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1.  INTRODUCTION

MIT Lincoln Laboratory is being sponsored by the
Federal Aviation Administration (FAA) to develop and test
the Terminal Doppler Weather Radar (TDWR) wind shear
surveiliance system (Turnbuli et ai. 1989). As part of this
program Lincoln has developed algorithms for automatically
detecting microbursts, or thunderstorm outflows using the
radial velocity data gathered from a single TDWR. Quiput
from the detection algorithms.will be used to warn aircraft
of microburst hazards. While the success in automatically
detecting mierobursts using the Lincoln Laboratory micro-
burst detection algorithm has been encouraging (Merritt et
al. 1989), one issue which continues to cause concern is mi-

croburst asymmetry. Asymmetry, or aspect angle depen- :

dence, in microbursts refers to outflows that have a diver-

gent surface outflow strength or extent that varies depending
on the aspect (or viewing) angle of the radar.

The TDWR detection algorithms wtilize input from
a single Doppler radar; therefore, an asymmetric microburst
may be underestimated or go undetected if the radar is view-
ing the event from an aspect angle where the strength of
the outflow is weak. Additionally, the size and location of
the event may be distorted when the outflow extent is signifi-
cantly asymmetric. Most of the present outflow modeling
and detection methods are based on the assumption of axial
symmetry both in the strength and extent of outflows. Asym-
metry in microbursts, therefore, is a major concern for
TDWR microburst detection performance.

Past work by Wilson et al. (1984) and Eilts (1987,
1988) has indicated that some microbursts are highly asym-
metric, for at least a portion of their lifetime. However, this
previous work has been limited in scope to single “snap-
shots” of the microbursts, generally at their peak outflow
strength. Strength asymmetries from these previous studies

indicated asymmetry ratios (maximum over minimum

strength) ranging from 1.3:1 to as high as 6:1. None of the .

studies deait with shape (or extent) asymmetries.

This paper describes the results from a detailed study
of 96 individual observations from 27 microburst events.
Measurements were taken to determine both the strength
and extent of each microburst at multiple aspect angles. The
data clearly show that microbursts, on average, have maxi-
mum strengths and extents which are 1.9:1 and 1.5:1 asym-
metric, respectively.

*The work described here was sponsored by the Federal Avi-
ation Administration. The United States Government assumes no
liability for its content or use thereof.

2. DATA

Single-Doppler radar measurements were collected
in Denver during 1987 using the FL-2 S-Band (Lincoln Lab-
oratory) and UND C-Band (University of North Dakota) ra-
dars. As shown in Figure 1, the UND radar was located 20.3
km north and 1.6 km east of the FL-2 radar. The radar scan-
ning was coordinated to cover microbursts that occurred in
favorable duat-Doppler regions. For each scan of an event,
the two-dimensional wind field was calculated using the
multiple Doppler radar synthesis system suggested by
Brown et al. {1981). Surface dual-Doppler wind fields at
250 meter resolution were synthesized from the radar radial
velocity fields. The paired radar scans were all surface tilts
(0.3°-0.5°) and had time differences of less than 1 minute.
In addition the beam intersection angle of the radars had
to be greater than 30° and less than 150° (denoted as the
shaded arez in Figure 1).

The raw two-dimensional wind fields were then
smoothed using 3 iterations of a simple 3-by-3 median fil-
ter, with 4 of 9 points required to be valid. This smoothing
technique had the advantage of filling some small holes in
the data without artificially expanding the analysis region
greatly. The 10% trimmed mean wind was then removed.
A trimmed mean was used to reduce the impact of erro-
neous wind values on thé mean wind. This final perturbation
wind field was used for all analyses.

A wide variety of cases were chosen for this analysis

to obtain a representative sample of the microbursts found
in the Denver environment {Table 1). The “scans” column

" in Table 1-indicates the number of cbservations of a particu-

lar event, “peak reflectivity” (surface) is listed to show that

Figure I. - Relative locations of UND and FL-2. Shaded region
denotes valid dual-Doppler region.
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both “wet” and “dry" microbursts were examined, and the
“maximum strength” indicates the largest differential veloc-
ity over all the aspect angles and observations of an event.

