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ABSTRACT

Rainfall estimation from specific differential phases in meteorological situations with significant anomalous
propagation (AP) is discussed. It is shown that the correlation coefficient between horizontally and vertically
polarized backscatter signals and local variability of the total differential phase can be good identifiers of ground
clutter—contaminated data. Further, it is suggested how to estimate rainfall in regions of ground clutter caused

by AP

1. Introduction

Anomalous propagation (AP) effects pose a serious
problem for accurate radar rainfall measurement. Anom-
alous propagation conditions exist if the refractiveindex
N in the surface atmospheric layer decreases with height
with a rate exceeding [dN/dh| > 157 km~* (Bean and
Dutton 1966). The radar beam is then trapped within a
surface waveguide, producing ground returns at great
distances from the radar. Meteorological conditions
leading to AP echoestypically occur when atemperature
inversion in the atmospheric surface layer is concurrent
with a sharp vertical decrease of specific humidity.
Anomalous propagation conditions in the Great Plains
are frequently associated with thunderstorm outflows
(“after storm” superrefraction) or nocturnal radiative
cooling (Bean and Dutton 1966; Weber et al. 1993). In
contrast with a ground clutter in the near vicinity of the
radar, which is rather stable in time and space, AP-
induced ground clutter echo is an unpredictable and
ephemera phenomenon.

Because ground clutter’s Doppler spectrum is narrow
and centered on zero Doppler frequency, the most ef-
fective way to mitigate AP contamination is to apply a
high-pass filter in the frequency domain. This procedure
is used in the WSR-88D radars (Pratte et al. 1995). The
high-pass ground clutter filter in all range—azimuth res-
olution cells eliminates stationary echoes caused by AP
Such filtering has a drawback, however, because the
removal of power near zero radia velocity can bias
Doppler spectral moment estimates of the weather sig-
nal

There are two aspects of the AP problem: 1) rec-
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ognition of the regions containing AP-induced ground
clutter echoes and 2) rainfall estimation in the regions
contaminated with AP ground clutter. The first aspect
of the problem can be addressed using some alter-
native approaches not involving Doppler filtering.
One of theseisastatistical pattern classification meth-
od based on the analysis of reflectivity field structure
(Moszkowicz et al. 1994). This method was used to
discriminate between ground clutter and weather ra-
dar returns with a conventional noncoherent radar.
Another approach requires a polarimetric radar. Some
researchers (e.g., Ryzhkov et al. 1994) used the cross-
correlation coefficient p,, between horizontally and
vertically polarized returns obtained from noncoher-
ent dual-polarization radar to distinguish ground clut-
ter from precipitation echoes. For weather echoes, the
cross-correlation coefficient is usually larger than 0.8,
whereasit is considerably lower in areas contaminated
with ground clutter. Zrnic and Ryzhkov (1996) in-
dicate that another polarimetric radar variable, dif-
ferential phase, exhibits very different behavior for
weather and ground clutter echoes. The differential
phase of ground scatterers is uniformly distributed in
the —180°-180° interval, whereas it has relatively
narrow distribution about its mean for the echoesfrom
clouds and precipitation. The width of this distribu-
tion is determined by the magnitude of the cross-cor-
relation coefficient.

This paper explores how polarimetry can cope with
the AP problem. Four Oklahoma stormswith AP were
observed with the National Severe Storms Labora-
tory’s (NSSL) polarimetric radar [10-cm wavelength
(Zahrai and Zrnic 1993)]. Here we address mostly the
second aspect of the problem of AP, namely, unbiased
estimation of rainfall if AP-induced ground clutter is
superimposed on the echoes from precipitation.
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Fic. 1. (a)—(c) Composite plot of radar reflectivity factor Z and (d) specific differential phase K, for the storm of 7 October 1996: (a) El
= 0.5° (b) El = 1.5° and (c) El = 0.5°; data with p,, > 0.7 are plotted. The radar is located at the lower right corner of the images.
Contours of Z are 10 dB apart, starting from 20 dBZ. Numbers in (c) indicate the Oklahoma Mesonet gauge locations. The time is 1357

UTC.

