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1. Introduction

Beam blockage caused by terrain
and other obstacles such as buildings and
trees limits radar coverage and introduces
bias in measurements. The national network
of S-band operational WSR-88D (Weather
Surveillance Radar-1988 Doppler) radars,
especially in the mountainous western
United States is severely affected by beam
blockage. The accuracy of the weather
radar products such as quantitative
precipitation estimates (QPE) (Westrick et
al. 1999, Young et al. 1999, Pellarin et al.
2002) and vertically integrated liquid (VIL)
estimates is compromised. The dual
polarization being implemented on the
network has the potential to mitigate this
problem. Dual-polarimetric radar has been
demonstrated to produce better QPEs by
using specific differential phase in the beam
blockage area and the presence of
anomalous propagation than current single
polarimetric WSR-88D radar (Zrnic and
Ryzhkov 1996, Ryzhkov and Zrnic 1996,
Ryzhkov and Zrnic 1998, Vivekanandan et
al. 1999).

On weather radars, digital elevation
map (DEM) is often used to correct reduced
reflectivity caused by radar beam blockage.
Two ways of making the correction have
been proposed. One consists of using DEM
and partitioning the radar volume scan
region into blocked and unblocked parts.
Then a vertical profile of reflectivity (VPR) in
the unblocked region is constructed and
used to estimate the reflectivity in blocked
region (Andrieu et al. 1997; Creutin et al.
1997; Kucera et al. 2004). The other way is
to estimate beam blockage percentage by
using the DEM and radar beam geometry
(Bech et al. 2003); these authors have
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studied the impact of variability of
surrounding vertical refractivity gradient on
the sensitivity of their beam blockage
correction and found the correction to be
fairly robust.

With dual-polarimetric radar
measurements, many QPE methods based
on the immunity of specific differential phase
to PBB (partial beam blockage) have been
developed (Carey et al. 2000; Giangrande
and Ryzhkov 2005; Lang et al. 2009).
Fundamental to these methods is a self-
consistency relation between reflectivity
factor Z, in horizontal channel and specific
differential phase K, expected to hold in
rainfall (Goddard et al. 1994; Scharchilli et al.
1996; Ryzhkov et al. 2005).

Ideas to use differential phase @pp
or specific differential phase Kpp directly for
computing rainfall have been put forward but
not sufficiently tested. An  obvious
impediment with these is the uncertainty
caused by fluctuations in the @pp or Kpp
estimates. We propose a new method that
uses the integration of the self-consistency
relationship over each radar beam to
estimate beam blockage fraction (BBF
thereafter) dynamically and then correct
measured reflectivity factor in the blocked
area. Instead of applying self-consistency
relationship at each radar gate, the
integration mitigates the uncertainty of the
@pp or Kpp measurements and improves the
accuracy and steadiness of the BBF
estimations.

2. Methodology

The method is based on the general
idea of consistency between Z, specific
differential phase Kpp, and differential
reflectivity Zpr in rain (Ryzhkov et al. 2005).
The concept of self-consistency can be
utilized for correcting Z bias caused by radar
miscalibration, attenuation, and partial beam
blockage. It has been successfully
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implemented and tested in more recent
studies by Lang et al. (2009) and Marks et
al. (2010).

According to the consistency
concept, Z, Zpgr, and Kpp are interdependent
in pure rain so that

Kpp=aZ’Z5,, 1)

where Z and Zy are expressed in linear
units (Z is in mm°m>and Kps is in deg km™).
The coefficients in Eq.(1) are relatively
insensitive to variability of drop size
distributions. Left-hand and right-hand parts
of Eq. (1) are equal if both Z and Z, are
perfectly calibrated and are not biased by
attenuation / differential  attenuation.
Checking the consistency locally (i.e., on the
gate-to-gate or pixel-by-pixel basis) is limited
to the areas of moderate-to-heavy rain (at S
and C bands) where the estimates of Kpp
are less noisy. In order to avoid such a
limitation and make consistency check
reliable in any rain regardless of its intensity,
Ryzhkov et al. (2005) suggested to compare
the integrals of left and right sides of Eq. (1)
over sufficiently large temporal / spatial
domain

