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ABSTRACT

The FAA is deploying over 100 new airport surveillance radars (ASR-9)
across the country. in contrastto earlier ASRs, the ASR-9 utilizes a separate
digital weather processing channe: to provide air *raffic controllers with timely,
calibrated dirplays of precipitation intensity. The ASR-9 utilizes dual select-
able fan-shaped elevation beams designed to track aircraft over a large vol-
ume. As a consequence, weather echoes recesved from these fan-shaped
beams represent vertically-averaged quantities. Ifthe precipitation only par-
tially or non-uniformly fills the beam, then the vertically integrated reflectivity
may underestimate the actual intensity of the storm. The ASR-9 weather
channel corrects for this by adjusting the range-dependent six-level reflec-
tivity thresholds. The appropriateness of the currently impismented correc-
tion has not been carefully examined and may require modification to take
into account regional and morphoiogical variability in storm structure.

This report discusses the method used to dstive new beam filing loss ad-
justments. An extensive database of volumetric pencil-beam radar data
were used in conjunction with our ASR-3 simulation fagility to derive adjust-
ments aimed at calibrating the precipitation intensity regorts to the maximum
perceived hazard. Results for this calibration indicate that a single correction
is appropriate for all sites and intensities. The new corrections yield substan-
tially improved results over the current corrections in producing these reflec-
tivity reports. -
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1. INTRODUCTION

1.1. BEAM FILLING LOSS PROBLEM

The Federal Aviation Administration (FAA) is deploying a new airport surveillance radar,
the ASR-9, at over 100 airports across the United States, with some units already in opera-
tion. Like previous ASRs, the ASR-9 utilizes dual, broad elevation fan beams (Figure 1)
along with a rapid scan rate (12.5 RPM) to perform its primary function of detecting aircratt
over a 60 nmiradius. In contrastto previous ASRs, however, the ASR-9 possesses a sepa-
rate dedicated weather processing channel which provides air traffic controllers with quan-
titative reports of precipitation intensity on their PP| displays. The ASR-9 weather channel
reports are quantized according to the six levels used by the National Weather Service
(NWS) and are related to radar weather reflectivity factor (dBZ) as shown in Figure 2.

0

-5
q \
N\
€ |
G -10
‘“ f
f g
C
&
o
< _1si
0]
=
ﬁ
@

-20

_25J ]

-5 0 5 1 15 2 25 30 3B 40
Elevation Angle (Degrees)

Figura 1. ASR-9 gntenna pattem In the principal elevation plans. The fow beam Is plotted with
a blsck curve and the high beam s plotted with 8 gray curve. The antenna Is assumed 10 be
positionad paraliel o the horizon.

Although many features of the ASR-9, such as pulse repetition frequency (PRF), trans-
mitter frequency, and pulse width, make it suitable for weather sensing, the broad elevation
(4.8°) beams present a challenge for accurate determination of storm intensity. The PPI
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NWS Intensity Possible Rainfall

Reflectivity Levei Code Turbulence  Hail  Lightning  (in/hr)
ELEVEL 6 B| Extreme | Severe | Large Yes > 7.1
57 dBZ —
Intense | Severe Likely Yes 45~7.1
50 dBZ
\ée.ry Severe — Yes | 22-45
46 dBZ trong
Strong Severe - Yes 11-22
41 dBZ
==l Light / . .
LEVEZL 2 Moderate Moderate Yes 0.2-1.1
30 dBZ esge SO |
LEVEL 1 Weak Light / - Yes < 0.2
: Moderate
0 dBZ ol

Figura 2. NWS standard reflectivity levels and assoclated weather.

weather digplay should provide the controller with a representative picture of the storm con-
ditions likely to be encountered by an aircraft. Since the antenna gain varies with elevation
angle (Figure 1), the parameter reported by the weather channel represents a beam-
weighted, vertically averaged estimate of storm intensity. It the beam is non-uniformly or
only partially filted with precipitation, then the inherent vertical integration introduced by the
fan beam may cause an underestimate of the intensity of the storm. This beam filling loss
(Figure 3) is most acute atlong range, where the vertical extent of the beamintercepts more
than 30,000 it (9 km) of altitude. At shortrange, the fixed elevation scan is most sensitive to
precioitation in the lower portion of the storm. The magnitude of the beamiiiling loss de-
pends on the complex relationship between the vertical reflectivity structure of the storm
and its interception by the fan-shaped beam. I the shape and altitude extent of the storm

2




vertical reflectivity profile (such as couid be provided by a scanning pencil-beam radar) are
known, then a suitable adjustment can be calculated and applied to the fan beam reflectivity
estimate in order to produce the desired reflectivity report.

18304

A

t
i
]
15 e | HIGH BEAM
:
1

HEIGHT (km)

RANGE (km)

Figure 3. Schematic illustration of ASR-9 beam filling prodiem. Altitude limits of the -3 dB
points on the ASR-9 antenna pattern are shown for the high (dashed) and low (solid) beam.
A 2.0° antennag tilt is assumed.

Many parameterizations of the vertical refiectivity profile are possible. The purpose of
the parameterization is to represent storm hazard. The most conservative report 1= the
maximum reflectivity at any altitude. it is sensitive to regions of sttong intensity reqardiess
of their vertical extent. From a safety viewpoint, it is always dasirable to avoid regions of
high reflectivity, thus the vertical maximum reflectivity may be appropriate operationaly.
For this reason, the vertical maximum reflectivity will be the cesired parameterization usad
in this report.

Several studies conducted in the 1360's and 1970's examined vertical reflectivity pro-
files. Donaldson (1961) studied 233 profiles from the cores of New England thunderstorms
with maximum reflectivity greater than 50 dBZ. He classified the profiles into four groups:
rain, hail, >1/2" hail, and tornade. He then computed the median profile from each profile
group. 182 (78 percent) of the profites were “rain” profiles, and their median profile shows
maximum reftectivity at the surface and decreasing reflectivity with height, as shown in
Figure 4 (open circle profile). In the other three categories, he found that the maximum
reflectivity region in the median profile was elevated, with the elevated region centered
around 20,000 & (6 km) (see solid, dashad, and dotted profiles in Figure 4). These more
severe median profiles are similar to what would be obtained by taking a profile through the
core of the clouds depicted in Figure 3.

in another study, Konrad (1978} examined over 800 vertical reflectivity proitles taken
through storm cores 2t a variety of locations. He grouped the profiies into 5 dBZ Sin- from
35 to 70 dBZ and fourid that mean profiles (Figure §) from different locations were similar in
shape but varied in the altitude extent of profile teatures, such as the depth of the maximum

3
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Figure 4. Median profiles of core refleciivity arranged in category of most severe weather. The
51 cases of hail include the 29 cases of large hail which are plotied separately. The 11 tornadic
_ profiles are taken from the all-inclusive rain and hall categories. (After Dongldson, 1961.)
reflectivity region. He found that nearly 80 percent of the profiles had surface reflectivities
equal to the profile maximum.

Since at short range the near-surface reflectivity vatue would have the greatest weight
inthe fan beam averaging, the prevalence of the near~surface reflectivity maximumfeature
in Konrad's storm core profiles suggests that minimal or no reflectivity adjustment is need-
ed at short range much of the time. At longer ranges, the low beam reflectivity estimate is
unly representative of the near-surface reflectivity when the near-suriace reflectivity feature
is s fficiently decp to substantially fill the radar beam. Most of Donaldson's median profiles
and Konrad’s mean profiles show nearly constant reflectivity with altitude below approxi-
mateiy 5 km, with reflectivities decreasing above. ASR reflectivity estimates for such profiles
would require little correction.

i ora ot to investiyate the relatioriship of storm vertical structure and fan bbeam radar
reflectivity estimation, it is necessary to examine individual vertical reflectivity profiles taken
through: 2 variety of locations within the storms - not just through the storm cores. When
this was done, we found that the shapes of the individual reflectivity profiles often differed
markedly from the median and me.2n storm core profiles. Anillustration of why these differ-
ences occur between the mean profiles and individual profiles can be seen in Figure 6.
Figure 6a shows a set of three artificial reflectivity profiles normalized by their own maxi-
mum reflectivity and whose shapes are comparable to profiles coimmonly observed at dif-
ferent stages uring the evolution of a thunderstorm. The corresponding mean profile is

4
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Figure & Profiles of mean core reflectivity for various categories of rainshowers. Number of
cellsir  ach category is showit it arentheses. (From Konrad, 1978.)

