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SUMMARY

The reswlts of 46 c¢lear air turbulence (CAT) probing missions conducted
with an extensively instrumented B-57B8 aireraft are summarized from a meteor-
ological viewpoiht in a two-volume technical memorandum. The missions were
part of the NASA-Langley Research Center's MAT (Measurement of Atmospheric
Turbulence) program, which was conducted from the &ASA Langley Research Center
(on Langléy AFB, VA) and the NASA Dryden Flight Research Center (6n Edwards
AFB, CA) between Marc¢h 1974, and September 1975, at altitudes ranging up to
15 km. The particular empha$is of this program is to éxtend power spectral
mqasu?ements of atmospheric turbulence to wﬁveIengths df at least 9,100 m
(30,000 ft.) under several méteorological conditions and a.range of altitudes
of 0-15,240 m (0-50,000 ft.): This is important for design ofvlarge, struc-—
turally flexible higher 8peed aircraft in addition to the general resdarch
needed for developing a Better insight into the relation between turbulence
and basic atmospheric phénomena which may cahse'it.

i .

Turbulence sampl§s were obtained unfler divérse conditions including
mountain waves, jet streams, ﬁppér level fronts Yind troughs, and low altitude
mechanical and thermal turbulence. CAT was éncountered on 20 flights com-
prising 77_data runs. In all, approximately 4335 km were flown in light
turbulence, 1415 k& if moderate turbulente, 'and 255 km in severe turbulence
during the program. A codtract projéct research meteorologist, Mr. David E.
Waco of Votight Corpordtion, filled a, unfque and key role in this program in
that he assisted in formulating the general resédarch plan, forecasted the
turbulence, participated as airborne meteorblogical observer during each of
the missions, and conducted the bost—flight meteorological analyses. The
first volume presents the flight plannink, operations, and turbulence fore-
casting aspects of that portion of the MAT program conducted with the B-57B
aircraft, as well as the overall results and recommendations for future tur-—
bulence sampling programs. In the second volume (Appendix C), authored by
Mr. Waco, 27 MAT flights of particular meteorological interest are each des-
cribed by narrative summaries, supplemented in some cases by synoptic maps
and rawinsonde soundiné data. This has been done in a manner to facilitate
correlation with the turbulence time histories and power spectra derived in
the project. Some photographs of clouds are also included, in order to show
some of the cloud patterns which may serve as visual warnings of turbulent
conditions.



* INTRODUCTION

The NASA Méasurement of Atmospheric Turbulence (MAT) program was
undertaken prlm;rlly to extend turbulence power spectra measurements to
wavelengths of at least 9100 m (30,000 ft) under several types of
meteorological condlt%ons%and over a wide altitude range, employing the
same instrumentation system throughout the entire irvestigation. The
program utilized ? B—BTB aircraft capable of operation to an altitude of
15 km (50,000 ft); 46 turbulence ,research flights were conducted from the

NASA Langley Research Center (Langley AFB, VA) and the IASA Dryden Flight
_ Research Center (Ldwards AFB, CA) between March 1974 an; September 1975.

The primary purpose of tpls two~volume geport is to document the
operational aspects of the missions and describe each turbulence research
flight in terms of the synoptic and mesoscale meteorological situations
which accompanied 1t. The turbulenced power specéra obtained will be
presented in separate NASA publications (e.g. ref. 1); the goal in the
present report 1s to document the meteorological aspects in sufficient
detail that turbulence researchers may be enabled to correlate the spectra
with the associated meteorological conditions.

For completeness, the first volume of the present report includes the
background and rationale for the MAT program and a brief description of the
turbulence-sampling instrumentation. The impact of the B-57B aircraft per-
formance envelope and air traffic control constraints on conducting turbulence
search missions is discussed in the section on Flight Operations. A section
1s devoted to a statistical summary of the sampling experience of the program

from various aspects as, e.g., the number of kilometers flown in turbulence of




differing intensities under different synoptic conditions. Recommendations
for future turbulence sampling programs conclude the main body of the
first volume.

Appendix A in the first volume describes the weather support and
analysis procedures which were utilized and the role of the project's
airborne meteorologist-obderver. An evaluation of the turbulence forecasting
and sampling results concludes this appendix. Appenalx B summarizes
the project's experience jn mountain wave encounters.

The second volume (Appendix c) document;, by narrative summaries,
synoptic maps, rdwingsonde plots, and photographs of cloud conditions related

to the turbulence, the synoptic and mesoscale meteorological conditions

associated with eacn MAT mission where turbulence was forecast to occur.



AFB
AIRMET
AOA
ARTCC
AWS
CAT
DFRC
DME
FAA

FAX

GMT

gpdam

GWC

IAS

INS

LaRC

NMC

NWAL

PIREP
RAOB

R1

SYMBOLS AND ABBREVIATIONS

Air Force Base
Airmen's Meteorological Advisory
Ahgle of Attack

Air Route Traffic Control Center
Air Weather Service (USAF)

Clear Air Turbulence

Dryden Flight Research Center (NASA)
Distance Measuring Equipment

Federal Aviation Administration
Facdsimile

Acceletration due to gravity, meters second_2

Greenwich Mean Time

Geopotential dekameter (see ref. 11), unit of height for pressure
b4 ? '

by

surfaces on charts in Appendix C.
Global Weather Central (U. 8. Air Force)
Pressure altitude, kilometers

Indicated Air Speed, knots or kilometers hour_l
Inertial Navigation System

Integral scale value for turbulence, meters.
Langley Research Center (NASA)
Measurement of Atmospheric Turbulence
National Meteorological Center (National Weather Service)
Northwest Air Lines
National Weather Service
Pilot Report
Rawinsonde Observation

Richardson number - a nondimensional number utilized in the

study of shearing flows (see, e.g., ref. 11).



SIGMET

SMG

TACAN

TAS

P

USAF

VFR

g-
VHF

N-S
VOR

AV

Signlflcant,meteorological advisory

Spaceflight Meteorology Gréup (Zws)

Atmospheric temperature, dégrees Celsius

Tactical air navigation system

True Air Speed, knots or Kilometers hr-.l
Tu}bulencé:Plot advisory (Northwest Airlines)
Longitudinal comppnent of, g?Ft velocity, meters second™1
Ultra High Fr?quehcy

]

United States Air Force

Visual Fllghﬁ Rules .

® g
Lateral component of gust velocity, meters second—t
Very High Frequency
L]
North-south wind component, meters second-1 (positive wind from north)

VHF omnirange 3 ¢

i . .

West-east wind componeht, meters second'l (positive wind from west)

Vertical componént of gﬁst velocity, meters second™t

Mean vertical component of gust velocity, (av;raged over 12 seconds),
meters second™t

Angle of attack, degrees

Angle of sideslip, degrees

Direction from which wind blows, degrees clockwise from north

Incremental change in the longitudinal component of airspeed,
meters second™t

Potential temperature (see, e.g., ref. 11), kelvins

Wavelength, meters

Root mean square value of turbulence, meters second™t

Power Spectral density, (meter®second=2) per (cycle meter—l)



BACKGROUND

A model of the spectral properties of atmospheric turbulence is impor-
tant for design of cértain types of aircraft. Measurement techniques
and data analysis prdcedures have been developed by several investigators
(e.g., ref. 2) dnd flight programs have beén conducted to investigate the
appropriate spegtrai description for turbulence encountered in the surface
layer of the atmosphere'(ref. 3), in storm clouds (ref. L), in jet stream
wind shear (ref. 5) and at,higher altitudes (ref. 6). 1In general, the

! ! ]

results of most of these sémpllng brograms have indicated that the —5/3
slope of the von Karman pdwer spedtrum (see figure 1 (from ref. 7)) is
valid aboveé wave numbers on the erder of 0.01 rad/m (5 x lO_h cycled/ft)
or below wavelengths of approximately 600 m (2000 ft). Although there
1s general agreement that the ébectral description over these higher
frequencies (smaller wavelengths) appdars valid, the spectral
characteristics obtained at the lower frequencies (longer wavelengths)
have exhibited notable disparities among the results from different
atmospheric conditions and measurement programs. An example of departures
from %he von Karman spectrum, obtained in a mountain wave sampling mission
on this project, 1s presented as Figure 2 from ref. 1. The departures
may be associated with the atmospheric pggcesses (e.g., wind shear)
controlling the generation of the turbulence.

The amount of turbulence or gust energy at the longer wavelengths
1s of particular importance in the response and design of large, high
speed aircraft, such as supersonic transports. Because spectral

characteristics of measured turbulence may be influenced by the type

of aircraft, the instrumentation used in the measurements, and the
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data reduction and analysis procedures employed, it 1s not surprising

that the spectra resulting from different investigations have not always
been comparable. Therefore the MAT program was initiated with the goal

of determining whether the von Karman power spectrum is indeed an adequate
design model for the longer wavelength turbulence components encountered

1n a variety of meteorological situations and, 1f so, defining the
appropriate scale lengths (1.e., L values in the equation shown on figure 1)
to be employed in the design of futuré aircraft. To allow valid comparisons
of the data from the various meteorological situations, the same
instrumentation and data analysis procedures were employed for all MAT
missions. Emphasis was placed on searching for turbulence patches

of sufficient length (approximately 10 minutes duration) to allow for the
determination, with good statistical reliability, of long wavelength
components pertaining to various meteorological conditions. It was decided
to sample turbulence associated with wind shear regions, jet streams, low
altitude orographic layers, convective activity, and mountain wave
phenomena. Therefore, flights were made from about 300 m (1000 ft) above
sea level up to the 15 km (50,000 ft) ceiling of the sampling aircraft.
MAlrcraft turbulence instrumentation consisted of sensitive airflow
direction vanes, an incremental pitot pressure transducer, an inertial
platform and a temperature probe (refs. 7 and 8). In addition to providing
data for studying gust velocity time histories, these measurements were

used 1n deriving temperature and wind time histories and profiles.



INSTRUMENTATION AND DATA ANALYSIS

The requirements for the measurement and recording system and for the
data processing to achieve the goal of providing accurate measurements
at long turbulence wavelengths are discussed in ref. T. The instrumentation
system used 1is descrlbed in ref. 8. An assessment of the measurement system,
together with the equations utilized for obtaining gust velocity components,
1s described in ref. 9.

The three primary,measurqments Qsed in deriving the turbulence
structure were the angle of attack (a), the sideslip angle (B), and the
incremental change in the loﬁgitudinal component of airspeed (AV). A Rosemount
temperature probe provided measurements of atmospheric temperature. Aircraft
motion corrections were applied to the primary measurements to derive the
gust velocity components. Meteorological and turbulence data derived from
a sampling of particular interest (flight 32) are presented in ref. 10. To
provide a more complete u%derstanﬁlng of the samples of derived dat%
presented 1in the present report, some details extracted from refs. 8, 9,
and 10 are presented in this section.

The measurements of the aircraft and air motions were used to provide
data at meso-meteorological or turbulent scales of the atmospheric flow.
The wind velocity was obtained by computing the difference between the
measurements of inertial speed (relative to earth-fixed axes) and the
airspeed (motion relative to the air mass). Turbulence velocity was
similarly determined, but using a more detailed representation of the

aircraft motion. The measured data were recorded at a rate of 200 points

per second, using a pulse code modulation system. In the analysis, time



histories were used from samplings at a rate of 20 per second. Filtering

was in general avoided; however, frequencies above the Nyquist value (10 Hz)
were attenuated to prevent aliasing effects (see ref. 8). (Electrical filtering
could cause phase changes in individual measurements, causing significant

errors in deduced gust velocities.)

