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ABSTRACT

This biophysical impact assessment explores the envirommental
consequences of the emerging wind energy conversion technology through

field studies done at the DOE/NASA 100-kW Experimental Wind Turbine

located at NASA Lewis Research Center' s Plum Brook Station near Sandusky,
Ohio.

A micrometeorological field program monitored changes in the

downwind wake of the wind turbine. Horizontal and/or vertical measure-—

ments of wind speed, temperature, carbon dioxide concentration, precipi-
tation, and incident solar radiation showed measurable variation within

the wake only for precipitation and wind speed. The changes were minor

and are not likely to result in any secondary effects to vegetation,

including crops, because they are within the natural range of variability

in the site environment. Effects are negligible beyond the physically
altered area of the tower pad, access, and control structures.

The wind turbine has not proved to be a high risk to airborne
fauna, including the most vulnerable night-migrating songbirds. Behavioral
studies indicate the birds will avoid the turbine if they can see it.
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EXECUTIVE SUMMARY

‘This research program seeks to answer some of the questions
concerning the environmental issues related to the use : € wind power in
the United States. The biophysical environment is the focus of the
study. Large two-bladed, horizontal-axis wind turbine generators (WIG)
were studied using the DOE/NASA 100 kW Experimental Wind Turbine at
NASA Lewis Research Center's Plum Brook Station as the model for field
tests. |

The results of a literature review program, reported in
Rogers et al. (1976) are integrated into this report as required. In that
study, the microclimate of the wake of the 100 kW WIG was theoretically
studied. The results indicated an anticipated reduction in wake wind
speed of approximately one~third of the freestream wind speed at WIG
design conditions, e.g., 6 mph (2.7 m/s) reduction in wake wind speed at
the 18 mph (8 m/s) design condition. Minor changes in other micrometeor-
ological parameters were also predicted. Theoretical studies resulted
in the prediction that birds or other airborne fauna risked collision with
the rotatihg blades of the WIG. The number of organisms exposed to the
WIG would be related to the site chosen, tﬁe height of the structure, and
the design solidity of the blades.

In the research program reviewed here these theoretical predic-
tions were tested at tﬁe DOE/NASA 100 kW WIG. Study emphasis was on the
microclimate effect of the operating turbine and the potential effect on
night-migrating birds. Also, studies were made of the behavior of insects
in the WTG flow field and of the infra-sound levels around the WIG.

Operational constraints limiting the 100 kW WIG to approxi-
mately 3 hours of operation at design conditions and less than 250 hours
total rotation time in highly modified format (typically one-half design
speed, no load), affected the significance of this research.

The micrometeorological field program was designed to measure
the effect of the 100 kW WIG downstream wake. The following parameters
were studied: the horizontal variation in incident precipitation and ;n

incident solar radiation, and the horizontal and vertical distributions




..effect on precipitatidn patterns, natural variation in wind speed and

T ' I
’

of air/surface temperature, wind velocity, and atmospheric carbon dioxide
concentrations. Significant variation in any of these parameters could
influence thc capacity of the affected land to support plants and animals.
The theoretically predicted fairly narrow expansion [7.5 ft in 125 ft
(2.3 m in 38 m)] of the 100 kW WIG wake, suggested that the wake would
not exert influence at the ground level. Field studies in this research
effort were designed to measure any effect upon the selected parameters.
In general, the significance of any effect of the 100 kW WIG
appears to be minimal, even negligible beyond the area physically altered
as a result of construction. The field studies indicate a negligible
effect to the area immediately downwind of the tower and blades. When
the WTG rotor was not operating, a rainfall deficit was measured within
a 3/4 rotor-diameter equivalent distance (28 m) of the 100 kW WTG.
Over long periods, this rainfall deficit is estimated at 5 percent. This

deficit decreases and can disappear completely during operation as rain

falls. Normal meteorological varilation can override any tower shadow

effect for any short time frame. Thus, even if the WIG had a significant

direction in annual precipitation, would overshadow the effects of the
WIG. The Plum Brook study predicts that any precipitation variations will i
be quite small and will be limited to an area within the equivalent of two
rotor diameters distance of the turbine. : i

Results of the other micrometeorological parameters studied |
(wind speed, temperature, and carbon dioxide concentation) in and out of
the wind turbine wake show no significant variation other than a measure-
able variation in wind speed within two to three diameters of the WTG.
The results also show the high variability of the natural environment.
Thus, the main conclusion is that plants and animals exposed to the wake
of an operating WTG are not likely to be significantly affected, as

changes fall well within the variations of their natural environment.

The only probable impact to animal pcpulations considered sig-
nificant enough to warrant detailed studies was nighttime kills of
birds at WIG towers. The number of nocturnal migrants during the peak
migration periods for songbirds in the Sandusky area was found to vary

from essentially no migration on rainy nights to 17,000 birds per mile of

xii



front per hour. For clear nights the rate averaged 5,380 birds/mile of
front/hour. The corresponding migration directions were predominantly .
south or southwest in the fall and northeast or east-northeast in the
spring.

During four migratory seasons of searching only three birds were
found dead near the meteorological tower (2 birds) and the WIG tower (1
bird). Only one, a blackburnian warbler, was a nocturnal migrant. It was
found near the meteorological tower prior to nighttime operation of the
WIG. Scavenger studies also indicated that only about 5 percent of tower-
killed birds at Sandusky would have been removed by predators during the
night. '

In spite of the few nighttime WIG operating hours (only 114
nighttime hours at 20 rpm/no load) during this study it is reasonable to
conclude that the WIG at Plum Brook ié not lethal to a significant number
of birds, even on nights of high migration traffic rates combined with
favoring winds for migration, a low cloud ceiling, and fog. Migrating
birds coming near the WIG at night were seen to take evasive action to
~avoid the,blades...oghers flew on a straight line between the rotéting.
blades without incident. . , 1 .

In our opinion, if future WIG designs have blade tips reaching
above 500 ft (150 m) (minimum altitude of most nocturnal migration) or
WIG's are sited in locations where birds fly closer to the ground, bird

collisions could be a greater risk on inclement nights.
Airborne insects and other small invertebrates would be exposed

to wind turbines in the future. Three species--ladybird beetles, blow
flies, and honey bees--were released to observe their behavior when con-
fronted with the WIG., Simulating a worst case exposure for a wind tur-
bine site, the release was at about 80 ft (24.4 m) height approximately
60 ft (18 m) upwind of the plane of rotation of the WIG. Still and
motion picture films of the releases, studied for behavior/movement pat-
terns, showed no evidence of a buildup of these species in the downwind
wake of the WIG and little evidence of injuries in passage through the
blades. Both the honey bees and blow flies dispersed widely downwind
with little apparent effect from the WIG. Ladybird beetles proved to

be poor exﬁerimental organisms. Because of their heavy body weight,

they simply fell to or near the ground before taking flight.

Xiii
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The DOE/NASA 100 kW WTIG produces mechanically and electromechi-
cally induced sound from equipment located in the alternator nacelle and
aerodynamically induced noise resulting from interaction of the tower and
the turbine blades moving through the air. NASA-Lewis has studied the
audible sound levels and determined that they are low level and do not con-
stitute a harm to man. Infrasound (energy levels below lower limit of
human hearing) wes briefly studied in this research program. As the WIG
had operated only 2 hours at loaded design conditions no sound level
measurements were made of "normal operating conditions'". Data obtained
under unloaded 20 rpm conditions show infrasound levels lower than those
believed to cause annoyance or physiological effects in humans. However,
there is a noticeable thumping sensation in the immediate vicinity result-
ing from the interaction of the infrasonic waves with the tower components
as each-blade tip passes by the tower in its lowest arc.

In summation, an operating wind tufbine exerts some measurable
effect on the biophysical environment of the immediate vicinity. These
effects, however do not appear to consitute significant impacts. These
'7stud1es have shown no indication that agricultural row crops or orchardsih
would not be fully compatible land uses near a large WIG. In ourvopinion»d
attention to potential interactions with migratory birds and insects dur-

ing site selection can minimize problems at future WTG sites.
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I. INTRODUCTION

RELATIONSHIP TO DOE WIND ENERGY PROGRAM

This research program seeks to answer some of the remaining
questions concerning the environmental issues related to the future use

of wind power in the United States. The study was funded by the U.S.

‘Department of Energy (DOE) through its Wind Power Branch in the Division

of Solar Energy. One main program element of the Federal Wind Energy

- Program is Program Development and Technology including the subelement

Legal/Social/Environmental Issues. This program represents the environ-
mental issues area of that program subelement.

In a previous research program, conducted for the National
Science Foundation (NSF) prior to and during the transfer to the Federal
Wind Energy Program responsibility from NSF to DOE, Battelle-Columbus
completed a comprehensive literature study of the potential environmental
impacts of wind energy generation. The results of that study included
the design of the study described in this report. The final report of
that .initial research effort has been published and is available through
the National Technical Information Service (NTIS), Springfield, Virginia
(Rogers et al., 1976). A brief review of the major findings of that study
will be repeated here inasmuch as that study did form the base of informa-
tion or foundation for this effort. Throughout later chapters of this
report an effort is made to integrate the conclusions and recommendations

of the earlier literature study with the field research program described

here.

PREVIOUS STUDY RESULTS

The DOE/NASA 100 kW Experimental Wind Turbine at NASA Lewis
Research Center's Plum Brook Station near Sandusky, Ohio has served as
the focus or model for both of these studies. The conventional wind
turbine generator (WIG) as devined in this study is a large two-bladed,

horizontal-axis rotor mounted on a tower.

I
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An aerodynamic flow analysis of the 100 kW WIG was completed in
the earlier study to theoretically define the operational zone of influence
of the WIG unit in the wind stream (Figure 1.1). Calculations indicated a
maximum wake expansion downwind of the rotor to be 7.5 feet (2.3 m) over
the initial 125 feet (38.1 m) disk~diameter distance downwind. Since the
hub of this rotor is located 100 feet (30.5 m) above the ground, little or
no direct aerodynamic effect of the rotor was anticipated at ground level.
Within the wake immediately downwind of the rotor a decrease in wind speed
(due to power extracted by the system) of 6 mph (2.7 m/s) was anticipated
at the 18-mph (8 m/s) design speed of the system. Coupled with this was an
anticipated 0.03 F (0.05 C) decrease in total temperature and a pressure
drop of 0.07 in (0.18 cm) HZO across the disk. It was estimated for the
purposes of design of the study which this report covers that these envi-
ronmental effects would extend from immediately beyond the blades to a
point approximately 3-rotor diameter equivalent distances (114 m) down-
wind at which point atmospheric turbulence would begin to dissipate the
wake. Neither this estimated effect limit, nor any other estimate, has
yet been confirmed by field observat;opf“ﬁﬁpgggs et al., 1976).

An extensive literature review of pofenfial environmental
effects of wind energy conversion turned up little information as had
been expected. During these searches in the earlier study, however, much
information was located concerning the effects of winds on natural environ-
ments and of the human-induced alterations of winds, e.g., wind breaks,
buildings, towers. More than 600 key-worded references are reported in
the final report of that study (Rogers et al., 1976).

Drawing upon the literature identified, the potential for en-
vironmenfal effects from wind energy conversion systems was assessed.
First, the size and extent of the microclimate effect of the WIG and,
second, the effect this microclimate alteration would have on adjacent
plants and animals, including natural and agricultural species, were re-

This can be summed up as the effect of the WIG and its compati-
Third, the poten=-

viewed.
bility with natural biological processes on the land.
tial for collision of the rotating blades with airborne organisms required

review.
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FIGURE 1l.1.

ZONE OF INFLUENCE OF DOE/NASA 100 kW
EXPERIMENTAL WIND TURBINE AT NASA LEWIS
RESEARCH CENTER'S PLUM BROOK STATION
NEAR SANDUSKY, OHIO
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Literature concerning changes in E}croclimate and resulting
potential biological effects were reviewed in the earlier study to deter-
mine the extent and degree of the effect and to determine if there were
any unique qualities to the rotating blades. Wind turbines, electric
transmission towers, and fire towers appear to represent a similar pattern
of permeability to the winds. By obstructing the wind these struc-
tures reduce air speed, moderate temperature and evaporation downwind
to a minor degree, and cast a sun shadow under applicable sun angles
and meteorological conditions. These microclimatic changes are measur-
able, though ordinarily the change is insignificant. Structures with
little wind permeability have considerably more effect on their overall
environment. Included in this group are the wind barriers of agricul-
ture where tall crops or trees are planted to shelter d&wnwind areas,
These shelters serve to increase available moisture and to moderate

environmental extremes, particularly wind speed. Altered conditions

 behind these dense windbreaks may lead to increased or decreased

_occurrence of frost and substantially altered p;bduétivity.

This review suggested that the degree of altered microclimate
around a wind turbine tower would depend upon the permeability of the tower

and the efficiency of power conversion of the airfoil. As there was no

" operational experience with large wind turbine systems with regard to their

microclimate influence, a research program designed to provide these data

represents a major component of the subject study.
As a result of the literature review it did not appear that low

ground profile activities and land uses were incompatible with large WIG.
From the blological and microclimate standpoint there did not appear to
be any reason why an organism living in an environment chosen as a site
for a wind turbine would not be able to continue to occupy that area,
even though its environment would be slightly altered by the WIG. This
would include agricultural row crops, orchards, grgin or hay crops, and
pasturage for domestic animals. The operational effects studies pre-
sented in this report were designed to confirm this hypothesis.

In recent years with the proliferation of tall isolated struc-
tures, sizeable bird mortalities caused by disorientation and/or colli-

sion have occurred in the United States. These large kills normally occur




on nights with favoring winds (for migration) and partial to complete

overcast, particularly when there is foggy or misty weather combined w.th -

peak flights of nocturnal'migtants. Examples of bird kills at tall
towers over extended perilods of daily searching have been reported for a
308-meter television tower in Florida (average of 2,700 annually over 11
years) and for a 366-meter navigation tower in North Dakota (total kill
per season variled from 760 to 1417 for 6 migration seasons).

The number of birds and/or insects which will collide with the
rotating blades of a wind turbine is dependent on four factors:
(1) design solidity of the rotor, (2) the airfoill design, (3) the number
of orgenisms flying through the disk area, and (4) the behavior of the
organisms in this zone. Through particle analysis within the two-
dimensional flow field of the airfoil of the 100 kW WIG, it was estimated
that a bird, taking no evasive action and passing through the air stream
intersected by the blades rotating at design speed would have a 13 percent
probability of being struck at a bird speed of 8 m/s. Because of the com~

paratlvely smaller size of insects their probability of being sSwept over

| the blades in ‘the airstream and missing the blades increases and thus

colllsion potential decreases. The number of insects striking the blades
of the 100 kW WIG was expected to be less than 10 percent of those passing
horizontally through the rotor-swept airspace (Rogers et al., 1976).

This number of airborne organisms exposed to the rotating blades
is a function of location of the wind turbine and its height above the
ground surface. Most songbirds migrate at night at altitudes about 500
feet (150 m), however, wind turbine designs seriously considered to date
extend only as high as 350 feet (106.7 m) in height. Thus potential for
major bird kill incidents appears to be possible only where wind turbines
are sited on isolated hills or coastlines where birds are migrating at
low altitudes with respect to the ground surface. Studies reported here
were designed to evaluate the number and behavior of birds actually ex-

posed to the 100 kW WIG at Sandusky, Ohio.
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REéEARCH PROGRAM CONSTRAINTS

The evidence accumulated through the literature study indicated
that a large wind turbine generator generally would represent only minimal

influence on the environment into which it was sited and operated. Studies

R R e o T Tt Do rom e e

were designed to provide real time measurements, with an operating wind
turbine, of (1) ground level microclimatic alterations and (2) possible col~
lisions of migratory organisms, particularly birds, with the rotating blades.
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Throughout the remaining chapters of this report an effort has been made to

place any measured effect within the appropriate context of the highly vari-

A AV

able natural environment in which WTG's operate.

The DOE/NAéA 100 kW WTIG at Sandusky, Ohio, the first large wind
turbine built in the U.S. in over 30 years, contained many experimental
elements. As would be expected in such a case, this lead to some rather
lengthy operational delays interspersed with periods of modified operation
during the first two years of operation. To provide a timely input to the

_Federal Wind Energy Program it was decided.to.continue this.research.effort .
’és féééible.* As a fesult, virtually all of the field experiments were
conducted with the 100 kW WTG operating in a 20 rpm/no load configuration.
The result of these constraints is significant in relation to the resolu-
tion of detail one would wish to have come from this magnitude of study. ;
However, we believe that more favorable conditions would not have altered :

the main conclusions of the study significantly.

*For those readers aware of the initial proposed design of this study
which included a phenology task, this effort could not be completed
due to a grass fire which destroyed the test plots. The micrometeor—
ological task of direct measurement was substituted. That effort was
conducted within the remaining funds allocated to the earlier work.




II. MICROCLIMATE

INTRODUCTION

In the previous report (Rogers et al., 1976), an aerodynamic
flow analysis of the 100 kW WIG defined the operational zone of influence
that the turbine would have on the wind stream. These results are re-

viewed in Chapter 1. It was shown that there would be little or no direct

effect of the rotor on wind movement on the ground. However, the question

of an indirect effect resulting from the elevated cylindrical zone of
influence downwind of the turbine still remained. One aspect of this
question is what effect the turbulence within the zone of influence might

have on precipitation falling through the cylinder. Would the precipi=-
tation amounts be either reduced or increased in the wake of the rotor?

In the temperate latitudes where wind directions are spread out relatively

uniformly around the 16 points of the compass, any enhancement or decrease-

. in.rainfall amounts would have only a small effect. ' However, if a 'WIG

. were established in subtropical regions where wind directions are more
constant or in a mountain pass, canyon, or valley where the wind is forced
to blow in either of two directions, the effect of a change in rainfall
pattern would be concentrated on the soil and vegetation directly downwind
of the turbine. Of course, the precipitation would still fall in the area,
but would there be enough deviation from the normal pattern to cause a nar-
row strip of more moist or more dry soil than the surrounding conditions.

fhe question of secondary effects to other microclimate param-

eters resulting from the approximately one-third reduction of wind speed
beyond the turbine at design configuration also required verification at

an operating wind turbine. In the earlier study (Rogers et al., 1976),

it was shown that the effect of windbreaks or towers on the wind is a
reduction in wind speed and the production of turbulence, both of which
cause changes in tho microclimate downwind of the obstruction. Changes

have been reported in humidity, evaporation, vapor pressure, temperature,

and radiation balance. Altered plant growth patterns result. This is
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dramatically demonstrated by the use of windbreaks to increase agricul-
tural productivity and to reduce soil erosion by deflation in many windy
regions of the world, notably the Great Plains of the United States.

