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ABSTRACT

The FAA is deploying over 100 new airport surveillance radars (ASR-9)
across the country. In contrast to earlier ASRs, the ASR-9 utilizes a separate
digital weather processing channel to provide air traffic controllers with timely,
calibrated displays 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 conseguence, weather echoes received from these fan-shaped
beams represent vertically-averaged quantities. If the precipitation only par-
tially or non-uniformly fills the beam, then the vertically integrated refliectivity
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 implemented correc-
tion has not been carefully examined and may require modification to take
into account regional and morphological variability in storm structure.

This report discusses the method used to derive new beam filling loss ad-
justments. An extensive database of volumetric pencil-beam radar data
were used in conjunction with our ASR-9 simulation facility to derive adjust-
ments aimed at calibrating the precipitation intensity reports 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 aircraft
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.
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Figure 1. ASR-9 antenna pattern In the principal elevation plane. The low beam is plotted with
a black curve and the high beam Is plotied with a gray curve. The antenna Is assumed to be
positioned parailel to 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 PPl
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NWS Intensity Possible Rainfall

Reflectivity  Level Code Turbulence  Hail Lightning  (in/hr)
LEVEL 6 [l Extreme | Severe | Large Yes > 7.1
57 dBZ —
Intense | gevere | Likely Yes | 45-7.1
50 dBZ
gery Severe —_— Yes 22-45
46 dBZ trong
Strong Severe - Yes 1.1-22
41 dBZ
Light /
Moderate Moderate Yes 0.2-1.1
30 dBZ
}
Weak Light / — Yes < 0.2
Moderate
0dBz

Figure 2. NWS standard reflectivity levels and associated weather.

weather display 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. If the beam is non-uniformly or
only partially filled with precipitation, then the inherent vertical integration introduced by the
fan beam rmay cause an underestimate of the intensity of the storm. This beam filling loss
(Figure 3) is most acute ationg range, where the vertical extent of the beam intercepts more
than 30,000 ft {9 km) of altitude. At short range, the fixed elevation scan is most sensitive to
precipitation in the lower portion of the storm. The magnitude of the beam filling loss de-
pends on the complex relationship between the vertical reflectivity structure of the storm
and its interception by the fan-shaped beam. f the shape and altitude extent of the storm

2



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

158310-4

3

“T ,

HIGH BEAM

_.
o
|
.
~

HEIGHT (km)
3

RANGE (km)

Figure 3. Schematic illustration of ASR-9 beam filling problem. 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° antenna 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 is the
maximurn reflectivity at any altitude. It is sensitive to regions of strong intensity regardless
of their vertical extent. From a safety viewpoint, it is always desirable to avoid regions of
high reflectivity, thus the vertical maximum reflectivity may be appropriate operationally.
For this reason, the vertical maximum reflectivity will be the desired parameterization used
in this report.

Several studies conducted in the 1960’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 tornado. He then computed the median profile from each profile
group. 182 (78 percent) of the profiles were “rain” profiles, and their median profile shows
maximum reflectivity 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 ft (6 km) (see solid, dashed, and dotted profiles in Figure 4). These more
severe median profiles are similar to what would be obtained by taking a profile throughthe
core of the clouds depicted in Figure 3.

In another study, Konrad {1978) examined over 800 vertical reflectivity profiles taken
through storm cores at a variety of locations. He grouped the profiles into 5 dBZ bins from
35 to 70 dBZ and found that mean profiles (Figure 5) from different locations were similar in
shape but varied in the altitude extent of profile features, such as the depth of the maximum
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Figure 4. Median profiles of core reflectivilty arranged in category of most severe weather. The
51 cases of hail include the 29 cases of large hail which are plotted separately. The 11 tornadic
. profiles are taken from the all-inclusive rain and hail categories. (After Donaldson, 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 value would have the greatest weight
inthe fan beam averaging, the prevalence of the near-surface reflectivity maximum feature
in Konrad’s storm core profiles suggests that minimal or no reflectivity adjustment is need-
ed at short range much of the time. Atlonger ranges, the low beam reflectivity estimate is
only representative of the near—surface reflectivity whenthe near—surface reflectivity feature
is sufficiently deep to substantially fill the radar beam. Most of Donaldson's median profiles
and Konrad's mean profiles show nearly constant refiectivity with altitude below approxi-
mately 5 km, with reflectivities decreasing above. ASR reflectivity estimates for such profiles
would require little correction.

in order to investigate the relationship of storm vertical structure and fan beam radar
reflectivity estimation, it is necessary to examine individual vertical refiectivity profiles taken
through a 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 mean 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 commonly observed at dif-
ferent stages during the evolution of a thunderstorm. The corresponding mean profile is

4
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Figure 5. Profiles of mean core reflectivity for various categories of rainshowers. Number of
cells in each category is shown in parentheses. (From Konrad, 1978.)