J.KDpdr = J.aZijrdr : )

In practice, it is more advantageous
to integrate along radials of the radar data
so that the integral in the left side of Eq. (2)
is proportional to total differential phase ®pp
which is a very robust radar measurement:

2[Kppdr=@pp =2[az Zipdr . (3

Using @®pp is convenient to sort out
unblocked and blocked azimuthal directions
and to select the radials which are suitable
for consistency check, i.e., those where
attenuation is not significant. The problem in
utilization of Eq. (3) for absolute calibration
of Z in the areas affected by PBB is that
differential reflectivity Zpg is commonly
affected by PBB as well (Giangrande and
Ryzhkov 2005). The related Zpr bias for
each partially blocked azimuthal direction
has to be eliminated first.

Therefore, we resort to a relatively
simple and robust algorithm for PBB
correction which capitalizes on the ideas
from the previous studies and which can be
utilized operationally with minimal effort. In a
nutshell, the method is based on the use of
the power-law Kppr — Z relation (Ryzhkov et
al. 1997)

K,,=aZ" @)

with variable intercept a which is determined
on the scan-to-scan basis using the data in
the  unblocked azimuthal directions.
Assuming the variations of intercept
parameter of rain drop size distribution and
atmospheric temperature within a radar scan
is insignificant, the parameter a can be set
to a constant. The parameter b is also
assumed to be a constant with the value of
0.72 for S band radar. If Z is well calibrated
and is not biased by attenuation, then the
parameter a can be estimated by integrating
Kop (i.e., ®pp) and Z° along radials and
instead of estimation based on local values
of Z and Kppin the unblocked area,

a= D (1) = Ppp(r,) .
ZIrm Z"(s)ds

®)

In blocked area, the measured reflectivity
factor Z becomes smaller and can be written
as the product of (1-BBF) and unblocked (or
restored) reflectivity factor Z. BBF is a
fraction of the beam cross section (defined
with the 3 dB contour) being blocked. Here
the parameter a is redefine as ag and for
each blocked radial it is estimated as,

_ D@y (1) = P (o) ,
" 2["[a-BBF)Z(s) ds

a

(6)

where rypg represents the starting range of
beam blockage for the blocked radials. Note
that multiple blockages with increasing
blockage faction with range along a radial
are not considered here. It is evident that
parameter ag is larger than a because @pp
measurements are not affected by blockage
while the integral in the denominator
decreases due to beam blockage.



The parameter a may vary from
storm-to-storm  and, strictly  speaking,
between successive scans and individual
radials due to the impact of the variability in
drop size distributions. So in our method the
mean or median value of the parameter a is
determined scan by scan based on (5) from
the azimuths where blockage is absent.
Then the BBF can be obtained for each
blocked radial via

1
BBF =1— (). )
a

B

The bias AZ can be estimated as

AZ(dB):%Iog(%B) ®

along the radial in the blocked azimuth.

3. Application
a. Case test

During the SoOWMEX/TIMREX
(Southwest Monsoon Experiment/Terrian-
influenced Monsoon Rainfall Experiment) in
June 2008, NCAR SPOL (S-band
POLarimetric Doppler radar system) radar
made dual-polarimetic measurements of
several precipitation events in the western
plain and mountainous region of southern
Taiwan. SPOL radar was deployed on the
west side of the Central Mountain Range.
The radial resolution of the data was 150 m
and azimuthal resolution was 0.91°. The
east side of radar scans at the several
lowest elevation angles was partially or
totally blocked by the mountains. A DEM for
SPOL radar in a polar coordinate system
has been generated from the GIS
(Geographic Information System) with
spatial resolution of about 270 m. Then the
beam blockage maps for SPOL at this
location with elevation and azimuth
resolution of 0.1° and range resolution of 1
km were produced. Fig.1 illustrates the BBF
of SPOL radar at the elevation angles of
0.5° and 1.1°. Attenuation caused by rain
and gas was insignificant for S-band SPOL
radar for the selected cases and was not
considered in this study.