MICROCLIMATOLOGICAL METHODS
SexburtinbibGltaAL METHODS

' The micrometeorological field program was designed to determine
if there 1s a measurable difference between the downstream wake and com-
parable areas outside of the zone of influence of the operating 100 kW WTG.
Height above the ground of all parameters measured (when applicable) as
well as horizontal measurements (downwind persistence) were made. Due to
the difficulty and expense of monitoring the top half of the zone of in-
fluence (above 100 ft or 30.5 m) this study was limited to the lower portion
of the zone of influence (hub height to the ground, concentrating below
47 ft or 14.2 m). This is the portion of the zone of influence which 1if
significantly altered would affect the surface biota or result in other

observable differences in :he surface environment.

_ The fqllowing micrometeorological parameters were studied in ap - o &

k éﬁtempt to measure environmental differences,induced.by operation of the

100 kW WIG.
® Horizontal variation in incident precipitation,

® Horizontal and vertical variation in air and
surface temperatures,
® Horizontal and vertical variation in wind velocity,
e Horizontal variation in incident solar radiation, and
® Horizontal and vertical variation in atmospheric
carbon dioxide levels as it represents biological

activity (respiration).

Precipitation Studies

As noted earlier, the precipitation investigation during the
earlier contract of this research program studied variations in snowfall
and rainfall patterns in the vicinity of the WIG tower when the rotor was
not operating. During this concluding portion of the investigation, the
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objective was to measure variations in precipitation when the rotor was
turning during periods of rain. Since this portion of the investigation
would be conducted during individual rainfalls, a better coverage of the
area around the Plum Brook WIG was needed than had been the case for

longer-term measurements. The raingage network was expanded to include

. 35 wedge-shaped farm-type plastic gagee placed in all directions around

the WIG (see Figure 2.1). Previously, the raingages had been primarily
in a southwest-northeast alignment along the direction of the prevail-
ing wind (and also the areas where there was the greatest expanse of open
fields). Based on the earlier precipitation measurements, it was anti-
cipated that any variations in pattern would be most pronounced close to
the turbine, so most of the additional gages were placed within a

circle of two blade diameters from the WIG tower. If the turning rotors
were to have a major effect, it was expected that the rainfall pattern
would be readily apparent within the zone of influence downwind of the
tower as compared to the rainfall over the remainder of the network out= .
side the zone of influence.

Many of the previous studies took place in winter and measured
both snow and rain, The warm temperatures of the summer pfcgram allowed
the use of the less-expensive farm-type gages. These gages were mounted
on wood frames attached to metal fence posts which could be more easily
erected than the "Clearvu" gages which required treated wood posts. While
the freeze-resistant '"Clearvu' gages were retained in the network during
this second portion of the program, their measurements were used only as
reference points. The study was directed at determining the variations
among rainfalls in identical gages-~the farm-type. Reading of the rainfill
gages was done by Battelle project team members from Columbus, Ohio, who
traveled to Plum Brook in anticipation of a rain or subsequent to a rain.
On occassion, the readings were not made until a day after the rain
occurred. An estimate of the amount of water evaporated from the open
farm-type gages could be made by comparing their measurements with those
made of the covered "Clearvu' gages. In analysis of the data, it was
assumed that evaporation from all the farm~type gages was approximately
equal,

Although conducting the rotor-operation portion of the precipi-

tation study during the warmer months had many advantages, the summer
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time also had one notable disadvantage., Considerably more foreign mater-
ial appeared in the.raingages during this period than in any other time

of the year. Bird droppings and bumble bees were the most frequent mater-
ial found in the gages. Bird rings constructed out of coat hangers were
placed on all the fence posts supporting the gages, but they did not deter
the birds significantly. Fortunately most of the foreign material deposits
occurred in gages which were about five rotor dismeters from the turbine.
These were in the high grass where the birds nested. Close to the turbine
the grass was cut and there was also frequent human activity. Thus, rain-
fall amounts close to the turbine where the most significant changes were
expected could be analyzed without concern for foreign material. The form
on which rainfall amounts were recorded included room for entries cover-
ing estimates of foreign material. When the entries indicated foreign

material equalling 0.02 cm (0.5 inches) or more, the measurement was not in-

cluded in the statistical summary.

Other Micrometeorological Parameters

The remaining parameters (air and surface temperatures, wind .
velocity, incident solar radiation, and atmospheric carbon dioxide) were
studied together as a group by doing seasonal measurements on a single
selected "typical' day for each season of the year except winter. As

called for in the scope of work, individual measurements were made at

each distance, each height, and each season.

- Sampling Configuration

Microclimatic measurements of air temperature, wind speed, CO2

concentration, and incident radiation were made during the fall, spring,

and summer downwind of the operating wind turbine. Due to operatihg con-

straints on the wind turbine, fall and spring measurements were made with

the machine operating at 20 rpm (one-half design speed). Wind conditions

at the time of the summer sampling were such that 40 rpm could not be con-

stantly maintained, so the turbine was operated at speeds of 30-40 rpm.
Tests were made with the blades in a loaded condition (producing power)
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in the fall and spring, théreby creating the maximum perturbation in the
wake environment. However, the summer winds together with operational
limitations of the WIG precluded power production in the summer, although
the blades were rotating at or near 40 rpm.

Microclimatic parameters which were measured include horizontal
and vertical measurements of temperature and atmospheric carbon dioxide
concentrations. Horizontal measurements only were made of solar insola-
tion striking the surface of the ground. Wind velocity was measured
vertically and horizontally in the spring and summer, but in the fall due
to the failure of the anemometer measures of wind speed were available
only from the anemometer at the nacelle of the WIG. However, radic com-
munication.with the wind turbine control room allowed selected recording
of wind veiocity at that location during the fall sampling period. How-
ever, these wind speed results are not readily comparable to spring and
summer data taken at similar sites. Measurements were made at the follow-
ing heights for all applicable parameters: ground level (0 m), within
the vegetation canopy (1 ft or 0.3 m), and above the canopy at 3, 6, 12,

- - © 28, and 47 feet (0.8, 1.8, 3.5, 8.6, and 14.2 meters; respectively).
The blade tip of the 100 kW WIG sweeps within 37.4 feet (11.4 m) of the
ground. Higher vertical measurements were made with the use of the
bucket-truck (Hy-Ranger) to minimize disturbance to the free flowing -air
stream.

Instrumentation for these efforts include:

° Yellow Springs Instrument, Inc. (YSI) Multichannel

Analyzer with surface and air temperature thermistor
probes and leads, as appropriate

o YSI Model 68 Direct Reading Pyranometer (incident

solar radiation)

e Thermonetics Corps., Inc. HWA-1 Hotwire Anemometer

(wind speed)
e Mine Safety Appliance Company (MSA) Model 202 LIRA
Solid State Infrared Analyzer (C02>
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Ambient Conditions

The fall sampling of the microclimate was made on November 3,

1976. This was a '"typical" partly cloudy to mostly sunny fall day in
which the temperature rose from 45 F (7 C) at 10:00 when sampling began
to 42 F (11 C) at 14:30 when activities were completed for the day.
Wind speed varied from 6-16 mph (2.8-7 m/s). Wind direction was from the
southwest. The samples were taken at selected distances from the opera-
ting wind turbine equal to 1, 2, 3, 5, 7, 8, and 10 rotor-diameter-equi-
valent distances downwind or approximately 125, 250, 375, 625, 875, 1000;
and 1250 feet (38, 76, 114, 190, 267, 305, and 381 m) respectively. The |
190 m distance was sampled twice.

Spring measurements were taken on May 13, 1977 at 1, 1.5, 2,
2.5, 3, 4, 5, 7, and 10 rotor diameter distances downwind or approximately
125, 188, 250, 313, 375, 500, 625, 875, and 1250 feet (38, 57, 76, 95, 114,
152, 190, 267, and 381 m) respectively. Three control sites near the tur-
bine but away from any possible wind shadow effects caused by turbine, .
_tfée»of structures were also sampled. The weather was typical of a warm
spring day, being sunny with a light wind from the southwest. Wind speed
varied from 6 to 16 mph (2.8-7 m/s) and the temperature range from 72-86 F
(22-30 C). Additionally, incident solar radiation readings were taken
around the tower to evaluate the light shadow effects.

Summer samples were taken on July 27 and 28, 1977 at 1, 3, 5,
and 10 rotor diameters or apﬁroximately 125, 375, 625 and 1250 feet (38,
114, 190, and 381 m) respectively. Two control sites away from any tur-
bine effects were also sampled. Sampling was initiated on July 27 but was
discontinued due to insufficient winds to operate the turbine; sampling
was continued the following morning (July 28). Diameters 1 and 3 were
sampled the first day; diameters 5 and 10, a repeat of 3, and two controls
were sampled the second day. The weather was clear on the 27th but

became overcast on the 28th. The wind speeds varied from 4-10 mph
(1.7-4.5 m/s) generally from the southwest on both days. Ambient tempera-
atures measured at the meteorological tower near the wind turbine were
79-84 F (26-29 C). More distances would have been sampled had time and

weather allowed. This number was, however, the minimum necessary to allow

a balanced statistical design.
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Statistical Analysis

turbine,.

Three-Way ANOVA's for Seasonal, Distance, and Elevation Effects.

Three-way analyses of variance (ANOVA's) were performed on C0,, tempera-
ture, and wind speed data to test for significant differences caused by
the effects of sampling season, distance from the wind turbine, or
elevation from the ground. In order to make each three-way ANOVA a
balanced design, data were selected and used only for those distances
which were sampled in all three sampling seasons. This resulted in four
distances (1, 3, 5, and 10 diameters from the wind turbine) for which
data were available for use in this statistical design. Therefore, the
three-way ANOVA performed significance tests for differences among the
various groups or ¢ategories within each three main factors; sampling
season“ﬁa& thrée cétegories (fall, spring, and summer), distance had
four categories, and elevation had Seven categories. (In the ANQVA per-
formed on wind speed, sampling season only had two categories in the
design--spring and summer--since no wind speed observations were taken in
the fall.) The analysis also tested for significant differences due to

two-way interactions among the main factors.

One-way ANOVA's for Individual Location Effects. 1In order to

utilize_data from all sampling stations, one-way analyses of variance
were performed on CO2, temperature, and wind speed data for each season's
data separately. Thisg analysis treated each sampling location as an
individual group, and data from all seven elevations were pooled together
to compute a mean for that location. The location means were then

ranked with a multiple comparison procedure called a Duncan's Mean
Separation Test. This allowed a determination to be made as to which

specific individual means were significantly higher than which others.
For example, control stations could be individually compared so that if
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one control turned out to be significantly different from another control,
this would indicate the extent of variability inherent in the natural
environment, Algo, this analysis would allow the detractfon of trends in
the data relating to the time that the individual locations were sampled
or the order in which they were sampled during the day.

One-way ANOVA's for Overall Distance Effects. One-way analyses
of variance followed by Duncan's Multiple Range Tests were also performed
on microclimate data by grouping the sampling stations into three major
categories based on distance from the wind turbine: (1) 1-5 diameters,

(2) 7-10 diameters, and (3) the controls. Again, these analyses were
performed for each season's data separately. The multiple range test
ranked the three group means so that overall differences due to the effects
of distance could be detected. In this way it could determine whether

the stations from the 7-10 diameter distances were similar to the con-

trols or whether they were intermediate in their microclimate characteristics

between the controls and the stations close to the wind turbine.

[

Analyses on Changes of Elevation Effects as Related torbistance:

Tests for Wake Effects. Analyses were performed on all season's data

together to determine the existence of a trend in the effects of elevation
which showed some relationship to distance from the wind turbine. The
data from the 14.2 and 8.6 meter heights were selected from each sampling
location and the difference between them was computed for each micro-
climate parameter (the value from the 14.2 m elevation minus the value
from'the 8.6 m elevation). Any observable distance-related trend in

these differences would indicate the extent of the wake emanating from

the wind turbine. '

As a preliminary step after all the differences were computed,
fhese resulting values were plotted on graphs as a function of distance
so that any visually observable trends could be noted. Then the differences
were used as data input to one-way analyses of variance which tested for
gsignificant differences due to overall distance effects. As in the one-way
ANOVA's previously described, the sampling stations were grouped into three

major cateogries based on distance: 91) 1-5 diameters, (2) 7-10 diameters,

and (3) the controls.
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'RESULTS AND DISCUSSION

Precipitation Studieg o

In earlier studies reported in Rogers et al. (1976) two raingage
networks were set up in the vicinity of the 100 kW WIG to determine the
precipitation pattern in the area within 10 rotor diameters of the WIG site.
During the period of this earlier study (September, 1975 to May, 1976), the
100 kW WTIG was operated for only a small percentage of the time and probably
never during times of snow or fain., It was concluded from that study that
the WIG tower (and the stationary blade assembly) caused a reduction in the
amount of precipitation falling within one blade diameter of the tower. The
effect was noted in both gingle rainfall measurements and in monthly averages
during thé winter of 1975-1976. Observations indicated that the precipita-
ticn reduction was most apparent on the downwind side of the structure.

‘The tower acted as a shield Preventing some of the wind-borne raindrops
from passing or directing them around the structure. | -

' Precipitation measurements were made the following winter between
October, 1976, and January, 1977, again during a period when the WIG was
generally not operating. During this period, the largest amount of precip-
itation was observed to fall at the raingage closest (19.1 m) to the turbine
(Table 2.1). It was concluded that the tower might be responsible for the
variations in precipitation pattern both years even though the trends were
directly opposite. The explanation would be that there were variations in
wind direction and wind speed between the 2 years which led to the precipi-
tation differences. Certainly, there was a difference in average temperatures
between the two winters. Conditions were relatively mild in 1975-1976 while
the winter of 1976-1977 was the coldest on record in Ohio.

Experiments to investigate the effect of the rotating blades were
planned for the spring and summer of 1977. The experimental design was altered
to increase numbers of raingages at relatively close distances to the tower,
as described in the preceeding methods section. '

Between June 6 and August 9, 1977, there were 16 days of measurable

‘rain at Plum Brook. The turbine was operated during two of these rains.
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- Frequently the winds during the rain were too light to operate\the rotor, A

" geveral of ‘the raina occurred when modifications were being made on the
~ turbine, and on one day with tornado activity in the general area, the wind

speeds were too strong to allow operating of the wind turbine.

Data for the two rainfall daya during wbich the turbine was operating
are shown in Table 2. 2, Initial analysis was directed toward determining
whether a pattern of rainfall variation_oceurred over the network. Specifically
examination was made for a“difference between rainfall amounts downwind of
the turbine and rainfall amounts over the remainder of the network. As
presented on Figures 2.2 and 2. 3, the isohyetal (lines of uniform rainfall
amount) pattern for these two rainfalls did not show any distinct anomalies
downwind of the turbine. There is a slight rainfall minimum adjacent to- the
downwind side of the turbine (within one-half rotor diameter) with higher
amounts further out (at about one rotor diameter). However, Figure 2.4.
for July 24-25 when the rotor was not operating also has a rainfall minimum
at one-half rotor diameter downwind (on the ESE side)’of the turbine.

In order to study the rainfall patterns more closely, the raingages

were divided into groups depending upon their distance from the turbine and

rainfall averages over these groups were examined for both the operating and
non-operating cases. Since wind direction measurements from Plum Brook were
not available for some of the non-operating cases, comparisons of the rainfall
amounts were made with regard to operation or non-operation and close-in gages
versus gages further away. Three groups of raingages were finally used to

study the pattern variations (Figure 2.5): o
e A--four gages within 3/4 rotor diameter of the turbine. (28 m)

e B--eight gages between 3/4 and 1-1/2 rotor diameters of the
turbine (28 and 57 m, respectively)
e C--24 gages spread out over the remainder of the network.
Examination of the differences between the 24 raingages within
three rotor diameters of the turbine and seven raingages at five rotor
diameters away (as a control group) ahowed little differences and directed
attention to the patterns very close to the turbine. Thus, the three groups

were selected: Even among these, the differences were small.

-
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RAINFALL (IN CM) OVER THE MICROMETEOROLOGICAL NETWORK
BETWEEN 1700 and 1945 HOURS ON JULY 18, 1977 WHILE 100 kW
TURBINE WAS OPERATING, WIND DIRECTION: 300 TQ 336°,

WIND SPEED: 6.7 to 13.5 m/s.
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FIGURE 2.3. RAINFALL (IN CM) OVER THE MICROMETEOROLOGICAL NETWORK

BETWEEN 1755 AND 1905 HOURS ON JULY 21, 1977 WHILE 100 kW

: ' TURBINE WAS OPERATING., WIND DIRECTION: NNW TO NE.
WIND SPEED: 1.8 TO 3.4 M/S
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BETWEEN 2200 and 2400 HOURS ON JULY 24, 1977 WHILE 100 kw-
TURBINE WAS NOT OPERATING, WIND DIRECTION: W TO NW,.

WIND SPEED: 11.2 TO 13.5 M/S -
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Rainfall statistics for the entire network of 36 farm-type gages
end for the three groups are presented in Table 2.3. Data for the rain on
July 20 (Rainfall #15) were not»iccluded because rainfall amounts were lees
than .05 cm (.02 inch) on this date and this amount is almost the minimum
measurable rainfall. '

. Three statistical tests were used to compare the three combina-
tions of areas: (1) A with B, (2) B with C, and (3) A with C. 1In each
case the statistical test used was a paired T-test (Steel and Torrie, 1969).
For each palr of areas, the mean rainfall from the first area was matched
with the mean rainfall from the second area occurring on the same day, and
the differences between the means (first means minus second mean) were
compared for all days when the WIG was not operating. There were 13 such:
days, so each T-test used 13 differences to test whether the average
difference was significantly less than zero.

