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1. INTRODUCTION

Aeroecology, the discipline that embraces and inte-
grates the domains of atmospheric science, ecology,
earth science, geography, computational biology, and
engineering was aptly named and created to study the
effects of the environment on the organisms that reside
in and depend on the boundary layer for survival (Kunz
et al., 2008). Aeroecology has incredible potential within
the realm of radar ornithology. Tracking birds with radar
merits attention from all scientific disciplines, but espe-
cially from meteorology, aviation, biology, and ecology.
The collaboration of these fields in the area of radar or-
nithology can advance information and technology re-
lated to birds and their migration patterns, changing en-
vironmental factors and their effects on avian population,
migration, and stopover habits.

Another important interdisciplinary focus of radar or-
nithology is to reduce collisions between birds and com-
mercial aircraft. More effective monitoring of airport
space using radar and better bird filtering techniques
can lead to help decrease incidents between birds and
aircraft. Between 1990 and 2008, over 106,000 inci-
dents were reported of birds striking aircraft, accord-
ing to the Federal Aviation Administration. A total of
2,780 of these strikes were considered to inflict substan-
tial damage; meaning serious structural damage was in-
curred as to adversely affect the structural integrity, per-
formance, or flight characteristics of the aircraft (faa.gov-
“National Wildlife Strike Database”). With the recent
interest and national spotlight on the 15 January 2009
event of U.S. Airways Flight 1549 making an emergency
landing in the Hudson River due to a collision with birds,
the potential in radar ornithology and its applications
has increased dramatically. Improved radar identifica-
tion techniques and more knowledge about specific lo-
cations and migration patterns of birds will allow for air-
port staff, air traffic controllers, pilots, and radar opera-
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tors to safely and quickly navigate aircraft out of harms
way. Thus commercial aircraft companies could possi-
bly save over $500 million in potential damage costs of
bird-related incidents with aircraft each year and, above
all, avoid the irreplaceable loss of life (Dolbeer, 2006).

The idea of tracking birds with radar is not a recent de-
velopment. Radar echoes from birds and insects ac-
count for many of the dot angels that were seen on radar
displays as far back as the mid-1940s and World War
Il (Lack and Varley, 1945; Dobson et al., 1968). How-
ever, there has been renewed interest in using radar
for ornithological research in recent years. It has be-
come much more feasible to perform increasingly so-
phisticated studies and obtain more detailed data with
the 1990 implementation of the WSR-88D Next Gener-
ation Radar (NEXRAD) network of radars in the United
States and ever-advancing technology (Larkin, 2005).

Prior to Doppler radar many other types of radars were
used to detect, monitor, and quantify bird flight, roost-
ing, feeding, and migration patterns in the atmosphere
(Dobson et al., 1968). The most popular tracking tools
to monitor avian activity include military radars, small
tracking radars, and marine radars (Larkin, 2005). Ma-
rine radars are the most commonly used radars to track
ornithological movements. They are able to measure
several parameters of the birds, including speed, track,
and position. However, there are limitations to marine
radars abilities to detect bird targets. The most seri-
ous of these includes a large beam width that dissipates
power over a large volume, reducing the range of target
detection. Despite the limitations associated with them,
marine radars are often the most cost-effective and re-
liable solution to tracking birds for recreational and edu-
cational endeavors (Larkin, 2005).

Since the installation and implementation of the Doppler
Weather Surveillance Radar (WSR-88D, or NEXRAD)
network in the United States in 1990 (Crum and Al-
berty, 1993), interest in the academic community in
using radar for ornithological research has increased
dramatically and a new dimension of research was in-
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troduced (Buler and Diehl, 2009). The most effective
way to track and quantify birds and migratory patterns
in the United States is through the use of WSR-88D
radars. This network of 154 radars is located through-
out the United States and is used for a variety of ap-
plications, primarily for weather research and analysis.
Other worthwhile uses of NEXRAD include aviation and
ornithological purposes. Each WSR-88D uses a 10-cm
wavelength (S-band) and has a range coverage extend-
ing out to 124 nautical miles (Gauthreaux Jr. and Belser,
2003).