Figure 6b. The deep layer of near-maximum reflectivity apparent in the mearn profile is an
artifact arising from the averaging of profiles with peaks at varying altitudes. Figure 7 plots
the differential reflectivity between the uncorrected ASR-9 fan beam equivalent reflactivity
Zagr and the vertical reflectivity profile maximurm projection Zm,y (@ useful 2-D reflectivity re-
presentation for air iraffic control purposes in summertime convective storms). Relative o
the mean profile, a sigr “icantly greater differential reflectivity is seen between Z,q, and Zmay
computed from the individual profiles in Figure 6, especialiy at those ranges where the
nose of the radar beam intercepts the storm profile above ~~ below the profile peak. The
ASR-9 may underestimate the intensity associated with these small scale peaks to varying
degrees depending on the relative location of these peaks with respect to the antenna gain
pattern.

In & previous study (Weber, 1986), radar reflectivity data from summertime convective
storms in New Engiand and Oklahoma were used to derive the ASR-9 beam filling loss ad-
justments as a function of range for each weather level (Figure 8). The adjustments were
derived by computing the reflectivity scaling factor which minimized the error between the
uncorrected ASR-9 weather reflectivity and the desired (maximum) reflectivity. He found
that the magnitude of the required threshold adjustments increased with range for all isvels,
consistent with expectations based on the shapes of Konrad's (1378) mean profiles. The
imagnitude of the adjustmerits tended to be larger for weather levels 3-6 than for weather
levels 1-2 due to larger variatiors in relative reflectivity in the vertical profiles of the rmore
severe storms. The work in this report fcllows the computational method outlined by
Weber, but expands significantly the scope of the data set.
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1.2. ASR-9 WEATHER CHANNEL BEAM FILLING LOSS ADJUSTMENTS -
CURRENT IMPLEMENTATION

Ablock diagram of the ASR-9 weather channel processor is presented in Figure 9. A
more complete description can be found in The ASR-9 Weather Channel Test Report
(Puzzo etal., 1989). Input time series (|,Q) data are first passed through a bank of four FIR
clutter filters. One of the filters is all-pass, while the other three provide increasing ground
clutter rejection. A clear day map of the ground clutter distribution is used to adaptively
select the narrowest high-pass filter that will adequately suppress ground clutter at each
range-azimuth cell for each of the six NWS levels. The magnitudes of the filter outputs are
then passed to the six-level thresholding function. The weather thresholds are adjusted,
taking account of receive beam (high or low), range, STC, and signal polarization. The
range—dependence aliows the refiectivity thresholds to include compensation for reflectiv-
ity estimate bias arising from non-uniform filling by precipitation of the broad fan beam.
Weather threshold crossings are then sent to a three-stage smoothing and contouring
furiction which performs temporal and spatial filtering to reduce reflectivity estimate vari-
ance and produce a more stable display from scan to scan.

| 11— P
MRS -
| Q—p |CLUTTERU ' FILTER | 3-PlrirEsHoLDE?] D ATC
FILTERS | o|_p| SELECT| | |_y|CONTOUR| "\ DISPLAY
s g B
-

1 !

CLEAR DAY \
CLUTTER | [(ARCeHOLD

MAP

Figure 9. ASR-9 six-leval weather channel biock diagram.

An initial beam filling loss threshold adjustment has been currently implemented on the
ASR-9 using a “representative” maodal profile of relative reflectivity. The model assumes a
layer of constant maximum reflectivity extending from the surface to 4 km, with a3 dBZ per
km decrease above 4 km. The model profie and the resulting adjustment curves are
shown in Figure 10. The shape of the model profile is similar to the mean profile shapes
derived by Konrad (1978) and the majority of profiles computed by Donaldson (1861),
shown in Figure 5. Figure 10 shows no correction at near range, which means that the
ASR-9 reflectivity report will rernair biased at short range for any instance of an elevated
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Figure 10. Current ASR-9 reflectivity profile model (left) and corresponding threshold
adjustments (right).

layer of high reflectivity, such as the hail storm profiles shown in Figure 4. A theoretical
problem with the current model is that while mean profiles are characterized by deep re-
gions of maximum reflectivity, most observed reflectivity profiles are characterized by shal-
low maximum reflectivity features whose altitude placement and extent change with time.
Thus, the reflectivity threshold adjustments suggested by the curre: t model may resuilt in
an underestimate of the maximum storm intensity at any altitude.




2. DATA ANALYSIS METHOD

2.1. DATA SET

Inorder to study potential regional differences in reflectivity profile shapes, it was neces-
sary to choose a variety of geugraphic locations for the analyses. Past thunderstorm re--
search has suggested distinct regions of activity (Easterling and Robinson, 1985). For our
work, five regions were identified and are shown in Figure 11. They are: East (E), Florida
and South Flains (S}, Midwest (M), High Plains (HP), and West (W). One site from each of
the five regions was chosen for analysis, and they are indicated by filled circles in Figure 11.
The sites are: Boston, Massachusetts; Huntsville, Alabama; Kansas City, Missouri; Denver,
Colorado; and Seattle (Pt. Brown), Washington. For each of these sites, data were chosen
to represent four types of precipitation systems whenever possible: stratiform (shallow
widespread low refiectivity storm systems); frontal (bands of clouds originating at the junc-
ture of cold and warm air masses); airmass (isolated convective activity); and severe {char-
acterized by extensive vertical development and high reflectivities).

Figure 11. ASR-9 beam fliing loss cotrection storm model regions.

The input data consisted of 273 volume scans distributed amor.g the five sites. This
resulted in over one million profiles to be used for calculating the beam filling loss correc-
tions. The list of volume scans used from each site are given in Appendix A. Included are
the date and start time of each scan, which may nave taken anywhere from 2 1/2t0 10 min-
utes to complete. The number of PPis comprising the volume scan (tilts) and the miaximum
tilt elevation angle are also noted. Volune scans were reguired to have a minimum scan
angle below 2.0 degrees and to have a maxirnum scan angle sufficient to clear the tops of

11




the storms. In several cases, only data inside certain azimuth and range limits were used.
This was done to avoid interferenice from residual ground clutter.

Table 1 lists characteristics of the radars which produced data used for this study.
These data were collected in conjunction with a variety of field experiments. The CP~3 and
CP-4radars were operated by the National Center for Atmospheric Research (NCAR) dur-
ing the CYCLES (Cyclonic Extratropical Storms) Project on the Washingtor: Coast during
January and February, 1982 (Hertzman and Hobbs, 1988). The MIT S-band radar, located
at the MIT campus in Cambridge, Massachusets was used for an FAA-sponsored Lincoln
Laboratory study of New England thunderstorms during the summer of 1933, as well as for
on-going weather studies. The MIT C-band transportabie radar system was operated un-
der contract with the MIT Weather Radar Laboratory in support of FAA/Lincoln Laboratory
field tesung of the ASR-9 weather channel at Huitsville, Alabama during ihe summer of
1988. The FAA/Lincoln Laboratory (FL-2) S-band radar serves as a Terminal Doppler
Weather Radar (TDWR) testbed radar and was used for TDWR operational testing and e al-
uation at Denver, Colorado in 1988 anc at Kansas City, Missouri in 1988.

