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Abstract: Avian radar technologies have the potential to serve an important role in the quantification
of bird movements and determining patterns of bird use in areas where human-wildlife conflicts
might occur (e.g., airports, wind energy facilities). Ground-truthing studies are needed to help
wildlife managers understand the biological meaning of radar information, as the capabilities and
limitations of these technologies are relatively unknown. We conducted a study to evaluate the
efficacy of three X-band marine radar sensors for tracking red-tailed hawks (Buteo jamaicensis) on
or near the airfield at Chicago’s O’Hare International Airport from September 2010 to May 2014.
Specific information regarding red-tailed hawk locations derived from satellite telemetry was used
to determine how frequently the three radar sensors provided corresponding tracks of these avian
targets (i.e., synchronized monitoring). We examined various factors (e.g., bird altitude and distance
to the radar) to determine if they had any influence on the frequency of synchronicity between
satellite telemetry locations and radar tracks. We found evidence that as the distance between a
hawk and the radars increased, the radars’ ability to detect and track known avian targets decreased.
Overall, the frequency of synchronization events for red-tailed hawks was low. Of the 1977 red-tailed
hawk locations that should have been visible to the radar sensors, 51 of these bird movements were
tracked by at least one of the radar sensors (2.6%). This study provides a new methodology for
evaluating the performance of radar systems for tracking birds and determining what factors might
influence overall performance.

Keywords: airports; airport wildlife management; avian radar systems; human-wildlife conflicts;
red-tailed hawks; wildlife strikes

1. Introduction

The airspace provides an important habitat for a large diversity of plant and animal
taxa, including birds and flying mammals [1]. Studying the in-flight movements of aerial
organisms to gain ecological knowledge [2] or to assess the impacts of anthropogenic
structures and vehicles upon aerial wildlife populations [3,4] remains an important and
contemporary area of growth in ecological research (termed aeroecology; [2,5]). The acqui-
sition of accurate data regarding the movements of aerial wildlife traditionally has been
extremely challenging for ecologists, but the recent development of several technologies
has created the potential for collecting and analyzing this invaluable information.
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Advances in satellite telemetry have allowed for an unprecedented understanding of
the large-scale migratory movements of a variety of birds and mammals [6-9]. Furthermore,
global positioning system (GPS)-capable satellite telemetry equipment can also provide
detailed information on the fine-scale local movement and habitat use patterns of wildlife
within temporally or spatially defined periods and areas [10-13].

Bird movements have been tracked using radar technologies for many decades [14,15].
Military and civilian radar systems and networks have been used in many studies to exam-
ine the movement patterns of numerous bird species in a variety of environments [16-20].
Advances in information technology and automated processing of large digital datasets
have led to the development of several commercially available avian radar systems. These
systems are essentially marine radars with customized antennae, transceivers, and pro-
cessing software designed for tracking individuals or groups of birds to a distance of up to
20 km (12.4 miles) from the radar [20,21].

There is considerable interest in using avian radar systems to gain ornithological
information associated with contemporary human-wildlife conflicts, including bird mor-
talities associated with wind energy development [22-25] and human safety concerns
associated with wildlife-aircraft collisions (wildlife strikes) [26-29]. Although avian radar
systems have some apparent advantages, many aspects of the new technology remain
poorly understood and relatively unevaluated [20].

Combining bird monitoring/tracking technologies, such as satellite telemetry and
avian radar, has the potential to provide unique insights into avian movements in local
areas of interest [30-32]. One study demonstrated that synchronous monitoring of vultures
using satellite telemetry and an avian radar system was possible [33]. Advancing this
idea further, we developed a study to evaluate the efficacy of three avian radar systems
(i.e., validating the radars) for detecting and tracking red-tailed hawks (Buteo jamaicensis)
that were being simultaneously tracked using global positioning system (GPS)-capable
satellite telemetry units. To our knowledge, this novel approach has not been attempted
prior to this effort.

We used an evaluation approach similar in concept to other radar evaluation
studies [28,29,34,35] in that we used two independent datasets, one of the individual
red-tailed hawk locations and the other a set of radar tracks, to determine the proportion
of related observations (i.e., synchronized monitoring events) between the two methods.
However, in our approach, we used red-tailed hawk locations provided by satellite teleme-
try [33] rather than visual observations of birds. The objectives of our study were to:
(1) investigate the ability of commercially produced avian radar systems to track individual
red-tailed hawks in a large, complex airport environment and (2) determine which variables
influenced the radars’ ability to track these avian targets.

