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5. Ustr*ot

Tbe observability of microbursti with sing! e. Doppler radri~is investigated tbrOugb WmparigOn “of radar data

and surface. weather eenqor dati. The dala were. collected during 1908 in D:nver,CO as pafiof. ihe FAA TerminaI
Doppler Weatkr Radar measurement program. Radar data were collected hy botb an S-band and Gband. radar,
while surface data were taken from a meaoscale network of 42 weather sensors in tbe vicinity of. Denver’s
Stapleton International A]rport. Results are compared with previous eimiltir studies af observability usizzg dat%
from 1987 in Denver, and 1986 in Huntsville, AL.

A total of 184 microbursts !mpacting the surface mesonet were identified. FOr thOse micrObu~ts fOr wbicb

both radar and surface data were available, 97% were observable by single-Doppler radar. This compares to 94%
observability during 1987 in Denver, and 98% during 1986 in Huntsville. Two strong microburqts (at least 20 mls
differential velocity) were unobservable by radar throughout their lifetime: one due to low signal-to.noim ratio,
and the other due initially to an asymmetric outflow with low signal.to.noise ratio also a contributing factor. Two

other microbursts, with differential velocities from 10.19 mls, were unobservable by radan one due to shallow
outflow with a depth limiled to a beigbt below that of the radar beam, and one due to asymmetric outflow
oriented unfavorably with respect to tbe radar viewing angle.

G’nsistent with previous observations, microburst occurrence WaSmOst frequent during June end JuIY. when
94 microbursts were identified on 20 days. An anomalously hlgb frequency was ,also seen in April, although tbe
qtrength of these events was relatively modeet. As expected, [be diurnal distribution shows the late afternoon to
be the most favorable time for microburst development more than half of all evente reached their maximum
strength between tbe hours of 2-5 p.m. local time.
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1. INTRODUCTION

The Federal Aviation Administration is currently procuring deployment of a network of
Terminal Doppler Weather Radars (TDWRS)to automate detection and warning of hazard-
ous weather in the vicinity of major U.S. airpons. Of primary significance is the detection of
wind shear associated with small-scale (less than4km horizontal extent) and potentially
violent downdrafts of air known as microbursts. M]crobursts have been shown to be a seri-
ous threat to aviation safety, particularly intheterminal area upon take-off andlandlng
@ujits, 1980; National Research Council, 1983; Fujita, 1985). TDWR applies pattern recog-
nition algorithms to continually updated radar reflectivity and radial velocity data in order to
detect andalefi ofdeveloping microburst wind shear (Camp&hand Merrin, 1987).

Su~ssful performance of the TDWR system in an operational environment requires a
high probability of wind shear detection while maintaining a lowrate of false alarms. System
performance is dually dependent upon the radar’s sensing capabilities and limitations, and
the performance of the microburst detection algorithm in properly recognizing patterns in
the radar data, particularly in the Doppler velocity field (Gmpbell et al., 1989). The distinc-
tion between these two factors is illustrated in Fig. I-1. The “observability” of microbursts
by Doppler radar can be viewed as the ability of the radar to show a signamre in the Doppler
field when a microburst is present, whereas “detectability” in tils context is the algorithm’s
ability to properly interpret the Doppler field and recognize the signature. As such, evalua-
tion of overall system performance is dependent upon both of these factors. Considerable
attention has been devoted to assessing the latter, i.e. performance of the pattern recognition
algorithm. ~ls is typically done by comparing algorithm alerts to the divergence areas
identified via manual analysis of radar data, either single-or duaI-DoppIer, by experienced
radar meteorologists. The objective here, however, istouse both surface andradardam~
eatimate the frequency with which microbursts are “unobservable”, showing norecogniz-
able pattern in the Doppler field.

O=ERVABILITY DETECTABILl~

ObseNable MB ~e~ MB Pattern yes
Pattern in Doppler Recognized by
Velocity Held? Algorithm?

no

obseNabihty Mea Algorithm MISS

Fkgure 1-1. Relationship between microburst obsemability by radar and algorithm detectabillt9z

i with respect to overatl system performance.
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This report considers a number of potential limitations which may restrict the obser-
vability of microbursts by single-Doppler radar. They include:

(I) low signal-to-noise ratio (SNR) and/or signal-to-clutter ratio (SCR),
(2) unfavorable viewing angle of asymmetric microburst outflow,
(3) microburst outflow limited to a shallow depth (below radar beam), and
(4) radar beam blockage.

The effects of these limitations on the performance of microburst observability by radar are
investigated, with an attempt to estimate the extent to which they are likely to decrease the
overall system’s probability of detection of microburst wind shear. This is done throush a
comparative analysis of Doppler radar data and data collected from a mesoscale network
(mesonet) of surface weather sensors durirrs 1988 in the vicinity of Denver, CO. Similar
studies have been performed usins data from Denver in 1987 @iStefano, 1988), Huntsville,
~ in 1986 (Clark, 1988), and Memphis, TN in 1985 (DiStefano, 1987). Results from 1988
are compared to previous results in Denver and Huntsville, for which the radar and surface
data collection strategies were comparable.

Both the radar and surface data used for this study were collected as part of the FAA
TDWR measurement program which during 1988 was sited at Denver, CO. Data was col- ‘
lected from 11 April to 13 Septemben this period included the TDWR Operational Demon-
stration which took place during the months of July and AuSust at Denver’s Stapleton Inter-
national Airport. The radars used were an S-band radar (FL–2) developed and operated by
Lincoln bboratory for the FAA (Evans and Turnbull, 1985), and a C-band radar that was
operated by the University of North Dakota ~). The surface mesonet system consisted
of 30 FM-Lincoln Laboratory Operational Weather Studies (FLOWS) weather stations
~olfson et al., 1987) and the 12-station enhanced Low Level Wlndshear Alert System
(UWAS) surrounding Stapleton hternational Airport. The FLOWS stations collected data
on several meteorological parameters (barometric pressure, relative humidity, temperature,
precipitation rate, averase and peak wind speed and direction), while the LLWAS stations
recorded only wind speed and direction. The locations of both radars and all surface weather
stations with respect to the airport runways are shown in Figure I-2.

Chapter Dof this report describes the methodology used in comparirrs radar and surface
daw in order to identify microbursts. Chapter ~ summarizes the results of the study, includ-
ing observability percentages and microburst frequency for 1988, and comparison of results
to previous microburst observability studies. Analyses of microbursts which were unobserv-
able by single-Doppler radar are presented in Chapter W. A summary is given in Chapter
V, and a brief description of ongoirrs and future radar/surface data analysis is provided in
Chapter W.

-2-

. . .. .-.-—.... ..—,..—-—-— —..———-....——.,——. -. —.. --—. —— ———



!, -,

Figure I-2. The 1988 surjace mesonet layout in Denver, CO. FLOWS sta(ions numbered 1
through 30. (Station #29, shown in parentheses, was not operable during 1988.) LLWAS
statiom are Iabelled wi;h directional abbreviation. Radar locations are indicated by cross marks.
The runways of Stapleton international Airport are denoted by straight lines in center of mesonet.

d
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IL METHODOLOGYUS~ IN IDENTI~NG MICROBURSTS

The observability of microbursts was determined through a comparison of surface
weather data and Doppler weather radar data. The methodology was essentially the same as
that used for previous microburst observability studies of data from Memphis in 1985 @]S-
tefano, 1987), Huntsville in 1986 (Clark, 1988), and Denver in 1987 (DiStefano, 1988).
Surface and radar data were examined for the appearance of the horizontal divergence
associated with microburst outflow, and a comparative analysis was performed on an event-
by-event basis. A brief description of the microburst identification and comparison method-
ology follows.

A. Using Surface Mesonet Data

The surface sensor data for each station were converted to a common format for further
processing as described in .Wolfsonet al. (1987). For each day of data, values of the various
meteorologi~l parameters were plotted on a 24-hour time series graph for each station.
Wch of these plots was examined for evidence of possible wind shear events, with the
primary indicator being a sharp peak in wind speed at one or more stations, accompanied by
a change in wind direction. Other indicators included an abrupt change in, temperature,
pressure, and/or relative humidity, as well as the occurrence of precipitation.

Several steps, involvingboth objective and subjective analysis, were then taken to inves-
tigate the potential wind shear events identified from the 24-hour plots. The most significant
of these was identifying surface wind divergence associated with microburst outflow. This
was done through examination of a series of one-minute mesoscale wind plots which de-
picted the surface wind field for the time period covering the potential event. An objective
analysis scheme was used for computing the maximum velocity difference between all com-
binations of station pairs within a divergence area. h order for an event to be classified as a
microburst, at least one pair of stations within the divergence area was required to exhibh a
differential velocity of at least 10 tis within a distance of 4 km. h instances where the
maximum differential velocity was measured between stations, separated by more than 4
“h, it was also required tiat at least one pair of stations within the divergence area efilbh a
horizontal shear of at least 2.5X10-3S-*,equivalent to a 10 mis differential velocity across 4
km.

