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1. INTRODUCTION

The armored T-28 research aircraft participated in COPS-91
(Cooperative Qklahoma Profiler Studies) at the request of Prof. Kultegin
Aydin of The Pennsylvania State University. COPS-91 was designed to
determine the value of a wind profiler network deployed over a portion of
the central Great Plains for detecting the sub-synoptic-scale circulations
and forcing for vertical motions associated with various severe storm
phenomena. As it turned out, the profiler network was not completely
operational during the April - June 1991 COPS-91 experiment. However,
detailed observations of several mesoscale convective systems (MCS),
squall lines, and other severe storm phenomena were made using a National
Oceanic and Atmospheric Administration (NOAA) WP-3 aircraft with an
airborne Doppler radar, coordinated mobile radiosonde launches (including
electrical as well as standard meteorological measurements), a surface
mesonet, the National Severe Storms Laboratory (NSSL) Cimarron radar,
and other observing systems.

Professor Aydin's goal was to obtain multi-parameter data from the
Cimarron radar and use in-situ aircraft microphysical data to verify micro-
physical retrievals based on the radar data. He requested the T-28 flight
support to acquire the needed microphysical observations. The T-28
was also able to supply data of use to storm dynamicists and electrical
researchers involved in COPS-91, since the regions of the storms of most
interest to Aydin were also of great interest to them. For its last flight of
the COPS-91 program, the T-28 was used in the unusual (for it) role of
measuring turbulent fluxes of heat through the boundary layer for
comparison to surface-based microwave wind profiler data.

Allocation of the T-28 to support COPS-91 was recommended by the
National Science Foundation (NSF) Observing Facilities Advisory Panel at its
1990 fall meeting. Field operations were funded through the NSF Division
of Atmospheric Sciences facilities deployment pool.

The aircraft and supporting staff were based at Norman, Oklahoma
during the May-June 1991 period of field operations. Appendix A
summarizes the instrumentation complement carried by the aircraft during
the project. The aircraft was directed by radio from the NSSL facility at
Norman, using for guidance radar data remoted in from Cimarron, radar
flight track information received via phone line from the Federal Aviation
Administration (FAA), and Global Positioning System (GPS) flight tracks and
meteorological data telemetered from the aircraft. This was the first T-28
field project on which the new digital data telemetry system and the GPS
system were available for use. There were nine research flights, including



the boundary layer flight (during which there were no cloud penetrations).
Together with the ferry and test time, this resulted in utilizing 32 of the
40 flight hours allocated.

Table 1 gives a summary of all the T-28 flights during COPS-91.

Table 2 provides capsule summaries of the nine research flights. In general,
better and more extensive multiparameter radar data were acquired as the
project progressed, making data from the June flights the most important for
comparison to radar observations. A large hailstorm complex was studied on
the 5 June flight. There were two flights involving long traverses through
stratiform regions behind decaying storms, and the remainder of the flights
involved penetrations of smaller thunderstorms. Good coordination between
ground-launched electric-field-mill balloon packages and T-28 and WP-3 air-
borne field mill measurements was achieved on 2 June in stratiform clouds.

The purpose of this report is to provide an initial survey of T-28 data
gathered during this project. Section 2 contains a daily accounting of

TABLE 1
T-28 Flights Supporting COPS-91

DATE FLIGHT
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13 May 538 3.2 Ferry Rapid City to ICT
14 May 539 1.5 Ferry ICT to OUN

17 May 540 1.7 Test

19 May 541 2.1 Research

21 May 542 2.3 Research

23 May - 0.6 Ground Test

24 May 543 2.6 Research

30 May 544 2.8 Research

01 Jun 545 2.2 Research

02 Jun 546 1.4 Research

05 Jun 547 2.5 Research

08 Jun 548 2.1 Research

11 Jun 549 2.9 Research

12 Jun 550 1.7 Ferry OUN to HYS

12 Jun 551 2.1 Ferry HYS to Rapid City

Total Hours: 31.7




TABLE 2

Brief Summary of T-28 Research Flights During COPS-91

19 May -

21 May -

24 May -

30 May -

1 June -

2 June -

5 June -

8 June -

11 June -

attempt to coordinate with balloon-borne electric field mill
launch on storm to west of Cimarron radar.

coordinate with multi-parameter radar on storm to west of
Cimarron, then investigate electrical aspects of another
storm well to the east.

coordinate with multi-parameter radar on storms to east of
Cimarron.

coordinate with multi-parameter radar on storms to west of
Cimarron.

coordinate with multi-parameter radar on storms to west of
Cimarron.

coordinate with electric field balloon launches and
multiparameter radar on line of rain cells to southwest of
Cimarron.

coordinate with multiparameter radar on hailstorm just
northeast of Norman.

coordinate with multiparameter radar on long flight through
stratiform debris south of Cimarron. Clouds fell apart before
a balloon-borne field mill launch could be executed.

low-level clear-air overflights of wind profilers at Amber and
Purcell.

T-28-related activities. Section 3 gives a statistical description of all the
cloud penetrations. Section 4 describes data analyses underway as of the
date of this report. Further reference material is given in the four

appendices.




2. SUMMARY OF DAILY ACTIVITIES

The T-28 facility staff for this project included:

Dan Custis - pilot

Jon Leigh - mechanic

Gary Johnson - engineer

Ken Hartman - programmer

Dennis Musil - scientist/meteorologist
Andy Detwiler - facility scientist

A chronological account covering the major T-28 activities during the
project follows. Flight times shown are takeoff and landing times (all CDT).

Monday, 13 May: Custis left Rapid City about 0930 MDT and ferried the
T-28 to Wichita, Kansas. There he was interviewed by a reporter for
the Wichita Eagle. The story, along with a color photograph,
appeared on the front page the following day.

Tuesday, 14 May: Custis ferried the T-28 from Wichita to Westheimer Field
in Norman, Oklahoma. He arrived around noon. The rest of the staff
arrived later in the afternoon.

Wednesday, 15 May: The telemetry receiver and communications radio, both
in the NSSL COPS operations room, were connected to antennae on
NSSL roof. Telemetry between NSSL and T-28 parked on apron in
front of Aeroflite main hangar was tested and found to be working well.

Friday, 17 May: The T-28 made a test flight for system check purposes.

Flight 540
17:46 - 19:00 CDT

The flight was to the southwest, getting out more than 100 km from
Westheimer Field. Data were only recorded for the period 181232-
190641. There were no cloud penetrations except when passing
through a shallow deck at the top of the boundary layer just prior to
landing. These clouds were warm and contained. no precipitation.
The telemetry link was lost for large parts of the flight; when the link
was re-established, data transmission picked up where it left off.
Swapping the leads to the antennae for the radio and the telemetry
receiver degraded radio communications and only marginally
improved telemetry.



The RATS (system for transmitting aircraft position information from
FAA radar at Tinker Air Force Base to NSSL) tracking display worked.
The transponder code was changed several times during the flight
despite prior arrangements with FAA to keep a fixed code for the
entire project. This made tracking more complicated as the display
program had to be told to look for different codes as the T-28 code
was switched.

The accelerometer vertical-acceleration signal did not record and the
2D-P probe had a malfunction. Some noise showed up in the static
pressure, similar to what has been seen in the past. Also, there was
some noise in the temperatures - larger amplitude in the Rosemount
than in the reverse-flow temperature (RFT) data. (This noise could
have been due to radio interference.)

Saturday, 18 May: The 2D-P "measles" (speckled bits) were fixed for the
most part and the 0.002-second-duration empty buffers eliminated.

Sunday, 19 May: The T-28 investigated some short-lived rain cells, first to
the east and then to the west of Norman.