2. Polarimetric recognition of AP

The storm of 7 October 1996 had strong and wide-
spread AP echoes caused by nocturnal radiative cooling.
Radar observations started in the morning at 1348 UTC
(0848 LT). After 1 h of observations the AP echoes
almost disappeared. Figure 1la illustrates the radar re-
flectivity field in the northwestern sector of the radar
coverage area at the beginning of observation at 1357
UTC. Rawinsonde data (not shown) taken at 1200 UTC
show a well-pronounced temperature inversion in the
surface layer with a more than 5°C increase with height
within the first 400 m of altitude. The radar reflectivity
pattern at the elevation of 0.5° exhibits two ridges that
at first glance are almost indistinguishable in terms of
the reflectivity structure. More detailed analysis, how-
ever, shows that the lower ridge has larger maximal

reflectivity (65 dBZ) compared with the upper ridge (54
dBZ). Unusualy high reflectivity of the lower ridge
suggests that it was produced by the AP effects. This
is aso implied by the large pixel-to-pixel variations of
the reflectivity. Nevertheless, a more definitive conclu-
sion can be made only after the p,, field is considered.
Our measurements indicate that p,, of ground clutter
echo is usually in the range between 0.4 and 0.7. Cross
correlation for radar returns from precipitation is con-
siderably higher—mostly well above 0.8 (with possible
exception of hail or melting-layer regions) with a mean
value within the interval 0.9-0.95. Therefore, the p,,
threshold of 0.7-0.8 can be applied to distinguish be-
tween ground clutter and precipitation echoes, unless
large hail or the transition region between rain and snow
is encountered. The measured cross-correlation coeffi-
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cients can be slightly different for different radars ob-
serving the same precipitation because p,, is affected
by the system’s performance (similar to Doppler spec-
trum width) and polarimetric purity (i.e., degree of
matching between the antenna patterns at H and V po-
larizations and cross coupling between orthogonally po-
larized signals in the antenna and the microwave as-
sembly system). The better the radar system design is,
the higher the cross-correlation coefficient is for the
same class of hydrometeors. Therefore, the recom-
mended p,, threshold for AP discrimination might be
radar dependent.

In Fig. 1c the reflectivities for which corresponding
values of p,, are less than 0.7 have been eliminated.
The remaining reflectivity area is attributed to precip-
itation. This distinction is supported by the information
provided by Mesonet rain gauges located in the ex-
amined region (see Fig. 1c). Gauges 1-3 located in the
AP ground clutter area did not register any rain accu-
mulation during the observation period, whereas gauge
4 situated on the periphery of the supposed precipitation
zone indicates a small amount of rain (accumulation of
0.5 mm in 1 h). Another supporting evidence is that the
reflectivity region at the higher elevation angle of 1.5°
(Fig. 1b), where there is no contribution from ground
clutter, is consistent with the image in Fig. 1c. All of
these indicators suggest that discrimination between
precipitation echo and AP ground clutter echo based on
the analysis of the cross-correlation coefficient is quite
reliable.

The estimated specific differential phase K isshown
in Fig. 1d. It is obvious that the current algorithm for
estimating Ky, automatically eliminates areas contam-
inated with ground clutter. To explain this performance,
some important details of the K., algorithm are de-
scribed next. Radials of the total differential phase ®,
data are used as an input to the algorithm. After de-
aliasing the @, data (the unambiguous angle is 180°),
estimation of the standard deviation (SD) of ®,, at each
range location is made. Normally 17 consecutive range
gates are used to compute the SD(P,), which is then
assigned to the center of a selected radial interval. If
the SD(®,,) exceeds the threshold of 12°, the data are
classified as noise or ground clutter. Otherwise, it is
assigned to the weather signal category and it is smoothed.
The gaps between ‘““signal” intervals, where noise or
ground clutter are present, are bridged by linear inter-
polation of the smoothed ®, data. Thus, if the gap was
due to noise or ground clutter with no superposed pre-
cipitation, then the smoothed @, would have zero slope
and the corresponding specific differential phase Ky
would be identically zero. This is exactly the case in
Fig. 1d in the AP ground clutter region. If, however,
some precipitation were mixed with ground clutter in
the gap [and SD(®,,) is greater than 12°], the inter-
polated @, curve would have a nonzero slope due to
the contribution from precipitation to the accumulated
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differential phase. This situation is addressed in more
detail at the end of this section and in section 3.