Other biological targets in addition to birds, can be de-
tected by radar and in some cases reflect local condi-
tions and/or animal migration. Despite this history of bi-
ological use, there remain persistent and significant limi-
tations in using the existing NEXRAD system for biologi-
cal monitoring. In part, these problems stem from 1) the
lack of a robust biological nexus within the radar com-
munity, 2) the current limited ability of NEXRAD to reli-
ably discriminate among targets of different taxonomic
origins, 3) the manner in which the data are filtered be-
fore being released to the public, and 4) a paucity of
available funds to adequately explore this topic. In ad-
dition to limiting the biological value of radar data, the
failure to cleanly separate biological and meteorological
targets in existing radar data compromises the quality
of weather monitoring and forecasting. In order to con-
front some of these limitations, we have adopted a mod-
eling approach that allows us to simulate backscatter
from biological targets using a virtual weather radar. The
simulator provides a platform that allows quasi-realistic
interactions of dual-polarimetric microwaves with indi-
vidual virtual birds placed within the sampling domain
and which produce raw (in-phase and quadrature) data
streams corresponding to the backscattered radar sig-
nals.

2. ARRC WEATHER RADAR SIMULATATOR

The University of Oklahoma (OU) Atmosphere Radar
Research Center (ARRC) has developed and maintains
a sophisticated weather radar simulator, which can be
used to explore the application of a variety of radars for a
wide range of meteorological scenarios (Cheong et al.,
2008). The ARRC Weather Radar Simulator (AWRS)
generates realistic in-phase and quadrature (I & Q) time
series radar data as a result of the modeled electromag-
netic waves allowed to propagate through the simulated
domain and interact with thousands of point targets dis-
tributed within the domain. The scattering properties of
each point target as well as their velocity components
are determined from output data from the Advanced Re-

gional Prediction System (ARPS) developed at the Cen-
ter for the Analysis and Prediction of Storms (CAPS) at
OU (Xue et al., 2003). A radial and angular weighting
functions are used to scale the contribution of the scat-
ters to the total signal. The angular weighting function is
patterned after a Bessel function based on the simulated
antenna shape and size. The range weighting function
is approximated using a Gaussian function centered on
the desired range.

The spatial and temporal resolution of the ARPS out-
put are typically 25 m and 1 s, respectively. To begin
the simulation process, scatterer characteristics are ini-
tialized from a known ARPS data set. At the next time
step, the scatterer positions are updated according to
the wind field as well as their corresponding properties
at their new locations. The return signal amplitude and
phase from each scatterer is then processed via Monte
Carlo integration to calculate time series of the desired
meteorological parameters. Moment data from the sim-
ulator are calculated from the | & Q time-series data. In
addition to simulating conventional weather radars with
dish antennas, the AWRS can also operate in a phased
array mode or in a dual-polarization mode.

The AWRS has recently been modified to include the
effects of backscatter from biological point targets such
as birds and bats. In the current version of the simula-
tor, it is possible to model birds of various sizes, aspect
ratios, spatial distributions, and flight speeds. There is
also a means of accounting for the time varying wing
beat frequencies of the virtual birds. The ability to study
echoes from the virtual birds under a controlled environ-
ment is expected to lead to a better understanding of
how radio waves interact with actual birds. Results from
the weather radar simulator will ultimately be compared
to real dual-polarimetric weather radars operating at C-
and S-band. Such a study is particularly timely consider-
ing the future polarimetric upgrade of the NEXRAD net-
work.