Flight 541
16:18 - 18:00

Two penetrations were logged in the eastern clouds at 5 km MSL
altitude and four in the western ones at altitudes ranging from 4.5 to
3.3 km. An attempt was made to coordinate the penetrations of the
western clouds with a ground launch of a balloon-borne electric-field-
mill package. T-28 penetrations caught the cloud in its mature stage,
but the balloon van was delayed by traffic and launched into the
debris of the cloud about 25 min after the T-28 left. Vertical electric
fields reported by the T-28 near the mature stages of these short-
lived clouds were a few tens of kilovolts per meter and similar to
those found by the balloon-borne field meters in the debris about
one-half hour later. The pilot reported supercooled rain.

The Cimarron dual-polarization signal processing was not working.
The T-28 air traffic control (ATC) transponder appeared to be
intermittent. The telemetry system was successful in sending data
at only about half real-time, so the telemetry data being received as
the plane landed was from just after takeoff almost an hour earlier!
The reverse-flow temperature showed some noise on the third
penetration that might have been due to shedding ice. No other



major instrumentation problems were noted. The GPS location
system worked well, although position was lost intermittently, most
often during turns.

Accelerometer data were not recorded. An attempt to differentiate
rate of climb to obtain the vertical acceleration term in updraft
computation proved unsatisfactory.

Tuesday, 21 May: The ATC transponder was found to have a loose wire.
The ground telemetry-system setup was changed so that the receiver
was in a penthouse on the roof of NSSL lab, leaving only a short
(~10 m) lead from the antenna to the receiver.

Weak moist southerly flow across the state due to a subtropical
depression along the Texas coast set up conditions for a loosely-
organized cluster of thunderstorms in the Norman area.

Flight 542
15:35 - 17:35

Three penetrations were performed on collapsing storms to the west
of Norman. The aircraft was then brought to the east of Norman and
made two penetrations on storms building there. These storms were
beyond range for radar ZDR, but were of interest electrically.

The pilot had been throttling back if storms were not too severe,
leading to extended flight durations. Typical true airspeeds ranged
between 80 and 90 m s'. Due to the relatively low altitudes, mostly
around the freezing level, he had also been opening the canopy to
cool the cockpit. This did not appear to influence any of our research
instrumentation.

Telemetry data reception terminated completely on takeoff, although
the indicator lights on the receiver indicated that the signal was still
being detected. This led to investigation of the link between the data
system and telemetry transmitter on the aircraft, which operates
through the print spooler buffer attached to the data acquisition
computer.

The GPS track was generally good. There were a few spots later in
the flight where sufficient data were not available for a reliable track.

The highest precipitation particle concentrations occurred on the final
penetration, as evidenced by both the 2D-P and the foil impactor.



Particles large enough to trigger the hail spectrometer were
encountered on the last penetration, which was done visually
through a growing tower.

Only weak electric fields were encountered during the penetrations
on the storm to the west. Predominantly positive vertical fields with
peak magnitude of 40 kV/m were encountered on the first penetra-
tion to the east, while a strong positive, then negative, field couplet
reaching from +20 to -30 kV/m was encountered on the final pene-
tration. (There was likely a strong along-fuselage field component
contaminating the vertical field measurement during this penetration;
this couplet of positive and negative field probably signifies passage
through the central region of a charge center at the aircraft altitude.)

There were no significant measurement problems during the flight.
For the first time during COPS-91, the Cimarron radar ZDR signal
was available.

Wednesday, 22 May: Rewiring the connections between the data
acquisition system, the printer buffer, and the telemetry transmitter
on the aircraft put the buffer under hardware rather than software
control. This eliminated the possibility of the buffer going into a
wait-state if it receives a "CTRL-S" pattern, which then may lead
to a failure to hand data on to the telemetry system.

Thursday, 23 May: The cable between the data acquisition computer
and the telemetry serial box was seated more firmly. Also, the
accelerometer was fixed.

Friday, 24 May: The Norman area continued to be in moist southerly
tropical flow due to a depression in the Gulf of Mexico. There
were many outflow boundaries in the region from MCS and
large-storm activity overnight.

Flight 543
15:25 - 17:35

The T-28 headed for a complex of storms east of the Cimmarron
radar. They were slow-moving and not severe, but very wet. Eleven
penetrations can be distinguished, although the aircraft stayed
in-cloud most of the time. (The pilot lumped the last four penetrations
into two.) Rain accumulations of 4 inches/hour were reported from
parts of this slow-moving storm complex, leading to flash flooding.



Good coordination between the Cimarron radar and the T-28 was
obtained. High-reflectivity regions were repeatedly penetrated at
altitudes between 4.5 and 2.5 ks MSL (about -5 to + 10°C).

Penetration data showed the storms to be composed of a multitude
of small convective cores with diameters of a kilometer or two.
There was one region extending over 10 km where these convective
elements were combined into a broad updraft region with peak
updrafts exceeding 10 m s! at the freezing level. Echo tops
exceeded 13 km in this region.

High concentrations of graupel and raindrops were found. A few
particles exceeded 5 mm in diameter, but none exceeded ~8 mm
diameter. The pilot reported frequent lightning and updrafts/
downdrafts reaching 1500 ft/min.

The 2D-P and FSSP probes apparently malfunctioned every time the
aircraft descended to a lower, warmer altitude. This may be due to
condensation on the probe optics or circuitry. The P-probe recovered
after a few minutes at the new altitude. The FSSP liquid water
concentrations appeared to be too low for most of the rest of the
flight following the first descent.

On the first descent from the -5° to the 0°C level, the hail
spectrometer output showed high concentrations of particles reaching
4.5 cm in diameter. This was probably due to ice shedding off the
aircraft or the probe itself. The presence of such large particles in
such concentrations was not supported by the foil or 2D-P data, or
the radar observations.

Due to the long period spent in-cloud, the foil impactor exhausted its
foil supply part way through the sixth penetration, at ~16:28. The
audio tape containing pilot's comments ran out during the tenth
penetration at ~17:08.

RATS tracking worked very well. Modification of the software
brought in new aircraft positions more frequently. Previously some
good data were being rejected because they also contained
extraneous characters along with the correct position. The software
fix allowed these positions to be plotted on the radar display on the
Sun work-station despite the extraneous characters. Coordination
with the Cimarron radar worked well; precipitation particle
concentrations were highest when the RATS track showed the
aircraft to be penetrating the regions of strongest echo.



On landing, the baggage bay where the data acquisition computer is
housed, and rear fuselage, contained much water. The cover over the
telemetry antenna also contained water, that later was determined to
have caused a loss of transmitted power to about 50% of the full rated
power. Wetness may also be responsible for the fact that the high-
voltage-discharge-wick current transducer failed to work following this
flight. Despite the loss of power, the telemetry system functioned
reasonably well during the flight, falling no more than ~ 10 min behind
real time and actually being close to real time for most of the flight.
Maximum flight range from Norman was ~ 60 km, and the telemetry
worked well within 40 km. On two occasions late in the flight, the
GPS lat/long values were unrealistic; the 10's digit in the lat/long was
dropped (e.g., 35.28° became 5.28°).

The pilot apparently had the cockpit cracked open occasionally, even
in rain. This may have added to the water accumulated in the
baggage bay area.

Sunday, 26 May: The P-probe diode size in the data acquisition control
table was changed from 200 ym to 187.5 ym. This is intended to
coordinate the strobing of the probe so as to produce a true 1:1 x:y
aspect in the images.

Wednesday, 29 May: The VOR (which had been operating intermittently)
was returned to the cockpit following a couple of days in the shop; it
operates reliably on the bench. The next step is to try replacing the
antenna.