The mean difference in rainfall for A-B was -0.070, which was
significantly nonzero at the 99 percent significance level. The mean’
difference for B-C was -0.032, which was significant at the 95 percent
‘level. The mean difference for A-C was -0 102 which was significant at
the 99’percent level.

One consistent statistic was that when the turbine was not operat~
ing, the rainfall amounts within 3/4 rotor diameter of the turbine (Group A)
were less than the amounts slightly further away (Group B). Generally,
the deficit between the close-in portion of the network (Group A) and the
furthest-out portion (Group C) was greater than the A to B difference.
Between Groups A and B, the difference ranged from a 2 to an 18 percent
deficit. The amount of this deficit was greatest for small rainfall amounts
[(less than 0.5 cm (0.2 inch)] but leveled out at about 4 percent when
rainfall amounts reached 2.5 cm (1.0 inch) as shown in Figure 2.6. It is
reasonable to assume that this deficit is the result of the shilelding effect
of the turbine tower. The changes in airflow do not cause a uniform de-
crease on all sides of the tower, but on the average, about 5 percent less
rainfall can be expected within a circle of 30 m radius centered at the
tower than in the area further removed. This same effect should be true of

any similar tower, such as high-tension line towers.
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turbine for any wind direction except southeast. Thus, wind direction as a
cause for the elimination of the rainfall deficit does not appear reasonable.
A complete investigation of this possibility would require additional measure-
ments with continuous wind records for both non-operating and operating
conditions.

In assessing the iﬁpact of the WIG on rainfall, it should be noted
that during many of the rainfalls, there were individual gages out in the open
field and far from the turbine which measured rainfall amounts significantly
less or greater than nearby gages. The rainfall differences were frequently
greater than the rainfall deficits observed in the Group A gages. This would
indicate that there are rainfall anomalies beneath any thuﬁderstorm or front.

Of course, these are random. The deficits near the tower are consistent.

Other Biophysical Parameters

The key justification for the study of the microclimate in the
vicinity of an operating wind turbine is to provide experimental evidence
of the degree of change which the turbine and tower produce to the micro- -
meteorology within the wake downstream of the turbine. This concern is
of particular interest to farmers, who in the not too distant future may
have large WIG sited in their agricultural fields.

Thrbugh measurements of selected biophysical environmental
parameters in the wake of the 100 kW wind turbine this research task
sought to define the downwind effect of the wake of the operating WIG
and to demonstrate the natural variability in that environment. Precipi-
tation was a key integrating parameter which could be measured. This
study is described above. Other parameters included in this discussion
are incident solar radiation, temperature, wind speed, and atmospheric
carbon dioxide concentration. The CO2 parameter was measured because it
provides an index of the biological activity in the immediate area.

The data from the three seasons of microclimatological sampling
are presented in Appendix B. The following graphs and statistical inter-
pretations are self contained, however, and the data is presented only

for those who may wish to study the results in depth. Figures 2.7
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'-_through 2 9 graphically display the results of this research. “They will
be referred to from time to time in the discussions of the individaul

parameters which follow. ' .". o , f R

Incident Solar Radiation

-~

Incident solar radiation was measured at each station semple&.“
in each season. This data was not acquired to directly study the
potential effect of the wind turbine wake but rather to back up the
detailed analysis in the eﬁent that a significant difference:ln other
more sensitive parameters was found. Because of the sampling design’ﬁhere
several minutes or.hours eould elapse between sample distances it was
necessary to have information on the variation in light level between any

two sample locations. These data are presented in Figures 2.7 through 2.9.

On one occasion in the late spring of 1977, measurements of
incident radiation, in langleys per minute (ly/min), were made in and
around the shadow of the tower and stationary blades cf the 100 kW WIG
(Table 2.4). The‘embient{ unobstructed radiation was 0.97 ly/min. .In
the deep shadows cast by the main tower legs and the nacelle, solar
radiation levels were 0.21 and 0.25 ly/min. Other parts of the tower
‘structure and blades cast shadows of intermediate intensity.

Specific interpretation of these figures is not offered at
this time but rather they are presented to record these levels for later
comparison with measurements for other similar structures. It is
unlikely that the reduced solar energy received by the vegetation at the
base of the tower contributes significantly to altered productivity in
a climate such as that of Sandusky, Ohio where intermittant cloudiness is
normal. In climates with very minimal cloud cover (particularly deserts)
the effect of the shade of the tower may be a drawing of small animal

populations into the vicinity to take advantage of the shelter. This
hypothesis could not be tested at NASA-Plum Brook. The significance of
the effect would be site dependent and 1s not expected to be a negative
or positive effect of any significance, but rather a phenomenon of the
available shade.

=

T

!

T
w i
)

2]

BRI e e e

i

e
3

ot gt
8 et e T e T
; z,: it




9L6T ‘VIVQ TVOIOOTONOZLAWONOIN TIVA VL'Z FUNOId

e
PN

) o) veleng §1) 2uBieng
T oon n o ] . v 2 e Y zZn ot . s v 'z °
7 [ -T2 w10
. osc 1 4 osc attz
" sst » . ssc \11 v
ost ? 06¢ ’
Y e ® nhu_ ] ) seci— ° .\ N )
X '_ . . \ .". o snmmsdwe) wdd Too _/... simrisdwey
oor }— 4 ooy ] —
- N / 3 \\\u ] \l "Teot
 soy // \\l zL soy t—B » 113
” e " " oLy 1 1)
" Tog W : sesesit asq Zoo M e asq
amsdwey @ ti:oL oung smusdun) @ or:0b oung
o9'0  (una/Al) vonemoswy TL'O  {upu/Ay vonerony
v (9/u (egeoeu) pup €8 (9/w) (opecwu) pupp
o8l W) soumng " {w) sounmg
o weBront fus) 1Brey :
L (! s e v z ° o o1 . ] ’ z °
T [ ] e °
v . oet z ost z
; " see » suc ’
T oge s ose ’
L . i ssE
wed 2oy 6L |— —r o-a Bl 3 wdd Zgn Ld [ ™ o BRTTe 3
* ° smeisdwey [ < mesdwey
0 o [ i, oo \AlH-. e | .n.“/_. ot
o i [ _ o
S oorl-d » Ne——eg-\tz: . L E— kZ 1
- ol v oLy v
. LR I
vt b teoW sL/esin ssq Too W sL/esiL nsq
v e L emmetuwey @ T 9904 osuny smsdwey @ {8138 suny
o L. R . . 29°0  {wpu/ A vopeyosuy €80 (unu/A) uonerony
1’9 (8/w) (sgeoeu) pupy €8 {s/w) (sgeoeu) pupp
[ 72 {w) sounng 14 © soummq




. R S P S Y
ey ena e B R AT, TR IRy AR e
e L T B e A, ?..,.,.F.:...u_v...?..s.../.?kwt&z 5 Nn..nwb.w ML Sl .
B .

9L6T ‘Viva TVOID0TOR0ALIHONOIN TTva ;-7 q¥NO14

wg vgBrony 6] 1lreyg

. . e ° ft zt ot s ] ’ T °
; et T o s ’ z ° sze o
osc - z ost z
: sst » 4 y
- Lovie oe * osct- l/ .
A 1 r o . L
- - 2 : 6 —n nents -]
e Ty 8t - - " _/ s Smesduey 3 wdd oy n // ON | Snjeseduey
Lo T ——— 1 =ege-oL " 0oy La™Nd ot
200 - K] S0y L1}
oLy . e oLy L1
) YT ang M %oo " E-nu\.."" =sg
Smomedue : el : suxy ! Smasduwe) : ; Suay
1 @ £8°0 - {wi/Af vopmoswy : 0 (/A voneroeny
‘ T8 (s/us) fomeowu) pugy : I : P8 {o/w) (opsowu) puyy
T see - {w) soummg 20¢ {w) soummg

Hoe
° “V }ro-. - : wdd Zog 6 . . _

-
/‘\Cﬂ -1 o0y p———T

I
/
.—
, T —m—egHoL
zL . soy IJI+I_ L 2t
oty . " ‘ oy i— —n 4

a v
~foo m B Y7, 7YY a1ng 1 ‘oo W

g s : ° : _o
o - z A ose z
oad L = - - ) -
oL . ssel o ~—n SN 14 s8¢ o — »
IR R ™) - —n—py . . osc : -
E . sov

3
niesduwey

/ey, fsqg

Srmsedue; @ Liel. ouny ) Smeisdue; @ Tyt . oy

‘ o : . L0 {twa/Ag vopeposy 5 0L0  {upu/A) uoperoouy

’ ”e (o/w) {onmonu) Uy : : 6's s w) {sneoeu) Pum
LT - {w) soumeg

[+ 1 T (w) sounng




S 5 B RLAE ¢ XUIET TSR RN KT
. " . Ay T SR R AT SO AT L T Ty MR IR o SR ITT R B S ior dal el At 2t g RGN
Al L il by SR SN (e S e\ T TN R e e ¥ A o b

Y

LL6T “VIVA TYDIDOTONOILTHOUDIN ONI¥dS "v8'Z HUNOIJ

i

[CLRT Y]

”"° 1 4 z o 1 1) zL oL s ] 4 4 ]

oL

— 4] 11# 0
_ INI s — [He
. : — " wdypum R v v " udy po
N - —1 " . e
R T " : ; sze .
oct oz ot ot
g ) L 11zz | sce o |
FEa s e I - - ~J ] _ b o—@ 0/. =
. — . .\l"l. z ] . L ]
ore o’ 0t {— ’z
wielosy | . amjusduis) . wid Tpy —~—— nushus)
foce o - a mfTee ; "e " a——n—g-{{oz
R ) B P /IIK. -8z o9¢ =
 esel-we= ot 1113 ot
ot _ - . o9g z
foom wiers "sg I oo w wrers wsg
THL ouny ool oy
Smstrnduny & €9'0 (wwt/A) vopsiomy ‘ smersdwes @ 10's  (upu/Ag voneyosy
€9 (9/w) {opsoeu) pupy '8 {o/w)] {oneceu) pupy
ot . ] fug soummg " i [ 7 {w) scunng
) 8oy W) woiey
"o om ] s .y z o, vzt o . 9 v z o
- ° v 1t w 0
T vy t 1]
—_— 1 v~ S P v B— v uy pun
S v - _ _ ot _ { _ L 18
g e - n .. sze n
o oee _ _ _ _ - d 0z : Sn-ldr _ _ _ _ : 0z
R I : -0 R e ‘ . P
P A O e B e B G o ¥ i ¢ sce c/o\oo... L
- . g .. 1 24 2 ; ore . t <4 2
—dd NOO “ sminacwey : z : T anmusdwey
e -on - 72 wed foo "0t 1 1
“ L ons . — "z ost |-m —n. 82
.. ..ll.",I/ . \ .- -\--Tn f5¢ o
N 09 : |- ./.l i — _ : _ ze ! _
1 I 1 1 1 I 1T ; o9t -
o : foo m wierse ] : toom wssi/e wag
_. . . - - ozol suxy : i oo,
SR | Wmeedua @ : . 0L (unesAg vopmoeuy 14 Smusedwe; @ Le'0  (upu/A) vopmoe
e C €9 (o/w) (sysomu) pupy k 08 (s/w) {speceu) puyn

pig




L e it iy e e A2
R S DRLL Sy

LL6T ‘viva .?.UHUOAOMOMHHEOMUHE ONI¥ds

"88°C J4No14

b9t {s/w) (egeowu) pupy

(419

(w1} sounng

tug S (B .
L SR 1 ot ] s v z -0 0 ¥t z ot [ ) * z 0
ﬂ_ — _ _ ﬂl_,[,rb\ﬂl_l- ~ =y¥
. _Tl wdy pug ‘\Tﬂ.
T ) B - _ " Y v
ISR - vz l l 1 | [
L N .l T ] _ - _ _ - _ L 13 oze
~ ...A . I .: .sn /ll'll.'lul./'l.o« . ote IJ_
S . .nn . l/v +z2 °€C 1~ F \I/l'
ORI o Bz D ove / 4
Sowe widlny omynisdwe) wad Zgg » u
Tt — +1-92 9"we ° _.
L et o v
. o —e 5 //o\ ki one /o/n-
-o8C ot sse
ost ze ost
i oo m it uag ‘oo m wierse nsg
T smeedee) @ oz oo st veiL sung
. MWL (un i) vonsmoswy Bnissdwey @ :
. 0'f {8/w) (syecsu) puyy €L {unu/A) vonmosy
”T () sounng 09 {s/w) (sneseu) puyy
) o oSt (w) sounmg
T ® fw) wBiey o () ayBrey
”" 2L o ] M v 2 o o " z ot s . v z o
W] y 4 o
- v
... N
R fJ
oo .|\.||||||||.\I| 5 V..
_ 7 TNy, ot — \& 4 ¥ Hat
) T A [ N -
[ sze — 8t [ 7.4 . "
. e oz ote 0z
‘Na e zz Sec R, zT
OVt {— e = ) "l/ _
- avel . " ] ] _l _l l— e omuisdwsy wdd Ty ore : ~l,./.’0| Q.Ob y2
JW Py 1 L ”® (123 —n L
.ot ; —1 c/_olo.—. — N *
; RN T J..-« oSt L] [ DLt
T - \ oe \
. \ ssC—m i ot
o Yze ore {—] -
S oo m
A, R 777 1V, I asq wuserse ung
smigreduwer @ ‘ M” — Sy simesdwsg @ SEEL ouny

L9°0 .:-E\»._coﬁﬂoli
¥'9 {0/u) (speowu) poy

i

{w) sounmg




- ARDELD L

ISR

ks JoadLl a

R

e (wheumng

1 10nuoy (w1} soueang

By {u) wyBiey
”" T ot . . v z [ " T oL s [ v z °
[ 1. AN . . L=,
o 1 hatlace B S " e
~ $ ” [~ w> } 119
v _ | I
e T 8 (14 n
. e \r/ﬁ,ﬁ oee : oz
" 1—n ™ ——n-mzz 9€Ct—pm In/ 22 .
ot . 2 — o 2
7Y mnymsdwey - wdd Ty ore . ul o smeisdwey
"t | 1 ’ "t 92
ot 8T (114 .\1.5
..t — e QIQM.-..S (1.1 I-]’Ip [ ] =89, 10¢
. one ze o9t — — e
. . 202
%00 - (7% 194 | asg n 177/ ¥ | [ o]
unuedwey @ e oun) wmusdwey @ (324 ouny
- 00°% - funu/Ag vonswosy 0L {uru/Ag uonsony
'y {8/u) (swsosu) puh ¥'e (8/w) (sneoeu) puyy
. ¢ 1onue) {w) sousimg T ) {w) sounng
: o ud wyBieyy , {u) Wby
LR ot s s ‘T [ ”n zt ot ] [ ] 14 T 0
v v o v v [\
W)
/s —1ta
_ ~—" ﬁ. dy poyn U L \4 ﬁ ey puya
- r—— . o
._ - - v LU I _
= _ _ rz e 1 "
e T ezg "
. OfE. 0z otc 0z
bl e o , 2z nnn.ll// %z
" ove 1 — m— IIL | X 2 = s 2
-0 . lﬂl._l 174 emyrsdung wad Zgs O I/ ntyz aonovadusey
"t 9z s w— [tz .
oxe ez osc o . el
s [ 3 I.II..' "
s5c lo_ll . 000" s see ®1oc
- ot 1 zc o8t _ T
. oo m j z
R R IRy 777 17, asg oo u user/e "eq
wmesndwey @ - - THT - sung sdwe ”we . (TS
ey SR (emansAp vonsmoeuy | umusduel @ 0L furu Ay wopsossy
o 9°'C [o/w) (oysowv) pup 'L (0/w) {owwonu) pugy




:35

LL6T ‘viva A<UHUOAOMOMHEomUHZ YIWHAS  *V6°7 TUNOIJ

R ) ayBreyy
” z ot . . v z ] " zL oL s ° v z ] 0
. o r o
=W | » _ i
v- \||\ /‘l’ . | _ v P .
. Ny puyy v v 4oy pos
”n i
" vz
> oLe 1Y oz st
e 0T 822 \I‘ -02
ost tz 09zl g B . —n 2z
bl v o wiatos oz 2
K e
wid oy - Lo Gnnsdwey 9 [ wnuedwey
. a-u.l-l/ = ) — . ez 0s2l—g ° ° —3%+92
8t /I » rod N-LUAK. — (7] 08 ”7
oot -910¢ oot oc
soe H ze sot x
foo m et usq ‘00 m wezsL msq
Snpesedwe f1:0b ouny 00°4t oux),
1 ® 20 fumu/A) uonmony umusdwsy @ 990  (u/A) uogmosy
O (8/w) {sneoeu) puyy U'p {8/w) (ogeceu) puyn
o8k {w) soumng il (W) sovmmng
) wyBiey {w) By
"t z ot ] ° » z ] " zt oL 2 9 [ z o
. : o — " ? — 0
] | e — 1 T Ty
S — " . v v .
v 4t pum : Yy pug
9t 91
2 vz
[ 1% 8t sez _ _ LTS
ap n
ore - . I 0z orz \lﬂlﬂl +02
0wz — B u —Niz2 SrTT—m | Jra et o KL
wdd N8 / \ /-l 1. a 0sz — 5
O,nn . / - smmadwey ,wdd Tgg —ﬁ e smusdwey
E 113 \i ”% 99z 9z
— ( - 82 [ — ® m |
ot .‘I/' \ ’.A [+ 14 ® o N I...‘l 2z
f114 hd hd e1ot s9z ot
oLz _ e oLz e
K 7e%) . ST Z,
n S\z\u neg 0 n e/t g
. o g 0:g
smessdwey @ . L (omusAy :oavl.o’.- ummduisy @ YeL  fumuk swng
¥'2 (s/w) (sj000u) pupn 0T (v/w eyl
viL (w} eoumsg /W) (speseu) pupg,

8t (w) savmng




LL6T *viva .H.«UHUOAOMONHMZOMUHS dINWNS  °"96°7 FANOIA
u) wbey
- ot A} ot [ [ ] v 2 [}
. 1 . , 4 L)
: 1] | geer—""1].
v 1 i it powa
_ _ 1 13
¥ 174
! .. oL st
; (Y13 oz
- 0BT - Bl
’ 11 - I\ Hee o
B iNOO T _ _ | snynsdwng
K ([T125% [ —— e 21
(2] 2
: oot ot
‘ sot - 2t
oo m LL/8T/L ang
orite ouny
Smundwey @ 90  {uma/Ap uoneosy
. WT (9/w) (epeceu) pupy
Zpnus) {w; soummq
o o ol Wby ; ] wbrey
‘»L n oL ] [} » z ‘o " Tt ot H [} v z ]
e e e _ | :
B ) A s ._,I—, L T, & ]
! o v v ey pow
n + 9t
_ 124 _ 12
oz ] oz n
L F44 oz [ Y44 0z
oszi g » - = L S o8z [ J— zT
- L1} : /l -2 i 99z2{-n \ ~tyz <)
wid 2o Snjeiedwey " wadaZoy o ——] ) | 4A smusdwieg
- oetf—g . -mlez osz]_® =3 Joln&\...u
" T ‘ 282 [ ]
]
(.1} ot (314 ot
20¢C 24 so¢ Tt
foo m wee oea foa m wezst wusq
or:LL oy:0olL oun)
wmendue © #v'0  fuu/A) vonmosuy simasduer, @ S£'0  (unu/ A vopmonsy
e (9/u) {sneoeu) pupy 'y (s/w) (sneceu) pum
§ 1onue) (W) soummng 18¢ {w) soummq




. "'3‘7'.’