2.1. Data Accuracy

The accuracy of the strength estimates used in this
analysis is on the order of £0.5 m/s. However, the layering
of polar data to Cartesian grids and the application of a me-
dian filter causes a general 15-20% reduction of raw velocity
measurements. This reduction is uniform and therefore does
not affect the asymmetry statistics presented here. Since the
strengths shown here would likely be perceived in raw radar
data at slightly higher levels, some weak microburst events
(<10m/s) were included in this analysis. Shape estimates
have a general accuracy of +0.35 km.

Table 1. Denver, Co microburst cases used in asymmetry analysis.
Peak Max
Date | Case# | Times(UT)| Scans| Reflect.] Strength
{dBz) {m/s)
116 1 2306-2320 5 15 24
2 2307-2313 4 13 26
8 3 2320-2235 8 k3| 16
4 2220-2233 8 36 15
5 2220 b 12 10
6 2224 1 34 16
7 2241-2243 3 49 i6
8 2248-2250 3 54 24
9 2256-2257 2 49 - 18
773 10 2251 1 4 17
11 2251-2256 5 43 10
12 2252-2256 4 38 8
13 2255-2301 6 38 13
14 2259-2300 2 as 10
8/2 15 2243-2247 5 28 10
16 22472257 11 33 13
17 2252 1 10 12
8/6 18 2025-2030 6 16 i0-
19 2026-2029 4 16 11
9/3 207 | 2135-2145 3 31 14
21 2145 1 13 10
22 2145 1 5 15
T 23 2150-2200 3 27 18
24 2200-2205 2 20 15
25 12200 1 0 B
9/4 26 2015-20185 2 23 15
9/11 27 0258-0308 3 56 . 24

3. ANALYSIS METHODOLOGY
Figure 2 illustrates the velocity trace along a line seg-

“ment passing through the center of a microburst. The seg-

ment between the start and stop arrows indicates a region
where the radial velocity is generally increasing (i.e., a re-
gion of positive or divergent shear). To find these regions
of divergent microburst outflow, the perturbation wind field
was examined visually, and a bounding polygon was subjec-
tively drawn around each microburst region.

In general, the sides of the polygon were drawn to
enclose the region of positive shear discussed above. The
shape of the polygon was used to determing the outflow ex-
tent of the microburst, and was therefore important in the
caleulation of microburst shape statistics. The polygons for
isolated microbursts (single distinct outflows) were fairly
easy to define. Complicated muiti-cel or line microbursts,
such as those discussed by Hjemfelt (1985), were much
harder to define using a single polygon. Consequently, only
the portions of the overall flow which had distinct edges
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Figure 2. Typical velocity profile through microburst center. .
(surrounded by regions of convergence) were identified and
analyzed for multi-cell and line microbursts.

Once an event was drawn, the velocity difference
across every unique gridpoint pair within the polygon was
calculated, taking intc account the relative aspect angle of -
the segment. Note that the differential velocity measurement
was calculated between two points; no shear threshold was
set for the intervening points. The strength calculations were
only performed on points whose connecting lines were com-
pletely contained within the defined polygon. It was assumed
that points within the polygon were generaily divergent be-
cause the sides of the polygon limit the strength analysis to
the microburst outflow region,

The relative aspect angle of the line formed by each
pair of gridpoints was determined by placing 2 fictitious ra-
dar 15 km from the centroid of the polygon. As shown in
Figure 3, the radar which has a beam parallel to the test
segment within the polygon (thick line on figure) defines the -
aspect angle of that segment. In the example shown the as-
pect angle of the segment is 130° (relative to the event poty-
gon, not the radar). ‘

o !

RANGE=15KM NORTH

90

MB POLYGON

150
180

Figure 3.  Diagram illustrating relative aspect angle calculations
Jor asymmerry analysis.