Differential phase information may be recoverable from Cimarron
radar data.

Thursday, 30 May: A small line of small storms formed in southwestern
Oklahoma around 17:00 and moved slowly towards Norman. New
development on the northern end of the line came within range for
multiparameter radar work.

Flight 544
18:24 - 20:29

Eleven penetrations were made between 19:00 and 20:00 through
storms in an area ~ 60 mi WNW of Norman. Penetration altitudes
were just above and just below the freezing level. The clouds were



A strong updraft was encountered at ~ 17:20 during a penetration at
the freezing level; it was 5°C warmer than its surroundings. Although
the computed vertical wind is only 10 m s-1, the computation is
degraded due to the fact that the pilot had to pitch down to avoid
being lifted out of his altitude block. The aircraft was actually rising at
~ 25 m s’1, which is a better indication of the true updraft strength in
this case. During this penetration, the 2D-P went flaky. This behavior
continued for several minutes, after which the probe recovered enough
so that occasionally some good data would get through. Unfortunately,
sporadic noise in the 2D-P data continued through the remainder of the
flight. The 2D data during this portion of the flight will require careful
editing. The current hypothesis to explain the behavior of the 2D-P is
that condensation occurs in the probe or in some connector in the line
from the probe to the data system when the aircraft is exposed to air
that is moist and several degrees warmer than it is. No foil data are
available for this period because the foil supply had been exhausted
during the previous penetration (Penetration 6).

Hail spectrometer data show that larger particles generally appear
on the edges of regions with high 2D-P particle concentrations.
Spectrometer, 2D-P, and foil maximum sizes are in reasonable agree-
ment. A small hailstone was found in the hail catcher upon landing.
A photograph of a thin-section of this stone is shown in Fig. 1.

FSSP and J-W data are in reasonable agreement.

Pilot reports and electric field measurements on the aircraft indicated
frequent lightning throughout the flight. The vertical field was
generally positive through Penetration 5, when the aircraft reached
~5 km altitude. Then on later penetrations near this altitude, both
positive and negative excursions were recorded. At least one

- electric-field-mill balloon launch went up near the location of the
T-28 penetrations during the flight.

The telemetry link kept up reasonably well. The T-28 computer clock
was 2 s ahead of WWV. The audio tape ran out during Penetration 9.

Upon landing, it was noted that the computer equipment area was
somewhat wet again.

A succession of squall lines went over Norman later in the evening,

accompanied by intense rains and high electrical activity. One
balloon launch crew reported small hail.
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Figure 1: Photograph of thin-section of hailstone caught during the seventh
penetration of Flight 545 on 1 June. Bubble-filled layer in upper two-thirds

of photo may be water frozen onto the particle after capture. Partially-visible
scale at bottom is graduated in millimeters. [Thin-section preparation and photo
courtesy of Dr. Charles A. Knight, National Center for Atmospheric Research]

Sunday, 2 June: Late in the day, after it became apparent that no hail-bearing
clouds were likely to develop, the T-28 launched to investigate a line of
rain cells extending north-south to the southwest of Cimarron. Balloon-
borne electric field mill launches were set up at either end of the line.
The T-28 penetrated at about the freezing level (4.6 km) and the P-3
flew parallel tracks above at about the -10°C level (6 km).

Flight 546
18:21 - 19:15

The T-28 departed at 18:21, and performed one run to the south
between 18:45 and 18:55. Then it returned to Norman within the
next 15 minutes (re-penetrating a region slightly to the east of the
first region) after developing minor engine problems. There were
balloon launches at ~18:00 and 19:00 at either end of this track
as well as P-3 penetrations above during this same period.
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The engine problem was thought to be possibly due to an overactive
alcohol pump which put too much alcohol into the carburetor during
de-icing operations. This produced a change in the way the engine
sounded.

The 2D-P showed aggregates during the penetration, some quite
large. No particles were detected by the hail spectrometer; in light of
subsequent experience, it appears the hail spectrometer was probably
not functioning properly on this flight. Peak cloud water concentra-
tions were only a few tenths of a gram per cubic meter. Vertical
motions were mild, only a few meters per second at most.

The vertical electric field oscillated between -45 and +45 kV/m over
distances of 10-20 km. Subsequent comparisons with balloon
soundings suggest the T-28 was moving up and down through a thin
charge layer that extended at least as far as the point where the
aircraft turned to return home. A high proportion of positive
cloud-to-ground strokes was reported from this line.

Apparent aircraft self-charging behavior was quite complex.
According to the wing-tip field mills, the aircraft appeared to charge
positive when approaching precipitation (and a charge region), but
then the aircraft charge swung to negative when the precipitation
was actually penetrated.

The pilot used the cockpit heater on descent to try to minimize
condensation inside the fuselage. This seemed to work, and things
were dry on landing even though the aircraft descended through rain.

The VOR and the #2 DME were inoperative during the flight.

Monday, 3 June: A comparison of flight tracks produced by the T-28 GPS

system and the RATS data showed very close agreement. The latter
data are only sampled every 12 seconds, as opposed to each second
for GPS.

Tuesday, 4 June: A replacement VOR antenna was installed.

Wednesday, 5 June: A good hailstorm developed to the east and north of

Norman by mid-morning, drifting southward. Dime-size hail was reported
at Tinker AFB (north of Norman) about 10:00.

13



Flight 547
11:50 - 13:40

The T-28 made nine penetrations of very active convective cells,
some containing updrafts up to 25 m s, All penetrations were near
the freezing level (~4.3 km MSL). The strongest updrafts were
encountered on the first, fifth, and seventh penetrations. The storms
were not well organized. New cells developed generally on the
upwind (southwest) end of the complex, but were generally short-
lived. The strongest updrafts were on the south side of the complex.
Maximum reflectivities exceeded 60 dBz. The storm was most
intense during the first two T-28 penetrations and then seemed to
shrink, in terms of area and magnitude of maximum reflectivity, for
the remainder of the flight. No stratiform anvil developed with this
system.

The largest particles appeared on the first and fifth penetrations,
according to a brief examination of the foil. A section of the foil from
the first penetration is shown in Fig. 2. 2D-P images showed large
graupel/small hail in these areas. The hail spectrometer was inopera-
tive, but hail was audible on the windscreen mike during portions of the
flight. Golfball-size hail was reported south of Norman later during the
T-28 flight, but the aircraft was not in that area at the time.

The 2D-P went flaky during the second penetration in a warm updraft,
but recovered and behaved itself for the subsequent penetrations.

There was no evidence of wetting on either temperature probe. Cloud
water measurements looked good; peak values were just over 1 g m3,

Balloon-borne field mills, launched into the storm complex an hour or
more later than the time period of the T-28 flight, and not into the
same storm the T-28 investigated, showed fields reaching 100 kV/m.

The P-3 got off around noon and stayed up for six hours. Lightning
struck the P-3 and then was observed to cork-screw to the ground.
The P-3 made one pass along the leading edge of the line, got
bumped around quite a bit, and subsequently concentrated on the
trailing edge.

The T-28 pilot reported a position directly over Tinker at 12:19:05.
This should be a good spot to check RATS and GPS tracks.

14



Figure 2: A section of foil from first penetration of Flight 547 on 5 June.
Scale at top is graduated in sixteenths of inches (1.59 mm).

Saturday, 8 June: DME #2 was finally returned and re-installed in the
aircraft. The VOR was also repaired and re-installed.

The T-28 crew stood by for heavy rain showers/small thunderstorms.
They never got within multi-parameter radar range, so the T-28 was
sent to try some penetrations along radar radials through an elevated
stratiform region extending northward from a group of cells out at
90-100 km SW of Cimarron.

