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Abstract Corn earworm (Lepidoptera: Noctuidae) (CEW)
populations infesting one crop production area may rapidly
migrate and infest distant crop production areas. Although
entomological radars have detected corn earworm moth
migrations, the spatial extent of the radar coverage has been
limited to a small horizontal view above crop production
areas. The Weather Service Radar (version 88D) (WSR-
88D) continuously monitors the radar-transmitted energy
reflected by, and radial speed of, biota as well as by precip-
itation over areas that may encompass crop production
areas. We analyzed data from the WSR-88D radar (S-band)
at Brownsville, Texas, and related these data to aerial con-
centrations of CEW estimated by a scanning entomological
radar (X-band) and wind velocity measurements from ra-
winsonde and pilot balloon ascents. The WSR-88D radar
reflectivity was positively correlated (+*=0.21) with the
aerial concentration of corn earworm-size insects measured
by a scanning X-band radar. WSR-88D radar constant alti-
tude plan position indicator estimates of wind velocity were
positively correlated with wind speed (+*=0.56) and wind
direction (#*=0.63) measured by pilot balloons and rawin-
sondes. The results reveal that WSR-88D radar measure-
ments of insect concentration and displacement speed and
direction can be used to estimate the migratory flux of corn
earworms and other nocturnal insects, information that
could benefit areawide pest management programs. In turn,
identification of the effects of spatiotemporal patterns of
migratory flights of corn earworm-size insects on WSR-
88D radar measurements may lead to the development of
algorithms that increase the accuracy of WSR-88D radar
measurements of reflectivity and wind velocity for opera-
tional meteorology.
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Introduction

Airborne biota often produce substantial clear-air echoes on
weather radar displays and can be quantified by the amount
of radar-transmitted electromagnetic energy reflected by in-
dividuals and distributed biota (Chilson et al. 2012a). Radar
reflectivity of biota such as insects (Nieminen et al. 2000),
birds (Gauthreaux and Belser 1998; Larkin et al. 2002), and
bats (Horn and Kunz 2008) may appear similar to that of
precipitation. In addition to contributing to radar reflectivity,
airborne organisms can act as tracers of radar-derived wind
velocity (Achtemeier 1991; Wilson et al. 1994), which has
proven useful for atmospheric forecasting of convective
precipitation (Rennie et al. 2011). However, flying organ-
isms can also alter radial velocity values measured by
Doppler weather radars and wind velocity values measured
by radar wind profilers (Jain et al. 1993; Miller et al. 1997;
Gauthreaux et al. 1998).

A national network (NEXRAD) of S-band (10-cm wave-
length) WSR-88D Doppler weather radars (Crum and Alberty
1993) provides nearly complete coverage of the US. WSR-
88D radar measurements include reflectivity, radial velocity,
and spectrum width (a measure of velocity variance), which
are measured to a maximum range of 460, 230, and 230 km,
respectively. WSR-88D radars complete a volume scan (or
volume coverage pattern, VCP) of azimuthal sweeps at sev-
eral elevation angles every 5—6 min in precipitation mode
(VCP 11 or VCP 21), and every 10 min in clear-air mode
(VCP 31 or VCP 32). Radar reflectivity algorithms are based
on assumptions that spherical water droplets of known radius
fill the range interval volume of the radar beam, and the
droplet radius is less than one-tenth of the radar wavelength
to satisfy Rayleigh’s law for the scattering of electromagnetic
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radiation by the droplets. Chilson et al. (2012a) noted that
WSR-88D radars measure energy reflected by insects and
other bioscatterers, but operational algorithms remove most
of this information from visual presentation of the precipita-
tion patterns. Comprehensive descriptions are available for
WSR-88D data products (Klazura and Imy 1993) and
Doppler radar theory (Doviak and Zrnic 1984; NOAA 1990).