The standard deviation of ®; is crucially dependent
on the magnitude of the cross-correlation coefficient.
The dependence of SD(®,;) on p,, is specified by the
following relation:

SD(dop) = Cllpnl 2 — 1)*2, )

where the coefficient C depends on dwell time and
Doppler spectrum width (see details of derivation in the
appendix). For the NSSL's Cimarron polarimetric radar,
the experimentally measured average SD(®d,;) is about
34, if p,, is about 0.95 (Ryzhkov and Zrnic 1996).
According to (1), the corresponding SD(®,;) for p,, =
0.7 is more than three times higher. Therefore, datawith
P < 0.7 have a standard error of @, larger than 12°.
Hence, if the threshold of p,, = 0.7 is chosen, discrim-
ination procedures based on the cross-correlation co-
efficient and the differential phase are well matched.
Note, however, that these discrimination procedures are
not completely equivalent because the coefficient C in
(1) depends on Doppler spectrum width. To just rec-
ognize AP, the p,,-based method is a viable option be-
cause it is very simple and can be easily implemented
even on non-Doppler dual-polarization radars (Ryzhkov
et al. 1994). If quantitative measurements of precipi-
tation are required in regions of AP mixed with rain,
then the K--based method is preferred because K it-
self can be used for rainfall estimation.

Maximum estimated K in the precipitation area is
1.5° km~*. Rain rates R obtained from Z using the Mar-
shall-Palmer relation or the algorithm on the WSR-88D
are somewhat higher than the ones computed from K
with the formula R = 40.6Kg&* (Sachidananda and
Zrnic 1987). Thisindicates that a contribution from AP-
induced ground clutter might exist in the precipitation
area and add to the observed values of the radar re-
flectivity factor. As will be shown shortly, the polari-
metric rainfall estimates often can circumvent this con-
tamination. The actual rainfall recorded by only one
gauge (number 4) in the examined area is not enough
to validate either the conventional or the polarimetric
rainfall estimate. Furthermore, incorrect calibration or
choice of the R(Z) relation can also cause discrepancy
between the conventional and the polarimetric rainfall
estimates.

Note that in the areas characterized by large hail, or
in bright band, the cross-correlation coefficient can drop
below the threshold of 0.7 and, consequently, SD(®,;)
can be quite high. To distinguish these two situations
from those characterized by AP contamination, exam-
ination of differential reflectivity Z isrequired. In the
areas of AP echoes, Z; is very noisy. In contrast, both
large hail and bright band exhibit very ** coherent” Z.,
patterns: Z.; is close to zero, or even slightly negative
in large hail, whereas the bright band is characterized
by large positive values of Zx.

In the case of 7 October 1996, radar echoes from
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Fic. 2. Field of the radar reflectivity factor for the storm of 18 July 1997. Contours of Z are 10
dB apart, starting at 30 dBZ.

precipitation and AP are clearly separated. This circum-
stance as well as the obvious difference in the texture
of radar reflectivity echo between two ridges makes
rain—AP discrimination relatively simple. Such discrim-
ination is more complicated if the echoes from precip-
itation and AP are overlapped. The storm of 18 July
1997 is a typical example of a situation in which AP
echoes are embedded in the precipitation shaft (Fig. 2).
In Fig. 2, the radar is located approximately 20 km to
the left of the image frame, and the storm is moving to
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Fic. 3. Radial dependencies of differential phase ®,, and reflec-
tivity factor Z along the line AB in Fig. 2. The thin solid line rep-
resents @, at the elevation of 0.5° the thick solid line represents
d, at the elevation of 1.5°, and the dashed line represents Z at the
elevation of 0.5°.