To assess the performance of our
method, a large precipitation area observed

by SPOL at 12:00 UTC on June 14, 2008 is
selected. It can be seen in Fig.1 that at
elevation angle of 0.5° radar beam is
partially or totally blocked in about two thirds
of the radar coverage area. Following the
methodology introduced in the previous
section, the parameters a and ag were
calculated for each radial in the clear and
partially blocked areas. The estimated
parameters a and ag are shown at each
azimuth for the entire radar scan at 0.5° in
Fig.2a. Note that the DEM data are used
here to determine which beam is blocked
and the starting range (r,s in Eqg. (6)) of
blockage for the beams. Here the median
value of parameter a estimated in the
unblocked area is 4.21x10™ for this radar
scan. Comparing the BBF estimated using
our method in the partially blocked sector
with the estimates from DEM, the azimuthal
dependence of estimated BBF is consistent
with the one obtained from DEM (Fig.2b)
except within the azimuthal interval between
262° and 315° .

To closely examine the difference of
BBFs derived between our method and
DEM, the values of BBF at azimuths
between 250° and 340° are magnified and
shown in Fig.3. It is obvious that most of
BBFs estimated using our method (open
squares) is higher than the BBFs derived
from DEM (solid dots). To understand the
discrepancy, we have superposed beams of
SPOL radar in three dimensions on Google
Earth. The radar beam propagation path is
calculated under standard atmospheric
condition based on the equations described
by Doviak and Zrnic (2006).

By examining the geographic
information provided by Google Earth on the
paths between 250° and 340°, we found that
except for the mountains that are accounted
in the DEM estimation, there are many high
rise buildings in downtown of Kaohsiung City
that are not accounted in DEM, but are on
the paths of these blocked radar beams and
cause extra blockage between the azimuths
of 290° and 320°. These buildings are also
observed by SPOL radar and can be
identified by strong echoes in the unfiltered
reflectivity factor field (not shown). This
suggests that our BBF estimates are more
accurate than the estimates from the DEM.



FIG.l. am bloage frtio r SL
radar at elevation angle of (a) 0.5° and (b)
1.1°%

Fig.4 illustrates the propagation path
of SPOL at the azimuth of 305° and the
elevation angle of 0.5° on Google Earth
display. Along the radar beam illustrated by
blue rays, it can be found that except
mountains marked by red ellipse there are
two high rise buildings highlighted by the red
box. The two blue rays represent the radar
beamwidth of 0.91°. The yellow lines divide
the path into radar gates with width of 150
m.
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FIG.2. a) Estimated parameter a (open
circles) in the unblocked azimuths and
parameter ag (solid squares) in the blocked
azimuths. The dash line indicates the
median value of parameter a obtained in the
unblocked area. b) Beam blockage fraction
obtained from DEM (solid dots) and derived
from our method (open squares) in each
azimuth. The radar data used to estimate
parameter a, ag and BBF were observed at
12:00 UTC on June 14, 2008 at elevation
angle of 0.5°.

Another cause of BBF discrepancy
between our and DEM estimation is that
BBF is estimated with respect to the 0.91°

beamwidth weighted with radar power
density distribution. It means that the radar
transmitted/received power beyond the
beamwidth is not accounted for the BBF
estimation in DEM method. Our estimation is
based on the dual-polarimetric radar
measurements with true radar power density
distribution within radar beams.
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FIG.3. Same as Fig.2b, but azimuth is
between 250° and 340°.

FIG.4. Radar beam propagation path of
SPOL in Taiwan at the azimuth of 304.5°
and the elevation angle of 0.5°. Two high
rise buildings and mountains blocking the
radar beam are marked by the red box and
ellipse respectively. The two blue rays
represent the radar beamwidth of 0.91°. The
yellow lines divide the path into radar gates
with width of 150 m.