Differential velocity and shape measurements were
obtained from all possible aspect angles and then grouped
into one of eighteen aspect angle categories. The categories
ranged from 0°25°(due Narth), to 170°:£3° in ten degree
steps. Aspect angles over 180° were not considered because
they generally reflect measurements made from 0°-180°
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(though not exactly due to the way relative aspect angles
were calculated). Other statistics such as mean wind and
peak reflectivity (magnitude, extent and location) were also
measured.

4.  TYPES OF ASYMMETRY

The TDWR system is designed to identify the location
and size of a microburst and estimate the maximum differ-
ential velocity of the event. Figure 4 shows the duai-
Doppler wind field for a microburst that is nearly symmetric
in strength and shape. A Doppier radar wouid find roughiy
the same strength, location, and size for this event, regard-
less of its viewing angle. This is the kind of symmetry which,
in general, is currently assumed to exist for all microbursts.
However, there are primarily two types of asymmetry that
may occur in microbursts: strength and shape.

4.1, Strength Asymmetry

The strength asymmetry of an event is measured by
estimating the largest differential velocity within the micro-
burst outflow at multiple aspect angles. Differential velocity
is the magnitude of the wind change between any two points
within the event. The severity of the aspect angle depen-

dence for strength in an observation may be measured by

dividing the maximum strength by the minimum strength
over all aspect angles. A strength asymmetry ratio of 1.0
would indicate a microburst perfectly symmetrical with re-
spect to strength. The observation shown in Figure 4 has
a strength asymmetry of only 1.3:1 (20m/s - 15m/s).

A single-Doppler radar will, in general, underesti-
mate the maximum strength of a microburst strongly asym-
metric in strength. The dual-Doppler wind field shown in

Figure S reveals a microburst with a strength asymmetry ra- -

tios of 2.3:1. The differential velocity trace over all aspect
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Figure 4.  Dual-Doppler wind field for a shape and strength

symmetric microburst on July 28, 1987 at 22:48:27 UT. Polygon
for event shown in center) contoured lines are of reflectivity at
40, 45, and 50 dBz.
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angles is given in the graph directly above the wind field.
Figure 6 shows the contours of radial velocity for a radar
viewing from the maximum strength aspect angle (0°) and
located 15 km from the centroid of the event shown in
Figure 5. Similarly, Figure 7 shows the radia! velocity con-
tours for a radar radially aligned with the angle of weakest
strength (90°). Note that the velocity field from the peak
viewing angle indicates a strong shear region with a peak
velocity differential of 24.3 m/s. The radial velocity field
from the weak viewing angle, on the other hand, yields a
weak radially skewed velocity couplet with peak radial veloc-
ity of only 10.4 m/s. The “skewed coupiet” is a common

oceurrence in any asymmetric microburst; unfortunately, it _

may occur at any aspect angle (not just the minimum
strength angle) and therefore gives little insight on the true
asymmetry of the event {Eilts 1988).

4.2, hape mmetr

The shape asymmetry of an event is measured by es- ‘

timating the largest spatial extent of the microburst outflow
at multiple aspect angles. The shape of an event (outflow
extent) is measured by estimating the cross-distance from
one end of the outfiow polygon to the other at a variety of
aspect angles. The level of aspect angle dependence for out-
flow extent is calculated by dividing the largest cross—dis-
tance by the smallest cross—distance over all aspect angles.
The event shown in Figure 4 has a shape asymmetry of 1.2:1
(5.5km + 4.5km).
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Figure 5. Graph (top) indicating variation 'of measured

strength with aspect angle. Dual-Doppler wind field (bottom) for
a shape and strength asymmetric microburst on July 16, 1987 at
23:07:41 UT. Polygon for event shown in center; conlfoured lines
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Figure 6.  Contours of the radial velocity field {Imlis intervals)
extracted from dual-Doppler wind field in Figure 5 relative to a
fictitious radar located at @ range of 15 km and an azimuth of 0°.

A highly aspect-angle-dependent outflow shape
makes it difficult to capture the shape, and sometimes cen-
tral location, of the microburst using a single-Doppler ta-
dar. For example, the cbservation in Figure has a shape
asymmetry of 1.7:1. If we reexamine the radial velocity
fields shown in Figure 6 and Figure 7, we see differences
in not only the strengths of the fields, but also the location
of the peak strengths. Further, the extent of the event
(searching for radials where the strength is a fixed percent-
age of the peak at that angle) is significantly different in
size and shape. Part of this difference is caused by the
strength asymmetry, but a major portion is caused by the
elongated physical shape of the outflow.

