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ABSTRACT

Spectrum widths, one of the three moments measured and displayed by the Weather Surveillance Radar-1988
Doppler (WSR-88D), are categorized for various weather conditions showing both expected and unexpected
results. Weather phenomena are classified into seven categories based on radar observations, and the statistics
of the censored spectrum width fields for each of the categories are obtained. Daytime fair weather without
birds, stratiform rain and snow, and isolated tornadic storms produce weather signals that have the smallest
volumetric median values of spectrum widths (i.e., < 2 m s~*). Surprisingly, the median spectrum width values
in the isolated tornadic storms are as low (i.e., <2 m s—*) asin the fair weather (without the presence of echoes
from birds). The median spectrum width value from fair weather regions contaminated with bird echoesis larger
(i.e., 3.0 m s7%). The largest median spectrum width values, ranging from 4.0 to 5.4 m s, are associated with
embedded areal squall lines. Clusters of severe storms and storms along broken squall lines appear to have
median spectrum width values between these two regimes. Spectrum width fields are also shown to be more
prone to errors than fields of reflectivity and velocity. Errors mainly result from overlaid echoes, improper
automatic gain control (AGC) settings, low signal-to-noise ratios, and incorrect estimates of noise power. Thus
spectrum width data fields require extensive censoring. The most persistent errors appear to be those related to
overlaid weather signals and low signal-to-noise ratios.
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Spectrum Width Measured by WSR-88D: Error Sources and Statistics of Various

1. Introduction

Spectrum width, o, has the potential to improve the
interpretation of weather radar data, which can lead to
better warnings of severe weather (Lemon 1999; Bohne
et al. 1997) and hazards to safe flight (Doviak 1999).
Storm turbulence, a hazard to safe flight, is a main con-
tributor to spectrum width (Istok and Doviak 1986), and
spectrum width remains the principal means to detect
regions dangerous for safe flight (Cornman et al. 1999).
Nevertheless, the use of spectrum width data has been
limited compared to reflectivity and Doppler velocity
fields. Thisis due in part to the difficulty in relating o,
to meteorologically significant phenomena (e.g., tur-
bulence hazards to safe flight), and in part to the fact
that o, values are easily corrupted (e.g., by overlaid
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echoes), and thus spectrum widths are less reliable and
more risky to interpret.

Another motivation for this study is the capability of
Doppler weather radar to resolve range and velocity
ambiguities depends strongly on o,. Weather Surveil-
lance Radar-1988 Doppler (WSR-88D) specifications
(NOAA 1991) are based on analysis of limited datafrom
research radars that showed median values of o, in three
tornadic storms to be about 4 m s~* (Doviak and Zrni¢
1993). But tornadic storms comprise a small percentage
of the weather being observed with Doppler radars. The-
oretical studies on methods to mitigate the effects of
ambiguities typically assume median o, = 4 m s
Sachidananda et al. (1998) developed a family of sys-
tematic phase codes (i.e., the SZ codes), which, when
used to modulate the phase of the transmitted signal,
allows separation of overlaid weather signals. But the
performance of these codes strongly depends on the
widths of the overlaid Doppler spectra; if spectrum
widths exceed about 1/5 of v, (the Nyquist velocity),
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the performance of the algorithm rapidly deteriorates.
Sachidananda et al. (1998) show that there is a signif-
icant increase in the variance of velocity and spectrum
width estimateswhen o, exceeds about 5 m s—* for pulse
repetition times (PRTS) typically used by the WSR-88D
(i.e, 21 < v, < 32ms1). Although coding transmitted
pulses can improve the performance of radar, the level
of improvement depends on o, and, in turn, these de-
pend on the type of weather being observed.
WSR-88D level 1l data are used herein to analyze
spectrum width data because its widespread availability
provides us with many opportunities to obtain a wide
variety of weather for the study, and because the WSR-
88D data are amenable to editing of erroneous data.

2. Error sources

It is well known that estimates of o, the square root
of second central moment of the Doppler spectra, are
more prone to errors than the zeroth (power, or reflec-
tivity) or thefirst (i.e., mean Doppler velocity) moment.
So before performing any analysis and classification
with the spectrum width data, erroneous data must be
censored so that the resulting fields are relatively free
from errors.

a. Errors due to overlaid echoes

If a scatterer’s range is larger than the unambiguous
ranger, (r, = cT./2, where c is the speed of light, and
T, isthe PRT), the reflected signal is received after the
next pulse is transmitted, and then overlaid echoes can
occur. Reflectivity observations with the WSR-88D al-
ways use sufficiently long PRTs so that there are no
reflectivity errors due to overlaid echoes. On the other
hand, Doppler velocity vand o, must be estimated using
relatively short PRTs that often lead to conditions of
overlaid weather signals corrupting the v and o, mea-
surements.

If the in-trip echo power is more than T, = 20 dB
stronger than the sum of out-of-trip echo powers (T, is
the overlaid threshold), it can be shown that the spectral
moments of the stronger signal can be estimated without
significant error. That is, the NEXRAD technical re-
quirements (NOAA 1991) are met. The overlaid thresh-
old test in the WSR-88D compares the in-trip echo pow-
er (either in two azimuth surveillance scans at the same
elevation angle but separated by about 20 s, or on two
data radials separated by about 0.5°), obtained using
long PRTs in each 1-km range-averaging interval Ar =
1 km (Doviak and Zrni¢ 1993), with the signal power
in each of the out-of-trip Ar that would overlay the in-
trip echoes. That is, the summed out-of-trip echo power
is not used. In this study the overlaid threshold T, is
that level or larger above the sum of the out-of-trip echo
powers that the in-trip echo power must achieve in order
to declare that the estimates are valid. Comparing the
in-trip echo power with the sum of out-of-trip powers
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is a more demanding criterion than comparing the pow-
ers individually from each out-of-trip region.