3. REAL AND SIMULATED RADAR OBSERVATIONS
OF PURPLE MARTINS

To demonstrate one application of the AWRS, we con-
sider the departure of purple martins from a roosting site
in northeastern Oklahoma. Purple martins are colonial
nesters and often assemble in nocturnal roosts, which
have been observed to reach numbers of inhabitants
larger than 700,000 (Russell et al., 1998). In central
and eastern North America, the martins will begin con-
gregating in late June and their numbers will peak in
late July to early August. They will have mostly vacated
these roosts by late August as they continue along their
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migratory trek towards southern climes. Typically the
purple martins depart their roosting sites in the morn-
ing just before sunrise and return in the evening around
sundown. During early morning departure, it is common
to observe the birds traveling radially outwards from the
roost in all cardinal directions (Russell and Gauthreaux
Jr., 1998). This behavior can, however, be influenced
by weather conditions or the orographic features asso-
ciated with the roosting site.

One of the popular roosting sites for purple martins is in
Tulsa, OK area. Every year during the summer between
100,000 and 250,000 of these birds will take up tempo-
rary residence in the downtown area. Their early morn-
ing departure can be observed in the radar displays from
the WSR-88D KINX (Tulsa, OK), which is only about
40 km from the roosting site. Figure 1 presents an ex-
ample of a radar display showing echoes (depicted in
dBZ) from purple martins as they leave the roost. The
image was recorded on August 2, 2009 at about 11:16
UT (06:16 local time). The location of the radar is de-
noted as “INX”. Range rings centered on the roost site
and spaced every 2 km have been overlaid on the image
for reference. A reference colorbar is not shown, but the
light and dark green colors correspond to reflectivity val-
ues of about 25 and 30 dBZ, respectively. A second
roost can be seen in the image about 14 km south of
the radar site. Actually, inspection of the entire radar
scan for this time reveals that several martin roosts are
located in the vicinity of KINX.

Next we consider the radial velocity data from KINX for
the same time as shown in Figure 1. The velocity data
are shown in Figure 2. Again, no reference colorbar
is provided, but the burnt red and cyan colors promi-
nent around the Tulsa roost correspond to velocity val-
ues of approximately 10 ms—! and -10 ms™!, respec-
tively. The pattern apparent in the radial velocity field
is indicative of divergent motion, as we would expect.
Note that a similar pattern and radial velocity values are
associated with the roost located south of the radar.

In order to simulate the departure of the purple mar-
tins from their roosting site, we have begun developing
several modules, which can be run within the AWRS.
A total of Ny;.qs birds are originally located at posi-
tion x, + Az,*randn, y, + Ay,*randn, and z, +
Az,*xrandn, where randn corresponds to a normally
distributed pseudorandom number generator having a
standard deviation of one. The values of z, y, and 2
are all expressed relative to the location of the radar,
which is positioned at (z = 0,y = 0,z = 0). The birds
leave the roost in a continuous stream over a time inter-
val given by t..;:. After this period, all birds will be aloft.

The flights of the birds are simulated for Ny, With the
time interval between each step being dt.

The flight speed and directions of the birds are broken
down into radial (horizontal) and vertical components.
Each simulated bird departs in a random cardinal direc-
tion given by 27w*xrand and is assigned a radial veloc-
ity given by v, + Av,.xrandn. Here rand corresponds
to a uniformly distributed pseudorandom number gen-
erator. For each subsequent time step, the radial di-
rection for every bird that has left the roost is modified
using Afxrandn and its radial velocity is updated using
v, + Av,yxrandn. The vertical trajectory of each bird is
assumed to follow a track that follows the analytic form
given by

Z(t) = Zmazx [1 — exp (*t/’l‘)]. (1)
Consequently, the vertical velocity w can be written as
w(t) = Zmaa/T €xp (—t/T). @)

The values of z,,,,, and 7 are updated for each time step
and for each bird according t0 2,4z = 2o + Az,*randn
and 7 = t, + At,*randn. Additionally, the calculated
value of w can be further adjusted for each bird and for
each time step using w = w + Awsx*randn.

Table 1: Parameters used to simulate purple martins
leaving a roost. See text.