TABLE 2.4, INCIDENT SOLAR INSOLATION IN WIND TURBINE SHADOW

Date: May 13, 1977 %

Time: 16:27-16:35

Shadow Location Insolation
(1y/min)
5 ft (1.5 m) from tower 0.21.
~'5 ft (1.5 m) from tower O T 044-0.5 0 T
15 ft (4.6 m) from tower e 0.5
" Tower structure 0.75 -
25 ft (7.6 m) from tower 0.3
Nacelle shadow 0.25-0.30
Blade shadow 0.32
Blade shadow ’ 0.35
Unobstructed sunlight 0.97
Unobstructed sunlight 0.97

*Date when field team was present closest to summer solstice
with most sun and thus most contrasting shadows.
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Temperature

The temperature profile above the grassland habitat which pre-
dominates in the vicinity of the wind turbine at Plum-Brook is represen-
tative of similar habitats in similar climatea. The temperature declines
with increasing altitude above the ground level to the ambient air tempera-
ture which is measured above all obstructions above approximately 25 ft
(8 m).

In Figure 2.10, a curve has been plotted of the average tem-
peratures from ground level to 47 ft (14.2 m) for all three seasons sam-
pled. This curve approximates a typical average temperature profile with
height for that climate. The O and 1 ft (0.3 m) heights have the
highest average temperatures respectiveiy. This is due to surface heating
and reduced air turbulence within the vegetation. The temperature at the
3, 6, and 12 ft (0.8, 1.8, and 3.6 m) levels are similar to one another
but lower than those closer to the ground. These temperatures reflect a
mixing of the cooler ambient air with the hotter surface layer. Localized
anomalies may be present in this zone during periods of rapid gurface
" 'heating. Many of the apparent aberrationms which can bé seen in the
' ‘temperature curves presented in Figures 2.7 to 2.9 are likely a result
of this phenomenon.

The three way analyses of variance (ANOVA) performed on the tem-
perature data for all seasons tested for significant variation in temper-
ature with height above the ground, season of the year, and distance from
the wind turbine. All three were found to be highly significant. Temper-~
ature variation with height and with season would be expected to show sig-
nificance. Duncan's Multiple Range procedure was applied to distance-
grouped data for temperature, averaged for all seasons. All points meas-
ured in the following groups were pooled: 1) 1 to 5 diameters (30 to 190 m),
2) 7 to 10 diameters (267 to 381 m), and 3 all controls. Interestingly
enough, the separation occurred between the first group (those samples
closest to the turbine) and paired the second two groups (those sites far-
ther away and those not influenced by the WTG. Upon close examination two

factors appeared to have direct bearing upon this observation and upon

those described in later parameter discussions. The innermost ring

.
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around the wind turbine tower (to a distance of approximately 70 m) was
mowed in the late fall of 1976 and again in the early spring of 1977 and
may have contributed to higher surface and near surface temperatures in
this 1 to 5 diameter distance group. Order of sampling appears to have
influenced this statistic also. In the spring season, particularly where
the temperature rose rather rapidly over a few hours of time, the sequence
of sampling distances starting with those closer in to the wind turbine
in the early hours influenced the results.

Thus, we are able to rule the wind turbine out as a major con-
tributor to variation in temperature. No measurable shift in temperature
could be attributed to the wind turbine with either height or distance.

All observed variation was attributed to normal environmental differences.

Wind Speed

Wind speed was recorded at the different test distances dur-
ing the spring and summer seasons. The spring season sampling was done
on a day of higher wind speeds than those of the summer when available
#inds:were barely adequate to operate the WIG. Thiéﬁfgfé‘gggdiéiggvﬁévl“”
wished to avoid but which is not an atypical summer condition. Higher
wind velocities in the summer in northern Ohio are typically associated
with storms and operating restrictions on the 100 kW machine at that

time precluded operation in such winds.
The average wind speed for the various increasing heights from

ground level to 47 ft (14.2 m) for the two sampling seasons is graphed

" in Figure 2.11. This represents a typical profile of wind speed with

increasing height because the averaging of the several numbers tends
to reduce variation based on time of measurement. The increasing wind
speed with increasing height above the ground is due to the resistances
encountered by the wind (frictional losses) at the lcwer heights. This
resistance is contributed to by the ground surface, the vegetation
[height approximately 2 ft (0.6 m) at Plum Brook], topography (not a
ma jor factor at Plum Brook), and man-made obstructions.

The three way ANOVA performed on the data base established as
highly significant the variation in wind speed with height, season, and

— -7,:.?:--,:‘--.',.}.. oy —
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‘ distance. As with temperature, the seasonal and height variations were

- anticipated as this represents the normal condition for wind speed., The -
significance of wind speed with height was further fnvestigated using
Duncan's Multiple Range procedure with the same groupings described for
the temperature study. The means again separated with the closer sites
(1-5 diameters) being different from the siﬁilar 7 to 10 diameter
distances and controls.

Rvsed upon the measurements studied statistically, it was

_possible to comstruct the tentative hypothesis that the wind turbine
was infldencing the wind speed in some manner. Because of the sampling
design, however, it was necessary to check the ambient wind speeds for the
various suspect distances. The wind velocity measures at the nacelle of
the wind turbine (100 ft or 30.8 m above the ground) were checked
(Figures 2.7 through 2.9). ‘These figures indicate that the wind speeds
were probably slightly higher while the more distant readings were being
taken. Sample size (n = 2), however, 1s too small to make valid conclu-

sions based on these measurements alone.

Carbon Dioxide Concentrations

The statistical analyses of the measured CO2 concentrations
revealed highly significant variation with distance and height.* Ag
expected seasonal variation of CO2 was not significant. Variation with
height is a natural phenonena. The normal CO2 concentration at ambient
heights is 320 ppm (Brown and Rosenberg, 1971/1972). Concentrations
within the.vegetation canopy are typically higher following a fairly
high-amplitude diurnal pattern based upon the respiration/photosynthesis
cycle of the vegetation (Rosenberg, 1974).

The average CO2 concentration with height is displayed in
Figure 2.12 for four distances relative to the wind turbine. Mean separa-

tion tests failed to show any significance with distance. The spread of

*CO, data for two locations (38 and 114 m) sampled on the first day of the
summer season (July 28, 1977) were excluded from statistical analyses
because these points were so low as to indicate sampling error.
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FIGURE 2.12. AVERAGE CO2 CONCENTRATIONS FOR FALL AND SUMMER SEASONS*

*Summer season excluded due to apparent sampling error.




A tﬁé values shown in this figure.reﬁféseﬁts normal sampling variability for
CO2 measurement. Anything less than 15 ppm difference in CO2 concentra-

" tions normally represents field instrument sensitivity limits, Signifi-
cant differences in coé concentration at some point in the wake area

would have indicated that the wake passage was altering the normal gas-
eous mixing patterns within the vegetation canopy. Such a variation was

not observed in this study.

Wake Definition

The results of the preceding considerations did not fully answer
. whether the variations with heigﬁﬁ and distance may have been influenced
by the wind turbine wake. To further test for the boundary of the
theoretical wake of the WIG, Duncan's Multiple Range Procedure was ap-
plied to all data testing the difference between the 28.2 ft (8.6 m)
height (below the tip of the rotor) and the 46.5 ft (14.2 m) height
(above the tip of the rotor, thus within the wake). By testing the

' difference between values (all seasons ‘averaged) measured at these two
heights (14.2 m - 8.6 m) and by evaluating various distance grouping, we
sought to test for the definition of the lower edge of the wake if it
were reflected in these parameters. The results of this test are pre-

sented in Table 2.5.
No mean separation was indicated for temperature at any distance.

This indicates that no statistical difference was demonstrated between
Eemperature values within the zone of influence of the 100 kW WIG and in
areas unaffected by 1it.

For CO2 concentrations no mean separation occurred in the test-
ing of two groups (1 to 9 diameters and 10 diameters plus controls). In
the three grouping test the 7 to 10 diameter group (267 to 381 m) was
shown to be significantly different from the controls and the close in
group (1 to 5 diameters), which were not different from one another. It
is unlikely, however, that this indicates an effect of the wind turbine,
because normal instrument sensitivities for CO2 concentrations may induce

such a shift. The possibility that the wind turbine was a contributing
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TABLE 2,5. DUNCAN'S MULTIPLE RANGE TEST RESULTS OF CHANGE

: WITH DISTANCE OF DIFFERENCE BETWEEN PARAMETER
VALUES AT 14.2 METERS AND 8.6 METERS (ALL
SEASONS AVERAGED) N '

TEST ONE .
Distance From Wind Turbine
Group 1 - - | Group 2
(38 m to 343 m) (381 m plus controls)
o |Temperature -- no me?n separation -=
R ; :
o o|Wind Speed xa ! v é
v E 1 . F
O o 1
[V 1 R 1]
té a|C0, conc. - =" novmg?n separation -~ 8
o~ 1 4
1
TEST TWO :
Distance From Wind Turbine 3
Group 1 Group 2 Group 3 R
38 mto 190 m 267 m to 381l m Controls
Temperature -~ - - nk mean separatibpn - - -
] ]
s 1
] 1)
Wind Speed- X ! Y ' Y
! ) :
1 1
€O, conc. Y ! X : Y
2 ! :

i< and'Y in any row indicate significantly different means. Two Y's indicate
means which were not significantly different.




cause cannot be completely ruied'&dt, however, because the design of the
statistical tests (averaging all ‘seasons together) should have minimized
any sampling bias. .

Significant sepafation of means for wind speed were found in
both tests. This seems highly guggés:ive that the wind turbine is reduc-
ing the velocity of the wind downstreém. In both cases the mean values
for the closest group to the wind turbine were negative numbers while the
one or two groups further away from the turbine were positive numbers.
This suggests that at the 14.2 m height (within the hypothetical zone of
influencg) the average wind speed for all averaged seasons is lower than
the corresponding values at the 8.6 m height (well below the tip of the
bladé); but that this statistical difference disappears at approximately
190 m to 340 m (5 to 9 diameter disﬁances) away from the wind turbine and
tower. At this distance all averaged values for the 14.2 m height are
slightly higher than those at 8.6 m. This is the normal atmospheric

condition.

" summary

The theoretical aerodynamic analysis of the Plum Brook WTG
reported in Rogers et al. (1976) predicted a drop in wind speed within
the zrne of influence of that system for some unknown distance downwind.
The data from this study confirm the reduced wind velocity in this zone.
The magnitude of that change cannot be determined accurately from this
particular research, however. Future studies by NASA and DOE are aimed
at sophisticated measurement of the wake dimensions and wind velocity
recovery profiles. The scope of this study was to define the effect and
to determine if the effect would have any impact on the surface dwelling
biota (natural or agricultural) of this zone. Based upon these studies
it is possible to state that the inherent range of variability of the
natural environment is far greater than the very minimal influences to
the microclimate of the zone immediately downwind of the operating and
nonoperating wind turbine. We conclude that the siting of a WIG similar
to the 100 kW design will not be a significant influence on the micro-

climate beyond the immediate area which it occupies.
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. A review of the literature concerning potential effects of wind
Aturbines on migratory and resident wildlife indicates that night-
migrating birds are the only wildlife likely to sustain any significant
impact.' Birds which migrate between their breeding and wintering areas
by flying at night include such varied groups as rails, woodcocks, cuckoosg
woodpeckers, and most songbirds (Berger, 1961' Gauthreaux, 1975)
'addition, waterbirds such as loons, geese, ducks, gulls, and shorebirds
may migrate during the daytime‘or nighttime (Pettingill 1970). Many of
the birds in these groups have been found dead at the base of tall towers
. and buildings following a night of heavy bird migration.

BIRD/TURBINE COLLISION POTENTIAL

Night-migrating birds colliding with a'wind turbihe was the only'w
potential impact considered significant enough to warrant field studies.
The following discussion of the literature on nocturnal bird migration

was the basis for that concern and provided the background for develop-

ment of the field program.

Altitude of Migration

Obviously, birds that migrate at low altitudes are more likely
to collide with tall structures. Since songbirds normally migrate between
500 to 1,500 feet (152 to 457 meters) above ground level over the eastern
" United States (Bellrose, 1971; Able, 1970; and Gauthreaux, 1972), they
are much more likely than waterfowl “and shorebirds to collide with towers.
These stronger flying waterbirds usually fly in flocks and at altitudes

above those where songbirds are found (Gauthreaux, 1975). Although the

altitude of bird migration above the ground varies with topczraphy, about
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15 percent of the nocturnal migrants fly below 492 feet (150 m) and 90
percent fly below 3281 feet (1000 m) (Allerstam, 1977). Altitudinal |
distribution of migrants may change during the night depending on the
altitude of favorable winds (Gauthreaux, 1972 and 1975; Allerstam, 1977),
the time of night (Able and Gauthreaux, 1975; Allerstam, 1977), the
altitude of air turbulence (Bellroee, 1971), the altitude of the cloud
_ceiling (Johnston and Haines, 1957; Alleratam, 1977 Gauthreaux, 1972),
and precipitation (Bellrose, 1971 Gauthreaux, 1971) Songbirds landing

- or continuing to migrate at a lower altitude for any of these reasons be-

-+migrate at low altitudes during the night.. The early litérature on sich = °

come much more prone to collision with tall structures.

Bird—Tower Collisions

In recent years, ornithologists have reported an:increasing
number of instances of sizable bird mortalities in the United States caused
by disorientation and/or collision (Vosburgh, 1966). The large kills

commonly involve songbirds, such as warblers, vireos, and sparrows, which

large kills in the United States have been reviewed by Brewer and El1lis
(1958) and Taylor and Anderson (1973).

’ Until their use was restricted ceilometers (see Appendix A for
definition) at airports were sometimes the site of large bird kills
on overcast or foggy nights (Howell, et al., 1954). Ceilometers are
instruments used at airports to measure the height of cloud ceilings.
Cellometers cause the death of birds by visual disorientation of the
migrant, who eventually simply flies into nearby buildings or the ground.
These instruments will not be associated with wind turbine facilities.
Information on ceilometers is mentioned to put kills at towers in context
and to illustrate the attraction of birds to lights.

Many nocturnal migrants also have been killed at tall buildings
(Vosburgh, 1966) and lighthouses (Baldwin, 1965). Alteration or reduction
of lighting during migratory seasons has helped to reduce this mortality.

Television towers are particularly lethal to night-migrating
birds due to the many supporting cables and guy wires which are frequently
invisible to the nocturnal flyers. Examples of bird kills at tall towers
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. over extended periods of daily searching have been reported by Stoddard
and Norris (1967) for a 1, OlO-foot (308~meter) tel- ision tower in Florida
‘(average of 2,700 annually over 11 yeara) and by t. e U.S. Department of
Athe Interior-(1974) for a 1,200-foot (366-meter) navigation tower: in North <
Dakota (total estimated kill per season varied from 760 to 1,417 for five ;
migration seasona).

" Recently;  studies have been made of bird collisions with a 495-
foot (150-meter) high cooling tower for a nuclear power plant on the south-
eastern Ohio shoreline. of Lake Erie (Jackson, et al,, 1974), Bird kills
at this.cooling tower prior to its operation varied from 44 to 103 per

season for two seasons of collecting. The height of this structure is
greater than the height of wind turbines presently under consideration. For

example, the tallest tower for wind turbines will probably be 200 feet

(61 meters) (Metz, 1977), and have a blade diameter of 300 feet (91.4
meters), for a total height of 350 feet (106.7 meters) from the ground

to the blade tip.

.- Size of bird kills varies considerably depending on weather con-

,.dltions, type of structure, and number of nocturnal migrants in the air.

(Johnston and Haines, 1957). The largest recorded kill occurred at a
ceilometer in Georgia, when an estimated 50,000 individuals of 53 species
were killed on one night. Long-term studies, such as that by Stoddard |
and Notris (l967)§.have found that the interval between really big kills

at tall towers (the largest was estimated at 4,000 to 7,000 dead birds
on one night) is usually several years. These large kills occurred on

nights with favoring winds (for migration) and partial to complete over-
cast, particularly when foggy or misty weather combined with peak flights

of nocturnal migrants.

Effect of Tower Lights

Apparently night-migrating birds are attracted to, and/or con-
fused by, lights on overcast, misty, or foggy nights. Spotlights,
ceilometers, and even red navigation warning lights are sufficient to

attract migrants into an area where the disoriented birds collide with

buildings, towers, and the ground (Vosbnrgh, 1966; Cochran and Graber,
1958; Howell, et al., 1954; and Baldwin, 1965).
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. ..The type of lightinga on'a structure apparently is often a major
factor in the number of birds~that-collide with it. As the effects of
lighting become better. understood, lighting patterns such as the inter-
mittent strobes being used .on tall- structures today: may’ serve to- reduce
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Topographic-and Geographic Considerations .-

i

In general, the far west has much lower numbers of nocturnal
migrants than the eastern half of the continent (Lowery and Newman, 1966).
Therefore, potential wind energy sites in the midwestern and eastern
United States are of greatest concern in avian impact prediction.

