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Radar Differential Phase Upon Transmission
Impacts Products From Atmospheric Insects

Valery M. Melnikov"™, Member, IEEE, and Eli S. Bridge

Abstract— The U.S. network of WSR-88D dual-polarization
weather radars adheres to design standards that are intended to
ensure uniform radar measures from atmospheric phenomena.
Although these radars have been designed to collect weather
information, they also monitor atmospheric biota. In this
communication, we demonstrate that radar patterns from air-
borne insects from co-located WSR-88Ds can differ significantly.
We explain these discrepancies as a result of different phase shifts
between transmitted polarized radar waves, and we argue that
this phase is a critical radar parameter for the interpretation of
radar variables from airborne insects.

Index Terms— Polarimetric radar, radar echoes from insects,
radar measurements.

I. INTRODUCTION

EATHER radar networks allow for almost continuous

data collection on a continental scale, and they are
widely used for the observations of airborne animals to provide
important information for ornithology, entomology, ecology,
and agriculture [1], [2], [3], [4]. Central to the concept of
radar networks is that uniformity among the individual radar
stations gives rise to uniformity of observed radar variables,
which makes it possible to build composite radar products that
span multiple coverage areas [5], [6].

Several properties of airborne animals can be inferred
from modern weather radars, including abundance, flight
direction/velocity, and general species composition [1], [4],
[71, [8], [9]. However, unlike hydrometeors, which produce
consistent values for radar reflectivity (Z) and differential
reflectivity (Zpr) across radars, radar patterns from airborne
animals, particularly insects, can differ across radar installa-
tions. To demonstrate these differences, we have collected data
from co-located dual-polarization Doppler radars (i.e., Weather
Surveillance Radar-1988, Doppler or WSR-88D, also known
as NEXRAD) that show significant variations in the observed
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radar patterns (Section II). These variations are best explained
by the different phases between the horizontally and vertically
polarized transmitted waves (Section III). The goal of this
study is to assess the significance of this phase for the radar
observations of airborne insects.

II. RADAR DATA

WSR-88Ds employ a radar design based on simultaneous
transmission of the horizontally and vertically polarized
waves [10]. In WSR-88Ds, two channels for these waves are
formed on the antenna using a power splitter, two waveguide
runs, and a dual-polarization feedhorn. The unequal power
split in the channels is accounted for by calibrating Zpg [11],
[12]. The measured differential phase (DP) and correlation
coefficient (CC) between the polarized waves do not depend
on the calibration. The phase shift between the transmitted
polarized waves varies among radars, and these variations
influence radar variables from nonspherical particles due to
interference of the scattered waves [9], [13], [14], [15].
An incident horizontally (H) polarized wave is returned as
a mix of horizontally and vertically (V) polarized waves. The
latter is called a depolarized wave for the incident H wave.
Similarly, two waves originate from an incident V wave. The
radar variables depend on the amplitudes and phases of these
four waves.

To reduce signal interference between adjacent WSR-88Ds,
the radar frequencies are set to different values within a
frequency band from 2700 to 2995 MHz (wavelengths from
11.1 to 10.0 cm). These relatively small frequency variations
do not affect radar variables from rain; therefore, Z, Zpg,
and CC are similar among different radars detecting the
same rain events, provided correct radar calibrations are
established [5]. The DPs from adjacent radars depend on
directions from radars to a sensing rain area, and for non-co-
located radars, DPs are typically different because of different
signal paths to that area in precipitation. Conversely, radar
variables from birds, which are large scatterers at S-band,
are affected by frequency deviations because of scattering
resonance effects [16]. Insects are Rayleigh scatterers at
S-band, and data from closely located radars can separate DP
effects.

We examined differences in radar products in two
WSR-88Ds located in Norman, Oklahoma: KCRI (frequency
of 2995 MHz) and KOUN (2705 MHz), which are separated
by 234 m. These radars are research and development systems
of the Radar Operations Center and National Severe Storms
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Fig. 1. Radar patterns obtained with WSR-88D (left column) KOUN and
(right column) KCRI at an antenna elevation angle of 1.3°. September 30,
2023 at about 1915 UTC.

Laboratory. Outputs from these radars in “clear air” mode
often differ. For example, Fig. 1 shows data from migrating
insects collected on September 30, 2023.The radars were using
scan sequences with three antenna elevation angles common
to both: 0.5°, 1.3°, and 1.8°.