Various deployed forms of X-band (3-cm wavelength)
radars have been used effectively in entomological studies
for several decades (Reynolds 1988; Chapman et al. 2011).
Radar entomological measurements have been especially use-
ful for detecting high-altitude nocturnal flight of insects (Wolf
etal. 1995). Scanning entomological radars have been used to
construct vertical profiles of aerial abundance of insects and
estimate insect air speed and heading (Feng et al. 2008, 2009).
Further, nightly and seasonal periodicity of the vertical profile
of insect abundance has been monitored by vertically oriented
radars (Beerwinkle et al. 1993; Wood et al. 2006), which
frequently detect dense layers of insects at altitudes where
winds maximize horizontal displacements. Radar cross-
sections of individual corn earworm (CEW) moths
[Helicoverpa zea (Boddie)] and other insects have been mea-
sured in the laboratory for use in classifying radar-detected
insects based on body length and width (Riley 1985; Wolf et
al. 1993; Hobbs and Aldhous 2006). Vertically-oriented radar
systems that classify airborne insects based on insect mass, air
speed, body length, body width, and wing-beat frequency
have been developed in Australia (Dean and Drake 2005)
and the UK (Smith and Riley 1996; Chapman et al. 2003).
Automated vertically-oriented radars have continuously
recorded long-term seasonal flight activity patterns of insects
(including species of the Noctuidae family) from which sev-
eral important hypotheses of insect migration have been tested
(Chapman et al. 2010, 2012).

The timing and concentration of CEW moth emergence
depends largely on the abundance and phenological stage of
host plants. Raulston et al. (1992) determined that 1 billion to
7 billion CEW moths emerge annually from 2,000 km?* of
irrigated corn during the fruiting stage in the Lower Rio
Grande Valley (LRGV) of northeastern Mexico and southern
Texas. Airborne concentrations of insects detected by scan-
ning X-band radar compared well with the estimated emer-
gence and airborne flux of CEW moths from fields of host
crops in the LRGV (Wolf et al. 1995). A substantial increase
in the number of CEW moths in the atmospheric boundary
layer typically begins at about 0.5 h after sunset and attains a
maximum value about 1 h after sunset. Subsequently, the
number of airborne CEW declines until ending at approxi-
mately 0.5 h before sunrise (Wolf et al. 1986). CEW and other
noctuid moth species are typically distributed within the low-
est 1,000 to 2,000 m above ground level (AGL) of the atmo-
sphere, and may congregate within concentrated layers and
orient toward a collective heading (Wolf et al. 1995).
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Three to four generations of CEW are produced annually
in the south-central US. Emergence of CEW moths from
pupae occurs typically during a period of 10-14 days during
late spring and early summer in the south-central US. Warm,
dry conditions and synchronous planting of corn further
constrain the duration of the moth emergence cycle. Insect
phenological life cycles are similar in other temperate re-
gions of the US, but are more confined to summer months.
Algorithms developed for CEW in the LRGV could be
useful in other geographic regions where night-flying in-
sects are prevalent, provided the local flight phenology is
known.

A study was conducted to examine the application of
WSR-88D reflectivity, radial velocity, and spectrum width
measurements to estimate aerial concentration and air speed
of CEW migrating from fields during periods of peak emer-
gence and emigration in the LRGV of Texas and northeastern
Mexico. The objectives of this research were to quantify: (1)
the relationship between WSR-88D reflectivity values and the
airborne concentration of CEW-size insects; and (2) the rela-
tionship between WSR-88D radial velocity and spectrum
width values and the flight velocity of CEW-size insects.

Methods

Native vegetation in the LRGV is comprised mostly of
mesquite, chapparal, prickly pear cactus, and bunch grasses.
Irrigation has allowed more than one-third of the LRGV to
be cultivated for the production of corn, cotton, sorghum,
citrus, and other fruit and vegetable crops (Orton et al.
1967). Corn is grown on approximately 2,000 km?* of irri-
gated land in the LRGV.

NEXRAD WSR-88D data files for Brownsville, Texas
(KBRO) were downloaded from the National Oceanic and
Atmospheric Administration (NOAA) National Climatic
Data Center (NCDC) website and stored on a 2-TB hard drive.
Compressed data files for the time periods of 0000—-0700 hours
Universal Coordinated Time (UTC) and 0800-1500 hours
UTC were downloaded for the active field research period of
4 June 1996-19 June 1996. The NOAA Weather and Climate
Toolkit was downloaded from the NCDC Web site (http://
www.ncdc.noaa.gov/oa/wct/) and used to decode the WSR-
88D data files into three data fields [reflectivity (REF), radial
velocity (VEL), and spectrum width (SPW)] as point files.
Note that the use of the term ‘radar reflectivity” used here is
actually referred to as ‘radar reflectivity factor’ by Chilson et
al. (2012c¢), and is a parameter that has been derived based on
an assumption of uniformly distributed water droplets in the
radar detection (range interval) volume. Each radar volume
scan was processed three times to extract each data field. The
decoding program was executed in a batch process to extract
data from 0000-1200 hours UTC.
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Fig. 1 Plan view of a 1-km radius measurement zone for extracting data
from range interval volume centerpoints of WSR-88D radar elevation scans

