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Abstract

The mesoscale structure of the atmosphere in regions of Clear-Air Turbulence

“{CAT) is investigated by means of aircraft observations of wind, temperature, and -
" ozone obtained in the upper troposphere and in the lower stratosphere. Analysis

from five CAT missions are shown, including vertical cross sections normal to %t
flow patterhs and also detailed vertical "souridingsi' of wind, temperature;, and the
Richardson number. A verification is obtained at intei‘vals of 1000 ft between the
occurrence of CAT and a Richardson criterion of 0.5, Over 70 percent of the 149
CAT cases are correctly specified by the criterion.
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Mesoscale Structure of the Atmosphere in Regions of
Clear-Air Turbulence

Voiume |

1 INTROIR CTION

Clear -Afr Turbulence (CAT) is defined in this report a8 turbuience above
20, 000 ft or so, and not associated with convectivid clouds,  Thus, bumpiness in
cirrus clouds would be identified as CAT, Our concern is with tie st.‘ahrbul turbu-
lence which can be felt as bumpiness by an atreraft,  These tarbulent eddies have
dimensions of the order of 80 to 200 11, hence, they are micvroscaie stractaces,
On the other hand, dimensions of turluilent regions are, on the average, 3000 n

thick and 50 miles on the horizontal,  In view of the above (acis, many investigators,

including Reiter (1963), Vadbch (1653) aned Clothman et al. (1960, believe thst CAT
has its origin 16 the mesoatructure of the atmosphere.  Since that seale of Rtrucutee
cannot be adequately desy ribed by the stamdard vadiowomie network, & progra. was

initiated {n the Meteorology |abaratory o ottain the required data by an instramctited

U-2 aireral®. A number of CAT missions were flown, and in this valume detatled
analyses are presented {rom five missions made fn Marcl and April 196%, The
purpose of this report is to document and describe the mesoscale structures in
areas of turbulence, az derivod (rom a high resolution measuring sy stew,
Volume | containg the analized reaults of the 12 CAT program for the 1o 4-
1963 winter and spring season. The U2 was a1ain used to vollect data during the
[ . .

{(Received for publtcation 23 Februare 1967)
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1965-1966 winte - cafon, and these results will be presented in Volume 1I of this
report, «-heduied to be published by the end of 1967,

2. DATA AN MEYHOPD OF ANALY SIS

The datr used in the mesoscale analyses consist of high resolution measure-
ments of wind, temperature, ozone, and turbulence obtained by & U-2 with a spe-
cially designed instrument me zsuris ¢ and recording system. This aircraft was
used for research p..-poscs by the Meteorology Laboratory of the Air Force Cam-
bridge Research laboratories. The instrument package has been described by
Kahle (1863), whose group at the University of Dayton have been intimately involved
with the data recording system and with data processing. It will be sufficient here
simply to indicate that position and wind data are obtained from aiDoppler radar set
and gyro compass. Temperatures are measured by a Rosemount probe with open-
wire, platinum-sensing elements. Time constant of the Rosemount probe is 6. 3
sec. Orone is detected by a dry chemical dei}ice, a modification of the Regener

ozonesonde, ard its cy~!ing time is about 15 sec. Turbulence is measured by a low-

range accelerometer mounted near the center of gravity of the airplane and oriented

so that it is sensitive to vertical accelerations only. “The accelerometer is used’

to sepura’a the CAT into three broad classes of intensity. F‘or’pupose‘é of this

stuav, the following criteria for intensity of CAT were establishéd' very light .01

tv 05 g light . 06to , 10 gi moderate and severe > . 10 g. These classes were
‘termined on the basis of the nilot's YLmarks and by a comparison with reports of

wrbulence by commercial axrcraft

In general, the fhght plans followed by the U-2 conszsted of saw -tooth patterns,

approximately normal to the wind direction; In all cases, the: missions were made

in a region of the iet-stream core, although the probing regions were selected on the '

basis of forecasts and the latest information {from FAA controllers) regarding loca~
tions of CAT. Data fr‘om the ascient -descent portions of u flight were used as ver-
tical soundings to oﬁtai;n vertical varlations of paranietets which could be related
to the CAT problem, “ Wina and temperakture' data from these"'éoundingS" were ab-

_stracted for five-sec intervals and smoothed by applying a five- =point running ]
mean to the wind speed and direction and a thiee-point runnmg mean to the tempera- "

ture. Ozone observations were made at 15- to 20-sec intervals and were not
smoothed, Spacially, a 5-point mean, or 25-3econd mean, represeats on the

average 3 miles i» the hor:zontal and about 750 ft in the vertical.
In addition to the mesoscale analyses, we have includud constant pressure

charts, maximum wind analyres, ar_ld RAOB crosa sections in order to permit the
reader to view the larger acale framework for each situation. The missions were °
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generally about midway between the standard RAOR times, and this should be borne
in mind when attempting to relate the aircraft observations to the RAOB data. Anal-
yses for only one RAOB time are shown for those cases where it was felt that these
would adequately describe the larger scale framework at the time of mission.