Table 1.
Radar Characteristics

NCAR NCAR MUT MIT

CcP-3 Chb-4 S-band C-band FL-2

Radar Radar Radsar Radar Radar
Gate spacing (m) 150 150 250 250 120
Pulse width {15) 1.0 1.0 1.0 1.0 0.65
Wavelaigth (cm) 5.45 5.49 10.5 5.4 10.5
Polarization Horizontal Horizontal Horizonie: Verlical Horizontal
PRF (H2) 1000 1000 541 924 700~-1200
Beamwlidih (deg) 1.1 141 1.45 14 0.96
Rotatlon rate (s/360 deQ) 12 12 35 25 30

2.2. CONSTRUCTION OF VERTICAL REFLECTIVITY PROFILES

The first step in Geriving the necessary weather channel threshold adjustments con-
sisted of constructing smodcth vertical profiles of reflectivity from the pencil-bsam radar vol-
ume scan data. Each volums scan consisted of a series of {uli-circle or sector PPl scans
containing betwesn five and 20 constant etevation tits. Selected azimuth sectors of these
volume scan data were mapped onto a ¢ylindrical coordinate grid having a range radius of
60 nmi (111 km) and a height of 65620 ft (20 km). Azimuthal and range granularity of the
cylindrical grid were set to 1.41 ® and 0.5 nmi (0.926 km) respectively, while vertical granu-
larity was 1641 ft (0.5 km). A profile cylinder generated frorm a single full-circle voiume scan
could thersfore contain as many as 30,720 individual vertical reflectivity profiles. Figure 12
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illustrates the geometiy invoived in mapping the reflectivity data fromits original polar coor-
cinete representation to its cylindrical form.

-
| «— 10
0.5 km { L4
{ } —p
20 km ,
Pencil-beam} \1 = .
radials —} ‘N 0.5 nmi
| je————— 60 nmi >
|
Radar, >
~Y acaArgeF” —~— - Reflectivity Sample

Origin

Figure 12. Schematic degiction of profile cylinder geomeltry.

Each of the individual profiles in the cylinder was smoothed using a vertical reflectivity
gradient check to reject single-point outliers caused by cluiter residue or noise spikes inthe
data. Profiie refiectivity gradients were typicaliy found to be strongest above 2 km. This
feature, coupled with the tendency toward clutter spike occurrence below 2 kim, led to the
creation of a two-tiered vertical reflectivity gradient threshold. Thresholds were set to 15
dBZ/km for altitudes below 2 km and 20 dBZ/km for altitudes greater than 2 km. These
settings were appropriate for rejecting noise and clutter spikes while preserving physically
plausible refiectivity oradients. Profile bins which remained empty after polar-to-cylindrical
coordinate mapping were filled using a cubic interpolatory spline. Figure 13 shows an ex-
ampie vertical reflectivity profile before and after filtering and filing.

2.3. DETERMINATION OF DESIRED REFLECTIVITY PRODUCT.

Volumetric data collected with pencil-beam radars provide a much finer three-dimen-
sional resolution of the reflectivity field than possible withfan beamradars. Using reflectivity
profiles constructed from these pencil-beam data, it is possible to construct a variety of
two-dimensional parameterizations of the three-dimensional field which can be used to
form the desired ASR-3 reflectivity report.  The problem thert becomes one of deciding
which of the possible parameterizations produces the “desired” report.

Figure 14 is a reflectivity prefile constructed from a pencil-beam radar volume scan
through a thunderstorm. Also shown are three possible reflectivity estimates which could
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Figure 13. Ventical reflectivity profile (a)before and (b)afier filiering and filling.

be used to characterize the storm profile, depending on the parameterization chosan. The
elevated reflectivity peak seenin the figure is a relatively common characteristic of the pro-
files we examined. These peaks typically form aloft during initial storrn development and
then descend as the storm matures and dissipates. This profile serves as a useful example
for illustrating the representativeness of various parameterizations of the profile. For exam-
ple, the desirad reflectivity report could be defined as the average reflectivity over the depth

of the storm:

Ho

ZagRY) = [ ZROH)OH. )
Hy

Hy = echo base altitude

H, = echo top altitude

This storm-average reflectivity most closely resembles the parameter reported by the
ASR-9 weather channel, especially if the beam is flled with precipitation.

Alternatively, we may define a near-surface reflectivity product:

Zyc(R6) = Z(R8,H=0). (2)
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Thisreport most closely resembles reports produced by the horizon-scanning NWS pencii
beam radar. Although this parameter would be fairly representative of current conditions
immediately above the airport, it would fail to indicate potentially significant reflectivity de-
velopment aloft. Such elevated reflectivity features often precede the onset or intensifica-
tion of precipitation on the ground by several minutes and could previde useful advance
warning.

A more conservative representation is the vertical maximum teflectivity product:
Zmax(R,0) = MAX[Z(ROH);0<H<e] . (3)

It is sensitive to regions of strong intensity regardless of their altitude and vertical extent.
Hence, itis a anindication of the most intense precipitation that could be encountered by an
aircraft at any altitude. it is, however, insensitive to the percentage of the storm'’s vertical
structure that has reflectivity near the maximum intensity level. Hence, a shallow region of
high reflectivity would be represented by the same Zy,,, value as a deep region of compara-
bie refiectivity. This should not present serious operational consequences, since the indi-
cation of hazardous storm conditions at any afttude, regardiess of the vertical extent ofthe
hazard, could be construed as sufficient cause for avaidance.

S 1
'
!
N ]
KEY g
omsna— Zrnax §
- e s Za vg .
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Figure 14. Vertical reflectivity profile through Benver thunderstorm on Juk 3, 1967 at azimuth
162.0°, range 26.5 nmi. Vertical lines INUICSt@ Zpay, Zaug. 81d e for the profile shown (see Key).




While Z,,,, provides a useful measure of intensity in summertime convective storms, it
may not be appropriate for characterizing the intensity of wintertime stratiform precipita-
tion, since it is overly sensitive to bright-band effects (an enhanced reflectivity layer asso-
ciated with the region of ice~to-water phase change) often observed in these types of
storms.

Some of the vertical reflectivity profiles we examined were characterized by a sharp ele-
vated peak. Forthese profiles, the vertical maximum reflectivity as defined by equation (3)
was significantly larger than values at other altitudes, including those in relatively close
proximity. The absolute profile maximum reflectivity would therefore be unrepresentative of
conditions likely to be encountered by an aircraft. Forthesereasons, we choseto construct
aless sensitive maximum reflectivity parameter which was formulated as the average of the
three (M= 3) highest reflectivity values in the sorted (by reflectivity) distribution of N profile
values ‘{21, Loy oy Ly ZN}I

M-1

1
Zmax(R6) = — 2 Z(RB)n-i (4)
i=0

For the majority of prafiles, which are characterized by smooth reflectivity gradients, this
tformulation produces estimates of Z,, which are similar to those produced using equation

(3).