An example of spectrum width estimates being cor-
rupted by overlaid echoes is shown in Fig. 1. Figure 1a
shows a spectrum width field from stratiform rain with
embedded weak convective elements observed with the
WSR-88D in Des Moines, lowa, on 27 May 1995. All
reflectivity data are estimated during surveillance scans
using long PRTs, which practically preclude overlaid
echoes in the reflectivity field. But velocity and spec-
trum width are not estimated during these surveillance
scans. Velocity and spectrum widths are cal culated dur-
ing separate scans about 20 s later at the same elevation
angle using short PRTs for the 0.5° and 1.5° elevation
cuts. But thisresultsin shorter r, and alarge occurrence
of overlaid echoes. The range circle at 148 km is at the
r, when Doppler velocity and spectrum width data are
collected. The data presented in Fig. 1a were censored
using an overlaid threshold T, = 5 dB (typical of that
used in the WSR-88D network since 1996). The areas
defined by the range-folded (RF) gray level in Fig. 1la
represent the areas of censored data for which the over-
laid threshold is not exceeded. Many cell-like regions
of large spectrum widths, at ranges between 30 and 83
km to the southwest, appear to be anomalous. Because
the T, = 5 dB overlaid threshold has censored some of
the cores (e.g., the core at about 80 km and at an azimuth
of about 195°) of these cell-like o, regions, it is con-
cluded that second trip reflectivity fields, with echo pow-
ers stronger than the first trip ones by at least —5 dB,
are overlaying the first trip data fields.

The high o, cells, and the regions of high o, values
surrounding the censored data, are also likely corrupted.
Using the larger overlaid threshold T, = 20 dB (Fig.
1b), these areas of suspiciously high o, are censored.
Furthermore, some areas of large spectrum widths (o,
= 3to 4 m s™1) to the west-southwest between 80 and
110 km are censored using this higher T,. Theseregions
also have spectrum width estimatesthat arelikely biased
high by overlaid echoes.

But not all regions of overlaid echoes necessarily have
corrupted o, values, even if they met the criterion for
censoring. For example, if Doppler spectra of two over-
laid weather signals have the same mean velocity and
spectrum widths, the estimated width will be correct for
both regions. Although censoring data based on power
ratios cause the loss of some valid data, the resulting
data fields are guaranteed to be free from errors due to
overlaid echoes. Thus we alow the sacrifice of some
valid spectrum width data to ensure that the analyzed
data are free from errors due to overlaid echoes.

b. Errors due to incorrect estimates of noise power

Besides spectrum width estimates being corrupted by
overlaid echoes, the spectrum width estimates are more
prone to errors due to receiver noise, and to incorrect
estimates N of true receiver noise power N, than are
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velocity estimates (an overline on N is used to differ-
entiate this estimate, which uses many more samples:
24 samples per range bin times 300 range bins = 7200,
than the number of samples used to estimate spectral
moments). By assuming a Gaussi an-shaped power spec-
trum, the WSR-88D hardware calculates the autoco-
variance at lag 0 and 1 to estimate spectrum width, using
the pulse-pair logarithm (PPL) formula [Doviak and
Zrnit 1993; their Eq. (6.27)]:
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where R(T.) isthe autocovariancefunction at lag T, (i.e.,
at lag 1), and Sisthe estimate of signal power computed
from R(0) and N,
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R(1) = %h:g: VF(V(k + 1); S=R(0O) — N, (2

V(k) and V(k + 1) are the kth and (k + 1)th samples
of signal plus noise, V*(K) is the conjugate of V(k), M
is the number of samples (i.e., =50) used in estimating
Sand R(T), and N is the noise power measured during
the calibration of the radar. As explained later in this
section, the sgn function is used to flag spectrum widths
for which the argument of the logarithmic function is
less than unity; this givesimaginary valuesfor spectrum
widths.

Noise calibration takes place during the elevation an-
gle 6, retrace period at 6, = 20°, after every volume
scan, while the transmitter is shut off. Because the es-
timate N is an average of noise power over many more
than M samples, the statistical errors should be minimal.
On the other hand, N is subject to other errors. Figure
2b shows the variation of the National Severe Storms
Laboratory (NSSL) Research and Development (R&D)
WSR-88D noise power in uncalibrated units (a noise
level of 9 X 10-¢ units corresponds roughly to a noise
power of 5 X 102 mW, the specified system noise
level) as a function of 6, when the beam is scanned,
while the transmitter was off, across a thunderstorm
having the reflectivity field in the vertical cross section
shown in Fig. 2a. When 6, = 0.5° (the lowest 6, used
operationally), the noise power increases by more than
2 dB. The spikes in N are due to exceptionally strong
electrical emissions, some of which are more than 8 dB
above the background reference level (i.e., the heavy
solid curve).

Comparison of datain Fig. 2b with noise power data
obtained in scans of clear skies (Fig. 2c) demonstrates
that the increase of noise power at 6, < 5° is principally
due to thermal noise and electrical activity in the storm;
increases due to the main beam intersecting the earth
begins at about 1° (Fig. 2¢); at 6, = 0.5°, the warm
earth accounts for about a0.4-dB increase of noise pow-
er, but some of this increase is due to the sidelobes
intersecting the warm earth as evidence by the slow
increase of N as 6, decreases from 10°. Thus, the noise
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power N estimated during the calibration can differ sig-
nificantly from N if the beam intersects electrically ac-
tive storms during the 0.075 swhen N is measured. The
WSR-88D compensates, at 6, increments of 0.5°, for
the changes of noise power by monotonically increasing
the measured N starting at 6, = 5° with a 0-dB correc-
tion but typically (these corrections can differ from radar
to radar) reaching about a +1.7 dB correction at 6, =
0.5°. As can be seen from Fig. 2b, this does not account
for all the increases of N that can be associated with
thunderstorms. The largest errorsin estimatesof N could
occur if the calibration is performed when the beam
intersects thunderstorms and radiation from lightning
contaminates the noise power estimates. In this case
noise power would be overestimated (i.e., N > N). To
mitigate errorsin N the WSR-88D averages 67% of the
N from the previous calibration with 33% of the pres-
ently measured N.

