heated. Though the unheated RNRG 40C anemome-
ters were calibrated to MEASNET standards, the heated instruments were 
not calibrated and were not available calibrated when the project began. 
However, we were able to sufficiently establish that uncalibrated heated 
instruments could be substituted for calibrated, unheated instruments 
without, we believe, significant error through a regression process. We 
placed identical instruments, the RNRG 200P unheated vanes, at the same 
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level at one location, 26.2 m AGL; and we deliberately placed unheated 
RNRG 40C anemometers at all three primary tower levels on the north 
side of the tower so that they could all be compared in the same clean air 
when flow was shadowed by the tower from southerly directions. Instru-
ment booms were located 180° apart, oriented S and N, rather than 90° 
apart. We do not believe this caused additional error in the measurements, 
but it did not conform to guidelines and is thus a deviation. 

Placing an anemometer above the top of the tower, as recommended, 
would have allowed measurement of airflow free of disturbance effects 
from the tower or from other instruments. Instead, we placed FAA clear-
ance lights and the lightning rod at the top of the tower. Our tallest ane-
mometers were located at 33.8 m and 32.4 m and experienced distorted 
and turbulent air as wind passed around and over the tower top. This adds 
uncertainty and error into measurements at a critical location. However, 
we did place a heated anemometer and a heated vane at 32.4 m, enabling 
continued observations of speed and direction near the tower top during 
icing. Also, the 3-D ultrasonic anemometer was near the tower top, allow-
ing flow inclination measurements near a critical location. Unfortunately, 
the location below the tower top, rather than above the top, may have in-
duced some flow inclination due to tower-end effects. It was helpful to 
have instruments using two completely different physical principles, aero-
dynamics for the cup anemometer and speed of sound for the sonic ane-
mometer, at the same height for comparison.   

Neither temperature nor pressure sensors were calibrated, and they were 
located near the bottom of the tower rather than near the top, closer to 
hub height. However, the sonic anemometer also measured temperature, 
and comparison with the temperature sensor at the tower base shows al-
most no difference. Though placing the barometer at the tower base made 
it a long distance from the turbine hub height, the difference was only 
about 40 m, which creates an approximate pressure difference of 433.5 Pa 
between the two elevations.  

6.2 Turbulence  

Currently, there is no standard method to calculate the effect of turbulence 
on wind-turbine energy output. IEC (2005a) states in Annex D that cur-
rent turbulence analyses provide “little help in identification of the impact 
of [turbulence], and experimental methods encounter equally serious diffi-
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culties.” However, we investigated several of these methods for their appli-
cation to the Center Strafford analysis. Each method has its own assump-
tions and technique, but none of them are able to account for the full effect 
of turbulence. In addition, the turbulence at each site is dependent on a 
multitude of factors, including terrain, which makes it difficult to formu-
late a universal approach for turbulence. Turbulence is one of the preemi-
nent research areas in fluid mechanics because of its prevalence and com-
plexity, and more developments and insights are needed before a standard 
method can fully account for its effect on wind-power estimates.  

We estimated turbulence at Center Strafford with TI, which is a relative 
statistic that indicates the magnitude of turbulence. Additional statistics, 
such as turbulence kinetic energy, could provide more insight to the im-
pact of turbulence at the Center Strafford site as these statistics provide 
more concrete quantifications of the amount of turbulence in a particular 
flow. Multiple references report the general effect of TI on a turbine’s 
power curve (Harman 2012; Kaiser et al. 2007; Kooijman 2012; Tindal et 
al. 2008). High TI increases power in the lower portion of the power curve 
near cut-in speed and decreases power in the portion of the power curve 
near the turbine’s rated speed. The decrease in power at higher speeds will 
typically overshadow any increase in power at lower speeds. Although this 
relationship between the power curve and TI is widely observed, different 
groups account for it in various ways.  

Albers (2010) presents a normalization approach that attempts to extrapo-
late a zero-TI power curve from recorded power data and then normalize it 
to the TI value of a specific site. Other sources indicate that this method 
can overestimate the effect of turbulence (Clifton and Wagner 2014). The 
Albers (2010) method is under discussion by the IEC for inclusion in the 
next edition of the IEC 61400 document. However, the normalization ap-
proach is difficult to understand, and the theory needs further develop-
ment.  

Gipe (2004) treats TI as a percentage and scales the power estimate by a 
factor of (1 − TI). The impact of this technique, if used, would have been 
substantial at the Center Strafford site where turbulence varies between 
20% and 33%. Removing a fifth to a third of the estimated annual power 
due to turbulence is certainly an overestimate.  
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Multiple methods, including commercial wind-energy software, scale the 
power estimates by smaller turbulence loss factors than Gipe (2004). 
These factors are treated as percentages used to scale the power output es-
timates and vary in magnitude from −5% to +1%, depending on the magni-
tude of TI at the site (Albers 2010; Harman 2012; Tindal et al. 2008; 
Rareshide et al. 2009; Wharton and Lundquist 2011).  

Tindal et al. (2008) state that the effect of TI values less than 0.15 is negli-
gible, and “no adjustment to the turbine manufacturer’s power curve is 
merited—assuming that the sales power curve may be considered repre-
sentative of medium turbulence levels.” Unfortunately, most references do 
not discuss the effect of TI values greater than 0.15–0.18, which are still 
only half of the TI values at Center Strafford. Tindal et al. (2008) indicate, 
“as turbulence intensities increase beyond approximately 15%, a net reduc-
tion in the energy production is observed as degradation of the ‘knee’ of 
the power curves becomes severe” near the turbine upper cut-off. Harman 
(2012) recorded a “2% drop in nominal energy between TI of 14% and 20% 
due to ‘rounded knee’ for a wind speed site.” Based on these findings, we 
chose a 5% reduction in energy as a reasonable estimate of losses from tur-
bulence.  

6.3 Shear across the rotor  

Medium-sized wind-turbine blades can span over large vertical expanses, 
which means that wind speeds may vary across the turbine hub due to 
shear. This implies that the wind speed measured at hub height does not 
accurately reflect all of the wind speeds harnessed by the turbine blades. 
To date, this range in speeds over the rotor diameter is not accounted for 
in wind-energy assessments. Tindal et al. (2008) conclude that “the power 
produced by wind turbines is not particularly sensitive to variations in 
shear where an idealised model of wind shear is assumed,” and they con-
sider it “appropriate to apply a site-specific power-curve factor only where, 
averaged over the long term, there is evidence that the wind shear above 
hub height may be significantly different than the wind shear below hub 
height.” They also note how this type of data is rarely available for analy-
sis, and therefore it is difficult to justify using such a factor. However, if 
this type of data were available, then it may be possible to account for the 
variation in wind speed across the turbine hub. Recently, multiple sources 
have suggested calculating an equivalent wind speed, as described in 
Wharton and Lundquist (2011), that reflects the variation in speed across 
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the hub. This equivalent wind speed is then used in normal power calcula-
tions, as described in Section 5.8 of this report. We did not analyze the ef-
fects of shear across the rotor of the Polaris P25-100 because it is rarely 
computed in wind analyses. In addition, the P25-100 is at the small end of 
medium-size turbines; and its rotor span is likely too small to experience 
significant shear. Finally, it is a variable-pitch turbine; and blade pitch 
may nullify the benefit of a shear calculation in estimating the turbine’s 
performance. 

6.4 Uncertainty  

The assessment of uncertainty in engineering calculations is a research 
field that has seen much activity in recent years, with a lot focused on ap-
proximating the uncertainty of wind-energy estimates (IEC 2005; JCGM 
2008; RNRG 2015b). However, there are still many uncertainty compo-
nents that need to be accounted for, as indicated in Annex D of IEC 61400-
12-1 (IEC 2005a). The effects on power output of multiple phenomena, in-
cluding flow inclination, turbulence, and shear across the turbine rotor, 
have received attention from many groups who have proposed several 
methods to account for each. Still, there are no universally accepted ap-
proaches for accounting these flow effects with high confidence. However, 
there is an indication that the next version of the IEC 61400-12-1 (2005a) 
document will implement different approaches to account for uncertainty, 
which may address some of these flow effects.  

For the uncertainty analysis produced in this wind-energy assessment, we 
followed the current standard, as described in IEC 61400-12-1 (2005a), to 
the best of our ability and presented our assumptions in Section 5.8.3. We 
did not estimate uncertainty values for the long-term assessment results 
due to the complex algorithms used in extrapolating historical data. We 
could locate no standards for approximating uncertainty when using these 
models, and each one would have its own uncertainty characteristics. Fig-
ure 63 indicates that multiple methods produced a range of historical 
trends, from which we selected an overall trend for predicting long-term 
power production and ROI for the Center Strafford site. 

6.4.1 Uncertainty characteristics of replacement data 

The data quality-assurance procedure identified a number of points that 
failed different tests and needed to be replaced, as explained in Section 
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3.4.9. For wind-speed data, we formulated linear regressions between in-
strument data sets, which we then used to replace the erroneous data with 
the valid data of another instrument. This procedure introduced the un-
certainty characteristics of the replacement data into the initial data set, 
which are likely different if the two data sets were measured with different 
instruments. We used data from only the RNRG 40C anemometers for 
power calculations, and the subsequent uncertainty calculations (Section 
5.8.4) were tailored specifically for those instruments. This means these 
uncertainty formulae are incorrect to use with any non-RNRG 40C data, 
which happens when the replaced data are used.  

Table 14 contains the percentage of each wind-speed data set that was re-
placed during this replacement procedure. These are sizable percentages, 
so the difference in instrument characteristics may have a significant effect 
on the uncertainty values associated with the energy estimates. We are un-
sure how to relate the uncertainty characteristics of the replacement data 
with those of the data needing to be replaced, but we assumed the differ-
ence was accounted for with the regression procedure. 

RNRG (2005) compares the difference in response characteristics of 
RNRG 40C anemometers and RNRG IceFree3 anemometers and states 
that once a correlation is established between the two instrument data 
sets, “the correlation coefficient will compensate for the response differ-
ence.” They define a “correlation coefficient” as the ratio of the long-term 
RNRG 40C average over the long-term RNRG IceFree3 average. We calcu-
lated linear regressions between the instruments, which we feel establishes 
a more detailed relationship between the two data sets than their correla-
tion coefficient does. Therefore, we believe that the linear-regression pro-
cedure adequately compensates for the differences in response and uncer-
tainty characteristics between instruments, regardless of instrument type. 
In conclusion, the difference in uncertainty characteristics between the 
RNRG 40C and replacement data is negligible because of the linear-re-
gression procedure used for data replacement. 

6.5 Assumptions about Center Strafford Training Center energy 
usage  

We used energy-usage data from the Center Strafford Training Center to 
indicate what percentage of the site’s energy needs a wind turbine or solar 
array could provide. However, we had available energy-usage data from 
only October 2008 through July 2013. NHARNG has built new buildings 
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since the beginning of this wind assessment, and it is possible their current 
energy demands are different from the earlier data. Therefore, the per-
centages of NHARNG’s energy that could be supplied by wind (Sections 
5.8 and 5.9) and the solar energy estimates in Section 6.7, should be 
treated as estimates when assessing both the percentage of the site’s power 
provided by wind or solar systems and their payback periods. In addition, 
these percentage estimates may not reflect the site’s actual returns if they 
plan to build more infrastructure in the future.  

6.6 Relationship between Center Strafford and Rochester sites 

The long-term analysis establishes a relationship between the target site, 
Center Strafford, and a reference site, Rochester, NH, based on the two 
years of measured and overlapped data from June 2012 through May 
2013. The study used Windographer (AWS Truepower 2015) software to 
synthesize the relationship with the historical data. Windographer pro-
vided statistical measures of goodness of fit between the overlapping data 
at Center Strafford and Rochester. We then chose the best performing of 
three models and data-averaging periods to simulate Center Strafford data 
back to the year 2000. By performing this analysis, we assumed the rela-
tionship between the two sites was strong enough and significant enough 
to use for a long-term analysis. We have also assumed that the relationship 
during the concurrent period is the same as in previous years. This as-
sumption is integral to the long-term assessment, but there is no way to 
evaluate if it is true. Climatic variations within the last decade may have 
changed the relationship between Center Strafford and Rochester in ways 
that are not detectable. Therefore, we must assume that the established re-
lationship is constant, even if it is not.  

6.7 Solar-array energy estimates 

Solar PV systems are an energy-generation technology that could supply 
electricity to the Center Strafford site. In the late 1970s and early 1980s, 
solar PV was not considered economical in New England; but it is today. 
Solar PV arrays are mechanically less complex than wind turbines and 
have a similar or better ROI than wind turbines. Therefore, using NREL 
software and information from commercial vendors, we evaluated several 
potential solar-array systems, including fixed and tracking, that might sat-
isfy Center Strafford renewable-energy needs. Appendix J provides more 
details about characteristics of typical fixed and tracking arrays. 
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NREL provides free software and online modules that can predict the en-
ergy and financial returns of a proposed solar array (NREL 2015b). The 
PVWatts Calculator estimates the amount of energy a PV solar array could 
produce based on the site location, solar-resource data from a nearby me-
teorological site, and an estimate of the array size. NREL’s System Advisor 
Model (SAM) is downloadable software that expands on PVWatts and in-
cludes financial models to predict cash flows, ROI, etc. Though these tools 
provide only estimates, they offer a quick way to predict the performance 
of a solar array.  

PVWatts uses the following parameters and inputs to estimate the amount 
of energy produced by a solar array. 

• Solar Resource Data Site: the meteorological site from which solar 
data are taken. We used a meteorological site in Concord, NH, for our 
estimates. 

• System Size (m2): the estimated area size of the solar array. 
• DC System Size (kW): the rated size of the solar array based on the 

area size. 
• Module Type: the type of solar energy collector used. This can be 

standard, premium, or thin film solar collectors, which have varying 
performance characteristics. Our estimates used standard modules. 

• Array Type: how the array is oriented to the sun. A fixed array does 
not move whereas multi-axis arrays follow the sun’s movement 
throughout the day. 

• System Loss (%): an estimate of energy losses calculated from a num-
ber of things, including shade on the collector, wiring inefficiencies, 
snow cover, dirty collectors, etc. The default value is 14%, but we calcu-
lated a higher loss of 18.37% due to potential snow cover on the collec-
tors. 

• Tilt (°): the angle the array faces as measured from horizontal. We used 
20° for estimates of fixed solar arrays. 

• Azimuth (°): the angle the array faces as measured from true north. We 
used 180° for estimates of fixed solar arrays. 

• DC to AC Size Ratio: “the ratio of the inverter’s AC rated size to the ar-
ray’s DC rated size” (NREL 2015b). Solar panels produce DC, which 
must be converted to AC through an inverter before it can be fed back 
into the grid. We used a ratio of 1.1 for these estimates. 
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• Inverter Efficiency (%): the estimated efficiency with which the in-
verter converts from DC to AC. We used an efficiency of 96% for these 
estimates.  

• Initial Cost ($/Wdc): the estimated cost to install the system, including 
module, inverter, hardware, and labor costs, etc. The price is per DC 
Watt installed. We used a cost of $3.70 for the estimates, which is 
higher than the default cost in PVWatts but is within the quoted range 
of costs of an installed 100 kW, self-ballasted, fixed-array system used 
on National Guard sites in New Jersey (Solar Electric Supply 2014).  

The majority of these inputs are the default values in PVWatts and are rel-
atively conservative. For example, standard crystalline silicon arrays were 
selected even though different types are available. Similarly, there are dif-
ferent inverters available with varying performance characteristics. These 
options can increase the system cost but may be worth the investment. 
Many system parameters, such as component performance and panel tilt 
and azimuthal angles for fixed arrays, can be optimized in the model by 
performing sensitivity analyses. We produced four separate PV solar-en-
ergy estimates for comparison with the estimated wind-energy results by 
using NREL’s PVWatts Calculator software (NREL 2015b). The first two 
estimates are for a fixed array and a two-axis array with the same annual 
energy production as the proposed Polaris P25-100 wind turbine during 
the two-year 2012–2014 measurement period at Center Strafford (see Ta-
ble 35 and 43. This is intended to illustrate how much space an equivalent 
capacity solar array would use at the Center Strafford site and compares 
the performance of fixed and two-axis tracking PV system types to the 
wind turbine. The last two cases also use a fixed array and two-axis array, 
but they are specified to produce power equivalent to the long-term, 14-
year extrapolated wind data. This comparison uses winds transformed 
from Rochester to Center Strafford using the 4 hr average VR model illus-
trated in Figure 63 using Windographer software (AWS Truepower 2015). 
The 14-year average, as described in Section 5.9.2, shows that historical 
wind speeds have been greater (4.9 m/s) than during the two-year moni-
toring program (4.2 m/s). However, the uncertainty values of these results 
are unknown.  