B. Using Doppler Radar Data

Th6 microburst signature is identified in the Doppler velocity field as a divergent outffow
at or near the ground, apparent as a couplet of approaching and receding radial velocities in
the low-elevation radar scans. frt order for a wind shear event to be classified as a
microburst, it had to exhlbh a velocity differential of at least 10 tis witfdn a horizontal
range of no more than 4 km along a radial extending across the outflow area. This criterion
provides a threshold similar to those used in operational microburst detection algori~
(Campbell and Merritt, 1987), although these algorithms also apply additional requirements
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for spatial and temporal continuity (Merritt, 1987) and association with features aloft
(Campbell, 1988).

In addition to the appearance of a divergence signature in the Doppler velocity field, the
existence of a parent cloud from which the microburst could emanate (Fujita, 1985) was
also necessary for classification as a microburst. This was evidenced by a cell of reflectivity
associated with the surface divergence. Since a considerable portion of the microbursts in
Denver are of the “dry” variety originating within very high cloud bases, it was often neces-
sary to search higher-elevation radar scans in order to identify the parent cloud. There were
some instances during 1988 when a surface divergence was slightly above threshold but not
accompanied by a parent cloud, and was therefore not classified as a microburst.

The ~-2 radar, which provides a OdB S~ for -15 dBz at a range of 15 km, was used as
the primary source of data for microburst identification by radar. However, ~ radar data
were used when FL–2 data were not available, or when a microburst that was identified ,in
the surface mesonet data was not observable by FL-2. For each microburst, the time of
maximum differential velocity observable in the Doppler velocity field was recorded, as well
as the horizontal distance between the maximum approaching and receding velocities in the
radar couplet.

c. Comparison of Radar and Mesonet Data

Mlcroburst observability was determined through comparison of radar and mesonet data
for microbursts identified’ wltiln the mesonet area. Mlcrobursts identified by the surface
sensors were checked against the corresponding radar dat% similarly, microbursts identified
from radar data fincluding those identified and logged in both real-time and playback mode
by radar operators) were compared with mesonet data. Upon comparison of data, each
microburst was classified as either observable or unobservable by radar and mesonet b,ased
on the criteria described in the preceding sections. Incidentally, it was also possible for a
wind shear event efilbiting microburst-strength divergence ultimately not to be classified as
a microburst if, for instarice, tie surface divergence was not associated with a parent cloud
identifiable in the radar reflectivity data. Such events are then disregarded with respect to
the overall assessment of observabihty.

It is also worthy of note that the observability classification was determined on an event-
by-event basis, i.e. each microburst was declared either observable or unobservable. This
differs from many microburst “trutilng” schemes for assessment of detection algorithm
performance, which determine microburst detection on a minute-by-minute basis such that
a single microburst could include both “detectable” and “undetectable” minutes. ~Is dis-
tinction is important to understand when comparing microburst observability by radar with
performance assessment of microburst pattern-recognition algorithms.
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III. SUMMARYOF WSULTS

A. Microburst Observablfity and Frequency

A total of 184 microbursts were identified which impacted the surface mesonet area
during the data collection period of 11 April to 13 September 1988. Of these, there were 155
microbursts for which both FL-2 radar and surface data were available for comparison.
There were also two other microbursts for which radar data were available from W only;
for consistency, these two events were excluded from the observability statistics since
~’s data quality and clutter suppression capabilities are notably inferior to that of FL-2.
Table ~-l presents a summary of identified microbursts, including an observability break-
down categorized by strength; a complete detailed listing of all microbursts identified in this
study is provided in Appendix A.

Table 111-1, Categorization of 1988 Microb1trst Observability by Strength.

(Strength determinedly Maximum Velocity Difference measured by FL-2 radar for those observed

by the radar, and Maximum Velocity Difference measured by surface, sensors for others.)

~ Weak~ Strong All

10-14m/s 15-19mls All TotalMS

Total Microbumts (MB) Identified 70(38%) 58(32%) 128(70%) 56(30%) 1s4

MB with available FL-2 & surface data 61(40%) 47(30%) 108(70%) 47(3070) 155

M.B for which FL-2 data not available 9(3170) 11(3 S%) 20(69%) 9(31%) 29

For MB with available FL-2 &surface data:

MB obsemableby FL-2 radar 59(97%) 47(100%)106(98%) 45(96%) 151(97%)

MB observable bymesonet s4(s970) 44(94%) 98(91%) 47(100%) 145(94%)

MB observed by both FL-2 and mesonet 52(85%) 44(94%) 96(89%) 45(96%) 141(91%)1
L

Table ~-l shows that 151 of 155 (97%) microbursts were observable by radar. k con-
trastto otiermicroburst observability studies [DIStefano; 1988; C1ark, 1988], observability
by radar was actually slightly greater for weak microbursts thm for strong microbursts.
Contributing to this result was the fact that all 47 weak microbursts with maximum differen-
tialvelocities ranging from 15to 19m/swere observable. Theweak microbursts that were
unobservable by radar exhibited maximum differential velocities below 15 m/s; microbursta
of this strength are generally considered to pose little or no threat to aircraft safety. Inciden-
tally, a considerable portion (387.) of the microbursts identified during 1988 attained a
maximum velocity difference of less than 15 m/s.

The observability percentage of the strong microbursts was reduced by the two strong
events which occurred on27Mayand2 July. Onewasunobservable duetolow S~and/or
low SCR, while the other was due to an asymmetric outflow with low SNR an~or low SCR

-7-
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also a contributing factor. h Denver (and presumably in all dry environments), there ap-
pears to be little correlation between microburst strength and radar echo intensity (Wilson et
al., 1984). Consequently, one might expect low SNR to impact the observability of both
weak and strong events, as was the case during 1987 in Denver (DiStefano, 1988). However,
on an event by event basis in 1988, the observability of only two microbursts (both catego-
rized as strong) were affected by low SNR. This is somewhat misleading, for although the
event on 27 May went unobserved entirely as a result of low SNR, this was not the case for
the 2 July event. As previously indicated, both asymmetry and low SNR (and/or low SCR)
contributed to this event being unobserved by radar. Asymmetry was the contributing factor
while WISmicroburst was in its strong phase, and low SWSCR was the contributing factor
during the weak phase. So, in actuality, the observability of both a weak and strong event
were affected by low SNR during 1988.

h contrast to the impact of low SNR on observability, the effects of asymmetric or
shallow outflow, which tend to cause an underestimate of surface divergence, are more
pronounced on observability of weaker events since an underestimate of their magnitude is
more likely to bring them below some microburst-strength threshold. In wetter environ-
ments such as Huntsville where low SWSCR does not appear to be a problem for obser-
vability, one would expect more of a distinction between observability of weak and strong
microbursts. Although this difference is not expected to be as apparent in Denver, it is still
expected to some degree for a large sample size, and the reverse relationship seen in 1988 is
considered an anomaly.

There were four microbursts which were classified as unobservable by FL-2 radar. Two
of these were categorized as weak and two as strong, as determined by the maximum veloc-
ity difference measured by the surface mesonet. As mentioned, one of the strong events was
unobservable due to low SNR and/or low SCR, while the other was due to asymmetry with
low SNR and/or low SCR also a contributing factor. As for the weak microbursts, one was
unobserved due to a shallow outflow, while the other was unobseNed due to asymmetry. A
summary of these four microbursts is listed in Table ~-2; the table identifies the time
period during which divergence was apparent in the surface wind field, and the maximum
velocity differential observed by the mesonet. The circumstances surrounding these events
are described in detail in Section W. h addition, there was one other microburst which was
unobservable by N due to low S~, it is not included here because no ~–2 data were
available for the event.

Table ~-3 compares 1988 microburst frequency and observability with results of similar
studies of data from Denver in 1987 and Huntsville, % in 1986 [Clark and DiStefano,
1989]. The table is divided into two parts: Part A is a summary of all microbursts with
available radar and mesonet data, while Part B shows a comparison which includes only the
daw collection period of 6 June -13 September, which was common to all three years. First
comparing the two years in Denver, the table shows an increase in microburst observability
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I Table 111-2. 1988 Microburs[s Unobservable by Rada!

I ~ # DA~ W(~C) MAX AV EXPLANA~ON

45 26 May 2035-2041 14 Shallow Outflow
52 27 May 2100-2120 30 Low SNR
101 2 July 2211-2225 21 Asymmetryhw SNR
139 17 July 0024-0034 14 Asymmetry

by radar from 94% in 1987 to 97% in 1988. There was also a large increase in microburst
frequency in 1988 (50% more microbursts per Data Collection Day). However, since
Mlcroburst Days occurred with similar frequency for the two years (25% of the days in 1987,
28% in 1988), the difference was primarily due to the large increase in microburst frequency

,..~ per Wicroburst Day (up from 3.3 to 4.3 microbursts per Mlcroburst Day). This fact is weighed.,,.
?y+- heavily by a number of “frantic” microburst days in 1988: 12 microbursts occ,urred on 9

June, 17 occurred on 16 July, and 14 on 9 August. This difference is even more marked
during the “common” data collection period (Table ~-3B); there were two fewer
Microburst Days in 1988 with 27 more microbursts, corresponding to nearly 4070 more
microbursts per Microburst Day.