$. CHARACTERISTICS OF ASYMMETRY

The characteristics of asymmetry may be divided into

two categories: general and event lifetime. The general char-

acteristics are compiled using all the observations listed in
Table 1. Lifetime characteristics are based oniy on the
events in Table 1 having more than 4 scans of the event.

G e -

The events chosen for this analysis were randomly
chosen from those available during 1987 Denver operations
and, as such, the distribution of maximum event strengths
is similar to that found by Biron & Isaminger (1988). The'
maximum and minimum strengths for each observation are
shown in Figure 8. The aspect angle dependence of strength
for all events is between 1.3:1 and 3.8:1, with a median val-
ue of 1.9:1. As shown in Figure 9, this cumulative probabili-
ty does not change significantly between weak (thin solid
line) and moderate-strong (dotted line) events.

The maximum and minimum outflow extents for
each microburst observation are shown in Figure 10. Shape
asymmetry ratios for all events range from 1.1:1 to 2.4:1,
with 2 median value of 1.55:1. As for strengths, the cumula-
tive frequency of shape asymmetry ratios, as shown in
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Figure 7.  Contours of the radial velocity field (1m/s intervais)
extracted from dual-Doppler wind field in Figure 5 relative to a
fictitious radar located at a range of 15 km and an azimuth of 90°.

Figure 11, does not vary significantly between weak (thin
solid line) and moderate-strong (dotted line) events.

Figure 9 and Figure 11 (and further statistical analy-
ses not discussed here) indicate that the maximum strength
of an -event has little or no correlation with the degree of
the strength or shape asymmetry. Additionally, the two

forms of asymmetry are statistically unrelated. High or low =

strength asymmetry ratios are equally as likely to have high
or low shape asymmetry ratios and vice-versa. None of the
microbursts parameters {mean wind speed, peak reflectiv-
ity, strength, etc.) analyzed during this study showed signifi-
cant carrelation to the strength or shape asymmetry of indi-
vidual observations. )

In most instances, the azimuth angles of the maxi-
mum strength and extent showed no preferred orientation
with respect to the environment or each other. The exception
to this was for those events with both high strength (>2.3)
and shape (>1.75) asymmetry ratios, for which orientation
angles tended to be co-located (i.e., the peak strength oc-
curred along the largest cross-distance}. However, the lim-
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Figure 8. Scatter diagram illustrating spread of maximum and

minimum strengths for each observation.
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ited number of cases which met this criteria makes the reli-
ability of this correlation uncertain.

5.2 ifetime racteristi

There were only seven events which had more than
4 dual-Doppler scans, and were thus suitable for analysis
of lifetime characteristics. This is a limited data set, but
large enough to provide some estimate of the broad changes

in asymmetry over an event's lifetime.

The orientation angle of both the maximum strength

and maximum cross—distance remains relatively constant

(£10°) over the lifetime of the microburst. This is important *

in that a radar which is viewing an asymmetric event from
an unfavorable angle (with respect to strength) will continue
to underestimate the strength of the event unless it moves
into a more favorable position. At a range of 15 km, an event
would need to move approximately 3 km to change the view-
ing angle by 10° (assuming motion is not directly away from

or toward the radar), For the seven event lifetimes analyzed, °

the microbursts traveled a total distance (based on the poly-
gon centroid) of between 1 and § km. This small movement
would not likely be sufficient to obtain a more favorable
viewing angle.

The magnitude of the strength or shape asymmetry
for isolated events tended to remain stable throughout the
event's history. However, environmentali influences {other
microbursts, gust fronts, minor divergences) appeared to
cause significant fluctuations in the magnitude of the asym-
metry over time.