Geographic coordinates of the WSR-88D S-band radar and
a mobile, scanning X-band radar were registered on a map
layer in ArcGIS V10.1 (ESRI, Redlands, CA). The WSR-88D
beam width and beam height at three USDA-ARS field loca-
tions were calculated based on respective distances from the
WSR-88D radar using the rdrhgt.exe program (Barker 1994).

A 1-km-radius measurement zone (Fig. 1) was created
around each USDA-ARS field location to match the approx-
imate maximum range for detection of individual CEW moths
by the X-band radar. Data for all centerpoints of WSR-88D
range interval volumes located within the measurement zones
were selected for statistical analysis. All elevation angles (i.e.,
sweeps) in a WSR-88D volume scan were sampled and sta-
tistics were computed for each sweep. The REF values were

compared to the discrete counts of targets observed by the X-
band radar. The nightly pattern and daily maximum values of
REF and discrete counts of targets were compared for simi-
larity. The VEL values were compared to the wind velocity
values calculated from pilot balloons tracked by theodolite at
X-band radar sites and at Moore Air Base near Mission,
Texas. A confounding situation existed for the radar compar-
isons. The WSR-88D data were valid at the centerpoint of
each range interval volume. A series of range interval volumes
of 1-km length for REF and 250-m length for VEL or SPW
comprise the conical radar beam along each one-degree radial
of the azimuthal scan. The distance from the WSR-88D to the
X-band radar resulted in large beam widths of the WSR-88D
range interval volumes. As a result, only a few WSR-88D
range interval volumes were selected for each X-band radar
location.

A scanning X-band radar, described by Wolf et al. (1995),
was operated in June 1996 near Donna and Hargill, Texas, in
the vicinity of the WSR-88D radar installation at Brownsville,
Texas (KBRO) (Fig. 2). The X-band radar transmitted at a
frequency of 9.45 GHz and peak power of 25 KW. A 1.2-m-
diameter parabolic dish antenna was used to create a 1.2° radar
beam width. A 1.7-kHz pulse repetition frequency and 250-ns
pulse length facilitated radar detection of individual CEW-size
insects to a distance of 1.8 km. Aerial concentrations of CEW-
size insects were estimated from the X-band radar measure-
ments by dividing the number of insects within an annulus on
the plan position indicator (ppi) display by the annular detec-
tion volume. The counting annulus was defined by the X-band
radar detection volume from a range of 1,210 to 1,400 m at
each of eight elevation scans from 4° to 65°. Concentrations of
individual CEW-size insects were recorded to a maximum
altitude of 1,200 m. Aerial insect concentration data from
the X-band radar were linearly interpolated to 100-m intervals
for analysis.

Fig. 2 Map of the Brownsville, \
Texas, WSR-88D radar
(KBRO) coverage and USDA- Texas
ARS field locations at Moore Rio
Air Base (MAB), Donna, and Grand
Hargill in the Lower Rio City )
Grande Valley (LRGV) MAB Hargill
%, Donna
Irrigated 50(km 100{km
\ Cropping Gulf of Mexijco
rea
N
W E .
Xico
s o
A / \
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Vertical profiles of wind velocity were measured at
Moore Air Base (MAB) by tracking pilot balloons using
one of three methods: optical theodolite (Warren-Knight,
Philadelphia, PA), optical theodolite with a radiosonde re-
ceiver (A.LR., Woburn, MA ), or scanning radar. Azimuth
angles and elevation angles were smoothed by an 11-point,
centered, moving-average scheme. Three-dimensional tra-
jectories of the pilot balloons were calculated from the
smoothed azimuth angles, elevation angles, and pilot bal-
loon ascent rates. Wind velocity values were calculated as
the time rate of change of the individual horizontal coordi-
nates of the pilot balloons. Values of wind velocity nearest
to intervals of 50 m AGL were output for subsequent statis-
tical analysis.