Figure 6b. The deep layer of near-maximum refiectivity apparent in the mean 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 refiectivity
Z s and the vertical reflectivity profile maximum projection Zmax (@ useful 2-D reflectivity re-
presentation for air traffic contro! purposes in summertime convective storms). Relative to
the mean profile, a significantly greater differential reflectivity is seen between Zoorand Zyax
computed from the individual profiles in Figure 6, especially at those ranges where the
nose of the radar beam intercepts the storm profile above or 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 a previous study (Weber, 1986), radar reflectivity data from summertime convective
storms in New England 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 ali levels,
consistent with expectations based on the shapes of Konrad's (1978) mean profiles. The
magnitude of the adjustments tended to be larger for weather levels 3-6 than for weather
levels 1-2 due to larger variations in relative reflectivity in the vertical profiles of the more
severe storms. The work in this report follows the computational method outlined by
Weber, but expands significantly the scope of the data set.
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Figure 7. Reffectivity difference between the uncorrected ASR-9 reflectivity (low beam) and the
vertical profile maximurm for the three profiles and their mean shown in Figure 6.
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1.2. ASR-9 WEATHER CHANNEL BEAM FILLING LOSS ADJUSTMENTS -
CURRENT IMPLEMENTATION

A block 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 et al., 1989). Inputtime series (I,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 allows the reflectivity 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
function which performs temporal and spatial fittering to reduce reflectivity estimate vari-

ance and produce a more stable display from scan to scan.

1> =
o ol _» 77\
| Q— |CLUTTER| ' FILTER |31®1rHRESHOLD™ SMOQTH ATC
FILTERS |2y SELECT[ 4Lyl | ,|CONTOUR| | DISPLAY
3> Eng —»
6>

¥ i

CLEAR DAY
CLUTTER | | HRESHOCD

MAP

Figure 9. ASR-9 six-level weather channei block diagram.

An initial beam filling loss threshold adjustment has been currently implemented on the
ASR-9 using a “representative” model profile of relative reflectivity. The model assumes a
layer of constant maximum reflectivity extending from the surface to 4 km, with a 3 dBZ per
km decrease above 4 km. The model profile 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 (1961),
shown in Figure 5. Figure 10 shows no correction at near range, which means that the
ASR-S reflectivity report will remain biased at short range for any instance of an elevated

8
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Figure 10. Current ASR-9 reflectivity profile model fleft) and corresponding threshold
adjustments (right). -

layer of high feflectivity, such as the il storm profiles shown in Figure:4. A-theoretical -
probiem with the current model is that while mean profiles are charactefized by deep re-
gions of maximum reflectivity, most cbserved reflectivity profiles are characterized by shai-
low maximum reflectivity features whose altitude placement and extent change with time.
Thus, the reflectivity threshold adjustments suggested by the current model may resuilt in

an underestimate of the maximum storm intensity at any altitude.






2. DATA ANALYSIS METHOD

2.1. DATA SET

In order to study potential regional differences in reflectivity profile shapes, it was neces-
sary to choose a variety of geographic 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 Plains (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 Seattie (Pt. Brown), Washington. For each of these sites, data were chosen
to represent four types of precipitation systems whenever possible: stratiform (shallow
widespread low reflectivity storm systems); frontal (bands of clouds originating at the junc-
ture of cold and warm air masses); airmass (isolated convective activity); and severe (char-

Y N |

acterized by extensive vertical development and high reflectivities).

Figure 11. ASR-9 beam filling loss correction storm model regions.

The input data consisted of 273 volume scans distributed among 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 have taken anywhere from 2 1/2to 10 min-
utes to complete. The number of PPls comprising the volume scan (tilts) and the maximum
tilt elevation angle are also noted. Volume scans were required to have a minimum scan

e i i emmm el e [P Anrthn tnne Af

angle below 2.0 degrees and to have a maximum scan angie 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 interference from residual ground clutter,

Table 1 lists characteristics of the radars which produced data used for this study.
These data were coliected in conjunction with a variety of field experiments. The CP-3 and
CP-4 radars were operated by the National Center for Atmospheric Research (NCAR) dur-
ing the CYCLES (Cyclonic Extratropical Storms) Project on the Washington 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 1983, as well as for
on-going weather studies. The MIT C-band transportable radar system was operated un-
der contract with the MIT Weather Radar Laboratory in support of FAA/Lincoln Laboratory
field testing of the ASR-8 weather channel at Huntsville, Alabama during the 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 eval-
uation at Denver, Colorado in 1988 and at Kansas City, Missouri in 1988.