6. INDICATIONS OF ASYMMETRY

The assumnption has generally been made that micro-
bursts are symmetric events. The data presented here clearly

indicate that this is not the case. Perhaps a better representa-

tion of microburst strength and shape is an ellipse (formed
by the maximum and minimum strength or extent of the
event). If an ellipse were used to represent microburst out-
flows, then a parameter P (strength or shape) may be pre-
dicted at any aspect angle ¢ using the formula in Figure 12.
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Figure 12. Formula for the elliptical distribution of strength and
shape parameters.

This formula was applied to all the microburst obser-
vations. Figure 13 shows a scatter diagram of the measured
strength versus the strength predicted with this formula for
all observations and aspect angles, The overall correlation
for all aspect angles was 0.92 for strength and 0.96 for shape
(not shown). The angle between the maximum and mini-
mum strength orientation angles is 70°-90° in over 70% of
the cases, and the same was true for cross-distances. An
elliptical representation of microburst strength and shape
parameters gives a surprisingly good fit over a wide range
of strengths and extents.
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A non-aspect angle dependent measure of the orien-
tation of this ellipse would clearly be helpful. As noted earli-
er, none of the parameters examined in this analysis were
found to indicate the orientation or degree of the asymmetry.
In most cases, asymmetry appeared to be a function of the
location of the microburst relative to other microbursts or
weak divergence regions. Strong outflows would push into
weak outflows, thereby distorting the flow of the weaker
event. Observationally, isolated microbursts appear to be
more symmetric than line or multiple microbursts. However,
even isolated microbursts have some asymmetry which ap-
pears to be, in part, a function of the complexity of the envi-
ronmental flow,

7.  FUTURE WORK

While the analysis presented above is sufficient to
describe microburst asymmetry in Denver's unique weather
environment, microbursts from other regions of the country
should also be examined. The TDWR testbed from which
the data were taken operated in Kansas City, MO during
1989, and is currently operating in Orlando, FL. These data
should be examined for asymmetry ta confirm or modify
the results presented here.

The point-to-point method of calculating differential
velocity, while simple to implement and efficient to use, re-
quires the assumption that intervening wind data points are
divergent. Careful scrutiny of both the wind fields and event
polygons helps to reduce any potential analysis problems.
In the future, however, it may be beneficial to search for
line “segments” within the polygon which have generaily
positive shear along their length. ‘

Finally, the mechanism for creating asymmetry
needs to be understood. The environmental flow, proximity
and orientation to other events, and even the topography of
the land underlying microburst may be a factor. A thorough
analysis of the interaction of microbursts with their sur-
rounding environmental flow would be worthwhile. A com-
parison of Denver, CO (sloping terrain) and Orlando, FL
{flat wetlands) may yield some insight on the effect of ter-
rain on asymmertry.

8. SUMMARY & CONCLUSIONS

Over 27 events encompassing 96 total obsetvations -

of microbursts were examined for asymmetry. There were
two types of asymmetry which were studied: strength and
shape. The median strength and shape asymmetry ratios,

‘for the cases presented here, were 1.9:1 and 1.55:1, respec-
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Figure 13. Scatter diagram of predicted strength (using ellipti-
cal model) vs. measured strength for all observations and aspect
angles. .

tively. The representation of microbursts as symmetric flows
is clearly inaccurate. :

The magnitude of the shape and strength asymmetry
ratios were found to be independent of the magnitudes of
the maximum cross—distance (shape) and strength measure-
ments. No preferred orientation angles were found for maxi-
mum strength or shape, aithough the orientation angles did
remain relatively stable throughout the lifetime of the
events.

Based on these findings, a single-Doppler radar hag
an equal chance of viewing a microburst of all sizes and
strengths from any random aspect angle. Therefore, the ra-
dar will underestimate the overall maximum strength of the -
event, on average, by approximately 30% (based on median
strength asymmetry ratio of 1.9:1). The primary cause of
asymmetry (or at least fluctuations in its magnitude} in mi-
erobursts appears to be the proximity of other wind shear
events (gust fronts, microbursts, or weak divergences).
There appear to be no reliable, single Doppler-radar based -
measurements (reflectivity, peak radial strength, mean
wind, etc.) which indicate the severity or orientation of
asymmetry in microbursts. '
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