2. Materials and Methods

This study took place at Chicago’s O’Hare International Airport (ORD) in Chicago,
Illinois, from 1 September 2010 to 5 May 2014. ORD (41°58'43"N, 87°54'17"W) and
was operated by the Chicago Department of Aviation and encompassed approximately
2950 ha [36]. In 2010, there were over 67 million passengers and 882,612 aircraft opera-
tions at the airport, making ORD one of the largest and busiest civilian airports in the
world [37,38].

The airport property is comprised of a variety of land covers, including pavement/
buildings (1281 ha), grasslands (1375 ha), areas under construction (232 ha), and for-
est/shrublands (25 ha). In addition, numerous water features (e.g., retention ponds) and
drainage areas are distributed throughout the ORD airfield [36]. The mean annual precip-
itation in the study area is 930 mm per year, with 56% typically falling as snow during
October—April [39]. Average daily temperatures are 22.2 °C during summer and —4.1 °C
during winter.

As part of a larger study, red-tailed hawks were live-captured on or near the airfield
at ORD using a variety of standard live-trapping methods effective with this species [40].
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The age of all captured red-tailed hawks was determined by plumage [41]. The hawks
were banded with a U.S. Geological Survey (USGS) aluminum leg band on one leg and
an alpha-numeric coded colored leg-band on the other leg. In total, 20 red-tailed hawks
(12 after-second-year birds and 8 s-year birds) were live-captured and fitted with solar-
powered GPS-capable satellite transmitters (30-g Solar Argos/GPS PTT-100; Microwave
Telemetry Inc., Columbia, MD, USA) on or near ORD during 2010-2012. These units were
programmed to operate at 2-h intervals between 05:00 and 23:00 h local standard time
and thus provided information 10 times per day. For each individual telemetry location,
the transmitter provides the latitude, longitude, and altitude (m) of where the bird was at
that specific time. For each satellite telemetry location, we considered an error tolerance
of £20 m in Easting, Northing, and altitude (thus, we assume the true location of the bird
was within a volume with these dimensions). All of the activities involving the red-tailed
hawks were reviewed and approved by the USDA /APHIS/WS/National Wildlife Research
Center’s Institutional Animal Care and Use Committee (QA-1750).

Using the location of the avian radar systems (on the ORD airfield) as a center point,
we established a circle with a radius of 10 km around that location (Figure 1). We then
queried all of the red-tailed hawk locations that were provided by the satellite transmit-
ters that occurred within this spatial extent and built a new dataset that contained only
hawk locations within the 10-km radius. We used the flight speed and altitude of each
individual red-tailed hawk location to categorize the bird’s activity as either “not moving”
(i.e., perched, on nest) or “in flight”. We defined a hawk location as the bird being “in
flight” if the corresponding speed was >5 k/h and the altitude was >1 m [11]. All of the
“not moving” red-tailed hawk locations were then parsed from the database. A total of
2244 individual red-tailed hawk locations provided by the satellite telemetry units met
these criteria.

Figure 1. Location of the 3 radar sensors (designated by a star) in relation to the airfield at Chicago’s
O’Hare International Airport, USA. The circular lines represent an area around the radars with a
10-km radius (denoted in yellow).
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Using the beam geometry (Figure 2), the location of the radars, and the horizontal and
vertical position of each hawk location, we determined whether or not the radar systems
would have the opportunity to detect and track the individual hawk locations. Fifty-one
individual red-tailed hawk locations were consequently removed from the dataset because
it was determined that they did not occur within one of the radar beams (e.g., the location
occurred at an altitude above all of the radar beams).
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Figure 2. Graphical representation of the beam geometry of the AR1, AR2-1, and AR2-2 radar sensors
used during a study at Chicago’s O'Hare International Airport, USA, during September 2010-May 2014.

We hypothesized that climatic conditions, more specifically air temperature, might
influence radar performance. Ambient air temperature (°C) at the time of each hawk
satellite telemetry location was obtained from the National Oceanic and Atmospheric
Administration’s O’Hare International Airport weather station (www.ncdc.noaa.gov, last
accessed on 12 December 2017).