For the purpose cf studying the effectiveness of criteria for specifying CAT or
no CAT, we have included as CAT those layers of '"very light'' CAT which were at-
least 1000-ft thick or any '"very light'' which was contiguous in the vertical to more
intense turbulence. The remainder of the very light CAT was classified with the
''no turbulence.!'' These categories were used to verify the value of a Richardson
criterion of 0.5 as a discriminator. The Richardson number, Ri, is defined as:

£ %8
8 _6Z

Ri = —75
su)?
YA
where

is acceleration due to gravity

is lapse rate of potential temperature

is the vector vertical wind shear‘

& e Rk -

was taken over 1000 ft

The verificntion was made at intervals of 1000 ft,

3. CAT MISSIONS

3.1 Mission ML-81 - Across a Slightly Anticyclonically-Curved Northwest Jet

3.1.1 MISSION DESCRIPTION

MissionML-81 probed the area from Bedford, Masscchusetts (BED) to Gordonville,
Virginia (GVE) 8 April 1965,17t0 20GMT. Five probes were made on the southbound
leg and three on the return flight. The probes were made mostly between 30, 000 to
50, 000 ft or 120to 300 mb. Figure 1 shows for both legs, the flight plans, encoun-
‘tered turbulence, tropopauses and pseudo -tropopauses, It is evident from Figure 1
that spacial and temporal continuity is-excellent, The main temporal change is 2
general increase in height of the tropopauses and the associated CAT areas.

!

S A T e AR e O T it s ot el o
St AT o AR W AN R
B &

o e




£ SRR LTET e L S P ST
- e L . i -~ !
[ — oo J - 8 WOy = €8 M - L W A (Lo W MaTALe & e st S wemcirea e s amee st S )1 < ae 1 b < A TSy L) S5 i e S 18 % A AR RS, s e v ot o en e e v ————e 1 oot s o
\ i
. - - - :
m s
) ,
§ s
b
t !
4
)
:
L F
\
\ : sjutod 437 jB Uumoys st (LND) awn f
[PUEB ‘J3quinu Aq P3apuSP} JUDBIP PUT JUIDSE YorF HOBJ} PUNOQUINOS O3 I3J3I SIUI[ J2ABSH -sasnedodoa) .
-opnasq pue ‘sasnedodod] ‘LyD padajunodud ‘s)oedy yIIJd pUnoqylIoN pPue punoquinog °t 2Jndrg TaT
, “ !
. .. i
3A0 , via nir 038 , _ w
) : 1 : 1 00¢ i
I . . . SIS 31vy300M o0z- :
o GO6! ‘9 UUIY 18- IN LHOINA ey MO W
T it LHOIT AAL . =~ 00 T
; - , IDONIINGNNL | §2 , w
' . , : , _ 8vLi _ i i
\ : 6v61 1202 : T
. + 2681 . 0€~4- 00¢ gL
= < « -2
3 L 052 H o
L T Se -1 ;2 .
- S i -
L L i
- —- 002
- ov -+
o 5
? 1 L
- S+
- e
e o¢ -+ EH
4 s ‘14 L :
T ; T T T 001 1
IND vigo war 030 an
4 v
m |
]
P
- ;
—— - ) ) S




S LR

L i

TR et

i ‘ 3.1.2 SYNOPTIC SITUATION

. The 250-mb map for 09/00Z and the maximum wind charts for 08/12Z and 09/00Z
are shown in Figures 2, 3,and 4 respectively. The mission track was on the cyclon-
ic side of the jet and extended into the jet core; also, the track crossed slightly in
advance of a weok upper-level ridge. During the 12-hour period covered by the maps,

the ridge weakened considerably as it moved eastward. Weakening of the ridge was "
= ) - accompanied by a southward displacement of the jet and a decrease in maximum
. : o
. =55

i

d o

=55, L :