Data in Fig. 2b were generated by averaging 128
samples in each of 400 range bins. Because the PRT
was 987.2 us, each data point in Fig. 2b is the average
of M = 5 X 10* samples collected in about % s (the
entire scan took 90 s giving a data spacing of about 0.1°
in elevation). The smooth heavy lines in Figs. 2b and
2c are running means (i.e., background referencelevels)
obtained using a Savitsky—Golay filter (Orfanidis 1996),
and the standard deviations about the means has been
calculated after clipping the spikes in Fig. 2b. The cal-
culated standard error of the fluctuations in Fig. 2b is
more than an order of magnitude larger than that cal-
culated from theory (i.e., N/'VM), assuming noise sam-
ples are uncorrelated. Thus, we suggest that N (Fig. 2b)
and its fluctuation are principally due to random radi-
ation from electrical discharges and not to statistical
fluctuations of uncorrelated thermal noise samples. On
the other hand, data in Fig. 2c were collected with M
= 64 samples per bin times 51 bins = 3.26 X 103
samples; thus a theoretical standard deviation of 1.6 X
107 units is calcul ated, whereas the standard deviation
about the running mean computes to 1.7 X 10-7 units,
which isin relatively good agreement. In thiscase N is
only due to thermal emissions and the fluctuations are
due to the statistical properties of white noise.

c. Spectrum width biases

Melnikov and Doviak (2002) show that the spectrum
width bias, o (bias), due to incorrect estimates of N is
given by

7S N
where 6N = N — Nistheerror in noise power estimates,
and o, is the true spectrum width. Bias is a function of
o,, and thereisavery different bias dependenceif noise

power is overestimated (6N > 0) versus what it would
be if noise power is underestimated (6N < 0). The bias

2 N SN\
o, (bias) = —a, + <ag — 28— ) NG
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isnegative (i.e., o, isunderestimated) if the noise power
is overestimated and positive if noise power is under-
estimated.

Using Eq. (3), the spectrum width bias o, (bias) is
plotted in Fig. 3 as a function of noise power measure-
ment errors expressed in decibel units(i.e., 10 X log,,[1
+ SN/N]), with the true spectrum width o, as a param-
eter for two values of signal-to noise ratio (SNR) = 10
l0g,, (S/N). In Fig. 3a, SNR = 3.5 dB is the threshold
used by the WSR-88D radar, it is seen that if noise power
has an error of about +1 dB, o, (bias) aslarge as —2.5
m s~* would occur if o, = 2.5 m s~*. Spectrum widths
become imaginary and are set to be equal to zero if SN
> (o2m2203)S.

To mitigate errors in the analysis of o, data, we have
used the much larger SNR threshold of 20 dB. As can
be seen in Fig. 3b, the bias errors will be constrained
to be less than 0.5 m s*; this value also equals the
quantization interval that o, estimates are recorded
(NOAA 1991). Such large SNR thresholds are rarely
used to censor data. Because the default threshold on
SNR in the WSR-88D network of weather radars is
typically set at about 3.5 dB, significant biases (Fig. 3a)
can occur if noise power measurements do not have
errors less than 0.1 dB.

d. Variance of o, due to low SNR

In addition to biases, the variances of o, estimates
become unacceptably large when atoo-low SNR thresh-
old is used. For example, in order to display large areas
of Doppler velocity in weak reflectivity regions, the
WSR-88D radars employ (since 1996) an SNR threshold
T, = 3.5 dB, instead of the design threshold of 10 dB.
Although this threshold is lower than required to meet
the design specifications for velocity errors (i.e., =1.0
m s71), the increase in the velocity estimate error is
modest. For example, if o, =5mst, andv, = 25m
s~1, the standard error of v is about 1.1 m s~*. Because
WSR-88D cannot separately set SNR thresholds for ve-
locity and spectrum width, the same 3.5-dB threshold
is used for o, estimates, and a standard error of 1.4 m
st for the spectrum widths is generated (i.e., the var-
iance of the estimate is doubled). Planned upgrades to
the WSR-88D’s Radar Data Acquisition system will al-
low separate thresholds to be set for velocity and spec-
trum width calculations.

If o, is small, imaginary width occurrences can be
caused by statistical fluctuations in the estimates of sig-
nal power, even if SNR = oo, If the argument of the
logarithmic function in Eq. (1) isless than 1, the signa
processor in the WSR-88D sets &, to zero. The purpose
of the sgn function in Eq. (1) is to identify these imag-
inary width values and to assign a zero value to them.
If Nisoverestimated (N > N), and o, issmall, spectrum
width estimates will be negatively biased and excessive
occurrence of zero or imaginary width assignments will
be made (Melnikov and Doviak 2002). To mitigate er-
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rors due to low SNR if N # N, arelatively large SNR
threshold (i.e., 20 dB) is employed when analyzing o,
data (reflectivity displays in this paper use the WSR-
88D default SNR). Even then, as can be seen from Fig.
3b, o, of weather signals having sufficiently narrow
spectra might erroneously be assigned zero values if
noise power measurement errors exceed 1 dB.

e. Errors due to improper AGC settings

Incorrect setting of the automatic gain control (AGC)
circuit is another source of error in o, estimates. If the
AGC is properly set, signal levels should not be so
strong that they exceed the maximum input level ac-
cepted by the analog-to-digital converter (ADC). If sig-
nals exceed this level, they are clipped and harmonics
of the spectrum are generated (Doviak and Zrni¢ 1993,
their section 7.7.1), increasing o, estimates.