Our study used the same Accipiter® avian radar (AR) units [acquired from Accip-
iter Radar Technologies, Inc. (ARTL Fonthill, ON, Canada)] as described in [29]. These
radars consisted of a Furuno® 8252 X-band marine radar (Furuno Electric Company Ltd.,
Nishinomiya City, Japan). One radar sensor, designated as avian radar 1 (AR1), was
equipped with parabolic dish antennae set at 2° above the horizon. The second radar
sensor was equipped with a parabolic dish, one set at 4° (AR2-1), and the third sensor’s
parabolic dish was set at 8° above the horizon (AR2-2). The altitude setting of these sensors
allowed for different altitudinal coverage. The 3 radar sensors were mounted on top of
2 portable radar trailers (i.e., two sensors on one trailer and the third sensor on the sec-
ond trailer), elevating them approximately 2.5 m above the ground. The radar trail-
ers were located next to each other on the northwestern side of the airfield (41.993163,
—87.934061) (Figure 1). Each dish antenna was set to rotate at 24 revolutions per min (ap-
proximately one rotation every 2.5 s). The radar sensors operated almost continuously from
September 2010 to May 2014, except for short periods of time when equipment maintenance
and repair were necessary. The AR1 and AR2-2 radar sensors were operated in short pulse
mode, whereas the AR2-1 was in long pulse mode (which increases the range of detection)
for the duration of the study [21].

Tracker.exe Software® (Version 6.7.7.7; Accipiter Radar Technologies, Inc.,
Fonthill, ON, Canada) was used to identify and display radar targets. To exclude fixed- and
rotary-wing aircraft, we installed a filter to censor echoes that were traveling faster than
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a speed of 40 m/s. The radar recorded a plot when it received an echo from a potential
avian target. If that same echo was recorded on the next 3 antenna revolutions, the plot
was then recorded as a track, assigned an identifier, and the target was tracked until an
echo was no longer detected. Time of observation (GMT), distance from radar (m), and
target elevation (°) were recorded for each radar track. Radar plots and tracks were simul-
taneously displayed on a screen in the radar trailers (for immediate visual consideration)
and automatically saved onto a computer hard drive (for later analyses).

We used the Trackdataviewer.exe® software (Version 6.7.7.7; Accipiter Radar Tech-
nologies, Inc., Fonthill, ON, Canada) and the radar track data obtained from the digital
radar processors (i.e., the radar units) to produce data files in a CSV format for further
analyses. We compared the radar and observer data using a stepwise filtering script written
with program R [42]. This script greatly reduced the time needed to conduct the analyses,
allowed buffers to be built into some parameters, and reduced the potential for human
error. We conducted quality control efforts to ensure the script was functioning correctly.
When developing the script that program R used to associate radar and red-tailed hawk
satellite telemetry location data, buffers were included to address potential bias associ-
ated with satellite telemetry or radar tracking location error. For example, the program
analyzed radar data from 60 s before to 60 s after each red-tailed hawk location occurred,
as referenced by the satellite telemetry data. For each hawk satellite telemetry location,
we considered an error tolerance of 20 m in Easting, Northing, and altitude. We used
error tolerances of £2° in azimuth, 1% of the distance from the radar, and +2° in altitude
of each hawk location relative to the radar units to establish a volume of airspace that
was then evaluated for the presence of a radar track. Based on these buffers, program R
produced a figure that displayed the area of possible detection by the radar, any radar
tracks that were in that area, and the red-tailed hawk location provided by the satellite
telemetry units.

When compared to the red-tailed hawk locations provided by the satellite telemetry
data, radar tracks were classified as either “NO_SYNCHRONIZATION” (coded as 0) for
instances in which an individual hawk location that could have potentially been tracked by
radar but no radar data were correlated to that observation, or “SYNCHRONIZATION”
(coded as 1) in which a radar track (presumed to be the red-tailed hawk) was tracked within
the buffers of the red-tailed hawk location. These data were then saved as CSV files that
were reviewed for quality assurance.

Synchronized monitoring was coded as a binary response variable, with 0 representing
instances in which an individual hawk location that could have been tracked by radar
but no radar data were correlated to that observation and 1 representing a radar track
(presumed to be the red-tailed hawk) within the buffers of the hawk location as determined
by satellite telemetry. We developed a set of candidate models and then evaluated those
models using Akaike’s Information Criterion adjusted for a small sample size AIC, [43].
We used binomial logistic regression in program R Version 3.2.1 [42] to model radar tracks
(matching) as a function of four fixed factors: Altitude (i.e., the estimated flight altitude
in m of the hawk), Distance (i.e., the estimated distance in km of the hawk from the radar
unit), Angle (i.e., the calculated inclination from the radar in degrees), and Temperature
(i.e., the ambient air temperature in °C). We built regression models that used all 3 radar
sensors working together, as well as models for each of the 3 radar sensors independently.
We considered models with AAIC. < 2 to be competing candidate models [43]. Model-
averaging techniques using the R package AICcmodavg [44] were used to generate model-
averaged parameter estimates for all models that had an AIC. < 10 from the top model [45].
We developed effect plots for variables that were important in influencing the performance
of all 3 radars combined, as well as the AR1, AR2-1, and AR2-2 radars independently [46].