\/ === AIRCRAFT PATH

' | ' 250 MB

9 APRIL 1965 002

Figure 2, 250-MB Map, 9 April 1965, 00Z
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Figure 3, Maximum Wind, 8 April 1965, 12Z (Isotachs in knots)

wind speed from 180 knots to 140 knots. A cross section of the radiosonde data for
09/00Z is shown in Figure 5. The core speed is near 130 knots and located near
190-mb height. The leve) of maximum wind slopes downward to the north, The
polar jet shown at the far left was not within the region of extensive probing. A
feature to notice in Figure 5 is the double tropopause structure between stations
JFK and DIA. Note that the lower tropopause is just above the level of maximum
wind, These features will be more sharply defined in the mesoscale analyses.

3. 1.3 MESOSCALE STRUCTURES

The mesoscale structure of wind speed, wind direction, potential temperature,
and ozone, as determined from the data on the southbound leg, are shown in
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Figure 4. Maximum Wind, 9 April 1965, 00Z (Isotachs in knots)

Figures 6, 7, 8, and 9 respectively. Comparable cross sections for the northbound
track are shown in Figures 10, 11, 12, and 13, In all, eight probes were made, and
profiles of wind speed, wind direction, temperature, and Richardson number for each
probe are shown in Figures 14 through 21. Probe numbers correspond with those

in Figure 1, Spatial continuity of the measured parameters attests to the reliability
of the data. In addition a comparison between the analyses from the southbound and
northbound legs shows little change with time over the 2« to 3-hour period except for
a systematic increase in height of about 1000 ft,

The most impressive feature found in this mission is the broad area of CAT
(lateral extent at least 250 miles) sandwiched between the tropopause and a pseudo-
tropopause. The significance of this feature will be pursued later. Layers of mod-
erate CAT are shown within the extent of the core; however, the deepest layers are
toward the cyclonic side. In probes numbers 2 and 7, layers of CAT were found
above the tropopause, It is interesting to see that the stratospheric CAT layer in
probe number 2 is one of relatively low stability, The.tu:'-bulent area at the base of

e
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FLIGHT ML-8F APRIL 9,i965 002

100 & | Y T T T T 700
) ®o Ao JFK oA ORF  WAT  GSO s

Figure 5. Vertical Cross Section From Portland (PWM) to Charleston (CHS). Thin
solid lines are wind speed (knots), and thin dashed lines are potential temperature
(°K). Heavy solid lines represent tropopause, heavy dashed lines represent pseudo-
tropopause or base of stable region

of probe number 5 is associated with thick cirrus clouds, The layers of very light
CAT were very shallow except for the ones in probe number 1,

We now return to a discussion of features in the region between the tropopauses.
From the profiles shown in Figures 14 through 21, it is clear that the CAT area is
based within a lower stable layer, extends through a layer of low stability, and is
capped on top by the tropopause. The base of the lower stable layer coincides
closely with the level of maximum wind speed. Above the level of maximum wind,
the wind speed shear is large across the stable layer and less in the less stable
layer. The wind direction also changes across the stable layer, resulting in a max-
imum northerly wind component in the middle of the CAT areas. The thermal fields
shown in Figures 8 and 12 are interesting in that the horizontal temperature gradient
is reversed between the stable layer and less stable region above, Siuce we are in
a region where the wind is decreasing with height, it is clear that the thermal wind '
relationship is not being realized in the less stable zone. Of course, the deviation
of the vertical shear from the thermal wind relationship may be equally as large in
the stable sone. Our data was not entirely suitable for obtaining quantitative evalua-
tions of the thermal wind relstionship. We should also point out that a reversed
horizontal temperature gradient, that is, where the thermal wind vector is opposed
to the vertical wind shear vector, can be found even from the analysis of conven-
tional data, This is shown in Figure 5 above the 200-mb level to the north of Station
DIA.
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The ozone cross sections shown in Figures 9 and 13 indicate air containing
stratospheric concentrations of ozone extending down to the pseudo-tropopause. As
noted earlier, stability is relatively low between the tropopause and the lower stable
laver. One now is faced with the probleis of how to reconcile low stability with
''stratospheric'’' ozone because its solution may be related to the generation of turhu-
lence. In thig report we want simply to suggest some possible processes to account
for association of reduced stability with high ozone. First, we couid view the indicated
vertical stru:tures of temperature and ozone as one resulting from the
vertical stretching of a stratospheric layer. This could be either the up-
wird movement of air from the midlatitude air mass or the subsidence of
a subtropical stratospheric layer. While vertical stretching reduces the static
stability, it also acts to diminish the vertical wind shear. The net result would
be to increase the Richardson number {indicative of less lavorable conditions

for CAT) as can be seen trom the expression below. The symbols are defined
in a previous section.