We assumed the area surrounding the meteorological tower might be 
available for use by any renewable-energy system because it was dedicated 
to the wind-monitoring project for two years and is the proposed site of 

http://pvwatts.nrel.gov/
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the wind turbine, if built. We estimated the area encompassing the mete-
orological tower guy-wires is about 670 m2 as the guy-wire anchors were 
located about 18.3 m from the tower base in a square pattern. We used this 
area for our analyses.  

Solar arrays with annual energy production equivalent to the anticipated 
wind-turbine production (based on wind speeds measured during the two-
year monitoring period) cover areas of 685 m2 for a fixed tilt array of 103 
kW capacity and 500 m2 for a two-axis tracking array system of 75 kW ca-
pacity. These equivalent solar energy systems are approximately 2% larger 
and 26% smaller in area, respectively, than the 670 m2 area encompassed 
by the guy-wire ground anchors. Figure 64 illustrates these solar-array ar-
eas with a white rectangle for the 500 m2 area and a red rectangle for the 
685 m2 area (see also Table 43).  

Figure 64.  Areas of possible solar arrays (white rectangle represents 500 m2, red rectangle 
685 m2 and 690 m2, and yellow rectangle 940 m2) and wind-turbine potential ice-throw areas 
(red and yellow circles represent estimates using different methodologies) at Center Strafford 

(from Google Earth). 
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Table 43.  Solar PV systems with annual energy production equivalent to the estimates for a 
Polaris P25-100 at Center Strafford for the two-year measurement period and for the long-

term average. 

 
Equivalent to the Monitoring-

Period Energy Output 
Equivalent to the Long-Term  

Energy Output 
Parameter Fixed Two Axis  Fixed Two Axis  

System Size (m2) 685 500 940 690 
DC System Size (kW) 103 75 140 103 
kWh/year produced 133,347 133,227 183,198 183,134 

 
The wind turbine’s annual energy output using the longer period of extrap-
olated wind data is about 183,700 kWh and is equivalent to a 140 kW 
fixed-array solar system covering 940 m2 or a 103 kW two-axis tracking 
solar system covering 690 m2 (Table 43). Figure 64 illustrates these areas 
with the yellow rectangle representing 940 m2 and red rectangle repre-
senting the 685 m2 area described in the previous paragraph and in Table 
43. The 685 m2 and 690 m2 areas in Table 43 are represented by the same 
rectangle in Figure 64 because of the small map scale. These areas indicate 
that a solar array could be very compatible with available space at the Cen-
ter Strafford Training Center and could supply annual energy equivalent to 
and greater than the wind turbine in similar space.   

Figure 64 also illustrates areas of potential ice throw from the wind tur-
bine. During an icing event, spinning turbine blades can throw accumu-
lated ice, which means it may be necessary for NHARNG to cordon off ar-
eas to prevent injury or damage during icing or ice shedding. Defining 
areas impacted by thrown ice is a topic of active research (Montgomerie 
2014). One manufacturer (Russell 2015) indicates that most thrown ice 
falls within a circle with a radius equivalent to hub height. The red circle in 
Figure 64 shows an ice-throw area with a radius equivalent to the pro-
posed turbine’s 37 m hub height. Cattin et al. (2007) report of a 600 kW 
turbine with a 50 m hub height throwing ice up to 92 m, almost two-times 
the hub height distance. Seifert (2003), a widely cited source, developed 
an algorithm from measurements in Austria indicating that ice can be 
thrown the equivalent of 1.5 times the sum of the hub height and the blade 
diameter (see the yellow circle in Figure 64 for a 37 m hub height and 25 m 
rotor diameter). Fortunately, however, Seifert et al. (2003) indicate that 
smaller ice particles that cause the least damage are thrown the greatest 
distance because of their smaller drag coefficients. The Center Strafford 
turbine, 100 kW, would be much smaller than the 600 kW to MW turbines 
studied for ice throw; so it is not clear how well these throw relationships 
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hold for smaller machines. Cattin et al. (2007) indicates that, from their 
observations in the Swiss Alps, the ice throwing distance is dependent on 
the wind speed when the ice falls from the blades. It is important to note 
that these findings relate to horizontal-axis turbines and not to vertical-
axis designs, which spin at lower speeds and may throw ice shorter dis-
tances.  

Because fixed solar arrays have no moving components, infrastructure and 
personnel can be safely placed much closer to solar arrays than to wind 
turbines that might throw ice. An equivalent solar energy system would re-
quire much less land area than a wind turbine at the Center Strafford site 
for this reason. 

Table 43 indicates that solar PV systems are competitive with wind as a re-
newable energy source at Center Strafford with regard to energy produced 
in a similar area. However, these are non-optimized solar estimates; and a 
more thorough analysis would be necessary before pursuing solar energy 
at the Center Strafford site. Optimization would be necessary to determine 
whether to use a fixed system at less cost or a tracking system at greater 
cost. In addition, fixed-system tilt angle and azimuth, potential shadowing 
and snow cover periods, and the type of solar cells to use would require as-
sessment. 

Table 44 compares the monthly power available from fixed and two-axis 
tracking solar systems at Center Strafford and the percentage of Center 
Strafford power that they could supply each month and annually. The two-
axis tracking PV system provides over 100% of energy needs in May, July 
and September; and the fixed system supplies slightly over 100% of site 
energy needs in May. The annual percentage of energy supplied by each 
system, therefore, has been adjusted downward from 71% for the two-axis 
array to 68% to account for the overage; and the fixed array has been ad-
justed downward from 51.9% to 51.8%. If a utility agreement was available, 
NHARNG could recoup funds by selling electricity back to the utility dur-
ing months when energy provided by solar or wind was greater than lo-
cally consumed. 
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Table 44.  Estimated monthly energy and financial savings for solar arrays located at 
NHARNG in Center Strafford, using areas nearly equivalent to that encompassed by the guy-

wire anchors of the meteorological tower (670 m2) (see Table 43). The savings is based on an 
electricity price of $0.14/kWh. 

Month 

Fixed Array Two-Axis Array 

AC Energy 
(kWh) 

Percent of 
NHARNG Needs 

(%) 
Estimated 
Savings ($) 

AC Energy 
(kWh) 

Percent of 
NHARNG Needs 

(%) 
Estimated 
Savings ($) 

October 9115 66.0 $1,276.10 12,718 92.1 $1,780.52 
November 6656 33.9 $931.84 9602 48.9 $1,344.28 
December 6198 24.9 $867.72 9362 37.7 $1,310.68 
January 8105 28.6 $1,134.70 12,519 44.2 $1,752.66 
February 9559 31.9 $1,338.26 13,696 45.7 $1,917.44 
March 12,305 46.3 $1,722.70 16,647 62.6 $2,330.58 
April 13,149 56.4 $1,840.86 17,307 74.2 $2,422.98 
May 14,502 100.9 $2,030.28 19,181 133.5 $2,685.34 
June 14,211 61.9 $1,989.54 19,573 85.3 $2,740.22 
July 14,653 87.0 $2,051.42 19,543 116.1 $2,736.02 
August 13,643 61.1 $1,910.02 18,068 81.0 $2,529.52 
September 11,252 79.9 $1,575.28 14,917 106.0 $2,088.38 
Total annual 133348 51.8 $18,668.72 183133 68.0 $25,638.62 

 
Figure 59 shows the average monthly energy available from the wind tur-
bine against the Center Strafford electricity usage, and Figure 65 provides 
the same information for the fixed-array PV system in Table 44. A compar-
ison of Figure 65 with Figure 59 shows that monthly wind-energy availa-
bility is better matched to Center Strafford’s monthly electricity consump-
tion than monthly solar availability. The solar PV electricity supplied is 
higher during the summer months due to increased day length and solar 
intensity, whereas wind energy supplied is highest during the winter 
months when regional wind speeds are greater. Both renewable energy 
systems experience intermittency due to diurnal solar cycles and periods 
of low wind speed caused by weather systems, compared to the steady 
power availability from conventional energy-generation systems. If the 
NHARNG site is used primarily during daytime hours when solar energy is 
available, then part of the solar intermittency issue is mitigated. However, 
contributions of solar or wind in any month is a savings and, if an agree-
ment is made with the local power utility, then cost recovery is possible 
when more energy is produced than consumed at the training center.  
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Figure 65.  The estimated monthly energy production for a fixed PV array 
compared to the average monthly energy usage at the NHARNG Center Strafford 

Training Center (from Table 44). 

 

6.8 Payback period 

The FY2007 Defense Authorization Act Section 2852 specifies that by 
2025, the DOD must supply from renewable resources at least 25% of the 
energy consumed by facilities and their activities (109th Congress 2006). 
This requirement is one driver for using renewable energy to supply elec-
tricity at the NHARNG Center Strafford Training Center. However, though 
measures of cost payback are not usually drivers of purchase decisions 
within DOD, demonstration of a reasonable payback period similar to that 
expected in the private sector can be helpful for making purchase deci-
sions. There are a variety of measures of ROI used for assessing the viabil-
ity of renewable energy investments. These include payback time, cost sav-
ings, and compound annual rate of return. In the private sector, rate of 
payback of the loan used to purchase the system is also used; but loans are 
typically not used to make purchases in the DOD. Inflation of electricity 
costs and depreciation rates are also factors that may be considered. 
Though renewable systems are argued to appreciate with time as they save 
more money with rising electric rates, eventually the systems fail and are 
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completely depreciated. An assumed typical lifetime of solar PV systems 
and of wind turbines is 25 years (Black 2006).  

We calculated the payback period for the conceptual wind and solar sys-
tems at Center Strafford by using the best information we had available 
and by making assumptions that we believed would be appropriate for an 
Army National Guard unit. As possible, we included the following infor-
mation for both wind turbines and solar PV systems: installation costs, an-
nual maintenance costs, and system lifetime. Operations and maintenance 
costs are difficult to estimate because the information is not generally pro-
vided in specifications. The costs are also unique to the operating environ-
ment and are generally unknown if the turbine or array is a new design 
with little operating history. We did not use payback costs of electricity for 
a power buyback agreement because we did not know if it is possible for 
the National Guard to sell power back to the utility. Also, we assumed that 
the systems were purchased out right with no loan. 

We used several models for payback calculations. For wind, we used the 
WindPower program from the UK (PelaFlow Consulting 2011) and the 
NREL Wind Energy Payback Period Workbook (V1.0) (NREL, 2001). We 
made solar-system-capacity calculations with the NREL PVWatts software 
to size the system (NREL 2015b) and the NREL System Advisor Model 
(SAM) (NREL 2015c) for the economic analysis. The latter is a complex 
model; and though capable of performing wind analyses, we had insuffi-
cient information to execute the wind portion of the model. 

6.8.1 Wind-turbine payback 

We calculated the wind payback at Center Strafford for only the Polaris 
P25-100 turbine. It promised to provide the greatest amount of power of 
the five turbines evaluated (see Table 35). We also had obtained reasona-
ble estimate costs to purchase ($290k), to install ($75k), and to maintain 
the turbine each year ($1.5k) from the manufacturer. Assumptions and re-
sults provided are model unique. 

Section 5.9 describes differences in wind speeds and estimated power out-
put between the 2-year measurement period and the 14-year period from 
2000 through 2014. The long-period record showed significantly higher 
wind speeds and power output than during the two-year measurement pe-
riod. Therefore, we also calculated payback using the power output from 
the extrapolated long-term wind-speed data. 
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6.8.1.1 Two-year monitoring period wind payback 

When using the NREL Wind Energy Payback Period Workbook (V1.0) 
(NREL, 2001), we used the following input: 

• No financing, 100% down payment 
• Wind speed of 4.22 m/s at hub height 
• Weibull k of 1.8 
• Site elevation of 196 m 
• Average electricity cost of $0.14/kWh 
• Nominal electricity escalation rate of 2%/year 
• Total installed cost of $365,000 ($290,000 turbine, $75,000 installa-

tion) 
• Default values for Variable Costs ($0.005/kWh) 
• Normal Variable Cost Escalation Rate (2%/year) 
• Fixed Costs ($0.00/kWh) 
• Nominal Fixed Escalation Rate (2%/year) 
• Hub height of 37 m 
• Availability of 98% 
• Performance derating of 10% (default due to icing and turbulence) 
• Turbine power curve input into the model 

Results: 

• Annual ROI—5% 
• Annual power output—128,432 kWh (96% of CRREL estimate) 
• Payback—18 years 

Our second method used the WindPower software and the following input: 

• Cut-in speed of 2.5 m/s 
• Cut-out speed of 25 m/s 
• Mean wind speed of 4.22 m/s at hub height 
• Wind-speed standard deviation of 2.42 m/s 
• Weibull k of 1.828 
• Turbine power curve input into the model 
• Turbine cost of $290,000 
• Installation cost of $75,000 
• Annual recurrent costs of $1500/year 
• Average electricity cost of $0.14/kWh 
• 25-year turbine 



ERDC/CRREL TR-15-18 163 

 

Results: 

• Annual power output—144,073 (108% of CRREL estimate) 
• Return/total cost—1.25 
• Equivalent interest—0.91% 
• Payback period—19.55 years 
• Annual income—$20,170 
• Cost/kWh—$0.1117 
• Proportion of site power produced by the turbine—about 57% 

6.8.1.2 Long-term wind ROI 

All input in the NREL Wind Energy Payback Period Workbook (V1.0) 
(NREL, 2001) and the WindPower model remained the same for the long-
term calculation except for the annual average wind speed, the wind-speed 
standard deviation and the Weibull k parameter. We used the extrapolated 
wind-speed data from the 4 hr averaged VR model from Windographer as 
described in Section 5.9.2 for these payback estimates.  

Using the NREL Wind Energy Payback Period Workbook (V1.0) (NREL, 
2001), we provided the following long-term input: 

• Wind speed of 4.9 m/s at the hub height 
• Weibull k of 1.919 

Results: 

• Annual ROI—7% 
• Annual power output—175,502 kWh (~105% of CRREL long-term esti-

mate of 183,732 kWh/year with 4 hr averaged VR model from Win-
dographer) 

• Payback—14 years 

We again made a second calculation using the WindPower software with 
the following input for long-term wind speeds: 

• Wind speed of 4.9 m/s at hub height 
• Wind-speed standard deviation of 2.65 
• Weibull k of 1.919 
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Results: 

• Annual power output—~200,000 (~109% of CRREL long-term esti-
mate of 183,732 kWh/year with 4 hr averaged VR model from Win-
dographer 

• Return/total cost—~1.77 
• Equivalent interest—~2.31% 
• Payback period—~13.5 years 
• Annual income—$28,518 
• Cost/kWh—$0.0792 
• Proportion of site power produced by the turbine—about 78% (except-

ing periods when more power may be produced than used on-site).  

6.8.2 Solar array payback 

We calculated the payback at Center Strafford for the fixed and two-axis 
array systems. Feldman et al. (2014) reported that the installed price of PV 
fixed-array, solar crystalline systems averaged $2.97/Wdc in 2013. The in-
stalled price of crystalline two-axis tracking systems in 2013 averaged 
$3.12/Wdc. In addition, they reported that the cost of commercial PV solar 
systems decreased by 6%–7% on average per year between 1998 and 2012; 
and the price is expected to continue to decrease. One vendor provided us 
a price for a 100 kW self-ballasted, fixed-array system used on National 
Guard sites in New Jersey of approximately $3.50/kW installed. (Solar 
Electric Supply 2014). Ballasted systems are somewhat more expensive 
but do not require excavation for foundations, an issue of concern at the 
Center Strafford Training Center when obtaining permits.  

Assumptions and results provided are model-unique. We used NREL 
standard solar energy estimates provided for the Concord, NH, airport. We 
determined the solar sizing with the NREL PVWatts model and payback 
with the NREL’s SAM. 