Examples of Data
An example of gust velocity and meteorological data obtained on the
MAT project 1s presented as figure 3. The time histories shown here were
taken from two runs of fllght 3% (analyzed in ref. 10) during which
moderate turbulence was encountered over Death Valley, CA. The parameters
presented on tne figure from top to bottom are:
UG’ the longitudinal component of the gust velocity, in meters second_l

V., the lateral component of the gust velocity, in meters second—1

G?
WG, the vertical component of the gust velocity, in meters second™+
WG’ the mean vertical component of the gust velocity (obtained from a
moving average over 12 seconds), in meters second
VW;E’ the west-east wind component, in meters second_l
‘VN—S’ the north-south wind component, in meters second™1
V, the waind speed, 1n meters second™1.
§, direction from which the wind is blowing, in degrees clockwise from north
T, the ambient atmospheric temperature, in degrees Celsius
0, potential temperature, in gelv1ns (e.g., ref. 11)
H, the pressure altitude, in kilometers
Note that all quantities are plotted with ground distance in km as

the abscissa. Plots similar to this were prepared for significant flights,

and analyzed in terms of the variability of the turbulence and meteorological

10
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Figure 3.- Example of turbulence and meteorological data obtained in the
MAT program. Example 1s for flight 32, run 4 (March 26, 1975, Death
Valley, CA, area). Time histories of longitudinal (Ug), lateral (Vg),
and vertical (W_) and mean vertical (W ) turbulence velocities, west-
east (Vy_p) and®north-south (V- g) w1nd components, wind speed (V) and
direction (§), temperature (T), potential temperature (6), and pressure

altitude (H) for runs 4 and 5 are shown. The portion of Death Valley
below 1 km 1s indicated at the bottom.
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parameters. For example, it may be noted on the figure that the wind direction
changed from 340 to 280, and back to 305 degrees during the course of run 4,
over a distance of some 155 km, indicating the existence of atmospheric struc-
ture at meso- meteorological scales. The record of WG shows continuous

light to moderate turbulence (for definition of intensity, see RESULTS AND DIS-
CUSSION section), with peaks between tS and t8 msec_l. It should be noted that,
although filtering was not applied a priori to the MAT time histories, those
presented here in figure 3 have undergone "filtering" in the form of a sliding
arithmetic average to provide increased clarity in presentation. Table 1 pre-
sents the time averaging periods applied for this particular case, together with
the estimated accuracies which apply to all MAT missions. The 12-second averaging
applied to derive mean vertical turbulence velocity was arbitrary, but chosen to
enhance viewing the record for significant lower frequency components. The 12-
second averaging for wind compohents was used to remove contamination stemming
from the aircraft's characteristic 6-second period yaw and sideslip oscillation,
excited by the turbulence. (Thé simplified equations for obtaining steady winds
assume that the true airspeed vector is alined with the airplane heading, and do '
not account for an oscillating sideslip angle.) The 0.5 second averaging period

was applied to the temperature w@minly to improve the appearance of these particular

plots, for which the distance (time) scale was quite compressed. The amplitude

of the fluctuations was not affected noticeably. Averaging was not employed for

later plots of temperature, which are presented on a more expanded time scale.

(See, for example, figure C-17 in Appendix C.) Some relatively high-frequency

noise 1s present on the sensitive static pressure time history used to obtain

incremental altitude. This noise results from cross flow over the static ports |
located in the forward end of the nose boom, and increases with turbulence i

severity. Twelve-second averaging was therefore applied to the altitude trace

12



to remove these pressure noise-related effects, since they were not indicative

of actual altitude changes.

TABLE I.- ESTIMATED ACCURACIES AND TIME AVERAGING PERIODS,
OF TURBULENCE AND METEOROLOGICAL DATA

2
quantity coemated | 7% TA0TS
(Figure 3)
Turbulence Velocity Components I 0.3 m/s None
Mean Vertical Turbulence Velocity : 0.3 m/s 12.0 sec.
Wind Components : 2.0 m/s 12.0 sec.
Wind Speed * 12.0 sec.

- Wind Direction * 12.0 sec.
Temperature Increments ! 0.3% 0.5 sec.
Potential Temperature : 0.5% 0.5 sec.
Altitude Increments 20.0m 12.0 sec.

*
Accuracy depends on wind component values.

In reference 9 an assessment of ‘the qua%tltles comprising the vertical tur-
bulence measurement concluded that it is essentially accurate to zero frequency,
but that maximum linear trend errors of 1.5 to 1.8 msec'l over 10 minutes' time
codld be present in the time histories of the horizontal components. However,
these errors would affect only the longest wavelength turbulence components,

and are significant as a "noise" source only in cases of low turbulence intensity.

13



FLIGHT OPERATIONS

Airplane Capabilities and Limitations

A B-5TB "Canberra" (NASA aircraft 516) was chosen for this project

primarily because of its ruggedness and capability to cruise at altitudes

extendihg to 15 km (50&000 ft) within an acceptable operational range

tadius. The B-5TB was designed as a ilght bomber capable of withstanding

2 load factor of 5g at Lhh knots IAS (823 km hy T

1.

) and 3.7g at 513 knots
I4S (950 km hr- This strength provided a ldrge load factor safety margin

for recovery from upsets in'éevére turbulence.‘ Thé cockpit provided for two

crew members, which satisfied the program réquirement to cérry a meteorologist-

Observer on-board for all fl}ghﬁs. The observer's role is described later in

.

Appendix A. Because the Alleghegy Mountains, a prime area for obtaining

turbulence 1n flights out of Langley AFB, VA, are only 460 km away, 1t was felt

that the cruising range withoﬁt tip tank fuel wodld be only slightly restrictive
for operations in the eastérn U.s. Experience gained during the program, !
however, showed that increased range or endurance would indeed have improved
the capability to search and find areas of turbulence. The tip tanks would
have allowed an extra 1887 kg of fuel, which would have provided an additional
hour of endurance or about 690 km increase in one-way range, at sea level.
Since the tip tank system on this aircraft had previously been deactivated

as part of a previous research program, i1t was concluded that the major

rework necessary to regain i1ts use was not warranted. Figure 4 shows endurance
and one-way range (until fuel is exhausted); this information 1s based on
flying at 300 knots indicated airspeed (556 km hr~1l). Basically the

airplane is capable of approximately 3 hours' duration or 1500 km

at sea level and 2700 km at an altitude of 12 km (40,000 ft). TFor the

1k
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altitudes generally probed, the effective sampling radius was sbout 500 km,
allowing sufficient fuel in the airc;aft to cruise out to the area of interest
and probe for about one hour, then c¢ruise back to the base of operation and
have enough reserve fuel for operational safety.

Figures 5(a) and (b) show, respectively, the geographic areas covered
in MAT B-57B operations over the eastern and western U.S. The boundaries of
the Air Route Traffic Control Center (ARTCC) regions are also shown by the
dashed lines. Radii of circles concentric with the bases of operation
(Langley AFB, VA, and Edwards AFB, CA) are labeled 1in kilometers. The principal
areas of flights for mountain wave turbulence penetrations were to the northwest
“of Marion, Roanoke, and Charlottesville, VA, to Charleston, WV, for flights
out of Langley AFB and to the east and southeast of the Sierra and Tehachapi

mountain ranges for flights from Edwards AFB.

Flight Procedures - Airplane and Experiment j
Because of the ifterest #n turbulence sampling penetrations, unusual
flight planning any operating problems were encountered in addition to the
restrictions imposed by aircraft capabilities. The biggest consideration
was the need for non-conformity to ARTCC procedures. It was recognized
that coordination with and approval by ARTCCs of the NASA flight plan, and
changes thereto while in flight, were mandatory. Therefore, early in the
planning stage, discussions were held with the FAA to determine acceptable
procedures and, since the first flights were conducted in the eastern U S.,
an agreement was worked out with the Washington, DC, ARTCC for special i

attention and support to achieve desired flight patterns, changes in flight
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directions and altitudes, and transfer to the adjacent ARTCC Centers where
appropriate. Standard instrument flight plans were requested, annotated
with "remarks" pertaining to the MAT flight requirements, about 30 minutes
prior to estimated takeoff time. The NASA pilot would then place a call to
the Watch Supervisor at the Washing?on ARTCC and explain the details of the
particular flight. The supervisor in turn would brief the controller on
duty; as a résult, operations pkoceeded in a relatively routine manner.

As the airplane proceedéd trom one sector‘to another within the
Washington Control Center area z radio communication frequency shift was
required, and sometimes a transponder code change was also necessary, but
these changes did not cause serious problems. Coordination between Centers
was generally carried out with no difficulties. These communications were
handled on UHF radio; VHF radio was used to keep the project engineers
informed on the progress of the flight. While the aircraft was enroute
to the designated turbulence search area, minor changes in altitude and/or
aircraft heading were sometimes necessary to provide separation from other
aircraft. However, during the data - taking runs, where precise, constant
headings and altitudes were required, the Center controllers in most cases
were able to direct other aircraft to alter their headings or altitudes
so that sampling runs could be completed without undue disruption of
traffic. Position information was monitored and logged by using the onboard
TACAN and VOR/DME equipment to establish instantaneous aircraft position and,
over a period of time, the ground track. The observer would log the position
data with magnetic heading, pressure altitude, indicated temperature and
airspeed, and the time of day. This type of information was used in many

cases to estimate winds to within 10 degrees and 2 m sec_l (5 knots) and
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also to help identify upper air fronts, jet streams, and mountain wave
structures. The latter computations were generally made after the flight.

Cockpit Controls and Displays

To reduce the pilot's workload, and assist him in conducting search
patterns, modern avionics and pilot panel displays were installed. These im-
provements permitted flights in most weather conditions, provided for reason-
able accuracy in navigation, and facilitated maintalning a more precise heading
and trim condition during data taking runs. Note that in order to have high
resolution for the various measurements required in determining gust velocity,
avallable recording ranges need to be as small as practical. The final com-
promise ranges selected for all of the measurements are given in ref. 8.
Generally, the airplane motion ranges were such that alert piloting techniques
and use of the displays was required to keep the quantities from drifting
away from center of the available range, and consequently going off-scale in
the rougher turbulence. Variations 1in piloting technique did not affect the
final turbulence time histories, since airplane motion effects are removed in
the-data reduction. In a few instances, however, an off-scale condition of a
motion measurement resulted in momentary loss of one or more turbulence com-
ponents, 1.e. vertical, lateral, or longitudinal. (An off-scale condition for
a motion measurement can cause very large errors in the computed turbulence
component. For that reason the data reduction was sueh that the appropriate
turbulence component was discarded during the interval of any off-scale
condition. )

Figures 6(a), (b), and (c) show the general layouts of the pilot and
observer instrument panels, with the turbulence instrumentation controls and
displays 1dentified. Figure 6(a) 1s a photograph of the p1lot's instrument
panel. The controls for the turbulence recording instrumentation are located
on a control panel at the top right of the figure. (This panel was mounted on
the instrument panel's glare shield.) Figure 6(b) 1s an enlargement of the
panel. From left to right on the figure is a "failure warning" light located
directly above a "record" light, to denote failure of the inertial platform.
Kext 1s a "tape quantity" meter. Then follows a readout of the instrumentation
time code generator to enable correlation of pilot-observed events with the
recorded measurements. This was usually done on the
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voice track of the data tape. An instrumentation power on/off switch and s
record on/off switch are located to the right of the readout.

To assist the pilot in evaluating the intensity of the turbulence level,
a "turbulence intensity" meter (RMS meter) was developed and Placed on both the
pilot's and observer's instrument panels, as shown on figures 6(a) and (c), respec-
tively. This meter displédys the root-mean square value of the output of a normal
axis iﬁg accelerometer located near the airplane's c.g.. The rms output is
averaged over a pilot-selectable period of from 2 to 20 seconds, and has g
range of 0 to 1lg (rms éverage).

A pilot's "alpha-beta" display (fig. 7) was developed (ref. 8) and

"mounted on tlie panel Just ﬁelow the turbulence intensity meter. This

combined display portrays the position of the nose boom angle-of-attack (A0A)
and sideslip vanes, and the pitch ‘attitude angle {derived from the inertial
system). To facilitate keeping the heading near the center of the data
scale, a very sensitive ineremental heading display was also developed and
mounted in the glare shield at top center. The display, driven by a signal

from the inertial platform, hag g #7.5° 1amit of heading change. A °

" monitor for the temperature probe output 1s mounted atop the observer's

panel glare shield. This was provided to enable the observer to record
the temperature changes associated with turbulence phenomena, and was

especially valuable 1in mountain wave samplings.

Piloting Techniques
The piloting technique, developed to keep the data within acceptable
limits by using the displays described in the pPrevious section, was as
follows: First, one or more minutes of straight and level flight were

maintained to establish the proper engine power settings for a true
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airspeed of approximately 695 km hr—l (375 knots); then, the data recording
systems were turned on. Particular attention was then given to the incremental
heading, airspeed, and altitude indicators. Adjustments to the throttles were
acceptable to maintain indicated alrspeed within the scale limits, which
varied from +12 kt (6m sec_l) at sea level to +33 kt (1Tm sec_l) at 15 km
(50,000 ft). The observer assisted the pilot by monitoring altitude and

speed and would remind the pilot of any appreciable changes from the

values existing at the start of the run. Maintaining motions within the
accepted limits became more difficult, especially in severe turbulence,

while talking to ATC or changing radio or transponder frequencies. At these

times, the observer's assistance was particularly valuable.