g %8
Ri = £-2%

(8)

87,

Nifferential advection is another pngsible process to congider, In the regioﬁ of the
tropopause ''break,’’ two air masses are flowing side oy side. Here, by differen-
tial advection, incursiors could readily take place, Since there isa sigﬁiﬁvant
horizontal temperature gradient in the 'hreak' region, the incursions could readilv
alter the static stability. An cvajuation of the above -mentioned processes as well
as others is a subject for further study,

1.0 4 RICHARDSON NUMBER ¢ ITERION

Figures B through 17 show the relationship between the Richardson nuhvﬁor awl
terbulence. A eritical vahic of 0,5 was applied to the vliscrvations at height inter-
vals of 1000 ft. A verification I8 shown in the contingency table which follows. The

. overall correct svore was 19 pervent, and 3o p:-rcrht_o‘f CAT cases were . orrectly
~ apecified. - ' '

12 Wineion W59 ¢ L rwas i aticrcdunirully Coned Nartherst Jot
3 2.1 MISKION DESCRIPFTION ‘
Mission ML.-70 probed the ares from the coast of Maine to Syracusé, New York, on

7 April 1963, 17 to 19 G\IT.  The altitude range vovered was mostly 30, 000 to -
40, 000 Nt or 200 10 300 mb.  Figure 22 shows the aireraft track, the encountered

B

g A
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Table 1. Frequency of Turbulence vs Richardson Criterion of 0, 5.
Marginal ligures 1n percent

‘ No
CAT CAT
Ri< 0.5 23 12 6%
Ri> 0.5 16 85 84%
59% 88%

NOTE: All Cases Percent Correct = 79

turbulence, the tropopause and the pseudo-tropupause. The flight track was rather
complex but consisted essentially of a descent and ascent. near the coast of Maine,
a fairly long level stretch near 175 mb, a descent east of Albany, and an ascent
west of Albany. On the return flight a descent-ascent was made between Albany,
New Yeork and Portland, Maine. A single set of cross sections were constructed
from the data. Most of the turbulence was found in the tropopause, and there was
a layer of turbulent air between the tropogause and the pseudo -tropopause in the

Maine -New Hampshire area.
3.2.2 SYNOPTIC SITUATION

The 200-mb maps for 06/12Z and 07/00Z and cross sections of the radiosonde
data for the same periods are shown in Figures 23, 24, 25 and 26 respectively. The
upstream ridge weakened while moving eastward. The aircraft track, which appears
to be near the inflection part of the northwest flow at 06/12Z, is actually positioned
close to the upper level ridge by 07/00Z. The eastward displacement of the upper
level wave pattern was accompanied by similar movement of the tropepause ''break'!
region, as can be seen {rom Figures 25 and 26. In response to these displacements,
the tropopause at Portland, Maine (PWM) rose from 352 mb (27, 000 ft) to 202 mb
(39, 000 ft). :

3.2.3 MESOSCALE STRUCTURE

The mesoscale structures of the wind speed and wind direction, and of poten-
tial temperature aud ozone are shown in Figures 27 and 28, respectively. Eight
probes were made, and these are shown in detail in Figures 29 throhgh 34. Probe
numhers correspond to the numbers in Figure 22, except probe number 1, which was
made near Bedford, Massachusetts, The jet core isnear 250-mb level and has a veloc-
ity of NW 107 knots, Thereis a widespreadincidence of turbulence in the troposphere.
An area of particular interest is along the easternendof the cross sections where a
volume of CAT was sandwiched between the tropopzi\ise and pseudo-fropopause, and

e ke .y xy
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Figure 23. 200-MB Map, 6 April 1965, 122

the entire structure is above the level of maximum wind. The ozone analysis shown
in Figure 28 indicates that air containing stratospheric amounts of ozone extends
downward to the lower stable layer, from New Brunswick (NHZ) to Portland (PWM),
This structure appears to be similafr in a reduced sense to the situation in mission
ML-81 where the turbulent zone between stable layers is much broader and intense,
The question of reconciling high ozone and low stability in the turbulent zone is
touched upon in the discussion of ML-81i.