2.4. COMPUTATION OF 2,55 FROM VERTICAL REFLECTIVITY PROFILES

For each of the reflectivity profiles in the cylinder, the equivalent ASR-8 reflectivity (Z.4)
was computad at 4 nmi range intervals frorm 0 to 60 nmi, using:

[ 2(R.4) B(6) Bi(¢) dd
Zyo(R,Deam) = (5)

| By(®) Beio) do

The implementation of equation (5) was as follows: Each vertica! refiectivity profile was
firstintegrated over elevation angle, weighting each of the individual profile values £(R.4),
by the relative ASR-9 two-way beam power B,($)B () for that elevation angle. This total
integrated reilectivity, represented by the numerator of eguation (5), was then normalized
by the total relative antenna power (the denominetor of equation (5)) to yield Z,¢, at that par-
ticular range gate. The entire Z,, calculation was then repeated (using the same profile) at
4 nini increments for each f tne two receive beams. Figure 15 s a piot of 2, and Za,
computed using the single reflectivity profile of Figure 14. The range-Jependent differ-
ences between Z,,, and Z,,,,, define error curves (one curve for each receive beam) which
represent the amount of weather threshold adjustriient required to bring Z,e into agree-
ment with Znu.
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Zoax = 49.5 dBZ

Reflectivity (dBZ)
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Figure 15. Zynax and Z,, (fow and high beams) coniputed from reflectivity profite of Figure 14. An
ASR entenna tift of 2.0° was assumed for computation of Zag.

2.5. CALCULATION OF WEATHER CHANNE!. THRESHOLD ADJUSTMENTS

Recallthat the weather thresholds are stored in the weather channel processor memory
as functions of range, receive beam, and weather level. The Z,,(R,beam,wx level) curves
and the Z 5, values provide the information needed to derive the required threshold adjust-
ments. Weber [1986] proposed a method for calculating the threshold adjustments by
computing the reflectivity scaling factor vy which minimizes the mean square error ¢ be-
wween Zyyy 2nd £y over the ensemble of profiles {p1, pz, ..., Pn-1. Pl

2
N | Zunow = nZas(R.bERM)
e2(R,beam,wx leve)) = 2, (6)
The scaling factor which minimizes the error is given by:
N N
n(Rbeamwxleve) = X (Zos/ Znad / T (Zos?/ Znad) - Y
p=1 p=1

Equation (7) was used te calculate v (the reciprocal of the required threshold adjusiment)
as a ‘unction of range for both receive beams and for each of the six NWS weather levels.
The weather level of a profile was defined to be the NWS level corresponding to Zay.
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3. RESULTS

3.1. Site/Level Specific Threshold Adjustment Curves

Threshold adjustments as a function of range were computed separately for each NWS
level at each of the five locations identified in Section 2.1. For each site a data set was cho-
sen to include a variety of storm types, including airmass thunoerstorms, frontal convec-
tion, stratiform rain, and severe thunderstorms. The computations followed the method
described in the last section. Regardless of the observational range of the profile, each
profile was used to compute the ensemble corrections at all ranges for both beams of the
ASR-9radar. Theresultis a set of curves indicating the threshold adjustment required as a
function of range, with one curve for each beam, weather level, and site, for a total of 80
curves. Threshold adjustiment curves v ere generated for each weather levelin which there
was a minimurm of 100 input profiles. These curves are shownin Figure 16 - Figure 20. An
insufficient number of profiles precluded accurate determination of threshold adjusiments
for weather levels 4-6 for Seattle, and weather level 6 for Huntsville. Although the ASR-9’s
level 1 reports aro nnt compensated for beam filling losses, the level 1 adjustments are in-
cludedfor completeness. in general, the amount of adjustment varies from near 0 dB atthe
radar to approximately 6 dB for the low beam and 11 dB for the high beam at 60 nmirange
for each of the weather levels.

The most striking feature of these graphs is the simitarity of the curves between the dif-
ferent weather levels and sites. The only site 'whose adiustments differed slightly in magni-
tude from the other four was Seattle, with Seattle weather requiring a greater correction
most notably in the highbeam. This rmay be partly dueto reducedfiling of the ASR-9 beam
by the vertically limited cloud structures associated with the stratiform storm systems typi-
cal of the data from Seattle, butit may also be related to the presence of anomalously high
reflectivity regions associated with ice/liquid phase transitions at the freezing level {bright-
band). The bright band in the data tended to be lucated near 9,800 ft (3 km) altitude, which
is below the lower 3 dB edge of the high beam beyond 30 nmi. This resulted inanomalously
large corrections at long range for the high beam. The operational impact of these larger
corrections must be considered.

3.2. Single U.S. Threshold Adjustment Curve

The similarity between weather levels and regions of the United States suggests that a
single correction for each of the twe beams might be applicable to all sites and weather
levels, withthe possible exception of storms producing bright band radar echoes. Toinves-
tigate this, a single U.S. correction wes created by using Equation 7 to derive the optimal
threshold adjustment for an ensemble consisting of profiles from all weather intensity cate-
gories and from all five regions. Alinear least squares fit was then made to the resulting low
and high beam threshold adjustment data. The eguations for the best fit lines for the two
beams were found to be:

U.S. Low Beam Adjustment (dB) = -0.1193 x range (nmi) - 0.2371 (8)
U.S. High Beam Adjustment (dB) = -0.2005 x range (nmi) - 0.4836 (9)

with correlation coeificients of 0.948 and 0.895 for the low and high beams, respectively.
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Figure 19. Threshold adjustments as in Figure 16, but for the Denver data set.
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Figure 20. Threshold adjustments as in Figure 16, but for the Seattle data set.

The resulting U.S. threshold adjustment curve for each beam generally falls between
tie corresponding upper and lower rms error bounds for the various site/level specific
threshold adjustments. The leftmost and center graphs of Figure 21 typify the relative
piacernents of the U.S. curve with respect to the site/level specific error bounds. The U.S.
adjustment is indicated with solid lines, while Jashed lines indicated the rms error bounds.
The only exceptions to this typical relationship were found in the threshold adjustments
derived from the Seattle data, an example of whichis shown onthe right of Figure 21. Here,
the U.S. adjustment curve lies above the level 2 upper error bound at ranges greater than 25
nmi. The exceptions from Seattle do notinvalidate the U.S. adjustment curve for two rea-
sons. First, as noted previously, the prevalence of bright-band in the Seattle data pro-
duced excessively large threshold adjustments. The U.S. adjustment curve represents a
more appropriate treatment for convective storms. Second, the only notable region of dis-
crepancy is that shown in the example of Figure 21. This discrepancy occurred with the
high beam at long range, where the low beam is used under normai operations. Because
the U.S. adjustment curve falis within the error bounds for 49 of the 52 site/level specific

“adjustment curves and because the exceptions do notinvalidate the U.S. threshold adjust-
ment curve, we believe that the U.S. threshold adjustment curve is appropriate for opera-
tional implementation.

3.3. Correction Performance

Using our ASR-8 simulation facility, performance of the U.S. (Eq. 8 and 9) threshold ad-
justments was evaluated. The test data set was comprised of the same pencil-beam radar
volume scan data used to compute the corrections. Corrections were applied to the indi-
vidual profiles only at their original observational ranges during this statistical evaluation of
correction performance.

Corrected ASR-9 weather reports were generated by first obtaining the equivalent fan
beam reflectivity Zg. for each profile using the method outlined in Section 2.4. The appro-
priate threshold adjustment for the observational range of the profile was used to lower the
six NWS reflectivity thresholds. The Z,, estimate was then thresholded against the ad-
justed thresholds to obtain the corresponding corrected six-level weather report Z,.. Be-
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Figure 21. Relative placement of U.S. threshold adjustment curve (solid) with respect to upper
and lower rms error bounds of sitellevel specific adjustment curves (dashed).

cause the ASR-9 level 1 threshold is tied to the system noise level and is not adjusted for
beamfilling losses, performance statistics were generated only for those profiles in weather
level categories 2-6.