Examination of o, data at some radar sites showed
that unusually significant correlation of large o, with
regions of high reflectivity is due to improper setting
of the AGC (Sirmans et al. 1997). Figure 4 shows the
displays of reflectivity (Fig. 4a), and spectrum widths
(Figs. 4b,c) obtained on 31 May 1998 from the Sioux
Falls, South Dakota (KFSD), WSR-88D radar having
an AGC that was improperly set. The field presented in
Fig. 4b was censored using a 20-dB overlaid threshold
and a 3.5-dB SNR threshold (routinely used by the
WSR-88D). Figure 4c is same except that SNR thresh-
old = 20 dB.

The areas of high reflectivity values exceeding 40
dBZ to the east of the radar (Fig. 4a) at about 70-km
range are positively correlated with o, values exceeding
7 m st (Fig. 4c). Assuming the spectral broadening
mechanisms are the same, the equally high reflectivity
area a bit north of east at about twice the range has
noticeably smaller spectrum widths, suggesting that the
correlation is with power not reflectivity; this is ex-
pected if the AGC is not properly set. The decrease of
power by 6 dB, due the doubling of range to that re-
flectivity area, is sufficient to diminish the amplitude of
weather signal so that they are not as severely clipped
by the AGC circuit, resulting in a decrease of width
values. On the other hand, the high reflectivity region
to the east of northeast at a range of about 200 km has
associated with it high o,. Because the echo powers
from this region are an order of magnitude less than
those from the region of equal reflectivity at 140 km,
it is less likely these are caused by an improperly set
AGC.

Also notice (Fig. 4b) the area of large spectrum widths
with considerable spatial variability to the west and
southwest from 90-230-km ranges. This is an area of
weak reflectivity and thus o, estimates likely have ex-
cessive spatial variance due to low SNR. Furthermore,
these estimates could be biased by incorrect measure-
ments of N. Note that the spectrum widths appear to be
biased high because areas closer to the radar have lower
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- Censored overlaid data

Range circle apart=50km Radius of first circle=30km

Radius=230km Overlaid threshold=20,0dB

Fic. 4. (Continued)

spectrum width values, whereas the meteorol ogical con-
ditions, based on radar observations, appear not to be
any different; this positive bias implies that the noise
power is underestimated (i.e., biased low). In Fig. 4c,
the SNR threshold T, has been increased to 20 dB, and
it is seen that these areas of large spectrum width with
considerable spatial variance and suspected bias have
been, for the most part, censored.

The area of o, larger than 7 m s=* to the southeast
at ranges beyond 75 km is due to ground clutter made
visible through anomalous propagation conditions, as
well astoo low an SNR. The mix of clutter and weather
signals increases measured o,. The anomalous propa-
gation condition is due to the cold air outflow from
thunderstorms producing a strong ground-based tem-
perature inversion that bends the lower portions of the
beam toward the earth (Doviak and Zrni¢ 1993); the
leading edge of this outflow is marked by the arc of
enhanced reflectivity factors seen in Fig. 4a at a range
of about 75 km southeast of radar. Thus, o, values in

this region are not representative of velocity variance
within the radar’s resolution volumes, and they must be
edited by other means that, except for the deductive
reasoning just described, are beyond the scope of this
work.

3. Censoring potentially erroneous spectrum width
data

In order to have reliable o, estimates for classifica-
tion, width data from the WSR-88D archive cannot be
used as is without editing. By far the most persistent
anomalies appear to be those due to overlaid signalsand
noise power. Thus an overlaid signal algorithm has been
developed to objectively select data that have an in-trip
signal power level at least 20 dB higher than the sum
of powers from competing out-of-trip signals. That is,
an overlaid threshold T, different from that employed
to collect the data is applied to the o, field. This is
possible because the thresholds employed to collect the
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data are lower. Although reflectivity is recorded but
power is not, relative powers from the various trips can
easily be computed. Thus, the relative signal powersare
calculated (absolute signal power is not needed) as a
function of range, and the calculations of power ratios
for weather signal from the various trips are made.

We also use a relatively large SNR threshold (i.e.,
=20 dB) so that improper estimates of noise are less
likely to bias our estimates of small o,. To compute the
SNR from the recorded reflectivity field requires the
radar constant and adjustments for atmospheric atten-
uation. To simplify the calculation, we assume that al
WSR-88D radars have the same performance based
upon the WSR-88D specifications (Doviak and Zrni¢
1993, their Table 3.1). Furthermore, the practical dif-
ference between radars is typically only a few decibels,
and not enough to affect our analysis and conclusions.
In short, areflectivity factor of 0 dBZ at a range of 230
km is assumed to produce a signal equal to noise power.
Thus the SNR (dB) is calculated from the recorded re-
flectivity factor Z in dBZ, using the formula

SNR (dB) = 20 log,,

“aam| 2 @)

Spectrum widths having zero values sometimes ap-
pear to be anomalously large in number. Because o, =
0 could be due to low SNR and incorrect estimates of
N, we have not included zero width values in the sta-
tistics that are presented in section 4.