3.2.4 RICHARDSON NUMBER CRITERION

Figures 28 through 34 show the relationship of the Richardson number to turbu-
lence. A statistical verification of 0.5 as a critical number relation to CAT or no
CAT is presented in the contingency table which follows. We see .t_h_at the criterion
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Table 2, Frequency of Turbulence vs Richardson Criterion of 0, 5.
Marginal figures in percent
, No
Ri=05 22 7 76%
Ri> 0.5 9 52 85%
1% - 88%

NOTE: All Cases Percent Correct = 83
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correctly specified CAT 76 percent of the time, and 71 percent of the CAT cases
were correctly identified. Overall acore of hits was 82 percent.
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Figure 28. Vertical Cross Section From Buffalo (BUF) New York to
Caribou (CAR) Maine, 6 April, 13Z. Thin solid lines are wind speed
(knots) and thin dashed are potential temperature (*K). Heavy lines
refer to tropopause and paeudo -tropopsuse

3.3 Miasien ML-78 - Acrese Straight Nerthweet Jot
3.3.1 MISSION DESCRIPTION

Mission ML-78 probed the region between Bedford, Massachusetts (BED) and
Raleigh-Durham, North Cerolina (RDU) § April 1964, 16 to 23 GMT. Eight probes
_were made on the southward leg ano six on the return flight. The probes were made
mostly between 30, 000 to 40, 000 ft or 190 to 30C mb, except higher at the extremities
of the mission. Figure 35 shows the aircraft's tracks, the encountered turbulence,

~ tropopauses, and pseudo-tropopsuses. South of the jet core the tropopauses spperently

" pose a few bundred feet over the two-hour period. From the core northward, the

tropopause lowered as much as 460 t. The mission was charscterized by widespread

very light turbulence, some of patches of light, and a layer moderate CAT in probe
. number 4. - Rather thick cirrus clouds were encountered in probes 8, 9, and 13,
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Figure 26. Vertical Cross Section From Buffalo (BUF) New York to
Caribou (CAR) Maine, 7 April, 12Z. Thin solid lines are wind speed
(knots) and thin dashed are potential temperature (°K). Heavy lines
refer to tropopause and pseudo -tropopause

3. 3.2 SYNOPTIC SITUATION

The 250~-mb maps for 5/12Z and 6/00Z and the maximum wind charts for the
same periods are shown in Figures 36, 37, 38, and 39 respectively. The upper level
ridge in the western Great-Lakes region was essentizily stationary and expanding
to the north. This ridging was accompanied by a noticeable northward displacement
of the jet stream. The exit region of the jet intersects the northern section of the
aircraft path, while a weak subtropical jet is located west of the southern portion
of the track. Cross sections derived from the radiosonde dats for 5/13Z and 6/002
are shown in Figures 40 and 41 respectively. The jet is shown to be displaced north-
ward about 250 miles in the 12-hour period. The tropopause ''break’' gshown on the
05/12Z cross section is difficult to portray 12 hours later because our cross sec-
tion does not extend far enough to the north, The northward displacement of the
jet was accompanied by rising tropopauses and decreasing stability between 250 to
200 mbd from Virginia to New York City w. see later that here is where the mun
hyor of CAT was found. »

3.2 MWALB STRUCTURE
_ The mesoscale structures of wind speed and wind direction, and of potential
temperature, snd osone are shown in Figures 42 and 43 respectively for the south-
bound portion of the mission. Comparable snalyses are shown for the return flight
in Figures ¢4 and 45, Profiles of wind, temperature, and Richardson number
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Figure 29, Vertical Profiles of Wind, Temperature, and Richardson Number
for Probe Number !

are presented for the eight probes in Figures 46 through 53. The location of the jet
core and the double tropopause structure to the right of the jet resemble similar
features, as shown in the 06/00Z cross section in Figure 43. The southbound and
northbound cross sections, two to four hours apart in time, are in good general
agreement. Differences between the two sets of analyses are consistent with 13-
hour changvs in the RAOB analyses. Over the two-to four-hour period, we find that
the jet core is displaced slightly to the north, and the tropopsuse and pseudo-tropopsuse
south of the jet are a few hundreod feet higher in elevaﬂon. North of jot. the tropo '
pause has dropped in height.
An area of CAT is shown just above the level of maximum wind in each of
probes 3, 4, 5, 6, and 11, A logicsl assumption is that these observations npnunt
a broad layer of turbulence where the CAT is of moderate intensity above the jet _ v
core and tapers off to very light intensity to the north and south, - On the lwﬂthouaﬁ _ .
flight the CAT areas appear to be trapped between the tropopause snd a lower stable .
layer. However, on the return trip, the CAT area in probo number 11 is entirely
within a stable layer. The same {s true for the CAT area between 200 to 330 mb tn
probe nunsber 13, Stratospheric layers of CAT over 2000 Rt in depth are shown in
_probes B and 9. Asside from a few shallow stratospheric patches, the remalning
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Figure 30, Vertical Profiles of Wind, Temperature, and Richardson Number
for Probe Number 2