Using the estimated BBF, the beam
blockage correction is applied to the
reflectivity factor field. Fig. 5 displays the
measured and corrected reflectivity fields at
12:00 UTC from June 14, 2008 at elevation
angles of 0.5°. Clearly, the gap caused by
severe blockage in the measured reflectivity
at elevation angle of 0.5° and around
azimuth of 270° is filled by the corrected
reflectivity at those beams. The continuity of
radar echo patterns is recovered and shows
the success of the correction. However the
reflectivity along the beam in several
azimuths is not recovered because the
measured total A@pp is too small to satisfy
the given threshold of 5°. The DEM
information showed in Fig. 3 indicates that



those beams might be totally blocked.
Closely comparing the measured and
corrected reflectivity fields in the partial
blockage area at the azimuth between 280°
and 320°, it has been found that measured
reflectivity is enhanced to some degree. The
guantitative evaluation is discussed in the
following section.

a __" b

FIG.5. (a) Measured reflectivity fields of
SPOL at 12:00 UTC on June 14, 2008;
elevation angle is 0.5°, and (b) corrected
reflectivity fields at elevation angle of 0.5°.
The range rings are 50 km apatrt.

4. Evaluation of correction
a. Artificial case test

To quantify the performance of our
method, an artificial beam blockage test is
designed. The received power is artificially
reduced by 90% and 99% in the sector from
azimuth of 200° to 205° at 0.5° elevation
angle starting at 30 km from the radar where
the radar beams are not blocked originally.
The 90% and 99% reductions in the
received power are equivalent to 10 and 20
dB loss in reflectivity factor. Fig.6b displays
the 20 dBZ loss in the specified sector.
These beams are intentionally selected in
the area with relatively strong radar echoes
(~30 dBZ). Thus the @pp difference and
integral term of Eq. (5) or (6) are large
enough not only to satisfy the thresholds in
the algorithm, but also to reduce the errors
in the estimations.

Then our method is applied to
correct the reflectivity factor at the artificially
blocked radar beams. Comparing Fig.6a
with Fig.6c, it can be seen that the reduced
reflectivity is  totally restored. To
guantitatively assess accuracy of the
correction, the restored reflectivity for each
blocked beam is listed in Table 1. The
compensations are not exactly 10 or 20 dBZ
at these radar beams, and vary beam by

beam within about 1.5 dB as functions of
azimuth. The uncertainty in the assumptions
such as constant parameter a made in the
section 2 and errors in the radar
measurements may result in the difference
between original and corrected reflectivity.

FIG.6. (a) Measured reflectivity, (b)
reflectivity as in a) but reduced by 20 dB
between azimuths 200° and 205° and (c)
restored reflectivity. The observation time is
the same as in Fig. 5.

b. Comparison between upper and lower
scans

Besides the artificial case test, we
have also employed the comparison of the
reflectivity factor observations at the scans
between lower (0.5°) and upper (1.1°
elevation angles to qualitatively evaluate the
performance of our method. First, the radar
horizontal coverage is partitioned into three
areas: 1) unblocked area for both scans
(area 1 thereafter); 2) unblocked at upper
scan and partially blocked at lower scan
(area 2 thereafter); 3) the rest of the scan.
Second, comparing the reflectivity factors at
the same horizontal locations between lower
and upper scans in the areas, the statistical
relations between them can be found. To
avoid the contaminations of ground clutter,
melting layer, and non-meteorological
scatterers, only the reflectivity factor
measurements with the corresponding
cross-correlation coefficient larger than 0.9
at the range between 50 and 100 km are
selected for the comparison. Fig.7 displays
the scatterplot of reflectivity factor at the
elevation of 0.5° vs. 1.1° in the area 1
observed by SPOL radar at 12:00 UTC on
14 June 2008. Clearly the points are evenly
distributed about the diagonal line implying
the reflectivity factors at the lowest two
scans (0.5° and 1.1°) are almost identical at
the same horizontal location. In other word,
there is no significant vertical change in
reflectivity factor within 100 km range for this



measured rain event at the lowest two
elevation angles. The ratio (Z,pperZiower ratio
thereafter) between the total reflectivity at
upper and lower scans in the area 1 is 1.04
that is very close to 1. Here the total
reflectivity is the sum of measured
reflectivity factor in dBZ at each radar gate
in the area 1 and 2.