Flight 548
17:00 - 18:50

The T-28 flew south, then back north through the stratiform area,
first at 5 km and then at 5.4 km MSL. The track was nearly along
the 180 deg radial from Cimarron. After two circuits, the aircraft
returned to base as the cloud was dissipating.
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The 2D-P showed large aggregates. Maximum size indicated on the
hail spectrometer was 1 cm. There were almost no impressions on
the foil, indicating the particles were fragile and of low density.

There was no cloud water present according to the J-W. The FSSP
showed a low cloud water concentration that was probably due to
stray counts from ice particles.

Strong negative fields reaching -45 kV/m were encountered near the
southern portion of the first circuit. The fields declined to no more
than a few kV/m for the second circuit as the cloud layer dissipated.
A field-mill-balloon launch crew reached the southern portion of the
area overflown by the T-28 near the end of its flight, but decided not
to launch as the clouds were visibly dissipating. A T-28 field mill
self-charge test near the beginning of the flight was OK.

Telemetry started to fall behind soon after takeoff. It was more than
one-half hour behind for the active part of the flight, and started to
miss data after it got this far behind. It caught up again by the time
of landing. The RATS track was also usually several minutes behind
and sporadic through most of the flight. This made it difficuit to
direct the flights from the ground.

The VOR was not operating properly on takeoff, but worked OK at
altitude. Some method may be needed to ventilate it.

Tuesday, 11 June: With little prospect of active storm development, some
of the remaining flight hours were used to collect turbulence and
related data in the boundary layer.

Flight 549
10:00 - 12:40

The T-28 took off for a clear-air flight over two wind profilers south
and west of Norman. It flew legs at three altitudes between the
profilers and perpendicular to a line between them. Dr. Richard
Doviak will use the aircraft data to compute vertical heat fluxes and
compare to values deduced from the profilers. He will also look at
the T-28 turbulence measurements and compare to turbulence
estimates derived from the profilers.

16



Radio noise shows up in the RFT temperature data. The VOR
ventilation scheme worked well enough that the VOR was working
at all but the lowest altitude (1000 ft AGL). At higher altitudes
(4000 ft AGL), the telemetry was good to about 60 n mi.

The T-28 crew stood by for possible scattered thundershowers in the

afternoon, but none developed close enough to the Cimarron radar for
dual polarization work.

-Wednesday, 12 June: Aircraft and crew departed for home.

17



3. DATA SUMMARY

The T-28 instrumentation generally performed well during COPS-91.
However, some small but persistent problems should be noted by data users.

First, radio communications apparently interfered with the reverse-
flow temperature signal. Pulses in the data of a few seconds duration with
a nearly square wave profile should be regarded with suspicion.

Second, the 2D-P data records tend to contain noise in the first
halves of buffers that corrupts the images and time bars. Although particle
images can still be recognized by eye, automated image processing does
not appear feasible for the first halves of buffers.

Other more intermittent problems are noted in the daily summaries in
the preceding section.

COPS-91 was the first project in which the T-28 carried a GPS
receiver. A comparison between aircraft position according to the FAA
ATCBS radar at Tinker Air Force Base and position according to the GPS
receiver is shown in Fig. 3. Published data on either system are difficult
to find. Based on a series of phone calls to FAA engineers and GPS
manufacturers, we compiled the tentative data shown in Table 3.

TABLE 3

Approximate Characteristics of GPS and FAA Secondary
Radar Systems for Aircraft Location

GPS FAA
Accuracy ' ~30m 225 m range
0.25° azimuth
{218 m at 50 km
range)

Resolution ~18 m 29 m range
0.088° azimuth
(77 m at 50 km range)
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Partial T—28 Track 05/24/91

104 -
- Solid is GPS; Dashed is FAA
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Figure 3: A comparison between flight tracks recorded by the FAA ATCBS
radar at Tinker Air Force Base and by the on-board GPS system during
Flight 543, 24 May.

The GPS performed very well during the project and appears to offer many
advantages over the FAA tracking system, including better resolution,
accuracy, and more timely position updates. However, the GPS data were
often not available at the ground in real time due to telemetry problems,
highlighting the value of redundant real-time aircraft tracking systems.

Table 4 contains a collection of summary statistics organized by

segments in the flight between the times the aircraft entered and left cloud.
In some cases when several small cloud elements were penetrated in quick
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succession, multiple cloud episodes are lumped into one period. In some
other cases, the aircraft reversed course to pass back through an interesting
portion of a cloud without ever leaving the cloud. In these latter cases, a
new "penetration period" is started in the middle of the reverse-course
maneuver. Only rudimentary quality checks have been performed on the
data at this time, so these numbers should be treated as first-look data that
require further evaluation.

Appendix B lists all of the variables recorded or routinely computed
from the T-28 observations, while Appendix C provides details on how each
is determined. The variables tabulated here are as follows:

Time - time, in Central Daylight Time, 24-hour format, when the
aircraft began a cloud penetration. Attempts are made to keep the
aircraft data system clock set to WWV. Small deviations (plus or
minus a second) may be present on any given flight.

Dur - duration, in seconds, of the cloud penetration.

z - average altitude, in geopotential meters in a standard atmosphere,
during the penetration period. There may be significant differences
(hundreds of meters) between this altitude and actual geometric
altitude. ‘

T - average temperature, in degrees Celsius, during the penetration as
determined from the Rosemount aircraft temperature sensor. This
sensor is subject to wetting effects and the average temperature may
be biased low on many penetrations.

LWC - maximum 1-s value of total cloud water concentration, in
g/m3, as determined by the Johnson-Williams cloud water meter.
This instrument has been shown to respond mainly to droplets with
diameters less than 30 micrometers.

Up/Down - peak positive and negative vertical winds, in m/s, during
the period, estimated from changes in aircraft pressure altitude
computed from centered 2-s differences with some corrections
applied. [See Kopp, 1985]

Ez - vertical electric field, kV/m, as determined from the T-28 electric
field mills and corrected for aircraft shape effects and the roll angle of
the airplane. Peak negative and positive values during the period are

given. A positive vertical field component would force a positive test
charge to drift upward, and is indicative of positive charge below the

aircraft and/or negative charge above the aircraft.
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Ey - horizontal electric field, kV/m, as determined from the T-28
electric field mills and corrected for aircraft shape effects and the roll
angle of the airplane. Peak positive and negative values observed
during the period are given. The sign convention is that a positive
horizontal field component would influence a positive test charge to
drift to the right of the aircraft direction of motion, indicating positive
charge to the left of the aircraft and/or negative charge to the right.

Max Sh/Or Conc - maximum precipitation particle concentration,
number per cubic meter, observed during the penetration. This
estimate is based on the maximum value of 1-s counts of the number
of particles entering the PMS 2D-P probe sample volume, per second.
This probe responds to particles larger than roughly 200 micrometers
diameter. Only the edge of a particle need be in the sample volume
to trip the probe. The probe sweeps out a cubic meter in about 6 s.
The concentration is computed assuming all particles activating the
probe are entirely within the geometric area scanned by the probe.
This assumption is not strictly true and can lead to overestimates of
the particle concentrations.

Max 2DP Conc - maximum precipitation particle concentration,
number per cubic meter, computed from the 2D-P image data in a
manner described in Detwiler and Hartman (1991). These estimates
are based on periods over which the probe was active for a total of

1 s, which may involve several seconds of flight time. Artifact
images are rejected and some particles partially in the field of view
are reconstructed and included in the count. This approximately
doubles the volume sampling rate of the probe for the largest particles
compared to the volume sampling rate obtained if only images entirely
within the field of view are included. These maximum concentration
estimates are typically similar to the ones based on the shadow/or
counts when the probe is operating properly. The peak values are
somewhat dependent on the time chosen for the beginning of the
penetration as the sample accumulation process for each 1-s period
will involve different portions of the cloud if it is started at different
times. See Detwiler and Hartman (1991) for more details.