Table 1.
Radar Characteristics

NCAR NCAR MIT MIT

CP-3 CP-4 S-band C-band FL-2

Radar Radar Radar Radar Radar
Gate spacing {m) 150 150 250 250 120
Pulse width (us) 1.0 1.0 1.0 1.0 0.65
Wavelength (cm) 5.45 5.49 10.5 54 10.5
Polarization Horizontal Horizontal Horizontal Verticai Horizontal
PRF (Hz) 1000 1000 541 924 700-1200
Beamwidth (deg) 1.1 1.1 1.45 1.4 0.96
Rotation rate (s/360 deq) 12 12 35. 25 30

2.2. CONSTRUCTION OF VERTICAL REFLECTIVITY PROFILES

The first step in deriving the necessary weather channel threshold adjustments con-
sisted of constructing smooth vertical profiles of reflectivity from the pencil-beam radar vol-
ume scan data. Each volume scan consisted of a series of full-circle or sector PP scans
containing between five and 20 constant elevation tilts. Selected azimuth sectors of these
volume scan data were mapped onto a cylindrical 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 from a single full-circle volume scan
could therefore contain as many as 30,720 individual vertical reflectivity profiles. Figure 12
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This report most closely resembles reports produced by the horizon-scanning NWS pencil
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 provide useful advance
warning.

A more conservative representation is the vertical maximum reflectivity product:

Zoax(R,E) = MAX[Z(ROH;0<H<oo] . (3)

It is sensitive to regions of strong intensity regardiess of their aititude and vertical extent.
Hence, itis a an indication of the mostintense precipitation that could be encou ntered 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 Z 5, value as a deep region of compara-
ble reflectivity. This should not present serious operational conseqguences, since the indi-
cation of hazardous storm conditions at any altitude, regardiess of the vertical extent of the

Cartiinnatnary ¢ Lar W W

hazard, could be construed as sufficient cause for avoidance.
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Figure 14. Vertical reflectivity profile through Denver thunderstorm on July 3, 1987 at azimuth
162.0°, range 26.5 nmi. Vertical lines indicate Zmay, Zavg: and Z, for the profile shown (see key).
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Figure 13. Vertical reflectivity profile (a)before and (b)after filtering and fifiing.

be used to characterize the storm profile, depending on the parameterization chosen. The
elevated reflectivity peak seen in the figure is a relatively cormmon characteristic of the pro-
files we examined. These peaks typically form aloft during initial storm 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 desired reflectivity report could be defined as the average reflectivity over the depth
of the storm:

Hz

Zag®8) = [ ZReHdH. | (1)
Hy

Hy = echo base altitude

Hys = echo top altitude

This storm-average refiectivity most closely resembiles the parameter reported by the
ASR-9 weather channel, especially if the beam is filled with precipitation.

Alternatively, we may define a near-surface reflectivity product
Z4(R,0) = Z(R,8,H=0). | (2)
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Figure 5. Zmay and Zys, (iow and high beams} computed from reflectivity profile of Figure 14, An

ASR antenna tiit of 2.0° was assumed for computation of Zag;.

5.5. CALCULATION OF WEATHER CHANNEL 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,5,(R,beam,wx level) curves
~ andthe Zmax 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 v which minimizes the mean square error ¢ be-
tween Zyay and Zae, Over the ensembile of profiles {p+, Pz, ..., Pn-1, Pn}:

N 2
— I- Zimax — 'ﬂzasr(Rébeam)_l e
e2(R,beam,wx level) = \9)
The scaling factor which minimizes the error is given by:
N N
n(R,beamwx level) = 2 (Zasr/ Zmax) / 2 Zas? ! Zead - {7)
p=1 p=1

Equation (7) was used to calculate n (the reciprocal of the required threshold adjustment)
as a function of range for both receive beams and for each of the six NWS weather leveis.
The weather leve! of a profile was defined to be the NWS level corresponding to Zmayx-
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While Zmax 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 refiectivity profiles we examined were characterized by a sharp ele-
vated peak. For these 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. Forthese reasons, we choseto construct
a less sensitive maximum reflectivity parameter which was formulated as the average ofthe
three (M = 3) highest reflectivity values in the sorted (by reflectivity) distribution of N profile
values {Z4, 2o, ..., Zn-1, Zn}:

M-1

1
Zmax(R,e) = V .ZOZ(R!B)N-—i : (4)
j=

For the majority of profiles, which are characterized by smooth reflectivity gradients, this
formulation produces estimates of Zm,, which are similar to those produced using equation

(3).