Table 111-3. Comparison of Annual Microburst Freguency and Observability

Comparison of data from Denver and Huntsville shows a slightly greater microburst
observability by radar in Huntsville. Low signal-to-noise ratio that resulted in several unob-

-9-

(A) Total .w~l MB/ Observability by Radar:

Year/Site Data Period MB Day MB Da},a MB Day Weak Strong All

1986 Iiuntsville 3 Apr-9 Dec 131 0.5 39 (167.) 34 98% 100% 98%
1987 Denver 6 Jun-5 Ott 102 0.8 31 (25%) 3.3 91% 97% 94%
1988 Denver 11 Apr-13 Sep 184 1.2 43 (28%) 4.3 98% 96% 97%

__-- _-_-- _----- _-__ -_------------------- —----
TOTAL 417 0.8 113 (21%) 3.7 97% 97% 97%

@) Total MB/ MB/

YearlSite Data Period MB Day ‘VB Days MB Day

1986 Huntsville 6 Jtsn-13 Sep 98 1.0 24 (24%) 4.1
1987 Denver 6 Jun-13 Sep 99 1.0 29 (29%) 3.4
1988 Denver 6 Jun-13 Sep 127 1.3 27 (27%) 4.7



servable microbursts in Denver did not pose a problem in the wetter Huntsville environment,
and this appears to account for the difference in observability between the two sites. Com-
paring the microburst frequency at the two sites must be approached with more caution,
since the Huntsville mesonet was comprised of more stations covering a much larger area
(see Table ~-4 for mesonet characteristics). The data collection during 1986 also extended
well past the “microburst season”, and included the less active months of October-Decem-
ber, which contributed to the lesser percentage of Microburst Days occurring in Huntsville
(Table ~-3A.) This factor is eliminated in Part B of Table ~ which includes only the com-

Table III-4. Characteristics of the Huntsville and Denver mesonets.

HUNTSVILLE, 1986 DENVER

ExDanded ‘ 198711988

Number of Surface Stations 36 77 42

Coverage Area (sq. km) 500 1000 150

Avg station spacing (km) 3-5 1-4 “’ 2-2.5

Max range from radar (km) 22 31 22

- The mesonet was expanded during June and July with the ioclusion of NCAR’S
Portable Aulomaled Mesonet (PAM) sta lions.

● . Beyond 20 km ,adi”s from the radar, slalion spacing was 4-a km

mon dat~’:~,~l~ectionperiod,:,~::~ite, of the larger rnesonet area in Huntsville, the riu,mberof
microburits id$:tifie,d during the “commonperiod’’was’still somewhat less than that found in
Denveri ‘indicating the ‘Derive; frequency of microburst per unit urea to be considerably .,
greater. Once again, this difference is likely due to the significant proportion of “dry” Den-
ver microbursts, the occurrence of which is most favorable in the High Plains environment.

B. Monthly and Dlumal Variation

Table.q-$ ,presen=, a “rnon~ly, breakdown of microburst. frequency for, all rnisrobursts
iden~fied’during the three”data collection years 1986-1988. For each year, the table shows
the number of Mlcroburst Days occurring during each month, the percentage of Microburst
Days based on data collection days during that month, and the total number of microbursts
identified. The data for 1988 also indicates the number of strong microbursts (at least 20
tis velocity difference) identified for each month. For all three years, the greatest number
of microbursts occurred during June and July, with August also showing a relatively high
microburst frequency in 1986 and 1988 in spite of considerably fewer Mlcroburst Days. Also
of note is the high frequency of microbursts in April of 1988: during only twenw days of
data collection, a total of 27 microbursts were identified with microbursts occurring on 40%
of the days. Extrapolated to a full month of data collection, the microburst total for April
rivals that of June and July. Unfortunately, there is no corresponding April data from Den-
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Table 111-5. Monihly Variation of Microburst Freguency

Denver 1988 Denver 1987 Huntsville 1986
MBDays (%) MB [Strong] MB Days (%) MB MB Days (%) MB

April 8 (40%) 27 [ 3] 1(4%) 1

May 8 (26%) 26 [ 6] 2(6%) 3

June 10 (33%) 45 [ 9] 10 (40%) 34 9 (30%) 32

July 10 (32%) 49 [24] 11 (3570) 31 10 (32%) 44

August 6 (19%) 30 [14] 6 (19%) 11 8 (26%) 31

September 1 ( 8%) 7 [0] 4 (13%) 26 4 (13%) 13

October - - - 0(0%) o 2(6%) 3

November - - - 3 (lo%) 4

December - - - 0 ( o~o) o

ver 1987 for com~arison. so it is not known whether the high frequency was simply a one-
year anomaly. There was certainly no evidence of this hig~ Apr~l frequency in Huntsville
1986, as only one microburst was identified during 28 data collection days. Furthermore,
when considering only strong microbursts, the 1988 monthly frequency distribution appears
to be more Gaussian, peaking irrJuly and showing no anomalously high frequency in April.
(Note that the occurrence of strong microbursts,as a percentage of total microbursts is much
greater, nearly 50%, for July and August than for the other months.) A comparison of Den-
ver and Huntaville data (keeping in mind the difference in mesonet areal coverage) shows
reasonable similarity in percentage of Microburst Days and microburst frequency for June
through September, with far fewer microbursts identified in Huntsville during the spring
months.

The diurnal distribution of all microbursts occurring during 1988 in Denver is shown in
Figure ~-l. The most common hour for microburst occurrence was 4-5PM Local Daylight
Time, during which time 22% of the microbursts reached their maximum differential veloc-
ity. More than half of the microbursts occurred from 2-5 PM, and 80V0occurred between
1-7 PM. No microbursts were identified between 11 PM and 12 Noon. Mspection of only
strons microbursts yields a similar distribution, with a secondary relative maximum occur-
ring between 1-2 PM.

c. Comparison of Maximum Differential Velocity as Measured by Rdar and
Mesonet

The magnitude and time of occurrence of maximum differential velocity ~axA~ at-
tained by each microburst were recorded from measurements of both radar and surface

-11-



MOUNTAIN DAYLIGHT TIME (MDT)

Figure 111-1, Diltrnaf Frequency Distribution Of1988 Denver Microbursts.

data. (This information is included in the detailed microburst listing, Appendix A.) Meas-
urements by radar and mesonet were compared in order to consider the typical time evolu-
tion of microburst development, as well as to comparatively examine the measurements
yielded by the two different sensing systems. A subset of microbursts was used for this
comparison; the subset included the 141 microbursts which were observable by both radar
and mesonet, and for which complete data were available from both sensing systems.
(There was one microburst observable by radar and mesonet for which radar scans were
missing at the onset of the event; this event was excluded from the analysis.) The radar/
mesonet comparison of MaxAV for this subset is summarized in Table ~-6.

Perhaps the more significant aspect of this comparison involved the time of occurrence
of MaxAV as measured by radar and mesonet. On average, MaxAV as measured by radar
was attained approximately one minute prior to that as measured by the surface sensors.
There were nearly twice as many microbursts for which MaxAV occurred first aloft, meas-
ured by the radar’s lowest elevation scan, than at the surface. When the timing was consider-
ably different, i.e. when MaxAV differed by at least two minutes, the radar MaxAV meas-
urement occurred prior to that of the surface mesonet measurement of MaxAV approxi-
mately two and one-half times more frequently than it occurred “later”. For about one-third
of the events, the time of MaxAV measured by radar and mesonet differed by no more than
one minute.