the east, away from the radar. The AP echoes caused
by thunderstorm outflow develop just behind the storm
at X < 55 km and merge with the precipitation echo at
X > 55 km. It is very difficult to recognize zones of
AP contamination in the area of convective precipitation
(55 < X < 75 km; 15 < Y < 60 km) using the radar
reflectivity and its texture. Only careful analysis of all
polarimetric variables available, ., Kpp, Zog, and p,,,,
together with the radar reflectivity factor Z, allows us
to conclude that the AP heavily contaminates rain area
to the south of the line AB in Fig. 2, whereas rain echo
dominates to the north of thisline at X > 55 km. Below
the line, p,, is very low, ®, and Z,; are noiselike, and
radar reflectivity exceeds 60 dBZ at some points. At the
line AB (coinciding with the one of the radar radias),
the contributions from AP and rain are comparable (Fig.
3). The polarimetric variable ®; is clear from the AP
contamination at the elevation of 1.5° and exhibits a
steady, slow increase within the range interval between
55 and 75 km (the thick solid line in Fig. 3). At the
lower elevation of 0.5°, the AP contamination induces
bursts of ®, fluctuations at certain range intervals. For
the range gates that are free of ground clutter contam-
ination, the ®, curves from the two elevations almost
coincide (69—76 km, for example). Note that after bridg-
ing the gaps between **good”’ range intervals, as pre-
scribed by the algorithm for K estimation, theresulting
d,, curve has anonzero slope in some regionsin which
the AP contribution is strong. The slope of &, between
63 and 69 km corresponds to the rain rate of about 10—
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20 mm h~*. Clearly, in this case, the polarimetric tech-
nique can quantify rainfall in a region in which strong
AP and arain shaft coincide.

3. Rainfall estimation in the presence of
anomalous propagation

For the case of 30 June 1994, we had an opportunity
to make a more sophisticated comparison of the esti-
mated rainfall in the presence of AP with the actual
rainfall because the AP-contaminated region of precip-
itation overlapped with the test area containing 42
densely spaced rain gauges in the Little Washita River
Basin. Thisstorm’s outflow acted asagood duct to cause
anomalous propagation (see Fig. 4). The storm was
moving from northwest to southeast. Very strong ground
clutter echoes due to AP are seen just behind the storm
in the precipitation-free area (Y = 125 to 225 km and
X = 0 to 130 km). There are some patches of AP-
induced ground clutter evident in the precipitation area
also, predominantly in the stratiform part of the storm.
These zones appear as white holes in the storm’simage
in Fig. 4b, in which only reflectivities with correspond-
ing p,, > 0.7 are presented. Some of these white holes
fall into the test region outlined by the rectangle.

A composite image of four polarimetric radar vari-
ables in the test area is presented in Fig. 5. Thetimeis
0549 UTC, and the elevation angle is 0.5°. Ground clut-
ter contamination is evident in the region of light pre-
cipitation in the upper part of the reflectivity field. Very
high values of radar reflectivity factor, an intermittent
reflectivity pattern, and very low corresponding values
of the cross-correlation coefficient locate the anomal ous
ground clutter. Note that the estimated specific differ-
ential phase is relatively unaffected by the AP and sug-
gests very light precipitation in the contaminated area.
The performance of the algorithm for K, estimation is
illustrated in Fig. 6, in which the ®,, Z, and p,, data
are presented along a radial through the area with the
AP ground clutter. In theintervalsin which contribution
from ground clutter dominates, @, has large variations
with range. These coincide with increases in radar re-
flectivity factor and significant decreases of the cross-
correlation coefficient. As explained in the previous sec-
tion, after editing and smoothing the ®, data, the re-
sulting ®,, curve has a small nonzero slope in the AP
regions—for example, between 65 and 80 km from the
radar similar to the case of 18 July 1997. The corre-
sponding Ky is about 0.12° km~* in this range interval,
and the rain rate is approximately 67 mm h-1,

Anomalous propagation existed for about 1 h in the
test area, from 0530 until 0630 UTC. To make radar
and gauge data compatible, we have interpolated 1 h of
rain accumulations derived from the 42 gauges to the
whole basin area (Fig. 7a). The standard Marshall—
Palmer formula Z = 200R*® was used to compute rain
rates from the reflectivity factor; these were summed to
produce 1-h rain accumulations over the basin area (Fig.
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FiG. 4. The plan position indicator of Z at the elevation of 0.5° for
the storm of 30 June 1994: (a) all Z are displayed and (b) Z with p,,
> 0.7 are displayed. The white rectangle represents the gauge test
area. Contours are drawn every 10 dB, starting at 30 dBZ. The radar
is located in the center of the figure.