2.4. COMPUTATION OF Z,sq FROM VERTICAL REFLECTIVITY PROFILES

For each of the reflectivity profiles in the cylinder, the equivalent ASR-9 reflectivity (Zasr)
was computed at 4 nmi range intervals from 0 to 60 nmi, using:

[ z(R.6) Bi(¢) B/(¢) db |
Z.(Rbeam) = (5)

J B9 Bi¢) do

The implementation of equation (5) was as follows: Each vertical reflectivity profile was
first integrated over elevation angle, weighting each of the individual profile values Z(R,$),
by the relative ASR-9 two-way beam power By(¢)B(¢) for that elevation angle. This total
integrated reflectivity, represented by the numerator of equation (5), was then normalized
by the total relative antenna power (the denominator 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 nmi increments for each of the two receive beams. Figure 15 is a plot of Z,g, and Zpax,
computed using the single reflectivity profile of Figure 14. The range-dependent differ-
ences between Z,, and Zax define error curves (one curve for each receive beam) which
represent the amount of weather threshold adjustment required to bring Z,, into agree-
ment with Znyay. .
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3. RESULTS

3.1. Site/Level Specific Threshold Adjustment Curves

Py gy | P W e T

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 thunderstorms, 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 ensembile corrections at all ranges for both beams of the
ASR-8 radar. The resultis 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 60
curves. Threshold adjustment curves were generated for each weather level in which there
was a minimum of 100 input profiles. These curves are shownin Figure 16 - Figure 20. An
insufficient number of profiles precluded accurate determination of threshold adjustments
for weather levels 4—6 for Seattie, and weather level 6 for Huntsville. Although the ASR-9’s
level 1 reports are not compensated for beam filling losses, the level 1 adjustments are in-
cluded for completeness. In general, the amount of adjustment varies from near 0dBatthe
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 similarity of the curves between the dif-
ferent weather levels and sites. The only site whose adjustments differed slightly in magni-
tude from the other four was Seattle, with Seattle weather requiring a greater correction
most notably in the high beam. This may be partly duetoreduced filing 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

JERTIRE Y JRRRY JUNTR R Ju |

reflectivity regions associated with icefiiquid phase transitions at the freezing level (bright-
band). The bright band in the data tended to be located near 8,800 ft (3 km) altitude, which
is below the lower 3 dB edge of the high beam beyond 30 nmi. This resultedin anomalously
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 thata
single correction for each of the two beams might be applicable to all sites and weathe
levels, with the possible exception of storms producing bright bandradar echoes. Toinves-
tigate this, a single U.S. correction was created by using Equation 7 to derive the optimal
threshold adjustment for an ensemble consisting of profiles from alt weather intensity cate-
gories and from all five regions. Alinear leastsquares fit was then made to the resulting low
and high beam threshold adjustment data. The equations for the best fit lines for the two
beams were found to be:

B

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 coefficients of 0.999 and 0.995 for the low and high beams, respectively.
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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 siteflevel specific adjustment curves (dashed).

cause the ASR-9 level 1 threshold is tied to the system noise level and is not adjusted for
beam filling losses, performance statistics were generated only forthose 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 1o Zmay 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 onthe success of the corrections. Although
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 fromabout 70 percentat closerangetoonly 20
percent at far range. Results using the current ASR-S 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 little improvement is seen between the
uncorrected reports and those corrected with the current model. Atfarrange, 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. Correction 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 ilustrated 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 noted range
bin whose reports differ from Zyaxby -1,0, +1, +2, and +3 NWS levels. Forexample, the
—1 report error category represents over—correction by one NWS level. Numbers in the
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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
the corresponding upper and lower rms error bounds for the various siteflevel specific
threshold adjustments.  The leftmost and center graphs of Figure 21 typify the relative
placements of the U.S. curve with respect to the site/level specific error bounds. The U.S.
adjustment is indicated with solid lines, while dashed 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 which is shown onthe right of Figure 21. Here,
the U.S. adjustment curve lies above the level 2 upper error bound atranges greater than 25
nmi. The exceptions from Seattle do not invalidate the U.S. adjustment curve for two rea-
the prevalence of bright-band in the Seattle data pro-

First, as noted

[+ T ala]sl
-1 B P

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 normal operations. Because
the U.S. adjustment curve falls within the error bounds for 49 of the 52 siteflevel specific

“adjustment curves and because the exceptions do not invalidate the U.S. threshold adjust-
ment curve, we believe that the U.S. threshold adjustment curve is appropriate for opera-
tional implementation.

previot 1sly

VIS LI Yy

3.3. Correction Performance

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

Corrected ASR-9 weather reports were generated by first obtaining the equivalent fan
beam reflectivity Z,s, 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,g estimate was then thresholded against the ad-
justed thresholds to obtain the corresponding corrected six-level weather report Z. Be-
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Table 2.
Distribution of Relative Weather Report Errors Versus
Profile Range for the Entire Test Data Set.”