Max Hail Conc - maximum concentration, number per cubic meter, of
particles with diameters larger than ~5 mm as determined by the
T-28 hail spectrometer. This is a non-imaging, one-dimensional
optical array probe with a volume sampling rate ~ 30 times that of
the 2D-P (if partial images are included in the 2D-P sample). Large
liquid drops may be counted by this probe as well as snow, graupel,
and hail.
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Max 2DP Size - maximum particle size (mm) observed by the 2D-P
probe during the period. Since an attempt is made to reconstruct
partial images, and the maximum dimension may be in the along-flight
direction, the maximum size may exceed the nominal 6 mm effective
width of the 2D-P array. Attempts are made to exclude artifact
images such as splashes and streakers, but the automated rejection
scheme is not 100% effective. These data have been checked with
one pass of visual inspection through the most-probably misclassified
images, but further examination would be prudent before basing any
detailed analyses on these values.

Max Hail Size - maximume-size particle (mm) detected by the hail
spectrometer during the penetration. Timing criteria are used in an
attempt to reject counts due to water streaming off the probe
housing, although this has been shown to be insufficient to eliminate
all artifacts from the data. The maximum measurable size is 45 mm.
Values this large in the presence of rain are probably artifacts due to
water streaming off the housing. Detailed examination of the
measured size spectra should be done in order to further verify the
maximum sizes listed here. Maximum sizes determined from this
probe are typically larger than maximum sizes determined by the 2D-P
due to the larger size range sampled and the higher volume sampling
rate. .

Hydromets - a qualitative description of the most common particle
type observed during a penetration, based on visual inspection of a
sample of the images from each penetration.

rn = raindrops
sn = snow (dendrites, columns, etc., showing little or no riming)
gr = graupel

agg = aggregates of snow crystals

Appendix D provides the recorded GPS flight track for each T-28
research flight during COPS-91.
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4. ANALYSES IN PROGRESS

As of the time of preparation of this report, T-28 data are involved in
two ongoing analyses from COPS-91. The first is a comparison between
aircraft in-situ data and multiparameter radar signatures obtained during
the 5 June flight. This work is being performed at Penn State under the
guidance of Professor Aydin. The second is a comparison between electric
field structures observed by the aircraft and those observed from balloons
in stratiform debris clouds on 2 June. This latter work is being performed
at NSSL/University of Oklahoma by Maribeth Stolzenburg and collaborators
in the atmospheric electricity group.
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APPENDIX A
T-28 Instrumentation

VARIABLE INSTRUMENT RANGE ACCURACY RESOLUTION NOTES
{as recorded)
STATIC PRESSURE ROSEMOUNT 0-16 psi +0.015 psi 0.0002 psi ® Bench calibration, 3/89
1301-A-4B (0-103 kPa) (0. 1kPa) {0.002 kPa)
ROSEMOUNT 5-15 psi +0.015 psi 0.0002 psi ® Bench calibration, 3/89
1301-A-4B (35-103 kPa) (£0.1kPa) {0.002 kPa)
TOTAL TEMPERATURE ROSEMOUNT -30 - +30°C +0.5°C 0.001°C ® Platinum wire
102AU2AP. ® -2 sec time constant
NCAR REVERSE FLOW -30 - +30°C +£0.5°C 0.001°C ® Diode
® Several sec time constant
® Bench calibration, 3/89
® Recovery factor adjusted, 5/89
CLOUD WATER JOHNSON-WILLIAMS . ® Accurate if ali droplets have
AND LIQUID WATER 2 £20% WMLk d <30 ym
CLOUD DROPLETS CONCENTRATION
PARTICLE MEASURING Size -1 < 57 um +1 size ch lin 1 size ch: t | ® 15 di size
SYSTEMS, INC. Concentration size and *1% in channels spread over an
FORWARD SCATTERING 0 - ~2000 droplets/ concentration at adjustable range
SPECTROMETER PROBE om3 -50/cm’ ® Sampling rate 300 em3/km
® Accuracy of computed liquid water
concentration -~ +20%. Depends on
processing.
PRECIPITATION PARTICLE WILLIAMSON FOIL 1-20mm 0.2 mm 0.2 mm ® Sampling rate 1.4 m /km
SIZES AND IMPACTOR
CONCENTRATIONS
PARTICLE MEASURING Size 200 - 6400 um +200 um 200 um ® Computed ice and water
SYSTEMS, INC. concentration can vary +50%
2D Precip Probe with processing technique
® Sampling rate: 1.66 m“/km; DAS can
accept ~250 particles/sec (2500/km}
HAIL SPECTROMETER Size 4.5 mm-4.5cm | i1 size class 1 size class ® 14 size classes
Cnncentrasion ® Sampling rate 100 mslkm
0 - 100/m ® Alternates with particle camera
NCAR PARTICLE SAMPLER ® A batch sampler, primarily for
hailstones
® Sampling rate 2.6 m3/km
AIRCRAFT MOTION NCAR TRUE 0 - 250 kts +3 kts 0.125 kt ® True airspeed
AIRSPEED COMPUTER (0 - 130 m/s} (+£1.5 m/s) {0.07 m/s)
HUMPHREY -1to +3¢g's 0.004 g 0.00006.g
S§SA09-D0101-1
VERTICALLY pitch -60° to +50° 0.2° 0.002°
STABILIZED roll -50° to +50° 0.2° 0.002°
ACCELEROMETER
ROSEMOUNT -3to +3psi +0.1% 0.0001 psi ® Indicated airspeed
1301-D-1B (-20 to +20 kPa) (0.0006 kPa) ® Bench calibration, 3/89
DYNAMIC
PRESSURE
ROSEMOUNT -2.5t0 +2.5 psi +0.1% 0.0001 psi ® Indicated airspeed
1221-F-2A (-18 to +18 kPa) {0.0006 kPa} ® Bench calibration, 3/89
DYNAMIC
PRESSURE
GIANNINI 0 to 50 in Hg 2% 0.008 Hg ® Used in one vertical velocity
45218YE {0.03 kPa) calculation
MANIFOLD PRESSURE ® Bench calibration, 3/89
BALL ENGINEERING -6000 to +6000 200 ft/min 0.2 ft/min
101A ft/min (+1 m/sec) (0.001 m/sec)
VARIOMETER {-30 to +3- m/sec)
AIRCRAFT LOCATION NARCO 0 - 360° +2° 0.0056°
NAV-122
VOR
CESSNA 400 0 - 100 nmi 0.1 nmi 0.002 nmi ® Maximum 2 sec
DME {0 - 185 km) (185 m) {3m) to lock on and
acquire range
TRIMBLE {global) 30m 18m * LORAN unit not available in 1991
TNL3000
GPS/LORAN
ELECTRIC FIELD NMIMT
Model E-100
DC Electric Field - & 200KV 0.01kV
Meter L m

NOTE: Many of these instruments do not behave as ideal instruments. The use of one measure of accuracy over the entire range of measurement is, in many cases,
questionable. An accuracy representative of the most useful part of the range is given here.




APPENDIX B

List of Variables Recorded or Routinely Computed
From T-28 Observations

Each different variable in the data stream is indexed with a unique tag

number. Those used for COPS-91 are listed here.

Tag
100

101

102

103

104

105

106

Variable

Time

Dynamic Pressure 1

Dynamic Pressure 2

Remarks

The T-28 data system is always set to
local time, and recorded in a 24-hour
format. It is maintained within a second
of WWYV unless otherwise noted.