7b). A polarimetric estimate of the areal rain depth was
made using specific differential phase. Two different
radial averaging intervals were used for estimating K:
one was over 32 and the other was over 48 adjacent
range locations spaced by 0.18 km (Figs. 7c and 7d,
respectively).

It is evident that rain accumulations calculated from
Z are contaminated by AP clutter at about 90 pixels
(size 1 km X 1 km) corresponding to the area of 90
kmz2. In some pixels with light rain, false accumulations
up to 150 mm were computed. Both polarimetric esti-
mates are immune to AP contamination. We estimate
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Fic. 5. Composite plot of (a) Z, (b) Zyr, (€) Kpp, and (d) p,, in the test area for the storm of 30 June 1994. The time is 0547 UTC.
Contours of Z are 10 dB apart, starting at 30 dBZ. The Z,, contours are in steps of 1 dB, starting at 0 dB. The K, contours are drawn in
steps of 0.1° km~* beginning at 0.1° km~*. Here p,, is contoured in 0.1 increments starting at 0.6.

mean rain rate (R) = 5.2 mm h-! as a gauge total areal
accumulation divided by the product of the watershed
area and the rain duration time (1 h in this case). The
Marshall-Palmer algorithm overestimates (6.6 mm h-1)
the mean rain rate due to contribution from AP, whereas
the polarimetric estimates (R) = 4.7 mm h-t and (R) =
4.8 mm h-* (for the smaller and larger averaging win-
dows) are closer to the rain gauge’'s mean. Note that in
this rain event the effect of the averaging interval for
the Kyp estimation is negligible.

Gauges have higher rain accumulation in the north-
east corner of the image compared to both conventional
and polarimetric radar estimates that are consistent with
each other. The discrepancy islikely due to wrong read-
ings of gauge accumulation from strip charts. Gauges
in the test area are not automated, and time reference
errors of about 10-15 min are quite possible. Thismight
lead to the errorsin 1-h accumulations for some gauges,

especially in convective events in which temporal
changes of rain rates are much higher than in stratiform
rain. Thereisapossibility that compensating errorselse-
where in the grid minimize the mean error for the whole
watershed area. Generally, time reference errors do not
significantly affect mean rain rate in predominantly
stratiform precipitation if (R) islow, asin this particular
case.

In the case of 30 June 1994, the polarimetric algo-
rithm successfully eliminates AP contamination because
AP appears in isolated regions immersed in the rather
uniform precipitation background, where uncorrupted
estimates of specific differential phase and rain rate are
available. Therefore, the relatively simple procedure of
bridging the gaps is successful. Good performance of
the K-based algorithm is also expected if signal pow-
ers from precipitation and ground clutter are compa-
rable, so that the cross-correlation coefficient of the mix-
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d,,, data have been obtained after averaging over 48 successive range
gates (8.6 km).

tureisstill above 0.7 and SD(®,,) isbelow thethreshold
of 12°. Under these circumstances an unbiased estimate
of Ky is possible, although with larger statistical error.
This is probably the case for the storms of 7 October
1996 and 18 July 1997 examined in the previous section.
The p,, was between 0.75 and 0.85 in the region with
reflectivities of 50 or more dBZ, as shown in Fig. 1.

The polarimetric method for rainfall estimation has
only limited application if ground clutter completely
dominates precipitation echo in most of the coverage
area. Such was the case of 8 July 1996 (Figs. 8 and
9). It can be seen from Fig. 8 that only a small portion
of the radar echo is not affected by the AP ground
clutter at the elevation of 0.5° (p,, > 0.7). Moreover,
examination of reflectivity pattern at the elevation an-
gle of 1.5° indicates that the noncontaminated echo
region constitutes a very small part of the rainy area;
that is, the echo area with p,, > 0.7 in Fig. 8b ismuch
smaller than the precipitation areas in Figs. 9a or 9b,
both of which are aimost unaffected by AP Thus,
Doppler clutter filtering (Weber et al. 1993) and height
continuity need to be combined with polarimetry to
help mitigate the effects of AP in avariety of practical
situations.