Turbulence Sampling Patterns

Three types of sampling patterns were proposed 1in the early stages of
the program. Patterns were derived for penetrating mountain wave phenomens,,
high velocity wind regions (1.e. jet streams) and 1solated turbulence
patches, as shown in figures 8, 9, and 10 respectively. On these figures,
turbulence data-gathering runs are denoted by the heavy straight line
segments lying between the solid dots. The primary consideration in
deriving the pattern lengths was that each data run be long enough to provide
statistically reliable data for power spectral estimates on wavelengths
of 9000m or greater. As indicated in reference 7, continuous turbulence
samples of about 10 minutes' duration at 375 knots TAS (395 km hr-l) were
desired. Therefore, data runs approximately 111 km 1in length are found in
each of the search natterns. The various relative orientations
of flight paths within each pattern were chosen to enable an assessment of the
sizes of the turbulent areas, and to provide information on possible differences

in the turbulence attributable to mean wind or wave orientation. The "start"
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headings were often oriented into the air mass or local wind so that two runs
would have a minimum of drift angle and the cross legs would have maximum drift.
Therefore, the figure for the isolated turbulence patch investigation pattern
(fig. 10) is the only one with arbitrary track directions (030, 150, 210 and

330 degrees in the example on the figure for the four turbulence investigation
legs), chosen for convenience in a given sampling. For the other two patterns,
the track directions were chosen to fit the alignment of the meteorological or
terrain features. For example, in the case of the jet stream (fig. 9), the

first turbulence sampling run parallels the jet stream in a downwind direction,
the second run parallels it heading upwind, and the final run 1s made perpen-
dicular to the Jet flow. The wave pattern (fig. 8) has its first run parallel
to the mountain ridge. The wave 1s then sampled, heading upwind, at an angle

of approximately 45 degrees to the ridge. The final run 1s made heading down-
wind, perpendicular to the ridge. All these patterns were 1dealized, and good
for guidance, but seldom exactly followed in practice due to numerous constraints
which will be elaborated on in the results section of the report. The no-wind
time to fly the patterns varied, according to the pattern type, from 40O

to 60 minutes. Other types of data runs not involving the above patterns were
often flown. These were generally straight-line runs, as, for example, those passing

along thunderstorms in clear air, or through their tops.

Meteorological Support and Analysis
The approach adopted in this brogram was to conduct turbulence sampling
missions only when conditions were highly favorable for encountering turbulence.
Such conditions were both identified from the P1lot reports and forecasted
on the basis of specific meteorological patterns apparent on weather analyses and

prognoses. (This turbulence sampling approach 1s in contrast to that of many other

programs (e.g. ref. 3) which accumulated flight miles in order to determine
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the percent of time spent in turbulence of a given intensity). A unique
feature of the sampling operations was the requirement that a
meteorologist participate not only in the traditional forecasting activities
of meteorologists in weather stations but also act as an airborne observer
on all turbulence sampling missions.

An attempt was made to utilize, as much as possible, the outputs of
other agencies and organizations, involved with CAT — forecasting and
reporting, 1n the conduct of the MAT B-57B sampling operations. Advice was
solicited from other government agencies and commercial airlines on forecast
procedures and acquisition of real time reports of turbulence encounters.
-The U.S. Air Force (USAF), the National Weather Service (NWS), the Federal
Aviation Administration (FAA), and Northwest Air Lines (NWAL) a11
participated in the program.

It is tke authors' opinion that this approach (1.e. utilization of a
flying observer, plus obtaining the active cooperation of all agencies)
enhanced the accomplishment of a series of successful turbulence encounters,
resulting in significant acquisition of turbulence data. In the belief that
this planning experience may be useful in the planning of Possible future
turbulence investigation programs, further details on the turbulence
forecasting experience is presented in Appendix A. The role of the project
meteorologist/airborne observer, the merging of the forecast products of
the various agencies into the MAT forecast, the maps and analyses used,

and the forecasting procedure employed are all included.
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RESULTS AND DISCUSSION

A detailed description of each of the turbulence-significant flights
is provided in the second volume (Appendix C). Each of these descriptions comprises
(2) a narrative flight summary, with emphasis on the turbulence obtained along
with a flight track, (b) a meteorological summary, supported by synoptic analyses,
rawinsonde plots, etc., and (c¢) a discussion which 1ncludes the most likely
explanation for the turbulence encountered (or for its absence).
The turbulence encounter €Xperience will be summarized in this section of
the report. Five tables are presented which summarize the experience
from several aspects. The first of these, Table IT, gives a complete
chronology of the 48 missions 1n the MAT B=57B program, {Two missions, numbers
4 ang 5, were not flights, but ground taxi runs for checking the instrumen-
tation; thus 46 flights were made during the program). The table lists
flight number, date, Greenwich Mean Time, the geographic areg searched,
the altitude range searched, the type of mission (er1ther instrument
calibration or meteorological condition related to: turbulence), a subjective assessment
of the maximum turbulence intensity encountered, and the assessed likelihood
(preflight) of encountering turbulence. The table 1s divided into three
parts, reflecting the three phases of the program, which were;
1. Phase 1: 25 Flights conducted from the NASA Langley Research
Center (on Langley AFB, VA) over the Eastern Ug from March
197k to February 1975
2. Phase 2: 16 Flights conducted from the NASA Dryden Flight Research
Center (Edwards AFB, CA) over the southwestern US during

February - June 1975.
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TABLE II.- A COMPLETE CHRONOLOGY OF MAT MISSIONS WITH THE B=57B AIRCRAFT

(a) PHASE 1 (EASTERN U.S.,3/18/74 TO 1/30/75)

[ARa ] »axX FOR CALT
AL TTE FURFLGE TP "INTE LIELIBOGD OF
kO DATE TIMZ (GMT) C ALK APEA (DiST IH kn) (a2 EBNCO ITEFED TURBULESCE
1 Wbl 37 ,0-1G37 La nley AFB Lccal Area LSk PR Ipa —ureptatico Cieckouat None b 4
2 L/ar 1k 15,0-17¢ ) S cft orfolx, VA e 1str Ter m {cn (heckoo Nore F
L/10/74 45954705 “t of Waluops FC, VA TO an Irstru-e te ion Checsout (adcrted) VL sbove 11 6 km P
1 N/A R/A N/A A G-~a ¢ "axi of Instr merta ‘ca 8/4 E/A
S B/A K/A /A 5/4 Srowsd Texd ©7 Inatrimesta .m B/A B/A
[3 $/10/Tk 1964-1750 SEL cof Wallops PC, VA 1~.37 lcstroe ta ‘o. Cherkost Boze 4
T €/ S/Th 17.4-1301 Wa.lcps FI, VA Lo Jo' —er Cauitra dc. Bone P
8 6/19/7% 1629-1932 Frazxlin, VA - Roxbero RC 05 OV¥ a-t.tude "he-mal "urdbulece Conticuwous L 1 4
9 6,20/T4% 1807-20C2 Froox.ic, VA - Wilieizg oa, AC 95 2 ~ov A. i°Lde "Termal Murtulexe Contipucus L r
10 10/11/Th 1517-1708 L cf Lape Coarles, VA L9 Inert‘as Flatform Thech Xone P
1 10/22/74 1537-.721 Gordezs AAlle, VA 1% er = ;::M' ::(P::f.‘y-; - Bone »
p¥-3 10/25/74 15381745 Roanoke, ¢A ¢ 7 euS. if fou. ITAC Ce F3 .£rme VL P-7
13 11/ S/1% 16L6-1302 90 radius Stsunton, YA 94 icst  Caerzout oet € reem Tarde Nene P-r
14 11/ 176 1%u9-.817 180 radiae Ricrz.ui, VA [ I st Crerzcut, Jet Stream wiad Chear Brief VL V6
15 11/ b/T4 1663-1927 190 E ard EF to 220 SW of Norfolk, VA 8-11 Troug: Wind tuaear Patchy L b 4
16 1/12/74 1733-.520 2C0 redius Sordcasville, VA I 9 .aert{al Platf~rz C eck M (ia clouds) 4
17 11/21/74 1553-1707 0330 E Norfolk, VA 1595 Jet firean acé Trough wind Stear Xone P
18 11/21/74 1930-70L3 93 B yr-riurg-Rickacnd, VA 50 HMourtain-wave Turbo, Low-righ K'ts Cortiewo—s L-M (in cirrus) [
19 11/26/76 1630-1837 3>-230 F, 109 LlL lasngley AF3, VA 1-9 Jet S.reas acd Trougr Wind Sbewr Brief l~M in Patches G
20 12/ 3/Th 16kt =189 0-125 &4, "00 N ard 110 Nz Lyncilurg, VA 1-5,% Mou.tain save s KX 1-2km, 0>2kn
21 32/ 9/74 1621-1739%9 Lauigley AFB, = Wim to Grrdonsviile, VA 0-12 « Iustreentetion Checkout Brief L ]
22 12/30/7h 1£23-1756 Largley AFB - Wallops FC, VA h/A Jostrarentation Checkout Bone P
23 2/11/7h 16231756 S50 radfus Crarlottesvil.e, VA 125 Inst ClLecxou®, Jet Stresm Hone P
24 12/11/74 16.2-1804 60 radius Fichsond, VA 61 vertical azd Horizontal Wind Stear Patchy L G
25 12/0/7h 1654-1840 140 BE to 90 XW Rocky Mount, NC 981258 Vertica. Wind Skesr near Jet Stream Patchy VL r
26 1/16/75 1712-1946 0-90 £, 80 5, and 910 &V Richmond, VA 9-10 Jet Streas and Trough Wind Gbear LN vo
27 1/30/15 1548-1807 65 G5W langley A3 = 55 ¥E Nev York City, ¥W | & 511 5 | Jet stream and Vertical Wind Sear L% 7-0

Turdbulence

L - Light
M - Moderate
8 - Severe
k < Extreme

VL - Very light

Yorecast Likelihoed

P = Poor
¥ - Fair
0 = Good
V0 ~ Very Good
EX = Excellent




uts

TABLE II,~AGOMPLETE CHRONOLOGY OF MAT MISSIONS WITH THE B~57B AIRCRAFT (CONTINUED)

(b) PHASE 2(SOUTHWESTERN U.S.,2/14/75 TO 6/17/75)

Chap™ FAX FORECAST
ATITUE PURPOSE TVR=JLERCE LIFELIu20D OF
| ] CATE TIME {(@T) S_ARTE AREA (DIS™ IB ka) (k=) ENCCI™NTERED TURe. LEXCE
28 2/1k/15 2122-233. Ovecs Val'~y, C~55 W, E, b Falr awle, CA 1-3 5.2 5| Koun aln Weve arxd Orog-sphi. 8 EX 1-3 km, P-F 6-12 5 xm
2y 2/20,75 1909~2130 E Sierra, C=7% ¥ 9J 4., 190 E Fa.zda.e, CA 12 -2 M ir.a » Wave and Orcgrapn= & EX 1-3 kz, P-7 6-12 =
30 3/ 7S 21Le-CoL7 Oveos ha..ey, 92 redius zavaris AFB a5 Youn 8 0 wave asd Vertica. §nd Sucar Patchy L P (Mtz Vave), G (Shear)
31 /25775 192¢-2118 E-cez ral CA to certra.-souttern KV & %13 5 Moo’ aln hwave Fatchy VL P-r
32 372,75 19wb-c2ly loce P ne CA to was Veepas, EY 12-131 5 “Tcugn s.nd C ~ar, Vertica. ear sbove Jet N VG
3 3/2€/75 184T-2048 0-160 " E, and Se Eivards AFB 2-1u a:; <j - &7 Tue” witc amar M G
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36 1 Y28Yad} 1GCT-2.u) loce F ne - Arteloje Vaey - Mo'ave rsert S—(.‘.ui 5 | # iz aia Vave, Vertical Win Cear None r-G
37 /17715 1lbe-1301 tdvar.a AF3 - e tor, CA - Boulder City, iV [PV TrCuew W!nd G ear None [}
38 b/oe/15 2010-0074 Overs Yas.e/, <20 radius Coaléale, NV .35 Hountaln Wave Patchy L r-¢
39 5/20/75 18132026 0-1.0 ta . Texa.sp Mte . 345 Ycontaln Were E VG
Lo 5/25/75 2349-0153 Lavards AFs « bector - Octario - Bakersfield, CA| § 513 M.wr a‘n wave and Vertical ¥nd Chear Fatchy L r-G
138 $/21/15 2150-0034 Ovens ralle,s, N to KE wdvards AFo T-13 Trough Wind Chear L} G
k2 6/13/15 1811-2017 Clark Pesx Range = 70 5W las Veges, NV - 145 "herzal Coovection, Ges [ p+4
55-90 E and &5 Edvarda AFB Breets Convergeace
L}] 6/11/15 1903-2135 0-T5 K of Bierrs 75105 Wountain Vave Patchy L 4
[ 224
Turbuleace Farecast lLikelidood
) L « Light P = Poor
N = Moderate F - Pair
8 - pevere G - Good
L - Extrece VG - Yery Good

