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1. INTRODUCTION

The AirportSurveillance Radar(ASR-9) weatherchannelisan
invaluabletooltoair-trafficand flight managementspecialists. The
precipitationdatafromthis sensoris currently displayed onair-traf-
fic specialists' radar scopes andis incorporatedinto the Integrated
Terminal Weather System (ITWS). The data are used todetermine
optimum routes for aircraft operating in and near the terminal air-
space. Datafromotherterminal area precipitation sensors suchas
the Terminal Doppler Weather Radar (TDWR) and the Next Gen-
eration Weather Radar (NEXRAD) are also used forthis same pur-
pose.

The primary advantage of using the ASR-9 as a precipitation
sensor s its high update rate, e.g. thirty seconds versus about five
minutes for TDWR and NEXRAD. The ASR-9isalsoquitereliable,
with limited down time. Finally, range folding is not a significant
problem with this radar. However, during ITWS prototype testing
over the past three years, we have identified several limitations of
using this radar as a precipitation sensor. For one, the maximum
reflectivity of cells can be significantly underestimated by the
ASR-9 due to partial filling of its fan-shaped elevation beam and
cell-to—cell spatial averaging. Also, the occurrence of underes-
timation seems to increase when the radar operates in circular po-
larizationmode. Inaddition, we have analyzed cases where signifi-
cant precipitation—induced attenuation has occurred. Finally,
because most ASR-9s are located on the airport, rain cores devel-
opingaloft, abovetheairport, maybeunderestimatedormisseden-
tirely. This paper focuses on the problems identified through the
ITWS prototype testing.

2. ANALYSIS METHODOLOGY

The three radars used for this research were the ASR-9, the
NEXRAD, andthe TDWR. The ASR-9is an S-band, fanbeamra-
dar with a beam width of 1.4 by 4.8 degrees (Taylor and Bronins,
1985). It can operate in either linear or circular polarization. The
NEXRAD is an S-band, pencil beam radar with a 1 degree beam
width (Rinehart, 1991). It operates only in horizontal (linear) polar-
ization. The TDWR is a C-band, pencil beam radar with a 0.5 de-
gree beam width, and is also only linearly polarized. The ASR-9
weatherchanneldataisfiltered and smoothed beforeitis displayed
(Weber, 1986 and Puzzo et al., 1989). Conversely, the composite
data from each pixel from the two pencil beam radars corresponds
to the maximum reflectivity over the entire storm vertical extent.

The ten cases presented here were selected at random from
weather events in 1996—1997. We attempted to balance the cases
between both air—mass orfrontal convection, andlinear or circular
polarization (Table 1). This study focused on the Memphis ASR-9
precipitation data. The three Dallas cases and a comparison with
datafromthe prototype ASR-9 WeatherSystem Processor (WSP)
in Orlando (Weber and Stone, 1995) were incorporated to ensure
that the underestimations which we observed were not confined
exclusively to the Memphis ASR-9.

Table 1.

Summary of analyzed cases
Date/location Polarization Weather Type
960618-MEM Circular Both
960817-MEM Linear Alr-mass
960825-MEM Linear Alr-mass
970303-MEM Linear Both
970313-MEM Linear Both
970325-MEM Both Both
970405-MEM Clrcular Frontal
960412-DFW - Both
960607-DFW - Air-mass
970404-DFW - Both

Visual comparisons of ASR-9 weatherdataagainstcomposite
NEXRAD, composite TDWR and ASR-9 WSP data, were per-
formed on the Memphis, Dallas, and Orlando data sets. All of the
performance statistics reported hereinwerebasedonaVideoInte-
grated Processor (VIP) level discrepancy of more than one be-
tween the ASR—9 and at least one of the pencil beam radars. If the
maximum reflectivity area of the cellwaslessthan5sqkm, anaver-
ageofthe two highest VIP levels in the pencil-beamdata was used
to more accurately capture the assumed operational impact of the
high-intensity stormcores. The parameters examined foreachun-
derestimated cell were: the range fromthe radar, the size of the cell
(both horizontally and vertically), the area underestimated, the po-
larizationofthe ASR-9 (Memphisonly),andthedegreeof underes-
timation. The main causes for cell underestimation which surfaced
during our research were due to beam filling (fraction of the radar
sample volume filled by hydrometers), attenuation (process in
which the power of the radar beam is dissipated by hydrometers),
and the cone of silence (area directly above the radar where
echoes cannot be detected).

