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1. Introduction

The calibration of Zdr typically consists of two parts:
1) calibration “snapshot” measurements, ideally ac-
complished over a very short time span and, 2) cal-
ibration maintenance measurements that track any
drift in the snapshot calibration measurement over
extended time intervals. The causes and the nature
of the drift in the Zdr snapshot calibration over time
is not well understood and there are very few long
term experimental measurements in the literature.
Here the Zdr variance for S-Pol over long time peri-
ods (multiple days) is investigated.

Recent Zdr calibration efforts for S-Pol (and
NEXRAD) have revealed a significant uncertainty or
variability in the Zdr calibration offset number (snap-
shot calibration number). In the past S-Pol Zdr has
been calibrated via vertical pointing (VP) data in
light rain. As this implies, the VP technique is most
tested for warm season precipitation. As an exam-
ple of calibration for S-Pol, the Fig. 1 shows Zdr bias
estimated from VP measurements over about 3.5
months during the field campaign DYNAMO, 2011,
in the Maldives. The measurements are very sta-
ble especially between the two dotted lines where
the polarization switch was unchanged. The tem-
perature at the S-Pol site ranged from 24.5◦ to 29.6◦

during these 23 measurements.
With the advent of FRONT (Front Range Obser-

vational Network Testbed), S-Pol was operated for
2014 - 2015 winter storms where light rain over the
radar is indeed rare. The VP technique can be exe-
cuted but there are several caveats: 1) winter storms
are typically not very deep vertically and valid VP
data are usually considered to begin at 2.5 km or
more in range (i.e., height above the radar) due to
near field effects and TR-tube1 recovery, 2) the re-
flectivities of winter precipitation are typically fairly
low, and 3) if the precipitation (snow flakes) has a
small vertical velocity, then the clutter filter may af-
fect the calculated Zdr calibration number. Here we
use the crosspolar power technique to calibrate Zdr
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1an electronic component that protects the receiver cir-
cuitry from the high power transmit pulse

(Hubbert et al. 2003), which makes use of the prin-
ciple of radar reciprocity. The principle of radar reci-
procity states that the two crosspolar members of
the radar scattering matrix are equal, i.e, Shv = Svh

(Saxon, D.S. 1955). In short this means that the
two measured crosspolar powers should be equal.
Using the crosspolar power technique (CP), we in-
vestigate the long term variance of Zdr calibration.

Executing the CP requires solar power ratio mea-
surements and crosspolar power ratio measure-
ments either from clutter or precipitation targets.
Historically these data were collected from two dif-
ferent scanning strategies. We have developed a
measurement technique where both numbers can
be gathered from just a single solar box scan. Since
the transmitter is left on during solar scans, the
crosspolar power ratio can be calculated from data
from shorter ranges, where sidelobe ground clut-
ter echo is present, and the solar power ratio can
be calculated from longer ranges (i.e., > 100 km)
where ground clutter and precipitation echoes are
not present. Using CP, the Zdr bias is estimated
on several days over an extended period of time.
Since the CP can be executed almost anytime dur-
ing the daylight hours, CP can be executed repeat-
edly throughout the day (approximately 7 minute in-
tervals). During the measurement periods, the tem-
perature at S-Pol ranged from -20◦ C to 20◦ C and
the Zdr bias offset varied nearly 0.4 dB, which on
average is 0.01 dB/(deg. C). Clearly such variations
in the Zdr calibration number need to be accounted
for. Here we identify the radar components that are
responsible for the observed variations in Zdr cali-
bration.