The data implies that sensing by radar, i.e. examining the wind environment up to a few
hundred meters above ground level, may afford more timely (perhaps on the order of one
minute) detection of wind shear development than does surface sensor measurements. h-
plicit is the assumption that the radar/mesonet relationship of MaxAV timing is similar to
the timing with which the two sensing systems would initially attain some “microburst
threshold” measurement. A plot of AV-vs.-Time for radar and mesonet would be expected

-12-



Table 111-6. Comparisori of Ma.x A V Measured by Radar and Mesonet

A. Max A V Time Comparison

----------------------------------------------------------------
No. of times radar Max A V occurred first 81 57%
No. of times mesonet Max AV occurred first 43 31%
No. of times radar fmeaonet Max AV occurred same minute 17 12%

----------------------------------------------------------------
No. of times radar Max AV occurred at least 2 min. earlier 65 46%
No. of times. mesonet MaxAV occurred at least 2 min. earlier 27 19%
No. of times radarlmesonet Max AV occurred tittin 1 min. 49 35%

----------------------------------------------------------------

B. Max A V Magnitude Comparison
----------------------------------------------------------------
No. of times radar MaxA V was greater 45 32%
No. of times mesonet Max A V was greater 85 60%
No. of times radar/mesonet Max AV were same 11 8%
----------------------------------------------------------------
No. of times radar Max A V was more than 5 mls greater 3%
‘No. of times mesonet Max A V was more than 5 m/s greater 3: 23%
No. of times radar/mesonet iMax A V were within S m/s 10s 74%
----------------------------------------------------------------

to yield two similarly–shaped curves differing by some time lag (Fig. ~-2A), rather than,
say, curves of different periods in which a threshold measurement is first attained by
mesonet, yet with the maximum amplitude of the mesonet lagging behind that of the radar
(fig. ~-2B). Experience of the authors is that the former is a more typical radar/mesonet

— Radar Mesonet

Figure 111-2. Schematic examples show;ng possible relationship between radar and mesonet
measurement of differential veloci(y as a function of time, showing curves of (A) same and
(B) dvferjng periodicjty.

timing relationship. As an example, a plot of AV-vs.-Time as measured by both radar and
mesonet for a microburst occurring on 9 June 1988 is shown in Figure ~-3. This microburst
was selected because it developed and remained entirely within the mesonet in an area of
dense station coverage. It shows MaxAV (radar) attained at 2148 UTC, with MaxAV
(mesonet) occurring three minutes later. The microburst threshold is also attained earlier by
radar, at 2143 UTC. This threshold is first reached by the mesonet at 2144 UTC, the velocity

-13-
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differential then drops below threshold for a couple of minutes and reaches threshold again
between 2146 and 2147 ~C.

20-
18-
16-
14-

AV :; ——— ——

4- — Radar
2- b
0-

- Mesonet

2140 2142 2144 2146 2148 2150 2152 2154 2156 2158

w (me)

Figure 111-3.Differential Velocity-vs.-Time as measured by radar and surface mesonet
for microburst occuring on 9 June 1988.

The magnitude of MaxAV measured by radar were also compared (refer back to Table
~-6B). MaxAV as measured by mesonet was typically higher than that of radar, and this
relationship was increasingly evident for microbursts with larger mesonetiradar differences.
On average, the mesonet measurement of MaxAV was 2 m/s greater than that of radar, a
difference of a little more than 10%. One might expect a greater wind divergence at the
surface as the downward momentum of the microburst is transferred into the horizontal as it
impacts the ground. Consideration must also be given, however, to the differing measure-
ment characteristics of the two sensors: the radar velocity measurements are high spatial
resolution volume averages of radial components, whereas the surface mesonet yields rela-
tively low spatial resolution point measurements of the total wind vector. These differences
may contribute to any difference in comparisons of Max AV. Also, the asymmetric geome-
try common in microburst outflow would also have a greater impact in underestimating
MaxAV by radaq however, Clark (1988) has suggested that this effect, on average for a
large number of events, is reasonably compensated by the superior spatial resolution of the
radar measurements.

The data presented here provides a limited insight into both the timing and wind speed
estimate relationships of radar and surface sensing; a more comprehensive analysis of nu-
merous examples, beyond the scope of this report, is required to substantiate these implica-
tions. A clearer understanding of the radar/surface wind measurement relationship will be
most valuable in developing an integrated wind shear warning system which incorporates
both the Doppler velocity data provided by ~WR and surface wind information available
from the UWAS surface network.
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fV. MICROBURSTSUNOBSERVWLEBYW~

During the 1988~WR Project in Denver, there were four microburst events that were
unobservable bydte FL-2 radar. This represented 2.6Yoof theevents forwhich both radar
and surface data were available. As mentioned in the previous chapter, two of these events
were categorized as strong microbursts (MaxA.V>20 mls) *w~lle the other two were we~~
efilblting maximum differential velocities of less than 15 m/s. Following is a brief synopsis
of each rose.

A. Casel: 26 May19S8(2035-2041 WC)

The microburst, which impacted the northlsouth runways at Denver’s Stapleton Airpon
on26 May, wasclearly identified by the surface mesonet sensors. Figure W-1 shows this
microburst when it was positioned directiy over the north/south runways at 2038 ~’ at a
range of approximately 16kmfrom ~-2. Shear calculations performed onthls microburst
yielded results which categorized the event as weak. Figure W-2 shows that the maximum
veloci~ differential remained below 15 m/s for the duration of the event.

Figure IV-l. Mesonet plot showing thesurjace wind field on 26 May 1988at 2038 UTC. Doshed

Itnebrdicatesmicroburstd ivergento utflowarea. F&!lbarb represents 5m/sand half-barb 2,5
mls.
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Mgure IV-2. Maximum differential velocity as computed from mesonet data for microburst

on 26 May 1988 from 2035-2041 UTC.

According to radar data collected by ~-2, the cell responsible for this event was visible
at tilts just above the lowest-level surface scan. However, in the vicinity of the event, neither
the &2 nor the W radar observed microburst strength AV’S ~.e. > 10 m/s over a
distance not greater than 4 km). Some weak divergence was indicated. However, maximum
AVS reached only S-7 mls.

Apparently, the microburst strength outflow from this event was shallow in depth and
located close to the surface. The microburst occurred in a location where distance from the
radar, local topography (sloping downward with increasing range from ~-2), and antenna
tilt angle (0.4°) all resulted in a layer at the surface more than 100m deep where the radar’s
main lobe did not scan. According to Wilson et al. (1984), 7S m AGL is the height where
maximum differential velocities associated with microbursts occur. The fact that

(1) Wls height (75 m) lies safely within the 100 m surface layer not scanned by
the radar,

(2) the mesonet surface sensors clearly identified this event, and
(3) adequate S~ was indicated,

all support the assumption that this microburst was not observed by radar bemuse its out-
flow was shallow in depth and located close to the surface.

Similar analyses were performed on a microburst that occurred in Denver on 2 Septem-
ber 1987, to determine if a shallow outflow was the reason radar dld not observe the event
(see DiStefano, 1988, pp. 79-82). It was shown by simulating the wind profile with height
between the the lowest antenna tilt angle and the surface, that a closer estimate to the
maximum) velocity differential, as observed at the surface, could be attained. These results
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suggested that by adjusting the antenna tilt angle lower, a better representation of the
rnicroburst wind shear could have been measured. However, in doing this, the probability of
encountering high level ground clutter due to increased main lobe illumination of ground
clutter targets would increase. Therefore, a microburst having this particular signature at
th~s location could not effectively be observed.

B. Case 2 27 May 1988 (2100-2120 ~)

The second of two microbursts which impacted the mesonet on 27 May 1988 occurred in
the northern portion of the network during the period 2100-2120 ~C. By 2112 ~Ci tils
event was affecting the entire northern thbd of the mesonet (see Figure W-3). Veloci~
differentials as measured by the mesonet surface stations for this microburst peaked at 30
m/s and remained above 20 m/s for more than 10 minutes. Figure N-4 shows the Max AV
trace for this microburst which was categorized as strong.

wring this event, both the FL-2 and W radars were operating. The cell which pro-
dumd this microburst was not observed in the lowest surface scan by FL-2. The reflectivity

-/ J
Ngure N-3. Mesonet plo~ showing the surface wind field on 27 May 1988 at 2112 UTC. Dashed

line indicates microburst divergent outflow area, Full barb represents 5 mls and hay-barb 2.5 mls
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Figure IV-4. Maximum differential velocily as computed from mesonet data for microburst
on 2? May 1988 from 2100-2120 UTC.

field from the low-elevation scan, tiresholded at -1 dB, showed a maximum value of 5 dBz
in the microburst-producing cell, with nominal clear-air values of –1O to -20 dBz away
from the microburst area. Looking aloft, above the 2° elevation angle, the cell was apparent
with maximum reflectivity values on the order of 20 dBz. With the SR thresholded at 6 dB
so that only the stronger signal in the vicinity of the event could be observed, FL-2’s low-
elevation Doppler field revealed velocity differentials that just barely exceeded threshold
(10-11 ~s), and this during only two low-level scans (2059 and 2102 ~C). Apart from
this, no distinguishable divergence at all was observed, and this as a direct result of low
Sm. Even when divergence was observed by FL-2, the maximum radial distance over
which this divergence was seen was less than 1.5 km fi.e., there was only a relatively small
area where the S~ was greater than 6 dB). Divergence, as distinguished from the surface
wind field measurements, however, was observed over a distance greater than ~ ~. It

should also be mentioned that because of low S~, W’s radar was also not able to ob-
serve the event.

