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A Study on the Detection of Hazardous Weather
Conditions by a Doppler Weather Radar
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ABSTRACT

In a Doppler weather radar, high resolution windspeed profile measurements are needed to pro-
vide reliable detection of a hazardous weather condition. For this purpose, the pulse-pair method is
generally considered to be the most efficient estimator, However, this estimator has some bias
errors due to asymmetric spectra and may yield meaningless results in the case of a multimodal re-
turn spectrum. In this paper, bias errors were anlyzed and an improved method was suggested to
reduce these errors. For the case of a multimodal or seriously skewed spectrum, the modes of spec-
trum may provide more reliable information than the statistical mean. Therefore, the idea of a rela-
tively simple mode estimator is also developed.
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. Introduction

TN AL A TR . . L
s 1%% 93209 One of the important potential applications of

BT HE 19934 LLAH 3\ Doppler weather radar is in a windshear detection
system, When the wind abruptly shifts its speed
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or direction, it can mean deadly difficulty for an
airliner particularly at low altitude such as on ap
proach or take-off. This dangerous weather con
ditions are frequently caused by microbursts.
Microbursts are sudden downdrafts of highly tur-
bulent air which appear as if they are designed to
cause airline crashes. Since microbursts can occur
within a very small geographical scale and the re
flectivity of dry microbursts may be very weak,
the weather surveillance radar for microburst de
tection, shoud have high sensitivity and high res
olution of both range and Doppler frequency. For
this purpose, the pulse pair algorithm 1s con-
sidered to be the most economical since it is sim
ple to implement and fast enough to process huge
amounts of data for real time mapping of the
weather situation in an interested area. It is also
shown in | 1] that the performance of the pulse
pair estimator is even better than that of the
DFT (Discrete Fourier Transform) estimator at
low SNR (signal-to-noise ratios) and narrower wid
ths. However, the pulse pair method was derived
and has been evaluated most often under the as
sumption that the weather spectrum is symmetric
and relatively narrow. With the turbulent situat-
ions assoclated with windshear, these assumptions
may not be valid. Some observed weather spectra
{21 show that nearly 25% are seriously skewed
and can not be considered to be symmetric. This
effect was analyzed using the skewed Gaussian
spectrum model.

The poly-puise pair method was originally sug
gested as a way of enhancing the accuracy of
spectrum moment estimation, but this method
may be also useful in reducing the bias errors of a
skewed spectrum. Bsed on the similar concept, a
new modified pulse pair mean estimator was de
veloped in this paper where it shows an improve
ment over a conventional method by reducing the
bias errors. In the symmetric spectrum, the mean
and the mode are same. However, in the case of a
skewed spectrum, it may be questionable that the
mean i1s a more representative value than the

mode. Hence the difference between the mode
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and the true mean due to skewness effect was
also presented. Since the estimation of a few
strong modes may be more meaningful for the
case of a seriously skwed or multimodal spec-
trum, a modified Prony method was applied to es-
timate peak points of weather return spectra,
This method may not need any preliminary pro-
cessing such as clutter filtering by locating str-
ong peak points in the spectrum which may well
represent the velocity spectrum modes of wind
and clutter signals in each range cell. These peak
values may be adequate to identify the hazardous
weather conditions by showing the spatial gradi-
ent of wind velocity in an interested area, Using a
NASA simulation model, some validating results

were shown,
I[. Analysis of Bias Errors in a Skewed Spectrum

The pulse pair estimator calculates the first two
moments of the Doppler spectrum from estimates
of the complex autocorrelation function at lag T..
Goodness of this estimator is typically deter-
mined by examination of the bias and the vari
ance of the moment estimates. To analyze the
hias in the pulse pair estimates, consider the pro-
cess autocorrelation function R(T.) expressed in

terms of the true mean Doppler frequency f4 [ 3] :

RN
.

R(T,) =elinfal: SU(f) e df (

|-

BG

N

where S'(f) is the zero-mean representation of
the weather Doppler spectrum. Unbiasedness of
pulse pair estimates 1s based on the assumption
that a spectrum i1s symmetric or so narrow that
the 1maginary part of the integral in (1) can be

considered as zero, i.e. (4],
1

S (fysin(2nf Ty} df =0.
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However, the weather return Doppler spectrum is
often broad and not symmetric thus causing a bi-
as. This bias effect is analyzed here using a ske-
wed Gaussian spectrum model with various spec-
trum widths.