2. The Crosspolar Power Technique for Zdr

Calibration

S-Pol uses a single transmitter and a mechani-
cal polarization switch to transmit alternate pulses
of H (horizontal) and V (vertical) polarized waves.
Two receivers are used to measure the copolar and
crosspolar return signals (in contrast to H and V re-
ceivers), which is accomplished with an IF (interme-
diate frequency) switch. Because of the IF trans-



fer switch, there are four possible paths through
the receiver chain and thus four possible sun cal-
ibration numbers. Shown in Fig. 2 is a simplified
block diagram of S-Pol where PH,V are the input
transmitter powers, CT

H,V are the losses associated
with the circulators on transmission, CR

H,V are the
losses associated with the circulators on reception,
LNAH,V are the gains of the low noise amplifiers,
WH,V are waveguide losses, GA

H,V are the antenna
gains, GR

H,V are the receiver gains and Rco,x are
the received powers. The dotted line represents
the measurement test plane where both the transmit
(receive) power is monitored and test signals can be
injected. From Fig. 2 it follows that,
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where Zm
dr and LDRm

h are measured differential re-
flectivity and linear depolarization ratio, respectively,
and where Γco,V , Γco,H , Γx,V represent the insertion
losses associated with various paths through the IF
switch. For example, Γco,V represents the path from
the V IF-switch input through the switch to the copo-
lar receiver. Note that 〈|SHH |2〉/〈|SV V |2〉 = Zdr and
〈|SV H |2〉/〈|SHH |2〉 = LDRh are the intrinsic values
we wish to isolate with 〈∗〉 denoting time average.
The ratio of the crosspolar powers becomes,
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where Rxv and Rxh represent the broadcast V re-
ceive H and broadcast H receive V crosspolar pow-
ers, respectively. By reciprocity 〈|SHV |2〉 = 〈|SV H |2〉
and these terms cancel. This ratio should be unity
so that the remaining terms represent the radar
components that cause any deviation of the ratio
from unity. There are four sun calibration measure-
ments,
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where the subscript “co, s” and “x, s” represent the
H and V sun powers received in the copolar and
crosspolar power receivers, respectively. In order to
calibrate Zm

dr (and LDRm
h ), the three following solar

ratios are needed:
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Then for the FHV (fast alternating H and V trans-
mission) S-Pol configuration, Zm

dr and LDRm
h can be

calibrated using,
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Thus the Zdr bias is defined as
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The test pulses injected at the test plane yield the
following power ratios,

T1 = Vco/Hco =
LNAV C

R
V Γco,V

LNAH CR
HΓco,H

(15)

T2 = Vx/Hx =
LNAV C

R
V Γx,V

LNAH CR
HΓx,H

(16)

T3 = Vx/Hco =
LNAV C

R
V Γx,VG

R
x

LNAH CR
HΓco,HGR

co

(17)

These test pulse ratios can be used with the above
solar ratios for consistency and to analyze Zdr vari-
ability caused by associated RF/IF components. For
example, S1 can be compared to T1. If the experi-
mental measurement of these two ratios vary differ-
ently versus time then the source of variability can
be assigned to non common components, namely
the ratio, GA

VWV /G
A
HWH or the test pulse generator

itself.

3. Data Analysis

Solar scan data were gathered on December 24,
26, 2014 and January 9, 10, 11,12, 15, and Feb.



22, 25, 26, 27, 2015. There are 328 analyzed so-
lar scans. The transmitter was on during the so-
lar scans so that both a ratio of crosspolar powers
as well as the solar radiation powers could be esti-
mated. The solar powers were estimated from gates
beyond 100 km range. The crosspolar power ratio
was estimated from gates close to the radar where
side lobes yielded significant ground clutter power.
The temperate at S-Pol was estimated from MADIS
weather stations located relatively close to S-Pol.
While this temperature will be somewhat different
than the actual environment temperature at S-Pol,
it is close and does track the trends of temperature.
Shown in Fig. 3 is the Zdr bias as a function of tem-
perature at S-Pol. Clearly there is a trend in the data
with the Zdr bias varying 0.4 dB over the tempera-
ture range of -20◦C to 20◦C. This is approximately
0.01 dB /(deg. C).