6.8.2.1 Fixed-array solar PV system 

Our calculations for the fixed-array system used the following input: 

• Solar data from NREL for Concord, NH 
• A 102 kW DC system 
• Standard PV modules (versus premium or thin film) 
• DC to AC ratio of 1.1 (default) 



ERDC/CRREL TR-15-18 165 

 

• Rated inverter size of 90.91 kW AC (default) 
• Inverter efficiency of 96% (default) 
• A fixed, open-rack array type 
• Tilt angle of 20° from horizontal 
• Azimuth of 180° (facing south) 
• Ground coverage ratio of 0.4 (default) 
• Soiling losses of 2% (default) 
• Shading losses of 0% (default) 
• Snow losses of 5% (CRREL estimate of percent of time snow may cover 

the panels) 
• Mismatch losses of 2% (default) 
• Wiring losses of 2% (default) 
• Connection losses of 0.5% (default) 
• Light-induced degradation of 1.5% (default) 
• Nameplate of 1% (default) 
• Age of 1% (default) 
• Availability of 3% (default) 
• Total system cost of $350k (estimate from Solar Electric Supply, Inc.) 
• Degradation rate of 0.5%/year (Jordan and Kurtz 2013) 
• Analysis period of 25 years 
• Inflation rate of 2%/year 
• Normal discount rate of 2%/year (unchangeable default) 
• No taxes or salvage value 
• No depreciation 
• No financial incentives 
• Electricity rates of $0.14/kWh 
• No power sell back to the utility 
• Monthly electric loads equivalent to NHARNG Center Strafford Train-

ing Center values (see Table 36). 

Results for $3.50 kW ballasted system (see http://www.solarelectricsupply.com/solar-
system-projects/commercial-systems/self-ballasted-ground-mount-military-solar-system): 

• Annual power output—132,451 kWh (99% of PVWatts 133,348 kWh es-
timate for the same configuration) 

• Capacity factor—14.8% 
• Net savings with system—$18,543/year 
• Real cost/kWh—$0.128 
• Payback period—16.0 years 
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Changed results for a $2.97 kW system using average 2013 pricing 
(Feldman, et al. 2014): 

• Real cost/kWh—$0.111 
• Payback period—14.1 years 

6.8.2.2 Two-axis tracking solar PV system 

All assumptions were the same for the tracking system except for the fol-
lowing: 

• 103 kW DC system 
• Total system cost of $312k (estimate from Feldman et al. 2014). 

Results: 

• Annual power output—180,613 kWh (99% of PVWatts 183,133 kWh es-
timate for the same configuration) 

• Capacity factor—20.0% 
• Net savings with the system—$25,286/year 
• Real cost/kWh—$0.085 
• Payback period—11.1 years 

6.8.3 Payback discussion 

The payback calculations for a Polaris P25-100 wind turbine at Center 
Strafford, as most wind-turbine ROI calculations, are significantly depend-
ent on wind speed at the turbine hub. Gebrelibanos (2013) demonstrates 
this for a proposed 10 kW turbine on a university campus where payback 
decreases from 53 years for a mean wind speed of 3 m/s to 4.5 years for a 
mean wind speed of 7 m/s. Liberman (2003) did Monte Carlo simulations 
of wind speed and air density at 239 U.S. locations and found that these 
were the most important factors in determining payback time when using 
turbines that were 600 kW and larger. Depending on location, median 
payback ranged from 2 to 132 years, and 63% of the weather station and 
turbine combinations had median payback periods of less than 15 years. 
Though wind speed is arguably the most important influence on payback 
period, other factors such as turbine cost, installation, lifetime, and elec-
tricity costs are also important but less dramatic factors. Kabir et al. (2012) 
performed a full life-cycle analysis of four 100 kW turbines in Alberta, 
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Canada, and concluded that the ROI was negative over their 25-year life-
time. Finally, Rehman et al. (2015) demonstrate the impact on payback of 
proposed 2 MW turbines as a function of turbine hub height and as a func-
tion of wind shear estimate quality, which in-turn affect wind-speed esti-
mates at hub height and payback period. Most payback times quoted in 
the literature incorporate tax and other incentives as cost savings. We have 
assumed that NHARNG will receive no financial incentives, short term or 
long term. Therefore, we believe the payback periods we have computed 
for Center Strafford to be worst-case payback periods.  

Our wind-turbine payback calculations, based on data recorded at Center 
Strafford during the two-year monitoring period, are about 18 to 19.6 
years depending on the model used; and the long-term analysis payback is 
13.5 to 14 years. The typical lifetime of a wind turbine is estimated to be 
20–25 years. Therefore, if models or assumptions are incorrect, then the 
payback period could possibly exceed the turbine lifetime. In addition, our 
computations of wind speed at hub height from the two payback models, 
WindPower (PelaFlow Consulting 2011) and the Wind Energy Payback Pe-
riod Workbook (NREL, 2001), assuming our wind-shear measurements 
are correct, all agree reasonably well considering the different assumptions 
in each model. Because hub height is only 3.2 m above the highest ane-
mometer on the meteorological tower, errors of wind-speed extrapolation 
to hub height should be minimal. The long-term extrapolation using Roch-
ester, NH, wind information may be the greatest potential source of error 
in the ROI calculations. However, we chose one of the more conservative 
estimates of long-term wind speed (see Section 5.9.2) to reduce the possi-
bility of error from that source. 

In general, wind turbines sized greater than 1 MW have the shortest pay-
back times; and turbines sized less than 100 kW have the longest payback 
times. Sandås (2012) indicates that commercial turbine developments 
have paybacks of about 8 years. Kabir et al. (2012) indicate that turbines of 
100 kW in size had paybacks of longer than their predicted 25-year life-
time. Our estimated payback of 14–19 years is shorter than Kabir et al. 
(2012) made for 100 kW turbines but certainly longer than the payback of 
1 MW and larger turbines. Therefore, our calculations seem reasonable but 
also perhaps somewhat short.   

Solar PV payback periods computed for an equivalent capacity solar sys-
tem to the turbine, about 100 kW, range from 14.1 to 16.0 years for a fixed-
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array system and 11.1 years for a tracking system. These calculations as-
sume a 25-year lifetime for the solar PV array. The costs are based in part 
on suggested costs per kW in NREL literature and reasonable order of 
magnitude quotes from suppliers. We assumed a constant electricity rate 
of $0.14/kWh, which is what NHARNG paid on average between 2009 and 
2012 fiscal years. If electricity rates increase from this, then the estimated 
savings will increase. In addition, we have not included tax or other finan-
cial incentives in these calculations, making them, we believe, worst-case 
estimates. Black (2006) suggests that a 10% ROI per year is a good guide-
line for solar investments when compared to other investments. Following 
similar logic considering that investments are compounded, he considers 
an eight-year payback to be acceptable. However, this is also considering 
state or federal incentives and tax incentives. These incentives are not a 
factor for NHARNG.     

NREL (Stafford et al. 2011) assessed the performance and economics of in-
stalling a fixed-array PV system at the Massachusetts Military Reservation 
on Otis Air Force Base. The system was 7.735 MW, 77 times the capacity of 
the proposed Center Strafford array. Performance and economic calcula-
tions were made in the NREL SAM program. Electric rates were assumed 
to be $0.159/kWh. They also assumed that 50% of the funds were bor-
rowed to build the system, inflation rate was 2%/year, and there were state 
and 30% federal financial incentives. Depending on the mounting option, 
10° or 30° fixed tilt or single or two-axis tracking, payback varied from 6.2 
to 10.7 years. Inspection of a Google Earth 2015 image of Otis AFB shows 
that the proposed system was not built. Note that aside from the electrical 
capacity, their assessment made similar assumptions to ours and arrived 
at a similar payback. 

The 11 to 16-year payback period for a solar array is more favorable than 
the 14 to 19 year payback for a wind turbine. In addition, a solar system is 
less visible to neighbors because it is not elevated as high above ground 
level, it is quiet, and it has no aviation restrictions. It does not throw ice, 
but ice and snow would need to be manually cleaned from the arrays or al-
lowed to naturally sublimate or fall off. A solar system might also cause an-
noying or potentially dangerous reflections for aviation in some situations. 
Overall, its annual maintenance may be lower, but we have not located a 
reliable comparison of wind and solar maintenance.   
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The price of solar and wind is falling, and solar PV costs are decreasing 
very rapidly. Feldman et al. (2014), for example, report that installed solar 
PV systems have fallen on average 6%–8% per year since 1998, with a 15% 
decrease from 2012 to 2013 for systems of greater than 100 kW capacity.  

A more reliable estimate of a solar PV system performance could be ob-
tained through use of NREL’s Solar Prospector software (NREL 2012). It 
provides expected annual and monthly solar energy by location in the U.S. 
corrected for atmospheric effects. According to NREL, “The Solar Prospec-
tor is a mapping and analysis tool designed to provide access to geospatial 
data relevant to the solar industry in general and for the siting of utility-
scale solar plants in particular. The application provides easy access to so-
lar resource, land ownership, environmental, administrative, and infra-
structural data to help assess solar development potential within the 
United States. The Solar Prospector also provides the ability for users to 
download solar resource data in a variety of formats for further explora-
tion and analysis” (NREL 2012). A survey of solar availability would be 
necessary at Center Strafford for at least one year to verify the NREL pre-
dictions. One year of measurements captures seasonal effects; snow, fog 
and cloud effects; and potential shadowing. Ground measurements should 
also be compared to satellite measurements and to nearby ground stations 
(Westbrook 2015).  

As with wind measurements over one or two years, periodic weather 
changes can cause more or less cloud cover, aerosols, and snowfall. There-
fore, long-term assessments are necessary for solar as for wind (Kurtz et al 
2015). According to (Kankiewicz 2015), because the solar resource is the 
fuel for the system, air temperature, which affects solar cell efficiency; 
wind speed and wind direction, which affect wind loads on the arrays; 
rain; snow; and humidity all must be assessed and monitored for at least 
0ne year at potential solar PV installation sites.   

Overall, solar may be a better option at Center Strafford over the long term 
as solar PV prices decline. According to a summary from a NREL solar PV 
workshop in February 2015 (NREL 2015a), wind turbines are more likely 
to provide a better payback if tax and local incentives are available, 
whereas solar is a more predictable resource. Also, operations and mainte-
nance costs are more uncertain for solar than for wind at the present, but 
that may change as systems age. However, a detailed assessment of solar 
energy and costs will be necessary to confidently invest in a PV system. 
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Photovoltaics do appear promising for the NHARNG Center Strafford 
Training Center, perhaps instead of wind. A potential next step may be to 
install a small demonstration PV array. 
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7 Conclusions and Recommendations  

CRREL conducted a two-year wind-monitoring program at the NHARNG 
Training Center to determine if wind resources were sufficient to provide a 
significant portion of the site’s electricity and to provide a reasonable pay-
back period. The analysis demonstrates that for the two-years of monitor-
ing, winds are equivalent to speeds near the top of NREL Class 1 at turbine 
hub height, 4.2 m/s, which is considered a poor quality wind resource site 
(Gunturu and Schlosser 2012). However, when winds are recalculated 
from long-term data using 14 years of Rochester, NH, National Weather 
Service measurements extrapolated to Center Strafford, speeds increase to 
about 4.9 m/s at hub height. This brings hub-height wind speeds at the 
site to the bottom of NREL Class 2, improving it to a marginal wind re-
source site. This means that the two-year CRREL study at Center Strafford 
occurred during a period of anomalously low winds and that the wind re-
sources, though marginal, are better than two-year measurements indi-
cated. If the two-year monitoring assessment is correct, estimated payback 
for a selected 100 kW wind turbine is approximately 19-years and supplies 
about one-half of the site’s annual electricity requirements. If the long-
term assessment wind-speed adjustment is correct, payback is reduced to 
approximately 14-years; and the turbine would supply nearly two-thirds of 
the training center’s annual electricity needs. The typical lifetime of a wind 
turbine is 20 to 25 years; therefore, if all costs and assumptions are rea-
sonably accurate, the turbine costs could be recovered before it reaches the 
end of its operational lifetime. During this time, the turbine would be 
meeting Army renewable energy requirements. And, its higher winter 
power production makes it an excellent match to Center Strafford’s power 
usage patterns.  

Wind turbines are mechanical devices that often operate in harsh weather 
conditions and are subject to turbulence, occasional extreme high winds, 
and icing. In addition, if operating during icing or starting when ice is 
shedding, they can throw ice. And, within the small confines of the Center 
Strafford Training Center, the turbine may be considered somewhat of a 
hazard to aviation operations with its approximately 50 m height at the 
maximum vertical height of the blades. In addition, wind turbines cause 
noise and shadow flicker, which can annoy site residents and neighbors. 
Therefore wind, though economically feasible and satisfying Army require-
ments, also has negatives. 
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Solar energy is a possible viable alternative for the Center Strafford site. A 
solar PV system covering a ground area equivalent to the area within the 
meteorological tower ground anchors can supply an estimated 50% to over 
60% of the Center Strafford Training Center electricity needs. Assump-
tions for computing cost and payback were based on less-verified infor-
mation than the wind computations. However, solar payback appears to be 
a shorter time period than for wind, perhaps as short as 11 to 16 years. 
However, these calculations were based on only NREL estimates for site 
solar energy and did not benefit from actual on-site solar measurements. 
In addition, costs were derived from NREL’s national solar fixed and two-
axis array observations through 2013. We did not project lower solar PV 
system prices for 2015, as NREL suggests, to provide a small financial 
buffer in our estimates. 

Overall, though solar can have technical failures, there are fewer opportu-
nities for mechanical problems with PV arrays than for wind turbines. 
Wind and snow loads, hail, and vandalism can damage arrays in addition 
to thermal cycling, dampness, and freeze–thaw related problems (Ferrara 
and Philipp 2012). However, all parts are near ground level; systems can 
be purchased that allow little ground disturbance for foundations, which is 
important at Center Strafford; and PV systems can relatively easily be ex-
panded in capacity. Wind turbines are available in only relatively large, in-
cremental fixed sizes.  

Unfortunately, solar PV delivers most of its energy during the summer 
whereas Center Strafford electrical demands are greatest during the win-
ter. However, if fixed-array panel angles are steepened, power production 
does not vary as significantly with season. In addition, tracking arrays can 
reduce variability in energy production through the year because panels 
are tilted more directly into the sun. 

Because the payback for wind is relatively long, we recommend that 
NHARNG more thoroughly assess the utility of solar as a renewable en-
ergy source at Center Strafford. However, should financial incentives or 
federal funds become available specifically for wind, it is also a viable op-
tion; and incentives would improve the payback period. With either op-
tion, NHARNG can supply over 25% of its electrical needs with renewable 
energy and recoup costs within the lifetime of the system. 
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Appendix A: Two-Year Time Series of Each In-
strument 

A.1 Anemometer time series 

Figure A-1.  A two-year time series of sonic wind-speed data.  
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Figure A-2.  A two-year time series of 33.8 m RNRG 40C anemometer data.  

 

Figure A-3.  A two-year time series of 32.4 m RNRG IceFree3 anemometer data.  
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Figure A-4.  A two-year time series of 26.2 m RNRG 40C anemometer data.  

 

Figure A-5.  A two-year time series of 26.2 m RNRG IceFree3 anemometer data.  
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Figure A-6.  A two-year time series of 10 m RNRG 40C anemometer data.  

 

A.2 Wind-vane time series 

Figure A-7.  A two-year time series of sonic wind-direction data. 
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Figure A-8.  A two-year time series of 32.3 m RNRG IceFree3 vane data.  

 

Figure A-9.  A two-year time series of northern 24.4 m RNRG 200P vane data.  
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Figure A-10.  A two-year time series of southern 24.4 m RNRG 200P vane data.  

 

Figure A-11.  A two-year time series of 8.2 m RNRG 200P vane data.  
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A.3 Pressure and temperature time series 

Figure A-12.  A two-year time series of RNRG BP-20 barometric pressure data.  

 

Figure A-13.  A two-year time series of RNRG 110S temperature data.  
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Appendix B: Additional Wind-Speed and Direc-
tion Trend and Relational Plots  

B.1 Wind-speed trend and relational plots 

Figure B-1.  The two-year trend of daily-average wind-speed differences 
between the RNRG 40C anemometer at 33.8 m and the RNRG IceFree3 
anemometer at 26.2 m. The plot covers the breadth of point scatter, the 
blue line is the second-order-polynomial fit, the red lines are ±1 standard 
deviation, and the black dashed line is the zero difference between the 

instruments. 
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Figure B-2.  The two-year trend of daily-average wind-speed differences 
between the sonic anemometer at 33.8 m and the RNRG 40C anemometer 
at 26.2 m. The plot covers the breadth of point scatter, the blue line is the 

second-order-polynomial fit, the red lines are ±1 standard deviation, and the 
black dashed line is the zero difference between the instruments. 