areas of CAT are found in regions of low stability and, at or below, the leve] of
maximum wind. The three encounters through cirrus clouds in probes &, 9, and
12 were in turbulent regimes.

The ozone analyses, see Figures 43 and 45, show troponphcric amounts extending
above the indicated tropopause in the vicinity of station RDU.  Meanwhile, both RAOR

cross sections show that tropopause south of the jet ia in the 170~ to 180-mb height
range, agreeing with the osone indications. The conflicting tropopause heights are
due 1o the fact that the temperature profile near tropopause level was ''rounded, '
and in the aircraft data, the critecion for a tropossuse was met near the bottom of
the ''rounded'’ curve. Note, however, that in the mmm of jet that atratoapheric
ogone amoums extend below the tropopause.

Our main concern is with the region containing the brosd layer of CAT. This
laver is in the viciaity of the jet and above the level of maximum wind, Here we

. sev features common to some of our other cases. The turbulence is above the level

of maximum wind end {2 . snisined between the tropopause and a lower stahle laver
or pseudotropupause. The base of the lower stable laver appears to follow the
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ML-78

250 MP
5 APRIL 1965
122

Figure 356. 250-MB Map, 5 April 1965, 122, Showing Height Lines and isotachs (kt)

level of maximum wind. The winds show directional shear in the vertical across
the level of maximum wind, and some high ozone is found below the tropopause.

3. 2.4 RICHARDSON NUMBER CRITERION

Figures 52 through 59 show the relativnship between the Richardson number and
turbulence. A statistical verification using 0. 5 as a critical number relative to CAT
or no CAT is shown in the contingency table which follows. This criterion correctly
specified CAT in 70 percent of the cases and 79 percent of the CAT cases were
correctly identified. The overall hit score was 78 percent.
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Figure 37. 250-MB Map, 6 April 1965, 007, Showing Height lines and Isotachs (kt)

Table 3. Frequency of Turbulence vs Richardson Criterion of 0. 5.

Marginal figures in percent

No
CAT CAT
Ri= 0,5 as 16 70%
Ri> 0.5 10 53 84%
79% T7%
NOTF: All Cases Percent Correct = 78
) 22 R e I, WO Bl Ry { ';
~ §
' s e e R
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Figure 38. Maximum Wind Chart, 5 April 1965, 12Z (Isotachs in knots)

3.4 Mission ML-70 - Across u Slightly Cyclonically-Curved Northwest Jet RS
3. 4.1 MISSION DESCRIPTION

Mission ML-70 probed the regionbetween Bedford, Massachusetts {BED)and
Charleston, SouthCarolina (CHS) 16 March 1965, 16to 19 GMT. Five probes were
made on the southbound leg, and three onthe returnflight. The probes were generally
between 35, 000to 46, 000 ft or 240to 140 mb, and data from the forward and return legs
were incorporated into a single set of analyses. Figure 54 showsthe aircraft path, the
encounteredturbulence, tropopause, and pseudo-tropopause. Only a few areus of CAT
were found, and some of these were located during level flight. From Figure 54 it
appears that the CAT areas were of very limited extent in the transverse direction,
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Figure 39. Maximum Wind Chart, 6 April 1965, 00Z (Isotachs in knots)

3. 4.2 SYNOPTIC SITUATION

The 200-mb map for 16/12Z und the maximum wind charts for 16/12Z and
17/00Z are shown in Figures 55, 56, and 7 respectively. The flight track is
across a slightly cyclonically-curved northwest flow, containing two major jet
systems, The polar jet is below 30, 000 {t, and the midlatitude jet is in the vicinity
of 35, 000 ft and shows a split structure near the Atlantic coast. Cross sections
derived from the 16/02Z and 17/00Z radiosonde data are shown in Figures 58 and
59, Well-defined tropopause ''breaks'' are seen in connection with two jet streams,

e
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Figure 55. 200-MB Map, 16 March 1965, 122

