


densities similar to Kezys et al. (1993), and Yanovsky et al. 
(2005) according to 
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where C is the calibration constant that accounts for the 
difference in the system gains of the two channels. We 
estimate the spectral densities of the complex copolar 
correlation coefficient (magnitude and phase) from a running 
3-point average on contiguous complex spectral coefficients 
of the H and V channels 
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The spectral density of the differential phase is computed 
relative to the system phase. We estimated the system phase 
of the KOUN digital receiver from the ground clutter 
reflectivity returns according to Zrnic et al. (2005). 

4 Spectral densities along range  

Doppler power spectral densities are presented as a function 
of radial velocity. The PSD plots (Fig.1) show power in log10 
relative units. One column in the image at some range R 
represents the spectrum at that range. In the presence of 
scatterers the image is expected to display a somewhat 
continuous distinct band corresponding to the radial 
component of the scatterers’ velocities. Thus, in an ideal 
case this band represents the dependence of radial velocities 
on range that should be consistent with the sounding wind 
profile. Other curves and blobs, which deviate from the band 
tracing the mean wind, are contaminants, as documented by 
Bachmann and Zrnic (2005). The appearance and 
explanation are analogues to the case of wind profiling 
radars (Cornman et al. 1998), whereby clear-air spectra are 
often contaminated by birds or ground clutter. Spectral 
densities of polarimetric variables (ρhv, ZDR and δ ) along the 
radial are shown in Fig. 2a, 2b, and 2c. 

The mean noise level in spectra can be estimated and used to 
remove the spectral coefficients from the spectral densities 
of polarimetric variable fields (Fig.3). Two distinctive bands 
can be observed in Fig. 1, 2, and 3. A continuous band and a 
sporadic band are located at velocities of about 10 and 20 m 
s-1 respectively. The bands are clearly separated in velocity. 
The polarimetric properties, shapes of the bands, and the 
values of the associated velocities reveal that insects and 
birds shared the airspace throughout most of the boundary 
layer on that night (Bachmann and Zrnic 2005). The band 
from the insects exhibits higher values of ZDR (3 dB<ZDR<10 
dB), higher values of ρhv (0.8<ρhv<1), and a narrow range of 
phases (50°<δ< 80°). The band from birds shows smaller 
values of ZDR (ZDR<3), smaller values in the mean of ρhv 
(ρhv~0.7), and all possible phases (-180°<δ<180°). Each 
spectral field (Fig.1, 2, and 3) exhibits a well defined band  
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Fig. 1. Field of PSD a) in H, b) in V channel. 
 

V
el

oc
ity

 (m
 s

-1
)

0 20 40 60 80 100  

 30 20 10 0 -10 -20 -30  
0.2
0.4

0.6
0.8

V
el

oc
ity

 (m
 s

-1
)

0 20 40 60 80 100  

 30 20 10 0 -10 -20 -30  
-5
0
5
10
15

Range (km)

V
el

oc
ity

 (m
 s

-1
)

0 20 40 60 80 100  

 30 20 10 0 -10 -20 -30  -180

-90

0

90

180

ρhv

ZDR (dB)

δ (o)

 
 Fig. 2. Spectral densities of a)ρhv, b) ZDR and c) δ. 
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Fig. 3. Spectral densities of a)ρhv, b) ZDR and c) δ after a power 
threshold. 
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Fig. 4. Power in spectral coefficients of the bird and insect bands. 
Average power for azimuths from 178 to 182 degrees. 
 

(from insects) that stretches to 70 km in range and than 
dissipates due to low signal.  The maximum powers in the 
bands can be estimated from the spectral peaks (Fig.4).  The 
return power in the insect band decreases with range, while 
the power in the bird band has a peak at about 60 km 
indicating that birds tend to form a layer.  

5 Spectral density fields in azimuth 

The velocity azimuth display (VAD) technique, developed 
by Rabin and Zrnic (1979), is part of a suite of algorithms on 
the WSR-88D and is used to determine several features of 
the wind field: aerial average wind speed, direction, 
divergence and deformation (Doviak and Zrnic 1983, Rabin 
and Zrnic 1979). The spectral VAD (SVAD) displays the 
distributions of velocities with associated powers and 
polarimetric properties in azimuth.   

Fig.5a shows SVAD of power Sh composed for the one 
range location at 30 km. A sinusoidal trace with a broad 
spectrum width (up to 20 m s–1) demonstrates the severe 
contamination by birds.  