In this analysis, a skewed spectrum will be mo-
delled as piecewise Gaussian with appropriate nor-
malization, given by

2 1 o2
Su(f)=—"— ——=—— ¢ 2¥i when f<0
) 1+p V2rw
(2)
2p 1 -
Sp{f) =—F— ——— e Wi when >0
) 1+p \/ZTIW3

where the standard deviation ratio p = w;/w; de-
fines the degree of skewness, g, i.e. [5],

e _3 _
g:4\/\/-2 [(p2+1) ®~(pP+1)
n

This skew parameter varies proportionally to skew
from g =0 for no skew (p=1) to larger values, e.
g., g=23.14 for a case which may be considered
large skew (p=10). Figure 1 shows the relation-
ship between the parameter, p and the degree of

to|w

1.

skewness, g. For a narrow Gaussian spectrum
with symmetry, i.e., w;=w,=w, the integral in
the autocorrelation function (1) can be reduced
to one simple term, exp(—2x°w*Ts), but the re-
sults for the skewed spectrum model will include
both a real term

a= Sn(f) cos(2nf Ts) df

g
Il

2 1 —on?wiT? Wy oatwdT?
== — twy _+_______ e antwy 1y )
1+p ( 2 © 2w

and an imaginary term

2T, ,
2 1 =T TT)]

b= —=(
1+p ) [@nwl

i

sin(2xf Ty) df.

Using these terms, the bias in the pulse pair mean
and width estimates can be represented by

e |1 71(2 _
mean bias ’ o Ts tan a ) fm
(3)
idth bi | L ! ( 1 ) v |
man e = e | MV e

where true mean, f, and true width, W are de-
scribed from Equation (2) as

2Ty
( 2 1
m_ n d T T -
f Jl fSu(f) df %0 7o (pwz — wy)
72T
L
2Ty
2 { _ 2 :_1 2 2y __¢2
W= ‘ (f—£)2Snlf)  df 1+p(wl+pwz) £,

¢

!
2T

Estimate biases as given by Equation (3) are
plotted as functions of the true width W and the
skewness parameter g in Figures 2 and 3. In Fig-
ure 2 if there is no skew {g==0) the pulse pair es-
timator is unbiased. As skew is increased there is
a sharp increase in the bias. Once the skew par-
ameter g > (), the percentage bias error is essen-
tially independent of the specific value of skew
but is strongly related to the spectrum width W,
As seen, the bias error due to skewness is not ne-
gligible if the spectrum is broad. Figure 3 shows
that a broad spectrum with a large degree of
skewness can degrade the quality of pulse pair
width estimates, but it does not seem to be as
serious compared to the pulse pair mean estimate
error in Figure 2.

To get a more complete measure of the effect
of skewness on the pulse pair mean estimate, Fig-
ure 4 compares the estimate r.m.s. error for the
case of the skewed spectrum with that of a sym-
metric (Gaussian spectrum having an equivalent
width. As seen from Figure 4, the error caused by
the skewness may seriously degrade the pulse
pair estimation quality if the return Doppler spec-
trum width is 40% or more of the Nyquist band-
width. 535
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Figure 1. Relationship between the Parameter, p and

the Degree of Skewness, g
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Figure 2. Mean Bias Error in Pulse Pair Estimates
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Figure 3. Width Bias Error in Puise Pair Estimates
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Figure 4. R.M.S. Error of Skewed Gaussian Spectrum
for a Certain Degree of Skewness (g = 1.99)

lll. Poly-pulse Pair Method

Since the pulse pair mean estimator bias 1s sen-
sitive to skew, an alternative may be desirable.
The poly-pulse pair method using several autocor-
relation lag estimates was originally suggested in
L6 ] to improve estimation quality by reducing the
variance of pulse pair estimates through averag-
ing of various lag estimates, Although the same
term, poly pulse pair method, is used in this pa-
per to mean that the same various lag estimates
are needed, the poly pulse pair method is invest
iqated here from the totally different point of
view as a possible way of minimizing mean bias
errors which may occur in skewed spectra. The
pulse pair mean estimator algorithm uses the first
lag of the complex autocorrelation estimate and is
based on a linear approximation to the derivative
of the phase function of the complex autocorrel-

ation estimate, 1.e.,
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2 dT. |y, 21 T

where (T,) is the phase function. There will be
no approximation error for a symmetric spectrum,
but a large error can occur in a skewed spectrum
since 0(Ts) is no longer a linear function of Ts.
An alternative which may reduce these errors is
to approximate 8(T,) as a low order polynomial
(greater than first order, n==1), 1.e.,

i1, odd

where #(Ts) is an odd function of T, {7]. An odd
function representation is needed since R(T.) is
the Fourier transform of a real valued spectrum,
Then the mean estimate of a skewed spectrum

will be
i L do(T,) S
en dTs |n , 21 O

To estimate a, for a particular n > 1, the complex
autocorrelation function must be estimated for
lags other than the first lag value T.. Figure 5
shows that the mean bias error for a spectrum
skew of g=1.99 (p==2) can be significantly re-
duced over a range of spectrum widths using the
poly-pulse pair method. To more completely ev-
aluate the poly-pulse pair method the variance of
these estimates should be compared to the con-
ventional pulse pair method (n==1).