Both dynamic pressures are read from
the same pitot tube line (with the inlet
out on the right wing) using two
different but nearly identical sensors.
[hPa]

Rosemount Static Pressure 1

Rosemount Static Pressure 2 Both static pressures are read

Rate of Climb

Rosemount Temperature

from the same static pressure line
(inlet on the rear fuselage) using two
different but nearly identical sensors.
[hPa]

The instantaneous rate of change of
aircraft altitude, read from a standard
aircraft variometer. The recorded data
data are unfiltered and much noisier
than the damped cockpit display. [m/s]

This is static temperature computed
from the reading of a standard, de-
iced, Rosemount aircraft total air
temperature probe. It commonly
suffers from wetting and reads low
in clouds. [°C]
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107 Reverse Flow Temperature This is static temperature computed
from the reading of a thermistor placed
inside a custom-design "reverse-flow"
housing. It does not normally get wet
in supercooled clouds, but may get wet
in warm clouds or in regions of high
precipitation water concentration.
Apparently, ice may sometimes build
up to such an extent on the housing
that temperature readings are affected
even though the sensor is not wetted.
[°C]

108 Manifold Pressure Pressure inside the engine manifold
{(an indicator of power being developed
by the engine) is recorded from a
standard aircraft engine pressure
sensor. [inches of mercury]

109 Acceleration Vertical acceleration is determined by
a Humphrey accelerometer. [g's]

110 Pitch The accelerometer also gives angle of
the fuselage relative to horizontal. [deg]

111 Roll Finally, the accelerometer gives angle
of the wings relative to horizontal.
Angle is positive for a left bank (left
wing down). [deg]

112 J.W. Liquid Water The J.W. probe yields concentration
of water in clouds represented in
droplets less than approximately
30 um diameter. [grams per cubic
meter]

113 VOR The VOR gives the direction to the
VORTAC (a radio direction-finding
beacon used by aircraft) to which it is
tuned. [deg]

114 DME1 This is distance to the VORTAC to
which the #1 DME is tuned. [n mi]
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115 DME2 This is distance to the VORTAC to
which the #2 DME is tuned. If they
are tuned to different VORTAC's,
the recorded distances from the two
DME's may be used to reconstruct
the aircraft flight track. [n mi]

116 Voltage Regulator Research system voltage. [volts]

117 Heading Indicates direction (from magnetic
north) towards which the aircraft is
heading. [deg]

118 NCAR true air speed True airspeed as computed by an
analog computer built at NCAR during
the NHRE project in the 1970's to
clock the 2D-C imaging probe. [m/s]

121 Interior Temperature Temperature inside the data
acquisition system computer in the
baggage bay. If it climbs much above
32°C, one should be wary for possible
data system malfunctions. [°C]

123 HV Current Discharge current from a discharge
wick under the rear fuselage. Failed
early in 1991. [mA]

130 Event Bits Bits corresponding to various events
recognized by the data system,
including such things as the in-cloud
switch activated by the pilot when
visually entering cloud, activation of
the cockpit voice recorder, etc.

131 GPS Warning Codes Bits corresponding to various status
messages from the GPS system.

140 FSSP size counts This tag contains information concerning
the number of counts in each of the 15
available FSSP size channels. [number
per channel per second]

141 FSSP total counts The total number of droplets counted
by the FSSP during a second.
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142

143

144

145

146

150

151

152

153

FSSP average diameter

FSSP concentration

FSSP Water

FSSP Activity

PMS 2DP Shadow

Or Count

Hail size counts

Slow Particle

The average diameter of all droplets
recorded during a second. [um]

The actual concentration of droplets
computed from FSSP counts divided
by the volume sampled in 1s. A
rudimentary correction for probe
activity is made. [number per cubic
centimeter]

The water concentration computed
from the FSSP data for a second.
[grams per cubic meter]

The fraction of time the FSSP is
active during the current second.

The number of times the probe was
triggered out of its wait state by the
passage of a new particle. [number
per second]

This tag contains information on the
number of particles in each of the
14 hail spectrometer size channels.
[number per channel per second]

The number of particles rejected
because they passed through the hail
spectrometer too slowly (indicating
they were probably water or ice shed
from the probe structure rather than
hydrometeors). [number per second]

Hail total counts (of 150) Total number of particles accepted by

Hail average diameter

the hail spectrometer. [number per
second]

The arithmetic average diameter of
all particles accepted by the hail
spectrometer in the last second. [cm]



154

155

160

161

162

163

164

165

166

Hail concentration

Hail Water

Top Field Mill (low res)

The computed concentration
corresponding to all particles
accepted by the hail spectrometer

in the last second. [number per cubic
meter]

The mass concentration computed
from the observed particle spectrum
assuming a bulk particle density of
0.9 grams per cubic centimeter.
[grams per cubic meter]

The electric field indicated by the
low sensitivity channel on the field
mill mounted in the aircraft canopy
looking up. Field mill data are
recorded at 20 Hz. [kV/m]

Bottom Field Mill (low res) The electric field indicated by the

Left Field Mill (low res)

Right Field Mill (low res)

Top Field Mill (high res)

low sensitivity channel on the field
mill located in the baggage bay door
looking down. [kV/m]

The electric field indicated by the
low sensitivity channel on the field
mill mounted in the left wing tip
facing outward. [kV/m]

The electric field indicated by the
low sensitivity channel on the field
mill mounted in the right wing tip
facing outward. [kV/m]

The electric field indicated by the
high sensitivity channel on the top
field mill. [kV/m]

Bottom Field Mill (high res) The electric field indicated by the

Left Field Mill (high res)

high sensitivity channel on the bottom
field mill. [kV/m]

The electric field indicated by the
high sensitivity channel on the left
field mill. [kV/m]



167

172

173

174

175

176

177

178

200

201

202

203

Right Field Mill (high res) The electric field indicated by the

Latitude

Longitude

Groundspeed

Ground Track Angle

Magnetic Deviation

Time Since Solution

Track Angle Error

Date

Month
Day

Year

high sensitivity channel on the right
field mill. [kV/m]

Computed internally in the GPS
receiver. [deg]

Also computed internally in the GPS
receiver. [deg]

Computed internally in the GPS
receiver (by differentiating the posi-
tion data with respect to time). [m/s]

The direction towards which the
aircraft is moving relative to the
ground, with respect to magnetic
north. [deg]

The difference between magnetic
north and true north as indicated
automatically by the GPS receiver
based on the current position. [deg]

‘"The time since the GPS was last able to

compute an accurate position solution
based on a sufficient number of satel-
lites. It updates position based on dead
reckoning if it does not have a sufficient
number of satellites in view. [s]

Angle between actual track and
desired track between two GPS way
points. This is meaningless if no way
points have been selected. [deg]

As indicated by the data acquisition
system computer clock. [yymmdd]

mm [integer number]
dd [integer number]

vy linteger number]
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204

205

206

207

208

209

210

211

Flight

Altitude

Theta e

Saturation Mixing Ratio

Point dz/dt

Indicated Air Speed

Updraft (uncorrected)

Calculated TAS

A serial number assigned to each
T-28 flight beginning with the first
flight. (Flight #1 occurred in 1972.)