Beginning Range of Relative Report Error { NWS Levels )
Radar Data Volume '
(nmi) -1 0 +1 +2 +3
0.4 69.2 27.6 25 0.3
0
0.9 77.5 19.3 2.1 0.3
0.0 48.4 455 4.2 0.5
10
0.7 73.0 228 3.3 0.2
0.0 45.6 53.0 1.3 0.1
20
1.5 83.7 14.3 0.5 0.0
0.0 40.3 58.3 1.4 00
30
25 86.2 11.1 0.1 0.0
0.0 287 69.2 1.4 0.0
40
3.1 83.4 13.5 0.0 0.0
0.0 20.3 77.3 2.4 0.0
50
33 82.4 14.1 0.1 0.0
0.1 47 5 49.4 24 g2
Overall
(0 - 60 nmi) 16 79.9 17.0 15 0.1

* Numbers in the upper left of each box represent 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 resuits presented in Table 2 indicate that 98 percent of the profiles in the test data

base were assigned a corrected weather level within one level of the desired reflectivity re-

port (where the low beam was used at aliranges). Examination of the remaining 2 percent
of the profiles indicates that nearly 70 percent of these profiles were located in the vicinity of
severe storms (maximum reflectivity > 50 dBZ, echo tops > 35,000 1t) (Tabie 3). In order
to understand the connection between severe storm structure and weather channei thresh-
old adjustment failure, we examined data taken during a severe storm event which oc-
curred on September 5, 1987 at Denver.
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lower right of 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

—_— + ~E 4 o
weather level. Overestimates were quite uncommon -- less than 2 percent of the corrected

profiles exceeded the desired report level. Less than 2 percent of all profiles were underes-
timated by more than one 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 average weather report error for uncorrected and corrected

ACD_Q rarmArto Cirnna th I aleed £ morrmeatasd mraliloan wroara saridlai;m sama b

MOrN—a ToRA D LT u le niapn ll.y U} L GG VNGO WOl T VHI.! i wnie IGVU} Uf Zmax, I.h!:
average error is approximately representative of the fraction of profiles where the corrected
report did not correspond to the desired Znay report. There is a nearly linear relationship
between average report error and range, with corrected estimates improving from an aver-
age report error of approximately 0.25 levels at ciose range to 0. 15 levels atlong range. The
successful results of the U.S. threshold adjustment curve favor its selection over the current
set of threshold adjustments for use in compensating ASR-9 beam filling losses.
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Reflectivity levels of thunderstorm anvils are especially difficult for the ASR-9 to accu-
rately estimate, These anvils 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 severai kilometers downwind. Due tothe low particle densities and
ice crystal composition of these anvils, they are weakly reflective, seldom exceeding 25dBZ
(level 1). Although the limited altitude extent of these high altitude features results in as
much as 20 dBZ underestimation of the actual reflectivity by the ASR-8, the thunderstorm
anvils are usually correctly reported as level 1 (recall that the level 1 threshold is tied to the
system noise level, so that any detection at all counts as a level 1 detection).
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Figure 23. Average weather report error versus profile range from radar for the entire test data set. Errors
without any correction (upper line, plusses) clearly exceed errors after correction (lower line, filled squares).

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

Success of Correction % of Profiles % Severe

correct estimate 79.9 22.6
o e;or o;f Ie;el 18.6 32.2

error of 2 or more {evels 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 proximiity (less
than 1 nmi away) to an intense thunderstorm cell with maximum refiectivity greater than 55
dBZ. A vertical cross—section through this storm indicates a broadening of the storm cell
with height. Because of this, the vertical profile exhibits a sharp increase inreflectivity corre-
sponding to interception of the overhanging precipitation associated with the storm. The
profile maximum occurs at about 3.5 km ~— 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 resuitant underestimation of over 12.5 dBZ (2 NWS levels)

OCCUrs.

28



4. SUMMARY AND CONCLUSIONS

This report documents computation of a set of reflectivity threshold adjustments for the
ASR-9 reflectivity channel. The computational method is based on knowledge of the rela-
tionship between storm reflectivity structures and their representation by the six-level
weather reflectivity channel of the ASR-8. Previous studies have shown that a fan-beam
radar such as the ASR-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 thresholds must be adjusted to provide accurate reports of storm intensity.

The ASR-8 refiectivity channel should produce a useful two-dimensional reflectivity re-
presentation for air traffic control purposes. The vertical profile maximum reflectivity projec-
tion Znax was identified as a plausible representation in that it attempts to report those re-
gions of mostintense convective activity. Itis conservative in that it 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-beamradar data were collected from one site in each region and were used to construct
vertical profiles of reflectivity. By using our ASR-9 weather channel simulation facility, we

wresvra alda dn ~alarn dadra o roflo-~d malivim v mdmrn feamimrasanlo AftheacihislA asbiigiearmte
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which minimized the error between Z,¢, and Z 5, This computation was performed sepa-
rately for each site and weather level combination. Similarities 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 adjustment 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 Z,,, was assessed for reports which
were uncorrected, corrected using the current threshold adjustments, and corrected using
the single U.S. threshold adjustments. The U.S. threshold adjustments were found to sig-
nificantly improve ASR-8 weather refiectivity report accuracy for producing the maximum
profile reflectivity. Approximately 80 percent of the profiles were correctly assigned the
NWS weather level corresponding to Zy,, and 98 percent of the profiles were adjusted to
within one level of Zay.