The metric chosen to quantify how well the threshold adjustments performed was the
percentage of profiles whose reported weather level matched the weather level corre-
sponding to Zmax. Figure 22 shows a comparison of the success of the threshold adjust-
ments at reporting the maximum reflectivity at any altitude. The profiles were grouped in 10
nmi bins in order to evaluate the effect of range on the success of the corrections. Althcugh
adjustments were computed and implemented for both beams, only the more operational-
ly significant low beam results are presented here. A similar amount of improvement was
noted in the high beam reports. Uncorrected ASR-9 report accuracy is shown with a solid
line and filled squares. Accuracy decreased from about 70 percent at close rangeto only 20
percent at far range. Results using the current ASR-8 beam filling loss correction
(Figure 10) are shown with a dashed line and filled circles. At close-range, adjustments
prescribed by the current model are minimal, so litle improverment is seen between the
uncorrected reports and those corrected with the current model. At far range, the current
adjustments provide approximately 25 percent improvement in report accuracy.

Results of corrections using the U.S. threshold adjustments are shown with a dotted line
and x's. Cotrection of ASR-9 reports using these threshold adjustments resulted in a sub-
stantial improvement in report accuracy relative to uncorrected reflectivities, ranging from
approximately 10 percent at close range to over 60 percent at maximum range. The suc-
cess of the U.S. adjustment curve is further illustrated in Table 2 which shows the distribu-
tion of weather report errors versus profile range for the entire test data set. Numbersinthe
upper left of each box represent the percentage of uncorrected profiles in the ncted range
bin whose reports differ from Z,, by -1, 0, +1, +2, and + 3 NWSlevels. Forexample, the
~1 report error category represents over—cerrection by one NWS level. Numbers in the

25




e
(=4
(=

..'-’.x.-.- . i
e -+ .. U] Correcton

5
4

o]
o

x.o‘ I‘

o
P
/J

s e o @
_—*m-—v ay
"<~ Curent Corection
b T YR

Percertage of Profiles Correctly Assigned a Weather Level

\ h-—.
40 \\
Uncorected ASR
20 \___
0
0 10 20 30 49 S50 60

Range (nmi)

Figure 22. Percentage of celis in weather levels 2 through 6 for all sites that ere correctly quantized. Solid
line with filled boxes represents uncomecied quantization of ASR reported reflgctiviy. Dashed line with
clrclas represents quantizations adjusted with currant correction. Dotted line wilth x's repraesents quantiza-
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lowsr right ¢f each box represent similar statistics for profiles corrected using the U.S.
threshold adjustment curve. After adjustment, nearly 80 percent of the profiles were cor-
rectly assigned a weather level, with an additional 17 percent underestimated by one
weather tevel. Overestimates were quite uncommon - lass than 2 percent of the corrected
profiles exceeded the desired reportlevel. Less than 2 percent of all profiles were underes-
timatad by more than onae level, most of these occurring at close ranges. A discussion of
causes for the significant underestimation of some of the profile intensities will be presented
later.

Figure 23 summarizes avarage weathar report error for uncorrected and corrected
ASR-8 reports. Since the majority of corrected profiles were within one lavel of Ziay, the
average enuor is approximately representative of tie fraction of prefiles where the corrected
report did not corespond to the desired Zip,, report. There is a nearly inear relationship
between average report error and range, with corrected estimates impreving from an aver-
agerepont error of approximately 0.25 levels at close range to 0. 15 levels atlongrange. The
successfuiresults of the U.S. threshold adjustment curve favor its selection over the current
set of threshold adjustments for use in compensating ASR-8 beam filling losses.
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Distribution of Relative Weather Report Errors Versus

Table 2.

Profile Range for the Entire Test Data Set.”

Beginnlng Range of Relaﬁve Report Error ( NWS Leveis )
Radar Data Volume
(nmi) -1 0 +1 +2 +3
0.4 69.2 27.6 25 0.3
0
.S 775 19.3 2.1 0.3
0.0 49.4 1459 4.2 05
10
0.7 73.0 228 3.3 0.2
0.0 45.6 530 1.3 0.1
20
1.5 83.7 14.3 0.5 0.0
0.0 40.3 58.3 1.4 0.0
30
25 802 1 0.4 0.0
0.0 29.7 69.2 1.1 0.0
40
3.1 83.4 13.5 0.0 0.0
0.0 20.3 T3 2.4 0.0
§0
3.3 B2.4 14.1 0.1 0.0
0.1 47.9 49.4 2.4 0.2
Cveratt
(0 - 50 nmi) 1.6 79.9 17.0 15 0.1

* Numbsers inthe upper left of each box represant the percentage of uncor-
rected profiles in the noted range bin whose reports differ from Z, by -1,
0, +2, and +3 NWS levels.

3.4. Causes of Threshold Adjustment Failure

The results presented in Table 2 indicate that 98 percent of the profiles in the test data
base were assigned a corrected weather level within one leve! of the desired reflectivity re-
port (where the low beam was used at all ranges). Examination of the remaining 2 percent
ofthe profiles indicates that nearly 70 percent of these profiles were located iti the vicinity of
severe storms (maximum reflectivity > 50 dB2Z, echo tops > 35,000 ft) (Table 3). In order
to understand the connection between severe storm structure and weather channelthresh-
old adjustment failure, we examined data taken during a severe storm event which oc-
curred on September 5, 1987 at Denver.

27




S 1
1 i
£
5 084 Uncorrected
m -
% o
O 0.6 +
28 | +
S @
% = N4
= Z 1 * =
Y] [ Y
8’ 0.2 = - -
§ . Corrected
e 1 j 1 1’ | ' I l 1 l T
0 10 20 30 40 50 60

Range from Radar (nmi)

Figure 23. Average weather report error versus profile range from radar for the entire test data set. Errors
without any correction (upper line, plusses;j clearly exceed errors after correction (lower line, filled squares).

Table 3.
Results of the U.S. Correction on the Test Data
Set, with All Sites and Ranges Taken as a Whoie,

Success of Correction % of Profiles % Severe
correct estimate 79.9 22.6
airor of 1 lavel 18.6 32.2
eror of 2 or more levels 1.6 69.4

A profile which is typical of those for which corresponding corrected weather reflectivity
reports underestimated the Z,,,,, level by two or more levels is shown in Figure 24. This
profile was located at 62° azimuth, 4.3 nmirange, and was located in close proximity (less
than 1 nmi away) to an intense thunderstorm cell with maximum reflectivity greater than 55
dBZ. A vertical cross--section through this storm indicates a broadening of the storm cell
with height. Bacause of this, the vertical profile exhibits a sharp increase in reflectivity corre-
sponding to interception of the overhanging precipitation associated with the storm. The
profile maximum occurs at about 3.5 krn —- more than 2 km above the upper 3 dB edge of
the high beam. Thus, at this close range, the ASR-9 beams are relatively insensitive to the
elevated reflectivity peak and a resultant underestimation of over 12.5 dBZ (2 NWS levels)
occurs.
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Figure 24. Exarnple reflectivity profile where Zpmgy is at least two weather levels greater than the corrected
Zgsr {low beam Zyg, Is shown with solid vertical line, high beam Z,e, Is shown with dashed vertical line). Alti-
tude extents of the upper 3 dB edge of the high and low beam are indicated with dashed and solid horizontaf
lines respectively. The profile is from Denver taken on 9/5/87 at approximately 23:20 UTC and was located

at61° azimuth, 4.3 nmi range.