Further analysis showed that asymmetry was not a contributing factor which led to this
microburst going unobserved by either radar. hspection of radial wind components com-
puted from mesonet and ~WAS surface winds indicated that strong divergence signatures
should have been observable from both radars.

c. Case 3: 2 Jdy 1988 (2211-2225 ~C)

Five microbursts impacted the mesonet on 2 July. One of these events, which occurred in
the northern sector of the mesonet between 2211 and 2225 ~C, was observed by the sur-
face mesonet stations and the W radar, but was missed by FL-2. It was a dry microburst
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event as irrd!cated by ~-2’s surface reflectivity data from 2213 UTc Figure IV-5 shows
the areas of weak echo over the mesonet at that time. Maximum surface reflectivity associ-
ated with thjs microburst reached only 15 dBz and could be seen in the vicinity of station #2.

h the Doppler velocity field, with the S~ threshold at 6 dB, the ~ radar was able to
observe the divergence signature produced by this microburst which impacted the northwest
portion”of the mesonet (see Rgure W-6). At this time (2213 UTC), the area impacted by
this microburst was represented by S~ values from both radars that were comfortably
above the 6 dB threshold. &2, however, did not observe a microburst signature with tils
event but instead identified mai,nlyrotation with ordy some weak divergence. A plot display-
ing the dual-Doppler wind field during this time portrayed a complex wind pattern over the
mesonet. Hgure W-7 shows dte dominant feature to be a divergent line extending south-
west-northeast into the northern portion of the mesonet. A strong microburst was located on
dds line just west of Stapleton’s runways. The microburst, which was not observed by =2,
can be seen jn tfis plot over the northern portion of the network. A divergent line extends
weWeast just north of station #l and “then southeastward into the northern portion of the
mesonet. Associated with this line are two microbursts. One is Io@ted just north of the
mesonet where the divergent line begins to bend southeastward, while the other, which is the
event missed by ~-2, can be seen near mesonet stations #2, #6, and #7. The divergent flow
associated with this microburst is notably asymmetric with the main axis of divergence
aligned southwest-northeast which is in effect quasi-perpendicular to the beam’s W2’S)
main lobe .,, ,,,, ,, ,:,,,,,,,:,,.. .. . .. ,., ,,,.,,,’. .. . . ,:i:;..........jr..,.”..,:,,,,,, ,,,. ,:,,.,,,

The divefgencesigntitufe”asso~ated;”’wltti”fi~s“rn”icfo~urst‘wasidentified by the ‘rnesonet
surface StitiOnS’~Ufing”arialY&S of the wind field. ~lgu!e, W-$ shows that during ~ls time>
most of the netiork experienced strong west-northwesterly flow while the north+entral
portion of the mesonet was being affected by this microburst. The southeasterly flow at
station #1 was associated with an anticyclonic vortex which was visible in the dual-Doppler
plot in Hgure W-7. Awording to the surface data, the maximum velocity differential ex.
ceeded 21 ds, thus allowing this event to be categorized as strong (see Figure N-9).

Shortly after”tie Surface divergence reached its peak ~ng~, the typid S~ values
associated with tils event dropped considerably, from”greater than”6 @ at 2213 UTC to
approximately -2 dB at 2216 UTC, at which time neither-2 nor ~ was able to observe
the event despite continued microburst-strength divergence in the surface wind field. Con-
sequently, the effects of both asymmetry, which was observed during the event’s strong
phase (AV >20 mls), and low S~, which was observed during the weak phase (AV <20
mls), are considered contributors to the unobservability of WISmicroburst.
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Figure IV-5. FL-2 reflectivity field for 2 July 1988 at 2213 UTC. Cell tka[ produced lhe

micro burs[ is identified wi[hin the white circle in the northern portion of the mesonet.

Eleva[ion angle is O.3“. ”Range rings are every 5 km and locations of mesonet stations and

airport runways are over!aid.
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Figure IV-6. UND Doppler velocity field for 2 July 1988 at 2213 UTC. Microburst

signature is located within the circle in the north portion of the mesonet. Elevation angle

is 0.4 0. Range rings are every 5 km an2 locations of mesonet stations and airport
~unways are overlaid.
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Hgure IV-7. Streamlineanalysis representing dual Doppler surface windfield for 2 July 1988 al 2212 (UTC).
FL-2 and UND radars were Wed to generate this field. Airport runways and meSOnet StatiOns are overlaid.

Small squares identify locations of LLWAS slations.
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Figure IV-8. Mesonel plot showing the surface wind field on 2 July 1988 at 2213 UTC. Dashed

line indicates microburst divergent outflow area. Full barb represents 5 mls and half-barb 2.5 mls.
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Figure IV-9. Maximum differential velocity as computed from mesonet data for microburst

on 2 .July 1988 from 2210-2225 UTC.
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D. Case 4: 17 July 1988 (0024-0034 ~C)

A weak microburst was located in the northern portion of the mesonet along a divergence
line which ran north to south, bisecting the northern half of the network. As seen in Figure
N-10; the surface wind field clearly identifies this event. Figure W-1 1 indicates that the
maximum velocity differential, as sensed by the surface mesonet stations for Wls
microburst, reached 14 mls.

The W radar clearly identified this divergence line and associated microburst (surface
reflectivities were observed between 25-30 dBz). At 0027 ~C, W’s Doppler velocity
field indicated a 16 m/s velocity differential across the microburst (see Figure W-12). Ac-
cording to the ~ data, it was at this time that the microburst was strongest. FL-2, how-
ever, did not observe any microburst signature with this event. This was not surprising, since
the wind field as depicted by the surface mesonet showed mainly a southerly component in
the north-central portion of the net, and one would expect to see in this area only receding
velocities. Profiles of Doppler radial velocities from FL-2 showed exactly that.

Mgure IV-IO. Mesone( plot showing the surface wind field on 1? July 1988 at 0029 UTC. Dashed
line indicates microburst divergent outflow area. Full barb represents 5 mls and ha~-barb 2.5 mis.
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Figure IV-I1. Maximum differential velocily as computed from mesonel data for microburst

on 17 July 1988 from 0024-0035 UTC.

i This microburst was not observed by FL-2 due to its asymmetric outflow. Measurements
made using the radial wind components with respect to FL-2 and ~, and from the
mesonet and LLWAS surface sensors confirmed this result. A clear microburst divergent
signature was observed from the vantage point of ~, whereas only very weak divergence
(well below microburst threshold) was seen from the viewing angle of FL-2.
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Figure IV-12. UND Doppler velocity field for 17 July 1988 at 0027 UTC. Microburst

signature is located within the circle in lhc northern portion of the meson et. Elevation

angle is 0,s 0. Range rings are every 5 km and locations of meSOnel staliOflS and

airport runways are Overlaid
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V. SUMWY

There were 184 microbursts identified which impacted the surface mesonet in Denver
between 11 April and 13 September 1988. Both radar and surface data were available for
155of the events, and 97% of these microbursts were observable by radar. The observability
of weak microbursts (less than 20 m/s differential veIocity) was actually slightly greater than
that of strong microbursts [~8~0 compared to 96Vo),a result not found in previous studies of
microburst observability. One of the two strong microbursts unobservable by radar was the
result of low S~, a cause which shows no obvious correlation to microburst strength. The
other strong event was initially unobservable due to asymmetric outflow, and subsequently
unobservable due to low SNR..Theother two unobservable .microbursts were due to 1) asym-
metric outflow observed from an unfavorable angle, and 2) shallow outflow below the height
of the lowest radar elevation scan.

The 97% microburst observability during1988 “wasan. increase from g4Y~is Denver
during 1987. Results from a common data collection period during 1987 and 1988 show a
similar number of..Microburst Days each year,. with a significant increase in microburst
frequency; (and consequently microbursts per iMicroburst ~lay frequency) in 1988. It is not
known which of the two years represents a more “typical’”frequency. for Denver. but the
comparison implies a wide range of annuat variabilit~ in microburst frequency that is possi-
ble for a given location. Comparison with 1986 results shows a iesser freq~ency of
Mlcroburst Days in Huntsville, AL, Fewer microbursts identified in Huntsville during a
common data collection period, in light of tile much larger Huntsville mesonet, implies a
considerably greater microburst frequency in Denver. Observability by single-Doppler ra-
dar in Huntsville was slightly greater (98%), likely due to the absence of any significant S~
problems in the wetter environment.

The diurnal frequency distribution of microbursts shows that more than half of all
microbursts identified in 1988 occurred between 2 P.M. and 5 P.M. Local Daylight Time.
The monthly distribution shows June and July to be the most active months for microburst
occurrence, consistent with results from previous years. A high frequency was also found in
April; there was not evidence of this in previous years, but the limited data suggests that
springtime (April-May) microburst occurrence in general is more common in Denver than
in Huntsville.