 

Figure B-3.  The two-year trend of daily-average wind-speed differences 
between the sonic anemometer at 33.8 m and the RNRG IceFree3 

anemometer at 26.2 m. The plot covers the breadth of point scatter, the 
blue line is the second-order-polynomial fit, the red lines are ±1 standard 
deviation, and the black dashed line is the zero difference between the 

instruments. 
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Figure B-4.  The two-year trend of daily-average wind-speed differences 
between the sonic anemometer at 33.8 m and the RNRG 40C anemometer 

at 10 m. The plot covers the breadth of point scatter, the blue line is the 
second-order-polynomial fit, the red lines are ±1 standard deviation, and the 

black dashed line is the zero difference between the instruments. 

 

Figure B-5.  The two-year trend of daily-average wind-speed differences 
between the RNRG IceFree3 anemometer at 32.4 m and the RNRG 40C 
anemometer at 26.2 m. The plot covers the breadth of point scatter, the 
blue line is the second-order-polynomial fit, the red lines are ±1 standard 
deviation, and the black dashed line is the zero difference between the 

instruments. 
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Figure B-6.  The two-year trend of daily-average wind-speed differences 
between the RNRG IceFree3 anemometer at 32.4 m and the RNRG 40C 

anemometer at 10 m. The plot covers the breadth of point scatter, the blue 
line is the second-order-polynomial fit, the red lines are ±1 standard 

deviation, and the black dashed line is the zero difference between the 
instruments. 

 

Figure B-7.  The two-year trend of daily-average wind-speed differences 
between the RNRG IceFree3 anemometer at 26.2 m and the RNRG 40C 

anemometer at 10 m. The plot covers the breadth of point scatter, the blue 
line is the second-order-polynomial fit, the red lines are ±1 standard 

deviation, and the black dashed line is the zero difference between the 
instruments. 
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B.2 Wind-direction trend and relational plots 

Figure B-8.  The two-year trend of daily-average wind-direction differences 
between the sonic direction at 33.8 m and the north RNRG 200P vane at 
24.4 m. The plot covers the breadth of point scatter, the blue line is the 

second-order-polynomial fit, the red lines are ±1 standard deviation, and the 
black dashed line is the zero difference between the instruments. 

 

Figure B-9.  The two-year trend of daily-average wind-direction differences 
between the sonic direction at 33.8 m and the south RNRG 200P vane at 
24.4 m. The plot covers the breadth of point scatter, the blue line is the 

second-order-polynomial fit, the red lines are ±1 standard deviation, and the 
black dashed line is the zero difference between the instruments. 
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Figure B-10.  The two-year trend of daily-average wind-direction differences 
between the sonic direction at 33.8 m and the RNRG 200P vane at 8.2 m. 

The plot covers the breadth of point scatter, the blue line is the second-
order-polynomial fit, the red lines are ±1 standard deviation, and the black 

dashed line is the zero difference between the instruments. 

 

Figure B-11.  The two-year trend of daily-average wind-direction differences 
between the RNRG IceFree3 vane at 32.4 m and the north RNRG 200P vane 

at 24.4 m. The plot covers the breadth of point scatter, the blue line is the 
second-order-polynomial fit, the red lines are ±1 standard deviation, and the 

black dashed line is the zero difference between the instruments. 
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Figure B-12.  The two-year trend of daily-average wind-direction differences 
between the RNRG IceFree3 vane at 32.4 m and the south RNRG 200P 

vane at 24.4 m. The plot covers the breadth of point scatter, the blue line is 
the second-order-polynomial fit, the red lines are ±1 standard deviation, and 

the black dashed line is the zero difference between the instruments. 

 

Figure B-13.  The two-year trend of daily-average wind-direction differences 
between the north RNRG 200P vane at 24.4 m and the RNRG 200P vane at 

8.2 m. The plot covers the breadth of point scatter, the blue line is the 
second-order-polynomial fit, the red lines are ±1 standard deviation, and the 

black dashed line is the zero difference between the instruments. 
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Figure B-14.  The two-year trend of daily-average wind-direction differences 
between the south RNRG 200P vane at 24.4 m and the RNRG 200P vane at 

8.2 m. The plot covers the breadth of point scatter, the blue line is the 
second-order-polynomial fit, the red lines are ±1 standard deviation, and the 

black dashed line is the zero difference between the instruments. 
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Appendix C: Correlations Between the 32.4 m 
RNRG IceFree3 Anemometer and Vanes 
and the Sonic Instrument at 33.8 m 
Table C-1.  Correlations Between the 32.4 m RNRG IceFree3 Anemometer and Vanes and the 

Sonic Instrument at 33.8 m by removed data directional window size. 

Window Size % Removed Cdir, raw Cdir, win Cspd, raw Cspd, win 
10° 5.07 0.8926 0.9678 0.9124 0.9129 
20° 8.78 0.8926 0.9878 0.9124 0.9130 
30° 11.95 0.8926 0.9917 0.9124 0.9121 
40° 14.90 0.8926 0.9924 0.9124 0.9118 
50° 17.98 0.8926 0.9926 0.9124 0.9116 
60° 21.53 0.8926 0.9928 0.9124 0.9115 
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Appendix D: Correlation and Linear-Regres-
sion Statistics 

Table D-1.  Tower shadowing correlations and regressions. N = Size of datasets; r = Pearson Correlation 
Coefficient; p = correlation significance; a0 = regression intercept; a1 = regression slope; Dep = 

dependent variable; Ind = independent variable; SD = standard deviation. 

33.8 m Sonic and 33.8 m UA 33.8 m Sonic and 33.8 m UA standard deviation 

N 75994 Dep/Ind 33.8 Sonic/ 
33.8 UA 

N N/A Dep/Ind N/A 

r 0.9337 a0 0.3903 r N/A a0 N/A 
p 0 a1 0.9378 p N/A a1 N/A 

 

33.8 m UA and 26.2 m HA 33.8 m UA and 26.2 m HA standard deviation 

N 74215 Dep/Ind 33.8 m UA/ 26.2 
m HA 

N 65985 Dep/Ind 33.8 m UA SD/ 26.2 
m HA SD 

r 0.9917 a0 −0.2567 r 0.9839 a0 0.1018 
p 0 a1 1.0404 p 0 a1 1.0077 

 

32.4 m HA and 26.2 m HA 32.4 m HA and 26.2 m HA standard deviation 

N 75297 Dep/Ind 32.4 m HA/ 26.2 
m HA 

N 68279 Dep/Ind 32.4 m HA SD/ 26.2 
m HA SD 

r 0.9942 a0 0.0916 r 0.9863 a0 0.0201 
p 0 a1 1.0314 p 0 a1 0.978 

 
26.2 m UA and 26.2 m HA 26.2 m UA and 26.2 m HA standard deviation 

N 73164 Dep/Ind 26.2 m UA/ 26.2 
m HA 

N 63657 Dep/Ind 26.2 m UA SD/ 26.2 
m HA SD 

r 0.9945 a0 −0.4092 r 0.9894 a0 0.1218 
p 0 a1 1.0011 p 0 a1 0.9851 

 
26.2 m HA and 26.2 m UA 26.2 m HA and 26.2 m UA standard deviation 

N 75124 Dep/Ind 26.2 m HA/ 26.2 
m UA 

N 65651 Dep/Ind 26.2 m HA SD/ 26.2 
m UA SD 

r 0.9942 a0 0.4869 r 0.9890 a0 −0.1018 
p 0 a1 0.9885 p 0 a1 0.9971 

 
10 m UA and 26.2 m HA  10 m UA and 26.2 m HA standard deviation 

N 68310 Dep/Ind 10 m UA/ 26.2 
m HA 

N 52401 Dep/Ind 10 m UA SD/ 26.2 m 
HA SD 

r 0.9719 a0 −0.6624 r 0.9667 a0 0.2098 
p 0 a1 0.8619 p 0 a1 0.8167 
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Table D-2.  Icing correlations and regressions. 

33.8 m Sonic and 32.4 m HA  33.8 m Sonic and 32.4 m HA standard deviation 

N 74559 Dep/Ind 33.8 m Sonic/ 
32.4 m HA 

N N/A Dep/Ind N/A 

r 0.93 a0 0.0646 r N/A a0 N/A 
p 0 a1 0.9407 p N/A a1 N/A 

 
33.8 m UA and 32.4 m HA 33.8 M UA and 32.4 M HA standard deviation 

N 73401 Dep/Ind 33.8 m UA/ 32.4 
m HA 

N 64419 Dep/Ind 33.8 m UA SD/ 32.4 
m HA SD 

r 1.00 a0 −0.3440 r 0.9906 a0 0.0886 
p 0 a1 1.0072 p 0 a1 1.0225 

 
26.2 m UA and 26.2 m HA  26.2 m UA and 26.2 m HA standard deviation  

N 73164 Dep/Ind 26.2 m UA/ 26.2 
m HA 

N 63657 Dep/Ind 26.2 m UA SD/ 26.2 
m HA SD 

r 0.9945 a0 −0.4092 r 0.9894 a0 0.1393 
p 0 a1 1.0011 p 0 a1 0.9736 

 
10 m UA and 26.2 m HA 10 m UA and 26.2 m HA standard deviation 

N 68310 Dep/Ind 10 m UA/ 26.2 
m HA 

N 52401 Dep/Ind 10 m UA SD/ 26.2 m 
HA SD 

r 0.9719 a0 −0.6624 r 0.9667 a0 0.2628 
p 0 a1 0.8619 p 0 a1 0.7897 
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Table D-3.  Missing data correlations and regressions. 

33.8 m UA and 33.8 m Sonic 33.8 m UA and 33.8 m Sonic standard deviation 

N 73672 Dep/Ind 33.8 M UA/Sonic N N/A Dep/Ind N/A 
r 0.9345 a0 0.2291 r N/A a0 N/A 
p 0 a1 0.9331 p N/A a1 N/A 

 
32.4 m HA and 33.8 m Sonic 32.4 m HA and 33.8 m Sonic standard deviation  

N 74561 Dep/Ind 32.4 m HA/ 33.8 
m Sonic 

N N/A Dep/Ind N/A 

r 0.9347 a0 0.5448 r N/A a0 N/A 
p 0 a1 0.9282 p N/A a1 N/A 

 
26.2 m UA and 33.8 m Sonic  26.2 m UA and 33.8 m Sonic standard deviation 

N 72768 Dep/Ind 26.2 m UA/ 33.8 
m Sonic 

N N/A Dep/Ind N/A 

r 0.9301 a0 0.1084 r N/A a0 N/A 
p 0 a1 0.8886 p N/A a1 N/A 

 
26.2 m UA and 33.8 m UA 26.2 m UA and 33.8 m UA standard deviation 

N 69683 Dep/Ind 26.2 m UA/ 33.8 
m UA 

N 69683 Dep/Ind 26.2 m UA SD/ 33.8 
m UA SD 

r 0.9943 a0 −0.1132 r 0.9880 a0 0.0407 
p 0 a1 0.9525 p 0 a1 0.9608 

 
26.2 m HA and 33.8 m Sonic 26.2 m HA and 33.8 m Sonic standard deviation 

N 75555 Dep/Ind 26.2 m HA/ 33.8 
m Sonic 

N N/A Dep/Ind N/A 

r 0.9329 a0 0.4673 r N/A a0 N/A 
p 0 a1 0.8933 p N/A a1 N/A 

 
10 m UA and 33.8 m Sonic 10 m UA and 33.8 m Sonic standard deviation 

N 67956 Dep/Ind 10 m UA/ 33.8 m 
Sonic 

N N/A Dep/Ind N/A 

r 0.8965 a0 −0.0999 r N/A a0 N/A 
p 0 a1 0.7462 p N/A a1 N/A 

 
RNRG and Sonic Temp  

N 94307 Dep/Ind RNRG/Sonic 
r 0.9944 a0 0.1205 
p 0 a1 0.9915 
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Appendix E: Additional Section 4 Measure-
ment Results 

E.1 Monthly mean, maximum, minimum, and standard deviation of 
the wind speed 

Table E-1.  Mean, maximum, minimum, and standard deviation of the wind speed during each 
month of the measurement period. The mean and standard deviation values are calculated 

from Weibull distribution fits of the data for each case. 

June 2012 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.89 3.70 4.17 3.40 3.88 2.60 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 13.10 9.90 10.20 9.32 9.60 7.40 
Standard 
Deviation 1.81 1.96 1.78 1.83 1.65 1.53 

July 2012 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.68 3.58 3.92 3.30 3.68 2.55 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 13.90 13.90 14.30 13.13 13.80 10.50 
Standard 
Deviation 1.61 1.67 1.60 1.59 1.48 1.20 

August 2012 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.29 3.14 3.50 2.80 3.31 2.24 
Min 0.10 0.30 1.00 0.30 1.00 0.30 
Max 13.40 12.90 13.00 12.00 12.50 9.60 
Standard 
Deviation 1.56 1.63 1.55 1.53 1.44 1.20 

September 2012 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.59 3.43 3.84 3.00 3.60 2.43 
Min 0.10 0.30 1.00 0.30 1.00 0.30 
Max 10.10 9.80 10.00 9.10 10.20 7.20 
Standard 
Deviation 1.70 1.77 1.68 1.70 1.62 1.31 
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Table E-1 (cont.).  Mean, maximum, minimum, and standard deviation of the wind speed 
during each month of the measurement period. The mean and standard deviation values are 

calculated from Weibull distribution fits of the data for each case. 

October 2012 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.18 3.82 4.37 3.54 4.11 2.91 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 19.80 17.50 17.70 16.50 17.00 12.90 
Standard 
Deviation 2.50 2.63 2.45 2.45 2.35 1.93 

November 2012 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.17 4.08 4.43 3.70 4.21 3.05 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 11.30 11.60 11.80 11.10 11.10 9.80 
Standard 
Deviation 2.18 2.29 2.25 2.27 2.12 1.97 

December 2012 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.79 4.56 4.96 4.25 4.75 3.53 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 17.60 15.90 16.00 15.00 15.30 12.40 
Standard 
Deviation 2.63 2.76 2.65 2.64 2.51 2.21 

January 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 5.17 4.88 5.32 4.66 5.10 3.79 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 16.20 16.10 16.10 15.60 16.10 13.70 
Standard 
Deviation 2.97 3.22 2.92 2.99 2.84 2.60 

February 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 5.04 4.98 5.23 4.64 4.97 3.72 
Min 0.10 0.30 1.00 0.30 1.00 0.30 
Max 18.60 18.30 18.30 17.30 17.60 14.30 
Standard 
Deviation 3.15 3.21 3.16 3.09 3.01 2.82 
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Table E-1 (cont.).  Mean, maximum, minimum, and standard deviation of the wind speed 
during each month of the measurement period. The mean and standard deviation values are 

calculated from Weibull distribution fits of the data for each case. 

March 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 5.28 5.24 5.54 4.94 5.27 3.99 
Min 0.40 0.30 1.00 0.30 1.00 0.30 
Max 13.20 13.10 13.30 12.40 12.80 10.30 
Standard 
Deviation 2.30 2.33 2.33 2.21 2.21 2.03 

April 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.83 4.70 5.04 4.39 4.84 3.54 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 12.90 12.80 12.90 12.30 12.80 10.80 
Standard 
Deviation 2.35 2.39 2.35 2.35 2.30 2.15 

May 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.79 3.59 4.03 3.36 3.82 2.48 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 12.70 11.70 11.90 11.20 11.60 9.20 
Standard 
Deviation 2.07 2.23 2.06 2.05 1.98 1.77 

June 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.94 3.82 4.16 3.47 3.93 2.48 
Min 0.30 0.30 1.00 0.30 1.00 0.30 
Max 14.80 14.20 14.20 12.90 13.50 10.40 
Standard 
Deviation 1.80 1.82 1.78 1.73 1.71 1.52 

July 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.35 3.26 3.58 3.00 3.40 2.29 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 13.90 14.20 14.30 13.10 13.60 10.20 
Standard 
Deviation 1.64 1.72 1.66 1.57 1.55 1.34 
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Table E-1 (cont.).  Mean, maximum, minimum, and standard deviation of the wind speed 
during each month of the measurement period. The mean and standard deviation values are 

calculated from Weibull distribution fits of the data for each case. 