EX = Excellent

Vi - Very light
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TABLE II, -A COMPLETE CHRONOLOGY OF MAT MISSIONS WITH THE B-57B AIRCRAFT (CONCLUDED)

{c) PHASE 3 (EASTERN U,S.,~THUNDERSTORM FLIGHTS,8/5/75 TO 9/26/75)

foliS Laat H FORLCAST
Ao TLLE PURPCSE TUFLLLLNCE LIKELIEOOD OF
»0 DATE e (@) SEARCE APZA (DIST IN kz) {xs} ENCOJ TERED TURSULENCE
I £/ 5715 163-2135 130 SE Largley AFL, VA 1z 2 Hear Thunderstorcs Nooe Ve
s 9/12/15 1U16-1€07 0-1c0 ¥ Roscuxe, VA 22 hear "Lunderstorms Hone G
Lo 9/¢3/15 1829-20L3 Lergley AF3, VA - wilzirgton, hC 12 515 hear "nurderstorms Patchy VL 6
LY 9/25/75 16L2-1922 60-160 redius lLargley A¥3, YA 2 51k uear Thunderstorms Patchy L vo
11 9126715 1746-2005 0-55 E, 90 8, 135 ¥ Langley AFB, VA 12-13 5 Near Thunderstorms Patchy M va
‘
Turbulence Forecast Likelihood
L - Light P - Poor
N = Noderate ? - Peir
8 - Sevare G = Good
E = Extrems V0 = Very Good
YL = Very light 5 « Excellem




3. Phase 3: 5 Flights conducted from the NASA Langley Research Center
over the eastern US’w1th emphasis on thunderstorm - related
turbulence, during August - September 1975.

The classification of turbulence utilized in this report has been based
upen observations of the normal acceleration records for the center of
gravity in the following manner:

Lignt turbulence - frequently occurring peak c.g. accelerations

of + .10 to .25 g.

Moderate turbulence - frequently occurring peak c.g. accelerations

of + .25 to .60 g.

Severe turbulence - peak c.g. accelerations exceeding i_.6 g.

Although these critical values agree closely with the criteria mentioned for
classifying turbulence in reference 12, the relatively low wing loading

of the B-5TB may have resulted in some overclassification of intensities

in this report.

Table III 1s a summary of those missions which actually encountered and
measured turbulence that could be classified as falling generally within the
"clear air" category. (Low altitude mechanical turbulence, and thermal con-
vective turbulence, not usually regarded as CAT, are included along with
turbulence categories normally considered as CAT, such as jet stream wind
shear turbulence, the turbulence measured on missions 47 and 48, which occurred
entirely within the tops of cumulonimbus clouds, 1s excluded from further
discussion.) The table classified turbulence by duration of encounter and
altitude band. The duration of encounter is described as being patchy (i.e.,
non-continuous) or extended (i.e., more long-lasting). Three bands: (a) less
than 3 km, (b) 3-6 km, and (c) greater than 6 km are used to describe the

altitude of the turbulence.
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TABLE III.- SUMMARY OF FLIGHTS ENCOUNTERING TURBULENCE

BY DURATION OF ENCOUNTER AND ALTITUDE BAND

Altitude ///,/f"’/

Band <10,000 ft. (3 km) 10-20,000 ft. (3-6 km) 220,000 ft. (6 km)
vuration of Hucouuter
Flight - Turbulence Extent | Flight - Turbulence Extent Flight - Turbulence Extent
28 - one run 2.5 min 19 - one run 2 min; one 4 min 15 - three runs 30 sec-1 min
34 - one run 4 sec, one 56 sec |24 - four runs 1-3.5 min
PATCEY 42 ~ one run 51 sec 29 ~» two runs 1-2 min
URBULENCE 30 -~ one run 1.3 min; one 2.5 min
ENCOUMTHRS 34 - one run 34 sec; one 2 min
1; Fliente 38 - three runs 1-2 min; one 18 sec
(hor iﬁg) 40 - two runs with brief patches
r L1 - two runs brief patches
. 43 - two runs brief patches
TOTAL: 1 Flight/l run TOTAL: 3 Flights/5 runs TOTAL: 9 Flights/23 runs
Flight - Turbulence fxtent | Flight - Turbulence Ixtent Flight - Turbulence Extent
8 - two runs 21-24 min 27 - one run 15 min; one 12 min|26 - one run 13 min
9 - two runs 20-22 min 34 - one run 8 min - one run 6.5 min
EXTENDED 20 - five runs 6-9 min ~ two runs 4.5 min - three runs 2-4 min
TURBULENCE 28 - three runs 9-15 min 39 - three runs 8-9 min 30 - one run 5 min
ENCOU?TERS 29 - one run 13.5 min - three runs 3.5-5 min 32 - two runs 10-11 min
14 flights 33 - one run 9.5 min; 42 - three runs 7-9 min - two runs L-5 min
(48 runs) one run 3.5 min ~ three runs 4.5-5 min 41 - one run 7.5 min
- one run 3.3 min
- four runs 1.5-3 man
TOTAL: 6 flights/15 runs | TOTAL: 4 Flights/17 runs TOTAL: U4 Flights/16 runs




It may be noted from the table that turbulence was encountered and
measured on twenty flights. (Some flights are included 1n more than one
category). Thirteen flights had patchy turbulence, comprising 29
distinct turbulence data-taking runs; extended turbulence encounters
occurred on 14 flights (48 data runs). The encounters with patchy turbulence
comprised one flight (1 data run) in the lowest altitude band, three flights
(5 runs) 1n the middle band, and nine flights (23 runs) 1in the highest band.
Tne extended turbulence encounters included six flights (15 runs) 1in the
lowest, four fllghts\(lY runs) in the middle, and four flights (16 runs)
in the upper altitude categories.

Table IV presents the data for the 20 flights Yielding significant

measured clear air turbulence from the view points of tnhe distances flown 1in

turbulence of various intensities (light, moderate, severe), and the

meteorological features most probably related to the turbulence occurrence,

Ihe table presents the flight number, date, altitude (km) of turbulence

encounter (not search altitude as in Table IIT), the number of kilometers

flown in turbulence 1ntensities preater or equal to light, moderate, and

severe, and the meteorological features most probably related to the

turbulence. The turbulence encounter experience of the MAT B-S5TB project can be
sumnarized from the TOVYALS row at the bottom of the table. Over a 15 month
period, 20 flights (out of 46 total) encountered significant turbulence;

1ts intensity was measured on T7 runs. A summation of the distances flown in
turbulence shows that approximately L335 km of turbulence data in the "light"
category, 1416 km 1in the "moderate", and 255 km in tne "severe" category

were recorded. If the 375 kt TAS (695 km/hr_l) baseline airspeed

typical of nearly all MAT missions (see FLIGHT OPERATIONS section ) is

assumed to apply for all turbulence encounters, these distances translate
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TABLE IV.- SUIMARY OF 11T L5783 .ISSIONS ENCOUNTERING SIGUIFICANT TURBULELCE LENGTHS BY DISTANCE (km) FLOWN IN
TURBULEICE OF VARIOUS IJTENSITIES, AND !MOST PROBABLE CLEAR ATIR RELATED [IETLOROLOGICAL CONDITION

rLIGHY LATE ALTITUDs OF TURSULENCE|J0. CF RULS |TOTAL DISTALICE (km) Il TURBULENCE|ITOST PROBABLE RELATED
do. ENCOUNTER(S) (km) ENCOUNTERING METEOROLOGICAL CONDITION(S)
TURBULENCE LIGHT MODERATE SEVERE
8 6/19/Th 0.5 = 1.1 2 300 0 0 Low Altitude Convection
9 6/20/7L 0.5 = 1.1 2 LEO 0 0 Low Altitude Convection
15 |11/8/74 0.2 - 9.1 3 L7 0 0 Upper Trough and Jet Stream
19 {11/26/7L 5 -6 2 71 0 0 Low Level Jet Stream with Vertical
Wind Shear and Strong Horizontal
Tenperature Gradient
20 {12/3/7k 1 -5.5 5 263 111 14 Appalachian iountain Wave
24 f12/17/74 5.9 h 112 1 o} Strong Vertical and Horizontal Wind
Chears below Jet Stream
26 1/1k/75 9.1 - 9.5 5 32k 75 0 Upper Trough and Jet Stream
27 1/30/75 L7 2 1L 4 0 Low Level Jet Stream with Vertical
Wind Shear Below
28 2/14/75 1.3 - 2.6 L 305 168 52 Low Altitude Wind Shear and
Orographic Effects
29 2/20/75 1.2 1 108 66 20 Low Level Orographic Effects, Rotor Zonel
7.4 1 200 0 0 Mountain Wave
10.7 1 15 0 0 lountain Wave
30 3/7/75 14,3 - 1k4.5 3 7 0 0 Mountain Wave
32 3/26/75 12.0 - 13.5 6 331 177 0 Complex Orographic Effects in Death
Valley, Vertical Wind Shear,
Jet Stream
33 3/28/75 1.8 - 2.8 2 112 LYy 0 Low level Orographic Effects
34 L/W/T5 k.o - L.4 5 168 161 70 Low Level Mountain Wave
38 L/2k /75 10.8 - 11.6 i 58 0 0 Short Wave Trough and Orographic
Effects
39 5/20/75 3 - 4.5 6 453 176 52 Mountain Wave and Intense Upper Front
Lo 5/20/75 12.1 - 12.h4 2 16 0 0 Frontal Passage and Qrographic
Effects
L1 5/21/75 7.3 - 7.6 8 230 105 0 Fast Moving Short Wave Trough with
Vertical, Horizontal Wind Shears
L2 6/13/75 1.6 - 4.5 7 L6l 317 L7 Low Altitude Convection and Sea
Breeze Convergence
43 6/17/75 8.8 2 24 11 0 Dissipating Mountain Wave
TOTALS 7 4335 1416 255
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to roughly 6.3 hrs. spent in light, some 2.1 hrs. in moderate, and some 0.5 hr.
in severe turbulence during the program. In the research program, the B-57B
was airborne for a total of 93.5 hrs. Thus, the aircraft was in light tur-
bulence 6.7 percent, moderate turbulence 2.2 percent, and severe turbulence
0.5 percent of the time. The overall ratios of severe/light and moderate/light
turbulence experienced in this program are larger than the average amounts found
over the same altitude bands in reference 12. This probably reflects the fact
that the MAT program actively sought turbulence, and thereby encountered more
of the intense categories, than did the other turbulence search programs, which
passively recorded turbulence encounters during routine operations.
Partitioning the lengths (or time intervals) of turbulence encountered
according to probable meteorological cause is difficult because, as may be seen
from Table IV, on several flights a combination of conditions was probably
acting to contribute to the observed turbulence. Nevertheless, an approximate
distribution based on the predominant conditions is presented in Table V. For
each condition or combination, the table liste th~ nu-ber of flights (and asso-
ciated data runs), the distances (km) flown in the three intensity categories,
and the total distance flown in turbulence for each category. Table V shows
that more low-level orographic turbulence was sampled during the program than
that of any other category, and turbulence from low altitude convection was

the second-ranked category.