A comparison of radar and mesonet measurements shows that, on average, the maxi-
mum differential velocity measured by radar occurs approximately one minute earlier than
that measured by mesonet, while the magnitude of the mesonet measurement is 2 m/s
(about 10%) greater. The timing difference provides evidence that sensing aloft may afford
more timely wind shear warning information. The difference in estimates of maximum
differential velocity perhaps indicates a physical difference in wind shear strength at differ-
ent heights, but it may also be at least partially the result of the two distinctly different wind
sensing systems.
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With the deployment of TDWR radars at major U.S, airports, the future disposition of
the existing LLWAS sensors is under consideration. Methods are currently being investi-
gated to integrate TDWR and LLWAS in order to provide a unified wind shear warning
system that takes advantage of the attributes of each sub-system, while also safeguarding
against the deficiencies of each. Continued research involving radar and mesonet data will
therefore focus on gaining a better understanding of the relationship between the wind esti-
mates derived from the two sensing methods. h particular, the following questions will be
addressed:

(1) What correlation is there between the wind speed and direction provided by a
surface sensor and the corresponding radial velocity measured from low-eleva-
tion radar scans?

(2) What is the timing relationship between microburst observability by radar and
surface sensors? How do the magnitudes of their wind shear estimates compare?

(3) How do wind and divergence estimates of radar and surface sensors compare to
pilot reports of wind shear and turbulence?

A clearer understanding of these relationships will be useful in assessing the potential effec-
tiveness and possible drawbacks to proposed TD~WAS integration schemes.

,,,,,,.,..
,.,:.,,,. .,

:;.

,,.