August 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.76 3.71 3.94 3.30 3.79 2.38 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 10.00 9.80 10.00 9.20 9.70 7.50 
Standard 
Deviation 1.58 1.60 1.62 1.52 1.49 1.29 

September 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.76 3.63 3.95 3.36 3.70 2.40 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 15.60 15.20 15.40 14.20 14.40 10.50 
Standard 
Deviation 1.69 1.76 1.73 1.59 1.62 1.38 

October 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.67 3.57 3.85 3.30 3.67 2.31 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 14.30 10.77 11.03 10.15 10.70 8.70 
Standard 
Deviation 2.00 1.98 1.99 1.83 1.86 1.60 

November 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 5.13 5.03 5.31 4.66 5.04 3.73 
Min 0.1 0.3 1 0.3 1 0.3 
Max 17.0 16.1 16.3 15.2 15.7 12.6 
Standard 
Deviation 2.82 2.66 2.64 2.54 2.53 2.14 

December 2013 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.00 3.84 4.03 3.53 4.04 2.75 
Min 0.10 0.30 1.00 0.30 1.00 0.30 
Max 10.70 10.70 10.80 10.00 10.50 8.04 
Standard 
Deviation 1.92 1.97 1.93 1.96 1.82 1.65 
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Table E-1 (cont.).  Mean, maximum, minimum, and standard deviation of the wind speed 
during each month of the measurement period. The mean and standard deviation values are 

calculated from Weibull distribution fits of the data for each case. 

January 2014 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.79 4.64 4.90 4.30 4.82 3.43 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 14.10 13.80 13.90 13.10 13.40 10.70 
Standard 
Deviation 2.33 2.44 2.35 2.37 2.23 2.14 

February 2014 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.77 4.25 4.94 4.00 4.86 3.19 
Min 0.20 0.30 1.00 0.30 1.00 0.30 
Max 13.90 14.10 14.50 13.20 14.00 11.10 
Standard 
Deviation 2.56 2.73 2.60 2.62 2.46 2.30 

March 2014 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.85 4.76 5.03 4.52 5.00 3.54 
Min 0.10 0.30 1.00 0.30 1.00 0.30 
Max 15.80 15.60 15.80 15.10 15.60 12.40 
Standard 
Deviation 2.49 2.53 2.53 2.40 2.37 2.27 

April 2014 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 4.75 4.53 4.91 4.29 4.81 3.48 
Min 0.10 0.30 1.00 0.30 1.00 0.30 
Max 13.70 13.01 13.26 12.28 12.71 10.20 
Standard 
Deviation 2.33 2.38 2.37 2.28 2.29 2.01 

May 2014 
 33.8 m Sonic 33.8 m UA 32.4 m HA 26.2 m UA 26.2 m HA 10 m UA 

Mean 3.97 3.78 4.17 3.57 4.01 2.68 
Min 0.10 0.30 1.00 0.30 1.00 0.30 
Max 11.40 11.40 11.70 11.00 11.60 9.60 
Standard 
Deviation 2.02 2.15 2.11 1.98 1.97 1.74 
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E.2 Weibull parameters and statistics for each anemometer 

Table E-2.  Weibull shape (k) and scale (c) parameters, Weibull mean and standard deviation, and direction 
frequency for the 33.8 m sonic anemometer. The 30° sectors were formed using the northern 24.4 m RNRG 

200P vane data. 

Wind-Speed Distribution for the Sonic Anemometer 
 N NNE ENE E ESE SSE S SSW WSW W WNW NNW 

Mean 3.73 3.85 3.43 2.98 3.15 2.68 3.48 3.74 4.56 3.48 5.19 3.63 
SD 2.27 2.18 2.15 1.75 1.63 1.36 2.01 1.77 2.00 2.01 2.38 1.86 
c 4.18 4.34 3.83 3.35 3.55 3.03 3.91 4.22 5.15 3.91 5.85 4.09 
k 1.69 1.83 1.63 1.75 2.02 2.07 1.79 2.23 2.44 1.79 2.31 2.05 
Freq. 5.2% 6.7% 5.4% 3.9% 4.6% 4.2% 6.1% 9.2% 16.3% 15.6% 17.3% 5.1% 

 
Table E-3.  Weibull shape (k) and scale (c) parameters, Weibull mean and standard deviation, and direction 

frequency for the 32.4 m RNRG IceFree3 anemometer. The 30° sectors were formed using the 32.4 m RNRG 
IceFree3 vane data. 

Wind-Speed Distribution for the 32.4 m RNRG IceFree3 Anemometer 
 N NNE ENE E ESE SSE S SSW WSW W WNW NNW 

Mean 3.95 4.25 3.61 3.13 3.27 2.77 3.60 4.00 4.74 3.60 5.41 3.91 
SD 2.46 2.22 2.14 1.77 1.61 1.33 1.91 1.77 1.98 1.91 2.41 1.89 
c 4.42 4.79 4.05 3.52 3.70 3.13 4.07 4.51 5.34 4.07 6.11 4.41 
k 1.65 2.00 1.74 1.83 2.14 2.21 1.98 2.40 2.56 1.98 2.39 2.18 
Freq. 6.0% 6.6% 5.2% 4.2% 4.8% 3.8% 5.9% 9.6% 15.3% 16.4% 17.5% 4.9% 

 
Table E-4.  Weibull shape (k) and scale (c) parameters, Weibull mean and standard deviation, and direction 
frequency for the 26.2 m RNRG 40C anemometer. The 30° sectors were formed using the southern 24.4 m 

RNRG 200P vane data. 

Wind-Speed Distribution for the 26.2 m RNRG 40C Anemometer 
 N NNE ENE E ESE SSE S SSW WSW W WNW NNW 

Mean 3.16 3.47 2.85 2.64 2.76 2.25 2.89 3.34 4.15 2.89 4.73 3.12 
SD 2.42 2.27 2.04 1.71 1.59 1.35 1.85 1.69 1.95 1.85 2.31 1.80 
c 3.42 3.86 3.14 2.94 3.10 2.52 3.22 3.78 4.69 3.22 5.35 3.51 
k 1.32 1.57 1.42 1.58 1.80 1.71 1.60 2.08 2.25 1.60 2.16 1.79 
Freq. 5.4% 7.8% 4.9% 3.9% 4.5% 3.8% 6.0% 10.0% 16.0% 15.5% 17.4% 4.6% 
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Table E-5.  Weibull shape (k) and scale (c) parameters, Weibull mean and standard deviation, and direction 
frequency for the 26.2 m RNRG IceFree3 anemometer. The 30° sectors were formed using the northern 24.4 

m RNRG 200P vane data. 

Wind-Speed Distribution for the 26.2 m RNRG IceFree3 Anemometer 
 N NNE ENE E ESE SSE S SSW WSW W WNW NNW 

Mean 3.81 3.86 3.41 3.04 3.21 2.75 3.57 3.86 4.58 3.57 5.12 3.58 
SD 2.27 2.09 2.02 1.68 1.56 1.32 1.98 1.72 1.92 1.98 2.26 1.72 
c 4.28 4.35 3.82 3.42 3.62 3.11 4.03 4.36 5.16 4.03 5.78 4.04 
k 1.73 1.92 1.74 1.88 2.17 2.19 1.87 2.39 2.56 1.87 2.42 2.19 
Freq. 5.2% 6.8% 5.4% 3.9% 4.6% 4.2% 6.2% 9.2% 16.4% 15.7% 17.3% 5.1% 

 
Table E-6.  Weibull shape (k) and scale (c) parameters, Weibull mean and standard deviation, and direction 

frequency for 26.2 m RNRG 40C anemometer. The 30° sectors were formed using the southern 24.4 m RNRG 
200P vane data. 

Wind-Speed Distribution for the 10 m RNRG 40C Anemometer 
 N NNE ENE E ESE SSE S SSW WSW W WNW NNW 

Mean 2.64 2.89 2.14 1.96 1.90 1.51 2.28 2.66 3.24 2.28 3.70 2.44 
SD 2.13 1.99 1.62 1.42 1.25 1.05 1.63 1.51 1.73 1.63 2.03 1.55 
c 2.83 3.20 2.33 2.15 2.11 1.67 2.50 3.00 3.66 2.50 4.17 2.72 
k 1.25 1.48 1.33 1.40 1.54 1.47 1.42 1.83 1.95 1.42 1.90 1.61 
Freq. 5.4% 7.8% 4.9% 3.9% 4.5% 3.8% 6.0% 10.0% 16.0% 15.5% 17.4% 4.6% 
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E.3 Rose plots of 26.2 m and 10 m RNRG 40C anemometers  

Figure E-1.  Rose plot of the 26.2 m RNRG 40C anemometer. The directional data were 
provided by the southern 24.4 m RNRG 200P vane. 

 

Figure E-2.  Rose plot of the 10 m RNRG 40C anemometer. The directional data were 
provided by the southern 24.4 m RNRG 200P vane. 
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E.4 Diurnal wind-speed patterns for each anemometer 

Table E-7.  Diurnal patterns for each anemometer over the duration of the measurement 
period. Each value represents the average speed for that hour of the day (m/s). 

33.8 m Sonic Diurnal Pattern 

0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 
4.65 4.65 4.65 4.65 4.65 4.65 4.65 4.65 4.65 4.65 4.65 4.65 
1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 
5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 

32.4 m RNRG IceFree3 Diurnal Pattern 
0000 0100 0200 0300 0400 0500 0600 0700 0800 0900 1000 1100 
4.82 4.73 4.73 4.72 4.76 4.71 4.64 4.69 4.90 5.13 5.32 5.58 
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 
5.74 5.76 5.74 5.56 5.31 5.03 4.83 4.79 4.78 4.81 4.85 4.83 

26.2 m RNRG 40C Diurnal Pattern 
0000 0100 0200 0300 0400 0500 0600 0700 0800 0900 1000 1100 
4.02 3.91 3.91 3.91 3.95 3.92 3.83 3.92 4.17 4.42 4.64 4.89 
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 
5.05 5.06 5.03 4.85 4.58 4.29 4.06 4.00 3.97 4.00 4.04 4.02 

26.2 m RNRG IceFree3 Diurnal Pattern 
0000 0100 0200 0300 0400 0500 0600 0700 0800 0900 1000 1100 
4.57 4.47 4.46 4.47 4.49 4.47 4.41 4.51 4.75 4.99 5.19 5.43 
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 
5.59 5.60 5.57 5.39 5.12 4.82 4.59 4.53 4.53 4.56 4.60 4.57 

10 m RNRG 40C Diurnal Pattern 
0000 0100 0200 0300 0400 0500 0600 0700 0800 0900 1000 1100 
2.96 2.88 2.86 2.86 2.89 2.91 2.96 3.17 3.46 3.70 3.90 4.11 
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 
4.24 4.21 4.16 3.96 3.63 3.26 2.97 2.87 2.86 2.90 2.96 2.94 
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E.5 Seasonal patterns for each anemometer 

Table E-8.  Seasonal patterns for each anemometer for the duration of the measurement 
period. Each value represents the average speed for that season (m/s). 

33.8 m Sonic Seasonal Pattern 

Spring Summer Fall Winter 
5.16 4.12 4.60 5.35 

32.4 m RNRG IceFree3 Seasonal Pattern 
Spring Summer Fall Winter 
5.40 4.37 4.84 5.51 

26.2 m RNRG 40C Seasonal Pattern 
Spring Summer Fall Winter 

4.70 3.62 4.03 4.72 
26.2 m RNRG IceFree3 Seasonal Pattern 

Spring Summer Fall Winter 
5.22 4.13 4.57 5.35 

10 m RNRG 40C Seasonal Pattern 
Spring Summer Fall Winter 

3.66 2.73 3.12 3.76 
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E.6 Monthly mean, minimum, maximum, and standard deviation of 
air temperature 

Table E-9.  The mean, minimum, maximum, and standard deviation of the air 
temperature for each month of the two-year measurement period. 

 June 2012 June 2013 
Mean (°C) 17.94 18.72 
Min (°C) 8.7 9.1 
Max (°C) 34 33 
Standard 
Deviation (°C) 5.77 5.06 

 July 2012 July 2013 
Mean (°C) 22.57 22.53 
Min (°C) 13 12.1 
Max (°C) 33.3 33.4 
Standard 
Deviation (°C) 4.00 4.51 

 August 2012 August 2013 
Mean (°C) 22.02 20.47 
Min (°C) 12.3 11 
Max (°C) 32 29.9 
Standard 
Deviation (°C) 3.73 3.76 

 September 2012 September 2013 
Mean (°C) 16.10 16.05 
Min (°C) 5.6 3.6 
Max (°C) 28.4 32.8 
Standard 
Deviation (°C) 4.74 5.02 

 October 2012 October 2013 
Mean (°C) 11.54 10.93 
Min (°C) −1.3 −0.4 
Max (°C) 23.9 25.2 
Standard 
Deviation (°C) 4.12 5.09 

  November 2012 November 2013 
Mean (°C) 3.35 2.86 
Min (°C) −6.3 −11.6 
Max (°C) 19.3 19.79186 
Standard 
Deviation (°C) 4.31 6.34 

 



ERDC/CRREL TR-15-18 211 

 

Table E-9 (cont.).  The mean, minimum, maximum, and standard deviation of the 
air temperature for each month of the two-year measurement period. 

 December 2012 December 2013 
Mean (°C) 0.07 −3.17 
Min (°C) −9.3 −19 
Max (°C) 12.6 11.8 
Standard 
Deviation (°C) 4.19 5.81 

 January 2013 January 2014 
Mean (°C) −3.39 −5.86 
Min (°C) −20.6 −20 
Max (°C) 14.6 12.5 
Standard 
Deviation (°C) 7.13 7.51 

 February 2013 February 2014 
Mean (°C) −3.06 −4.42 
Min (°C) −12.2 −15.8 
Max (°C) 9.4 9.7 
Standard 
Deviation (°C) 4.53 5.28 

 March 2013 March 2014 
Mean (°C) 1.26 −2.27 
Min (°C) −11 −16.8 
Max (°C) 13.4 11 
Standard 
Deviation (°C) 4.26 5.54 

 April 2013 April 2014 
Mean (°C) 7.36 7.17 
Min (°C) −3.5 −5.7 
Max (°C) 22.8 24.7 
Standard 
Deviation (°C) 5.57 5.70 

 May 2013 May 2014 
Mean (°C) 13.61 13.24 
Min (°C) 2 3.5 
Max (°C) 32.7 28 
Standard 
Deviation (°C) 5.72 4.65 
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E.7 Monthly mean, minimum, maximum, and standard deviation of 
air pressure 

Table E-10.  The mean, minimum, maximum, and standard deviation of pressure 
(mb) for each month of the two-year measurement period. 

 June 2012 June 2013 
Mean (mb) 975.21 984.49 
Min (mb) 969.1 971.1 
Max (mb) 980.2 997.7 
Standard 
Deviation (mb) 2.66 6.35 

 July 2012 July 2013 
Mean (mb) 985.24 989.20 
Min (mb) 972.6 973.9 
Max (mb) 996.3 1001 
Standard 
Deviation (mb) 5.39 5.37 

 August 2012 August 2013 
Mean (mb) 986.85 987.36 
Min (mb) 978.6 975.5 
Max (mb) 1000 1000.5 
Standard 
Deviation (mb) 4.65 5.06 

 September 2012 September 2013 
Mean (mb) 986.94 986.22 
Min (mb) 973.7 973.7 
Max (mb) 999.8 999.6 
Standard 
Deviation (mb) 5.32 5.67 

 October 2012 October 2013 
Mean (mb) 983.53 986.57 
Min (mb) 963.1 970.6 
Max (mb) 997 1001.9 
Standard 
Deviation (mb) 7.29 7.43 

 November 2012 November 2013 
Mean (mb) 986.28 N/A 
Min (mb) 965.9 N/A 
Max (mb) 1006.5 N/A 
Standard 
Deviation (mb) 10.52 N/A 
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Table E-10 (cont.).  The mean, minimum, maximum, and standard deviation of 
pressure (mb) for each month of the two-year measurement period. 