Symbol | Description Value
Nyirds Number of birds 10,000
Nsteps Number of time steps | 310

dt Time interval perstep | 1s

To Initial x position -40,500 m
Yo Initial y position Om

Zo Initial z position Om

Az, Variation of z,, 100 m
Ay, Variation of y, 100 m
Az, Variation of z, 0m

Uy Radial velocity 10ms~!
Av, Variation of v, 5ms~!
Af Variation of 6 15°

to Ascent time constant | 50 s

At, Variation of ¢, 5s

Zo Max ascent height 450 m
Az, Variation of z, 100 m
texit Duration of exit 180 s
Aw Variation in w 0.3ms~!
oy Radar cross-section 15 cm?
Aoy Variation of oy, 1cm?
Rasp Aspect ratio 0.5
ARgsp Variation of Ry 0.1
Adscar | Variation of ¢seat 0
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Figure 1: Example of roost rings visible in reflectivity data from KINX near Tulsa, OK. The radar echoes are the result
of large numbers of purple martins departing from a roosting site around sunrise.

YA‘
4 :j" é " ?‘,,.'
2 Q,"' lr\'J;"x Ny ,?%2{5
* g’ﬂ ) }%&ﬁf?{& &
S
1 RN
e '3:}\‘ o

¥ f: 3%
"!\.‘; p
‘\*\“

EN
‘\'
i,
SRR

S \m. ,).»‘ }
h SN Snad e 2

.1..

Figure 2: Image of radial velocity data corresponding to results shown in Fig 1.

Next we must consider the scattering properties of the
birds. The backscattering characteristics of the birds
are determined through assigned radar cross-section
(RCS) values. Each bird is given an RCS according to

op + Aop*randn. Furthermore, the aspect ratio of the
birds is assigned using Rqsp + ARgysp*randn. These
values do not currently change as the simulator time is
updated. Finally, a random phase term is associated
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with the backscatter of each bird. This is meant to sim-
ulate wing beats, but is currently set to zero.

The AWRS was configured and run for a case corre-
sponding to purple martins located near the radar site
such they could be observed as they left their roost. The
parameters for the simulated radar (wavelength, beam
width, pulse width, pulse repetition frequency, and so
forth) were consistent with those for a WSR-88D. The lo-
cation of the roost with respect to the radar was similar to
that for the Tulsa roost with respect to KINX. Additional
parameters used to configure the simulator are given in
Table 1. For this run, the weather signal was disabled.
That is, only backscatter from the birds is considered.

The primary purpose of this simulation was to ascer-
tain if the scattering physics and the crude model of
the birds’ flight trajectories used would produce reason-
able results. We realize that many refinements will be
needed in order to produce realistic roost ring echoes
patterns. Bearing that in mind, we next present an ex-
ample of the spatial distribution of the simulated purple
martins during one time step. These data are shown
in Figure 3. Note that the scale for the z-axis (repre-
senting height above the surface) has been exaggerated
with respect to the scales for the horizontal dimensions.
The AWRS was configured such that radar data were
collected every 10 s. The positions depicted in the fig-
ure correspond to the 20th set of radar data or 190 s
into the simulation. At this point in time, all of the mar-
tins willl have left the roost (from Table 1 we see that
tezit = 180 s).

The simulated radar image corresponding to the bird lo-
cations shown in Figure 3 is presented in Figure 4. Data
are for an sector scan with an elevation angle of 0.5°.
Time series (I & Q) data are shown in the upper left
hand panel for a particular sampling volume. There are
50 points in the time series. The corresponding Doppler
spectrum is shown in the upper right hand panel. Also
shown with the Doppler spectrum are fits to the data
and an estimate of the radial velocity. There are 19 az-
imuthal scans, each separated by 1°. Additionally, there
are 36 range gates separated by 250 m. The range res-
olution given by the 3-dB points is 235 m (pulse width
7 = 1.57us). The middle three panels show the reflec-
tivity (dBZ), radial velocity (ms~1'), and the spectrum
width (ms~1) for the horizontal polarization. The data
shown in the upper two panels were were collected in
the sampling volume denoted by the ‘x’ mark. The lower
three panels are the same as for the middle three, ex-
cept that data from the vertical polarization are shown.