It is of interest to identify the hardware compo-
nents of S-Pol that cause this variation. The two
components of the Zdr bias estimate are 1) the solar
ratio S1S2 and the crosspolar power ratio Rxh/Rxv .
Shown in Figs. 4 and 5 are scatter plots of these two
ratios again versus temperature. The scatter plot of
S1S2 is very similar to Fig. 3 and shows about 0.4 dB
variation versus temperature. The scatter plot of the
crosspolar power (XP) ratio does not show a sim-
ilar trend versus temperature. The XP ratio varies
only about 0.05 dB. From these plots, we conclude
that most of the variance in the Zdr bias as a func-
tion of outside temperature likely comes from the
antenna and accompanying waveguide down to the
S-Pol transmitter container rather than the receive
electronics. The transmitter and receiver electron-
ics are located in the transmitter container with a
temperature controlled environment.

3.1. Variation Analysis

Here we compare various solar, test pulse and
crosspolar power ratios in order to identify the radar
components that are most likely to be causing the
Zdr calibration variance over time.

Figure 6 shows Vco/Vx and Hco/Hx power ratios
for both solar and test pulse data from 4 days. From
Fig. 2 the powers are,
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These equations are valid for either the solar or test
pulse powers. Thus these ratios are only a func-

tion of the receive path from the IF switch through
the receivers. The Vco/Vx for both the test pulse
and solar scans should be identical but there is a
small difference of about 0.01 dB on average. On
Jan. 9 and 15, Vco/Vx and Hco/Hx were flat dur-
ing the measurement period while there is a slight
increase in these ratios for Feb. 6 and 20 of about
0.005 dB. The conclusion is that solar power ratio
tracks the test pulse power ratio and there is negli-
gible change in the mean values versus time due to
the corresponding hardware components (i.e., the
IF switch and the RVP8 receiver). The top two plots
of Fig. 6 also show curves Hco/Hx which are offset
from Vco/Vx by about a tenth of a dB. This tenth of a
dB is caused by the Vx signal and the Γx,V IF switch
path.

We next compare the measurement of the trans-
mit power to the crosspolar power ratio. The trans-
mit V/H power ratio measured at the test plane is

Ptx =
Ptx,v

Ptx,h
=
PV C

T
V

PHCT
H

(20)

and this ratio is contained in the crosspolar power
ratio of Eq.(3). Thus variations in the Ptx should
also be seen in Rxv/Rxh . Figure 7 shows Ptx and
Rxv/Rxh for four days as labeled and the two curves
correlate (i.e., similar trends versus time) quite well
except for the 9 January data. However for this day,
the right and left vertical scales are just 0.02 dB and
0.015 dB in extent, respectively. The time duration
is over 5 hours. Thus, it is apparent that for these
four days the variability of the transmit powers is the
dominate factor in the variability of the crosspolar
power ratio (especially 6 Feb and 15 Jan.) and the
RF components are the transmit power divider (fast
mechanical switch) and the circulators on transmit.
Figure 8 shows Rxv/Rxh and the difference (in dB)
Rxv/Rxh − Ptx. Using Eqs.(3) and (20), this differ-
ence is (in dB),
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From above, since the paths through the IF switch
contribute very little to Zdr variance, we conclude
that the variance in this difference curve is at-
tributable to the LNAs and circulators on receive.
This difference is only 0.02 dB to .03 dB over each
day. It is likely that the circulators would behave sim-
ilarly on receive as they do on transmit. If this is true
then the increasing trend in the crosspolar power ra-
tio for 6 February and for 15 January is due to the
transmit power divider circuit. This increase is about
0.05 dB for both days.