Editing data for improper setup of AGC was less
quantitative; if positive correlation is detected between
large Z (reflectivity factor) and large o, in one region,
but not in another at about same range, it is assumed
that the AGC is correctly set. But if there appears to be
a positive correlation in all regions at about the same
range, then the WSR-88D data from this radar for this
date were not analyzed. Admittedly, it would be better
to have an objective method to detect improper AGC
settings, and regressing width data with signal power
could be useful in detecting strongly clipped signals,
especialy if the determination of clipping could be au-
tomated. Further work should investigate the utility of
such regressions. The best method would be to examine
the digital values of the in-phase (1) and/or quadrature
phase (Q) components at output of the ADC; these val-
ues should have a Gaussian distribution with a peak at
zero, with very few occurrences at the maximum value.
However, digital values of |, Q are not available in the
archive Il fields.

These editing procedures guarantee that the classified
data are more accurate and reliable than if the less strin-
gent thresholds of the WSR-88D were used. Because
we have large amounts of data from many radars, and
collected for severa years, there should be sufficient
data to provide meaningful statistics on the relation be-
tween spectrum width values and weather classes.
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4. Weather classification

We classify the weather into categories that are prin-
cipally based upon radar observations. The various
weather types are subjectively identified, and the region
encompassing the selected class is enclosed by a hand-
drawn contour within which the data at all elevation
angles are processed to gather the statistics of spectrum
width. This subjective selection is necessary because
any data field could contain more than one class of
weather (e.g., strongly convective rain along a squall
line and stratiform rain behind it). Fang and Doviak
(2001) give examples of the reflectivity fields for each
of the examined weather classes.

a. Fair weather

Fair weather echoes are principally associated with
two classes of scatterers: 1) refractive index perturba-
tions and 2) biological scatterers such as insects and
birds. Radar measurements of the structure parameter
C2 of refractive index, airborne in situ measurements
of C2 (Doviak and Berger 1980), and numerical models
of boundary layers (Burk 1978) suggest that C2 israrely
larger than about 3 X 10-** m~-22 (Doviak and Zrni¢
1993). Using the relationship between Z and C2 [Doviak
and Zrni¢ 1993, their Egs. (11.104) and (4.33)] this
upper limit for C2 corresponds to Z less than 0 dBZ for
the WSR-88D. When insects and/or birds are present in
sufficient density so that reflectivity fields are spatially
uniform, Z can be as much as three orders of magnitude
larger than 0 dBZ.

Fair weather is declared if the reflectivity factor field
is uniform, confined to 1 or 2 km above ground, and
has practically all values less than 10 dBZ. Because our
classification is only based on the Z field, the fair weath-
er cases might have significant cloud cover as well as
biological scatterers. We have used the 10-dBZ limit in
an attempt to eliminate situations where light stratiform
rain could satisfy the stipulated conditions for declaring
fair weather. For example, using the representative and
useful, although not always correct, relation [Doviak
and Zrni€ 1993, their Eq. (8.223)]

Z,(dBz) = 23 + 16 log,,[R(mm h-1)],

between stratiform rain rate R and the reflectivity factor
Z,, of water spheres, a10-dBZ level of reflectivity factor
roughly correspondsto arainfall rate lessthan 0.15 mm
h-1. This is indeed a very light rain and, if present,
would not likely be associated with spectrum width val-
ues very different from that seen in fair weather. The
10-dBZ limit may not eliminate those cases of ‘“‘fair
weather” in which birds and/or insects are present, but,
if present, birds and insects can cause spectrum width
to be much larger than those values associated with
refractive index perturbations (i.e., birds and insects
darting about during feeding times can have differential
velocities much larger than that associated with shear
and turbulence).
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b. Sratiform rain

Stratiform rain is assumed if the Z field is fairly uni-
form over alarge area, and has values less than 40 dBZ,
which corresponds to a rainfall rate of 11.5 mm h-1.
Stratiform rain could be associated with warm frontsin
which warm moist air overrides a pool of heavier cold
air, or it could be associated with the stratiform rain area
behind squall lines, or that evolving from convective
precipitation systems.

c. Widespread weak showers

These are, for the most part, numerous isolated con-
vective cells having peak reflectivity less than 45 dBZ,
but at least some of the cells have a peak reflectivity
values more than 35 dBZ. Each cell typicaly has di-
ameters less than about 10 km.

d. Isolated severe storms

These are convective cells far from other severe
stormsthat could significantly disturb the environmental
flow into the isolated storm. Storms are considered se-
vere if they have large areas in which the peak reflec-
tivity factor is higher than 45 dBZ. These cells usually
contain damaging wind, hail, and tornadoes.

e. Severe storm cluster

Thisis acluster of cells that are closely spaced (less
than about 20 km) and have Z > 45 dBZ.

f. Squall line

Precipitation associated with squall lines appear in
bands of convection, sometimes attached to a trailing
stratiform rain region. But we only examinethe statistics
of o, inregions where Z > 20 dBZ. That is, we do not
include data from the trailing stratiform region. Follow-
ing the classification given by Bluestein (1993), this
type of weather is further divided into three subclasses.
They are embedded areal squall lines, early broken
squall lines, and mature broken squall lines. The cells
along early broken squall lines are distinctly separate,
while the cells merge together along mature broken
squall lines.

g. Show

These data come from winter conditions for which
snow is reported by weather stations over large areas,
and where Z is a least as large as 10 dBZ. Using the
accepted Srivastava—Sekon relation that relates the
equivalent rainfall rate R, of snow to radar measured
equivalent reflectivity factor Z,, but adjusted for the
increase of ice particle volume due to the expansion of
ice (Doviak and Zrni¢ 1993, their section 8.4.1.3),
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Z,(dBZ) = 26 + 22.1 log,o[R, (mm h=1)],

where R, is the equivalent water amount in millimeters
per hour of the snow fall. A simple conversion of equiv-
alent rainfall rate to the depth of snow per hour is ob-
tained by multiplying R, with 10. Thus a 10-dBZ equiv-
alent reflectivity factor is produced by a snowfall rate
that has a corresponding rainfall rate R, = 0.19 mmh-1;
the estimate snow depth rate is about 2 mm h—*, avery
light snowfall. So for the most part, the lower limit of
10 dBZ should provide us with ¢, statistics in most
regions of significant snowfall. We could have used a
smaller lower limit, but judging from the studied re-
flectivity fields, the number of data not included is rel-
atively small.