20080614 _120002

60

40

Zupper(d BZ)

Correlation=0.984365 |
Z ool Zier=1.04079

0 20 40 60
Ziower(dBZ)

FIG.7. Scatterplot of reflectivity factor at the
elevation of 0.5° vs. 1.1° in the unblocked
area at 12:00 UTC on 14 June 2008.
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FIG.8. Scatterplots of (a) measured and (b)
corrected reflectivity factor at the elevation
of 0.5° vs. 1.1° in the area 2 at 12:00 UTC
on 14 June 2008.

Then the comparison is conducted
in the area 2 and displayed in Fig.8. The
measured reflectivity factor comparison in

the area 2 is illustrated in Fig.8a. Obviously,
reflectivity factors are smaller at the lower
scan than the upper scan due to power loss
caused by beam blockage. The Z,ype/Ziower
ratio is 1.21 that is about 16% larger than
1.04 in the area 1. Contrast to it, Fig.8b
exhibits the comparison between measured
reflectivity factors at upper scan and the
reflectivity factors corrected using our
method at lower scan in the area 2. The
entire cluster of point clearly shifts to the
diagonal line because of the beam blockage
correction at the lower scan. The Z,ppe/Ziower
ratio is reduced from 1.20 to 1.05 which is
close to 1.04 obtained in the area 1. Similar
results are also obtained for the other scans
observed by SPOL radar in the
SOWMEX/TIMREX. The Zyppe/Ziower ratio in
the area 1 and area 2 before and after beam
blockage correction for 45 radar volume
scans have been estimated. Comparing with
the Z,ppe/Ziower ratios in area 2 without the
correction, most of the Z,ppe/Ziower ratios
after the correction are much closer to the
ratio in the unblocked area 1. Although
some ratios are away from 1.04, it indicates
the uncertainties in our scheme. The
average Zyppe/Ziower ratio over these 45
scans before that correction in the area 2 is
1.28. After the correction, the average ratio
in area 2 is improved to 1.01 that is very
close to the average ratio 1.04 in the area 1,
but slightly overcorrected if Z,pper/Ziower ratio
in area 1 is considered as the ground truth.
These results demonstrate that the
proposed method is quite stable and can
reasonably compensate the power lost in
the blocked area.

5. Discussion
a. Data quality

Data quality is extremely important
for the performance of this method. Several
data quality control steps are embedded in
the algorithm. First, ground clutter is filtered
out in the dataset by NCAR data quality
control processor. Second, observed @pp is
smoothed along the radial and the gaps (in
@pp) due to weak signal are filled by linear
interpolation (Ryzhkov and Zrnic 1996).
Then only the reflectivity factor with high
cross-correlation coefficient and high signal-
to-noise ratio is selected for the estimation



of the parameters a and ag. The entire
quality control process helps avoid
contamination by ground clutter and non-
meteorological scatterers and to reduce the
uncertainty of radar measurements in the
weak signal regions.

b. Differences in BBFs

It is noticeable that there are some
disagreements on BBFs derived from DEM
data and our method in Fig. 2b. We think
these differences may be due to the
following reasons:

1) The parameter b in the Eq. (1-8) is
not constant for all different types of rain and
can be affected by variability of rain drop
size distributions;

2) The spatial resolution of DEM is not
high enough to describe the terrain profile of
the actual blockage;

3) The BBF in DEM data is calculated
from the one-way beam pattern whereby the
blocked fraction is normalized by the 3dB
beam cross section. The BBF estimated by
our method is the actual estimate not
sensitive to the vertical profile of the
blockage;

4) There are errors in the radar
measurements, such as radar antenna
positioning and contributions from sidelobes;

5) Trees, buildings, and other objects
which are not accounted in DEM may cause
extra blockage;

6) Multiple blockages along the beam
(such as two or more mountain ranges) are
not considered at this time;

7) Attenuation caused by rain has not
been considered.

c. Future work

The results presented in this paper
have demonstrated successful retrieval of
BBF using the consistency between Kpp and
Z. Still several issues that should be
addressed remain.