4. Conclusions

We have applied radar polarimetry to identify the
areas of weather echoes contaminated by AP and to
estimate rainfall in the presence of ground clutter returns
caused by anomalous propagation. Data collected with
the NSSL's polarimetric radar (wavelength 10 cm) were
used for this analysis. Ground truth rainfall data have
been obtained from the Oklahoma Mesonet and the spe-
cial test area containing 42 densely spaced gauges in
the Little Washita River Basin, which is situated be-
tween 45 and 80 km from the radar.

Simple analysis of the cross-correlation coefficient p,,,
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between horizontally and vertically polarized radar re-
turns identifies the regions of AR The radar echo is
contaminated with AP-induced ground clutter if the cor-
responding p,, is below a certain threshold, p,, and well
above zero. The threshold p, = 0.7 is a reasonable se-
lection at least for the Cimarron polarimetric radar data.

A standard deviation of differential phase SD(®,;)
is closely related to the magnitude of the cross-corre-
lation coefficient and also can be used to localize the
areas of AR, The SD(®,;) threshold of 10°-12° isagood
choice for the Cimarron radar data.

If relative contributions of precipitation and AP-in-
duced ground clutter to radar signal are of the same
order of magnitude, then the specific differential phase
Kpe Can still be effective for rainfall measurement. This
is because ground clutter does not bias the total differ-
ential phase &, but only increases its fluctuations;
hence, K, can yield arain estimate free of clutter con-
tamination.

If ground clutter totally dominates precipitation echo,
then pointwise polarimetric estimates of rain rate are
impossible in the contaminated area. Nevertheless, if
AP appears in isolated regions immersed in rather uni-
form precipitation background, then the averaged values
of Kyp (and rain rate) can be restored in the heavily
contaminated areas provided that uncorrupted measure-
ments of Ky, outside the AP areas are available. This
technique was successfully demonstrated in the AP case
of 30 June 1994, whereby hourly rain accumulation over
a watershed-size area computed using this polarimetric
technique compared much better with rain gauges than
with that obtained from the radar reflectivity factor. It
is premature to extrapolate our results because only this
one case had ground truth data from the gauge micro-
network. Additional cases with verifiable rain accu-
mulations in the presence of AP are needed to confirm
this preliminary study.

Standard Doppler filtering technique for eliminating
AP echoes can be used in addition, or as an alternative,
to the suggested polarimetric algorithm, especially if
ground clutter heavily dominates the precipitation echo
in most of the radar coverage area. Intuition suggests
that the combined Doppler and polarimetric method
for dealing with the clutter should offer greatest ben-
efits. Nonetheless, it is not known how much improve-
ment this would be over the optimum Doppler method
because such a scheme has not yet been established.
An obvious extension of the classic filtering would be
to extrapolate rainfall in the clutter region—for ex-
ample, by judiciously comparing the filtered and non-
filtered data. This certainly requires more study.
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APPENDIX

Standard Deviation of the Differential
Phase Estimate

Standard deviation of the differential phase estimate
(Ppp) was first examined by Sachidananda and Zrnic
(1986) as a function of the cross-correlation coefficient,
the Doppler spectrum width, and the number of radar
samples for alternate switching between two orthogonal
polarizations. Here, we derive a relatively simple for-
mula for the SD(®,,) as a function of the cross-cor-
relation coefficient p,,, but for the simultaneous trans-
mission and reception of orthogonally polarized radar

returns. The simultaneous transmission—reception
scheme is considered for prototyping on a research
WSR-88D radar at NSSL. We then compare the results
for simultaneous transmission with the onesfor aternate
transmissions.

Using M synchronous H, V sample pairs, we define
an estimator of differential phase ®,, as

qA)DP = arg(U), (A1)
where
~ 1M N
U= v }‘1 (HV¥). (A2)

The asterisk represents the complex conjugate, and the
hat indicates the estimates. Following Sachidanandaand
Zrnic (1986), the variance of the &, estimate can be
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expressed in terms of U and U as (U is the mean value

(8

var(CiDDP) = —-Re

The expected values of |U|? and (U)? are
N 1 M
(0P) = {2 2 HVEHY, (A%)
i=1 j=1

and
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Fic. 9. Same as in Fig. 8 but the elevation angle is 1.5°.