Fig.5b shows SVAD for a median over a 40 km range 
interval (from 30 to 70 km) i.e., a total 120 spectra are 
averaged to enhance visual clarity. Two traces are clearly 
seen and both have sinusoidal shapes. The two sinusoids in 
the Sh-SVAD indicate 12 m s–1 from North-East to South-
West; and 20 m s–1 from North to South.  The polarimetric 
properties of these sinusoids are different (not shown).  In 
the ZDR-SVAD the sinusoid with smaller amplitude appears 
bright and well defined with 5 to 8 dB values corresponding 
to the insect returns. However, the sinusoid with larger 
amplitude has smaller ZDR values. This sinusoid is due to 
returns from birds. At the regions where the two sinusoids 
intersect (at 60 degrees and 240 degrees) there is a lowering 
of the insect ZDR due to the mixture of both scatterer types. 

Fig.6 show SVAD ensemble (Sh, ZDR, ρhv, and δ) composed 
of a median of spectral densities from 30 to 35 km; values above 
the noise level are displayed. The type of the variable is 
indicated above the colorbar of each SVAD.  The median of 
spectral densities over 5 km almost completely removes the 
contribution from the birds.  

The example presented in Fig. 7 illustrates construction of a 
VAD from the SVAD of ZDR for a 5 km median (Fig.7a). 
The ZDR spectral fields were modified (Fig.7b) as follows: all 
ZDR spectral coefficients with the power below noise level 
and ρhv below 0.7 were removed; further, adaptive threshold 
was applied to remove all spectral coefficients of ZDR below  
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Fig. 5. The Sh-SVAD constructed for a) 30 km range, b) median of 
power spectral densities at ranges from 30 to 70 km. 

V
el

oc
ity

 (m
 s

-1
)

0 90 180 270 360

 30 20 10
0

-10
-20
-30

V
el

oc
ity

 (m
 s

-1
)

0 90 180 270 360

 30 20
10
0

10
20
30

V
el

oc
ity

 (m
 s

-1
)

0 90 180 270 360

 30 20
10
0

-10
-20
-30

V
el

oc
ity

 (m
 s

-1
)

0 90 180 270 360

 30 20
10
0

-10
-20
-30

10

20

30

40

0.6
0.7
0.8
0.9

-5
0
5
10
15

-100

0

100

Azimuth ( o )

Sh(dB)

ZDR (dB)

ρhv

δ ( o )

 
Fig. 6. The spectral VAD ensemble (Sh, ZDR, ρhv, and δ) contracted 
for a median of spectral densities from 30 to 35 km. 
 

half the maximum of the median value at the specified 
velocity bin; median filter over 3 range locations and 6 
spectral coefficients was applied to smooth the gaps in the 
spectral densities; then, all spectral coefficients with ZDR 
values below 2 dB were removed. Maximum value of ZDR is 
chosen at every azimuth and its corresponding velocity is 
recorded for subsequent VAD processing (Fig.7c). The cross 
marker indicates the recorded velocities. The dashed line 
with a dot marker shows VAD estimated from two 
harmonics fit (DC and first). 
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Fig. 7. VAD from ZDR SVAD: a) ZDR SVAD from average of 
spectral densities at ranges 30 to 35 km; b) ZDR SVAD after 
thresholds; c) VAD. 

From an ensemble of spectral VADs, the directions and 
velocities of insects and birds are deduced.  If insects indeed 
are the wind tracers then the recovered wind velocity is 
shown in Fig.8b. The wind blows toward South West at 12 
m s–1. Birds fly South at 20 m s–1 (Bachmann and Zrnić, 
2005). 

 
 
Fig. 8. Velocity a) contaminated, and b) recovered. 

6 Conclusion 

Spectral analyses of returns in clear air and at night reveal 
simultaneous presence of migrating birds and wind-blown 
insects throughout the boundary layer. The polarimetric 
variables (return power, differential reflectivity, copolar 
correlation coefficient, and differential phase) associated 
with resolvable Doppler shifts are computed from the 
Doppler spectra of horizontally and vertically polarized 
returns. Thus the spectral density of these polarimetric 
variables exhibit separation of the two species. 

We demonstrate that the speed measurements of insects and 
migrating birds can be resolved by constructing spectral 
VADs and isolating the insect velocity sinusoid from the 
additional sinusoids caused by contaminants such as birds. 
Further from the combined use of the spectral densities of 
the polarimetric variables, it might be possible to reconstruct 
velocity azimuth (VAD) profiles of the wind. Specifically 
we use the copolar correlation coefficient and the signal to 
noise ratio to isolate the spectral values of ZDR which are 
caused by insects.  Then we associate the velocity at the 
maximum value of such thresholded ZDR spectra with the 
return from insects and perform a VAD analysis on these 
velocities. Spatial continuity and general agreement with 
winds measured by rawinsondes add credibility to our 
analysis. 

a) 

b) 

c) 
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