Coastlines and mountain ridges are two general topographic con-
figurations which offer potential for wind turbine sites (Meroney, 1975;
Soucie, 1974}. For topographic and geographic reasons, however, these
areas may also have heavy use by migratory birds. A comparison of poten-
tial wind-power sites on coastlines and mountains to flyway concentrdtions
" ad "to the identification of two areas of overlap.i The Green’ and White h
Mountains of New England (Soucie, 1974) ‘and the Texas Gulf Coast have’ been
identified as areas which have high sustained winds (Reed, 1974) and are
also areas crossed by large numbers of nocturnal migrants (Lowery and
Newman, 1966). Although nocturnal migrants normally fly more than 500
feet (152 meters) above the ground (Bellrose, 1971), they may cross a
mountain ridge at much lower heights, resulting in exposure to potential

collision with wind turbines located on such mountain tops.

BIRD SURVEY METHODS

Four observation techniques were used to identify, quantify,
analyze behavior, and determine the direction of low-level, nocturnal
bird migration‘over NASA~Plum Brook Station during fall 1976 and spring.
1977. These techniques included ceilometer, night vision scope, and
radar study of night migrants, plus daytime surveys of grounded night
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migrants. The potential for theée night-migrating birds to collide with
the 100 kW WIG or meterological tower was assessed by early-morning
searches for dead birds and by studies to determine the percent of dead
birds likely to be removed by scavengers. All surveys weré made during
the peak months for songbird migration (September, October, April, and
May). . .

- Several techniques used by other iavestigators to study night-
time bird migration were not considered desirable for studying low-level
songbird migration at potential or existing WIG sites. Graber and Cochran
(1960) recorded amplified calls of nocturnal migrants on tapes controlled
by an automatic timer to sample short intervals throughout the night.
Many night migrants do not give their individualized daytime species call
at night, however, so most calls could only be placed in a bird group and
ﬁot identified to species. In addition, the number of calls do not give
a good indication of migration volume (Berger, 1961). Finally, this
method gives no information on the altitude of migrants. Bellrose (1971)
described another technique for determining the number of individual birds
mig;at;qgkg: differgnt altitudes and their geographic- distribution. He

f‘ﬁéédua'iigh¥;éir¢raft'equippqd with auxiliary landing lights to count
‘birdé‘fifihg through the light as the Plane cruised at different alti-
tudes. Although counting birds from a plane might be useful in assess-
ing migration altitude and volume in relation to topographic features
over large areas, it has deficiencies when trying to assess nocturnal
migration over a specific site. Use of planes is far more expensive than
the other available techniques, and the technique cannot be used to de-

termine flight direction, ddentify species of migrants, or calculate
migration traffic rates. This technique would prove most useful in assess-

ing nocturnal migration over several hundred miles of mountain range or

coastline.
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‘Nighttime Studies -

Cellometer Surveys

1

‘Surveys of low-level nocturnal migrants were made between 1 and
2.5 hours after sunset during 13 nights in fall 1976 and 13 nights in
s#ring»1977 using an intense vertical beam of light (two 100-watt ceil-
ometer bulbs) and the techniques described by Gauthreaux (1969) and Able
and Gauthreaux (1975) (Figure 3.1). Both 10 x 50 binoculars and 5X night
vision scope (model 220 by Javelin with a binocular viewer) were used to
observe birds passing through the ceilometer beam.

Migration traffic rates for each night were computed by multi-
plying the number of birds observed per hour (as viewed through the ceil-
ometer beam with 10 x 50 binoculars) times a conversion factor of 230
recommended by Dr. Sidney Gauthreaux, Jr. (personal communication, 1976).
This conversion factor is a modification of the number reported in Able
and Gauthreaux (1975), which was determined independently by calculation

_of the _physical dimensions of the space sampled by the.ceilometer and by a

correlation between ceilometer counts and simultaneous radar traffic rates. -

The resulting migration traffic rate represents the number of birds cross-
ing an imaginary mile of front per hour.

The mean nightly direction of migration was computed using
circular statistical procedures as outlined by Batschelet (1965), zar
(1974), and Mardia (1972). These procedures were preformed on the azimuth
data (direction in degrees) obtained during ceilometer observations of
individual birds in flight. Separatg calculation were made on azimuth data
obtained with binoculars and data obtained with the night vision scope.

The azimuth directions were used to generate (1) a mean vector of migration
in degrees, (2) the length of the resultant vector (0 to 1), and (3) the

angular deviation (0° to 360°). When the direction of migration is
ill-defined the value of the length of the resultant vector is closer to

zero and the angular deviation is high. When a night's migratioq is well
oriented, the length of the resultant vector is close to one and the

angular deviation is small. Angular deviation is a function of the length
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of the resultant vector and can be accurately estimated from the length of

the resultant vector (Zar, 1974).

Radar Surveys

Radar displays on the plan position indicator (PPI) of ARSR-2
radar units at the Oberlin Airway Facilities Sector, Oberlin, Ohio were
studied and: photographed on the same nights as the ceilometer surveys.

In addition, radar surveys were made on one night during each of the
migration seasons when rain prevented use of the ceilometers. These sur-
veillance radars have a 23-cm wavelength and 2 MW of power. Photographs

of the radar unit showing the display from Brecksville (adjacent to
Cleveland, Ohio) were used to compare with migration information obtained
by ceilometer surveys at NASA-Plum Brook. Time-exposure, Polaroid photo-
graphs were taken of the radar screen to determine the magnitude and direc-
tion of both low- and high-level bird migration. Analysis of radar photo-

graphs follows suggestions made by Gauthreaux (1975 and personal communi-

‘cation, '1976).

Statistical Analysis of Radar and Ceilometer Data

Linear regression analysis was performed to fit a straight line
to the observed ceilometer traffic rates as a function of radar echo
ranges, using the 12 data points obtained under clear skies from both fall
1976 and spring 1977. A ‘'packaged" statistical computer program (Nie et
al., 1975) was used to calculate the values of a and b in the equation
Y = a + bX, employing standard methods of least-squares regression. Here
X represents the greatest range of bird echoes appearing on radar and Y
represents the correcponding ceilometer traffic rate as observed with
binoculars. The same computer program was used to produce a plot show-
ing the 12 raw data points, the fitted regression line, and two curves
representing the bounds of a 95% confidence band for the line. The equa-

tion for the confidence band was calculated by this program in accordance

with standard methods of multiple inference (Draper and Smith, 1966).
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Avoidance Behavior

A night vision scope was used on seven nights to observe the
behavior of night-migrating birds as they approached the revolving (at
approximately 20 rpm) WIG. Observations such as: (1) the direction of
the birds' flight in relation to the plane of the revolving blades, and
(2) flight patterns used to avoid the blades, were tape recorded for

future analysis.

Daytime Studies

Grounded Migrant Surveys

Areas heavily used by migratory birds were surveyed at NASA-
Plum Brook and two nearby, wooded areas on the Lake Erie shoreline (Bay
Point and Sheldon's Folly) that are traditiomally good spots to observe

migratory birds. The objective was to determine the species of low-

-altitude mnocturnal migrants that might have been observed during ceil-..

ometer -or radar surveys on the previous few nights. None of the other
survey techniques available (including tape-recording of "chip" notes),
allow consistant identification to species. Surveys were normally con-~
ducted for 1 hour at each of the two locations during mid-day. Both
"squeaking" and tape recorded screech owl calls were used to attract birds
into view. An automobile was used to cover as much area of possible, and
frequent stops were made at areas where birds were observed from the car
or where the habitat looked appropriate to attract migratory songbirds.

No special effort was made to record waterfowl or shorebirds, since they

are considered high-level migrants.

Searches for Tower-Killed Birds

Daily searches were made at the base of the WIG and metero-
logical tower between the following dates: (1) May 14 through 31, 1975;
(2) September 1 through October 24, 1975; (3) September 1 through
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October 24, 1976; and (4) April 1 through May 31, 1977, by KASA-Plum Brook
personnel. 1In addition, a double-check of the area around the towers ﬁas
made by Battelle's ornithologist on 12 mornings in the fall and 12 mornings
in the sbring. The ground within a 150-foot (45.7 m) radius of both towers
was gsearched on foot beginning at dawn. Any dead birds found at the base of
the towers were tagged and stored in a freezer until positive identifica-

D At
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tion was made. Weather conditions occurring the morning of the kill and
the distance and direction.from the tower where each bird was found were

noted in a record book.

Scavenger Studies

S' avenger studies were conducted on the nights of September 21

R P A O

and 22, 1976, and May 12, 1977, to determine the percent loss of tower- E
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killed birds due to scavenger removal during the night. 1In the fall of

TN

1976, 17 bird carcasses (tower-killed birds from another location) were
randomly placed on the ground around both the WIG and the meteorological
-..tower., . In the spring of 1977, 10 birds (4 tower-kills plus' 6 starlings) "~ --

were placed around the WIG. In both experiments, the dead birds were
‘tagged and their positions were marked on a map. The next morning each
map location was checked by Battelle's ornithologist for a marked bird.
In the fall 1976 study, 17 bird carcasses were available to predators
the first night and 15 caracasses were available the second night for a
total of 32 "carcass nights".

These same tagged birds used for scavenger studies were also
used to test the efficiency of search personnel in locating tower-killed

birds. Notes were made on the number of marked birds the searchers were

able to find without using the scavenger survey map.




g e L —

[N

ﬂﬁ'ﬂsi

RESULTS AND DISCUSSION

e - Cellometer Surveys

. Cellometer surveys of low-level.nocturnal bird migration were

made during a varilety of weather frontal system conditions, cloud cover,

wind speeds, and wind directions (Tables 3.1 and 3.2). These surveys

were conducted during the peak of both spring and fall passerine (song-
bird) migrations. Rain prevented the use of the ceilometers during only
1 of 14 survey nights in fall 1975 and 1 of 14 survey nights in spring

1977.
Volume of bird migration during the 26 nights of spring and

" fall ceilometer surveys varied from essentially no migration up to 17,000

birds per mile of front per hour. The migration traffic rates observed
on overcast (10-100 percent cloud cover) nights are not included in the
following analyses, since Able and Gauthreaux (1975) have determined that
it is impossible to develop a reliable relationship between ceilometer

counts and traffic rates with heavy cloud cover.

Migration and Frontal Systems

The largest fall migration traffic rates (15,200 and 6,900 birds
per mile of front per hour) observed under clear skies with the ceilometers
(Table 3.3) occurred on nights when a cold front had recently passed over
the Sandusky area (Table 3.1). On the other hand, the fewest migrants were
observed on nights when a cold, stationary, or warm front was approaching
Sandusky. This is in general agreement with Able's (1973) findings that in
autumn the heaviest songbird migrations occur in the southward flow of dry

polar air immediately following the passage of a cold front.
The largest spring migration traffic rate (17,000 birds/mile of

front/hr) was observed immediately after the passage of a warm front over
the Sandusky area (Tables 3.2 and 3.4). Traffic rates were moderate (3,000-
-10,000 birds/mile of front/hr) when the Sandusky area was near the center of
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TABLE 3.1, WEATHER DATA FOR MIGRATION SURVEY NIGHTS DURING FALL 1976

Estimated Status of Frontal’ wind ()
Percent of Systcma Ovef Range of Spceds, Average
Date Cloud Cover  Sandusky, Ohiotd) Precipitation MPH (KPH) blrection
September
21 60 . Immediately behind . None 8-10(12.9-16.1) WNW
cold front _
22 0 _Ahead of warm front None 1-4(1.6-6.4) ]
23 - 0 Immediately behind = None 8-12(8)(12.9-19.3) wnw(“)
cold front
24 ) Ahead of stationary None , 4-5(6.4-8.0) - ESE
front on west side
of high
25 100 Cold front just north Slight mist 4-5(6.4-5.0) E
of area for 5 minutes
26 100 Stationary front near Rain 8~12(a)(12.9-19.3) w(a)
: center of low pres-
sure area
27 O On southwest side of None 7-9(11.3-14.5) - "N
low pressure area
28 0 Behind cold front on None 2-6(3.2-9.6) ESE
east side of high -
29 60 Cold front just north None 3-8(4.8~12.9) SW
of area .
30 5 Stationary front just None 2-4{3.2-6.4) : ESE
noxrth of area
October
7 100 Immediately behind None 10-12(16.1-19.3) NKE
cold front
8 100 Behind stationary None 1-8(1.6-12.9) NKE
freont
11 5 Behind cold front None 3-7(4.8-11.3) SE
on west side of
high
12 10 Ahead of cold front None 10-17(16.1-27.4) ' S

(2) Determined from the National {leather Service 00Z synoptic wcather maps for 8 P.M., EDT.

(b) Wind data from 90-foot level of meterological tower at NASA-Plum Brook fcr period of
cellometer surveys (2030-2200 hours EDT).
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TABLE 3.2. WEATHER DATA FOR MIGRATION SURVEY NIGHTS DURiNG SPRING 1977

| o | wind )
Estimated Status of Frontal Range of
Percent of ‘Systems Over ) Speeds, Average
_ Date Cloud Cover Sandusky, Obio(’) Precipitation MPH (KPH) Direction
April o
20 100 Behind Cold Front on None 7-8(11.3-12.9) S
West Side of High
21 " Ditto Intermittent 10-17(16.1-27.4) SSW
) - Light Sprinkle
25 " Behind Cold Front on Mist and Rain 5-9(8.0-14.5) N
Bast Side of High .
26 0 West Side of Low None 7-9(11.3-14.5) SW
1 100 Ahead of Stationary o T 6-10(9.7-16.1) SsW
‘ ’ Front on Southwest ' ‘ o b
. . Side of High . : . . - i
2 " Immediately Behind Intermittent 2-4(3.2-6.4) NE o
Stationary Front on Mist oo
South Side of High
3 " Behind Stationary None 9-13(14.5-20.9) ENE
- Front on South Side
of High
4 " Immediately Ahead of " 4-5(6.4-8.0) WNW
Stationary Front
5 0 Immediately Behind Warm " 10-14(16.1-22.5) SSW
Front on West Side of High '
9 " Behind Cold Front on " 7-9(11.3-14.5) NE %
Southeast Side of ‘.f‘i
High wd
10 " Near Center of High " 3-4(4.8-6.4) SSW ) H
(East Side) ' e
11 " Ditto " 3-7(4.8-11.3) SSwW i
12 5 " " 11-12(17.7-19.3) WSW 4
13 10 On North Side of High " 9-12(14.5-19.3) W 3

LT

(a) Determined from the National Weather Service 00Z synoptic weather maps for

8 p.m, EDT.
(b) Wind data from 90-foot level of meterological tower at NASA-Plum Brook for the

period of ceilometer surveys (2125-2300 hours EDT).
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. TABLE 3.3. MIGRATION TRAFFIC RATES OVER NASA-PLUM BROOK

DETERMINED BY CEILOMETER WATCHING, FALL 1976

Results of Ceilometer

_Surveys in Birds/Hour Migration
- o 10x50 © -.. .  Night . Traffic
_Date . Binoculars Vision Scope - Rate(a)
' September B : :
2y 15 T T 3,400
22 15 | - < 3,400
23 : .66 - -- 15,200
24 S 16 24 3,700
25 10 8 2,300
27 © 10, 42 2,300
28 . 30 68 6,900
29 - 2 6 500
30 | 16 13 3,700
.. October ) .
1. .0 32 -
8 N 2 S 28 500
11 : 18 - 46 - - 4,100
12 ¢ . 22 --

(a) Computed by using the conversicn factor of 230
recommended by S. Gauthreaux for data obtained
using binoculars with two ceilometers. The migration
traffic rate is given in birds/mile of front/hour.
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TABLE 3.4.. MIGRATION:TRAFFIC RATES OVER NASA-PLUM BROOK
. DETERMINED_BY CEILOMETER WATCHING, SPRING 1977

Results of-Ceilometer

Surveys in Birds/Hour Migration
10x50 X - Night Traffi
Date. Binoculars Vision Scope Rate'®
“April - ST ' "
20 . 8 _ 6 1,800
21 0 8 —
26 - 10 26 2,300
May 7
1 4 16 " 900
2 0 2 —_
3 2 6 500
4 34 20 7,800
5 7% 156 . ... 17,000
9 0 4 _
10 16 30 B 3,700
11 42 98 9,700
12 34 66 7,800
13 30 52 6,900

(8) Computed by using the conversion factor of 230
recommended by S. Gauthreaux for data obtained
using binoculars with two ceilometers. The
migration traffic rate is given in birds/mile
of front/hour.
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a high pressure ares. The 1owest traffic rates occurred when cold or

stationary fronts were nearby or after the passage of a low pressure area.
The spring ceilometer data confirms Able 8. (1973) statement that the
heaviest spring movements take place in warm southerly air flows on the
west side of a high pressure area. However, reasonably good migration

was also observed when the center of a high pressure area was in the

Sandusky area. "

-the U.S. average, while traffic rates for the western U.S. were considerably

Average Traffic Rate

The average migration traffic rate for 12 nights with clear
skies at NASA-Plum Brook was 5,383 birds/mile of front/hr during spring
and fall ceilometer surveys. This figure 1s slightly lower than the
6,800 birds/mile of front/hr average for the same time of the night re-
ported by Lowery and Newman (1966) for 235 moon-watching survey locations
throughout the United States on four nights in October. They also found
that migration traffic rates for the Gulf Coast states were higher than

lower (Newman and Lowery, 1964). For comparison, eight reporting stations
in Ohio averaged 1,275 birds/mile of front/hr in counts from 2200-2300 DST
during the three day period of October 2-4, 1952, by using the moon—

watching technique.