Mean and maximum WSR-88D reflectivity values within
I-km measurement zones from the lowest two elevation
scans (0.5° and 1.5°) at Donna, Hargill, and MAB were
output at nearly coincident X-band radar scan times. Insect
concentration values (i.e., number of CEW-size insects per
detection volume) were derived from the X-band radar
measurements. WSR-88D reflectivity values were regressed
with values of insect concentration estimated for the altitude
of the WSR-88D radar beam centerline (Table 1) and for the
mean concentration throughout the beam width using PROC
REG of the SAS version 9.2 statistical software (SAS
Institute, Cary, NC).

Mean and maximum WSR-88D radial velocity values
within 1-km measurement zones from the 0.5° elevation
scan were output at nearly coincident pilot balloon and
rawinsonde profile times. WSR-88D constant altitude plan
position indicator (CAPPI) estimates of wind speed and
wind direction were regressed with wind speed and wind
direction measured by rawinsondes using PROC REG of the
SAS wversion 9.2 statistical software (SAS Institute).
Regressions were tested for significance (P<0.05) using
the Pearson correlation coefficient.

Results

WSR-88D reflectivity maps indicated patterns of aerial abun-
dance of CEW-size insects in the LRGV in June 1996. For

Reflectivity dBZ

value
40-05
¢ 10-60
6.5-120
*  125-185
19.0-39.5

1.94.583
5.83-9.712
9.72 -15.55
15.55 -30.13

Fig. 3 Plan position indicator display of (a) reflectivity, (b) radial
velocity, and (c¢) spectrum width observed in the 0.5°-elevation scan
of the WSR-88D Doppler radar KBRO at Brownsville, Texas, at
0218 hours UTC (approximately 0.9 h after sunset) on 7 June 1996

Table 1 Description of
Brownsville (KBRO), Texas,
WSR-88D radar beam configu-
ration at three USDA-ARS field
sites in the Lower Rio Grande
Valley (LRGV), Texas, in June

1996

Location Position relative to KBRO WSR-88D radar
Range (km)  Azimuth (degrees) Beam centerline altitude (m MSL)
at 0.5° elevation  at 1.5° elevation
Donna, Texas 67 281 854 2,028
Hargill, Texas 84 315 1,143 2,603
Moore Air Base (MAB), Texas 105 298 1,562 3,391
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example, the WSR-88D often detected a cluster of maximum
reflectivity (Fig. 3a), which originated over the irrigated crop
production area in the LRGV at approximately 0.5 to 1.0 h after
sunset and displaced downwind toward the northwest. At ap-
proximately 150 km west of the WSR-88D, there was a pro-
nounced reflectivity maximum that was likely associated with
bats departing from a roost near a lake in Mexico several
kilometers south of Rio Grande City, Texas. The temporal
pattern of mean WSR-88D reflectivity matched two character-
istic features of the pattern of aerial insect concentration during
peak emergence of CEW from fruiting corn per previous ento-
mological radar investigations. First, mean WSR-88D reflectiv-
ity increased rapidly from sunset to about 1 h after sunset, then
decreased monotonically until sunrise (Fig. 4). Second, mean
WSR-88D reflectivity generally decreased from 4 to 19 June
1996 (Fig. 5a), which apparently corresponded with the second
half of an approximately sigmoidal CEW emergence cycle.

The plan position indicator display of radial velocity
(Fig. 3b) shows a cluster of inbound (northwesterly) flow
associated with the suspected colony of bats detected by radar
reflectivity (Fig. 3a). The areal presentation of spectrum width
(Fig. 3c) generally indicates minimum values of spectrum
width appear along the axis of the prevailing southeasterly
flow, and maximum values of spectrum width appear along
axes at approximately #45° from the prevailing southeasterly
flow. Low spectrum width values associated with the suspected
bats located 150 km west of the WSR-88D suggest collective
flight direction.

A CAPPI polar plot of WSR-88D radial velocity, spectrum
width and reflectivity is shown for the WSR-88D volume
scan at 1:46 UTC on 5 June 1996 (Fig. 6). The overall wind
direction appeared to be from 112°. The negative (in-bound)
WSR-88D radial velocity values were maximum at 120° and
positive (out-bound) velocities were maximum at 285°. The

spectrum width was generally minimum at 135° and 315° and
maximum at 225° and 45°. Higher WSR-88D reflectivity
values were indicated at 135° and 315° and lower values at
225° and 45°. The superposition of the WSR-88D radar data
here revealed an inverse relationship between spectrum width
and reflectivity. These results suggest that airborne insects
may have been aligned toward 45°, which was perpendicular
to the prevailing wind direction.