3. RESULTS

Ananalysis of Orlando ASR-9 and WSP datarevealedthatthe
former generally depicted reflectivity intensities one totwo VIP lev-
els lower than those indicated by the WSP data. Only occasionally
did the ASR-9 VIP levels exceed those recorded by the WSP
testbed. Furthermore, the spatial extent of precipitation regions
was often larger inthe WSP data. Some small, isolated cells were
detected by the WSP, while they were only partially sensed or
missed entirely by the operational ASR-9. We believe that these
differences are primarily due to an overall calibration deficiency for
the Orlando ASR-9 and, to a lesser extent, to the more capable
clutter suppression algorithms used by the WSP.

Next, we compared ASR-9 data with that of the pencil beam
radars. The Memphis database consisted of6294 individual cells of
which 2265 (36%) were found to be underestimated by more than
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one VIP level (Table 2). The Dallas database consisted of 1147 indi-
vidual cells of which 409 (35.67%) were underestimated. Thus, the
degree of underestimation in the Memphis and Dallas data was
virtually identical. This suggests that the underestimation problem
is not isolated to the Memphis ASR-9.

During real-time ITWS operations, Memphis site monitors
have observed changes in reflectivity levels when the radar
switches polarizations. The ASR-9 automatically switches from
linearto circular polarization whenever 25% of the ASR-9range is
covered with level two or greater weather echoes in order for air-
craftbeacons to be more readily identified withinregions of high re-
flectivity. Table 2 shows the degree of underestimation was signifi-
cantly greaterinlinearmode with thisdataset, e.g., 42.17%versus
27.96%. Incontrast, during the 1994—1996 real-time operationsin
Memphis, observations by the Memphis site personnel indicate
thatthe ASR-9 did a betterjob of detecting the echointensity while
operating inlinear mode. The most plausible explanation forthese
conflicting observationsis that the receive paths for bothlinearand
circular mode weather processing are not being held in accurate
calibration.

Table 2.
Percentage of Underestimated Cells as a Func-
tion of ASR-9 Polarization.

ASR-9 Polarization Memphis Dallas
Linear 42.17% -
Circular 27.96% -

Both 36.00% 35.67%

Ofthe 2265 problem cells determined for Memphis, 83% were
underestimated by 1.5 to 2 VIP levels, while only 17% had a dis-
crepancy of greater than two VIP levels (Figure 1). In contrast ,the
Dallas datawas more heavily weightedinthe two tothree VIP level
categories. The discrepancy in reflectivity underestimation be-
tween Dallasand Memphis mostlikely reflects the small sample set
analyzed for Dallas.
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FIGURE 1. Difference in VIP level between the ASR-9 and that of
the NEXRAD and/or TDWR for underestimated cells.

The maximum heightof eachunderestimatedcellforbothdata
setswas determinedby examiningthe NEXRAD echotops product
(Figure 2). The graph indicates that 85.6% of cells in Memphis
which were underestimated had echo tops at or below 28 kft. The
muchlargermean cell heightforunderestimated cellsin Dallas oc-
curredbecause a large portion of these data came fromsquali-Hine
events where echo tops were typically high.

Thedistancefromthe ASR-9 sitestoeachunderestimatedcell
(range) was found as well (Figure 3). Due to its fan beam, the
ASR-9 is more seriously impacted by beam filling at greater dis-
tances than at close ranges (Engholm and Troxel 1990). As the
beam moves away from the radar its volume increases. Thus, the

greaterthe distance to a cell, the larger the cell would needto be to
fillthe beam uniformly. Over 65% of allunderestimated cells inboth
Memphisand Dallas were foundatrangesbetween45and 105 km.
However, cells were underestimated at all ranges, with 26% of un-
derestimated cells in Memphis occurring between 0 and 45 km.
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FIGURE 2. Echo tops of the underestimated cells based on ITWS
storm cell information data.
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FIGURE 3. Distance of each underestimated cell from the ASR-9
site. The ASR-9s maximum range is 111 km.