3.2. A Comparison of Vertical Pointing and
Crosspolar Zdr Calibrations

Calibrating Zdr is especially challenging since there
is no calibration standard by which to judge the es-
timated Zdr calibration figure. It is popularly as-
sumed that vertical pointing data in rain yields the
correct Zdr calibration. Previous S-Pol measure-
ments have shown that the Zdr calibration number
from the VP and CP technique agreed well (Hubbert
and Dixon 2012). Here we present three more com-
parisons between VP and CP. Figure 9 show a Zdr

histogram from VP measurements (top panel) and
a solar power antenna pattern from which the CP
Zdr calibration is calculated both gathered in close
time proximity on 22 February 2015. Several more
solars scans and VP scans were also made during
this time. Additionally, on February 25 and 26, 2015,
VP data were gathered in close time proximity to so-
lar scans. The average results are

• From 22 Feb. Zdr cor = -0.046 dB and the VP
Zdr mean = 0.046 dB

• From 25 Feb. Zdr cor = 0.1 dB and the VP Zdr

mean = 0 dB

• From 26 Feb. Zdr cor = 0.075 dB and the VP
Zdr mean = 0.02 dB

where Zdr cor is the CP Zdr correction factor for the
CP technique. By definition is should be the nega-
tive of the Zdr calibration number from the VP tech-
nique. Thus, the CP and VP Zdr calibration numbers
agree for the 22 February case while they disagree
by about a tenth of a dB for the 25 and 26 February
cases.

4. Discussion

From the above analysis it is apparent that for the
data cases presented here, it is the differential path
from the antenna down to the test plane that is re-
sponsible for the largest variation in the Zdr calibra-
tion number when the antenna is exposed to large
temperature changes. This variation in Zdr was well
correlated to the environmental temperature at the
S-Pol site, increasing 0.01 dB/(deg. C). The Zdr

variance due to the differential path from the test
plane through the RVP8 receiver is remarkably con-
stant in comparison. This runs contrary to the widely
held belief that it is only the active portion of the re-
ceiver chain that needs to be monitored for Zdr cal-
ibration updates. S-Pol data presented here shows
the non-active portion of the receiver path (i.e., an-
tenna and waveguide down to the test plane) causes

large variations in Zdr calibration as a function of the
outside temperature.

A possible explanation for this can be gleaned
from Zdr solar patterns gathered at several receive
frequencies. Figures 10 to 14 show the Zdr antenna
patterns for frequencies 2790, 2795, 2800, 2805
and 2809 MHz. The two white circles mark the 1◦

and 2◦ solid angles. As can be seen the Zdr pat-
terns change significantly as a function of frequency
and thus the Zdr calibration number (in part the in-
tegration over the Zdr pattern) changes also.

Figure 15 shows the S1S2 calibration number as a
function of solars scans from 20 February 2015 with
the solid angle integration over the S1S2 pattern as a
parameter. Shown are integrations for solid angles:
A) 1◦, B) 1.25◦, C) 1.5◦, D) 1.75◦, E) 2.0◦. As can
be seen the curve a 1◦ integration shows a small de-
viation from the rest of the curves. For solid angles
greater than or equal to 1.25◦, there is little varia-
tion among them. This consistency among the S1S2

integrations as a function of index shows that the
integrations of solid angles ≥ 1.25◦ converge and
the integration over 1.25◦ is sufficient to capture the
variability of the Zdr antenna pattern.

Since the Zdr calibration number is highly cor-
related to environmental temperature, it is possi-
ble that thermal expansion of the antenna parabolic
reflector causes the variance of the Zdr calibra-
tion number. To make a first order estimate of the
amount of antenna dish movement required for a
significant change in Zdr calibration number, we first
consider the phase difference incident at the focal
point of the antenna for a 1 MHz change in receive
frequency. It has been observed that the S1S2 an-
tenna pattern can indeed change significantly for a
1 MHz change in receive frequency. Using 2800
and 2801 MHz, this gives 35.5727 and 35.560 wave-
lengths from the feed horn to the dish apex for a dif-
ference of 0.0127 wavelengths. This translates to a
phase difference of 4.57◦ and a wavelength differ-
ence of 1.37mm. We assume that this is the source
of the variation in the S1S2 antenna patterns and
thus now ask whether or not the thermal expansion
of the dish is sufficient to make such a change in di-
mension. A typical thermal expansion coefficient for
aluminum alloy is 23.6 µcm/cm/(deg. C). The S-Pol
support struts are about 16 feet long so that for a
change of 10◦C, this translates to an expansion of
1.15 mm, which is of the same order of magnitude
as 1.37 mm. While this is not proof that the thermal
expansion of the S-Pol antenna is the cause of the
Zdr calibration variance as a function of tempera-
ture, it does show that it is physically possible.