One would expect that radar variables from insects
simultaneously collected with co-located KOUN and KCRI
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would be similar, because insects are Rayleigh scatterers
at S-band and alignment of the scatterers is similar for
the co-located radars. However, one can see that Zpgr
patterns from the two radars are noticeably different, and
DP and CC fields differ substantially (Fig. 1). The large
DP values from KOUN mostly lay in the eastern part of
the field, whereas KCRI’s image shows higher DP values in
its southwestern quadrant. Similarly, the CC patterns from
these two radars appear to exhibit an inverse relationship
of low values. Since insects are Rayleigh scatterers at S-
band, these discrepancies cannot be caused by different radar
frequencies. Also, the time lag between the data collection
was short (~2 min) and the patterns were observed for
several circles of the data collections, i.e., for more than
an hour.

III. ANALYSIS OF THE RADAR DATA

To explain the different patterns, we looked to differences
in the phases upon transmission between the two radars.
The DP upon transmission (DPT) is the phase between
transmitted horizontally and vertically polarized radar waves.
The antenna, feedhorn, associated waveguides, and the power
splitter contribute to the DPT. The first three components are
identical on WSR-88Ds, but the phases between horizontally
and vertically polarized waves after the power splitter may
differ and, therefore, the DPT may differ across radars. The
power splitter in WSR-88D produces equal power at its
outputs by changing the phases of the waves inside the device.
Therefore, the output waves have the same power but may have
different phases.

The DPT also depends on the difference in waveguide
lengths in the H and V channels and radar frequency. The
wavelength A, in a waveguide is longer than A in vacuum
(e.g., [17, Sec. 9.12]) A, = A/[1 — (f./)*1°°, where f.
and f are the cutoff frequency for the waveguide and radar
frequency. For S-band waveguides WR284, f. = 2078 MHz.
For KOUN’s and KCRI’s frequencies f; = 2705 MHz and
f» = 2995 MHz, the corresponding waveguide wavelengths
are A,y = 1734 cm and A,, = 1392 cm. The
KOUN’s waveguide lengths in the H and V channels are
Ly =1112.8 cm and Ly = 1050.0 cm including the feedhorn.
The number of KOUN’s wavelengths in Ly is Ly/Ay =
64.21. The phase difference between the waveguide’s input
and feedhorn output is &y = 0.21 x 360° = 76.5°. For
the vertically polarized wave, Ly/A,; = 60.59 and &, =
0.59 x 360° = 211.9°. In radar meteorology, the DP is
calculated as ®pp = arg (V;'V,,) with V}, , being voltages in the
channels and * denotes complex conjugate here [10, Sec. 8],
i.e., ®pp = &y — O p. Therefore, for KOUN, the contribution
to DPT from the different waveguide’s lengths is 135.4°. For
KCRI, this contribution is (0.43 — 0.94)360° = —183.6° =
176.4°. So, the different radar frequencies result in different
DPT contributions in the identical waveguides.

The H and V WSR-88D’s waveguides have adjusting
flexible parts, which may result in different signal paths in the
channels. A small change in H or V waveguides will result in
a substantial change in DPT. For instance, a 1-cm change in the
H waveguide at KOUN’s frequency, which is 1/17.34 part of
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Fig. 2. Radar data from (top) KCRI and (bottom) KOUN are in blue. The red curves in (a)—(c) model results generated using parameters specified in (a).

(d)—(f) Model results as green curves for DPT = 240° and red for DPT = —35°. Other parameters in the KOUN simulation are those listed in (a).

Awi, €quals to 360°/17.34 = 20.8°. These phase uncertainties
in the power splitter and waveguides result in the uncertainty
in the WSR-88D’s DPTs.

To test whether DPT can account for the observed
differences, we posed a model of insects as prolate
spheroids [9], wherein spheroidal scatterers are characterized
by their length (a), width (b), and dielectric permittivity
(¢). The polarimetric properties of Rayleigh scatterers depend
on the axis ratio b/a, ¢, and orientation of the scatterers
relative to the radar beam (e.g., [18, Sec. 2.3.3]). Migrating
insects tend to be oriented in a common direction in
response to environment’s conditions [1]. This direction can
be characterized by two angles: 1) the polar angle 6,, between
the major scatterer’s axis and zenith and 2) the azimuthal
angle ¢, relative to North. Horizontally oriented insects flying
North have 6,, = 90° and ¢, = 0° (0 < 6,, < 180° and
0 < ¢ < 360°; the subscript “m” indicates the mean values).
The orientations have distributions with the widths oy and o,
about 6,, and ¢,,. Because radar antennas rotate in azimuth, the
scatterers appear at various angles relative to the radar beam
and the radar variables depend on azimuth. Since insects have
nonspherical shapes, the depolarization of scattered waves
affects the radar variables, and DPT plays an important role
in depolarization [9].