3. Results

There was a total of 1977 red-tailed hawk locations that could have been tracked
by one or more of the radar sensors. When considering each individual radar sensor
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independently, there were 1643 (83% of the total), 292 (15%), and 43 (2%) red-tailed hawk
locations that could have been tracked by the AR1 radar sensor, the AR2-1 radar sensor,
and the AR2-2 radar sensor, respectively.

3.1. Overall Satellite Telemetry and Radar Track Syncronization

Of the 1977 red-tailed hawk locations that should have been visible to the radar
sensors, 51 of these bird movements were tracked by at least one of the radar sensors
(2.6%). Confirmed tracks of red-tailed hawks (i.e., synchronization events) were from
0.9 to 6.9 km from the radars and were 5 to 545 m in altitude. Although one-half (49%)
of the red-tailed hawk locations were within 5 km of the radars, 89% of the synchronized
monitoring events occurred within this same distance (Figure 3a). Most red-tailed hawk
locations (84%) provided by the satellite telemetry were at or below 200 m in altitude,
whereas 81% of the confirmed radar tracks were also at or below 200 m (Figure 3b).
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Figure 3. The distribution of the number of red-tailed hawk locations derived from satellite telemetry
that were determined to be in the beam of one or more of three radars and were not associated with
a radar track (white bars) and well as the number of locations that were associated with a radar
track (black bars) with respect to (a) the distance of the hawk from the radars (in km) and (b) the
altitude of the hawk (in m) during a study at Chicago’s O’Hare International Airport, USA, from
September 2010 to May 2014.

The two top-ranked models, with Akaike weights (w;) = 0.30 and 0.22, respectively,
included distance and angle or only distance as important factors that influenced the
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performance of all three radars (Table 1). Two other models were <2 AAIC, units of the top
model. All four of the models included distance as an important factor (Table 2). As the
distance of the red-tailed hawk from the radar units increased, the percentage of successful
tracking events by the three radars decreased (Table 2; Figure 4).

Table 1. Top logistic regression models of red-tailed hawk locations among three radar sensors (AR1,
AR2-1, and AR2-2), ranked by Akaike’s Information Criterion adjusted for small sample size (AICc),
predicting radar track (matching) during a study at Chicago’s O’Hare International Airport from
September 2010 to May 2014.

Model K2 LLP AIC ¢ AAIC 4 w; © Cumulative AIC, Weight
AR1 radar

Distance + Angle 3 -156.72 319.46 0.00 0.30 0.30
Distance + Altitude 3 -157.10 320.22 0.76 0.21 0.51
Distance 2 -158.51 321.03 1.57 0.14 0.65
AR2-1 radar

Altitude 2 —37.48 79.00 0.00 0.23 0.23
Distance 2 -37.76 79.56 0.56 0.17 0.40
Altitude + Angle 3 -37.44 80.97 1.97 0.09 0.49
Distance + Altitude 3 —37.45 80.99 1.99 0.08 0.57
AR2-2 radar

Angle 2 -16.68 37.67 0.00 0.24 0.24
Angle + Temperature 3 -16.20 39.03 1.35 0.12 0.36
All radars combined

Distance + Angle 3 -217.57 441.14 0.00 0.30 0.30
Distance 2 -218.86 441.73 0.58 0.22 0.52
Distance + Altitude + 4 21722 442,47 132 0.15 0.68
Angle

Distance + Altitude 3 -218.50 443.00 1.86 0.12 0.80

2 No. parameters in model. ® LL, log likelihood. ¢ Akaike’s Information Criterion adjusted for small sample sizes.
d Difference in AIC. compared with lowest AIC. model. ¢ Model weight.

Table 2. Model-averaged parameter estimates with unconditional standard errors (SE) and 95%
confidence intervals (LCL, UCL) for radar track (matching) during a study at Chicago’s O’Hare
International Airport from September 2010 to May 2014.