-33-

—---- . .._.___q~”
-

~~~



1

REFE~NCES

Campbell, S. D., 1988: Microburst Precursor Recognition Using an Expert System Ap-
proach. Preprints, 4th hternational Conference on Interactive Information processing
Systems for Meteorology, Oceanography, and Hydrology, Anaheim, CA, pp. 300-307.

Campbell, S. D., M. W. Merritt and J,T. DiStefano, 1989: Mlcroburst Recognition Perform-
ance of TDWR Operational Testbed. Preprints, 3rd hternational Conference on the
Aviation Weather System, January, 1989, Aaheim, CA.

Campbell, S. D., and M. Merritt, 1987: Advanced Mlcroburst Recognition Algorithm. MTT,
Lincoln bboratory Weather Radar Project Report ATC-145, FAA Report DOTEM
PM-87-23.

Clark, D. A., 1988: Observability of Mlcrobursts with Doppler Weather Radar During 1986
in Huntsville,Alabama. ~, Lincoln bboratory Project Report ATC-160.

Clark, D. A., and J.T. DiStefano, 1989: Analysis of Microburst Observability with Doppler
Radar Through Comparison of Radar and Surface Wind Sensor Data. Preprints, 23rd
Conference on Radar Meteorology, Tallahassee, FL, American Meteorological SocieV,
pp. 171-174.

DiStefano, J. T., 1987: Study of Mlcroburst Detection Performance During 1985 in
Huntsville, Alabama. ~, Lincoln hboratory Project Report ATC-142.

DiStefano, J.T., 1988: Observability of Mlcrobursts Using Doppler Weather Radar and Sur-
face Anemometers During 1987 in Denver, CO. ~, Lincoln hborato~ Report
ATC-161.

Evans, J. E., and D. Turnbull, 1985: The F~ Lincoln hboratory Doppler Weather
Radar Program. Preprints, 2nd hternational Conference on the Aviation Weather Sys-
tem. Montreal, Canada, American Meteorological Society, pp. 76-79.

Fujita, T.T., 1980: Downbursts and Microbursts: An Aviation Hazard. Preprints, llth Con-
ference on Radar Meteorology, Miami Beach, American Meteorological Society, PP.
94-101.

Fujita, T. T., 1985: The Downburst - Mlcroburst and Macroburst. Department of Geophysi-
cal Sciences, The University of Chicago, ~, 122 p.

Merri~, M. W., 1987: Automated Detection of Mlcroburst Wlndshear for Terminal Doppler
Weather Radar. Preprints, Digital hage Processing and Visual Communications Tech-
nologies in Meteorology. Belfingham, WA, Society of Photo- Optical hstrumentation
Engineers (SPE), pp. 61-68.

National Research Council, 1983: bw Altitude Wind Shear and its Hazard to Aviation.
National Academy Press, 112 p.

-35-



Wilson, J.W., R.D. Roberts, C. Kessinger, J. McCarthy, 1984: Microbitrst Wind Strttcture
and Evaluation of Doppler Radar for Airport W!nd Shear Detection. Jollrnal of Climate
and Applied Meteorology, 23, 895-915.

Wolfson, M. M., J. T. DiStefano, and B. E. Forman, 1987: The FLOWS ALttomaticWeather
Station Network in Operation. ~, fincoln hboratory Project Report ATC-134, FAA
Report DOT-FAA-PM-85/27, 284 pp.

I

I
-36-



Appendix A. Microbursts Impactirtg the 1988 Denver Mesonet

Explanations: MB# = Microburst Identification Number. Symbols (” or*) next to MB# indicate microbursts which are associated

with one or more other microbursts on that day (marked by same symbol) as part of a Divergence Line or Microburst Wise. Duration

refers to time period during which a divergence was detected by the mesonet (not necessarily above microburst threshold). Mesmret

Observation: Y=Yes, N= No. FL-21UND Observation: Y=Yes, N= No, NA= Not Applicable, ND = No Data, I=Incomplete Data.

Location is range/azimuth with respect to FL-2. AR= Distance between velocity couplet extrema at time of Maximum AV. (Al-

though some microbursts show AR greater than 4 km, they are nonetheless required to meet the necessary shear threshold of 10 mls

differential velocity over a distance of not Sreater than 4 km .) Times refer to time of Maximum AV as observed by radar and

mesonet, respectively

RADAR ~SOWT
---- —-------- —- —- —---------- --———-----—-—-

MB# Date

> 1? 16 Apr

L 2’ 16 Apr

3“ 16 Apr

4 19 Apr

s 19 Apr

6“ 19 Apr

7* 19 Apr

8 19 Apr

9# 19 Apr

10# 19 Apr

11 21 Apr

12 21 Apr

13* 21 Apr

14” 21 Apr

15 21 Apr

16 21 Apr

Duration

(UTC)

2231-2304

2257-2304

230 S-2320

1817-1832

1819-1828

1822-1830

1828-1842

1832-1845

1836-1847

1838-1847

0035-0044

0040-0047

2117-2132

2128-2202

2132-2147

2158-2209

Observed By: Location Max AV Couple!

Meso FL-2 UND [km,deg) (m/s)

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
hlA

NA

NA

NA

NA

20,315

18,330

20,325

!6,290

17,30s

16,320

17,335

‘13,285

11,31s

11,295

18,320

16,325

17,315

17,335

14,30s

13,305

13

1s

‘14

22

‘18

14

14

18

16

16

10

13

25

25

12

11

(m/s)

7,-6

13,-2

8,-6

7,-15

S,-13

8,-6

7,-7

8,-10

9,-7

8,-8

4,-6

6,-7

14,-11

17,-8

6,-6

S,-6

AR

(km)

5

3

3

5

5

5

6

s

4

4

2

3

2

s

3

2

Time

(UTC)

22S6

2301

2311

1821

1823

1823

1835

1837

1839

1841

0039

0037

2128

2133

2135

2203

Max AV

(m/s)

17

17

20

20

Is

16

22

2s

17

14

11

16

32

38

20

16

Time

(UTC)

2301

2300

2307

1820

1827

182S

1834

1836

1840

1846

0038

0044

2“128

2135

2139

2205



Mlcrobursts Impacting the 19S8 Denver Mesonet (continued)

WAR

Max AV TimeLacation

(km,deg)

1s,310

12,280

14,325

16,315

11,320

21,325

11,290

14,310

18,315

1s,305

13,305

17,29S

13,320

14,300

15,295

21,320

15,300

15,310

13,280

16,315

17,340

Max AV

(m/s)

--

-—

13

14

-—

--

--

14

14

‘15

1s

10

‘14

--

--

16

--

12

Couplet AR

(km)

3

3

2

2

2

3

2

2

3

1

Time

(UTC)

--

--

--

2008

2016

--

--

--

2123

2119

1ss0

1908

18S6

1904

--

2219

--

--

2023

Duration Observed By:

MB# Date (UTC) Meso FL-2 UND (m/s)

14

19

15

21

12

11

14

18

19

20

18

13

16

14

14

23

12

15

12

15

16

(UTC)

0110

0131

0119

2012

2023

2327

2229

2234

2249

2118

2119

1858

190j

1902

1906

2049

2136

2220

21s2

2024

2029

(m/s)

24 Apr

24 Apr

24 Apr

24 Apr

24 Apr

24 Apr

0103-0120

0106-0147

0115-0123

2001-2021

2019-2025

2324-2333

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

ND

ND

ND

Y

Y

ND

ND

ND

ND

NA

NA

17

18

19

20

21

22

23

> 24
~

2s

---

S,-8

6,-8

ND

28 Apr

28 Apr

28 Apr

2224-2230

2231-2249

2247 -22S6

ND

ND

ND

ND

ND

ND

---

26

27

28

29”

30

31’

32

33

34

3s

36

37

29 Apr

29 Apr

2114-2130

2118-2124

Y

Y

NA

NA

S.-9

3,-11

7,-8

4,-11

1,-9

3,-11

10 May

10 May

10 May

10 May

1853-1901

18 S8-1924

1900-1904

1902-1925

Y

Y

Y

Y

NA

NA

NA

NA

2044-2053

2138-2144

2218-2224

ND

ND

Y

ND

ND

NA

13 lMay
13 May

13 May 10,-6

ND14 May 2145-2152 I

1? May

17 May

2018-2025
2024-2030

ND

ND

I

Y 4,-8



— .- ,.. . .
Microbwsts Impacting the 1YS8 Denver Mesonet (continued)

~SO~T
------— -——----

Max AV TimeDuration

MB# Date (UTC)

Observed By: Location

(km,deg;l

14,325

12,290

[3,325

13,330

19,330

!5,305

13,285

16,31j

14,315

ll,31j

13,330

17,320

16,325

14,295

19,325

18,295

20,320

17,325

14,320

18,315

13,285

20,320

Max AV Couplet AR

(km)

8

4

3

4

3

3

3

2

3

3

2

3

2

2

3

2

4

Time

(UTC)

2153

2147

2211

2049

2057

2101

2040

2046

2210

2234

2240

--

--

2050

2057

2057

2101

2104

2112

(m/s)

21

16

14

17

15

16

-—

I o

11

18

14

13

--

--

20

13

15

13

14

18

(m/s)

22

16

9

20

19

21

15

14

12
--

14

22

13

24

30

20

23

i2

13

19

14

19

(UTC)Meso FL-2 UND (mIs)

38

39

40

41

18 May

18 May

18 May

18 May

0035-0040

2138-2158

2142-2149

2159-2225

0037

21S8

2148

2200

Y

Y

N

Y

Y

Y

Y

Y

Y

Al

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

ND ND

Y NA

Y NA

Y NA

Y NA

Y NA

Y NA

N N

Y NA

Y NA

Y NA

Y NA

Y NA

ND N

NN

ND ,ND

Y NA

Y NA

Y NA

Y NA

Y NA

Y NA

---

7,-14

4,-12

3,-11

-2,-19

!,-14

6,-10

4,-6

5,-6

10, -8

7,-7

4,-9

2049

20S7

2103

42

43

44

21 May

21 May

21 May

2047-2051

2054 -20S8

2100-2106

2036

2039
---

2210

2238

2242

4j

46
47
48
49“
50’

26 May

26 May

26 May

26 JMay

26 May

26 May

203 S-2041

2037-2043
-----

220s-221s

2230-2239

2240-224S

1849

2109
S1

S2

27 May

27 May

1842-1900

2100-2120 ---

o127-oi33 013053 28 May

17,-3

11,-2

11,-4

9,-4

15,1

12, -6

20S4

20S6

20S8

2102

2111

2117

54

SS*

56

57 “

S8

59

9 June

9 June

9 June

9 June

9 June

9 June

20S0-20S9
20SS-2059
20S6-2101
20S8-2105
2105-2112
2109-2121

i
i



———

MB# Date

60 9 June

61 9 June

62 9 June

63 9 June

64 9 June

65 9 June

66 10 June

67* 10 June

68* 10 June

69* 10 June

70* 10 June

71 15 June

72 16 June

73 16 June

74 19 June

75 20 June

76 20 June

77 20 June

78 20 June

79 20 June

Nllcrooursts Impacting the 19S8 Denver Nlesonet Icommueo~

Duration

(UTC)

2109-2119

2123-2131

2144 -21S7

2203-2234

2232-2245

2234-2238

0137-0148

2144-2159

2153-2157

2156-2212

2200-2205

2222-2244

2210-2220

2213-2230

0017-0031

0353-0401

0356-0412

0410-0416

0415-0420

0418-0426

Observed By:

Meso FL-2 UND

Y

Y

Y

Y

N

N

Y

Y

Y

Y

Y

Y

N

Y

Y

Y

Y

Y

N

N

Y NA

Y N.\

Y NA

Y NA

Y NA

Y NA

ND ND

Y NA

Y NA

Y NA

Y NA

Y NA

Y NA

Y NA

ND ND

Y NA

Y NA

Y NA

Y NA

Y NA

LOcatiu]~

(km,deg)

1 1,2s0

20,340

15,320

11,315

11,285

1s,315

18!335

18,305

19,305

16,315

17,320

12,290

11,290

18,340

18,330

14,32S

20,320

20,32j

11,285

17,305

Max AV Coupler

(m/s)

11

17

‘18

19

11

12

38

23

20

13

17

16

22

-—

13

11

14