We used the model to determine whether tuning DPT
(among other parameters) allows for a reasonable simulation
of radar data. We began with an instance of observed data
collected by KCRI on September 30, 2023 (~19:15 UTC) in a
ring-shaped volume that ranged from 35 to 55 km (comprising
80 radar range gates) with a corresponding height range
from 806 to 1267 m above ground level. The radar data were
averaged across all range gates within each of 360 azimuths
(o) to obtain dependencies Zpg(«), DP(«), and CC(«). These
radar variables do not depend on the concentration of insects
but depend on b/a, 0, ¢, 09, 0,, and DPT.

The resulting profiles for the 360 azimuths are shown
in Fig. 2(a)-(c), with blue lines showing observed data
and red lines showing model results. The modeled profiles
were obtained by varying the model parameters (including
DPT) to subjectively match the KCRI’s data. The red curves
in Fig. 2(a)—(c) depict the model results for b/a = 0.23,
DPT = -35°, 6, = 75°, ¢, = 325° op = 15° and
o, = 30°. A perfect match between radar and model data was
not expected because the model does not precisely represent
the true variation in individual body orientations. Nevertheless,
it is clear that the obtained model parameters reflect the main
features of the radar data.

We further tested the importance of DPT by applying our
model to data from KOUN. We used data from the same date
and time as before (September 30, 2023, ~19:15 UTC), but
because KOUN had a slightly lower scanning angle (1.27° as
opposed to 1.32° for KCRI), we used range rings from 36.5 to
57.0 km for KOUN to maintain the same height ranges we
used for KCRI (8061267 m). As before, the observed profiles
from KOUN of data averaged across range gates through
360 azimuths are shown as blue curves in Fig. 2(d)—(f). The
corresponding model results are shown for two different values
of DPT, with all other model parameters held constant. The
model with DPT set to 240° [green curves in Fig. 2(d)—(f)]
follows the main features of KOUN’s observed data. The red
curves are for DPT = —35° as in Fig. 2(a)-(c) for KCRI,
and they do not follow the main features of the KOUN’s data.
We can conclude that the difference of DPTs in KCRI and
KOUN is about 85°.

The model has a DPT ambiguity of 180° [9]: the range
profiles of all radar variables remain the same if 6,, is replaced
with 180° — 6,, and DPT is replaced with DPT 4 180°. The
model curves for KCRI radar remain the same for 6,, = 105°
and DPT = 145°. For KOUN radar, 6,, should also be 105°
because this is a property of the insects. Then, the KOUN’s
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DPT of 60° matches the radar data. The latter phase equals to a
phase of 240° + 180°. Therefore, the DPT difference between
KOUN and KCRI is 85° in this case. So, the model ambiguity
results in the ambiguity of estimated DPTs. For our consider-
ation, it is important that the difference in DPTs remains large
and explains the difference in observed radar patterns.

Better DPT estimations could be achieved had our observed
data been based on a more uniform distribution of insects.
Although the radar and simulated data are not perfectly
matched, we have clearly shown that differences in radar
patterns can arise due to different DPTs in the radars.
An important implication from this result is that DPT can
affect the radar variables from nonspherical hydrometeors,
such as ice cloud crystals [13], [14]. At S-band, DPT may
only weakly affect radar products from rain because raindrops
are nearly spherical.

To use polarimetric radar variables from insects quantita-
tively, the DPT should be measured, and such measurements
have not been performed for the WSR-88Ds. A method to
obtain DPT for radars capable of sensing in zenith is proposed
in [15]. However, WSR-88Ds are not capable of fully vertical
sensing—their maximal elevation angle is 60°. Therefore,
other methods need to be developed to ascertain DPTs for
WSR-88Ds.

IV. CONCLUSION

The differences in polarimetric patterns from insects
observed with the two co-located WSR-88Ds are caused by
different DPTs in these radars sensing aligned scatterers.
Different DPTs can cardinally change radar dual-polarization
patterns from airborne insects. To effectively quantify airborne
animal activity using dual polarization radar data, DPT should
be known. The DPT should also be taken into consideration in
an analysis of radar variables from nonspherical hydrometeors,
such as ice cloud crystals, snowflakes, and hailstones.

The strong dependence of radar variables on DPT offers the
opportunity of getting additional information about scattering
media by altering DPT. Such alterations can be achieved
with high-power waveguide phase shifters. In dual polarization
radars with digital transmitters and phased array radars,
DPT can be introduced by a phase delay between generated
polarized waves.
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