Reflectivity levels of thunderstorm anvils are especially difficult for the ASR-9 to accu-
rately estimate. These anwils consist of a thin layer (usually less than 10,000 ft) of ice--crys-
tals which have been sheared off by strong upper-level winds near the tops of thunder-
storms and may extend several kilometers downwind. Due tothe low particle densities and
ice crystal compositioi of these anvils, they are weakly reflective, seldom exceeding 25 dBZ
(level 1). Although the limited altitude extent of these high altitude features results in as
much as 20 dBZ underestimation of the actual refiectivity by the ASR-8, the thunderstorm
anvils are usually correctly reported as level 1 (recall thatthe level 1 threshold is tied to the
system noise level, so that any detection at all counts as a lrvel 1 detection).
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4. SUMMARY AND CONCLUSIONS

This report documents computation of a set of reflectivity threshold adjustments for the
ASR-g reflectivity channel. The computational methoci is based on knowledge of the rela-
tionship between storm reflectivity structures and their irepresentation by the six-level
weather reflectivity channel of the ASR-9. Previous studies have shown that a fan-beam
radar such: as the ASF-9 may significantly underestimate the reflectivity of a storm if the
precipitation non-uniformly or partially fills the vertically broad beam. Thus, the NWS
weather level threshiolds must be adjusted to provide accurate reports of storm intensity.

The ASR-9 reflectivity channel should produce a useful two-dimensional reflectivity re-
presentation for air traffic control purposes. The vertical profile maximum reflectivity projec-
tion Zax was identified as a plausible representation in that it attempts to report those re-
gions of most intense convective activity. ltis conservative in thatit indicates the worst con-
ditions which may be encountered by an aircraft at any altitude.

Five regions across the continental U.S. were identified for this study. Volumetric pen-
cil-beam radar data were collectec from one site in each region and were used to construct
vertical profiles of reflectivity. By using our ASR-8 weather channel simuilation facility, we
were able to calculate the reflectivity scaling factors (reciprocals of threshold adjustments)
which minimized the error between Z,., and Z,5,. This computation was performed sepa-
rately for each site and weather level combination. Sirilarities in the threshold adjustment
curves suggested that a single U.S. correction might be appropriate for all sites and weath-
er levels. The single U.S. threshold wdjustment curve computed was found to lie within one
standard deviation of nearly all of the site/level specific correction curves.

The ASR-9 weather report accuracy relative to Zq,, was assessed for reports which
were uncorrected, corracted using the current threshold adjustments, and corrected using
the single 1J.S. threshold adjustments. The U.S. tireshold adjustments were found to sig-
nificantly improve ASR-9 weather reflectivity report accuracy for producing the maximum
profile reflectivity. Approximately 80 percent of the profiles were correctly assigned the
NWS weather level corresponding to Z,.,, and 98 percent of the profiles were adjustedto
within one level of Zpey.

The single U.S. reflectivity threshold adjustments proposed for the ASR-9 produce sig-
nificantly improved reports of maximum storm intensity over the currently implerented ac-
justments. Variations in storm structure among sites and weather intensities were not found
to be significant for the Z,5, representation. This report has documented an appropriate
method for computing threshoid adjustments for the ASR-9reflectivity channel. This meth-
od was used to determine weather reflactivity threshold adjustments which will allow the
ASR-9 to produce conservative reports of storm intensity.

Lincoln Laboratory has staticned cbservers in the Orlando International Airport TRA-
CON during surmmertime operational testing of the Terminal Doppler Weather Radar
(TDWR) and ASR Wind Shear Processor (ASR-WSP) iri 1980 and 1891. Since the Orlando
TRACONM has an operational ASR-9, the observations gathered will provide further insight
into controller perception and interpretation of the current six-level weather presentation,
thus allowing us to further assess the appropriateness of the vertical reflectivity maximum
report for air traffic control purposes.
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GLOSSARY OF SYMBOLS

Relative power of transmit beam

Relative power of receive beam

Height

Number of reflectivity values averaged together to determine Zmay
Nuimber of profiles in an ensemble

Range

Reflectivity tactor

Equivalent ASR-9 reflectivity factor

Linear average of reflectivities of a vertical profile
Maximum reflectivity of a vertical profile
Near—surface reflectivity of a vertical profile
Reflectivity quantized into the six NWS weather levels
Mean square erior between Zpg, and Zyq
Reflectivity scaling factor that minimizes e

Azimuth angle

Elevation angle
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"APPENDIX A

VOLUME SCAN DATA USED FOR DETERMINING
BEAM FILLING LOSS ADJUSTMENTS

The data used in this study were chosen 10 provice vertical refiectivity profiles for a vari-
ety of storm types and intensities in five geographic locations. Although not specifically
used in the analysis, each volume scan was assigned an intensity category based on the
most developed cell in the scan. Three intensity categories were defined and used: weak,
moderate, and strong. Specific criteria for the categorization are given in Table A-1. The
cloud top height was defined as the greatest height of the 18 dBZ contour, and the core
reflectivity was the retlectivity of the innermost region of the most intense storm cell in the
volume scan. A complete list of volume scans for each site is given in Tables A-2 through
A-7.

Table A-1.
Storm Intensity Classification Scheme.

Category Description

Weak Corz reflectivity < 41 dBZ
(NWS Levels 1 and 2).
Cloud tops < 25,000 teet.

Moderate Core refleciivity betwaen 41 anc 50 dBZ (NWS Levels
3 and 4).
Cloud tops hetween 25,000 and 35,000 feel.

Strong Core raflectivitly > 50 dBZ
{NWS Levals & and 6).
Cloud tops > 35,000 teel.




Tabile A-2.
Volume Scans from Boston Taken by MIT S-band Radar.

r mum

Type Date Time ;sntt(:argity ?1? %]I?: glg’\(li Angle
ainmass 5/03/83 10:13:00 moderate 10 20
airmass 5/03/83 10:33:00 moderate 10 20
airmass 5/03/83 10:53:00 moderate 10 20
airmass 5/03/83 11:13:00 moderate 10 20
airmass 5/03/83 11:33:00 moderate 10 20
girmass 6/13/85 13:30:00 moderate 9 15
airmass 6/13/85 15:01:00 moderate 9 15
airmass 6/20/85 17:598:00 moderate 9 15
airmass 6/20/85 20:06:00 weak 9 15
frontal 2/28/84 10:35:00 moderate 9 15
frontal 2/28/84 16:34:00 moderate 9 15
frontal 3/28/84 18:50:00 weak 9 15
frontai 3/28/84 23:42:00 weak 9 15
severe 5/20/82 13:39:00 strong 9 15
severe 5/20/82 13:59:00 strong 9 15
severe 5/20/82 14:35:00 strong ] 15
severe §/20/€2 14:47:.00 strong 9 15
severe 6/16/8%: 13:08:00 moderate 9 15
severe 6/16/62 13:31:00 moderate 10 20
severe 6/16/82 14:20:00 moderate 10 20
severe 6/16/82 15:46:00 moderate 9 15
56.01e 6/16/82 16:46:00 moderate 9 15
severe 6/16/82 19:43:00 moderate 9 15
stratiform 3/13/84 15:42:00 waak 9 15
stratiform 3/13/84 17:30:00 weak 9 15
stratiform 3/13/84 21:15:00 weak 9 15
stratiforrn 4/08/85 19:36:00 weak 5 3
stratiform 4/08/85 20.16:00 weak 5 3
stratiform 4/18/65 20:55:00 waak 7 5
stratiform 4/18/85 22:35:00 woak 7 5
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Table A-3.
Volume Sfcans from Denver Taken by
Lincoln Laboratory C-band Radar