1) Currently the algorithm has been
applied to selected individual scans.
However, if there are no radials free of
partial beam blockage, or if precipitation is
not present along the blocked radial the
correction can not be made. The algorithm
can be extended from the current local

status to a connected global approach. For a
relatively long-lasting precipitation event
over radar, a mean BBF for each
azimuth/elevation could be obtained over
several sequential radar scans. Then these
mean BBFs can be stored in a correction
table for each beam position in a volume
scan. These would provide a reasonable
correction along beams with small total @pp
and/or weak radar echoes. Further, by
gathering enough BBF data over a period of
time, climatological BBF table can be made.

2) Rain gauge observations in the area
affected by beam blockage could be used to
verify the corrected reflectivity through QPE.
The results can help improve the
performance of beam blockage correction
method.

3) The impact of DSD variability and
temperature on the performance of the
suggested method should be quantified
using theoretical simulations and radar
measurements for different types of rain.

4) Combining with ground clutter
detection algorithm, this algorithm can
dynamically estimate BBF beyond the range
location where ground clutter is detected.
The idea is to exploit the fact that at these
locations the clutter often partially blocks the
beam.

5) Extension of the method to the
cases with significant attenuation in rain
(and /or shorter radar wavelengths) could be
conducted.

7. Conclusion

In this paper we have proposed a
novel method to estimate BBF. By
integrating the self-consistency relation
between Kpp and Z along radar beam, the
immunity of total differential phase A®pp to
partial beam blockage is directly used to
estimate the loss of reflectivity factor
measurements.

Instead of using the self-consistency
relation to restore reduced Z at individual
radar gate, the total differential phase A@pp
and integration of measured reflectivity are
adopted to directly estimate BBF for each
radar beam in the blocked area. The merits
of this method are: (1) it reduces the



variability of parameters a due to different
rain drop size distribution (i.e. different
precipitation types); (2) it avoids the
uncertainty caused by fluctuations in the @pp
or Kpp measurements.

The results of applications of the
proposed method on the SPOL observations
in the SoWMEX/TIMREX and the
comparison with DEM shows the capability
to estimate BBF in the beam blockage area
and the advantage over DEM in the
presence of high rise buildings. It provides
an alternative and promising way to restore
lost portion of reflectivities due to partially
blocked beams. This is significant as more
and more radar are being deployed near or
in the urban area with many high rise
buildings. But comparing to DEM method,
the major disadvantage is that BBF derived
based on the proposed method cannot be
obtained instantly for a dual-polarimetric
radar, it needs a “warm up” period for the
radar with high quality measurements in a
strong enough rainfall environment.

The proposed method has been
guantitatively evaluated as well. By
comparing the Z,,pe/Ziower ratios in between
the blocked area and unblocked area, we
found that the average Z,ppe/Ziower ratio in
the blocked area is improved from 1.28 to
1.01, which is very close to 1.04 obtained in
unblocked area after using our method.
This result is the average from 45 SPOL
radar volume scans in three rainfall events.
The steadiness of parameter a and the
BBFs at the azimuth of 300° over about 50
scans observed in 3 rainfall events has
illustrated the robustness of the method.

It is worth mentioning that the
proposed method is beam based and can be
applied not only to volume scan, but also
sector scans, adaptive scans, and RHI
scans.

Eventually, the method opens up a
potentially promising avenue for operational
application as the WSR-88D network is
being upgraded with dual-polarimetric
capability. The application of the method
could make improvements in the accuracy of
radar QPE as well as VIL estimation in the
mountainous region where radar beams are
significantly blocked.
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