The altitude in a standard atmosphere
corresponding to the recorded
pressure. [m]

The equivalent potential temperature
corresponding to the recorded tem-
perature and assuming saturation
with respect to liquid water. [K]

The mixing ratio of water vapor
corresponding to saturation with
respect to liquid water at the recorded
temperature. [g/kg]

The rate of change of altitude of the
aircraft computed by differentiating
the pressure altitude with respect to
time. This represents an independent
estimate of the rate of climb to be
compared to tag 105. [m/s]

What the airspeed would be if the
aircraft were flying at sea level and
indicating the observed dynamic
pressure. [m/s]

The estimated upward speed of the
air relative to the ground computed
from changes in the aircraft altitude
and other factors, but not corrected
for horizontal aircraft acceleration.
[m/s]

The true speed of the aircraft
relative to the air computed from
the observed dynamic and static
pressures, and temperature. [m/s]
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212 Updraft Correction Factor A correction to the simple (uncorrected)
updraft calculation that accounts for
horizontal accelerations of the aircraft.
[m/s]

213 Cooper Updraft The sum of the uncorrected updraft
and the correction factor. [m/s]

214 Kopp Updraft An updraft calculated somewhat
differently than the Cooper updraft.
In most situations, it yields a less
noisy and more physically plausible
updraft result for the T-28. [m/s]

216 Turbulence The turbulent energy dissipation rate
estimated from observed fluctuations
in true airspeed. [cm?2/3/s]

217 Air Density Computed from the recorded
temperature and static pressure.
[kilograms per cubic meter]

218 JW Mixing Ratio The mixing ratio of cloud water per
unit mass of dry air based on the JW
reading and computed air density.
[g/kg] ‘

219 - FSSP Mixing Ratio The mixing ratio of cloud water per
unit mass of dry air calculated from
the FSSP water concentration. [g/kg]

220 Hail Mixing Ratio The mixing ratio of hail particles per
unit mass of dry air based on the
computed hail water and air density.
[g/kg]

260 Ambient Vert Electric Field The component of the ambient
electric field that is vertical in the
aircraft frame of reference. Positive
means a positive test charge would
drift upward relative to the aircraft in
the field. [kV/m]
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261

262

263

264

265

272

273

274

275

276

Plane Vert Electric Field The field due to charge on the
aircraft, computed by summing the
readings of the top and bottom mill
and normalizing based on self-
charging tests. Positive means a
positive test charge would be repelled
away from the aircraft by the field.
[kV/m]

Ambient Hor Electric Field The ambient field oriented
perpendicular to the aircraft along the
wings, positive meaning a positive
test charge would drift to the right in
the field. [kV/m]

Plane Hor Electric Field The field due to charge on the
aircraft, computed by summing the
wingtip mill readings and normalizing.
Positive means a positive charge
would be repelled away from the
aircraft due to its charge. [kV/m]

Ambient Vert Field (roll cor) The component of the ambient
field that is truly vertical with respect
to earth coordinates. [kV/m]

Ambient Hor Field (roll cor) The component of the ambient
field perpendicular to the aircraft path
and truly horizontal with respect to
earth coordinates. [kV/m]

Latitude (deg)

Latitude (min)

Longitude (deg)

Longitude (min) GPS coordinates broken into separate
degree and minute components.

Ground Track Angle (True N) The direction of motion relative to
the ground with respect to true north,
derived from the GPS ground track
angle with respect to magnetic north.

B-9



Jagwinu / swelp Jo wns
sQ{7| Bel jo wng

mey

1661 Mau S0pod Nq ||
Uo Jap102al 8JI0A <-- 0 = € 1iq

uo 1o} <-- 0 = g Hq

pnojo ut <--Q = | }q

Buiuuna wWBlsAs <-- | = QO 1q

mey , 2-3G941S0°E

mey . €-3v9L96°E

dn paooy j0u 391A9p

mey , $-368£8G¢S°L

€299¥0°0 - meY , €£-369¢E0°C

9€GYZ°0 - MeY , €-369C€0°E

SLPGGL L - MBY , C-aVEGLLL'L

MmeyY , p-3GCLESL

0G - mey , €-36/2160'¢E

0G + mey , £-3G/1S0°€E-

[ 0'L + meY , G-3GC'9
GLT6G1°0 + meY , £-3860L°EC

9L '€LZ-10SINP/(SLLE YPT + MBY,E-3296L° L) = dwa)
€ ¢yoew , €GL°0 + L = JOSIAIP
9Ll'€LT-I0SIAIP/(9L EYT + MBY, E£-3G01E8°L) = dwal
cuyoew , GgL'Q + L = JOSIAIp

(1-(£/T)« » 407 101S/1d UAD + 1)), G = TyORW

0 > mey Joj ‘mey , $-3/8C°G

0 = < Mey 10} ‘mey , $-3G29°G

68G/'889 + MBY . ¢-3£1960'L

G8¥1°'8¢G + meY , ¢-3608G°L

GG6CC°0 - MBY . £-3¢CC89C'S

v¥C88°0 + mey , £-3G¢G08¢C'9

(1894 siy1 §1) uoneindwo?) Jo poyisy
pow 1se .

sSuo0JoIW
Jaquinu
Jaquinu

sbej}

sBeyj

D Bep
s/w
Bap
S1jon
1w ineu
1w ineu
Bap
cwy/B
ETY
Bsp
s,B

OI o

J Bap

D Bop

s/w
edy
edy
edy
edy

e g e e e g e e g g g g e

— e e g —

suun  ndinQ

son|eA #

Jelowelp aAe 4SS4
SIUNO02 |B10} 4SS
SIUN0d 4SS

S9po92 Bujuiem Sd4o

S11q 9p07) 1UdAg
(4o1ndw09) dwa| iondluy

paads se jann HyON

(zH Q) Buipeay
Jole|nbay abeljon

¢# INA

L# ING

HOA

Jolep pinbIy AP

(zH g) 1oy
(zH Q) Yyoud
(zH Ot) uoIIRIDBIOY
ainssald pjojuepy

dwa] mo|4 asianay

dwaj jJunowasoy

qui) 3o 8jey

(zZH 2) Z# dunssaid onels
(zH 2) L# sinssald ouels
(zH O1) Z# 8inssaid dlweuAg
(zH O1) L# 8nssald dlweuAqg

[424]
(541
ovi
Lel

oci
I1CL
8Ll
L1
9Ll
SL1
149"
€L
clLi
(N
oLl
601
801

L0l

901

S0l
142"
€01
ol
(133

uonduosaq # bej

O« LB6L ‘aunp-ABl\ BP0 ‘UBWLLION ‘SdOD 404 paindwo)) swa)| eleq pasnpay

O XIAN3ddV



{Le)
(Ls)
(1a)
(La)
(Ls)
(Le)
(Le)
(Le)

(V82061 ++(£LZ0E ELOL/ID 1RIS)-1) . ¥ILLOEY ¥

1661 mau
1661 mau
L6611 mau
L661 mau
L6611 mau
1661 mau
1661 mau
L6/E/S
L6/€/S
1661 Buudg
1661 Buudg
L6/€/S
L6/€/S
1661 Bundg
1661 Buudg

(91 10U ’'SuQ-Z¢ s1 MeY) 0L / mey

Ol / mey

(91 10U ‘SUQ-ZE S! MeY) OL / meYy

0L / mey

mey . 0009€ / 2G81L

09/(00 L/syipaipuny + ainujw) + 9aiBap
09/(00 1/sYipaipuny + ainuiw) + 9a16ap
GEB0'0 + mey , £-319€G'L-