5. Results
a. Satistics of various weather classes

The volumetric median values of spectrum width, for
the various weather classes described in the previous
section and for the storms analyzed to date, aretabul ated
in Table 1. Each entry is derived from all data within
one scan of the entire volume of the weather phenomena
being analyzed, and the data number from tens of thou-
sands to more than hundreds of thousands. Also listed
are percentages of spectrum widths that exceed 8 m s—*
and those that equal zero. When the median value and
percentage o, larger than 8 m s—* are calculated, zero
widths are excluded. Zeros are excluded because their
number often appears to be anomalously large, likely
due to overestimates of noise power N. However, the
total sample includes zero widths when its percentage
iscalculated. The Fujitascale "' F'’ rating, indicating the
severity of the tornado in tornadic storms, is listed in
this table. Although the data are limited to one case in
some categories, we can make some revealing obser-
vations.

Figure 5 shows an example for a case of squall line
from the WSR-88D in Tampa, Florida, on 9 March 1998.
Figure 5a presents the spectrum width field and shows
the subjectively drawn white contour around the data
field being analyzed. Figure 5b shows the distribution
and cumulative probability of the spectrum widths en-
closed by the white contour in Fig. 5a. Because the data
are collected in radar or polar coordinates, weather el-
ements close to the radar would have many more points
than like elements that are at more distant ranges; thus
there would be an unequal weighting of the o, data.
Therefore, we have interpolated data to a Cartesian co-
ordinate system with grid spacing of 250 m, about the
best resolution of the radar, so that there are equal num-
bers of grid points per unit area, independent of range.
The upper curve in Fig. 5b displays the probability dis-
tribution (in percent) of o, for al elevation angles that
have data within the vertical column enclosed by the
hand-drawn contour, and which have been censored us-
ing a 20-dB overlaid threshold and a 20-dB signal-to-
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TaBLE 1. Median values of spectrum width (m s~*) in a single volume scan, and the percentages larger than 8 m s~ and of those equal
to zero.

Fair weather
(i) 13 May 1998 Oklahoma City, OK

(-5=2Z2=10dB2)
1.9; 0.8%; 5.5%

(0 =Z=20dB2)
3.0; 1.8%; 3.8%
(20 = Z = 40 dBZ)
1.5; 0.2%; 19.1%
1.7; 1.1%; 14.3%
2.3; 1.6%; 8.6%
(10 = Z = 30 dBZ)
2.0; 0.0%; 6.8%
1.7; 1.0%; 18.0%
1.9; 0.4%; 12.0%
(20 = Z = 45 dBZ)
2.1; 0.0%; 7.8%
(20 = Z = 70 dBZ)
2.9; 3.0%; 5.3%
(20 = Z = 70 dBZ)

4.0; 7.2%; 0.5%
5.4; 14.7%; 0.1%
2.1; 0.1%; 13.9%
3.0; 1.3%; 4.4%
2.5; 0.9%; 7.9%

(20 = Z = 70 dBZ)

1.8; 0.6%; 20.1%
1.4; 0.4%; 22.2%
1.7; 0.7%; 27.8%

(if) 1 Aug 2000 Oklahoma City, OK

Stratiform rain
(i) 27 May 1995 Des Moines, |A
(ii) 24 Jan 1997 Nashville, TN
(iii) 30 Oct 1999 Oklahoma City, OK

Snow
(i) 26 Jan 2000 Oklahoma City, OK
(i) 16 Jan 1994 Saint Louis, MO
(iii) 6 Jan 1995 Saint Louis, MO
Widespread showers
(i) 9 Mar 1998 Tampa, FL

Severe storm cluster
(i) 3 May 1999 Oklahoma City, OK

Squall lines
(i) 15 Apr 1994 Saint Louis, MO
(if) 9 Mar 1998 Tampa, FL
(iii) 31 May 1998 Albany, NY
(iv) 31 May 1998 Albany, NY
(v) 23 Jan 1996 Shreveport, LA

Isolated severe storms
(i) 3 May 1999 (F5) Oklahoma City, OK
(i) 31 May 1996 (F3) Aberdeen, SD
(iii) 16 Apr 1998 (F3) Nashville, TN

Fair weather without birds

Bird-related echoes

(20 = 7 < 40 dBZ)
2.8; 2.3%; 5.9%

(40 = Z = 70 dBZ)
3.9; 7.1%; 1.3%

Embedded areal

Embedded areal

In earlier stage of broken line
Embedded and broken

In mature stage of broken line

(20 = 7 < 40 dBZ)