 December 2012 December 2013 
Mean (mb) 981.12 982.33 
Min (mb) 953.7 961.8 
Max (mb) 1001.2 999.1 
Standard 
Deviation (mb) 10.19 6.41 

 January 2013 January 2014 
Mean (mb) 982.33 979.15 
Min (mb) 948.7 956.8 
Max (mb) 998.6 1000.3 
Standard 
Deviation (mb) 8.25 9.25 

 February 2013 February 2014 
Mean (mb) 979.28 980.82 
Min (mb) 958 943.9 
Max (mb) 996.7 999.8 
Standard 
Deviation (mb) 8.41 9.05 

 March 2013 March 2014 
Mean (mb) 978.58 980.95 
Min (mb) 966.7 950.6 
Max (mb) 997.9 1002.2 
Standard 
Deviation (mb) 7.94 8.73 

 April 2013 April 2014 
Mean (mb) 987.84 985.23 
Min (mb) 968.7 962.9 
Max (mb) 1010.4 1009.4 
Standard 
Deviation (mb) 8.60 9.91 

 May 2013 May 2014 
Mean (mb) 987.58 985.81 
Min (mb) 971.7 968.5 
Max (mb) 1003.1 997.9 
Standard 
Deviation (mb) 7.68 6.13 

 

Note the pressure statistics for November 2013, which is when the RNRG 
instruments had all failed. There was no other pressure instrument on-
sight, so we could not replace the pressure data with a regression during 
this timeframe. The barometer did not function until 11 December 2013. 
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Appendix F: Additional Section 5 Site Assess-
ment Results 

F.1 Monthly mean, minimum, maximum, and standard deviation of 
air density at hub height 

Table F-1.  Mean, minimum, maximum, and standard deviation of air density at 
hub height for each month of the measurement period. 

 June 2012 June 2013 
Mean (kg/m3) 1.181 1.178 
Min (kg/m3) 1.121 1.124 
Max (kg/m3) 1.218 1.217 
Standard 
Deviation (kg/m3) 0.023 0.020 

 July 2012 July 2013 
Mean (kg/m3) 1.163 1.163 
Min (kg/m3) 1.123 1.123 
Max (kg/m3) 1.201 1.204 
Standard 
Deviation (kg/m3) 0.015 0.017 

 August 2012 August 2013 
Mean (kg/m3) 1.165 1.171 
Min (kg/m3) 1.128 1.135 
Max (kg/m3) 1.203 1.209 
Standard 
Deviation (kg/m3) 0.014 0.015 

 September 2012 September 2013 
Mean (kg/m3) 1.188 1.189 
Min (kg/m3) 1.141 1.125 
Max (kg/m3) 1.232 1.240 
Standard 
Deviation (kg/m3) 0.019 0.020 

 October 2012 October 2013 
Mean (kg/m3) 1.207 1.209 
Min (kg/m3) 1.158 1.153 
Max (kg/m3) 1.262 1.258 
Standard 
Deviation (kg/m3) 0.017 0.021 
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Table F-1 (cont.).  Mean, minimum, maximum, and standard deviation of air 
density at hub height for each month of the measurement period. 

 November 2012 November 2013 
Mean (kg/m3) 1.242 1.244 
Min (kg/m3) 1.175 1.173 
Max (kg/m3) 1.285 1.310 
Standard 
Deviation (kg/m3) 0.019 0.028 

 December 2012 December 2013 
Mean (kg/m3) 1.256 1.271 
Min (kg/m3) 1.202 1.206 
Max (kg/m3) 1.299 1.347 
Standard 
Deviation (kg/m3) 0.019 0.027 

 January 2013 January 2014 
Mean (kg/m3) 1.272 1.284 
Min (kg/m3) 1.194 1.203 
Max (kg/m3) 1.355 1.352 
Standard 
Deviation (kg/m3) 0.033 0.035 

 February 2013 February 2014 
Mean (kg/m3) 1.270 1.277 
Min (kg/m3) 1.215 1.214 
Max (kg/m3) 1.313 1.331 
Standard 
Deviation (kg/m3) 0.021 0.024 

 March 2013 March 2014 
Mean (kg/m3) 1.251 1.267 
Min (kg/m3) 1.199 1.209 
Max (kg/m3) 1.307 1.336 
Standard 
Deviation (kg/m3) 0.019 0.025 

 April 2013 April 2014 
Mean (kg/m3) 1.224 1.225 
Min (kg/m3) 1.162 1.155 
Max (kg/m3) 1.272 1.282 
Standard 
Deviation (kg/m3) 0.024 0.024 

 May 2013 May 2014 
Mean (kg/m3) 1.199 1.200 
Min (kg/m3) 1.125 1.142 
Max (kg/m3) 1.247 1.241 
Standard 
Deviation (kg/m3) 0.023 0.019 
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F.2 Seasonal turbulence intensity rose plots for 26.2 m and 10 m 

Figure F-1.  Spring rose plot of TI measured at 26.2 m. The directional data 
were provided by the northern 24.4 m RNRG 200P vane. 

 

Figure F-2.  Summer rose plot of TI measured at 26.2 m. The directional data 
were provided by the northern 24.4 m RNRG 200P vane. 
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Figure F-3.  Fall rose plot of TI measured at 26.2 m. The directional data 
were provided by the northern 24.4 m RNRG 200P vane. 

 

Figure F-4.  Winter rose plot of TI measured at 26.2 m. The directional data 
were provided by the northern 24.4 m RNRG 200P vane. 
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Figure F-5.  Spring rose plot of TI measured at 10 m. The directional data 
were provided by the 8.2 m RNRG 200P vane. 

 

Figure F-6.  Summer rose plot of TI measured at 10 m. The directional data 
were provided by the 8.2 m RNRG 200P vane. 
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Figure F-7.  Fall rose plot of TI measured at 10 m. The directional data were 
provided by the 8.2 m RNRG 200P vane. 

 

Figure F-8.  Winter rose plot of TI measured at 10 m. The directional data 
were provided by the 8.2 m RNRG 200P vane. 
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F.3 Mean seasonal TI for 26.2 m and 10 m 

Table F-2.  Mean TI per season for 26.2 m. The Standard Deviation 
column represents the standard deviation across seasons for each 

directional bin, and the red coloring is darkest where values are 
largest. 

Direction Spring Summer Fall Winter 
Standard 
Deviation 

N 0.276 0.301 0.290 0.233 0.026 
NNE 0.259 0.321 0.293 0.272 0.023 
ENE 0.309 0.357 0.334 0.300 0.022 
E 0.304 0.361 0.362 0.332 0.024 
ESE 0.283 0.358 0.339 0.363 0.032 
SSE 0.336 0.379 0.366 0.349 0.017 
S 0.317 0.365 0.335 0.307 0.022 
SSW 0.264 0.279 0.278 0.255 0.010 
WSW 0.237 0.233 0.235 0.215 0.008 
W 0.278 0.306 0.303 0.276 0.014 
WNW 0.261 0.271 0.278 0.278 0.007 
NNW 0.279 0.309 0.295 0.309 0.012 

 

Table F-3.  Mean TI per season for 10 m. The Standard Deviation 
column represents the standard deviation across seasons for each 

directional bin, and the red coloring is darkest where values are 
largest. 

Direction Spring Summer Fall Winter 
Standard 
Deviation 

N 0.311 0.349 0.333 0.331 0.013 
NNE 0.331 0.351 0.336 0.284 0.025 
ENE 0.397 0.434 0.428 0.390 0.019 
E 0.385 0.456 0.411 0.466 0.033 
ESE 0.400 0.472 0.452 0.484 0.032 
SSE 0.450 0.453 0.430 0.495 0.024 
S 0.368 0.391 0.384 0.388 0.009 
SSW 0.306 0.294 0.301 0.301 0.004 
WSW 0.307 0.304 0.294 0.279 0.011 
W 0.321 0.378 0.356 0.324 0.024 
WNW 0.311 0.341 0.329 0.324 0.011 
NNW 0.329 0.371 0.387 0.366 0.021 
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Appendix G: Uncertainty Analysis Discussion 
and Calculations 

According to IEC and ISO, uncertainty components fall into two catego-
ries: 

• Category A—“Those which are evaluated by statistical methods” 
o Characterized by estimated variance and the number of degrees of 

freedom 
• Category B—“Those which are evaluated by other means” 

o Characterized by “approximations to the corresponding variances, 
the existence of which is assumed” (JCGM 2008). 

IEC (2005a) states that category A uncertainties affect results on a system-
atic level, and “category B uncertainties are assumed to be related to the 
instruments, the data acquisition system, and the terrain surrounding the 
power performance test site.” The combination of these uncertainties is 
calculated with a root-sum-square method and is in the form of standard 
deviations. 

Previous methods used to account for the error in results included system-
atic and random components. However, JCGM (2008) states “there is not 
always a simple correspondence between the classification into categories 
A or B and the previously used classification into ‘random’ and ‘systematic’ 
uncertainties.” It is important to note that error and uncertainty are differ-
ent quantities. Error is the difference between a measured value and its 
true value, and uncertainty is the quantification of doubt about the meas-
urement result (Bell 2001). IEC (2005a) provides a list in Table E.2 of its 
document of A and B uncertainty components to account for in a wind-en-
ergy assessment and guidance on how to account for each.  

In addition to the components in Table E.2 of the IEC (2005a) document, 
uncertainty can stem from different flow conditions, including turbulence, 
shear, flow inclination, and the change in these variables across the blades 
of a turbine. However, IEC (2005a) states that current analytical tools “of-
fer little in identification of the impact of these variables, and experimental 
methods encounter equally serious difficulties.” For our AEP results, we 
did not directly account for the sources of uncertainty due to these flow 
conditions, but we address their effects on energy output elsewhere in this 
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report. Section 5.8.2 and Section 6 discuss the effect of turbulence on tur-
bine power output, and Section 4.3 discusses the effect of flow inclination. 
Section 6 also discusses the change in turbulence and shear across the tur-
bine hub. 

For the uncertainty components mentioned in Table E.2, IEC (2005a) sug-
gests accounting for uncertainty with a bins method.  

 𝑢𝑢𝑐𝑐,𝑎𝑎
2 = ∑ ∑ 𝑐𝑐𝑘𝑘,𝑎𝑎 ∙ 𝑢𝑢𝑘𝑘,𝑎𝑎 ∙ 𝑐𝑐𝑎𝑎,𝑎𝑎𝑀𝑀

𝑎𝑎=1
𝑀𝑀
𝑘𝑘=1 ∙ 𝑢𝑢𝑎𝑎,𝑎𝑎 ∙ 𝜌𝜌𝑘𝑘,𝑎𝑎,𝑎𝑎,𝑗𝑗, (G-1) 

where 

 𝑐𝑐𝑘𝑘,𝑎𝑎 = the sensitivity factor of component 𝑘𝑘 in bin 𝐶𝐶, 
 𝑢𝑢𝑘𝑘,𝑎𝑎 = the standard uncertainty (standard deviation) of component 𝑘𝑘 

in bin 𝐶𝐶, 
 𝑀𝑀 = number of uncertainty components in each bin, and 
 𝜌𝜌𝑘𝑘,𝑎𝑎,𝑎𝑎,𝑗𝑗 = the correlation coefficient between uncertainty component 𝑘𝑘 

in bin 𝐶𝐶 and uncertainty component 𝑙𝑙 in bin 𝑗𝑗 (in the 
expression the components 𝑘𝑘 and 𝑙𝑙 are both in bin 𝐶𝐶) (IEC 
2005a). 

We can assume either full correlation (𝜌𝜌 = 1) or full independence (𝜌𝜌 = 0) 
between the different uncertainty components to simplify this method 
(IEC 2005a). Specifically, we assume that all category A components are 
independent of each other and that category A and B components are in-
dependent of each other, but category B components are fully correlated 
(IEC 2005a). When Equation (G-1) is applied to the AEP calculation, these 
assumptions reduce the equation to the following: 

 𝑈𝑈𝐴𝐴𝐴𝐴𝑃𝑃2 = 87602 ∙ ∑ 𝐸𝐸𝑎𝑎
2𝑁𝑁

𝑎𝑎=1 ∙ 𝑠𝑠𝑎𝑎2 + 87602 ∙ (∑ 𝐸𝐸𝑎𝑎𝑁𝑁
𝑎𝑎=1 ∙ 𝑢𝑢𝑎𝑎)2 , (G-2) 

where  

 N = the number of bins; 
 𝐸𝐸𝑎𝑎 = the relative occurrence of wind speed between vi−1 and vi 

(where v is velocity), as provided by the Weibull distribution; 
 𝑠𝑠𝑎𝑎 = the combined category A uncertainties in bin 𝐶𝐶; and 
 𝑢𝑢𝑎𝑎 = the combined category B uncertainties in bin 𝐶𝐶 (IEC 2005a). 
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This formula can be expanded to reflect the uncertainty components in Ta-
ble E.2 of IEC (2005a).  

𝑈𝑈𝐴𝐴𝐴𝐴𝑃𝑃2 = 87602 ∙ ��𝐸𝐸𝑎𝑎
2

𝑁𝑁

𝑎𝑎=1

∙ 𝑠𝑠𝑃𝑃,𝑎𝑎
2 + 𝑠𝑠𝑤𝑤2

+ ��𝐸𝐸𝑎𝑎

𝑁𝑁

𝑎𝑎=1

∙ �𝑢𝑢𝑃𝑃,𝑎𝑎
2 + 𝑐𝑐𝑉𝑉,𝑎𝑎

2𝑢𝑢𝑉𝑉,𝑎𝑎
2 + 𝑐𝑐𝑇𝑇,𝑎𝑎

2𝑢𝑢𝑇𝑇,𝑎𝑎
2 + 𝑐𝑐𝐵𝐵,𝑎𝑎

2𝑢𝑢𝐵𝐵,𝑎𝑎
2 + 𝑐𝑐𝑚𝑚,𝑎𝑎

2𝑢𝑢𝑚𝑚,𝑎𝑎
2�

2

� 

(G-3) 

where 

 𝑠𝑠𝑃𝑃,𝑎𝑎 = the standard uncertainty of the normalized and averaged 
power in bin I; 

 𝑠𝑠𝑤𝑤 = the standard uncertainty due to climatic variation; 
 𝑢𝑢𝑃𝑃,𝑎𝑎 = uncertainty associated with the electric power supply to the 

meteorological tower; 
 𝑢𝑢𝑉𝑉,𝑎𝑎 = uncertainty associated with wind speed; 
 𝑢𝑢𝑇𝑇,𝑎𝑎 = uncertainty associated with air temperature; 
 𝑢𝑢𝐵𝐵,𝑎𝑎 = uncertainty associated with air pressure; 
 𝑢𝑢𝑚𝑚,𝑎𝑎 = uncertainty associated with the method used to correct air 

density; and 
 𝑐𝑐𝑥𝑥,𝑎𝑎 = the sensitivity factors associated with each uncertainty 

component, Table E.2 of IEC (2005a) provides specific values. 

As recommended by IEC, these sensitivity factors and uncertainty values 
are calculated with the procedures outlined in Appendix E of IEC (2005a) 
or are estimated. Our report explicitly states when values are estimates.  

We immediately altered some of these factors because they do not all apply 
to the analysis done at Center Strafford. For example, 𝑠𝑠𝑃𝑃,𝑎𝑎 and 𝑢𝑢𝑃𝑃,𝑎𝑎 are un-
certainty components that reflect the measurement of power output from 
an actual wind turbine. There is no wind turbine installed at Center Straf-
ford, so we ignored these components. In addition, we used a slightly dif-
ferent method for calculating the air density at hub height than that used 
by IEC, so we have different uncertainty components to account for. These 
differences are explained later in this section. A draft of a new edition of 
the IEC (2005a) document replaces the climatic uncertainty, 𝑠𝑠𝑤𝑤, with a 
category B uncertainty, 𝑢𝑢𝑤𝑤, which is approximated at 2% of power output. 
We attempted the procedure for 𝑠𝑠𝑤𝑤 from the official 2005 IEC document 
but were unable to calculate reasonable results. Because of this, we 
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adopted the suggestion of the later draft document and assumed the cli-
matic uncertainty falls under category B, 𝑢𝑢𝑤𝑤,𝑎𝑎, and is equivalent to 2% of 
the power output.  