Similarities between the data shown in Figures 1, 2, and
4 are clearly visible. The annular pattern in the de-

rived radar fields has been reproduced in the simulated
data and values of reflectivity and radial velocity also
match those observed using KINX. Although not shown
for KINX, the spectral width data from the AWRS are
also similar to those observed.

For the sake of comparison, a second radar data real-
ization from the AWRS is shown in Fig 5. There are
no surprises here. The outer diameter of the annulus
is larger (6 km compared to 4 km) and a more distinct
‘eye’ in the annulus can be seen. It does show that that
simulator is capable of producing consistent sequences
of data as a function of time.

4. FUTURE DIRECTIONS

In its present state of development, the primary focus
has been the modification and testing of the AWRS as
a means of realistically simulating radar echoes com-
ing from biological targets such as birds. Early results
are encouraging, but we hope to be able to continue
these developments. For example, a mechanism to fa-
cilitate the effects of wingbeat frequencies for birds has
already been envisioned and implemented, but it re-
quires further testing. This will enable us to more accu-
rately model avian flight parameters. Dual polarimetric
radar will provide more detailed information concerning
targets, and open up a more detailed way to analyze
discrete radar signals. The AWRS is already capable
of generating dual polarization radar signals, but again,
more testing is needed in this area. A sensitivity study
could be performed in the future and test how well the
proposed formulas work when the radar sampling vol-
ume decreases and birds approach close to the radar.

We have begun exploring how bats are seen on weather
radar. Similar to birds, when bats leave their dwellings in
search for food, they produce ring patterns in the fields
of radar products such as reflectivity, radial velocity, and
spectrum width. An example of how bats are seen in
reflectivity data is shown in Figure 6. These data were
collected in Texas using KEWX. As is true for bird obser-
vations, when properly adjusted, the reflectivity data can
be used to estimate the number densities of the bats.

5. CONCLUSION

The implications of tracking birds with radar are far-
reaching. Integrating several science fields into radar
ornithology in order to further knowledge and technol-
ogy in all of the disciplines will be very important in the
future. As more ornithologists become interested in us-
ing radar to observe and analyze avian migration move-
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Figure 3: A snapshot of the spatial distribution of the martin locations during one time-step of the simulation run.

ments, more information will be come available with
ever-advancing radar technology. With the advance of
dual-polarimetric radar on the near horizon, additional
information will be extracted from radar data.

Tracking bird migration patterns with radar will give or-
nithologists a better understanding of how the environ-
ment affects migration patterns. Whether global cli-
mate change affects spring and autumn migration tim-
ing is a very large issue in the ornithological community
that could be further researched using radar. Chang-
ing environments and food source phenology and opti-
mal breeding time due to global climate change could
change fall and spring migration times (Hedenstrom,
2009). Using radar to investigate long-term patterns of
migration times would be helpful to ornithologists in as-
sessing the environmental and climatological impact on
bird migration times and patterns.

There exists a huge potential for stronger collaboration
between biologists and radar researchers. Often the dif-
ficulty in forming these collaborations lies in momentum
of initially bridging the gap. Tools such as the AWRS and
other model based approaches to studying the effects
of biological targets on radar can help facilitate cross-
fertilization between these fields. Simulation studies will
also help us to better understand and interpret the sig-
nals recorded by real radars of birds, bats, and bugs.
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Figure 4: Simulated radar data for the bird positions shown in Fig 3 See text for an explanation of the format.
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Figure 6: Example of radar echoes from KEWX in Texas caused by bats. Here, the locations of several bat caves
can be identified by the plumes of enhanced reflectivity values.

tion System (ARPS), storm-scale numerical weather
prediction and data assimilation. Meteorology and At-
mospheric Physics, 82, 139—170.