Considering a third order polynomial model in
Equation (4), i.e.,

O(T,) =a, T +2,T,

the poly-pulse pair mean estimate variance can be
shown to be

var (f) = var(f) — —j;t—;_ E [ aza; — aiialJ
T! ’ -2
“ e Bilamal)

where var{f) is the variance of the conventional
pulse pair method. The second term may be posi-
tive or negative and the third term will actually
reduce the pulse pair estimate variance. In any
case, since.the pulse interval T, is generally very
small, the higher order terms may be ignored to
yield

var (f) = var(f).

From these results, it appears that the poly-pulse
pair method can improve the quality of mean est-
imates by reducing bias errors in a skewed spec-
trum,

In the pulse Doppler radar signal processor,
when estimating the “average” windspeed in a gi-
ven range cell, there may be a question as to whe-
ther “average” should be the statistical mean or
the statistical mode (most probable value). The
pulse pair algorithm will estimate the statistical
mean, In the symmetric case the mean and the
mode are the same. However, with skewness in
the spectrum this is not true as seen in Figure 6
which shows that these two values can differ
very largely due to the increased skewness and
spectrum width, Figure 7 illustrates the differ-
ence between the mode of the skewed spectrum
and the pulse pair mean as a function of skew and
spectrum width. As the spectrum width increses,
this difference is more sensitive to spectrum sk-
ew. Therefore. the pulse pair mean estimate ten-
ds not to be a good mode estimator for broad sp-
ectra. The idea of a mode estimator is developed
further in the following chapter. A new approach
of characterizing a summary statistic of wind-
speed within a rang cell 1s presented using a clas-
sical harmonic decomposition technique. This ind-
icates potential for overcoming the biased mean
estimation problem with a skewed spectrum.
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Figure 5. Performance Comparison between Polypulse

Pair and Conventional Method
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Figure 6. Normalized Difference Value between True
Mean and Mode of Skewed Spectrum

Figure 7. Normalized Difference Value between Pulse
Pair Mean Estimate and Meode of Skewed
Spectrum
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IV. Spectrum Modes Estimation by Modified
Prony Method

The aviational hazard often caused by micro-
bursts can frequently be identified from a Doppler
radar return by an S curve characteristic which
describes mean windspeed changes along the ra
dar range radial. The mean value of the weather
return spectrum 1s generally considered as repres-
enting the windspeed in each range cell. How-
ever, based upon the results from the previous
chapter, in the skewed spectrum case or with the
multimodal return spectrum, the modes of spec-
trum may provide more reliable information than
the statistical mean for the purpose of windshear
detection. Therefore, the mode estimation tech-
nique using the modified Prony method is pres-
ented here. Also this mode estimator may be use-
ful in recognizing the windshear hazard without
the need for clutter rejection filtering.

As has been noted earlier, one of the more po-
pular methods of estimating mean Doppler or
mean wind speed within a range resolution cell is
the pulse pair estimation technique. This is com-
putationally much more efficient than DFT based
methods although spectrum parameter estimates
ivolving the DFT are generally considered to be
more robust, With an airborne Doppler radar wet
microburst return, where signal-to-clutter ratio is
large enough, the simple pulse pair estimator, for
example, generally yields a very accurate estimate
of mean wind velocity in each range cell. How-
ever, difficulties arise in a dry microburst case
since a very low signal-to-clutter ratio may ser-
ously bias the mean velocity estimates without
effective and efficient clutter filtering. To make
matters worse, the removal of clutter may not be
an easy task though several methods have proven
to be useful 181, [9], 110]. It has been shown [8]
that efficient clutter suppression can be done
using an autoregressive least squares method, but
mean estimates from clutter-only range cells of-

ten fluctuate randomly, because there remain only
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weak background noise signals after filtration
This can also occur when the weather return spe-
ctrum falls largely within the clutter filter notch
and is mostly removed with clutter rejection pro-
cessing. Another problem is that radar system
phase noise may limit the clutter rejection capa-
bility vielding a too low signal-to-clutter ratio in
the filtered spectrum thus causing an inaccurate
estimation of the mean velocity.