Boththetotal cell area, and the area underestimated by one or
more VIP levels were compiled for each underestimated cell (Fig-
ures4and5), Thedata forMemphis shows that68% of all underes-
timated cells were 150 sq km or smaller. The area underestimated
by atleast one level (Figure 5) was small as well. Ninety percent of
all underestimated regions were less than or equal to 75 sq km.
Datafrom Figures2 and 4 suggests that mostunderestimated cells
were small inboth vertical and horizontal extent. The one anomaly
in Figure 4, a spike in the Dallas data at 525 sqkmand greater, re-
flectsthefactthatthe Dallas data setcontainedapreponderance of
large cells.

4. CASE STUDIES

Inthis section, we presenttwo case studiestoillustrate three of
the mostsignificant problems with using the ASR-9 weatherchan-
nel as a terminal area precipitation sensor. The Memphis case on
960825 at 190043 UT (Figure 6) shows both an underestimation of
the maximum cell intensity and the non—detection of a weather
echo directly over the sensor. The most significant problem is the
complete miss of a level 3/4 echo located along the southern pe-
riphery of the north-south runways. The cell size was quite smallin
both the horizontal and vertical dimensions, e.g., 22 sq km and
18 kft which contributed to the miss. This is an excellent example of
ourfrequent observation thatthe ASR-9 weather channel may un-
derestimate, or miss entirely, small cells near the radar. The echo
located 16 kmtothe north—northwestis alsounderestimatedbytwo



levels. This cell was shallow in the vertical extent which allowed
significant beam filling losses by the ASR-9.

The second case study is presented to illustrate the problems
which occurwhenalline of heavy precipitation tracks over the radar
platform. Figure 7 is another Memphis event at 144225 UT on
970405. In this case, a squall-line tracks over the ASR-9 sensor
and impacts the airport with level 6 precipitation. The heavy preci-
pitationwithinthe line extends wellto the north and south oftherun-
ways according to the NEXRAD data. An examination of the
ASR-9 data shows gaps in the reflectivity line between 25-40 km
north and 20-30 km south. Infact, a level three echointhe ASR-9
reflectivity fieldbetween40—-60kmtothe north-northwestis actual-
ly alevel 5/6 cell inthe NEXRAD data. To date, “attenuation” of the
ASR-9 precipitation data has not been well-documented by any
previous research.
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FIGURE 4. Total area of underestimated cells based on NEXRAD
composite reflectivity data.
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FIGURE 5. Area underestimated by at least one VIP level. Data
compiled from NEXRAD composite reflectivity data.

5. SUMMARY AND CONCLUSIONS

This study examined ten cases from Memphis and Dallas
where cell underestimation or cell elimination occurred. We also
compared four Orlando ASR-9 cases with WSP data. Our re-
search showedthatinaboutone-thirdofthe cases, the ASR-9 sig-
nificantly underestimatedthe maximumechointensity, andcanen-
tirely miss cells close to the radar. We aiso found that the
cross—calibration of the two polarization's receive paths is appar-
ently not well maintained.

Beamfilling losses are believed to account for most underesti-
mated cells in this study. The ASR employs a model profile of rela-
tive reflectivity to attempt to compensate for partial elevationbeam
filling (Puzzo etal., 1989 and Engholmand Troxel, 1990). Themod-
elassumesaconstantlayerof maximumreflectivity extending from
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the surface to 4kmwith a 3dBz perkm decrease above. A problem
with the current model is that many real reflectivity profiles have
shallow maximurm reflectivity features whose altitude placement
and extentchanges with time. Therefore, the current profile model
may have contributed to the underestimations we have observed
during this study. Engholm and Troxel (1990) have suggested a
more aggressive U.S. threshold adjustment which, statistically,
would increase the accuracy of the ASR—9. In their study approxi-
mately 98% of the cells profiled were assigned a VIP level within
one of the maximum reflectivity found by a pencil beam radar. We
recommendthatthe Engholmand Troxel model beinstalled onop-
erational ASR-9s to help mitigate the underestimation problem.