Parameter Estimate SE LCL UCL
AR1 radar unit

Intercept -1.56 0.70 -2.93 -0.19
Distance <-0.001 <0.001 <-0.001 <-0.001
AR2-1 radar unit

Intercept -2.16 0.62 -3.70 -0.62
Distance <-0.001 <0.001 <-0.001 <-0.001
Altitude -0.01 0.01 -0.02 0.00
AR2-2 radar unit

Intercept -7.54 3.41 -14.22 -0.86
Angle 0.85 0.53 -0.19 1.90
All radars combined

Intercept -2.12 0.27 -3.14 -1.10

Distance <-0.001 <0.001 <-0.001 <-0.001
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Figure 4. Effects plots for variables found to be important in influencing the performance of the
AR1, AR2-1, and AR2-2 radars for red-tailed hawks during a study at Chicago’s O’"Hare International
Airport, USA, from September 2010 to May 2014. These graphs visualize the partial slope for a given
factor when the other predictors are held fixed (represented by the dark blue line). The blue shaded
area is a pointwise confidence band for the fitted values, based on standard errors computed from
the covariance matrix of the fitted regression coefficients.
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3.2. Performance of the AR1 Radar

The AR1 radar had parabolic dish antennae set at 2° above the horizon. Of the
1643 red-tailed hawk locations that should have been visible to this radar sensor, 36 of these
locations were tracked by the AR1 unit (2.2%). The top-ranked model, with a w; of 0.30,
included distance and angle as the important factors that influenced the performance of
the AR1 radar (Table 1). Two other models (one that included distance and altitude and
one that included only distance) were <2 AAIC, units of the top model. As the distance
of the red-tailed hawk from the AR1 unit increased, the percentage of successful tracking
events decreased (Table 2; Figure 4).

3.3. Performance of the AR2-1 Radar

The AR2-1 radar had parabolic dish antennae set at 4° above the horizon. Of the
292 red-tailed hawk locations that should have been visible to this radar sensor, nine
of these locations were tracked by the AR2-1 unit (3.1%). The top-ranked model with
Akaike weight (w;) = 0.23 included altitude as the only important factor that influenced
the performance of the AR2-1 radar (Table 1). The nearest competing model, with a w; of
0.17, included distance as the only important factor. Two other models (one that included
distance and altitude and one that included altitude and angle) were <2 AAIC. units of
the top model. As the distance of the red-tailed hawk from the AR2-1 unit increased, the
percentage of successful tracking events by the three radars decreased (Table 2; Figure 4).
Moreover, as the flight altitude of the red-tailed hawk increased, the percentage of successful
tracking events decreased (Table 2; Figure 4)

3.4. Performance of the AR2-2 Radar

The AR2-2 radar had parabolic dish antennae set at 8° above the horizon. Of the
43 red-tailed hawk locations visible to this radar sensor, seven of these locations were
tracked by the AR2-2 unit (16.7%). The top-ranked model, with a w; of 0.24, included
angle as the only important factor that influenced the performance of the AR2-2 radar
(Table 1). The nearest competing model, with a w; of 0.2 and within <1.5 AAIC, units of
the top-ranked model, included angle and temperature. As the angle associated with the
AR2-2 radar increased (i.e., as the bird drew closer to the high edge of the radar beam), the
proportion of successful tracking events increased (Table 2; Figure 4).

4. Discussion

Red-tailed hawks are one of the most abundant raptors in North America [47], and
their relatively large body mass (average of ~1.1 kg [41]) makes them a high risk for
damaging hawk-aircraft collisions [48-50]. From 1990 to 2020, red-tailed hawks accounted
for over $42.9 million USD in reported costs, 22,755 h of aircraft downtime, and were
involved in 446 collisions with civilian aircraft that resulted in damage in the USA [51]. In
addition, the relatively large body mass of these birds should increase the ability of radar
systems to detect them due to their relatively larger radar cross-section [25,52,53].

Overall, the synchronization rate for red-tailed hawks was lower than we had expected
based on the findings of other studies that involved avian radars and used visual sampling
techniques [28,29,34,35]. One study evaluated the ability of a commercially available S-band
radar with an array antenna (i.e., Merlin Aircraft Birdstrike Avoidance Radar™, DeTect,
Inc., Panama City, FL, USA) to track avian targets near an airport [28]. These researchers
reported that the avian radar detected and tracked red-tailed hawks 49% of the time these
birds transited through their observation area. Another study that used the same three
radar systems and location as this study found that approximately 16% of the red-tailed
hawks observed during their study were detected and tracked by one or more radars [29].