Type Date Tme | lenety  |ofTis | Flev. Angle
airmass 5/18/87 20:59:47 moderate 12 40
airmass 5/18/87 21:15:13 moderate 12 40
aimass 5/18/87 21:33:.08 moderate 12 40
airmass E/18/87 21:46:26 moderate 12 40
airmass 5/18/87 21:59:45 weak 12 40
aimass 5/18/87 22:30:37 strong 16 20
aimass 5/21/88 21:24:07 weakx 17 40
airmass 5/21/88 21:37:54 weak 17 40
airmass 5/21,88 22:08:47 weak 17 40
airmass §/21/88 22:19.03 weak 17 40
airmass 6/08/87 21:41.04 moderate i0 12
aimass 6/08/87 21:51:.03 moderate iC 10
aimass 6/08/87 22:00:09 moderate 6 12
aimmass 6/08/87 22:09:21 moderate 7 12
aimass 6/08/87 22:32:01 weak 7 12
ainnass 7/07/87 01:10:11 moderate 8 12
almass 7/07/87 01:23:00 moderate ¢ 1
aimass 7/07/87 01:39:48 moderate 8 16
almass 7/07/87 01:47:44 moderate 12 35
girmass 7/07/87 02:01:16 moderate 9 13
aimmass 7/07/87 02:06:19 moderate 9 13
aimass 7/07/87 02:11:21 maoderate 9 13
almmass 7/07/87 02:16:23 modesrate ] 13
almmass 7/07/37 02:22:34 moderate 8 16
almass 7/11/87 22:23:08 weak 9 1
airmass 7/11/87 22:38:03 moderate 9 13
glmass 7:11/87 22:59:30 weak 13 35
severe €/18/87 22:25:19 strong 13 40
savere 6/18/87 22:35:14 slrong 13 40
severe 7/03/87 02:50:05 strong 13 35
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Table A-3 (Continued).
Volume Scans from Denver Taken by
Lincoln Laboratory C--band Radar.

um
Type Date Tme | lneiy | ofTits. | Flev. Angie
severe 7/03/87 02:56:49 strong 13 35
severe 7/03/87 03:03:54 strong 13 35
severe 9/05/87 22:48.27 moderale 12 35
severe 6/05/87 23:05:.01 strong 12 35
severe 9/05/87 23:18:51 strong 12 35
severe 9/05/87 23:34:06 strong 12 35
severe 9/05/87 23:39:09 strong 12 35
stratiform 7/12/87 00:58:15 weak 8 12
stratiform 7/12/87 01:04.:39 weak 8 12
stratiform 7/12/87 01:07:51 weak 8 i2
stratiform 8/21/87 22:55:41 weak 12 35
stratiform 8/21/87 23:05:48 weak 12 35
stratiform 3/21/87 23:.15:13 weak 12 35
stratiform 8/21/87 23:25:18 Weuk i2 35
stratiform 8/2i/87 23:32:19 weak 10 15
stratiform 8/21/87 23:44:28 weak 10 15
stratiform 11/15/87 18:38:42 weak 10 12
stratiform 11/15/87 16:58:39 weak 10 12
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Table A-4.
Volume Scans from Huntsville Taken by MIT C-band Radar.

aximum
Type Date Time lsntt?errrl:!ty :;lfu 1'%?: r g:ev. Angle
airmass 3/31/88 20:15:27 moderate 6 8
airmass 3/31/88 21:17.01 strong 10 24
airmass 3/31/88 21:23:19 strong 10 24
aimass 3/31/88 21:27:11 moderate 10 24
airmass 6/02/88 19:39:30 moderate 18 24
airmass 6/02/88 19:43:056 moderate 18 24
airmass 7/14/88 17:54:45 strong 10 13
airmass 7/14/88 18:40:43 strong 18 26
airmass 7/14/83 19:46:26 strong 9 11
airmass 7/14/38 20:01:30 strong 13 17
airmass 7/14/88 20:35:42 strong 14 18
airmass 7/14/88 21:47:20 moderate 20 27
airmass 7/14/88 22:54:24 strong 12 16
airmass 7/15/88 03:22:42 strong 9 1
airmass 7/15/88 03:563:39 strong 16 21
airmass 7/16/88 21:18:33 strong 12 16
airmass 8/11/88 22:22:49 sirong 10 13
airmass 8/11/88 22:28:50 strong 9 11
airmass 8/11/88 22:42:09 moderate 15 37
severe 5/10/88 00:35:15 moderate 9 12
severe 5/10/88 00:39:28 strong 9 i2
savere §/10/88 00:45:50 strong 7 "9
severe §/10/88 00:50:16 moderate 10 13
severe 5/23/88 04:11:29 moderate 8 11
severe 5/23/88 04:15:12 moderate 7 9
severe 5/23/68 04:20:34 moderate 8 11
severe 9/24/88 18:40:33 strong 7 5
severe 9/24/88 18:44:32 strong 9 11
severe 9/24/88 18:49:29 strong 7 9
s8vVere 9/24/88 18:56:49 moderate 10 13
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Table A-4 (Continued).
Volume Scans from Huntsville Taken by MIT C-band Radar.

ximum

Type Date Time fntgr::ity t’#‘ 1"‘11!?: f ggv. Angle
stratiform 1/19/88 21:43:11 weak 8 11
stratiform 1/19/88 21:49:34 weak 8 11
stratiform 2/02/88 17:10:35 weak 8 11
stratiform 2/11/88 17:34:56 weak 8 1
stratiform 9/11/88 22:08.52 moderate 6 7
stratiform 9/11/88 22:15:.09 moderate 9 11
stratiform 9/11/88 22:26:47 weak 7 9
stratiform 9/11/88 22:36:48 weak 7 9
stratiform 9/11/88 22:40:59 weak 10 13
stratiform 9/29/88 16:01:33 weak 7 9
stratiform 5/29/88 15:06:38 weak 12 16
stratiform 9/29/88 15:11:15 weak 7 9
stratiform 10/18/88 22:12:03 moderate 13 17
stratiform 10/18/88 22:57:19 moderate 13 27
stratiform 10/18/88 23:14:58 moderate 15 24
stratiform 10/18/88 23:20:20 weak 13 22
stratiform 10/20/88 16:18:14 weak 9 11
stratiform 10/20/88 20:08:36 weak 9 11
stratiform 10/20/88 21:22:15 weak 9 11
stratiform 10/20/88 22:01:40 weak 8 10
stratiform 10/28/88 10:03:51 weak 12 16
stratiform 10/28/88 10:08:40 weak 1 14
stratiform 10/28/88 10:13:03 weak 10 13
siratiform 10/31/88 14:33:12 weak B8 10
stratiform 10/31/88 14:40:41 weak 8 10
stratiform 10/31/88 15:36:26 weak 9 11
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Table A-5.
Volume Scans from Kansas City Taken by
Lincoln Laboratory C-band Radar.

m Maximum
Type Date Time ﬁ:t%:gity Sfu 111?: r Elg)\g Alx:gle
airmass 5/14/83 18:10:51 moderate 18 40
airmass 5/14/89 18:20:51 moderate 16 40
airmass 5/14/89 18:23:53 moderate 15 40
airmass 5/14/89 18:29:59 weak 14 18
alrmass 5/14/89 18:38:25 weak 16 40
airmass 5/14/89 18:44:28 weak 16 40
airmass 5/14/89 18:50:32 waak 16 40
airmass 6/07/89 21:17:41 moderate 9 30
airmass 6/07/89 21:21:17 moderate 11 29
airmass 6/07/89 21:29:51 moderate 16 40
airmass 6/07/89 21:32:53 moderate 15 40
airmass 6/07/89 21:35.57 moderate 16 40
airmass 6/07/88 21:38:58 moderate 15 40
airmass 6/07/89 21:41:59 moderate 16 40
airmass 6/07/89 21:45:01 moderate 15 40
airmass 7/01/89 21:56:23 moderate 12 40
airmass 7/01/89 22:03:18 maoderate 18 40
airmass 7/01/8% 22:13:18 moderate 18 40
airmass 7/01/89 22:23:20 moderate 18 40
airmass 7/01/89 22:33:23 moderate 18 40
frontal 6/01/89 00:48:21 waak 9 12
frontal 6/01/89 00:53:51 weak 9 12
frontal 6/01/89 00:59:20 waak ] 12
frontal 6/01/89 01:04:50 weaak 9 12
frontal 6/01/89 01:10:19 weak 9 12
frontal 6/01/89 01:15:48 weak 9 i2
frontal 6/18/89 02:30:17 streng 15 40
frontal 6/18/89 02:36:21 strong 15 40
frontal 6/18/89 02:42:23 strong 15 40
frontal 6/18/89 02:48:23 strong 15 40
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Table A-5 (Continued).
Volume Scans from Kansas City Taken by
Lincoln Laboratory C-band Radar.