Direction of Migration

Only general trends have been drawn from the summaries of migra-
tion direction data calculated from fall 1976 (Table 3.5) and spring 1977
(Table 3.6) observations of individual birds flying through the ceilometer
beam. For example, resultant directions of migration during the fall for
data obtained with binoculars were primarily (six nights) between 137
degrees (SE) and 234 degrees (SW), with only two nights when the birds
were headed west-northwest or west. On both of the two nights, September
25 and October 11, when the nocturnal migration was in an inappropriate

direction for autumn, the winds were also blowing respectively toward the

west and northwest,
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All of ‘the nine nights when more than one bird was observed in

‘the ceilometer beam during the spring had resultant directions of migra-
~tion between 7 degrees (N) and 68 degrees (ENE). In fact, six o /the

nine nights had resultant directions of migration between:7 degrees (N)
and 36 degrees (NE). Two of the three nights when migration was to the
east-northeast were nights when the winds blew predominantly.in the same '
direction.’ . .
- The: direction of the heaviest fall migrations wer#/to the south
and southwest, while the heaviest spring migrations were o¥iented to
the northeast and east-northeast.. These primary directions of nigration
are in agreement ‘with radar studies in eastern Canada for/fall (Richardson,
1972a) and spring (Richardson, 1971). Richardson noted ﬁ at this orienta-
tion corresponds to the NE-SW alignment of the eastern North America
coastline. L

| On 19 of the 23 nights when ceilometer surveys were made with

both binoculars and night vision scope, approximately twice as many birds

‘were seen with the night vision scope (Tables 3. 3 and 3. 4) On five of

these nights (September 27 and 28, October 11 April 26 and May 10) there
was greater than a 25 degree difference in the resultant direction calcu-
lated for each of the two observation instruments (Tables-3.4 and 3.6).

On these five nights, it appeared that some of the high—flying birds seen

through the night vision scope’ were flying in a slightly different direc~
tion from the lower-flying birds observed with binoculars. Although winds

aloft were not measured, it is highly possible that the different resul-

tant directions were due to different wind directions at different

altitudes.

Radar Surveys

Radar surve&s were made at the en route radar facility in Oberlin,
Ohio, on 14 nights each during the fall 1976 and spring 1977 songbird
migration seasons. Although broadband radar from four locations arrives

via micro-wave link, only the radar at Bracksville (near Cleveland, Ohio)

eonsistahtly maintained circuitry appropriate for viewing both heavy
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and light bird migration. For example, sensitivity time control (STC)
circuitry was frequently used on the other radars, which markedly reduces
the number of birds visible near the center of the radar display (Richard-
son, 1972b; Gauthreaux, 1975). -
Polaroid, time-exposure photographs of the radar's plan
position indicator (PPI) display, such as those shown in Figures 3.2-3.5,
were taken on each of the 28 spring and fall survey nights. Photos were
made at exposures of both one revolution and 10 revolutions in order to
Hifferentiate,between,rain clouds (Figure 3.2) and heavy songbird migration
(Figure 3.3). The thin white streaks showing in the 10-revolution expos-
ures were helpful in determining the direction of migration on nights when
birds at different altitudes were flying in different directions (Figure
3.4) or in a'direction inappropriate for the season (Figure 3.5). Normally,
the photographs were taken with a radar display of 25 nautical miles,
However, if the songbird migration appeared to be moderate or heavy,
additional photos were taken at greater radar ranges (50 or 100 nm) in
order to determine the maximum range that bird echoes were visible on
the radar (Figure 3.3). o
‘Although the capabilities of some radars, such as.the weather
service radars (WSR-57), have been studied sufficiently by ornithologists
to permit rapid quantification of bird migration'(Gauthreaux, 1970), methods
for quangifying bird migration using the ARSR-2 radar are limited to omne
relatively inaccurate and time-consuming . technique described by Nisbet
(1963). This method requires counting the radar “angels" in each of
several'concentric rings and mutiplying.that number by an empirical factor
which depends on range. Extremely dense migrations can not be estimated
by this method. It was desireable, therefore, to develop a more rapid
migration quantification technique for this study, since nights with over-
cast skies did not permit the collection of reliable direct visual (ceilo-
meter) data for computing the migration traffic rate. Use of the following
ARSR-2 bird migration quantification method permits the selection of an
approximate value for the migration traffic rate when radar photos are
the only reliable record of a night's migration available.
In order to quantify bird migration with the ARSR-2, the, first

step was to compare statistically the data from ceilometer studies and
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FIGURE 3.2. RADAR PHOTO OF A NIGHT WITH ALMOST NO SONGBIRD MIGRATION DUE TO
RAIN AND A STATIONARY TFRONT. LARGE WHITE AREAS AT 90, 120, AND
230 DEGREES ARE RAIN CLOUDS. (26 SEPT. 76; 23:30 EDT; MTI ON;
25 nm RANGE; 5 nm RANGE MARKERS; EXPOSURE OF 10 REVOLUTIONS;
ARSR-2, BRECKSVILLE, OHIO).

FIGURE 3.3. RADAR PHOTO OF THE NIGHT OF HEAVIEST SONGBIRD MIGRATION OBSERVED
IN THIS STUDY. MIGRATION TRAFFIC RATE DETERMINED BY CEILOMETER
SURVEY WAS 17,000 BIRDS/MI. FRONT/HR. (6 MAY 77; 0:33 EDT;
MTI ON; 50 nm RANGE; 10 nm RANGE MARKERS; EXPOSURE OF 10 REVOLU-
TIONS; ARSR-2 RADAR; BRECKSVILLE, OHIO).




FIGURE 3.4.

FIGURE 3.5.

68

RADAR PHOTO OF A NIGHT WITH DIFFERENT SONGBIRD MIGRATION DIRECTIONS

AT DIFFERENT ALTITUDES. CEILOMETER SURVEYS SHOWED RESULTANT MIGRATION
DIRECTIONS AS FOLLOWS: (1) LOW-LEVEL (WITH BINOCULARS) +3.87

DEGREES (2) HIGH-LEVEL (WITH NIGHT VISION SCOPE) +51.37.

(11 MAY 77; 00:36 EDT; MTI ON; 25 nm RANGE; 5 nm RANGE MARKERS;

"EXPOSURE OF 10 REVOLUTIONS: ARSR-2 RADAR; BRECKSVILLE, OHIO).

RADAR PHOTO OF EASTERLY SONGBIRD MIGRATION DURING THE SPRING WITH
FOLLOWING SURFACE WINDS OF 9-12 MPH (4.1-5.4 m/s) (14 MAY 77;
00:17 EDT; MTI ON; 25 nm RANCE; 5 nm RANGE MARKERS: EXPOSURE OF
10 REVOLUTIONS: ARSR-2 RADAR: BRECKSVILLE, OHIO).
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radar studies on the 12 nights during this study when clear skies pre-
vailed (Table 3.7). These data were used in a linear regression analysis
which calculated the values of "a" (-2203.1) and "b" (313.9) in the equa-
tion Y = A+ B X.

The same computer program that ran the regression also produced
a plot of the raw data points, the fitted regression line, and two curves
representing the bounds of a 95 percent confideﬁce band for the line
(Figure 3.6). For any given value of X (range of radar echoes), the con-
fidence band gives the lower and upper bounds of an interval which con-
tains the true average traffic rate with 95 percent probability. These
bounds are listed in Table 3.8, and contain the average traffic rate,
which is the value that would result if many observers with ceilometers
simultaneously took readings at different locations within some area. The
‘average of mean value of these readings results in a more accurate value
than if just one reading were taken, since the averaging process "smooths
out" variability present among the individual points observed. Therefore,

indivilual data points in Figure 3.5 may fall outside the confidence band,

but the true average traffic rates associated with given radar echo’
ranges should fall within the confidence band with 95;§ercent probability.
Using the migration traffic rate ranges in Table 3.8, it is
possible to determine the migration traffic rate range for every night
photographs were taken of the ARSR-2 radar at Brecksville (Table 3.9).
This table gives the approximate migration traffic rate for both clear and

overcast nights.

Grounded Migrant Surveys

Although it is recognized that daytime surveys of night-
migrating birds are not good indicators of nocturnal migration volume,
(Able, 1973) the summaries of daytime observations of grounded nocturnal

1 and C-2) do show the groups of birds

1R A T D T

migrants (Appendix C, Tables C-

which were probably migrating at low levels on the nights of radar and

Since only birds known to be low-level nocturnal

it is likely that many of

ceilometer surveys.
migrants were included in the summary table,
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TABLE 3.7. CEILOMETER TRAFFIC RATES COMPARED TO RANGE OF
BIRD ECHOES ON RADAR

pate(a) Ceilometer Greatest Range

(Clear Nights Only) Traffic Rate(b) of Bird Echoes on,Radar(c)

September 1976

22 3,400 25 nm
24 3,700 25 mm -
27 2,300 20 nm
28 6,900 30 nm
30 3,700 15 nm

October 1976

11 4,100 15 nm
April 1977 : : A )

26 2,300 20 tm
May 1977

5 17,000 60 nm

9 0 10 mm

10 3,700 20 nm

11 9,700 30 mm

12 7,800 25 1m

(a)

(b)
(CX

Data from nights with more than 9 percent cloud cover, fog, or rain
were not included in this table due to the inaccuracy of ceilometer
survey data on those nights with poor visibility. Ceilometer sur-
veys were made about 65 air-miles (120.5 air-km) from the radar site.

Givenbin birds/mile of front/hour.

"nm" means nautical miles on the plan position indicator (PP1) of
an ARSR-2 radar. These ranges were determined from time-exposure,
polaroid photographs of the Brecksville, Ohio radar display.
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TABLE 3.8. MIGRATION QUANTIFICATION DATA FOR ARSR-2 RADAR

Greatest Range of
Bird Echoes on Radar
(in nautical miles)

Range of
Migration Traffic Rates
in Birds/Mile of Front/Hour
(Calculated from Graph)(a)

5 0- 1,600
10 0- 2,800
15 900 - 4,000
20 2,800 - 5,200
25 4,400 - 6,900

- 30 ‘5,800 - 8,600
35 7,100 - 10,400
40 8,200 - 12,500
45 9,300 - 14,400
50 10,400 - 16,500
55 11,600 - 18,600
60 12,700 - 20,700
(a)Graph with regression line and confidence band are

shown in Figure 3.6.
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TABLE 3.9. MIGRATION TRAFFIC RATES COMPUTED FROM RADAR PHOTOS(a)

Range of Range of
Date During Migration Date During Migration
Fall 1976 Traffic Rates Spring 1977 Traffic Rates
Sept April
21 4,400 - 6,900 20 8,200 - 12,500
22 4,400 - 6,900 21 2,800 - 5,200
23 4,400 - 6,900 25 0- 2,800
24 4,400 - 6,900 26 2,800 - 5,200
25 0~ 1,600 May
26 0 - 1,600 1. 2,800 - 5,200
27 2,800 ="5,200 2 0- 1,600
28 . 5,800 - 8,600 3 0~ 2,800
29 ' 0 - 2,800 - 4 4,400 - 6,900
30 0 - 1,600 5 12,700 - 20,700
.Oct 9 0 - 2,800
7 900 - 4,000 10 2,800 - 5,200
8 900 - 4,000 11 5,800 - 8,600
11 0 - 2,800 12 4,400 - 6,900
12 4,400 - 6,900 13 7,100 - 10,400

(a) Traffic rate ranges were determined using the data in Table 3.8
derived from the confidence bands in Figure 3.6.




them had migrated or would continue to migrate, at night by flying on

. one of the nights (without rain) preceeding or following their enumera-
tion during a daytime survey. Obviously, in a few groups of nocturnal
migrants counted during the spring, the individuals counted may have
been locally breeding species that were already on territory and not
recent migrants. It is highly probaBly, however, that the species which
were not recorded on.one day, but were extremely numerous the next day
must have arrived during the intervening night.

During the fall survey period, the highest migration traffic
rates occurred on Septembér 23 and 28 (Table 3.3). Judging from the
groups of nocturnal migrants observed during the day within two days on
either side of these dates (Appendix C, Table C-1), the migrants involved
were probably as follows: (1) The night of September 23 probably involved
the migration of kinglets, vireos, warblers, and sparrows; and (2) the
night of September 28 probably involved the migration of thrushes, king-
lets, warblers, finches, and sparrows.

The highest migration traffic rates during spring surveys were
on May 4, 5 11, 12 and 13 (Table 3.4). Groups of nocturnal migrants
(Appendix C, Table C-2) which were probably flying on those nights are
as follows: (1) The nights of May 4 and 5 probably involved the migra-
tion of flycatchers, mimics, thrushes, kinglets, and many species of
warblers and sparrows; and (2) The nights of May 11 and 12 probably in-

volved the migration of flycatchers, mimics, thrushes, vireos, warblars,

orioles, and sparrows.

Searches for Tower Killed Birds

Only one bird, a female blackburnian warbler (Dendroica fusca)

was found dead during the spring and fall 1975 searches (71 days) for
tower-killed birds. This warbler was collected near the base of the
meteorological tower on May 27. This species is considered a common
transient, But not a breeding species, in north-central Ohio (Campbell,

1968; Trautman and Trautman, 1968). However, the WIG was not operational
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at night during these two seasons. Therefore data from these two migra-
tory seasons are included as baseline (pre-operational) data for compar-
ison with data obtained when the WIG was operating at night.

Only two birds were found dead near the WIG or meteorological
tower during the fall of 1975 and the spring of 1976, but neither bird is
considered a nocturnal migrant. A starling (Sturnus vulgaris) was found
at the base of the WIG on May 16, 1977 and a common grackle (Quiscalus
quiscula) was found on May 22, 1977, in a driveway about 55 yardé (50.2 m)

from the meteorological tower.

The absense of tower-killed nocturnal migrants at the WIG may
not be representative of the maximum potential kill, however, because the
WTG was only operational for a fraction of the nighttime hours during
each migratory season. During the fall of 1976 the WIG was operating at
20 rpm for the first 3 hours of darkness on each of six nights (approxi-
mately 18 of 550 nighttime hours from September 1 through October 25).

In the spring of 1977 the WIG was operating at 20 rpm during the late
’evenlng and/or early morning hours of darkness on five days in late April
’and 14 days in May.' The 14 late evening (beginning about 0.5 hour -after -
sunset) and 10 early morning (ending about O. 5 hour before sunrise) periods
of operation were each 4 hours in length, for a total of 96 hours of
nighttime operation out of approximately 610 hours of darkness during the i
April and May songbird migration season.

In review, it is apparent that the WTG is not particularly lethal
to low-level, night-migrating birds, even on nights of heavy migration for
the Sandusky area. Only one nocturnal migrant was found dead, and that
was at the base of the meteorological tower prior to operation of the wind
turbine at night. Admittedly, major kills only occur at some towers in’
intervals of several years (Stoddard and Norris, 1967), and the total

hours of nighttime operation of the WIG were only 114, However, the com-

bined conditions of foggy weather due to a low cloud ceiling, favoring

winds for migration, and substantias nocturnal migration, a combination

usually associated with mass mortality (Stoddard and Norris, 1967; Johnston
and Haines, 1954; Howell et al., 1954; Avery et al., 1977), were expe-

rienced on May &4, 1977. On this night, the WTG was operating for 4 hours
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at night and the estimated migration traffic rate was in excess of 7,800
birds/mile of front/hr. (This was ﬁndoubtedly an underestimate due to
the fog partially obscuring birds flying through the ceilometer beam.)
In spite of these conditions appropriate for a mass bird kill, no birds
were observed striking the WIG during the first 45 minutes of darkness
(using the night vision scope), and no birds were found dead at the base

of the WIG during the early morning searches.

Scavenger Studies

Although the first two seasons of searching for tower-killed
birds indicated that the number of dead birds (only one migratory bird was
found) was too low to attract scavengers on a regular basis, a minimum
effort was made to determine the percent loss of tower-killed birds due to
scavenger removal during the night. During the three nights of study,
only two bird carcasses were removed by scavengers out of a potential 42
"carcass nights” of exposure (Table 3.10). This indicates that less than
'S percent of the tower-killed birds at NASA-Plum Brook are removéd by
scavengers during the night and therefore are not available for recording
by early-morning search crews. The 5 percent scavenger removal rate is
considerably lower than the 80-90 percent removal rate reported by Crawford
(1971) at a TV tower in Florida or the 58 percent removal rate determined
by Vessey et al., (ND) at a nuclear power plant and its cooling tower
located near Port Clinton, Ohio.

The major reason for the difference in scavenger removal rates
between studies is probably due to the magnitude of the tower-kills normally
occurring at each site. Only one nocturnal migrant was collected during
four migratory seasons under the meteorological tower or WIG tower in this
study. Stoddard and Norr15v(1967), however, collected an annual average of
2,700 birds over an ll-year period at a TV tower in Florida. Similarly,
Vessey et al. (ND) collected 157 birds during three migratory seasons of
searching around a nuclear power plant and its cooling tower. Understand-
ably, scavengers are attracted to an area which consistantly provides tower=

killed birds; a situation which does not occur at the WIG or meteorological

towers.
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Avoildance Behavior Observations

Twenty—-seven birds were observed shortly after dark flying near
the WIG operating at 20 rpm (Table 3.11). Of these nocturnal migrants,
18 were flying parallel to the plane of the blades and therefore in little
danger of impact with the WIG. Nine birds, however, were flying perpen-~
dicular or oblique to the plane of the blades and thus in imminent danger
of being hit by or running into the blades. Two-thirds of the latter
birds (six individuals) appeared to take evasive action and missed the
revolving blades. The remaining three birds flew in between the blades
without changing course and without a collision. Whether the birds
changing course saw and/or heard the WIG is not known, but it was fairly
obvious that some birds did perceive the presence of the WIG in time to

take evasive action.
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TABLE 3.11. STUDY OF NIGHT-MIGRATING BIRD INTERACTIONS
WITH THE EXPERIMENTAL WIND TURBINE (3)

Birds Flying Parallel Birds Flying Perpendicular or
To Plane of Blades Oblique to Plane of Blades
Flight Altered Flight Not Altered Flight Altered Flight Not Alterved

1 17 6 3

(a) Dates when night vision scope observations were made of the WIG
- ..operating-at.20 rpm.are as follows: April 20, 21, 26, and May 3, ..
4, 5, and 13. |
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IV. AERIAL ARTHROPODS

INTRODUCTION

Insects and other small invertebrates populate the air above
both land and water habitats. While there are no known studies of dis-
tribution on arthropods relative to wind turbines, published literature
permits the synthesis of a general profile of aerial distribution (Glick,
1931; Hardy and Milne, 1938; Freeman, 1945; Johnson, 1969). Briefly,
this -vertical profile shows that aerial arthropods have been collected
thousands of feet above the ground but that the majority of these orga-
nisms are within 80 ft (30 m) of the ground., For example, numerous
articles refer particularly to aphids (Shands et al., 1965; Kring, 1972)
which are a conspicuous insect group in the air; these articles indicate
that 50 percent of the aphids may be within several feet of the ground.
Thus, a considerable portion of aerial insects would probably be located

within and below an altered wind stream tube created by a wind turbine.