A similar temporal pattern of radial velocity (Fig. 5b) was
evident at the three USDA-ARS field locations in the
LRGYV. Radial velocity values were maximum at Hargill
which is aligned closer to the prevailing wind direction.
Mean velocity values exceeded 20 kts (10.3 m's™') on more
than half of the nights from 4 to 19 June 1996. Passage of a
cold front on the night of 8 June 1996 was the only occur-
rence of an inbound (northwesterly) wind. Spectrum width
values generally ranged from 5 to 10 kts (2.6 to 5.1 m s ")
(Fig. 5¢). Spectrum width values were highest at Hargill
when the associated radial velocity values were relatively
low, yet spectrum width values were highest at Moore Air
Base when radial velocity values were highest. These con-
ditions at Hargill may be the result of more random motion
when wind speeds are low and flight is over cropped areas.
At MAB, the beam width (sample volume) is very large and
may encompass varying wind velocities with altitude. This
would result in a large standard deviation (spectrum width)
of velocity.

X-band radar measurements of insect concentration at
Donna and Hargill explained 21 % of the variance of radar
reflectivity (F; 130=35.36, P<0.0001). The root mean
square error (RMSE) for the regression fit of mean reflec-
tivity equaled 4.2 dBZ. A positive log-log regression
between the aerial concentration of CEW-size insects and
WSR-88D reflectivity (expressed as a log-transformed

Fig. 4 Nocturnal time series of 15
mean WSR-88D reflectivity = 05
(KBRO 0.5°- and 1.5°- ¢ 15°
elevation scans) at Moore Air A --45-sunset O
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Fig. 5 Nightly (a) mean reflectivity, (b) radial velocity, and (¢) spectrum
width (WSR-88D Doppler weather radar KBRO at 0.5°-elevation scan)
for Moore Air Base, Hargill, and Donna, Texas, on 4-19 June 1996

value, dBZ) is apparent (Fig. 7). The relatively low corre-
lation between aerial concentration of insects and WSR-
88D reflectivity may be due to subjective thresholding of
targets displayed on the X-band radar plan position indi-
cator based on the relative detectability, reflected image
size, and air speed of biota in the counting annulus. Also,
the WSR-88D radar beam may have detected CEW in the
lowest 100-200 m of the atmosphere, below the estimated
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minimum altitude of the radar beam of the 0.5° elevation
scan.

Results of the regression between WSR-88D CAPPI
wind speed and the wind speed values measured by rawin-
sondes are presented in Fig. 8. Wind speed measured by
rawinsondes explained 56 % of the variance of WSR-88D
CAPPI estimates of wind speed (F; 446=562.43, P<0.0001).
The RMSE for estimating WSR-88D CAPPI wind speed
equalled 2.0 m s~'. The RMSE value is reasonable because
mean CEW air speed has previously been estimated as
4.5 m s ' derived from successive locations of individual
insects using a scanning, X-band radar (Westbrook et al.
1994). Further, RMSE values of WSR-88D CAPPI esti-
mates of wind speed are expected to be maximum when
the radial direction of the radar beam is aligned with a
collective insect flight heading, and minimum when the
beam is orthogonal to the collective heading. Wind direction
measured by rawinsondes explained 63 % of the variance in
WSR-88D CAPPI estimates of wind direction (Fig. 9). The
RMSE for WSR-88D CAPPI wind direction was 12.6°.

A time-height graph of wind velocity measurements shows
close similarity in the magnitude and direction of wind speed
measured by pilot balloons and rawinsondes and estimated by
CAPPI analysis of WSR-88D radial velocity (Fig. 10). The
mean spectrum width values measured by the WSR-88D are
posted above each WSR-88D wind vector. We assumed that
the wind velocity at a selected altitude is constant across the
entire area from MAB to KBRO when estimating wind ve-
locity from the CAPPI data.