“Attenuation” of the ASR-9 data was also observed in this
study when; a) a very high reflectivity cell was close to or over the
radar, or b) when a line of high reflectivity cells impacted the radar.
Inthelatercase, cells onthefarendofthelinewere underestimated
due to attenuation. Classical microwave path-length attenuation
does notreadily accountforthe observed underestimates (>10dB)
inthe ASR-9 data. Wexler and Atlas (1963), for example, indicate
attenuation rates less than 0.02 dB/km, even at extreme precipita-
tion rates of 100 mnvhr. A more plausible explanationis the depo-
larization of circularly polarized energy in propagation throughand
scatteringofflarge, oblateraindropsandirregularly shapedgraupel
and hail. In circularly polarized mode, the ASR-9 weather channel
processesonly signalsreceivedwith polarizationorthogonaltothat
transmitted (i.e., the polarization appropriate for scattering from
spherical hydrometeors).

The loss of weather echoes near the radar (i.e., at the airport)
could be a very serious operational concern. This occurs because
cells nearthe radar (1) may have areflectivity core above the top of
thebeamangle (Engholmand Troxel, 1990) or (2) may be underes-
timatedowingtothe aggressiveclutter suppressionalgorithmsthat
are used by the weather channel at shortrange. The use of an off—
airport radar, like the TDWR, for echo information over the airport
would be one possible solution for this problem.

We notefinallythat, whereimplemented, the WSP modification
to the ASR-9 will subsume the functionality of the existing weather
reflectivity channel and will address the deficiencies identified
above. Specifically, the WSP will incorporate the statistically opti-
mized beam filling corrections recommended by Engholm and
Troxel, it will sum energy from both signal polarizations in circular
transmitmode to minimize "attenuation” and its more capable clut-
ter suppression processing will minimize biases so introduced in
the reflectivity estimate.

6. REFERENCES

Engholm, C.D. and S.W. Troxel, 1990; “Beam Filling Loss Adjustments for
ASR-9 Weather Channel Reflectivity Estimates,” MIT Lincoln Laborato-
ry, Lexington, Mass., Project Report ATC-177, FAA-NR-90-6.

Puzzo, D.C., S.W. Troxel, M.A. Meister, M.E. Weber, and J.V. Pieronek,
1989: “ASR-9 Weather Channel Test Report," MIT Lincoln Laboratory,
Lexington, Mass., Project Report ATC—165, FAA-PS-89-3.

Rinehart, R.E., 1991: “Radar For Meteorologists Second Edition,” Universi-
ty of North Dakota, Grand Forks, 290-291, 205-321.

Taylor, J.W. and G. Bronins, 1985: “Design of a New Airport Surveillance
Radar (ASR-9)," IEEE Proceedings, 73, pp. 284-289.

Weber, MW., M.L. Stone, C. Primeggia, and J. Anderson, 1991: "Airport
Surveillance Radar Based Wind Shear Detection,” Preprints, 4th Interna-
tional Conference on Aviation Weather Systems, Paris, France, June
24-28th, AMS, Boston, MA.

Weber, M.W.,1986: “Assessment of ASR-9 Weather Channel Perfor-
mance: Analysis and Simulation,” MiT Lincoln Laboratory, Lexington,
MA, Project Report ATC~138, FAA-PM-86-16.

Wexler, R. and D. Atlas, 1963: “Radar Reflectivity and Attenuation of Rain,”
J. Appl. Meteorology, 2, pp. 176-280.



FIGURE 6. Theimage on the left shows the ASR-9 weather data at 190043 UT on August 26th, 1996. The corresponding NEXRAD com-
posite reflectivity image is on the right. The time differenceis related to the different update rate between the two radars. Below the images
isagray-scalebarwhichindicatesthe VIP levels usedinthe 6 level NWS scale. Therangerings onthe ASR-9image arein20kmintervals.
The block like image in the center is the Memphis airport ARENAS. Both images are centered on the airport. The ASR data is orientated

to magnetic north, while the NEXRAD data is in true coordinates.

FIGURE 7. The image on the left shows the ASR-9 weather data at 144225 on April 5th, 1997. The corresponding NEXRAD composite
reflectivity image is on the right.