 𝑢𝑢𝑤𝑤,𝑎𝑎 = �(0.02 ∙ 𝑃𝑃𝑎𝑎  𝑘𝑘𝑘𝑘)2 (G-4) 

We also assume the sensitivity factor for this component is 1. The final un-
certainty formula we used for AEP is the following: 

𝑈𝑈𝐴𝐴𝐴𝐴𝑃𝑃2 = 87602 ∙ ��𝐸𝐸𝑎𝑎

𝑁𝑁

𝑎𝑎=1

∙ �𝑐𝑐𝑤𝑤,𝑎𝑎
2𝑢𝑢𝑤𝑤,𝑎𝑎

2 + 𝑐𝑐𝑉𝑉,𝑎𝑎
2𝑢𝑢𝑉𝑉,𝑎𝑎

2 + 𝑐𝑐𝑇𝑇,𝑎𝑎
2𝑢𝑢𝑇𝑇,𝑎𝑎

2 + 𝑐𝑐𝑚𝑚,𝑎𝑎
2𝑢𝑢𝑚𝑚,𝑎𝑎

2�

2

 (G-5) 

The remaining uncertainty quantities are all category B uncertainties, and 
they are approximated with methods explained in Section E.5 of IEC 
(2005a). The sensitivity factors for wind speed, temperature, and air pres-
sure require data from a measured power curve. As we just stated, we do 
not have actual power output data for a turbine at the Center Strafford 
site. However, we have power-curve data from the turbine manufacturers 
that we normalized by standard air density (see Section 5.8.1). We used 
data from this corrected power curve to calculate the sensitivity factors.  

The 𝑢𝑢𝑑𝑑,𝑎𝑎 is the uncertainty associated with the data acquisition system due 
to signal transmission, digitization, software, etc. We assumed it to be 
0.1% for all measurement channels on the data acquisition system. Alt-
hough this factor is not explicitly in Equation (G-5), it presents itself in the 
uncertainties of the other measured quantities because their measurement 
was done with the data acquisition system. 

The 𝑢𝑢𝑉𝑉,𝑎𝑎 is the uncertainty associated with the measurement of wind-speed 
data and should include uncertainty due to the anemometer calibration, 
operational characteristics of the anemometer, flow distortion from 
mounting effects and the surrounding terrain, and the data acquisition 
system. We assume that the uncertainties due to the operational charac-
teristics of the anemometer and flow distortion due to surrounding terrain 
are accounted for with the uncertainty equation provided by RNRG 
(2015a) for the RNRG40C anemometers. We estimated the remaining un-
certainty quantities separately. RNRG (2015a) states that the uncertainty 
due to calibration is 1.48% of the wind speed. We estimate that the flow 
distortion due to mounting effects is 1% of the wind speed (IEC 2005a). 
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Assuming the data acquisition system has an uncertainty of 0.1% and the 
instruments measured speeds ranging from 0 to 25 m/s, the standard un-
certainty for the data acquisition system effect on wind speed is 0.25 m/s. 
Equation (G-6) represents the uncertainty associated with wind speed, 
𝑢𝑢𝑉𝑉,𝑎𝑎. 

 𝑢𝑢𝑉𝑉,𝑎𝑎 = �(0.0148 ∙ 𝑉𝑉𝑎𝑎  𝑚𝑚 𝑠𝑠⁄ )2 + �(0.05 + 0.005 ∙ 𝑉𝑉𝑎𝑎) ∙
7.7 
√3
𝑚𝑚 𝑠𝑠⁄ �

2
+ (0.01 ∙ 𝑉𝑉𝑎𝑎  𝑚𝑚 𝑠𝑠⁄ )2 + (0.025 𝑚𝑚 𝑠𝑠⁄ )2 (G-6) 

The sensitivity factor for this quantity depends on the power output of the 
speed bin being analyzed and the bin preceding it. So, if the power output 
does not change from one speed to the next, then the sensitivity factor is 0.  

Due to icing events and other anomalies explained in the QC procedure, 
we replaced 8.8% of RNRG 40C data with regression data between that 
data and other instruments. We assume that this replaced data have com-
parable uncertainty characteristics to the data recorded by RNRG 40C in-
struments. We assume the regression process reduced the uncertainty of 
the data from the uncalibrated instruments through the relationship be-
tween the IceFree3 and RNRG 40C anemometers.  

The 𝑢𝑢𝑇𝑇,𝑎𝑎 is the uncertainty associated with temperature measurements and 
should include uncertainties from temperature sensor calibration, imper-
fect radiation shielding, mounting effects, and the data acquisition system. 
RNRG states that the uncertainty of the temperature sensor used at Center 
Strafford is ±1.24°C (RNRG 2015d). We assume this does not account for 
mounting effects or for the data acquisition system. (IEC 2005a) states 
that the standard uncertainty of the mounting effect depends on how close 
the temperature sensor is to the turbine hub height. Because the Center 
Strafford temperature sensor is more than 20 m below the turbine hub 
height, we assume the standard uncertainty due to mounting effects of 1°C 
to be conservative. Assuming the data acquisition system has an uncer-
tainty of 0.1% and we deal with temperatures ranging over about 55°C be-
tween annual maximum and minimum temperatures (see Table 21 in the 
main document), the standard uncertainty for the data acquisition system 
effect on temperature is 0.55°C. So, the uncertainty associated with tem-
perature, 𝑢𝑢𝑇𝑇,𝑎𝑎, is approximated with the following: 

 𝑢𝑢𝑇𝑇,𝑎𝑎 = �(1.24 𝐾𝐾)2 + (1 𝐾𝐾)2 + (0.55 𝐾𝐾)2 = 1.59 𝐾𝐾 (G-7) 
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To approximate the uncertainty of their air density calculations, which are 
different than the method we use to calculate density, IEC (2005a) is con-
cerned with the uncertainties of temperature and pressure. First, they cor-
rect pressure values for the difference in height between the pressure sen-
sor and hub height with a method specified in ISO 2533; and then they use 
the ideal gas law to calculate density from the “corrected” pressure. We 
used a variation of the ideal gas law that calculates density based on stand-
ard atmospheric pressure and the elevation of the hub height above sea 
level (Equation 7 in the body of the report). This means our density calcu-
lation has different sources of uncertainty than IEC has for their density 
calculation. Instead of the pressure measurement uncertainty, 𝑢𝑢𝐵𝐵,𝑎𝑎, we 
have uncertainty due to the elevation of the measurement, the earth gravi-
tational constant, standard atmospheric pressure, and specific gas con-
stant values used. We accounted for these uncertainties with the method 
term, 𝑢𝑢𝑚𝑚,𝑎𝑎.  

For the uncertainty associated with the constants and measurements, we 
assumed an uncertainty equal to half of the smallest count of each value 
and divided this value by the magnitude of the constant to represent the 
uncertainty as a percentage. We used a standard atmospheric pressure 
value of 101325 Pa, so we assumed an atmospheric pressure uncertainty of 
0.001% (≈ (±0.5 Pa)/(101325 Pa)). We used a specific gas constant value 
of 287 J/Kg·K, so we assumed a specific gas constant uncertainty of 0.2% 
(≈ (±0.5 J/(kg · K))/(287 J/(kg · K))). We took the elevation measurement 
(642 ft) from the meteorological tower spec sheet provided by EAPC Wind 
Energy, so we assumed an elevation uncertainty of 0.1% (≈ (±0.5 ft)/
(642 ft)). We used an earth gravitational constant of 9.81 m/s2, so we as-
sumed a gravity uncertainty of 0.1% (≈ (±0.005 m ⁄ s2)/(9.81 𝑚𝑚 ⁄ s2)). We 
treat these percentages as if they are a percentage of standard atmospheric 
air density (1.225 kg/m3). 

The resultant 𝑢𝑢𝑚𝑚,𝑎𝑎 term is the following: 

𝑢𝑢𝑚𝑚,𝑎𝑎

= ��0.001% ∙ 1.225𝑘𝑘𝑔𝑔 𝑚𝑚3� �
2

+ �0.2% ∙ 1.225𝑘𝑘𝑔𝑔 𝑚𝑚3� �
2

+ �0.1% ∙ 1.225𝑘𝑘𝑔𝑔 𝑚𝑚3� �
2

+ �0.1% ∙ 1.225𝑘𝑘𝑔𝑔 𝑚𝑚3� �
2

= 0.003𝑘𝑘𝑔𝑔 𝑚𝑚3�  

(G-8) 
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Based off the sensitivity factors used for the other uncertainty compo-
nents, we assumed the sensitivity factor of this method component is 
𝐶𝐶𝑚𝑚,𝑎𝑎 ≈

𝑃𝑃𝑖𝑖
1.225 𝑘𝑘𝑘𝑘/𝑚𝑚3. 
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Appendix H: Example of Power-Curve Calcula-
tions 
Table H-1.  An example of bin power-curve calculations for the Center Strafford wind resource 

and a Polaris P25-100 turbine (100 kW) (Polaris America 2015b). 
Polaris P25-100 turbine (100 kW) 
Inputs  Outputs  

Rated Power (kW) 100  Hub Height Avg. Speed (m/s) 4.325  
Rotor Diameter (m) 25  Atmospheric Correction 0.996  

Swept Area (m2) 490.87  AEP (kWh) 130536.64  
Avg. Speed (m/s) 4.22  Avg. Daily Energy (kWh) 357.63  
Anemometer Height (m) 33.8  Avg. Monthly Energy (kWh) 10878.05  
Tower Height (m) 36.6  Avg. Power (kW) 16.51  
Wind-Shear Exponent 0.309  Avg. Conversion Efficiency 0.348  
Availability 95.00%  Capacity Factor 0.149  
Turbulence Intensity 5.00%  Annual Specific Yield (kWh/m2/year) 265.93  

                  

Wind 
Speed 
(m/s) 

Gross 
Wind  
Power 
(kW) 

Power 
Curve 
(kW) 

Corrected 
Power 

Curve (kW) 
Frequency 

Distribution 

Avg. 
Power 
(kW) Hr/year 

Gross 
Energy 

(kWh/year) 
Avg. Energy 
(kWh/year) 

1 0.30 0 0 11.70% 0.00 1024.82 306.86 0.00 
2 2.40 0 0 13.52% 0.00 1184.59 2837.65 0.00 
3 8.08 2.6 2.59 17.14% 0.44 1501.09 12135.87 3886.91 
4 19.16 7.8 7.77 16.88% 1.31 1478.50 28333.62 11485.26 
5 37.43 15.2 15.14 14.41% 2.18 1261.98 47234.90 19103.83 
6 64.68 26.3 26.19 10.63% 2.78 930.84 60204.54 24381.21 
7 102.71 41.7 41.53 6.60% 2.74 578.28 59392.86 24015.97 
8 153.31 62.3 62.05 3.97% 2.46 347.96 53345.19 21589.24 
9 218.29 88.6 88.24 2.48% 2.19 217.36 47446.38 19179.32 
10 299.43 90 89.63 1.22% 1.10 107.26 32116.22 9613.71 
11 398.55 90 89.63 0.66% 0.60 58.23 23207.25 5219.30 
12 517.42 90 89.63 0.33% 0.29 28.61 14804.93 2564.66 
13 657.85 90 89.63 0.19% 0.17 16.73 11007.70 1499.80 
14 821.64 90 89.63 0.12% 0.11 10.37 8523.98 929.88 
15 1010.59 90 89.63 0.09% 0.08 7.45 7524.89 667.41 
16 1226.48 90 89.63 0.04% 0.04 3.60 4412.30 322.46 
17 1471.11 90 89.63 0.02% 0.01 1.34 1969.26 119.98 
18 1746.29 90 89.63 6.69E-05 0.01 0.59 1022.71 52.49 
19 2053.81 90 89.63 9.55E-06 0.00 0.08 171.83 7.50 
20 2395.46 90 89.63 0.00% 0.00 0.00 0.00 0.00 
21 2773.05 90 89.63 0.00% 0.00 0.00 0.00 0.00 
22 3188.36 90 89.63 0.00% 0.00 0.00 0.00 0.00 
23 3643.20 90 89.63 0.00% 0.00 0.00 0.00 0.00 
24 4139.36 90 89.63 0.00% 0.00 0.00 0.00 0.00 
25 4678.64 90 89.63 0.00% 0.00 0.00 0.00 0.00 
        Total 16.51     144638.93 
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Appendix I: Selected Turbine Specifications 

More information for each 100 kW turbine, including physical system 
characteristics and performance data, are available at the following web-
sites. 

GHREPOWER 100 kW turbine: http://www.ghrepower.co.uk/100kw-wind-turbines.asp. 

Northern Power 100-24 100 kW turbine: http://www.northernpower.com/wp-con-
tent/uploads/2014/04/tech-NPS100-24_eng.pdf. 

WES100 100 kW turbine: http://www.windenergysolutions.nl/wes100. 

Polaris P25-100 and P21-100 100 kW turbines: www.polarisamerica.com/tur-
bines/100kw-wind-turbines/. This website was down at the time of publication, but 
our contacts at Polaris America indicate that this is a temporary issue.  

Around the time of publication of this report, Northern Power released 
two new versions of their 100 kW turbine: NPS 100C-24 and NPS 100C-21. 
The first model has 24 m blades whereas the second model has 21 m 
blades. For the sake of consistency, we briefly assessed the 100C-24 model 
as it has the same length blades as the 100-24 turbine analyzed in this re-
port. This new version has slightly different specifications and a different 
power curve than the 100-24, and preliminary analysis indicates that the 
new turbine may perform better than the 100-24 turbine. Our initial esti-
mates suggest that this new model could provide approximately 46.6% of 
NHARNG’s annual needs, which is competitive with the estimates for the 
Polaris P25-100. In addition, Northern Power Systems is located in Barre, 
Vermont, relatively close to NHARNG, and has a record of successful 
wind-energy installations in Northern climates, including many sites in 
Alaska. These are only preliminary results; and additional analyses, such 
as monthly breakdowns and long term assessments, may be necessary. 
However, these estimates use the same power-curve method used in Sec-
tion 5.8.1 for Table 35. Estimates for the Northern 100-24 and Polaris P25-
100 turbines were included for reference.  

http://www.ghrepower.co.uk/100kw-wind-turbines.asp
http://www.northernpower.com/wp-content/uploads/2014/04/tech-NPS100-24_eng.pdf
http://www.northernpower.com/wp-content/uploads/2014/04/tech-NPS100-24_eng.pdf
http://www.windenergysolutions.nl/wes100
http://www.polarisamerica.com/turbines/100kw-wind-turbines/
http://www.polarisamerica.com/turbines/100kw-wind-turbines/


ERDC/CRREL TR-15-18 230 

 

Table I-1.  Performance estimates of new Northern 100C-24 turbine as compared with the 
Northern 100-24 and Polaris P25-100 turbines analyzed in this study. 

Turbine AEP (kWh) Uncertainty 

Avg. 
Conversion 
Efficiency 

Capacity 
Factor 

Percent of 
NHARNG’s 

Annual Needs 
Northern 100C-24 119760 10.8% 34.3% 0.144 46.6% 
Northern 100-24 104271 11.6% 29.8% 0.125 40.6% 
Polaris P25-100 130537 10.2% 34.8% 0.149 50.8% 

 
More information for the Northern Power 100C-24 100 kW Turbine, in-
cluding physical system characteristics and performance data, are availa-
ble at the following website: http://www.northernpower.com/wp-content/uploads/2015 
/02/20150212-US-NPS100C-24-brochure.pdf. 

  

 

http://www.northernpower.com/wp-content/uploads/2015/02/20150212-US-NPS100C-24-brochure.pdf
http://www.northernpower.com/wp-content/uploads/2015/02/20150212-US-NPS100C-24-brochure.pdf
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Appendix J: Solar-Array Mounting Systems 

J.1 Background 

Solar photovoltaic arrays consist of solar cells mounted on a flat panel ex-
posed to the sun in a fixed position or on a system that tracks the sun. Tra-
ditional solar cells are made from thin slices of pure silicone crystals. More 
recently, cheaper, thin, film solar cells have been created from amorphous 
silicon and cadmium telluride that are flexible and can be mounted on roof 
shingles and on other building materials. Most recent advances have cre-
ated cells that can be printed, like an ink, onto other materials (NREL 
2015d). 