¥191°0 + mey , £€-3E€CES'L-

v0'0 + mey , y-3¥9€0L°€E-

LT0°0 + mey , $#-3G8GLL°E-

1G96°1 - MeY , 2-38LLL°6-

CvvG'0 - mey , 2-3€20L°6-

YOL'0 + mey , Z-3vLG786'L-

9200 + MeY . Z-3¥LGC86'L-

|OA / Ssew = 19lem

6'0 » SOWN|OA , SJUNOD JO WNS = SSew
(se1, L°)/ Sunod 101

Jagwinu / swelp 40 wns

sQG1 Be) jo wng

mey

mey

Mmey

Ol / mey

93| ,WOUSBP/|OA/SSBW = 131EM
SBWNJOA , SIUNOD JO WNS = SSew
Wwiouap / |OA / JUNOD 10} = JU0d

001 / A32e , GG° - | = wousp

Sel , 6CC°0 = |0A

siajaw
Jaqwinu
Bip-z
Jsquinu
Jaquinu
PPWWAA
Bap

s

Bap
Bap
s/w
Bap
Bap

W/ A%
w/Ax
W/AY
W/AX
w/Ax
W/AN
W/AN
W/AN

gWw/6
eW/#
wd
Jaquinu
Jaquinu
Jaquinu
Jaquinu

&l

gwy/B

cWo/#

(PENURUOD) O XIANIIY

Ll R il i o R T T e—

<
L o o o

(zH 02)
{zH 02)
(zH 02)
(zH 02)
{(zH 02)
(zH 02)
(zH 02)
{zH 02)

apnily

Jaquinu 1yBi4

Jeap

Aeq

Yiuownl

sleq

10419 9|6ue Joen g4o
uonN|os aduIs awn S4o
uoneiaap onsubew g4o
(N Bew) ajbue yoes) puiB g4o
peadspunoib g49
apnuBuoj 54O

apniie| Sd9

saJ 1y ‘| pjayy 1yBiy
sal 1y ‘| pray 1o

S8l 1y ‘|jiw pjay wonog
sal iy ‘|jpw pjayy doy

S8 MO| ‘|jw play 1yBiy
S31 MO| ‘|jiw pjaly 3o
$81 MO} ‘|iw pjay wonog
$8J MOj ‘|jiw pjay doj

Jalem AInbae |ley
UOIBIIUBDUOD jieH
Jalawelp aae |leH

S1unod [e10} |1IeH

$9)o11ued Mo|S
SIUNO0J |IeH

10 PYS PZ SN
AnAnoy 8qoid

Jalem 4SsH

uonesjuaduod 4sSsSH

S0¢
1474
€0C
coe
1074
00¢
8.1
LLL
9Ll
/L
1ZA !
€L
Lt
L9l
991
991
1221
€91
91l
191
091

G661
121
€£G1
(421}
LGt
0S1
Lyl
arli

144

€Vl



{Ls)

(1s)
(1s)
(1s)
(Ls)
(L)

L6/9/S
L6/9/S
L6/9/S
L6/9/S

IS0 , Z9T} + 4UIS , 09T} = G9O?

Juis , 2923 + 102, 0921 = Y93

(peJ |joJ)uls = auls

(peJ ||04)S0D = ISOD

9°1LZ /(W) + wy)

8y / (W - wy)

v/ (wq + ¢/ wy)

9'G/ (wjq - 6°L / wp)

Aluisuap / Jsiem jiey

Alsuap / 191eM 4SS

Ausuap / Jazem” ml

jdwsay / ud 1e1S . 8EBYE0

‘Bunsy weuboud 3NSU0) *dUNNOI WIOSue]
Jouno4 1se} B Olul pa} aie ‘S| 4Y4 yum Buoje
‘sanjeA ainssaid dSiweuAp pue dielg

*aJay a1 01 paledijdwod 00} Yony

se1 o|ed, (Bue +8z0z0'0)-

(Se) 9Jed, SUBp)/GLL 6.19908,Z 1 79+ LN=ddo))
€ESVLIO00 « youd = Gue

jdway/ idels , 8E8YE'0 = suap
uonvaLI0d Jeipdn + 1jeipdn

G/ /'6/Z/(ser ojeo ut abueyd),sel ojed
(40SIAIP/9G8" L0« TUIBW,, ONILI)LIbS
80G00°0 & (EN + gN) + N = Jpdn

L'LL « OV -SBl , $GTVE'L) = €N
T6 « (1d vew - /7) = gn
T/UL-D-(1 +1) ye ui abueyd = |n

:—.naN\Nv*Oovtmmlmh.mvtam"mﬁ_
LZTOE'ELOL /4D UAp + | =D

e aaud - e

9AOQE WOl JWS
:v_nEmu*vm.oS‘_Em*m.ngxo*mu = oejayl
987 04+ 1d 18IS/0001) , dwe) = s
229°0 » (dAs - ud3e1S) / dAS = Jwis

((98°G€-dwa)/1, 6€692° L L)dx0,8/01°9 = dAS
3 ut dwel 14y = dydwsl

W/AY

W/AY
W/AN
W/AN
W/AY
W/AN
6y/6
63/6
B6/6
W/ 53

Srgiz %+ WD

s/w
s/w
s/w
s/w

s/w

s/w
s/w

{panunuod) J XI1ANIddV

— o o o

— o - -

(1104 Ynm) 43 3e] JUBiquY

(1104 YUM) 43 LI8A Jusiquiy
43 jesale] sueld

43 |es8le] JuBIqUIY

43 9A sueld

43 oA Jusiquy

onles Buixiw ey

onel Buixiw 4SS4

onea Buixiw M

Aususp ny

aouaingJn

1eipdn ddoyy

yeipdn 18doo)

10198} U080 Jjeipdn
Sv.1 pelejnode)n

(paoasiooun) jespdn
peadsuiie pajesipu|

1p/zp U104
ones Buixjw uoneinles

8 elay]

§59¢

¥9¢
€9¢
¢9¢
19¢
09¢
0¢e
6lLc
8l¢
L1e

gic

vic
€lc
[4 X4
Liec

oic
60¢

80¢
JAV A

90¢



L661 mau
L6611 mau
1661 mau
L1661 mau
1661 mau

‘aunjessdwal Buisn suonenba ul j 4y JOJ IUNOWASOY O
uonnysqns >>o=m 0] UOSEaS p|3y} By} J314e paljipow sem welBoid uolONPaY 'd|qeIjBIUN SBM MO} 9SI9A3Y - €.,

'uOleIa|990€ B1BJNJJED 01 PISN SBM
apnlilje JO BAIIBALIBP PUODIAS 10 qUUIO 4O BlB1 OS ‘€G- |G SIYBI) 104 BUPLIOM 1,USEM JB1OWIOIZIBIDY - T,

‘palsodas sem Juaipesb jegusiod | ggL 01 Jolid searaym ‘patiodal
Si piely 011099 Ajluaiiny “AjSnolAald pasn jeyl WOl PasIandl SEm S|jIW Pl JO} uonuaauod ubis ayy - |,

‘pAlOU 8SIMIBYI0 SSB|UN ZH | 1B papJodal aJe sialeweled ||y
*S|Ie3ap 310exa 10} D'IDNAIY 40 Bunisy 8yl }nsuo)) *sobeidAe aJe SajgeileA uonenba ayl S9Sed dWos Uj - O,

(09€°09€ + 9L L3+ G/ L1)pow Bap l Buueaq anJl SO
09 « €£13 30 Led jeuondely uw 1 Buoj ulw Sdo
(€£13) €41 Bel jo uoiniod Jabayuy Bap L Buoj Bap gdo
09 « TL13 40 Led |euonoesy ulw L iej vl S49
(¢£13) TL | Gey jo uoniod tabajul Bap I ie| Bap SdO

(peanunuod) J XIANIddV

9L
SGL¢
14 X4
€Le
cLe



APPENDIX D

T-28 COPS-91 Flight Tracks*

*Reference grid is GPS latitude/longitude with Cimarron radar spider
web overlaid. Range rings are in kilometers.
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