.. Wind pg;bineé could affect aerial arthropods...The movement of. .. . .. ...,

.the organisms could be obstructed by the towers. Also, they could be im-
pacted by the moving blades. Such effects may be especially noticeable
during swarms of bees, migrations of such insects as locusts or butter-
flies, and concentration of insects by deposition after storms. However,

such effects are conjectural.
Field tests were conducted and literature summaries were de—

veloped to quantitatively assess the potential affect of a wind turbine on
aerial arthropods. This chapter explains the approach taken, the results

obtained, and discusses the general patterns of aerial arthrcpods relative

to wind turbines.

MATERIALS AND METHODS

Three interrelated activities were conducted for the assess-
ment of the possible affect of wind turbines on aerial arthropods. ThesJ

activities were as follows: (1) samples of insects were collected and
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analyzed from foliage near the wind turbine, (2) pertinent literature on
aerial arthropods was summarized, and (3) experimental releases of three -
species of insects were conducted in front of an operating wind turbine.

To determine what insect types to use in the experimental re-
lease, active insects close to the wind turbine were sampled with a
15 inch (38 cm) aerial sweep net in mid-August 1975. Six samples were
taken in the various habitats adjacent to the WIG site, three in the man-
aged grasslands, one on the bank of Plum Brook, one in emergent/shoreline
vegetation adjacent to the reservoir, and one in the infrequently mowed
grasslands adjacent to the wind turbine. Each sample consisted of 100
sweeps except for the sample along the reservoir edge which had 50 sweeps.
The adult insects from each sample were sorted to taxonomic groups, except
for wingless forms which were discarded; aerial arthropods other than
insects, such as spiders, were also excluded. The number of insects cap-
tured per sweep was calculated.

Published literature about aerial arthropods was obtained and
sumarized for general patterns of vertical distribution, migratiog, and
other flight characteristics relative to temperature, time of day, and.
other environmental.conditions,

Three species of insects were used in the experimental releases.

They were ladybird beetles (Hippodamia convergens), blow flies (Sarcophaga

sp.), and honey bees (Apis mellifera). Specimens were obtained from Bio-

Control Company, Auburn, California (ladybird beetles), Carolina Biologi-~
cal Supply Company, Burlington, North Carolina (blow flies), and N. C.
Berry and Sons Company, Montgomery, Alabama (honey bees), The honey bees
and ladybird beetles were obtained as adults while the blow flies were
obtained as pupae and were allowed to emerge in time for the experimental
release. The bees and flies were fed maintenance diets gf sugar water

or sugar cubes and water until time of release.

Each batch of insects was released from a carriage that was raised

and lowered with the use of large outdoor weather balloons (Figure 4.1).
The release carriage consisted of a plywood box, 11 x 11 x 6 inches

(28 x 28 x 15 cm), which was cut into halves; one side was secured with
hinges and equipped with spring-loaded coils so that the box would open

automatically when the latching mechanism was released. The hinged end
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of the box was attached by ropes to the balloons; a guy line and trip
cord extended from the release carriage to the ground where each was

held by a person. Thus,.the insects could be released when the desired }
height above the ground and distance from the wind turbine were obtained.
Upon tripping the latch, the suspended box would open instantaneously,
releasing the insects into mid-air. Insects, held in 1 gal jars (3.7 £),
were placed into the box through a cloth sleeve attached to a 3 inch (7.5
cm) diameter hole on one side of the box. The sleeve was tied off after
loading the insects. A 5 inch (12,5 cm) diameter hole covered with ace-
tate was located on the opposite side of tlie box; this served as an ob-
servation port. The empty carriage weighed approximately 2-7/8 1b (1.3 kg);
the carriage plus attached ropes weighed approximately 4-3/4 1b (2.2 kg).
Three weather balloons were needed to lift the insects and carriage
mechanism to the desired height. The balloons, two with a 5.5 ft (1.68 m)
diameter and one with a 4.0 ft (1.22 m) diameter were filled with helium
and tethered together. The balloons and carriage, Battelle scientists,
and wind turbine are shown in Figure 4.2. .

The iusect release experiment was conducted.on 27 June 1977 be- -
tween approximately 1500 and 1740 -EDT at the NASA/ERDA 100 kW Experimental -
Wind Turbine while it was in operation. Wind speeds ranged from 6-11
mph (2.7-4.5 m/s) from a northeasterly direction. Air temperatures
ranged from 75-80 F (24-27 C). fwelve releases of insects were made at
heights of approximately 60-80 ft (18.3-24.4 m) and approxfmately 60-80 ft
(18.3-24.4 m) upwind from the plane of rotation of the wind turbine. The ex~=
periment consisted of four releases each of ladybird beetles, blow flies, and
bees. There were an estimated 8,000-9,000 beetizs, 200-300 blow flies, and
3,000-4,006 bees per release for a total of 12 releases and about 50,000
individuals. Each release was recorded by 16 mm motion picture cameras
with supplementary still photographs. Later, the film record was care-~
fully scrutinized for movement batterns of each species. After the final
release, a 70 x 70 £t (21.3 x 21.3 m) area under the wind turbine was

searched in transects and the number of indivduals of each of the re-

leased species was recorded.
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HONEY BEES BEING LOADED BY BATTELLE SCIENTISTS
(WEARING PROTECTIVE CLOTHING) INTO INSECT CAR-
RIAGE FOR RELEASE AT APPROXIMATELY 80 FT (24 M)
ABOVE THE GROUND DIRECTLY UPWIND FROM THE WIND
TURBINE. NOTE THE BALLOONS REQUIRED TO LIFT

THE CARRIAGE AND INSECTS TO THE DESIRED HEIGHT.
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RESULTS

Sweep Samples

The six sweep samples showed that at least nine major insect
groups (orders) were found in vegetation communities around the wind tur-
bine. The most common orders were flies (Diptera) and hoppers (Homoptera);
they represented 40 and 29 percent, respectively, of the total 374 in-
dividuals collected (Figure 4.3), Of the ramaining 31 percent, beetles
(Coleoptera). and bees, ants, and wasps (Hymenoptera) comprised 6 and 5
pefcent, respectively. Finally, crickets and grasshopeers (Orthoptera),
butterflies and moths (Lepidoptera), caddis flies (Trichoptera) and
dragon flies (Odonata) comprised a total of 20 percent of the captures.

The number of species varied from 20 near the stream bank to
46 in the mowed grass (Appendix D, Table D-1). The number of individuals
varied from 28 to 112, The number of individuals per sweep sample varied
from 0.28 individuals to 1.13. These differences reflect differing envirom-

,meptqlacondi;ions such as food and cover in vegetation. Midges were the . °
mo§t ;bundant insect and were found in all sweep samples. Tree crickets,
/froghoppers, leafhoppers, and leaf beetles were élso common,

Most of the insects were plant-eaters (herbivores). Some frog-
hoppers and leafhoppers feed on clover, alfalfa, strawberries, apples, po-
tatoes, and sugarbeets and can be economic Pests (Borror and DeLong, 1971;
Metcalf et al., 1962), Grasshoppers and crickets were found in nearly all
herbaceous communities; tree crickets may be encountered in trees, shrubs,
and weeds. Tree crickets lay their eggs in bark and stems which can re-
sult in damage to the trees (Borror and Del.ong, 1971); adults may become

pests by eating holes in ripe fruit (Metcalf et al., 1962),

Other Observations

Several other observations of arthropods/wind turbine inter-
actions have been made. A swarm of honey bees landed on the SW leg of

the tower in the spring of 1976; the swarm attached to a place about 10

ft (3 m) above the ground and was removed by extermination (pers. comm. ,
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Others

(Lepidoptera, Trichoptera, Odonata)
3(0-4)

Hymenoptera
3(1-9)
Huiniptera

Coleoptera
4{0-10)

Orthoptera
7(1-18)

Homoptera
18(5-56)

mean (range)

FIGURE 4.3. DIAGRAM OF RELATIVE PROPORTIONS (PERCENT) OF
INSECTS COLLECTED IN FOLIAGE NEAR THE WIND TUR-
BINE. NUMBERS IN SECTORS ARE MEAN. NUMBERS OF
INDIVIDUALS FOR EACH SAMPLE; RANGE OF THE SIX
SAMPLES IS PROVIDED IN PARENTHESES.
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R. Rogers, June 27, 1977, Experimental Wind Turbine at NASA~Plum Brook).
Also, a butterfly was observed passing through the disk of the operating
WIG near the hub, about 100 ft (30 m) above the ground on August 5, 1977,
(pers. comm., S. Rogers, August 8, 1977, Battelle). The butterfly seemed
to be 1lifted 2 to 3 ft (1 m) eachvtime a WIG blade passed behind it. The
butterfly contirued on its path apparently unharmed and undetered by the

passage.

Experimental Releases

Individual insects from all 12 releases dispersed downward and
toward the wind turbine; some individuals seemed to move into and through
the disk of the wind turbine, although'ﬁxis was difficult to document
because of the small size of the insect;. Figure 4.4 provides a graphic
synthesis of the four releases for each species., Further information
on wind speed, temperature, and wind direction is available (Appendix D,
Table D-2). Ladybird beetles tended to fall from the opened release car-

- riage and within a few séconds some landed on the ground- in small clumps.
Other individuals took wing, but the overall vector of dispersal was
downward. By way of contrast, many honey bees remained flying in the
air after their release and were moved by the wind toward the wind tur-
bine. Some bees even hovered around the release carriage (there was no

queen present to attract them) and accompanied the carriage as it was
pulled back to the ground for the next loading. Blow flies were inter-
mediate in the principal vector of their dispersal (Figure 4.4); this
organism tended to fly more randomly in several directions than did the
other two species.

Counts of released species were made at completion of the 12

releases on the gravelly area under the wind turbine. Tens of individuals

of all three species were observed. Any organisms killed by the rotating

wind turbine were minimal in number,
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DISCUSSION

The absolute distribution and abundance of aerial arthropods
differs seasonally, ¢aily, and indeed from hour to hour. The complex
interactions of wind turbulence, light, temperature, relative humidity,
and other physical properties of air interact in different ways to main-
tain a fluctuating profile and movement pattern of arthropods. In tem-
perate zones, the greatest population densities occur in the late spring
and summer of the year and are small in the winter. Tropical profiles
are usually a reflection of the dry/wet season cycle. The profile also
changes on a daily basis. In Louisiana, densities were higher during
the night than the day (Glick, 1939), 1In England, it Gas the reverse
(Freeman, 1945; Taylor, 1960). Finally, another study reveals that some
species are more active an hour after sunset and before sunrise (Butler,
1972). ‘

The greatest recorded density seems to be about 400,000 insects
per 1 £ (2.0 x 107 £) with a minimum density [altitude of 840 ft:
(304 w)] of about two insects per 1 £t (2.8 x 107 &) (Johnson, 1969).
Extremely dense swarms are atypical and the general magnitude of aerial
arthropods can be expressed in another way. It has been estimated that
an average of 12,500,000 arthropods per hour passed through a rectangular
area 250 ft (91.5 m) high by 4400 ft (1.6 km) wide. For the above study,
Freeman (1945) used collecting devices fixed to a series of radio towers
in a vegetation background similar to many iﬁ the temperate zones of the
world. Freeman reported a maximum observed rate of 50,600,000 and a
minimum of 457,900 insects per hour., Furthermore, 75 percent of the
moving populations was below 80 ft (30 m). These general patterns are

summarized in Figure 4.5, Thus, the majority of aerial arthropods

will likely be found in the lower portion of the air stream around a

wind turbine.
The number of insects in free flight is affected by climate,

especially temperature and light, Temperature acts as the most important
threshold; consequently, the amount of time per year at temperatures
above the threshold has more effect than mean temperature on the size of

the aerial population (Taylor, 1963; Lewis and Hurst, 1967). 1I1f all the
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metecrological factors necessary for takeoff were known, we could pre-
dict the days when large migrations occur, Most mass flights occur in
sunny, settled weather. Table 4.1 provides a view of the temperature
thresholds for four species of insects, Most other insects probably
fit within -hese ranges. For example, the temperature threshold of
various sgpecies of thrips is about 49 F (19 C) (Lewic and Hurst, 1967),

Fly/ng insects accumulate i1n the air leeward of artificial
windbreaks. No known work is available for objects as high as wind tur-
bines. However, upright, 45 percent permeable barriers create "sheltered"
zones in which concentrations of insects occur (Lewis, 1967; Lewis and
Dibley, 1970). Th2y suggest that the accumulation level of small in-
sects (body area <3 mn) would be determined by the way inert particles,
drifting in an air vtream, are affected by obstacles. It is expected
that some insects wiil accumulate behind objects as high and as perme-
able as wind turbines and their towers.

Aerial insects tend to be small. It has been estimated that
84 percent of the flying population was no larger than fruit flies,
Drosophila SPP., or large aphids (wing span x body length is about 10-
30 mf ) an& bnly 2 percent were larger than the common house -fly
(Johnson, 1969). Observations of large migrating butterflies or locusts
bias the fact to the observer that the majority of aerial insects are
small.

Migrations of populations occur when food sources are de-
pleted and climate suitable for their existence changes for the worst.
For example, over 15 orders of insects were observed flying in a south-
erly direction through one high elevation pass, 3,727 ft (1,136 m), in
Venezuela (Beebe, 1949, 1951a,b; Beebe and Flemming, 1951). Such migra-
tions through passes have been observed elsewhere (Urquhart, 1960; wWil-
liams, 1968). Locations of these migratory paths include tropical and
temperate regions. As with bird migration, the dispersal of insects is
positively related to the direction of prevailing wind-carry (Shade and
Curtis, 1964; Meyer and Norris, 1973). It has been demonstrated in the
review by Rainey (1976) that prior to migration, widely dispersed, air-
borne insects can be collected or brought together at the emergence of

cold and warm fronts. The longer time the front remains stationary,

TN T e
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TABLE 4.1. TEMPERATURE THRESHOLDS FOR FLIGHT IN FOUR
SPECIES OF INSECTS
hay Pliers
Blackbean Soldier Hight Fliers
Temperature Aphid Feetle Moth rp, I Moth sp, 2

) A B A B A B A B

<1 ' & o

1-2 3 o 1 0 :

2-3 1 0 3 0

34 3 o 5 0 :

4-5 1 0 1 0 i

5-6 3 0 29 2

6-7 4 0 ? 0 29 0 ¥

7-8 1 0 7 o 1 1 & 2 :

8-9 3 0 15 3 42 3 i

9-10 0 2 0o 1 5 7 6

10-11 0 12 o 2 5 82 13 i

11-12 o 21 6 23 6 9 16 y

12-13 12 0 3% 2 18 7% 127 25

13-14 18 o 33 1 6 2 1%  21% ;

14-15 20 1 23 1 11 4 116 22 : ]

15-16 24 2 43 4 13 & 14 22 4

16-17 20 71 48 9 1 69 20 3
; 17-18 22 20 51 12 o a3 18 3

18-19 4 29 15 25 % 0 25 9 ;

19-20 60 S0 40 14 15 6

20-21 8 s8 28 9 6 2 3

21-22 68 67% 17 6 6 1 3

22-23 62 62 20 7 i

23-24 45 w22 8 1 0 ;

24-25 29 28 18 5

25-26- a1 a1 26 6

26-27 3 31 17 1

27-28 28 28 10 0

28-20 " * 27 3 o

29-30 . 22 22 4 o

30-31 23 19

31-32 11 8 1 0

32-33 10 8

33-34 1 1

34-35 1

35-36 . 2

A = No, of timcs the teomperature occurred,
B = No, of times a catch occurred at this teuperature,

% » Max{vum number of insects obsorved relative to the
temperature profile.

{from Taylor, 1963).
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the greater the concentration of insects of the particular migratory
species. Following the decay of storms, insects that had been in-
voluntarily trapped aloft by the winds may be deposited over a limited
area (Henson and Waggoner, 1965). Few specific relationships of fronts
along Lake Erie and insect migration have been made. However, one of the
observers of the Insect Migration Association cited a large wave ol mi-
grating monarch butterflies along the shore of Lake Erie just west of
Cleveland, but they were too high in the air to adequately document (Urqu-
hart, 1960).

The speed of migratory insects varies from 6.6 to 49 fps
(2 to 15 m/s) {Table 4.2) and they travel with the wind. Monarchs tend
to travel over bodies of water (lakes and rivers) during the daytime.
They always seek suitable trees and shrubs for night-time resting. Little
information exists about the speed of migratory insect waves or popula-
tions vs. the speed of the wind. However, insect flight probably di-
minishes when wind spe.d exceeds flight speed. For example, Freeman
(1945) reported that number of species [heights 8 ft (3 m), 50 ft (54 m),
and 230 ft (84.5 m)] rose in wind speeds up to about 25 fps (9 m/s)
and then diminished. Flies were the only group well represented at the
higher wind velocities. Table 4.2 supplies particulars about other migra-
tory species of arthropods. 1In general, migrating dragon flies and butter-
flies will fly close to the ground and individuals will be separated by
many feet. Locusts will exhibit swarm behavior and will be at many ele-
vations. Local insect activity patterns such as swarms, heavy migration,
and deposition méy result in large numbers of insects in a particular lo-
cation for some limited period of time.