Tables VI and VII present the MAT turbulence encounter data in a form which

should assist investigations of the connections between the turbulence spectra
to be derived from this project and the meteorological situation existing at
the time of each flight. 1In this connection, it is recommended

that the dinvestigator utilize these two tables, along
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TABLE V.- A RANKING OF MAT B-57B CLEAR AIR TURBULENCE ENCOUNTERS BY METEOROLOGICAL CONDITION

I

PREDOLINAST LUMEBER OF FLIGHTS DISTAICE (km) Iil TURBULEICE INTENSITY
I'LTEOROLOGICAL (DATA RUSS)

COWDITIOA LIGHT MODERATL SEVLRE TOTAL
LOW~ALTITUDE OROGRAPIIC L (17) 016 550 122 1588
LOW-ALTITUDE CONVECTION 3 (9) 1132 234 21 1387
OUNTAIN WAVE, Id ASSOCIATION
WITH IWTENSE UPPLR FRO&T 1 (6) 453 176 52 61
HIGH ALTITUDE JET STREAM
AND WIWD SHEAR 3 (12) 483 76 0 559
MOUNTATH WAVE 3 (10) 394 122 1k 530
LOW ALTITUDE OROGRAPHIC,

TOGETHER WITH MOUNTAIN WAVE 1 (3) 323 66 20 Log
UPPER TROUGH OR UPPER FROi1 3 (1h) 304 105 0 Log
LOW ALTITUDE JET STRiAM

AND WIND SHEAR 2 (11) 218 i 0 222
SEA BREEZII CONVERGENCE 1 (2) 112 83 26 221

TOTALS 20 (77) 4335 1h16 255 6016




with the applicable synoptic analyses, flight tracks, rawin soundings, etc.
presented in Volume II (Appendix C), to gain an understanding of the micro,
meso, and synoptic scales of meteorological variability accompanying the
turbulence encounter(s) under study. Table VI summarizes individual turbu-
lence runs for the 20 MAT B-57B flights where significant turbulence was en-
countered and measured. For each turbulence run, the start and finish points
are given 1n terms of latitude and longitude, as well as the true heading
(ground track) of the run 1in degrees. Then, as 1in Tables IV and V, the number
of kilometers spent 1in turbulence of various intensities 1s tabulated. Table
VII describes the temperature and wind variability encountered along the run,
and gives additional details such as cloud cover. Using the results of these

tables, and referring to Volume II (Appendix C), correlations can be made of

the turbulence observed to the positions of mountain ranges, and weather fronts,

Jet streams and temperature gradients, etc. Reference 10 is an example of a

flight analyzed 1n such a manner (Flight 32).
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TABLE VI.- A LISTING OF MAT B-57B TURBULENCE ENCOUNTERS, BY DATA RUN

(a) Flights 8-24, positional data

End points of data run
- Data run/ - et Distance ?}1;11 1):urbulence
Piaelats altitude Start Finish un neading n
(date) (1) (deg. true)
Lat. (N){Long. (W)|Lat. (1) |Long. (W) 2 Light|2 Moderate|2 Severe
8 (6/19/74) 1/0.46 37°05" 760211 36°06! 79°571 2ho 130 0 0
2/0.46 36°06! 79°57! 37°05'" 76°21!" 060 170 0 0
9 (6/20/7h) 1/0.46 37°05! 76°21! 36°06! 790571 240 2o 0 0
2/0.46 36°06! T9°5T! 37°05! 76°21! 060 2o 0 0
15 (11/8/74) | 1/8.2 36481 73°13! 38939 7he19¢ 020 12 0 0
2/8.2 389241 73°38! 36°53" 76°111 201 Y 0 0
6/9.1 36°53" 75956 | 3L4°s57! T76°L8" 211 31 0 0
7/9.4 35°20" T6°L5" | 36°09! T76°12! 032 0 0 0
19 (11/26/74)] 1/5.9 37°37! 72°39¢ 37°27! 72°36! 109 Lo 0 0
2/5.9 37°27! 72°36" 37411 75959 287 1 0 0
3/5.1 37°kL1! TLOo53!Y 37°Lo! ThosT! 301 30 0 0
L/5.1 37°35! Thosge 36°52! 75°59! 141 0 0 0
5/5.5 37°17! Tholyy 37°18" 75°28" 275 0 0 0
20 (12/3/74) | 3/2.0 37°L4 78°55' | 38°18! 71946 305 65 32 p)
5/2.0 38°15! T9°LT! 37N T9°0L! 125 53 0 0
6/2.0 37°34! T9°13' | 38°16" T9°32! 3h7 73 19 1
7/2.0 38°13" T79°28" 37°38"! 79°57! 223 L9 31 3
8/2.0 37°4 31 79°51' | 38°1k! 79°18" 029 53 29 8
2k (12/17/7W)| 6/6.0 37°30" 77°19! 36°39"' T7°46" 233 3k 0 0
7/7.0 36°52! TTO54! 37°57! 76°12! 068 39 0 0
8/6.0 36°33! 77°20! 37°10°" 77955 242 13 0 0
9/6.0 37°10! T7oLL 36°03! T77°06! 092 26 1 0




TABL

E VI.- Continued

(b) Flights 26-30, positional data

End points of datsa run

Distance 1n turbulence

Data run/
?é;fzg altitude Start Finish ?Szgheigig? (km)
(k) -
Lat. (I)|Long. (V)| Lat. (N)|Long. (W) = Light| 2 Moderate|> Severe

26 (1/14/75)| 5/9.5 36°271 78°L5r | 35054 80°%2p1 2kg 121 31 0
6/9.6 35°51¢ 80°061 36°03! 78°4( 070 5k o2 0
8/9.0 36957 79957 | 36°03" T7°15" 327 27 0 0
9/9.1 37°51° 79°581 37°03! 79°581* 237 59 22 N
10/9.1 37°4g! 799581 37°04 ! T7°09! 084 63 0 0
27 (1/30/75) 10/10.7 Lo°po 730451 Lo°10¢ 73°31 022 0 0 0
13/10.7 4L0°39¢" T3%461 39°07! Thop3r 202 0 0 0
17/k.7 37°591 7oLl | 360331 T6°31! 202 87 0 0
18/4.8 36°36! T6°17' | 35°10°" 75°281 022 60 Y 0
28 (2/14/75) L4/1.6 3hoLhr | 117074 34036 116°45" 102 84 Yo 6
6/2.0 34034 1169571 340381 117°59¢" 275 76 7 1
7/2.6 3ko551 | 1179590 34°391 [ 117°1) 061 21 N 0
8/1.3 35°1h | 117°28! 34°L8r | 118°05¢ 250 124 115 45
29 (2/20/15)| 6/10.7 36°49" | 118°21' | 360571t 117°05°" 120 15 0 n
T/T.k 36°11' | 116°36" 36°Lgr | 1189071 300 20 0 0
8/1.2 37°4T7r | 118938 35°17' | 117°39! 052 108 66 20
30 (3/7/75) 2/1k.3 3445t | 118034 | 350050 117°25° 075 0 0 0
3/1k4.8 35°46" | 117°500 34°19" | 1179331 17k 0 0 0
L/1k .6 35°1 4t 117°1L 340391 117947 268 15 0 0
5/14 .4 35°12' | 117°51" 35°08! 118°06¢ 2h7 7 0 0
6/14 .2 35°07' | 118°927! 35906 | 117%0 255 0 0 0
8/1k.5 340391 | 117014 | 3h039¢ 120°48" 255 55 0 0
9/14 .5 35°28" | 117°46! 35°03' | 117°31! 150 0 0 0




TABLE VI.- Continued

(¢) Flights 32-38, positional data

Data run/

End points of data run

Distance 1n turbulence

?éifzg altitude Start Finish ?gzgheiiig? (km)
(km) ) > >
Lat. (N)|Long. (W)|Lat. (I)|Long. (W) = Light|Z Moderate| 2 Severe
32 (3/26/75) | 2/13.2 36°36" | 117°50' | 36°L8' | 116°28! 075 Ly 39 0
3/13.2 36°4L81 116°04L! 36024 115°47° 105 L7 5 0
Lh/13,2 36°17' | 115°43' | 36°48' | 117°27! o84 110 ° 78 0
5/13.1 36°35" 117°31° 36°36! 117957 283 5 0 0
7/13.1 36°29' | 117°45¢ 359570 | 116°11° 105 20 5 0
9/13.2 36°20' | 115952 36°38" | 117%25¢ 294 105 50 0
33 (3/28/75) | 2/2.8 34°01" | 116°k2r | 33°L8' | 116°36! 099 8L 37 0
3/1.8 34905 | 115°u4K 34206 | 115°16" 096 28 7 0
34 (L/k/75) 2/h .4 37°21! 117°59! 37°21! 118°00" 3L0 1 1 1
3/h.4 36°33' | 118°03! 37°0Lt | 117934 340 36 34 T
5/4.0 36°4ug 1 118°11! 37°31" 117°58" 160 50 L9 9
6/4.0 36°17! 117934 36°14! 117959 185 8 L 0
7/h.0 36°L0! 118°03! 37°05" 118°21! 336 73 73 53
38 (Lk/2k/75) | 3/11.6 37°53' | 117°47' | 38°11' | 117°5! 071 3 0 0
5/10.8 38°20! 116°591 38°00" 117°46? 243 13 0 0
6/10.8 38°07' | 117°29! 38°48t | 115°48! 061 19 0 0
7/10.8 38°09' | 115°58! 39°16' | 116°4h1° 322 23 0 0
8/10.8 380591 117°08!? 38°L9! 11791k 215 0 0 0




TAB

LE VI.- Continued

(d) Flights 39-L1, positional data

End points of data run Distance 1n turbulence
Flight Data run/ Run heading (km)
altitude Start Finish
(date) (1) (deg. true)
Lat. (W) |Long. (W)|Lat. (M) |Lonz. (W) = Light |2 Moderate|2 Severe
39 (5/20/75) 2/3.2 3hos5) 118°07! 340331 117°4ot 118 L7 11 n
3/h.1 340091 117°33" 340551 118°201 301 39 15 0
5/4,1 3hos5h 118°07! 34°11" | 116°53°! 127 63 17 0
T/h.2 34024 116°50" 35°10! 118°06! 304 100 Lo 2
9/h,2 35°06! 116°38! 33°57! 118°0k! 229 107 65 31
10/k.2 33958 117°56! 35914 | 1170954 357 97 26 19
Lo (5/20/75) | 3/12.4 34°23" | 117°53' | 34°L8' | 117°17" 149 7 0 0
5/12.1 3448 | 116°21 3Leo5t | 115936 296 9 0 0
b1 (5/21/75) | 5/7.4 36°53' | 119°L2t | 36°41' | 118°18" 092 0 0 0
6/7.4 350241 118°09" 34°57 118°07! 178 3 0 0
T7/7.5 35°17" | 117°45' | 3h°s59' | 117°05" 113 5 0 0
8/7.5 35914 | 117°35' | 35946 | 117°33" 358 3k 5 0
10/7.5 35094k 118°0kL! 34°501 117°50! 181 38 15 0
12/7.5 34°59 | 117°11" 35°03" | 116°50!¢ 078 86 Ll 0
13/7.5 34°59r | 11797171 35°03" | 116°52!¢ 078 23 16 0
14/7.5 35°10' | 116°43" 35°09' | 117°07" 266 17 17 0
15/7.5 35°0Lr | 116°58' | 3u°Lgr | 11705k 260 ol 8 0




TABLE VI.- Concluded

(c) Flights L2 and 43, positional data

Data run/ End points of data run Distance 1in turbulence
Flight altitude Start Finish Hun heading (km)
(date) (kem) (deg. true)
Lat. ()| Long. (W)|Lat. ()| Lons. (W) 2 Laght|2 Moderage|2 Severe
Lo (6/13/75) | 2/k.5 35°42 | 115°L8' | 35°06' | 115°13! 140 88 68 20
3/4.5 359591 116°03! 35°10! 115°13" 322 103 69 0
L/k.5 35929t | 115°59' | 35°48' | 115°27! 056 L7 11 0
6/1.6 36°00" 115954 36°20! 115°33! 161 10L 83 0
7/1.8 35914 115°31! 35910 115°27! 152 10 0 1
8/3.3 340251 116°50! 340391 117°26! 295 L7 26 8
9/3.3 34C2hr | 117°05! 340581 | 117°16" 347 65 57 18
43 (6/17/75) | 2/9.1 36°30' | 118°27! 37°05' | 118°19! 355 0 0 0
3/8.8 39°24' | 118°00! 38046 115°51! 105 8 0 0
h/7.6 389501 115°52! 3914 116°36! 307 16 11 0
7/10.7 38003 117°11! 39°48* | 117°L9! 298 0 0 0
9/10.7 37°05' | 117°L4L' | 36°30' | 118°11! 2Ll Patchy 0 0
VL