@0 = (8 S wvenv ) o

To proceed further we need the identities
<Hiv}kH}ij> = <HiV?‘><H,-*V,-> + <HiHj*><Vi*Vj> (AG)
and

(HVIHVE) = (HVEXHVE) + (HVEXHVE), (A7)
<HiVi*> = VPP, py, (A8)
(HFV) = VPP, o, (A9)

and express the second moments through auto- and
cross-correlation coefficients
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(HHf) = Pyr(m), (A10)

(V¥V)) = Pyr*(m), (A11)

(HVE) = VPP, 1, (m), (A12)
and

(HV¥) = VPP, 1, (—m), (A13)
wherem = i — j, P, and P, are the powers of hori-

zontally and vertically polarized components of the sig-
nal, p, is a cross-correlation coefficient, r,, (m) =
phvr(m)v and

r(m) = exp(j2kvTm) exp(—8m202T2m?/A2) (Al4)
is the autocorrelation coefficient. In (A14), k = 2#/A,
v is mean Doppler velocity, T is pulse repetition time,
o, is Doppler velocity spectrum width, and A is radar
wavelength. For the sake of simplicity, receiver noise
was ignored in the formulas (A8)—(A14). After substi-
tuting (A8)—(A13) into (A4) and (A5) and keeping in
mind that

U =V Pthphv! (A15)
we finally arrive at the following equations:
0|° 1 Ir(m)P?
= =1+ — M — |m| , (Al6
<U > e (M= Im)S e (AL
and
0 2 1 M—1
= =1+ — M — Impr(m)]z2. (AL
(U) vz 2, (M = ImirmP. - (AL7)
Combining (A16) and (A17) in (A3), we obtain
180
SD(Ppp) = [Var(q)DP)]]JZ_
180 1
= = Gyl - D (AL9)

In (A18), the SD(dy;) is expressed in degrees;, M, =
M/u is a number of equivalent independent samples
(Doviak and Zrnic 1993), where

(A19)

we S (1 e

m=—(M-1)

For typical values of the radar wavelength A = 10 cm
and PRF = 1000 Hz, the parameter w is equal to 3.9,
if o,=4ms*and u = 155if 0, = 1 ms*. The
combination of M = 60 and p,,, = 0.995 yields SD(d,;)
= 0.72° and SD(®,,) = 1.45° for o, = 4and 1 m s

Following Sachidananda and Zrnic (1986), the per-
turbation analysis produces a formula similar to (A19)
for the variance of ®p:
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300
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Fic. Al. Here /M SD(d,,) is a function of the normalized spec-
trumwidth o,,, = 20, T/A for aternate and simultaneous transmission—
reception; M is the total number of transmitted pulses.

— lonlPr2(1) <
4I-2| wl?

WS (L mreem+ 1),

AL2%p, > mTh

var(®pp) = EL: (L= Impr=(2m)

|p hv

(A20)

where L is the number of H, V pairs and equals M/2.
Notethat for the same dwell time (MT,), therearetwice
as many pairs of H, V echoes in simultaneous trans-
mission as there are in alternate transmission. The plot
(Fig. A1) of the standard deviations corresponding to
the two formulas illustrates the difference between the
two. For narrow spectra (compared to the unambiguous
interval), the two schemes are equivalent; the samples
are highly correlated and the errors primarily depend
on the dwell time. At larger spectrum widths, the al-
ternate scheme is clearly inferior: a sharp increase in
the error is observed at a normalized spectral width of
about 0.12. Thisis where the decorrelation of samples
degrades the estimates, and such a condition is clearly
absent for simultaneous transmission, whereby the or-
thogonal simultaneous echoes aretightly correlated. At
aradar wavelength of 10 cm and typical T of 1 m s¢,
o,, < 0.12 corresponds to o, < 6 m s~*. Therefore,
alternate and simultaneous transmission-reception
schemes are almost equivalent, provided that the total
dwell times are the same. At higher microwave fre-
guencies (5- and 3-cm wavelengths), simultaneous
transmission gives a lower SD(®P,,) for wide Doppler
spectra. Note also that SD(d,) is always lower for
longer PRT in the case of simultaneous transmission.

The standard deviation of the &, estimate exhibits
strong dependence on the cross-correlation coefficient
P IN accordance with (A18), changing p,, from 0.95
to 0.7 leads to more than a threefold increase in the
SD(®yp).
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