180

Fig. 6 Constant-altitude plan position indicator (CAPPI) plot of radial
velocity (kts) (green), spectrum width (kts) (red), and reflectivity
(dBZ) (black) at 600 m altitude measured by the WSR-88D radar at
Brownsville, Texas, at 1:46 UTC (0.4 h after sunset) on 5 June 1996
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Discussion

WSR-88D Doppler weather radars demonstrate the potential
to estimate the aerial concentration and movement of night-
flying insects over large areas such as crop production areas.
Areawide surveillance by the NEXRAD network of WSR-
88D radars creates opportunities for aeroecological investi-
gations spanning time scales from hours to decades and
scales of hundreds of kilometers.

spatial Immediate
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Fig. 8 Regression of WSR-88D CAPPI wind speed versus rawinsonde
wind speed at Moore Air Base, Texas, from 4 to 14 June 1996

360 —

340 —

320 —

300 —

NEXRAD Wind Direction (degrees N)

20 I ' N
280 300 320 340 360
Airsonde Wind Direction (degrees N)

Fig. 9 Regression of WSR-88D CAPPI wind direction and rawin-
sonde wind direction from 200 to 1,200 m AGL for wind speed values
>5ms ! at Moore Air Base, Texas, from 4 to 14 June 1996

agricultural application of WSR-88D radar data products is
anticipated for identification of localized populations of
emigrant CEW and estimation of migration pathways
(Westbrook and Eyster 2003). Such radar-derived informa-
tion of CEW migrations could efficiently direct pest man-
agement resources where and when needed to reduce mas-
sive emigration flights and alert crop producers and pest
managers about the risk of infestations by migrant CEW.

WSR-88D radars can detect bats (Horn and Kunz 2008),
birds (Gauthreaux and Belser 1998) as well as insects during
peak episodes of nightly flight, and parallel developments in
the quantification of bird migration in Europe using C-band
Doppler weather radar have been initiated (Dokter et al.
2011). Combining WSR-88D reflectivity, radial velocity,
and spectrum width values will help to distinguish among
biota. If radar cross-section data are available for a particular
species and the species’ population dynamics and flight
periodicity is known or assumed, the aerial concentration
of the species can be estimated from the radar reflectivity
(Chilson et al. 2012c). Air speed of airborne biota is an
important factor in distinguishing insects from birds and
bats. Further investigation is needed to determine if spec-
trum width data can enhance the capability of WSR-88D
radars to distinguish among biota. Improved capability to
discriminate target species is expected when the WSR-88D
has a dual-polarimetric option (Zrnic and Ryzhkov 1998a,
1998b; Chilson et al. 2012b).

Early-evening radar reflectivity patterns may identify
geographic locations (e.g., a specific corn field) as sources of
abundant emigration, and contribute to strategic management
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of crop pest insects. Significant relationships between the aerial
concentration of CEW and radar reflectivity were documented
between ranges of 67-105 km from the nearest WSR-88D
radar. Clear-air reflectivity maps indicated that the coverage
may extend beyond a range of 180 km during peak migrations.
Partial beam-filling will occur if insects are concentrated in
layers or otherwise do not uniformly fill the radar beam, the
likelihood of which increases with range from the radar.
Additional insect concentration data should be obtained for
regression with reflectivity to develop more robust relation-
ships. Atmospheric refraction of the radar beam should be
considered to accurately calculate the altitude of the radar beam
and consequently of the targets that are reflecting electromag-
netic energy back toward the WSR-88D radar (Barker 1994).
In this study, we have found that clear-air radar reflectivity
patterns caused by CEW and other similar-size insects was
characterized by a rapid increase in reflectivity over agricultural
areas during the 1st 1-2 h after sunset, followed by a steady
decrease until sunrise. Reflectivity patterns associated with
CEW moths became less concentrated as the moths flew away
from the WSR-88D into areas of greater range interval volume.
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WSR-88D CAPPI estimates of wind velocity were sig-
nificantly correlated with wind velocity values measured by
rawinsondes. Caution must be exercised in interpreting
radar-estimated wind velocity values because CEW moths
will affect the radar-estimated wind speed, and may affect
the estimated wind direction. For example, weather fore-
casters often rely on radar measurements of wind velocity to
detect low-level wind jets, wind shear, advection, and other
wind profile features, but influences of the flight velocity of
organisms may confound these values. Wind velocity values
estimated from WSR-88D CAPPI wind velocity values
combined with spectrum width values may be used to ad-
vect radar reflectivity values and estimate areawide insect
dispersal for crop protection advisories.

Future research should include additional field measure-
ments of atmospheric refractive index and wind velocity at
additional bearing and range locations around the WSR-88D
volume scan. Determining the identity, vertical distribution,
aerial concentration, and flight behavior of insect species
will enhance the value of agronomic information that can be
derived from WSR-88D data products.
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