TABLE VII.- A LISTING OF MAT B-57B ENCOUNTERS, BY DATA RUN

(a) Flights 8-24, meteorological data

Significant variability on run

Flight gi:itigz/ Average wind Temperature Wind Remarks
(date) (km) (deg/msec=1) (°c) (deg/msec—1) (cloud conditions, etc.)
Gradient Small scale Gradient Small scale
8 (6/19/7h4) 1/0.46 |Not available Not available (data recording problems) Scattered Cu at 1 km
2/0.46 |Not available Not available (data recording problems) Scattered Cu at 1 km
9 (6/20/7h4) 1/0.46 |Not available Not available (data recording problems) Broken Cu at 1 km
2/0.46 |Not available Not available (data recording problems)
15 (11/8/74) | 1/8.2 331/25 -37.5 + =ho E3 — I20° dir. changes|Cs 60 m below a/c
2/8.2 337/35 -bo » -36 } -1.5/2 km 35 + 38 + 28 msec~l Cs 60 m below a/c
6/9.1 290/16 ~0 -1.5/2 km 20 + 13 msec~l In thick Cs
T/9 .4 241/22 ~0 ~0 19 » 24 msec‘ll 235-2359 In and out of thick Cs tops
19 (11/26/74)| 1/5.9 2L46/60 Not available Not available (Overcast with tops at 2 km
2/5.9 Not available Not available on all runs)
‘ 3/5.1 Not available Not available
4/5.1 2L2/34 Not available Not available
5/5.5 Not available Not available
20 (12/3/74) | 3/2.0 326/27 Waves of 6-8° amplitude |10 msec™! higher in warm zones | (Large variations in turbulence
5/2.0 318/28 Wavelengths 12 km 10 msee=l higher in warm zones intensity on all runs on this
6/2.0 328/25 Wavelengths 12 km 10 msec™! higher 1n warm zones flight)
7/2.0 330/28 4>5° | No waves Min. speed 25 msec™t
8/2.0 315/23 30 km wave, T7° amplitude Min. speed 25 msec™t
2L (12/17/74)| 6/6.0 234/18 -3.,0 #1° 1n turbe. 8° dir. changes Run parallel to As 3 km below a/c
T/7.0 227/55 +4.5 +20 in turbe. Direction constant Cs at end of run
8/6.0 2L3/37 -l Yy #19 in 1-2 km Steady change of 14° Ac bands 3 km below a/c
9/6.0 227/61 +5.3 +1°© in 2-3 km 223-220° Cs at end of run




TABLE VII.- Continued

(b) Flights 26-30, meteorological data.

Significant variability on run

Flight Data run/ Average waind Temperature Wind Remarks
altitude -1 -1
(date) (km) (deg/msec-1) (oc) (deg/msec-1) (cloud conditions, etc.)
Gradaent Small scale Gradient Small scale
26 (1/14/75) | 5/9.5 245/36 +29C warming in middle of run| -13 msec—l 235 - 260° |Scattered Cu on all runs,
6/9.6 244 /50 +1.2°C increase at end of run| +16 msec™ 250 - 240° at 1.4 xm altitude
8/9.0 229/62 +1-2°C 1n 2 » 6 km ~18 msec™", dir. constant
9/9.1 241 /41 +1°C 1n 150 + 300 m -8 msec™, dair. constant
10/9.1 237/50 None None +18 msec™ | 245 » 230°
27 (1/30/75) | 10/10.7 290/79 None None +8 msec™t at end Scattered Ci 300 m above a/c
13/10.7 296/76 +1© 1n last 35 km -8 msec™t at end with patchy VL turbe.
17/4.7 303/k2 -8.4 (£2-3 1n +5 msec™ 1n middle Occasional L-M turbc, As
18/4.8 291/k1 -8.8 2 > 3 km) +50 direction changes 90-150 m above a/c
28 (2/14/75) | L4/1.6 277/21 -1.5 *1 t200.d1rect10n changes Scattered Cu at 1.2 km, turbe,
6/2.0 279/13 0 -2.5 mid run +40° ‘d1rection changes intensity variasble on all
7/2.6 283/16 6 + 8 1n 14-28 km waves th msec=l, dir. co .tant four runs
8/1.3 285/18 #6 + 8 1n 14-28 km waves 12+ 30 msec™ shear in 70 km
29 (2/20/75)| 6/10.7 2h7/57 +4.5 wave 1n 34 km +5-7 msec‘l, dir. constant |A/c 1.3 km above edge of Cs
7/7.4 292/40 None | None +5 msec™, dir. constant At base of thick Cs
8/1.2 259/13 11 » 13 in 32 km 2 » 23 msec™l, 30° variation (Clear)
30 (3/7/75) 2/14.3 Unknown None None None None Large Cs layer 6 km below a/c
3/14.8 2kg/34 None None Speed varies |25-+40 msec~l|(Turbulence along edge of Cs
/14 .6 24k /20 { None %) 4 msee~l decrease on runs 3-9, with cloud tops
5/14 .4 244 /20 None *1 None None at 8.2 km)
6/14 .2 2kh /20 None +] None I None
8/14.5 24k /20 None *1-3/20 km 10 msec—l 1ncrease
9/1k.5 240/35 None +15/2 km +5 msec™1/2 km




TABLE VII.- Continued

(c) Flaghts 32-38, meteorological data.

Significant variability on run

None l

Flight Ditatrgn/ Average wind Temperature Wind Remarks
(date) a (;m? € (deg/msec™1) (°c) (deg/msec™1) (cloud conditions, etc.)
Gradient Small scale Gradient Small scale

32 (3/26/75)| 2/13.2 355/26 (See appendix C, text, and figure C-59, also see reference 10)
3/13.2 31k/24
Lh/13.2 304/12
5/13.1 353/27
7/13.1 3L4/36
9/13.2 326/15

33 (3/28/75)( 2/2.8 030/7 One 2.2 cooling at end of run Speed decreases from (Clear)
3/1.8 030/7 Not available 10 » 1 msec™

3% (4/4/75) 2/4 .4 Not available None None None None (As rotor clouds observed
3/4 .4 235/17 ~0 +1/3 sec *5 msec™t 1n 5 sec S + 15 km windward of
5/4.0 279/11 -1.0 2/5 sec 240 » 320°, 5 »> 10 msec™!| all runs)
6/4.0 Not available 1.5/2 km waves No' availlable
7/4.0 250/13 Two warm zones (LOC), 5 km long 5 + 20 msec”

38 (4/24/75) 3/11.6 240/L47 None +.5 240/4s5 » 230/50 Some Cu over mountains
5/10.8 242/35 +.4 .2 236/38 + 246/33 Some Cu over mountains
6/10.8 240/ks5 -2 +.2 230-240,/42-47 msec™! Overcast, tops 4.6 km
7/10.8 230/k5 <1.0 +1/2 sec 234/52 » 227/38 Overcast, tops 4.6 km
8/10.8 245/38 None None None Overcast, tope 4.6 km




TABLE VII.- Continued

(d) Flights 39-41, meteorological data

Significant variability on run

Flight Data run/ Average wind Temperature Wind Remarks
(date) al?;;?de (deg/msec™1) (°¢) (deg/msec™1) (cloud conditions, ete.)
Gradaient Small scale Gradient Small scale
39 (5/20/75)1 2/3.2 (270-290/ None L + 5/2.3 km Backing 270-250° during run |Overcast Cu 300~900 m
3/L4.1 28-38 on Sharp gradients Wind decrease in turbulence below flight level on
all runs) -4/10 km, +6/4 km all runs
5/4.1 Short waves, +4/2 km Wind decrease in turbulence
T/h.2 15 +5/2 km waves +79 dir. changes/km
9/k .2 +4 +10/2 km +100, *5 msec™t/km changes
10/Lk.2 -10 Two 2.5/4 km waves|*20-30° dir. changes in 2 km
Lo (5/20/75)| 3/12.4 (270-290/ None +2 None None Scattered-broken Cu,
5/12.1 28-38) None None None None tops 4 km
41 (5/21/75) 5/7.h4 010/30 None None None None Overcast Cu, with
buildups to 4.6 km
6/T7.4 360/27 None 1/1 km 36C 27 + 345/20 Cs to north, base 7.3 km
7/7.5 350/25 <-1° Two patches #0.3 360/27 + 342/21 Cs to north, base 7.3 km
8/7.5 010/17 None +0.2 20° dir. changes in .5-4 km [Scattered Cu near 3 km
waves
10/7.5 035/26 None +0.3 20° dir. changes in 1-2 km [(See runs 5-8)
12/7.5 025/20 None +0.3 (see runs 5-8)
13/7.5 355/15 None .2+ ,3/.5km |5 + 2 msec™l, and (See runs 5-8)
30° dir. changes in 2 km
1k/7.5 020/15~20 None +2/4 km +4 msecl, #50 (See runs 5-8)
15/7.5 010-020/20 +1.h4 .1 th msec™l + #1 msec™! (See runs 5-8)




TABLE VII.- Concluded

(e) Flights 42 and 43, meteorological data

Significant variability on run

Flight zizitigg/ Average wind Temperature Wind Remarks
(date) (km) (deg/msec™l) (°c) (deg/msec™) (cloud conditions, ete.)
Gradient | Small scale Gradient |[Small scale
L2 (6/13/75) 2/L.s (Direction highly! Hone 0.4 120 > 270°] *2 msec=l |In low altitude convective turbulence
3/4.5 variable on all| None *2/2 km 070 + 230°| *2 msec~! |[In low altitude convective turbulence
L/ .5 runs, speeds None  [Two +1.5/2 km|127 + 265°| #2 msec-l {In low altitude convective turbulence
6/1.6 2-10 msec™1) None [Two +1/.6 km [020 + 350°| *1 msec=l |In low altitude convective turbulence
7/1.8 None +1/km 100 + 180°| +2 msec=l |In "dust devil"
8/3.3 None 1.5/.3 km 140 » 0hoo| 42 msee~l |In sea~breeze convergence area
9/3.3 None +2/.5 km 140 + 040°| 2 msec~l [In sea-breeze convergence area
43 (6/17/75)| 2/9.1 (Not available) None None None None Lenticulars near flight level
3/8.8 None None Not available Lenticulars imbedded in Cu
L/7.6 None *] Not available Lenticulars imbedded 1in Cu
T/10.7 hone None Not available Lenticulars dissipating
9/10.7 None None Not available Lenticulars dissipating
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ref. 8). The procedure required that electrical power be maintained on the
inertial navigation system (INS) during the Schuler check, and the use of
special ground equipment. In addition to the requirement for special ground
equipment, refueling at a forward base to expand the turbulence search
radius would have required shutting off power to the instrumentation. Before
the mission could have continued, i1n such a case, the above-mentioned 1 1/2 hour
checkout procedure would have been required. Due to these constraints,
therefore, operations were limited to a single base (1.e., Langley AFB, VA,
or Edwards AFB, CA) during each phase of the program. There were several
occasions wherein operations from a forward base would have allowed sampling
Jet streams, etc., which otherwise lay outside the operational radius of the
arrcraft. The mentioned difficulties attendance to such operations, however,
lead to the conclusions that having tip tanks on the aircraft, or using a
longer range aircraft, would be preferred to staging from forward bases with
the existing instrumentation system.

At Langley AFB delays in takeoff of up to 20 minutes occasionally
occurred due to heavy rulitary air traffic. In operations from each
base, tnree or four missions had delays between 15 and 30 minutes during
climbouts because of heavy commercial and military traffic. In some 1instances
the meteorological conditions appeared N1hly favorable for mountain wave
turbulence over Baja California (Mexico) however , no missions were
flown out of Edwards AFB to northern Mexico, although this was within the
opetationil radius of the project aircraft, because of the extensive delays
that are usually necessary in order to obtain clearance to fly over Mexico.
Occasionally, turbulence runs werc prematurely terminated because a continuation
would have resulted in the aircraft enterin” a restricted area.

The 1nitial program sampling objectives called for the measurement

of turbulence associated with jet streams, low altitude flow and
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Appalachian Mountain waves in the late winter of 1973-4 while the B-57B was
based at LaRC. Then, the airplane was to be based at DFRC to sample mountain
wave turbulence during the seasonal peak of the Sierra mountain wave activity
from late February through April 1975. Turbulence associated with dry thermal
convective activity was also to be sampled from DFRC during the May — June 1975
period. A delay of approximately four months in preparing the aircraft
resulted in initation of saﬁpllng missions in June 1974. This delay ordinarily
would have had little impact on the sampling obtained during the program.
During late 1974, however, the frequency of strong jet stream activity within
range of LaRC was significantly less than normal, this resulted in a
reduced amount of jet stream turbulence samplings.

Based on the MAT B-57B experience, it 1s believed that future clear air

turbulence 1nvestigations should consider the following recommendations.