Very few published studies have investigated the ability of radar to detect avian targets
and what factors may influence target tracking. We found evidence that the distance an
individual hawk is from the radar unit has some influence on whether or not the radar
sensor tracks that bird, a finding that is consistent with other radar validation studies. A
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previous study found that the AR1 radar sensor lost efficacy when a bird was >4 km from
the radar, whereas the efficacy of the AR2-1 and AR2-2 radar sensors declined when birds
were only >2 km from the radar [29]. Another study reported the efficacy of the radar
system they evaluated decreased considerably when birds were more than 3.7 km from
the radar. Similarly, in their evaluation of a different radar system (i.e., Merlin Aircraft
Birdstrike Avoidance Radar™) in a marine environment, a third study [35] reported its
operational range for single waterbirds was 1.5 km from the radar unit. We found similar
results related to distance limitations of the three radar systems during this study.

The other factors we evaluated (i.e., target altitude, angle, and air temperature) had
limited or no influence on the performance of the avian radars. Only the AR2-1 radar
sensor’s performance was related to the flight altitude of the hawks. Contrary to our
expectations and the findings of a previous study [29], the ability of the AR2-1 radar to
detect and track the hawks actually decreased with increasing bird altitude, although the
AR2-2 radar was more effective when the hawks were in the upper portions of the radar
beam relative to the lower portions of the same radar beam. We suspect challenges with
ground clutter are considerable within the environment at our study location [25,29], and
perhaps this factor was more problematic in the lower parts of the AR2-2 radar beam.

Our study is the first effort (that we are aware of) to examine the efficacy of three
different radar sensors for tracking individual birds that are simultaneously being tracked
using satellite telemetry. We found that the AR2-2 radar (set at the highest level above
the horizon) performed over six times as well as the other two radar sensors within the
conditions of our evaluation, although only 2% of the total red-tailed hawk locations
occurred within the beam of the AR2-2 radar sensor. Ground clutter might be an important
negative influence and thus could have resulted in the overall poor radar performance in
detecting and tracking red-tailed hawks in our study.

Red-tailed hawks are typically solitary when in flight, although their migratory periods
in spring and fall would be a notable exception [41]. Consequently, the findings from our
study are applicable to other bird species that are also solitary flyers. Other radar validation
studies suggest that flocks of birds are more often detected and tracked by radars than birds
that typically fly individually [28,54-56]. Our approach to evaluating radar performance
could be applied to such situations by tagging one or more individuals within a flock
of birds that consistently move as a group e.g., Canada geese (Branta canadensis); [11,12],
individual telemetry locations would be representative of the bird flock’s location and thus
might be synchronized with radar detections and tracks.

In this study, we found relatively low synchronization rates between two independent
remote sensing technology-based sources of data regarding the presence of red-tailed hawk
flight patterns and airspace use at ORD. However, the performance of these radar systems
might be higher when considering other large-bodied birds that pose a risk to safe aircraft
operations at ORD and other airports.

Remote sensing technologies, including both satellite telemetry and avian radar sys-
tems, would appear to have a potential role in quantifying spatial and temporal patterns of
birds within airport environments. We foresee the need for considerable future research
and scientific evaluations of these technologies to allow for a clear understanding of how
these tools can be most effectively and appropriately used. Ultimately, these technologies
could provide wildlife managers with the situation-specific information necessary to most
effectively deploy integrated wildlife damage management programs that use a variety
of non-lethal and lethal tools to reduce the risk of bird-aircraft collisions (or solve other
human-wildlife conflict challenges).

We encourage future studies and other well-designed evaluations of these radar
systems—as well as other commercially available avian radars—in a variety of physical
environments (e.g., coastal locations, mountainous areas, highly urbanized environments)
are essential for providing ecologists with a full understanding of the advantages and
limitations of using avian radar systems to quantify bird movements [57]. Although the
performance of avian radar systems will be highly system-, setting-, site, and bird species-
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specific, the methodology we present here will enable efforts to be replicated at other
locations (e.g., airports, wind energy facilities) and with other avian radar systems. We
encourage other ecologists interested in using avian radar systems to gain ornithologi-
cal knowledge to evaluate radar performance using the methodology we developed, in
addition to other validation techniques.
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