1.8; 0.7%; 21.2%
1.4; 0.4%; 21.9%
1.7, 0.8%; 26.8%

(40 = Z = 70 dBZ)
1.8; 0.6%; 18.3%
1.4; 0.3%; 23.0%
1.7; 0.5%; 29.5%

noise ratio (SNR), and meet the specified restrictions
(i.e., 20 dBZ = Z = 70 dBZ). Although reflectivity
factors reach values as large as 70 dBZ, examination of
the data suggested that the AGC was properly set.
The o, data are provided with 0.5 m s~ resolution,
and these data are therefore accumulated into 0.5 m s—*
intervals for presentation in Fig. 5b. The lower plot is
the cumulative distribution, also for the entire volume.
We derive the median value of spectrum width from the
cumulative distribution. Also indicated on this figure
are the total number of grid points and the percent of
data for which the spectrum width exceeds 8 m s—*.
An 8 m st value is chosen because simulations of
the performance of SZ phase code algorithmsto separate
overlaid signals (to estimate Doppler velocities asso-
ciated with the weaker signal) suggest that separation
is unlikely for spectra with widths larger than 8 m s—*
(Sachidananda et al. 1998). This limit is dependent,
however, on the ratio of overlaid signal powers and the
o, of both spectra. For example if o, of the weaker
signal is about 4 m s, and the signal has power 10
dB below the stronger signal, signal separation is pos-
sible if the stronger signal o, isless than about 7 m s—*
(Sachidananda et al. 1998, their Fig. 5.6). Figure 5c
presents the spectrum width field associated with Fig.
5a, but at an elevation angle of 3.3°. Note the ring of
enhanced o, values at the relatively constant range of
100 km. This feature suggests a layer of shear at an
atitude of about 6.3 km, and is likely the same shear

layer responsible for the large o, seen at long rangesin
Fig. 5a. The o, values along the squall line rainband
continue to be large, but take on the appearance of sep-
arated convective elements.

b. Discussion

Fair weather cases fall into two subcategories: bird-
related echoes (1 August 1998 in Table 1) and fair
weather without birds (13 May 2000 in Table 1). In fact
we cannot definitely eliminate the existence of birds.
When we say *‘without birds’ we mean that there is no
evidence supporting the existence of bird-related ech-
oes, and the birds' contribution to the o, field is small
compared to the contribution from C2 or/and insects.
The median o, value for fair weather without birds is
19 ms.

Zhang et al. (2002) proposed an algorithm that allows
one to separate the hird-related echoes from meteoro-
logical ones. To simplify the problem, a believed bird-
related caseis subjectively picked out in this study. This
case started with a spot in the Z, then expanded and
formed a ring pattern whose radius became larger with
time. This pattern is same as that observed by Sporer
et a. (2000), who verified, through bird observations
with a team of people, that the Z pattern was formed
by birds. Comparing the statistics in Table 1, one sees
that the median o, value of associated with suspected
bird echoes is 3 m s~%, considerably larger than that in
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the fair weather case without hirds (or else the birdsin
that case have less velocity dispersion).

All threeisolated severe storms listed in Table 1 were
producing tornados at the time of the analysis. Thus,
their very low median o,s are surprising, particularly
for 3 May 1999 storm that devastated M oore, Oklahoma,
with an F5 tornado. Nevertheless, o, in the region close
to the tornado was larger than 8 m s (this region
occupied a small portion of the total storm volume and
does not affect the calculation of the medians). Median
o, valuesinside the high-reflectivity core are about same
as those outside the core, for all three cases.

Because zero values have been excluded from the
media val ue statistics, the median valuein thesetornadic
storms would even be smaller if they were included.
However, the large percentage (i.e., 20% to =~30%) of
zero values in these storms is surprising. Undoubtedly,
some of these zeros could be due to statistical fluctu-
ations that cause the estimated argument of the loga-
rithmic function in Eq. (1) to be less than one, and thus
a true small o, could be assigned to a zero category.
On the other hand, assuming that the errors of estimation
due to statistical fluctuation are normally distributed
about their expected values and noting that we use an
SNR threshold of 20 dB, the standard error of uncen-
sored o, estimatesis about 1 m s—* or less (Doviak and
Zrni¢ 1993; their Fig. 6.6 for v, =21l ms*t and M =
50). Thus, we calculate that statistical fluctuationsin the
estimation cannot contribute more than about 7% of the
number of observed zeros and other mechanisms must
cause the large percent of zero widths. One possibility
is that noise power N is overestimated which, as can be
seen in Fig. 3b, causes spectrum widths to be under-
estimated; this would increase the number of zero val-
ues. For example, if there is a +3 dB error in noise
power measurements, the maximum bias computed from
Eqg. (3) isless than 1 m s, which occurs for a true
width of about 1 m s=*. Larger spectrum widths have
even smaller biases as can be seen from Fig. 3b. It seems
unlikely that such large positive noise power errors
could be made in three different radars. On the other
hand, if during calibration, the beams passed through
electrically active storms, the noise power measure-
ments could all be biased positively (Fig. 2b) and thus
all spectrum widths would be biased low. A more de-
tailed study of the calibration procedure and compari-
sons of noise power measurements in thunderstorm en-
vironments are required to establish whether the low o,
is due to errors in noise power measurements during
calibrations, or o, is indeed very small in isolated
storms. This study is beyond the scope of this paper. It
should be noted, however, that the data for the severe
storm cluster (Table 1) were obtained with the same
radar at the same time, but the percent of zero values
is much less for the storm cluster. This suggests that
many of the zero values are not due to excessive errors
in noise power measurements, and thus it appears that
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widths in the isolated tornadic storms are unusually
small.

Because the measured o, comes from contributions
of both shear and turbulence, the spectrum width as-
sociated with turbulence in the tornadic storms should
be even smaller than that tabulated in Table 1, sug-
gesting unexpectedly weak turbulence in these violent
storms. The low median values in these tornadic storms
are in contrast to those in squall lines, severe storm
clusters, and even widespread showers. Furthermore,
supercell storms often form in an environment with
large shear that contributes to increased spectrum width.
Perhaps the relatively isolated locations of the storms
allowed them to have a well-organized structure that
permits them to last a long time and have a relatively
laminar flow. This view is consistent with the interpre-
tation that these tornadic storms are steady-state super-
cell thunderstorms.