Aircraft Operations

1. Utilize an aircraft with a long operational radius, both for
increasing the size of the search area or for increasing the on-station
sampling time.

2. Operate from a base which has a high percentage of VFR weather
and 1s within range of a variety of meteorological conditions such as
mountain waves, Jet streams, thermal convection, sea breeze convergence
and terrain-related low altitude turbulence (e.g. Edwards LFB).

3. When practicable, schedule flight times to interface with the

upper-alr analysis and forecasting schedule as closely as possible.
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Turbulence Instrumentation

1. Configure the airborne instrumentation system to be capable of
independent operations from forward bases. The system should be capable
of a rapid start-up time to allow launching the aircraft to become airborne
quickly for investigating transient turbulence phenomena, such as those found
in thunderstorms and rapidly moving upper air fronts.

2. Minimize pilot workload by locating displays and switches in
the observer's compartment, such as-

a. On-off data switch

b. Primary digital clock

¢. More sensitive altitude readout

d. INS displays, enabling the observer to determine ground

tracks more easily and accurately, and read out winds directly.

turbulence Sampling

1. Utilize the full-time project-dedicated flying meteorologist/
observer concept.

2. Solicat reports from other search aireraft (or dedicated "probe"
aircraft) on turbulent conditions. Request that probe-type aircraft remain
1n tne turbulent area long enough to evaluate 1t for the data sampling
galrcraft.

3. Pnotograph clouds as appropriate for documenting turbulent
situations. (See examples 1n tne second volume. )

b. Obtain aircraft Lemper 1ture soundings upstream and downstream, as well
1s in the turbulent area, utilizing o high rate of descent to discern local
atmospheric structure 1n the vertical.

>. Obtain special rawinsonde ascents 1in dynamic situations,

utilizing a network where practicable (e.g. ref. 13).
6. llaintain liaison with FAA Air Traffic Control on mission needs, to

enable achieving as riuch turbulence pattern time as practicable.
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Turbulence Forecasting

1. Actively seek PIREPs from aircraft operating within the operational
radius of the research aircraft through Air Traffic Control communications.
liake best use of reports from military and/or other civilian research aircraft,
wnen operating from bases such as Langley or Edwards.

2. Employ mesoscale anaiyses giving the altitude(s) and magnitudes of
maximum wind shear, both in the horizontal and the vertical directions
(erther manual (as, e.g., in ref. 13) or automated analyses could be used).

3 Qualititive considerations and nomograph techniques (ref. 1k)
~»hould be used tc 1.0late mountain-wave CAT and eliminate some non-—
promising, CAT gituations.

L. Refine techniques for forecasting and analyzing the location of
turbulence near noving upper level mesoscale troushs (these troughs provided
the best cases of continuous, high-intensity turbulence encountered in the
program) .

5. Employ and evaluate automated forecast aids, such as the parametric
approach of reference 15 and the construction of 1sentropic cross sections,
as, e.g., in references 16 and 17, for narrowing the areas to be probed

for turbulence.
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CONCLUDING REMARKS

The results of forty-six clear air turbulence-sampling missions
performed with an instrumented B-5TB aircraft have been documented from g
meteorological viewpoint. The data have been presented in a manner designed
to allow correlation of the turbulence spectra derived from the project
with the synoptic and mesoscale conditions associated with the turbulence.

In the program, clear air turbulence samples were obtained under a
variety of weather conditions including mountain waves, Jet streams, upper
fronts and troughs, strong low-level winds, and thermal convection.

CAl was encountered ana measured on 20 flights comprising 77 data runs. 1In
all, approximately 4335 km were flown 1in light, 1416 km in moderate, and
255 km 1n severe turbulence during the program.

The flight planning, operational and weather forecasting aspects of
tne MAT progrem have been discussed. It was concluded that the practice
of engaging the full-time services of a project meteorclogist - airborne
observer was rarticularly proauctive in obtaining a high frequency of
turtulence encounters and conserving project resources. Suggestions for

planning future turbulence forecastlng/sampllng efforts were also presented.
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APPELDIA A
WBATHER FORRCASTING FOR OPERATIONS
Overall Activities of the MAT Meteorologist-Airborne Observer

For AT operations staged from the JASA Langley Research Center (LaRC),
the JASA Flight Efervices Office meteorologists were responsible for the
fiight clearance weather briefings. In tue operations from the NASA Dryden
Flight Research Center (DFRC), USAF Air Weather Service personnel at the
Ldwards AFb Weather Station had this responsibility. However, the IIAT
project meteorologist-observer had responsibility for planning the turbulence
sampling missions on a day-to-day basis. His concerns included the areas
of pre-flight forecasting, consultation on flight planning, in-flight
observations and pilot assistance, and post-flight analysis.

In general, the pre-flignt forecasting task comprised giving an advanced
outlook, a daily alert forecast, and a detailed flight-planning forecast.

In tne advanced outlook, the developrent of the general weather situation

was monitored and prelininary turbulence outlook forecasts were issued one

or two days 1in advance of a possible research flight. These outlooks were
useful primarily in scheduling activities of ground support personnel and
conserving project resources. In the daily alert procedure an updated forecast
was prepared as early as possible in the day. This was used to alert ground
support personnel and the pilot. If the outlook for turbulence was low,

these personnel could be released to other duties. If 1t was fair or

better, support operations were initiated in preparation for a flight.

Meteorological analyses (mainly for levels of 500 mb
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and above) were prepared where required, utilizing weather teletype data.
For example 500 and 300 or 250 mb charts were prepared from teletype data,
to identify regions of strong horizontal wind shears, upper air fronts (1.e. fronts
not extending to the surface), sharp tropopauses, etc. (In most cases the flight
time was at such an hour that the latest NMC analyses were not yet available in
the weather station, so the hand drawn analysis was necessary.) For flight planning
purposes, the project meteorologist briefed the research pilot on the areas and altitude
bands where turbulence might be expected on the day of operation and on the likely
movement and intensification/dissipation of any turbulence activity. The two crew
members worked out a flight plan compatible with the forecast situation, the samp-
ling priorities, and aircraft range and ATC constraints.

The nroject meteorologist was able to assist the pilot by sharing portions of
pirlot workload other than controlling the airplane such as aiding 1n
navigation to and within the search areas, apprising the pilot of headings
and altitudes to be maintained while penetrating the turbulence patches,
monitoring turbulence-related instrumentation, switching recording
instrumentation on and off to obtain wind and temperature soundings,
recording significant events (e.g. blowlng aust, snarp temperature changes,
roll clouds) and their locations on a voice tape cassette, taking cloud
photographs and advising the pilot of tne desirability to modify the original
flisht plan while airborne after turbulence reports from other airecraft
were recelveu or after a promising area was found to be without sufficient
turbulence for aata sampling.

Cn nearly all flights aircraft soundings of temperature and wind were

recorded on magnetic tape from takeoff to some arbitrary altitude (usually
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aoove 10 km), and especially in areas of significant turbulence. In addition,
temperature readings and other data were voice-recorded on cassettes both

during takeoff and landing and periodically during periods of flight where

he aircraft changed altitude. Aircraft positions and related data were
voice-recoraed each minute during turbulence-sampling runs, to be used later

in wind calculations. Turbulénce meter i1ndications were recorded during
turbulence runs. Aircraft positions and headings were noted before and

after turns, in order to recounstruct flight tracks. Cloud observations included
cloud type, altitude and coverage, cloud photographs were taken whenever the cloud
form (e.g. rotor or lenticular clouds) was indicative of turbulence,
wave activity or other air movement-related phenomena. (Photographs taken

on MAT missions appear in the second volume. )

After each flight the project meteorologist participated in the

debriefing and, utilizing his notes and recollections, documented the
significant events of the flight. Information, such as winds, temperatures

and cloud cover, recorded on tue tape cassette located in the observer's
compartment, was extracted, documented, and analyzed, usually on the day

following the flight.

Forecast Inputs
The inputs utilized in making the day-to-day turbulence forecasts for
MAT missions were as follows.

(1) Standard NVS Products. (As posted in the NASA Langley Research

Center Flight Services or the Edwards AFB Weather offices.)
These included facsimile (FAX) analyses and forecast charts of

constant pressure surfaces, significant weather, as well as teletype data

61



(rawinsonde, PIREPs, ATRMETs, SIGMETs, etc.). A complete listing of the

products utilized is found in the section on forecasting procedures.

(2) USAF Forecasts

The Air Weather Service's (AWS) Fifth Weather Wing 1s co-located

at LAFB. Arrangements were made permitting consultation with USAF AWS
personnel concerning forecasts or reports of significant turbulence withan
the operational range of the B57B. As anticipated, the turbulence forecasts
from the NASA Flight Services Office, NWS and USAF were similar in the
majority of cases. This gave added confidence for planning MAT operations.
Also, the avairlability of FAX and TWX data from both NWS and USAF provided
backup when weather teletype outages occurred.

In the operations from the NASA Dryden Flight Research Center (DRFC)
botn WWS and USAF FAX and IWX data were again available, but all data, and
15515t ince 1n forecisting, were provided by USAF Bise Weather Station personnel.
Their assistance also included hand-plotted and analyzed upper air charts,
and plotting of rawinsonde data.

(3) Jortnwest Airlines Tw bulence Plot Advisories

oluce HWAL employs a somewhat different analysis procedure
for forecasting CAT, an auditional teletype was installed in tne LaRC
Flight Services Office for the receipt of NWAL TP (Turbulence Plot) Advisories.
tnese IP auvisories were utilized in operations from LaRC, since some TPs

applied to areas witnin tne B-5TB operational radius.

(4) Special ¥WS Support

During tne first phase of the pbrogram, the Spaceflight lieteorology
Group (S8:IG) of WWS provided consulting support to the MAT project under g

contract. Discussions with SIG were usually for the assessment of likelihood
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of turbulent conaitions on fligat day or one-two days 1n advance of a MAT
operation.

(5) Regular Pilot Reports (PIREPs)
D

Checking the PIRLPs available in the Weather Stations was a
vital part of the mission planning procedure. uASA pilots engaged in
researcn and pilot proficiency missions from eitner LaRC or DRFC were
requested to radio in tae presence or absence of turbulence so that such
Intormation could be used in planning the search patterns for the day's MAT
operations (see (¢)). OGirilarly, fi/hter anu transport squaarons operating
out of Langley AF2 were bricfed on !l operations aid requested to make
adcitional efforts to report significant turbulence encounters to the Langley
£1'2 deather Station. Lxcellent cooperaticn was obtained from Air Traffic
Control Center personnel who promptly forwarded PIREPs of turbulence to

,

tue [IAY aircraft in flignt.

(o) Special Alrcraft ana Rawinsoncde Observations

On several occasions pilots wno were engaged 1n pilot proficiency
or other missions at LaRC or DFRC were able to probe areas of reported
turbulence. This source of data had the following advantages-

a. Conservation of program resources - in situations where
the synoptic condition suggestea that previcusly reported turbulence
should be dissipating, checking with an aircraft already flying in the
area of interest could verify this fact. In this manner some unproductive
nissions were avoided.

b. Where more than one turbulent area was thought possible on a
given day, reports from other aircraft helped decide whicn area(s) to

probe.
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¢. DMonitoring the movement of previously reported areas of CAT
helped to maximize the probability of encountering CAT and aided 1in defining
the turbulence search patterns at an early stage for coordination with ATC.
The most useful missions from both LaRC and DFRC were those in which two
PIRIPs were obtained, one which located turbulence 1-2 hours prior to the
sampling flight, and another very close in time to the B-57B takeoff. This
procedure served as a check on the persistence and movement of the

turbulent region.

Rawinsondes

In synoptic situations whicn appeared to be especially promising for the
development of turbulence, additional sounding data were sought through the
use of special rawinsocnae releases. Puring the program 10 rawinsondes were
released from east coast sites to support operations out of LaRC, these
were handled by WWS-SMG under tne consulting contract mentioned above in (k).
Five special rawinsonde releases were made from kdwards AF5, and coordinated
by tne USAF Flight Test Center. Uhese releases were utilized in post-flight

analyses.

Forecasting Procedure

As distinct from the forecast inputs Just describea, the forecasting
procedure for a given day's operation usually involved using the following
briefing raterials, in the approximate order and in the manner indicated.

(1) Rawinsonde Teletype Data

As mentioned previously, Lemperiture soundings for several stataons were hand-
plotted to estimute the atmospher1e stability and the tropopause characteristics
over the flight area. Values were extracted for wind speed and wind

direction ana vertical wind shears were calculated.