The sinale LS. reflectivity threshold adiustments nrnnneor{ for the ASR-9 produce sig-
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nificantly |mproved reports of maximum storm mtensmty over the currently lmplemented ad-
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 threshold adjustments for the ASR-8 reflectivity channel. This meth-
od was used to determine weather refiectivity threshold adjustments which will allow the
ASR-9 to produce conservative reports of storm intensity.

Lincoin Laboratory has stationed observers in the Oriando international Airport TRA-
CON during summertime operational testing of the Terminal Doppler Weather Radar
(TDWR) and ASR Wind Shear Processor (ASR-WSP) in 1990 and 1991. Since the Orfando
TRACON 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 aliowing 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 bearn

Relative power of receive beam

Height

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

Range

Reflectivity factor

Equivalent ASR-9 reflectivity factor

Linear average of reflectivities of a vertical profile
Maximum reflectivity of a vertical profile
Near-surface refiectivity of a vertical profile
Reflectivity quantized into the six NWS weather levels
Mean square error between Zyay and Zag
Refiectivity scaling factor that minimizes e

Azimuth angle

Elevation angle

L
)
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"APPENDIX A

VOLUME SCAN DATA USED FOR DETERMINING
BEAM FILLING LOSS ADJUSTMENTS -

The data used in this study were chosen to provide 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 cellin 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 reflectivity of the innermost region of the most intense storm ceii 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 Core reflectivity < 41 dBZ
(NWS Levels 1 and 2).
Cloud tops < 25,000 feel.

Moderate Core reflectivity between 41 and 50 dBZ (NWS Levels
3 and 4).
Cloud tops between 25,000 and 35,000 feet.

Strong Core reflectivity > 50 dBZ
(NWS Levels 5 and 6).

Cloud tops > 35,000 feet.







Table A-3.
Volume Sfcans from Denver Taken by
Lincoln Laboratory C--band Radar

r | Maximum
Type Date Time ﬁltt%rnr:ity gfuﬁltase aZﬁ. Angle
airmass 5/18/87 20:59.47 moderate 12 40
awmass 5/18/87 21:15:13 moderaie i2 40
airmass 5/18/87 21:33:08 moderate 12 40
airmass 5/18/87 21:46:26 moderate 12 40
airmass 5/18/87 21:59:45 weak 12 40
airmass 5/18/87 22:30:37 strong 16 20
airmass 5/21/88 21:24:.07 weak 17 40
airmass 5/21/88 21:37:54 weak 17 40
alrmass 5/21/88 22:08:47 weak 17 40
airmass 5/21/88 22:19:03 weak 17 40
airmass 6/08/87 21:.41.04 moderate 10 12
airmass 6/08/87 21:51:03 moderate 10 10
airmass 6/08/87 22:00:08 moderate 6 12
aimass 6/08/87 22:09:21 moderate 7 12
airrnass 6/08/87 22:32:01 weak 7 12
airmass 7/07/87 g1:10:11 moderate 8 12
airmass 7/07/87 01:23:00 moderate 8 13
airmass 7/07/87 01:39:48 moderate 8 16
alrmass 7/07/87 01:47:44 moderate 12 35
airmass 707187 02:01:16 moderaie a 13
airmass 7/07/87 02:06:18 moderate 9 13
airmass 7/07/87 02:11:21 moderate 9 13
aimass 7/07/87 02:16:23 moderate 9 13
airmass 7/07/87 02:22:34 moderate 8 16
airmass 7/11/87 22:23:08 weak 9 13
airmass 7/11/87 22:38:03 moderate 9 13
airmass 7/11/87 22:59:30 weak 13 35
severe 6/18/87 22:25:19 strong ' 13 40
severe 6/18/87 22:36.14 strong 13 40
severe 7/03/87 02:50:05 strong 13 35
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Table A-2.
Volume Scans from Boston Taken by MIT S-band Radar.