Supercells interact with the environment in such a
way as to organize a steady flow of ascending and de-
scending air within the storm while they propagate ei-
ther to the left or right of the mean tropospheric wind
with a velocity that allows them a steady interaction
with the large-scale environment (Browning 1982). Per-
haps the supercells, forming in a relatively undisturbed
environment, have well-separated up- and downdrafts
that interact less and thus have less turbulence. Fur-
thermore, rotating supercell storms are characterized by
high positive helicity that suppresses nonlinear energy
transfer and turbulence generation (Lilly 1986). So these
““unexpected”’ low o, could be evidence of high helicity
in supercell storms, which isconsistent with Wu’'s (1992,
1990) deduction. Brandes et al. (1988) observed large
helicity in updraft regions of two tornadic supercells.
They attributed the longevity of storms and less small-
scale features in updraft regions to the high positive
helicity and the upward-accel erating pressure gradients.
It is noteworthy that they also observed weak positive
or negative helicity in the downdraft region of the
storms. However, our data suggest that the entire storm,
encompassed by the 20-dBZ contour, has less turbu-
lence. Further study is needed to understand why the
median spectrum values obtained for entire volume of
tornadic storm are unexpectedly small.

On the other hand, storms in a cluster, observed on
3 May 1999 at the same time as the isolated severe
storm but at longer ranges (i.e., 70-130 versus 0-35
km), have significantly larger median spectrum width
values (3.9 versus 1.8 m s1) in the regions of high Z
(i.e., =40 dBZ), and more than an order of magnitude
larger percent of o, > 8 m s~*. The median value for
all regions of Z > 20 dBZ decreases from 3.9t0 2.9 m
s~ because of the lower spectrum widths (i.e., median
value equal to 2.8 m s1) in regions of lower Z (i.e.,
between 20 and 40 dBZ) persist over much larger areas.
The velocity field (not displayed) in the severe storm
cluster region exhibits a large spatial variance that sup-
ports the observed large o, values. It is noteworthy that
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Fic. 5. (Continued)

because the beamwidth is larger for the more distant
storms, it might be expected that larger variance of
Doppler velocities within the beam would be observed,
and thus spectrum widths would, on average, be larger.
We have examined a case that clearly shows that radar-
measured spectrum width decreases when a storm
moves toward radar and then increases when a storm
moves away. On the other hand, the o, in the low Z
regions is not as large as that in the higher Z regions
(Table 1), suggesting that the high Z cores are more
turbulent, contain stronger shear, or both.

To make a meaningful examination of turbulence we
need to separate the contributions from shear and tur-
bulence, and also examine the spatial distribution of
turbulence throughout the storm. The contribution of
the shear to the observed o, needs to be determined
using, for example, the methods of Istok and Doviak
(1986) before we can draw a conclusion concerning the
level of the turbulence in any weather category. This
has not been done. Nevertheless, it is interesting to note

that the median value of o, in the weak reflectivity
regions (i.e., between 20 and 40 dBZ) of the severe
storm cluster is smaller than that in the high-reflectivity
regions (i.e., between 40 and 70 dBZ), whereas they are
identical inthe two regions of theisolated severe storms.
Since only one case of severe storm clusters is inves-
tigated, it is not clear whether or not this observed dif-
ference is also true in other similar cases.

The spectrum width of the widespread shower case
equals that for broken-line squall line in its early stage
[i.e., squal line (iii) in Table 1]. This preliminary result
is consistent with the fact that both of them often form
in an environment of weak shear and their cells often
behave like ordinary cells.

The largest o, cases (i.e., those that have a median
o, > 4 ms1) are associated with the high Z region of
embedded areal squall lines; in some cases almost 15%
of the o, data exceed 8 m s~*. But the o, of squall lines
spans a wide range of median values from about 2.1 to
5.4 m s~t. Squall lines may form in environments in
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which vertical shears of horizontal winds are different,
and this might cause differences in the structure of the
sguall line and the o, medians seen among squall lines.
Furthermore, the median o, value would also be afunc-
tion of the sguall line's stage of development. More
detailed investigations are necessary to reveal the phys-
ical reasons behind these differences.

6. Summary and conclusions

Spectrum width, o,, one of the three datafields avail-
able to radar meteorol ogists using the WSR-88D weath-
er radars, is rarely used operationally. Yet it has the
potential to improve our understanding of severe weath-
er (Lemon 1999) and warnings of hazards to safe flight
(Cornman et al. 1999). Furthermore, o, dataarevaluable
in determining the performance of various signal-pro-
cessing schemes that are offered as candidates to im-
prove radar performance. We review the reasons why
this potentially valuable data field has been ignored, and
propose methods of editing spectrum width data field
so that confidence can be ensured for its valuein studies
of weather phenomena, and in applications of engi-
neering solutions to some of the problems that arise
when radars are used to observe weather. Some con-
clusions that can be obtained based on this preliminary
study are as follows.

To have reliable spectrum width datafor analysis, the
spectrum width field observed by WSR-88D should be
censored using a20-dB overlaid threshold, a20-dB SNR
threshold, and rejecting datasets for that day if thereis
evidence that large o, values are correlated with large
echo powers. The surprisingly small median o, for many
studied weather classes suggest that range—velocity am-
biguity mitigation techniques proposed for WSR-88D
might work better than anticipated. On average, isolated
severe storms, fair weather without birds, widespread
showers, broken squall lines in early stages, and strat-
iform rain and snow, have median o, less than about 2
m s*. Largest o, with median values exceeding 4 m
st are found in the convective cores of squall lines
embedded in stratiform rain regions. Clusters of severe
storms and storms along broken squall lines appear to
have median o, between these two regimes. More case
studies are required to learn whether or not this cate-
gorization is general. Further studies are needed to re-
veal the physics behind unexpected small median o, in
isolated severe storms, and the wide variations of me-
dian o, among squall lines.
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