3. 4.3 MESOSCALE STRUCTURE

The mesoscale structures of wind speed and and wind direction are shown
in Figure 60,and of potential temperature and ozone in Figure 61. Profiles of
wind, temperature, and the Richardson number are presented in Figures 62
through 66. The two ''break'' regions noted in the RAOB cross sections are
alao clearly defined in the mesoscale data. Most of the aircraft data were ob-
tained in the region of the midlatitude '"break.'' Two sets of agcents and descents,
comprising four probes, were made close together inspace and time inthe "'break"’
area above the midlatitude jet. Inview of the spacingof these probes, it was decided
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Figure 56, Maximum Wind Map, 16 March 1965, 12Z (Isotachs in knots) u
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to combine probe number 4 with 7, and number 5 with 6. This averaged data were
used in the cross sections. There were only very small differences in the ozone >
and temperature data between the separate probes in a given pair. However, the ‘
wind variations, especially the speed component, were suspiciously large. The
averaged data were used in the analyzed cross sections. The implied vertical wind
shears are quite small, and the stabilities are moderate. These conditions, which
would be unfavorable to the development of CAT, are in qualitative agreement with
the aircraft observations of very little turbulence. The ozone data are interesting
in that it shows high amounts below the tropopause in the ILM-CHS sector. '
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Figure 57. Maximum Wind Map, 17 March 1965, 00Z (Isotachs in knots)

3. 4.4 RICHARDSON NUMBER CRITERION

Figures 62 through 66 show the relationship of the Richardson n'unber to turbu- -
lence. A statistical verification of 0.5 as a critical number relative to CAT or no
CAT is shown in the contingency table which follows. This is based only on data
from probes 2, 3, 4, and 8 because of uncertainties in the rest of the data. There

were only five cases of CAT and four cf these were correctly specified by the'ér.iterion.

The overall hit score was 92 percent,
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Figure 68. 200-MB Map, 10 March 1965, 12Z
b

Table 4. Frequency of Turbulence vs Richardson Criterion of 0. 5. !
Marginal figures in percent i

CAT oAt
Ri = 0.5 4 3 57% _'
Ri> 0.5 1 40 987% |
80% 93% !

NOTE: All Cases Percent Correct = 92

3.5 Mission ML-67 - Across a Cyclonically-Curved Northwest Jet
3.5.1 MISSION DESCRIPTION

Mission ML-67wasflown 10 March 1965, betweenBedford, Massachusetts, (BED)
and Jacksonville, Florida (JAX), andthe area of interest was betweenWilmington, North
Carolina (II.M) and Jacksonville, The aircraft was inthis areafrom 1440to 1900 GMT and
probed between 30, 000to 40, 000 ft, or 300to 200 mb, Figure 67shows theaircraft path,
the encounteredturbulence, tropopause, pseudo-tropopause, and the civudiness at and
below flight level. North of Charleston, South Carolina (CHS) the track wvas free of
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Figure 6Y. 200-MB-Map, 11 March 1365, 00Z Moderate CAT

CAT. Portions of the flight were in cirrus clouds, and a considerable part of the

track was flown above solid layers of clouds.
3.5.2 SYNOPTIC SITUATION

The 200-mb and the maximum wind charts for 10/12Z and 11/00Z are shown
in Figures 68, 69, 70 and 71, The area probed was slightly west of the upper level
trough and in the exit region of the jet. Wind speeds in the core were as high as
200 kts at 00Z. The jet was displaced northward during the 12-hour period 10/122
to 11/00Z, and along the east coast, th\e jet moved from the vicinity of Jacksonville
to near Charleston, A cross section based upon the 11/00Z radiosonde data is pre-
sented in Figure 72, Two jets, each associated a marked tropopause ""break, ' are
shown, This mission probed the region around the southern jet,

3.5.3 MESOSCALE STRUCTURES

The mesoscale structures of wind speed and potential temperature are shown
in Figure 73, and wind direction and ozone in Figure 74. The position of the jet core
and the tropopause profile are in good agreement with these features as they were
shown in the 11/00Z data in Figure 72. Vertical profiles of wind speed, wind direc-
tion, temperature, and the Richardson number are shown in Figures 75, 76, and 77
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Figure 70. Maximum Wind Map, 10 March 1965, 12Z (Isotachs in knots)

for probes 1, 2, 4, 5, and 7. The wind data in probes number 3 and 6 were not
usable,