10

11

11,0

11,-6

9.-9

11, -8

8,-3

8,-4

--—

11,-27

11,-12

7,-13

9,-4

12,-5

5,-J 1

9,-13

---

10,-3

7,-4

9,-5

3,-7

6,-5

AR

(km)

2

3
4

3

3

4

8

5

3

2

3

3

4

2

3

2

1

2

Time

(UTC)

2112.

2128

2148

2220

2232

2232

--

2153

2153

2158

2202

2232

2216

2216

--

0356

0402

0414

0418

0420

kIax AV Time

(m/s)

14

24

17

16
--

9

16

29

23

42

21

14

16

14

16

24

18

9

9

(UTC)

2116

2125

2154

2220

2238

0143
2148
21j5

2157

2202

2231

221s

0018

035s

0405

0411

041s

0421



Microbursts Impacting the 1988 Denver Mesonet (continued)

I

mm
------

Duration ‘, Observed By: location

MB# Date (UTC) ~~Meso FL-2 UND (km,deg)

80

81*

82’

83

84

8S

86#

87#

88

89

90

91

92

93

94

95

96

97

98

21 June

21 June

21 June

21 June

21 June

21 June

21 June

21 June

21 June

22 June

22 June

25 June

25 June

25 June

25 June

26 June

26 June

29 June

29 June

1940-1955

1949-2001

1952-2010

1959-2004

2002-2011

2003-2007

2004-2010

2011-2019

2139-2207

2246-2258

2249-2303

2001-2028

2006-2014

2007-2013

2022-2025

014s-0155

0151-0207

0015-0030

0019-0030

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y
Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y
Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

ND

ND

Y

Y

NA 20,3.lj

NA 12;305 .

NA 14,29s::,

NA 11,300’

NA “.16,31O

NA 12,295

NA 10,300

NA 12,285

NA 22,31S

NA 9,315

NA il,32$

NA 12,320

NA 17,340

NA 13,280

NA 18,30j

ND 11,290

ND 14,310

NA 21,33S

NA 20,330

Max AV Couplet

10

19

21

25

10

14

14

11

16

18

14

28

16

13

19

‘--

--

14

11

6,-4

11,-8

14,-7

4,-21

8,-2

8,-6

6,-8

6,-S

7,-9

13, -5

12,-1

15,-13

10,-6

6,-7

8,-11

---

8,-6

4,-7

AR

(km)

3

5

3

3

3

2

2.

2

7

4

2

3

3

2

2

4

3

T)me

(UTC)

1944

1958

2000

2002

2004

2004

2008

2015

2148

2254

2302

2012

2006

2012

2022

--

--

0020

0022

~SO~T
——------------

Max AV Time

(m/s)

11

18

31

25

12

13

,19

12

16

17

12

31

11

15

14

15

20

11

11

(UTC)

1950

19S6

1956

2004

2004

2006
2009

2014

2158

2257

2250

2017

2006

2012

2022

0154

0202

0025

0020



MB# Date

99 2 July

100 2 July

101 2 July

102 2 July

103 2 July

104 4 July

105 7 July

106 7 July

107 8 JUiY

108 8 July

109” 8 July

1’10’ 8 July

111 10 July

112 10 July

113. 10 July

114* 10 July

115’ 11 July

116* 11 July

117” 11 July

118 11 July

119* 11 July

120* 11 July

Microbursts Impacting tbe 1988 Den,,er Mesonet (continued)

Duration Observed By:

(UTC) Meso FL-2 UND

2152-2210

2208-2222

221’1-2225

2222-2237

2234-2242

2225-2230

2344-2355

2356-0019

0013-0023

0022-0040

0024-0045

0027-0045

0130-0220

0131-0140

0242-0258

0256-0313

2206-2212

2208-2217

2213-2221

2219-2233

2222-2227

2228-2237

YY

YY

YN

YY

YY

NY

YY

YY

YY

YY

YY

YY

YY

YY

YY

Y ND

YY

YY

YY

YY

YY

YY

NA

NA

Y

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

ND

NA

NA

NA

NA

NA

NA

Location

(knl,deg)

22,320

19,30j

18,325

17,290

13,275

10,315

10,325

8,325

12,305

15,295

10,305

8,325

9,330

16,335

13,315

15,310

12,295

8,315

12,300

15,295

11,305

11,305

WAR
-------- —---- ——------- ------

Max AV Couplet

(m/s)

31

25

14

19

21

12

16

17

“11

13

23

26

28

15

11

18

32

24

14

27

20

(m/s)

13,-18

13,-12

6,-8

6,-13

13,-8

4,-8

13,-3

14,-3

11,0

10,-3

14, -9

15,-11

14,-14

11, -4

10,-1
---

6,-12

16,-16

8,-16

3,-11

11,-16

10,-10

AR

(km)

6

10

2

6

3

2

3

3

2

2

8

10

12

4

3
-—

3

2

2

3

3

2

Time

(UTC)

21S4

2211

2213

2224

2234

2226

2352

0000

0014

0025

0037

0039

0149

0135

0241

2208

2211

2215

2230

2220

2226

mSO~T
---—---—----—-

Max AV Time

(m/s)

34

20

21

18

27

7

23

19

23

21

24

15

27

13

11

12

24

36

22

19

24

24

(UTC)

2155

2214

2213

222s

2241

2227

224S

0002

0016

0028

0030

0039

0157

0131

0253

0257

2212

2212

2219

2228

2222

2230

L.~ ........2~,.,...,,::.,~~.,



.

Mlcrobursts Impacting the 1988 Denver Mesonet (continued)

MB# Date

121 11 July

122 11 July

123 f4 Juiy

124 14 July

125 16 July

> 126 16 Juiy

L 127 16 July

128 16 Juiy

129’ 16 July

130* 16 JUly

131 16 July

132 16 JU]Y

133 16 July

134# 16 July

13S# 16 July

136 17 July

137 17 July

138 17 July

139 17 July

140 17 July

141 17 July

142* 17 July

143* 17 July

Duration

(UTC)

2230-2233

2233-2250

0416-0426

0431-0440

2153-2217

2218-2240

2241-2301

2301-2328

2309-2320

2316-2328

2320-2331

2323-233a

2329-2346

2342-2359

2351-2359

0014-0019

0013-0022

0023-0027

0024-0034
---

0035-0049

2134-2151

2141-2157

WAR
____________________________

Observed By: Location

Meso

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

N

Y

Y

Y

FL-2 UND (km,deg)

Y

Y

ND

ND

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

N

Y

Y

Y

Y

NA

NA

ND

ND

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Y

NA

NA

NA

NA

il,zas

15,290

12,30S

18,320

20,320

19,315

16,310

14,290

21,325

20,325

1s,310

I 8,330

13,295

8,300

1S,320

13,325

18,32S

10,325

20,330

13,325

13,31s

1s,300

11.280

Max AV Couplet

(m/s)

16

13

-—

-—

22

22

21

26

22

20

13

18

20

31

17

13

12

11

16

18

19

22

22

(m/s)

3,-13

5,-8

6,-16

7,-15

8,-13

13,-13

10,-12

9,-11

S,-8

10,-8

10,-10

18,-13

13,-4

5,-8

8,-4

3,-8

10,-6

6,-12

14,-s

8,-14

11,-11

AR

(km)

2

2

--

4

9

10

4

2

s

2

7

3

13

6

3

3

2

3

2

2

a

5

Time
(UTC)

2233

2238

---

---

2201

2226

22s0

2318

2310

2320

2324

2328

2334

2348

2354

0010

0016

0020

0027

0030

0044

2144

21s0

~SO~T
—-—--—-----—--

Max AV

(m/s)

21

20

20

21

31

31

19

29

26

23

17

23

20

2s

19

23

13

16

14
--

23

26

27

Time

(UTC)

2231

2236

0418

0435

2202

2223

22s1

2312

2313

232S

2324

2327

2330

2347

23S7

0017

0016

0025

0033
---

0043

2140

2142



Microbursts Impacting the 1988 Denver Mesonet (continued)

MB# Date

144 23 July

145 23 July

146 23 Juiy

147 29 July

148 2 Aug

> 149 2 Aug

k

1S0” 8 Aug

1S1’ 8Aug

152 9 Aug

1s3” 9 Aug

1s4. 9 Aug

lSS* 9 Aug

1S6. 9 Aug

1s7 9 Aug

1S8 9 Aug

1s9 9 AUE

lbO# 9 Au8

161# 9 Aug

162# 9 Aug

163# 9 Aug

164 9 Aug

16S 9 Aug

Duration

(UTC)

2143-2149

21s2-2201

2202-2209

22 S3-2307

0252-02S7

02 S8-0308

2023-203i

2033-2043

1849-1900

18 S7-1904

1900-1910

1902-1907

190s-1914

1914-1917

191 b-1922

1923-1929

1923-1930

1927-1936

1928-1930

1931 -19s7

1937 -194s

1949-2002

Observed By:

Meso FL–2 UND

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

ND

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

NA

NA

NA

NA

ND

ND

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Location

(km,deg)

11,280

14,32S

23,320

17,310

15,310

1s,315

13,280

12,27s

17,30s

18,30s

17,310

17,320

17,320

1S,325

18,310

17,32S

17,30s

17,29s

17,335

14,330

17,305

9,290

RADAR
----------- —---------- —-----

Max AV Couplet

(m(s)

13

lb

23

11

--

16

17

24

21

2s

2b

22

12

21

22

20

1s

14

28

11

23

-9,-22

-6,-22

6,-17

14,3

1,-15

S,-12

10,-14

8,-13

11,-14

13,-13

9,-13

b,-b

8,-13

11,-11

11,-9

9,-16

6,-8

14,-14

3,-8

9.-14

AR

(km)

3

4

3

3

2

2

3

3

3

3

2

1

2

2

3

3

2

3

3

4

Time

(UTC)

2145

21S7

2159

22S7

2026

2030

1848

1902

1902

1904

1908

1912

1916

1922

1932

1928

1928

1938

1938

1958

Max AV Time

(mIs)

20

20

22

17

27

27

1s

19

27

31

26

34

35

17

2b

23

30

17

14

25

10

19

(UTC)

2146

21S5

2203

2300

02S5

0300

2028

2038

1850

18S9

f908

1904

1908

1914

1921

1927

192s

1931

1928

i 936

1937



MB# Date

166 12 Aug

167 12 Aug

168 12 Aug

169 12 Aug

170 20 Aug

171 20 Aug

>
172 26 Aug

&
173 27 Aug

174 27 Aug

175 27 Aug

176 27 Aug

177 27 Aug

178 10 Sep

179 10 Sep

180 10 Sep

181 10 Sep

182 10 Sep

183 10 Sep

184 10 Sep

Mlcrobursts

Duration

(UTC)

2159-2206

220s-2211

2207-2214

2207-2219

2034 -204S

2039-2042

0202-0212

0203-0209

0205-0217

0214-0221

0223-0233

2119-2127

2240-2259

2246-2249

2302-2307

2321-2323

2317-2333

2325-2333

Impacting the 1988 Denver Mesonet (continued)

RADAR ~SO~T
---------------------------- ------ —-------

Observed By: Location

Meso FL-2 UND (kmi.dei)

Y

Y

Y
Y

Y

Y

N

Y

Y

Y

Y

Y

Y

Y
Y

Y

Y

Y

Y

Y NA 14,29!,. :

Y NA 14,280.:

Y NA 12,30S ;

Y NA 13,320 :

Y NA 16,290

Y NA 13,275

Y NA 13,32.0

ND ND 16,310

ND ND 17,320

ND ND 16,315

ND ND 17,330

ND ND 17,30s

Y“” NA 10,305

Y NA 14,310

Y NA 14,280

Y NA 13,300

Y NA 12,330

Y NA 20,310

Y NA 19,32S

Max AV Couplet

(m/s)

21

22

18

17

19

18

12

--

--

--

--

--

(14)

16

17

11

17

17

14

(m/s)

7,-14

7,-1s

S,-13

6,-11

11,-8

1,-17

4,-8

---

-—-

---

(4,-10)

6,-10

4,-13

6,-5

14, -3

10,-7

13.-1

AR

(km)

5

s

4

3

5

2

2

--

--

--

--

(3)

4

5

2

7

5

2

Time

(UTC)

2204

220s

2207

2207

2039

2037

2302

(2125)

2249

2242

2304

2322

2322

2327

“” Radar data for MB #178 was incomplete, allbough’ the microburst signature was identifiable.

Max AV

(m/s)

16

19

14

19

17

13

--

1s

18

19

13

11

14

16

14

15

1s

18

12

Time

(UTC)

2203

2210

2213

2213

2040

2041

--—

0210

0206

0206

0219

0228

2120

2250

2246

2305

2323

2327

2328