As a final note, in 2009 NCAR made photogram-



metric measurements of the S-Pol antenna, struts
and feed horn in order to determine the shape of
the parabolic reflector and the RMS error of the
reflector. These measurements showed that the
feed horn drooped 0.9 mm when comparing vertical
pointing position (90◦) to a horizontal position (0◦).
Additionally, the focal length changed by 1.4 mm.
These changes in dimension are small but could
cause a significant difference in the Zdr antenna
pattern (as shown above) and thus cause the Zdr

calibration number to be different by a tenth of a dB
or more for the vertical and horizontal antenna posi-
tions. This then has a significant implication for Zdr

calibration: the CP technique is preferable to the VP
technique because it can be executed while the an-
tenna is in a more horizontal position where it will be
for most precipitation measurements.

5. Conclusions

The data presented here indicates that the Zdr bias
of S-Pol is correlated to the outside temperature at
S-Pol. Analysis of the solar power ratios, copolar
power ratios and test pulse data shows that this vari-
ation is due to the receive path from the antenna
down into the test plane in the transmitter trailer.
This variation in the the Zdr calibration number is
about 0.01◦ dB/C. Thus for every 10◦C change in
temperature, the Zdr calibration could change by
about 0.1 dB. In contrast, the active portion of the
receive path, i.e., from the circulators to the RVP8
receiver, showed very little variance over the days
examined here. The second most significant source
of variation in the Zdr calibration number was the
transmit power division network. These results have
implications for NEXRAD Zdr calibration as well as
for other weather radars.
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Figure 1: S-Pol Zdr calbrations estimated from vertical pointing data in rain during the experiment
DYNAMO in the Maldives, 2011 to 2012. The temperature at S-Pol during these measurements
was about 25◦C ±2◦. The dashed vertical lines indicate times when the fast polarization switched
was replaced.



Figure 2: Block diagram of part of the S-Pol radar receiver section. H and V signals can be directed
to either the co- or cross-receiver. The mechanical switch is not shown.

Figure 3: Scatter plot of Zdr bias calculated from 328 solar scans gathered by S-Pol as a function
of the outside temperature at S-Pol.



Figure 4: Scatter plot S1S2 corresponding to Fig. 3.



Figure 5: Scatter plot of the crosspolar power ratio calculated from 328 solar scans gathered by
S-Pol as a function of the outside temperature at S-Pol.



Figure 6: Vco/Vx and Hco/Hx for both solars and test pulse data for 4 days.



Figure 7: Crosspolar power ratio (solid line) and the V/H transmit power ratio for 4 days.



Figure 8: Crosspolar power ratio (solid line) and the difference of the crosspolar power ratio and
V/H transmit power ratio (in dB) for 4 days.



Figure 9: A comparison of vertical point (VP) and crosspolar power (CP) Zdr calibration. Top: VP
Zdr histogram. Bottom: H-power solar antenna pattern.



Figure 10: A Zdr solar antenna pattern measured at 2790 MHz.

Figure 11: A Zdr solar antenna pattern measured at 2795 MHz.



Figure 12: A Zdr solar antenna pattern measured at 2800 MHz.

Figure 13: A Zdr solar antenna pattern measured at 2805 MHz.



Figure 14: A Zdr solar antenna pattern measured at 2809 MHz.

Figure 15: Vco/Hco solars for various annuli of integration: (A) 1◦, (B) 1.25◦, (C) 1.5◦, (D) 1.75◦, (E)
2◦.