1 Number | Maxirmum

Type Date Time intenshy | of Tits. | Elov. Angle
airmass 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
airmass 6/13/85 13:30:00 moderate 9 15
airmass 6/13/85 15:01:00 moderate 9 15
airmass 6/20/85 17:59:00 moderate 9 15
airmass 6/20/85 20:06:00 weak g 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 19:30:00 weak g 15
frontal 3/28/84 23:42:00 weak 9 15
severe 5/20/82 13:39:00 strong 9 15
severe 5/20/82 13:58:00 strong 9 15
severe 5/20/82 14:35:00 strong 9 15
severe 5/20/82 14:47:00 strong 9 15
severe 6/16/82 13:09:00 moderate 9 15
severe 6/16/82 13:31:00 moderate 10 20
severe 6/16/82 14:20:00 moderate 10 20
severe 6/16/82 15:46:00 moderate g9 15
severe 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 weak 9 15
stratiform 3/13/84 17.30:00 weak 9 15
stratiform 3/13/84 21:15:00 weak 9 15
stratiform 4/08/85 19:36:00 weak 5 3
stratiform 4/08/85 20:16:00 weak 5 3
stratiform 4/18/85 20:55:00 weak 7 5
stratiform 4/18/85 22:35:00 weak 7 5

"
o0




Table A-4.
Volume Scans from Huntsville Taken by MIT C~band Radar.

{ mber | Maximum

Type Date Time imtensity | of Tiks | Elev. Angle
airmass 3/31/88 20:15:27 moderate 6 8
airmass 3/31/88 © 211701 sfrong 10 24
airmass 3/31/88 21:23:19 strong 10 24
airmass 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 sirang 10 13
airmass 7/14/88 18:40:43 strong 18 26
airmass 7/14/88 19:46:26 strong 9 11
aimass 7/14/88 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 11
airmass 7/15/88 03:53:39 strong 16 21
airmass 7/16/88 21:18:33 strong 12 i6
ainmass 8/11/88 22:22:49 strong 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 12
severe 5/10/88 00:45:50 strong 7 "9
severe 5/10/88 00:50:16 moderate 10 13
severe 5/23/88 04:11:29 moderate 8 1
sevare 5/23/88 04:16:12 moderate 7 9
severe 5/23/88 04:20:34 moderate 8 1"
severe 9/24/88 18:40:33 strong 7 g
severe 9/24/88 18:44:32 strong 9 1
severe 9/24/88 18:49:29 strong -7 9
severe 9/24/88 18:56:49 moderate 10 i3
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Table A-3 (Continued).
Volume Scans from Denver Taken by
Lincoln Laboratory C-band Radar.

r Ximum
Type Date Tme | enety | ofTihe | Etev. Angle
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 moderate 12 35
severe 9/05/87 23:05:01 strang 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 7287 00:58:15 weak 8 12
stratiform 7112/87 01:04:39 weak B 12
siratiform 712/87 01:07:51 weak 8 12
stratiform 8/21/87 22:55:41 weak 12 35
stratiform 8/21/87 23:05:48 weak 12 35
siratiform B/21/87 23:15:13 weak 12 35
stratiform 8/21/87 23:25:18 weak 12 35
stratiform 8/21/87 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 18:58:39 weak 10 12
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Table A-5.
Volume Scans from Kansas City Taken by
Lincoln Laboratory C-band Radar.

Type Date Time Storm_ Number | Maximum
Intensity of Tiits | Elev. Angle
airmass B/14/89 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
airmass 5/14/89 18:38:25 weak 16 40
aitmass 5/14/89 18:44:28 weak 16 40
airmass 5/14/89 18:50:32 weak 16 40
airmass 6/07/89 21:17:41 moderate 9 30
airmass 6/07/89 21:21:17 maoderate 11 29
aimmass 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 6/07/89 21:38:58 moderale 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 moderate 18 40
airmass 7/01/89 22:13:19 moderale 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 weak 9 12
frontal 6/01/89 00:53:51 weak 9 12
frontal 6/01/89 00:59:20 weak g 12
frontal 6/01/89 01:04:50 weak 9 12
frontal 6/01/89 01:10:19 weak 9 12
frontal 6/01/89 01:15:48 weak 9 12
frontai 6/18/89 02:30:17 strong 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-4 (Continued).

Volume Scans from Huntsville Taken by MIT C-band Radar.

Type Date Time Storm Number | Maximum
Intensity of Tilts | Elev. Angle

stratiform 1/19/88 21:43:11 weak 8 11
stratiform 1/19/88 21:49:34 weak 8 11
straiiform 2/02/88 17:10:35 weak 8 11
stratiform 2/11/88 17.34:56 weak 8 11
stratiform 9/11/88 22:08:52 moderate 6 7
stratiform 9/11/88 22:156:09 moderate 8 1
stratiforn o/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 9/25/88 15:01:33 weak 7 9
stratiform 8/29/88 15:06:38 weak 12 16
siratiforrn 9/29/88 15:11:115 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 16:19:14 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
stratiforrn 10/28/88 10:08:40 weak 11 14
stratiform 10/28/88 10:13:03 weak 10 13
stratiform 10/31/88 14:33:12 weak 8 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 (Continued).
Volume Scans from Kansas City Taken by
Lincoln Laboratory C-band Radar.