This review and brief experimentation does not lead us to any

conclusion of significant conflict between flying insect populations and

wind turbines.
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V. SOUND

INTRODUCTION

Sound generation by the DOE/NASA 100 kw Experimental Wind Tur-
bine Generator (WIG) is the result of (a) mechanically and electromechani-
cally induced sound from the equipment located in the alternator nacelle,
and (b) aerodynamically induced noise resulting from interaction of the
tower and the turbine with moving air. Sound at frequencies audible to
humans is‘generated at low level and is not considered to be of concern
to the environment (NASA-Lewis, 1977). Infrasound, i.e., accustic energy
generated at frequencies below the lower limit of human hearing, was in-
vestigated briefly in this study to determine whether or not it would
occur at an intensity of sufficient magnitude to degrade the environment .
Data, which was obtained only under unloaded conditions, show levels of
infrasourd which are lower than those believed to cause annoyance of phys-

1ological effects (Johnson, et al., 1976). o

Infrasonic Noise

Although research in the area of physiological and psychological
effects of infrasound has been limited in extent, the work which has been
.reported in the literature (e.g., Gavreau, 1968; Evans and Tempest, 1972;
Andreeva and Galamina, 1971) indicates that high levels of infrasound
intensity can be a problem. The threshold of physiological damage from
airborne sound is as low as 120 dB at 20 Hz, but increases to 140 dB at
0.2 Hz (Johnson et al., 1976, CHABA, 1977).

Hﬁman annoyance resulting from exposure to infrasound in the
frequency range of 0.1 Hz to approximately 5 Hz begins at levels on the
order of 120 dB. Above 5 Hz the threshold of annoyance decreases. At 20
Hz, for example, the threshold is as low as 90 dB.

Audibility of infrasound decreases with decreasing frequency.

g 4 KTz 2 T

According to criteria published by the U.S. Environmental Protection Agency

(CHABA, 1977), the average threshold of audibility, is approximately 80 dB ‘
at 20 Hz, increasing to 125 dB at 2 Hz. g
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Another aspect of infrasound is the small amount of attenuation
occurring as the low-frequency waves propagate. The long wavelength is
believed to be a contributing factor to this phenomenon, as is the presence
of vertical thermal gradients which tend to channel the acoustic energy
of the waves (Cook, 1962). Because of this, propagation can influence.
larger areas than audible sound of the same level.

Infrasound is frequently translated in frequency through inter-
action with~bﬁilding walls or large windows which respond to the low fre-
quency pressure fluctuations by vibrating and radiating audible sound.
While structural damage is not a consideration, except in cases where
extraordinary pressure pulsations are involved, the translated sound can
be annoying to building occupants.

In the case of the WIG, some infrasound is generated when vortices
are generated by air flowing past an obstruction such as the supporting
tower or the turbine blades. The intensity and frequency of the sound are
dependent on the size and shape of the obstruction and the wind velocity.

The principal source of infrasound, however, is beiigved to be
‘the interaction of the tower wake with the turbine blades-as they pass . ..
through the leeward side of the tower. Even at no-load conditions, a dis-
tinct "thump" can be heard occurring at a rate corresponding to blade
passage frequency. The '"thump" consists of an impulse which occurs at
blade passage frequency (1 Hz in the case of 30 rpm operation). Because
of the impulsive nature of the occurrence, sound at audible frequencies
is also generated. Acoustical measurements were made, using a low-frequency
microphone system(l), of the air pressure fluctuations at a point approxi-~
mately 10 feet (3 m) above the ground, and in the near acoustic field in
front of the turbine. The voltage output of the microphone system was

(2)

recorded on a moving chart for observation . With the turbine stationary,

(1) Bruel and Kjaer type 2631 carrier system with type 4147 microphone.

(2) Sound at audible frequency and noise due to wind interaction with the
microphone were masked by the low-frequency response of the recorder.
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the only low-frequency pressure fluctuations observed were very low- i
frequency, (.01 Hz), large amplitude signals attributable to instrument
drift. When the turbine.was in operation, however, a 1 Hz signal, approx- %
imately sinusoidal in nature, was observed to be superimposed on the low- 2
frequency component of the microphone output. The amplitude of the low- f:
frequency signal was determined to be in the range of 90 to 100 dB, rela-
tive to 2 x 10_5 pasgal, and the frequency was the same as turbine blade
passage frequency, i.e., 1 Hz at speed of 30 rpm.

Although no attempt has been made to develop a model for scaling
the sound level, the literature indicates one might expect an increase in L
level on the order of 3.4 dB for an increase in wind speed from 10 mph
(4.5 m/s) to 20 mph (9.0 m/s) (Lindquist, 1977). For increases in power
level, an estimate could be based on the assumption that the increase in ;ﬁ
sound power would be at most proportional to the power output of the tur-
bine. Assuming the power required to drive the WIG is 33 kW, the increase

in acoustic output resulting from operating at an output power of 100 kW,

as compared to no output power, would be 6 dB. Combining the.level in-
- : creases due to wind velocity and power output, a 9.5 dB increase would
result.

From this data, it is possible to conclude that operating at
full load and 20 mph (9 m/s) wind velocity, the maximum level of the in-
frasound would not be increased by any more than 9.5 dB over the level
measured at no load and 10 mph (4.5 m/s). At this level (100 to 110 dB)
there would be a substantial margin between the level of infrasound pro-
duced and the threshold criteria reported by Johnson, et al. (1976) for

annoyance and physiological damage. . ;

baaune

,
B IIELN i LA AN L s v i MLl s S S it B i e o




v e = "
B A : -
B R N S

e

VI. CONCLUSIONS ' |

MICROCLIMATE

The physical presence of an open lattice tower and the opera-
ting or nonoperating blades of a large wird turbine affects the natural
environment in which it is sited. However, the significance of these
effects appears minimal, even negligible, beyond the physical construc-

tion area of the tower pad and any other control/maintenance facilities.

The environmental impact of this small area--less than several acres
even for large, single-tower operations--is a measureable effect. How-
ever, this impact is not different from that found at similarly con-
structed facilities. A small concrete or gravel pad, foundations for
the tower, a small control/operations building (in some cases, others
may be operated remotely), access roads, and transmission rights of way
all occupy small areas of land, modify the adjacent microcllmates, and
if located in agricultural areas represent a loss of those acres to
production.

The field studies of the microclimate of a large operating wind
turbine indicate negligible effect to a small area immediately downwind
of the tower and blades.

When the WIG rotor is not operating, a rainfall deficit has
been observed within a 3/4 rotor diameter (28 m) equivalent of the
Plum Brook wind turbine tower. This deficit decreases and can disappear
completely if the WIG is operating. For individual rainfalls, the non-
operational deficit can range between 1 and 30 percent, the higher
values occurring with rainfalls of less than 0.05 ecm (0.1 inch). Over a
long period, this deficit is estimated to be about 5 percent. It is
apparently due to the changes in windflow produced by the ﬁresence of
the tower and the blades. Over parts of two successive winters, the pre-
cipitation pattern downwind of the tower in the prevailing wind direction
has shown increases with distance one year and decreases the next year

with the WIG not operating. Apparently meteorological variability overrides
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any tower shadow effect.” Thus, it is expected that the operation of a
WIG at Plum Brook will have an insignificant effect on rainfall in the
vicinity. If there is a deficit in rainfall, it will occur within 1 or 2
rotor diameters (38 to 76 m) of the turbine where most of the human activity
will be occurring. Even if the WIG had a significant effect on precipi-
tation patterns in its vicinity, the variability of wind directions and
speeds at Plum Brook, plus the large amount of annual precipitation which
falls there, would ameliorate the effects of the WIG by naturally distri-
buting the precipitation decrements and increments within the area. |

-In areas where topography or climate are different than that at
Plum Brook, rainfall anomalies caused by a WTG could have a measurable
effect. However, the results of the Plum Brook study, although hampered
by a short observation period, predict that any precipitation vdriations
will be quiteAsmall and will be limited to an area within two rotor diam-
eters of the turbine. Consequently, even in areas where the wind may
persist from a single quadrant or the annual rainfall is quite small, the
presence of a WIG will create few precipitation variations which can be
distinguished from the normal variabilities of rainfall or snowfall. .. .

The study of the micrometeorological parameters, wind speed,
temperature, and carbon dioxide concentration, in and out of the wake of
the wind turbine do not indicate a significant variation in that wake.

A significant difference was measured for wind speed within and outside
of the wake of the wind turbine only for a distance of from one to five
rotor-diameter equivalent distances downwind.

These measurements demonstrate the high variability of the
natural environment. Thus, the main conclusion to be drawn is that
plants and animals exposed to the wake of an operating WIG, while theo-
retically exposed to different micrometeorological conditions, are not
likely to be significantly affected. What minor changes there are,
which were not measured in this study, fall well within the natural vari-
ability of the environment to which these plants and animals are adapted.
Furthermore, only in cases of a very narrow wind direction variation and
very high constancy of winds such as a mountain pass, would the plants

and animals be exposed to this wake for a large percentage of the time.




100 ' - :

In -such cases, the biota are typically adapted to the winds and minor
variations, again, are unlikely to cause measureable or significant
changes. Due to the extreme exposures and variability such sites are

" not usually prime agricultural lands.

BIRDS

The number of nocturnal migrants, expressed as the migration
traffic rate, during the peak periods for fall and spring songbird migra-
tion in the Sandusky area varied from essentially no migration on rainy
nights to as many as 17,000 birds/mile of front/hr. The average migra-
tion traffic rate for 12 nights with clear skies at NASA-Plum Brook was
about 5,300 birds/mile of front/hr. for both spring and fall ceilometer
surveys. This figure is slightly lower than the average for the same
time of the night reported by Lowery and Newman (1966) for moon-watching
surveys throughout the United States on four nights in October. The
greatest migration volume during fall 1976 surveys was after the passage
of a cold front, and greatest during spring 1977 surveys was immediately
after the passage of a warm front.

A linear regression analysis of data from ceilometer and radar
surveys on clear nights produced a table of migration density ranges that
permits rapid quantification of migration from photographs of an ARSR-2
radar display. This method permits an estimate of migration traffic rates
on rainy and overcast nights when ceilometer surveys are unreliable.

Heaviest fall migrations were to the S and SW, while heaviest
spring migrations were to the NE and ENE. This orientation may be
influenced by the NE-SW alignment of the eastern North America coastline.

During four migratory seasons of searching for tower-killed
birds, only one nocturnal migrant was found, and this bird was found near
the base of the meteorological tower prior to nighttime operation of
the WIG. ’

Three circumstances prevented a completely accurate determina-
tion of the maximum potential kill of nocturnal bird migrants by an
operating WIG. First, the WIG was operative only 10 percent of the
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nighttime hours of two (out of four seasons of study) migratory seasons.
Thus, the WIG only operated for 114 nighttime hours during the peak song-
bird migration dates in fall 1976 and spring 1977. Second, three nights
of scavenger studies indicated that about 5 percent of the tower-killed
birds would be removed during the night before early-morning rounds are
made by searchers to collect dead birds, Third, searches for tower-
killed birds were only made during four migratory seasons, while major
kills at other locations are known to be separated by intervals of several
years (Stoddard and Norris, 1967).

In spite of the above limiting circuﬁstances, it appears that
the WIG at NASA-Plum Brook is not consistently lethal to a significant
number of low-level, night-migrating birds, evén on nights favoring high
migration traffic rates combined with a low cloud ceiling and fog.
Possibly a WIG could become more significant to mocturnal migrants if a
taller WIG were built or if the WIG were located where large numbers of
birds fly closer to ground level than they do in the Sandusky area.

N Even when migrating birds do come near a WIG at night it
appears that many of the birdsAperceive the structure and take evasive
action. In this study, six of nine birds on a collision course toward
the WTG operating at 20 rpm took evasive action in time to avoid the
blades. The other three birds headed for the WIG flew on a straight line
between the blades without incident.

' Heavy migration of low-level nocturnal migrants can be fore-
casted for the Sandusky area with some accuracy during the peak songbird
migration months in fall (September and October) and in spring (April
and May). Heavy migration normally occurs in the fall shortly after the
paasage of a cold front and in northerly winds. Heavy spring migration
normally occurs immediately after a warm front or on ;he trailing side

of a high pressure area and in southerly winds. Rain during either season

usually brings most songbird migration to a halt.
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AERTAL ARTHROPODS

Foliage-inhabiting insects were sampled near the wind turbine.
Flies and hoppers were the most abundant groups but beetles, bees, and
other insects were present. Twelve tests were conducted to experimentally
stage a reasonable, albeit infrequently encountered "worst'case"»example
for the wind turbine site. Releases totalling 50,000 individuals (lady-
bird beeties, blow flies, and honey bees) were made from a mid-air point
in front of an active wind turbine. The releases were recorded on film
and analyzed. The results confirmed that the wind turbine will have
little to no significant effect on aerial arthropods.

The seasonal, day-to-day, and hourly movement patterns of
aerial arthropods are regulated by temperature, light, and other climatic
and weather conditions. Densities of aerial arthropdds are greatest
within 80 ft (30 m) of the ground, according to the literature. Localized
densities are much greater during migrations (locusts, butterflies, and
other species) and swarms (honey bees). Migrations are expected to be
more dense in mountain Passes than over flat land. Geographical areas
where individual insects in migration may be affected include sites of
desert locust cycles in western United States and other desert areas of

the world, €.g., the Sahara.
SOUND

Data obtained by NASA show that for wind velocities in the
range of 15-20 mph (7-9 m/s) the WIG does not generate audible noise of
intensity high enough to degrade the environment or to cause physiological
damage. Measurement of audible noise at greater wind speeds ig extremely
difficult because of natural wind-related noise sources in the outdoors
and the interaction of the wind with the microphone. It ig unlikely that
audible noise exceeding a comfortable level will be present in the accesg-
sible vicinity of the WIG eéxcept at points in Proximity to the nacelle.

Comparisons of measured and predicted infrasound levels with
existing criteria show that the Plum Brook WI% should not produce infra-

sound intensities capable of causing human annoyance or physiological

damage.

|
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‘APPENDIX A

SELECTED DEFINITIONS
——n o LY INITIONS

Arthropod - Any one of g large group of inve;tebrate animals which have a
segmented hard external body covering and jointed limbs. Included
in this group are the ingects, Crustaceans, and spiders, among others,

Ceilometer - (1) An instrument uged at airports to measure the height of
the cloud ceiling; it consists of a 25 million candlepower beam of light
produced by a mercury-vapor lamp, with g Parabolic reflector that
focuses the light into a Very narrow vertical beam, A receiver
detects the light reflected from the clouds and automatically
determines the height., (2) a Portable lamp(s) ugeq with binoculars,
telescope, or night vision 8cope to view nocturnal bird migration
using the techniques described by Gauthreaux (1969), Usually, two,
6~volt, 100 watt, pnarrow beam spotlights are directed vertically
upward, so that they illuminate low-level bird migrants for

[

Nacelle - The streamlined ceénter body of the wind turbine which houses the

conversion mechanisms for the system,

energy from the ‘free flowing air stream. Thisg extraction is manifest
in reduced wind speed and slight modification of other Parameters,

e.g., temperature, Pressure. At some point downwind from the turbine,
normal atmospheric turbulence serves to mix the wake with ambient air

to an extent that the wake can no longer be identified, Because of

Parameters are significantly different from the free flowing air
stream. Figure 1.1 of this report schematically pPortrays the zone
of influence of the 100 kW WTG at NASA~Plum Brook.




e . P
B ) ]

APPENDIX B

MICROCLIMATOLOGY DATA

TABLE B-1

Fall Microclimatology Data

DATE: November 3,.1976 | TIME: 11:12
DISTANCE: 1 dismeter; 125 £t (38 m) | DIRECTION 10 TURBINE: 220°
NACELLE WIND SPEED: 12 mph (5.3 m/s) INSOLATION: 0.83 ly/min
: c02 Temp. Windspeed
HMEIGHT (m) (ppm) © (fps)
0 400 11.6 -
0.3 395 10.8 -
0.8 395 9.4 --
1.8 400 8.3 --
1 3.6 405 10.1 --
8.6 400 8.2 --

14.2 395 9.4 Bty




" B=2

TABLE B-2

Fall Microclimatolopy Data

DATE: November 3, 1976 TIME: 10:55 ié
DISTANCE: 2 diameters; 250 £t (75 m) DIRECTION TO TURBINE: 210°
NACELLE WIND SPEED: 11 mph (5.1 m/s) INSOLATION: 0.68 ly/min
: ' c02 Temp., Windspeed
HEIGHT (m) - (ppm) () (fps)

0 395 13.8 -

0.3 400 10.1 o-

B 0.8 405 8.8 --
1.8 405 8.6 - '
3.6 405 8.8 - N

8.6 405 8.8 -

14.2 . 405 7.5 -




Fall Mie

roelimatology pata”

3

DATE: - November 3, 1976 CTIME: 10:40
_DISTANCE: . 3 diameters; 375 ft (114 m) DIRECTION TO TURBINE: 215°

NACELLE WIND SPEED: -12 mph (5.3m/s) ' INSOLATION: 0.72 ly/mir

L - BEIGRT(m) - (ppm)" " (©) (fps) %

0 ' 375 10.3 4 -
0.3 380" 9.4 -

0.8 400 . 8.9 -
— ' 1.8 400 7.9 -
‘ 3.6 . 405 7.9 -
8.6 400 8.3 -

14,2 . 405 7.8




i Fall Micro

DATE:. November 3, 1976

DISTANCE: 5 diameters; 625 ft (190 m)

fIHE: 10:11

DIRECTION TO TURBINE:

NACELLE WIND SPEED: 14 mph:(6.4"m/s) INSOLATION: 0.66 ly/min
) c0y Temp. Mef_d_
HEIGHT (m) (ppm) (c) (fps)

0 400 10.7 --

‘ 0.3 400 9.3 --
0.8 390 8.3 -
1.8 395 7.6 --
3.6 405 7.7 -
8.6 410 7.4 -

14.2 400 7.2 -

JERARNAAIIY i o vt s Rt et
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TABLE -B=5 -4

s

gy Data

Fall Microclimatolo

DATE: November 3, 1976
DISTKNCE: -5 diameters; 625 £t (190 m)

NACELLE WIND SPEED: 13 mph (5.9 m/s)

i

TIME: ‘14:29 -

DIRECTION TO TURBINE: 220°

INSOLATION: 0,70 ly/min

coz. ‘Temp. . Windsgeed”

HEIGHT (m) (ppm) ©@ (fps)

0o 380 11.6 --

0.3 380 10.6 -

0.8 390 9.9 -

1.8 400 10.1 -

3.6 410 9.9 -

8.6 410 9.3 --

14.2 410 9.4 --
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