(2) 500 mb FAX Charts and Progs

The FAX charts were used to make the same evaluations as in the
hand-drawn charts and the prognostic charts (progs) when flights were
scheduled later in the day.

(3) Turbulence Progs/SIGITTs

Yhe FAX low and high level significant weather progs were used as
an aid in forecasting turbulence location and intensity and cloud height.
Updated teletype forecasts of turbulence were perused.

(4) PIREPs (Teletype pilot reports)

Teletype pilot reports were scanned for the Presence or absence of
turbulence.

(5) 850 and 700 mb charts

Ridge-level wind speeds and directions were studied to discern
possible mountain wave turbulence conditions, 1in accordance with established
criteria, as, e.p. 1n ref. 18.

(6) Standard Level Winds Aloft Plots

“hese charts were used to give an indication of wind speeds and
alrections as well ac horizontal wind shear regions.

(T) 500 mb vorticity charts and progs

Their primary use was for locating areas of maximum wind curvature,
horizontal wind shear, temperature advection, and trough movement.

(8) Radar Surmary Charts

Licho heights were used as estimates of cloud tops 1n squall lines or
1solated thunderstorm situations and the speed of the squall line movement was used
to forecast the movement of the associated turbulence.

(9) Surfece lMap

The general synoptic situation was viewed for occurrences of
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turbulence-generating situations (e.g., thunderstorms, cold fronts, etc).

(10) Tropopause heights and maximum wind forecasts

Tropopause discontinuities or dropoffs (steep gradients in the
height of the tropopause) were suspected areas of turbulence. Maximum wind
forecasts gave locations of jet streams ana, at times, indicated zones of strong

hor L7ontal shear.
(11) Other Products:

NWAL turbulence plot advaisories and USAF GWC turbulence forecasts

were also utilized.

Merging of briefing materials into the MAT forecast

All the briefing materials described here were not used 1n a highly
objective manner but rather in a flexible way to try to exploit each
weather situation to the best advantage. This was necessarily the case, for
no method of forecasting CAT with complete reliability 1s known to exist.
Rather, the attempt was to study all readily available information for
synoptic or mescscale patterns suggesting the existence of turbulence. The
array of briefing materials listed here was not fully adequate, some |
recomendations for additional analyses and forecast aids are listed in the
secticn on Recommendations for Future Programs. Of the present list, pilot |
reports (PIREPs), especlally those derived from other NASA aircraft, were
probably the most nelpful in successfully pinpointing areas of turbulence.
However, this does not wmean that PIREPs of turbulence are, by themselves,
sufficiently reliable indicators of persistent turbulence to warrant
disregarding the other briefing aids. Indeed, the most valuable PIREPs were
those resulting from a NASA aircraft's probing a particular area, based on

the project meteorologist's forecast of possible turbulence therein. For
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turbulence associated with clouds or topographic features such as rotor
activity and convection, either PIREPs or meteorological analysis alone

may have been adequate for mission planning purposes. However, in the case
of clear air turbulence associated with moving trough lines or shear layers,
the analyses and judgement of a project-dedicated meteorologist was vital

in identifying the turbulence condition reported in PIREPs and forecasting
the movements and persistence of the turbulence, so that the probability of
sampling 1t could be maximized, both by other NASA aircraft and the MAT air-

craft itself.

Forecasting Vs. Turbulence Encounters — An Overview

The MAT B-57B program, comprising 46 flights, did not constitute a
sample large enough to allow a valid statistical evaluation of the
turbulence forecasting techniques employed. In addition, other factors
made such an evaluation inappropriate. First, one aircraft is very limited
in 1ts ability to sample a sufficiently large atmospheric volume to
thoroughly verify a forecast of turbulence. Second, project sampling
priorities sometimes resulted in the aircraft flying to areas other than
those most likely to be associated with turbulence. This was because
samples of turbulence were desired from a variety of synoptic or mesoscale
conditions, and 1f the data needs in one category (e.g., Jet stream
turbulence) had been met through previous missions, the decision was made
to seek data from another category where more data was needed (e.g.,
mountain wave). Al,o, 1t sometimes was desirable to schedule a mission even when the

assessed likelihood of encountering turbulence was not particularly high, in
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order to obtain data from a particular meteorological condition. Third, the
forecasting basis is mixed, with many of the missions being directed to loca-
tions where turbulence had already been reported by PIREPs or probe aircraft,
rather than to areas that appeared favorable for turbulence on the basis of
weather map considerations alone. With this influence on the turbulence fore-
casts, 1t 1s impossible to evaluate them with complete objectivity. The summary
of turbulence encounter experience, presented in Table A-1, 1s discussed in the
paragraphs below.

Of the 46 MAT missions, 37 were predicted by the MAT forecaster to have a
fair or better (i.e., more than 1/3) chance of encountering measurable turbu-
lence. On two of the 37, the turbulence instrumentation was not operational,
but they are included here because any encounter with forecasted turbulence,
whether recorded by the instrumentation or not, is, of course, regarded as a
forecast success. During one of the 37 flights (No. 2), the area where turbu-
lence was expected was deliberately avoided, to allow instrumentation checkout
in smooth air. On another two flights (No. 18 and 21) the missions were aborted
before the suspected turbulent areas could be probed. Thus, for 34 missions in
which turbulence was expected, and the turbulence search was actually carried
out, the turbulence encounter experience may be discussed.

Twenty~three (23) of the 34 missions encountered forecasted turbulence.
(This agrees with the discussions for Table ITI through VI, which were based
on the 22 flights with measured turbulence (20 in CAT, and 2 in cumulonimbus
clouds), and also on flight 3, during which high altitude jet stream turbulence
was encountered, but not measured. This constitutes an overall encounter
success of 70.6 percent. If the turbulence encounter success 1s studied with
respect to the predominant meteorological conditions of Table V, the results
are as ranked in Table A~1. Tt will be noted that 24 successes are listed in

the Table. This 1s because Flight 42 had two successes—-one in encountering
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TABLE A-1.- AN AS

PRUOJECT, VERSUS PREDOMINANT METEOROLOGICAL CONDITION

CESSMENT OF TURBULENCE ENCOUNTER SUCCESS IN THE MAT B-57B

PREDOMINANT NUMBER OF NUMBER OF LUCOUNTERS MISSES
MLTEOROLOGICAL ENCOUNTERS FORECAST SUCCESSES SCORE (%) WITH/WITHOUT WITH/WITHOUT

CONDITION PIREPS PIREPS
OROGRAPLIC L N 100 3 1 0 0
TheRMAL, CONVECTIVE 3 3 100 0 3 0 0
MOUWTAIN WAVE, PLUS
INTLNSE UPPER FROLT 1 1 100 1 0 0 0
HIGH ALTITUDE JET
STREAM AND WIND SHEAR 5 L 80 3 1 0 1
MOUNTAIN WAVE 6 3 50 2 1 2 1
OROGRAPHIC, PLUS
MOUNTAILN WAVE 1 1 100 0 1 0 0
UPPLR TROUGH OR
UPPER FROWNT 5 3 60 3 0 2 0
LOW ALTITUDL JET
STRLAM, A{D WIND
SHEAR 3 2 66 1 1 1 0
SEA BREEZE CONVERGENCE 1 1 100 0 1 0 0
NEAR THUNDERSTORMS 5 2 4o 0 2 1 2
TOTALS 3k 2k 70.6 13 11 6 L




Sea breeze convergence aloft; the other in encountering low altitude thermal
convection. The table shows that very good results (100 percent forecast
accuracy) were obtained in encountering low altitude orographic and sea breeze
related turbulence, mountain-wave turbulence in connection with other conditions
(upper fronts and low altitude orographic turbulence), and thermal (convective)
turbulence. Moderate success was obtained in encountering turbulence predicted
for jet streams of both low-and high-altitude categories, and turbulence asso-
ciated with upper troughs and fronts. A success percentage of 50 was obtained
1n connection with pure mountain wave situations, and one of 40 percent in clear
air near thunderstorms.

The high success categories were not unexpected, due to the relative
abundance (from surface weather stations) of wind and temperature data at low
altitudes for forecasting the turbulence, and the generally higher probability
of turbulence at lower altitudes. The less than perfect record for troughs
and upper fronts 1s not too surprising, because these features were moving rapidly,
the turbulence at any location was expected to be transitory, and because of the
relative paucity of observations (derived from the rawinsonde network) for
delineating the structure of short-wave troughs. Several factors acted to de-
press the frequency of Sierra mountain waves 1n the late winter and early
spring of 1974-75 (see Appendix B).

The contribution of PIREPs to successful turbulence sampling missions may
be partially assessed from the data presented in Table A~1. Turbulence was
encountered 1n 13 of 19 (68 percent) of the missions for which PIREPs were
available, compared to 11 of 15 (73 percent) of the missions without PIREPs.

But 1t can be inferred from the table that the planning for sampling of jet
Stream, wind shear and upper fronts or troughs depended strongly on PIREPs.

Only 2 of 10 missions to sample these features were conducted without PIREPs
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and the 70 percent overall success is very good considering the scale and
movement of these features.

The quality of PIREPs also enters implicitly into this evaluation. In
retrospect, it 1s believed that some of the PIREPs which influenced the selection
of sampling routes should have been given less weight. These may be charac-
terized as being incomplete in stating the aircraft type, intensity, or duration
of the turbulence encountered. The most reliable PIREPs were obtained from
research pilots who had been briefed on the program's sampling objectives and

operational procedures.
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APPENDIX B
MOUNTAIN WAVE CONDITIONS ENCOUNTERED

A forecasting success of 50 percent was obtained for mountain wave
turbulence situations in the operations from Edwards AFB (see Appendix A),
this was lower than expected. The reasons for this low success, along with the project's
experience 1in mountain wave situations, are the subject of this appendix.

Meteorological conditions during tne late winter and spring of 1975
were not favorable for producing the number of strong Sierra mountain wave
situations typical for an average year. An abnornally high frequency of
deep trough and cutoff low systems either caused or was associated with
one or more of the following conditions not favoring Sierra waves.

1. Extensive cloudiness and precipitation over the Sierra were
conditions which tended to inhibit wave formation by suppressing the develop-
uent of temperature inversions. Inversions represent stable layers within
which wave enhancement is increased below the ridge line. The cloudiness also
was related to conditional static instability in the layers above the ridge.

2. The strongest westerly or southwesterly winds lay well to the
south of the Sierra due to the penetration of polar air further southward
than 1s usually experienced during a normal winter. To set up a good Sierra
wave, strong winds from these directions are needed over the Sierra itself.
Instead, there *as a greater than normal number of days with both ridgetop
and upper level winds blowing from the north or northwest, both these
directions are unfavorable for Sierra wave development because the winds

have only a small component perpendicular to the ridge line.
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3. On some moutain wave flights rapidly changing wind darections, both
at the surface and aloft, resulted in relatively short periods with winds
parallel at all levels. Persistence of parallel winds throughout an appreciable
depth of the troposphere, 1n a direction nearly perpendicular to the moutain
range ridge line, 1s generally accepted as a requirement for the vertical propa-

gation of the mountain wave through the troposphere and into the stratosphere.

In all, eight flights were forecast to encounter mountain wave-type
turbulence (Nos. 20, 29, 30, 31, 35, 36, 39, L3). Successes were obtained
on five of these (Nos. 20, 29, 30, 39, 43). On two, however, other factors
combined with a mountain wave to cause the turbulence. (On flight 29, the
turbulence was terrain--as well as mountain wave-related; on flight 39, an
intense upper front was also present.) The remaining three encounters were
related solely to mountain waves. Of these, flight 20 encountered turbulence
in the lee of the Appalachians at altitudes lower than 5.5 km, flight 30
encountered turbulence above 1L km in a wave associated with the San Gabriel
Mts., and flight 43 encountered a Sierra wave which was in the dissipating
stage. There were three missions failing to encounter forecast mountain
wave turbulence (flights 31, 35, 36), despite pilot reports of moderate
turbulence preceding the MAT mission for flights 31 and 36. On flight 31,
the wind was veering toward the north, and cloudiness was extensive, both
effects probably caused the turbulence to cease by the time the B«57B
penetrated the area. On flight 35, thermal inversions were completely absent
from tne soundings; this probably contributed to early dissipation of the
wave activity. On flight 36, the dissipation of the turbulence by the time
of the B-5TB's search was marked by increasing cloud cover and diminished

wave activity.
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