. ..nber imum
we | ome [ omme [ e e
frontal 6/18/89 02:54:27 stong | 15 40
severe 5/08/89 22:25:59 strong 14 18
severe 5/08/89 22:30:56 strong 14 18
severe 5/08/89 22:35:51 strong 13 16
severe 5/08/89 22:39:18 strong 14 18
severe 5/08/89 22:43:19 strong 14 18
severe 5/08/89 22:47:21 strong 14 18
severe 5/08/89 22:51:22 strong 14 18
severe 5/08/89 22:59:25 stror:g 14 18
severe 5/25/89 01:41:22 strong 13 40
severe 5/25/89 01:53:21 Hrung 18 40
severe 5/25/89 02:01:24 strong 15 40
severe 5/25/89 02:07:27 strong 15 40
severe 5/25/89 (2:13:31 sirong 15 4
severe 5/25/89 02:19:35 strong 15 40
stratiform 4/02/89 19:26:31 morierate 17 40
stratitorm 4/02/89 19:31:29 mederate 17 40
stratiform 4/02/89 19:36:25 weak 17 40
stratifonm 4/02/88 19:41:22 v-8ak 17 40
stratiform 4/02/88 12:46:19 weak 17 40
stratiiorm 4/02/8¢ 135117 weak 17 40
stratiform 4/02/8° 19°56:14 weak 17 40
sratifonm 4/20/49 17:53:12 weak 14 18
stratifonm 4/20/69 17:67:12 weak 14 18
stratiiorm 4/20/89 18:01:13 wagk 11 21
stratiform 4/20/89 18:04: 11 weak N 21
siratiform 4/20/89 18:07:06 wagk R 21
stratifonn 4/20/89 18:10:00 wezk 1 21
stratiform 4/20/89 18:13:04 waak 1 21
stratiform 4/20/83 18:16:01 wesk H 2
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Table A-5 (Continued).
Volume Scans from Kansas City Taken by
Lincoln Laboratory C-band Radar.

ximum
Type Date Time g?t:g‘mons gfu quii?: r ggv. Angle
stratiform 4/20/89 18:18:59 weak 10 16
stratiform 4/23/89 19:26:38 weak 16 40
stratiform 4/23/89 19:31:17 weak 18 40
stratitorm 4/23/89 19:36:21 weak 18 40
stratiform 4/23/89 19:41:21 weak 18 40
stratiform 4/23/89 19:46:20 weak 18 40
stratiform 4/23/89 19:51:21 weak 18 40
stratiform 4/23/89 19:56:20 weak 18 40
stratiform 4/10/89 22:38:16 weak 9 12
stratiform 6/10/89 22:49:29 weak 9 12
stratiform 6/10/89 23:00:42 weak 9 12
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Tabie A-€.
Volume Scans from Seatile Taken by NCAR CP-4 Radar.

ximum

Type Date. Time imtensity | of T | Elev. Angle
stratiformn 1/16/82 18:02:42 weak 10 15
stratiform 1/16/82 19:54:07 weak 11 15
stratiform 1/16/82 21:38:17 weak 11 15
stratiform 1/16/82 22:45:59 weak 11 15
stratiform 1/16/82 23:19;50 weak 11 15
stratiform 1/16/82 23:41:16 weak 11 15
stratiform 1/17/82 06:54:04 weak 13 12
stratiform 1/22/82 11:23:32 weak 10 9
stratiform 1/22/82 12:31:26 weak 11 15
stratiform 1/22/82 14:00:51 weak 9 7
statiform 1/22/82 15:31:08 weak 2] 7
stratiforrn 1/22/82 16:50:20 weak 9 9
stratiform 1/22/82 18:i7.51 weak 9 7
stratiform 1/22/82 20:10:20 weak 9 9
stratiform 1/22/82 21:54:20 weak 9 9
stratiform 1/22/82 22:48:20 weak 9 8
stratiform 1/23/82 00:08:21 weak 9 9
stratiform 1/23/82 01:33:14 weak 9 9
stratiform 1/23/82 02:45:21 weak 9 7
stratiform 1/23/82 06:58:02 weak 10 9
stratiform 1/23/82 09:16:54 weak 11 15
stratiform 1/23/82 10:41:57 weak 11 15
stratiform 1/23/82 12:12:00 weak 1 15
stratiform 1/23/82 13:37:32 weak 11 15
stratiform 1/23/82 15.01:33 weak 11 15
stratiform 1/23/82 16:27.05 weak 11 15
stratiform 1/23/82 17:52:38 weak - 11 15
stratiform 1/24/82 04:41:20 weak 1 19
stratiform 1/24/82 06:19:20 weak 11 19
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Table A-7.
Veolume Scans from Seattle Taken by NCAR CP-3 Radar.

mum
Type Date Time ?r:t%;'zlw gfu Tr!i‘llt): r 2’12:? Angle
stratiform 2/13/82 00:44:30 weak 12 15
stratiform 2/13/82 04:30:15 weak 11 15
stratiform 2/13/82 04:55:14 weak 11 15
stratitorm 2/13/82 05:20:15 weak 11 15
stratiform 2/13/82 06:09:14 weak 11 15
stratiform 2/13/82 06:42:18 weak 11 15
stratiform 2/13/82 07:07:15 weak 11 15
stratiform 2/13/82 07:58:15 weak 11 15
stratiform 2/13/82 - 11:06:04 weak 1 19
stratiform 2/13/82 11:39:15 weak 12 15
stratiform 2/13/82 12:24:04 weak 1 19
stratiform 2/13/82 12:55:15 weak 11 15
siratiform 2/13/82 13:39:04 weak 11 19
stratiform 2/13/82 14:16:14 weak 1 15
stratiform 2/13/82 15:00:04 weak 11 19
stratiform 2/13/82 15:25:15 weak 11 15
stratiform 2/13/82 15:49:15 weak 12 15
stratiform 2/13/82 16:14:44 weak 11 15
stratiform 2/13/82 16:39:15 weak 11 15
stratiform 2/13/82 17:30:15 weak 11 15
stratiform 2/13/82 18:59:21 weak 11 15
stratiform 2/13/82 19:23:36 waak 11 15
stratiform 2/13/82 20:53:45 weak 11 15
stratiform 2/13/82 21:18:15 waak 11 15
stratiform 2/13/82 21:54:25 weak 11 15
stratiform 2/13/82 22:33:44 weak 11 15
stratiform 2/13/82 23:02:15 weak 11 15
stratiform 2/13/82 23:27:15 weak 11 15
stratiform 2/13/82 23:51:15 weak 11 15
stratiform 2/14/82 00:16:15 weak 11 15
stratiform 2/14/82 02:35:15 weak 11 15
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Table A-7 (Continued).
ilume Scans from Seatile Taken by NCAR CP-3 Radar.

Maximum
Type Date Time ésxittzrr::ny :)lfu T'Ii‘llt): ‘ Elev. Angle
stratiform 2/14/82 02:53:28 weak 11 19
stratiform 2/14/82 04:19:15 weak . 1 15
stratiform 2/14/82 05:10:15 weak T 15
stratiform 2/14/82 06:01:15 weak 11 15
stratiform 2/14/82 06:19:28 waak 11 19
stratiform 2/14/82 06:52:15 weak 11 15
stratiform 2/14/82 07:43:15 weak 11 15
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