Storm Number | Maximum
Type Date Time C‘:nditions ottl Tlltse Elev. Angle
stratiform 4/20/89 18:18:59 weak 10 16
stratiform 4/23/83 19:26:38 weak 16 40
stratiform 4/23/89 19:31:17 weak 18 40
stratiform 4/23/88 19:36:21 weak 18 40
stratiform 4/23/89 16:41:21 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
stratitorm 6/10/89 22:49:29 weak 9 12
stratiform 6/10/89 23:00:42 weak g 12
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Table A-5 (Continued).
Volume Scans from Kansas City Taken by
Lincoin Laboratory C-band Radar.

Maximum
Type Date Time ?r:toer:;ity ':fu 'lrz:ll:: ' Ele:. ALI;gIe
frontal 6/18/89 02:54:27 strong 15 40
severe 5/08/89 22:25:59 strong 14 i8
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 22:69:25 strong 14 18
severe 5/25/89 01:41:22 strong 13 40
severe 5/25/89 01:53:21 strong 18 40
severe 5/25/89 02:01:24 strong i5 40
severe 5/25/89 02:07:27 strong 15 40
severe 5/25/89 02:13:31 strong 15 40
severe 5/25/89 02:19:35 strong 15 40
stratiform 4/02/89 19:26:31 moderate 17 40
stratiform 4/02/89 19:31:29 moderate 17 40
stratiform 4/02/89 19:36:25 weak 17 40
stratiform 4/02/89 19:41:22 weak 17 40
stratiforrn 4/02/89 19:46:19 weak 17 40
stratiform 4102/89 19:51:17 weak 17 40
stratiform 4/02/89 19:56:14 weak 17 40
stratiform 4/20/89 17:53:12 weak 14 18
stratiform 4/20/89 17:57:12 weak 14 18
“stratiform 4/20/89 18:01:13 weak 11 21
stratiform 4/20/89 18:04:11 weak 11 21
stratiform 4/20/89 18:07:08 weak 11 21
stratiform 4/20/89 18:10:06 weak 11 21
stratiform 4/20/89 18:13:04 weak 11 21
stratiform 4/20/88 18:16:01 weak 11 21
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Table A-7.
Volume Scans from Seattle Taken by NCAR CP-3 Radar.

Maximum

Type Date Time mtonaity | of T | Etev. Angle
stratiform 2/13/82 00:44:10 | weak 12 15
stratiform 2/13/82 04:30:15 weak 11 15
stratiform 2/13/82 04:55:14 wedk 11 15
stratiform 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 11 19
siratiform 2/13/82 11:39:15 weak 12 15
stratiform 2/13/82 12:24:04 weak 11 19
stratiform 2/13/82 12:55:15 weak 11 15
stratiform 2/13/82 13:39:04 weak 11 19
stratiform 2/13/82 14:16:14 weak 11 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 1 1
stratiform 2/13/82 17:30:15 weak i1 15
stratiform 2/13/82 18:59:21 weak 11 15
stratiform 2/13/82 19.23:36 weak 11 15
stratiform 2/13/82 20:53:45 weak 11 15
stratiform 2/13/82 21:18:15 weak 1 15
stratiform 2/13/82 21:54:25 weak 11 15
stratifarm 2i13/82 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
siratiform 2/14/82 02:35:15 weak 11 15
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Table A-6.
Volume Scans from Seattle Taken by NCAR CP-4 Radar.

r | Maximum

Type Date : Time ;Sntt(:e;n;ity z‘u Tq;‘l!:se Elev. Angle
stratiform 1/16/82 18:02:42 weak 10 15
stratiform 1/16/82 19:54.07 weak 1 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 i1 i5
stratiform 1/22/82 14:00:51 weak 9 7
stratiform 1/22/82 15:31:08 weak 9 7
stratiforrn 1/22/82 16:50:20 weak 9 9
stratiform 1/22/82 18:17:51 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 a
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
siratiform 1/23/82 15:01:33 weak 11 15
stratiform 1/23/82 16:27.05 weak 11 15
stratiform 1/23/82 17:562:38 weak - 11 15
stratiform 1/24/82 04:41:20 weak 11 19
stratiform 1/24/82 06:19:20 weak 11 19




Table A~7 {Continued).-
Volume Scans from Seattle Taken by NCAR CP-3 Radar.

Type Date Time Stdrm. Number. gﬁﬁxin}um_ :
Intensity . | of Tiits -| Elev. Angie|
stratiform 2/14/82 02:53:28 weak ... 11 : 19
stratiform 2/14/82 04:19:15 weak’ 11 15
stratiform 2/14/82 05:10:15 weak N 15
stratiform 2/14/82 06:01:15 weak 117 15
stratiform 2/14/82 06:19:28 weak 11 19
stratiform 2/14/82 06:52:15 weak .1 15
stratiform 2/14/82. 07:43:15 weak i1 15