A striking feature in this case is the absence of CAT on the cold or cyclonic
side of the jet. It should be noted, however, that probing on the cyclonic side was
limited to the vicinity of Wilmington where the vertical wind shear was apparently
very weak. No turbulence was noted in the pronounced tropopause ''break' area
sovth of Wilmington. Also no CAT was encountered along most of the constant-level
track southward to near Charleston. This is not surprising, since the level track
closely follows the level of maximum wind. The suggestion that there was no turbu-
lence on the cyclonic side of jet was supported by reports from the commercial
airlines. Figure 69 contains commercial reports near map time, and two cases

of moderate were noted at 31, 000 and 37, 000 ft upstream from Charleston and
Jacksonville.
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Figure 71. Maximum Wind Map, 11 March 1865, 00Z (Isotachs in knots)

Areas of CAT were found below and above the level of maximum wind, and at
two places the turbulence penetrated into the stratosphere. The more intense and
extensive areas of CAT were located above the ievel of maximum wind in the SAV-
JAX gector. From spatial and temporal continuity considerations, it is reasonable
to assume there was an extensive broad layer of turbulent air above the wind maxi-~
mum, As can be seen in Figure 73, most of the turbulent layer is in a region of
low stability and sandwiched between the tropopause and a shallow stable layer below,

3.5.4 RICHARDSON NUMBER CRITERION

From Figures 75 and 76, it is clear that there are a number of CAT areas in
layers of small wind shear and low stability, such as in probes 4 and 5, CAT in
regions of high stability and strong shear are seen at top of probe number 2. A
statistical verificatinn of 0.5 as a critical number relative to CAT or no CAT is
shown in the contingency table which follows.

About 70 percent of the CAT cases were correctly specified by the Richardson
criterion, and the overall hit score was 71 percent.
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Figure 72, Vertical Cross Section From Washington (DIA) D. C.
to Tampa (TPA) Florida, 11 March 1965, 00Z, Thin solid lines
are wind speed (khots) and thin dashed are potential iemperature
(°K). Heavy lines identify tropopause and pseudo-tropopause

Table 5. Frequency of Turbulence vs Richardson Criterion of 0. 5.
Marginal figures in percent

CAT ohr
Ri=0.5 18 6 75%
Ri> 0.5 8 16 67%
89% 3%

NOTE: All Cases Percent Correct = 71

4. SUMMARY

The clear air turbulence encountered by our missions occurred largely in asso-
ciation with a jet stream. CAT (including light and more intense) was more extensive
in a lateral direction above the level of maximum wind than below that level, and
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there was little turbulence at the level of minimum vertical wind shear. The impor-
tance of the vertical wind shear as an energy source for the turbuience was evident.
Above the leve) of maximum wind, the CAT was most frequent in the tropopsuse
""break'' region, extending from over the jet and into the rv~inmc side of the flow,
While the turbulent regions extended up to 300 miles in cross-wind direction and
7000 or 8000 ft in the vertical, the areas of moderate or greater intensity were
very patchy in the horizontal, and the vertical extent was generally well under 2000
ft. in one mission, extensive CAT, including a fair amount of moderate was foun
or: the anticyclonic side of the jet. There was widespread thick alto-cumulus cloud

kit

layersbelow flight level and some cirrus cloud lavers at flight level. The vertical wind %
shear was small, but when combined with low stability, the resulting Richardson H
number was small or favorable for CAT generation. In nearly every case of mod- H
erate or more severe CAT, the base of this activity was located at the top or within
& stable layer, and the activity extended upwards into a region of low stability. ‘

The verificationof the Richardsoncriterionfor the f{ive missions were combined
into one table as shown below. There are 439 cases in all, and CAT was correctly
specified about 70 percent of the time. The hit score for all the CAT and no CAT
cases was 80 percent. It should be pointed out that the criterion did not appear to i
be able to discriminate moderate CAT from light, or evenfrom the very light CAT, ‘
which was at least a 1060-ft thick. '

Table 6. Frequency of Turbulence vs Richardson Criterion of 0.5
for the 5 Missions. Marginal figures in percent

CAT c':?r | ’
Ri=0.8 105 .“ 1% |
Ri> 05 “ : 246 | es%
| % %

NOTE: All Cases Percent Correct = 80
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