The goal for solar photovoltaic arrays is to maximize electrical energy yield 
for the lowest cost. Therefore, in addition to multiple types of solar cells, 
there are also multiple types of mounting systems. Solar-array panels are 
exposed to the sun using either fixed tilt mounts or tracking mounts. Fixed 
tilt mounts are stationary with panels oriented directly south (in the con-
tiguous United States [CONUS]) (see Figure J-1 left). The typical tilt used 
in CONUS latitudes is 25° above horizontal (Drury et al. 2014). The previ-
ous rule of thumb was to tilt collectors at an angle equivalent to the local 
latitude.  However, a tilt angle of 25° has little impact on energy produced, 
reduces wind load and mutual shadowing of surrounding arrays, and low-
ers construction costs. The fixed angle does not optimize the capture of di-
rect beam radiation from the sun, which is optimal when the collector sur-
face is orthogonal to the sun’s direct rays. Instead, a greater proportion of 
electricity is produced from less intense diffuse sky radiation. Therefore, 
fixed arrays are, overall, less efficient. It is important to note that there are 
some fixed-array options with seasonal adjustments (i.e., summer and 
winter angle settings). 
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Figure J-1.  Solar-panel mounts. Left to right: fixed tilt mount, single-axis tracker east to west, 
and two-axis tracker (NREL 2015b). 

 

Tracking systems follow the sun and attempt to capture maximum direct-
beam solar radiation by keeping the panels as near orthogonal as possible 
to the sun’s direct rays. Single-axis trackers are the simplest trackers me-
chanically and are available in several versions (Figure J1, center). Most in 
use today are horizontal one-axis systems. That is, when the sun is directly 
south in CONUS at solar noon, the panel is oriented parallel to the horizon 
and is “looking” to the zenith. In the morning the array tilts to the east, 
and in the afternoon it tilts to the west (see drawings in Danger [2010]). 
Maximum tilt is typically 45° east or west (Drury et al. 2014). The panels 
can also be tilted to the south, but tilting increases shadowing of adjacent 
collectors and requires additional real estate to prevent shadowing for a 
given array capacity. Single-axis tracking systems can be actively con-
trolled by sensors and motors, or they can be passively-controlled. Passive 
systems use the sun to differentially heat canisters of refrigerant gases on 
the array that expand when warmed, moving the array from east to west 
through the day. After sunset the arrays remain oriented west until morn-
ing when the sun again warms the eastern canister, returning the array to 
the east (Alboteanu 2006). 

Single-axis tracking improves the yield of solar cells, also called capacity 
factor, not to be confused with the wind-energy capacity factor defined in 
Section 5.8.1. The solar capacity factor represents the average system elec-
trical yield, the average electrical energy delivered by the system per day 
divided by 24 hr (Drury et al. 2014). Therefore, if a 100 kW system delivers 
600 kWh per day, it has a 25% capacity factor. In addition to the effects of 
array design, capacity factor varies by latitude and climate. Therefore, a 
fixed-array system has typical capacity factors ranging from 14% (north-
west and northeast) to 20% (southwest) in CONUS. A horizontal single-
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axis tracking system has capacity factors ranging from 16% in the north-
west and northeast to 25% in the southwest (Drury et al. 2014). NREL’s 
Drury et al. (2014) show capacity factors in New Hampshire for horizontal 
single-axis tracking systems to be about 4% greater than fixed-array sys-
tems. Gain in the arid Southwest is about 6% to 8% greater for single-axis 
tracking systems than for fixed arrays.  

Two-axis tracking systems track the sun with the direct beam radiation 
nearly always orthogonal to the solar cells (Figure J1, right). They have the 
capability of directly tracking the sun through the day by continuously 
changing azimuth and elevation angles of the array. In addition, they can 
change these angles through the seasons. Capacity factor increases signifi-
cantly as a result, from 18% (northwest and northeast) to 29% (southwest) 
(Drury et al 2014). However, they have greater initial cost and mainte-
nance than fixed and single-axis trackers, wind loads can be higher when 
the arrays are at steep angles, and mutual shadowing can be greater, which 
may increase real estate requirements to minimize shadowing.  

Drury et al. (2014) show on a map that there is less than a 16% electrical 
generation gain from using a single-axis horizontal system instead of a 
fixed 25° tilt fixed-tilt system in southeast New Hampshire. There is about 
a 36% gain in southeastern New Hampshire for two-axis trackers versus 
25° fixed-tilt arrays. At specific New England locations tabled in the Drury 
et al. (2014) report, Boston and Hartford, CT, one-axis electrical genera-
tion gains over a 25° tilt fixed array are about 13%, and two-axis system 
gains over a fixed array is about 32%. However, there is a cost for this gain 
in electrical generation capability. Drury et al. (2014) compared one- and 
two-axis tracker net costs against fixed arrays, considering purchase price, 
operations and maintenance costs, and payback from the electricity pro-
duced, for four CONUS cities. New York City, the closest location to south-
eastern New Hampshire geographically and climatically, showed net costs 
of a horizontal single tracking system to be 14% greater than a fixed array. 
A two-axis tracking system’s net cost was 32% greater than a fixed array. 
These costs are in 2011 dollars and do not account for the decreasing costs 
of all solar PV systems since.  Also, none of the calculations in the Drury et 
al. (2014) report include the effects of snow, which may increase initial 
purchase costs because of the need for stronger construction and increased 
operations and maintenance costs. Therefore, tracking systems are least 
cost effective in the humid and cold northwest and northeast.  
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There are many fixed tilt, single-axis tracking, and two-axis tracking sys-
tems available. Examples of each type, with specifications, are shown in 
section J.2. 

J.2 Various solar-array example specifications 

For example specifications of fixed-array solar panel systems, please refer-
ence the following websites: http://www.solarelectricsupply.com/commercial-solar 
-systems/ground-mount and http://www.solarelectricsupply.com/media/custom/upload/Gemini-G9 
-Assembly-Manual-Rev02.pdf. 

For example specifications of a horizontal single-axis tracking array, 
please reference the following website: http://mecasolar.com/pub/doc/File/ingl/1- 
horizontal-axis-tracker-mecasolar-catalog.pdf. 

For example specifications of a two-axis tracking array, please reference 
the following link: http://www.exosun.net/downloads?download=26:technical-datasheet 
-exotrack-cpv.  

http://www.solarelectricsupply.com/commercial-solar-systems/ground-mount
http://www.solarelectricsupply.com/commercial-solar-systems/ground-mount
http://www.solarelectricsupply.com/media/custom/upload/Gemini-G9-Assembly-Manual-Rev02.pdf
http://www.solarelectricsupply.com/media/custom/upload/Gemini-G9-Assembly-Manual-Rev02.pdf
http://mecasolar.com/pub/doc/File/ingl/1-horizontal-axis-tracker-mecasolar-catalog.pdf
http://mecasolar.com/pub/doc/File/ingl/1-horizontal-axis-tracker-mecasolar-catalog.pdf
http://www.exosun.net/downloads?download=26:technical-datasheet-exotrack-cpv
http://www.exosun.net/downloads?download=26:technical-datasheet-exotrack-cpv


 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining 
the data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for 
reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  
22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display 
a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 

December 2015 
2. REPORT TYPE 

Technical Report/Final 
3. DATES COVERED (From - To) 

      
4. TITLE AND SUBTITLE 

NHARNG Wind Resource Assessment: Center Strafford Training Center 
5a. CONTRACT NUMBER 

      
5b. GRANT NUMBER 

      
5c. PROGRAM ELEMENT NUMBER 

      
6. AUTHOR(S) 

Brendan A. West, Charles C. Ryerson, and Keran J. Claffey 

5d. PROJECT NUMBER 
      

5e. TASK NUMBER 
00F6F8 and 8097CD 

5f. WORK UNIT NUMBER 
      

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT 
    NUMBER 

U.S. Army Engineer Research and Development Center (ERDC) 
Cold Regions Research and Engineering Laboratory (CRREL) 
72 Lyme Road 
Hanover, NH  03755-1290 

ERDC/CRREL TR-15-18 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 
New Hampshire Army National Guard 
1 Minuteman Way 
Concord, NH 03301 

NHARNG 
11. SPONSOR/MONITOR’S REPORT  
      NUMBER(S) 

      

12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for public release; distribution is unlimited. 

13. SUPPLEMENTARY NOTES 

 

14. ABSTRACT 
The New Hampshire Army National Guard (NHARNG) training facility in Center Strafford, NH, wishes to supply at least 
25% of its energy needs with renewables by 2025 to meet Army and Department of Defense energy goals. They 
commissioned the Cold Regions Research and Engineering Laboratory (CRREL) to determine the feasibility of wind 
energy meeting this requirement. Aiming to meet industry standards for assessment, CRREL acquired meteorological wind 
data from June 2012 through May 2014; performed data quality control; estimated turbulence, wind shear, and speed 
distributions; and estimated energy production and payback periods for five 100 kW wind turbines. The best performing 
turbine assessed at a hub height of 37 m could provide 52% of the site’s annual electric power needs with a payback of 
approximately 18 to 19.6 years. However, extrapolated long-term wind speeds suggest the best performing turbine assessed 
could provide 71% of the site’s annual electric power needs; and the payback would drop to approximately 14 years. 
CRREL also assessed the feasibility of a comparable solar energy system at Center Strafford, and the payback for a fixed-
array system is 14–16 years and 11 years for a two-axis array system. 

15. SUBJECT TERMS 
MEASNET 
Payback 

Quality Control 
Site Assessment 
Turbulence 
 

Uncertainty 
Wind power 
Wind shear 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION  
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE 
PERSON 

a. REPORT 

Unclassified 

b. ABSTRACT 

Unclassified 

c. THIS PAGE 

Unclassified SAR 255 
19b. TELEPHONE NUMBER (include 
area code) 
      

 Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. 239.18 

 


	Abstract
	Illustrations
	Preface
	Acronyms and Abbreviations
	Unit Conversion Factors
	1 Project Summary
	2 Introduction
	2.1 Background
	2.2 Tasks
	2.2.1 NHARNG tasks
	2.2.2 CRREL tasks

	2.3 Standards
	2.3.1 AWS Scientific guidelines
	2.3.2 MEASNET guidelines
	2.3.3 ISO/IEC guidelines
	2.3.4 EAPC Wind Energy services


	3 Site Observation and Data Collection
	3.1 Observation site
	3.1.1 Location and terrain
	3.1.2 Terrain analysis
	3.1.3 Description and photos

	3.2 Permitting
	3.2.1 Cultural and environmental permitting
	3.2.1.1 State Historic Preservation Office (SHPO)
	3.2.1.2 Division of Historical Resources
	3.2.1.3 U.S. Department of Interior Fish and Wildlife Service
	3.2.1.4 Penobscot Indian Nation

	3.2.2 Federal Aviation Administration
	3.2.3 Federal Communications Commission

	3.3 Tower, instruments, and data acquisition
	3.3.1 Tower
	3.3.2 Instruments
	3.3.2.1 RNRG 40C unheated anemometers
	3.3.2.2 RNRG 200P unheated wind vane
	3.3.2.3 RNRG IceFree3 heated anemometer
	3.3.2.4 RNRG IceFree3 heated vane
	3.3.2.5 R.M. Young Ultrasonic Anemometer Model 81000
	3.3.2.6 RNRG 110S Temperature Sensor
	3.3.2.7 RNRG BP20 Barometric Pressure Sensor
	3.3.2.8 United Technologies 0872E3 ice detector

	3.3.3 Data acquisition
	3.3.4 Important events

	3.4 Data quality assurance
	3.4.1 Data quality assurance methodology
	3.4.2 Data visual checks
	3.4.3 Error, completeness, constant value, range, relational, and trend tests
	3.4.3.1 Errors, completeness, and constant values

	3.4.4 Range tests
	3.4.4.1 Wind speed
	3.4.4.2 Wind direction
	3.4.4.3 Temperature and pressure

	3.4.5 Relational and trend tests
	3.4.5.1 Wind-speed relationships and trends
	3.4.5.2 Wind-direction relationships and trends
	3.4.5.3 Related parameter tests

	3.4.6 Icing events
	3.4.7 Tower shadowing
	3.4.7.1 Fluid dynamics background
	3.4.7.2 Tower shadowing assessment
	3.4.7.3 Ratio visualizations
	3.4.7.4 Correlations
	3.4.7.5 Removing tower-shadow effects

	3.4.8 RNRG IceFree3 versus RNRG 40C anemometer analysis
	3.4.9 Data replacement
	3.4.9.1 Missing data
	3.4.9.2 Icing events
	3.4.9.3 Tower shadowing
	3.4.9.4 Failed QC data points
	3.4.9.5 Summary of data replacement

	3.4.10 Data removal
	3.4.11 Data quality control results
	3.4.12 Deviations to the MEASNET Guideline “Evaluation of Site Specific Wind Conditions”
	3.4.12.1 Deviations from MEASNET measurement procedures
	3.4.12.2 Deviations from MEASNET quality control procedure



	4 Measurement Results
	4.1 Introduction
	4.2 Wind speed and direction
	4.2.1 Wind speed
	4.2.2 Wind-speed distributions
	4.2.3 Wind direction
	4.2.4 Diurnal and seasonal patterns

	4.3 Flow inclination
	4.4 Temperature
	4.5 Pressure
	4.6 Deviations to the MEASNET Guideline “Evaluation of Site Specific Wind Conditions”

	5 Site Assessment
	5.1 Site assessment considerations
	5.1.1 Turbine design considerations
	5.1.2 Atmospheric considerations

	5.2 Wind shear and wind profile
	5.2.1 Wind-shear results

	5.3 Wind speed at turbine hub height
	5.4 Air density
	5.5 Turbulence
	5.5.1 Turbulence-intensity results

	5.6 Flow inclination
	5.7 Extreme winds
	5.8 Power-production estimates
	5.8.1 Power-curve method
	5.8.2 Power-curve results
	5.8.3 Estimated electricity savings
	5.8.4 Uncertainty of energy estimates

	5.9 Long-term assessment
	5.9.1 Center Strafford and Rochester correlation results
	5.9.2 Prediction algorithm results

	5.10 Deviations to the MEASNET Guideline “Evaluation of Site Specific Wind Conditions”

	6 Discussion
	6.1 Observations
	6.2 Turbulence
	6.3 Shear across the rotor
	6.4 Uncertainty
	6.4.1 Uncertainty characteristics of replacement data

	6.5 Assumptions about Center Strafford Training Center energy usage
	6.6 Relationship between Center Strafford and Rochester sites
	6.7 Solar-array energy estimates
	6.8 Payback period
	6.8.1 Wind-turbine payback
	6.8.1.1 Two-year monitoring period wind payback
	6.8.1.2 Long-term wind ROI

	6.8.2 Solar array payback
	6.8.2.1 Fixed-array solar PV system
	6.8.2.2 Two-axis tracking solar PV system

	6.8.3 Payback discussion


	7 Conclusions and Recommendations
	References
	Appendix A : Two-Year Time Series of Each Instrument
	A.1 Anemometer time series
	A.2 Wind-vane time series
	A.3 Pressure and temperature time series

	Appendix B : Additional Wind-Speed and Direction Trend and Relational Plots
	B.1 Wind-speed trend and relational plots
	B.2 Wind-direction trend and relational plots

	Appendix C : Correlations Between the 32.4 m RNRG IceFree3 Anemometer and Vanes and the Sonic Instrument at 33.8 m
	Appendix D : Correlation and Linear-Regression Statistics
	Appendix E : Additional Section 4 Measurement Results
	E.1 Monthly mean, maximum, minimum, and standard deviation of the wind speed
	E.2 Weibull parameters and statistics for each anemometer
	E.3 Rose plots of 26.2 m and 10 m RNRG 40C anemometers
	E.4 Diurnal wind-speed patterns for each anemometer
	E.5 Seasonal patterns for each anemometer
	E.6 Monthly mean, minimum, maximum, and standard deviation of air temperature
	E.7 Monthly mean, minimum, maximum, and standard deviation of air pressure

	Appendix F : Additional Section 5 Site Assessment Results
	F.1 Monthly mean, minimum, maximum, and standard deviation of air density at hub height
	F.2 Seasonal turbulence intensity rose plots for 26.2 m and 10 m
	F.3 Mean seasonal TI for 26.2 m and 10 m

	Appendix G : Uncertainty Analysis Discussion and Calculations
	Appendix H : Example of Power-Curve Calculations
	Appendix I : Selected Turbine Specifications
	Appendix J : Solar-Array Mounting Systems
	J.1 Background
	J.2 Various solar-array example specifications