An alternate approach to identifying the pres-
ence of a weather return is to locate strong peak
points in the spectrum which may well represent
the velocity spectrum modes of wind and clutter
signals in each range cell. These peak values may
be adequate to identify the microburst S curve
signature and detect a hazardous windshear con-
dition. This new approach is particularly attractive
since it does not require processing to estimate
the entire spectrum but only involves finding a
few peak points of the spectrum. The modified
Prony method [11] is investigated here to find
strong peak points of simulated weather spectra
that include microburst and static clutter signals,

The modified Prony method involves approxi-
mating a complex data sequence by a mode!l con-
sisting of undamped complex sinusoids. It is simi-
lar to Pisarenko Harmonic Decomposition (PHD)
method [12], but the Prony algorithm is gener-
ally better than PHD procedure since it needs
neither autocorrelation lags nor a more computa-
tionally complex eigen equation solution. The Pr-
ony method requires only the solution of two sets
of simultaneous linear equations and a polynomial
rooting. It is summarized briefly in the following :

1. Find the coefficients of a complex polynomial
minimizing the squared smoothing error.

2. Root a complex polynomial to determine fre-
quencies.

3. Solve for the amplitude of each frequency.

A second order Prony model was used here to
find peak points of simulated weather spectra.
This data set had been previously analyzed using

adaptive clutter rejection filtering and pulse-pair
mean estimation [8]. Marple’s programs [ 11] were
slightly modified to avoid numerical illcondition-
ing in some cases, A 512 point complex data se-
quence frogn each range cell was processed. Some
typical FFT spectrum plots are shown in Figures
8 through 11 with the Prony method peak est-
imates also indicated. As seen in Figures 8, 9 and
10, the Prony method is able to locate spectrum
peak points. However, Figure 11 shows somewhat
inaccurately estimated peak points because of
strong clutter power and the closeness of weather
and clutter spectral peaks.

In order to check the usefulness of this new ap-
proach for detection of windwhear, data from all
40 range cells including a dry microburst and clut-
ter were processed and peak velocity points were
plotted versus range. The resulting Figure 12 cle-
arly shows the S curve characteristic around the
range cell 27.

Another important consideration is computation-
al complexity which must not prohibit real time
processing, Some comparisons with other spec-
trum estimation methods are made in Table 1. Of
course, the Prony method is computationally mu-
ch more complicated than other classical spec-
trum estimation techniques as the model order
increases, but as it can be seen from Table 1, the
second order Prony model used here requires less
computation than the FFT method. Therefore,
the modified Prony method shows some promise
as a component of a windshear detection algor-
ithm,

Also as shown in Figure 4, where clutter and
weather spectrum modes are very close together,
identification of a weather return is an inherently
difficult problem to solve. In these situations, the
Prony method appears of limited use, Other more
computationally complicated methods such as the
PHD may be necessary.
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V. Concluding Remarks

The analysis in this paper shows that the mean
estimates can be seriously biased due to skewness
in the weather spectrum as the spectrum is bro-
adened even though the width bias error can be
considered to be negligible. Degradation of esti-
mation quality due to the bias term is less than
15% 1f WT, is not larger than 0.15 as seen i Fig
ure 4, but this condition may not always be satis-
fied. In the skewed spectrum case, the suggested
poly-pulse pair method was demonstrated as use-
ful in reducing bias errors of mean estimates. It is

also shown that the mode of the skewed spec-
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Table 1. Comparison of Computational Complexity Where N = 512)
(f(p) means that the required number of computations depends on the algorithm used for a poly-

nomial rooting)

approximate number of calculations for a

10500 compféx addi/j:ngltrs for p=10

method ‘ computation requirement reasonable model order
CFFT L Niog»N o 4700 complex adds/mults

AR LSQ 2NP + P

Prony | oNP ISP PIEEP)

2300 complex adds/mults for p = 2

trum and the pulse pair mean can differ very
largely as the spectrum width increases. This
may be a problem in some applications such as
windshear detection where frequently the mode
of a return spectrum may be a more informative
statistic than the mean value.

A new approach explained in this paper shows
that windshear detection may be possible using a
pattern recogrition type technique by finding an
“S” curve characteristic demonstrated here using
the modified Prony method. From the results in
Figure 12, it can be said that the very low order
Prony model may make it possible to detect the
windshear condition without any other prelimi-
nary processing. However, this new approach al-
s0 has the limitation that some valuable weather
information such as spectrum width can not be
obtained without additional processing.

Future work may include the investigation of
characteristic patterns related with hazardous wea-
ther conditions other than microbursts which can
be represented by the S curve characteristic.
This information may help eventually to build a
more intelligent system for reliabe detection of
the weather hazards,
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