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Abstrad

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 miesions are shown, including vertical cross sections normal to "'

flow patterns and also detailed vertical "soundings" of wind, temperature, and the

Richardson number. A verification is obtained at intervals 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 Atmosphere in Regions of

Cear-Air Turbulence

Volume I

I. INTSIM 4T14l%

Clear-Air Turbulence (('AT) is defined in th.. repirt ;an torhulaent-A above,

20, 000 ft or so. anti not ansstiaeId with 4t-nvivt-|- ciowlna. Thus. IsaIpine'•oi in

cirrus clouds would be identifivt an (CAT. Our toirern " is w .h tint tcale of torh ti-

lence which can be felt an bumwnpa'so hv an airuraft. Thits;v ti~trhin•ert' rI'titae hAv.i'

dimensions of the order of 110 to IP00) it. he'nce, tIv Ire' tivrtmwil- 0tr-i-ttl-+rk,,

On the other hWnd. dime.'sionas oI Itsr &t-Wit re'tions art.. to" thie .- ragv. 'j4041) I

thick and S0 m-lii' on the horttintal. In vie'w of tht" ;Ixbvt. f$tg w, lqtW • tI, tl .vwliglorhs,

including Heiter 1{,l3). |:ti•t (lif4) ,P-6 (-AiMltwman t a0a. (19i6l1). Hw,#'v..tIm• (AT

has its origin it, the *Sntwt-url4-v.ttf tw oy b!tt•'ivtiwr. .Ninli' that 0h .14, c if strut tOtr*-

ciannot be adequately d4 ri-ibe.d lhv Ih, ivtl.a.-dn rafditsliih, nr-tw'ork. a pr~ieira,• was

Initiated in the Meteorolngv I 1,4tratls-v to obtain th. requirt-d laLtoi hv An invtt•o.,•rnt.d

U-2 air'cra•t. A number of C•AT mLssions s*re flou n, and in this v.olume drttiar d

analyses amr presented (rom live missions made in Malvi, and April °1:90iS. Then

purpose o Ithis report is to document anl des.crie lbi. men•wosal struwtures in

areas of turbulence, at derived tron a hilgh revolution nwaurlit **sltrm.

Volume I contains tow anal-iad r".sults of t1e I#-2 CAT programt fto t' 1i.4-. I
1965 winter and spring season. The U-2 vriin olain used to collect data durinltg tIh

(Reeived for pubhlcation 23I lebruart I1"7)W

I__________________________m___
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19651 Ifi, int,. vaton, and these results will be presented in Volume II of this

report, -,..duhcd to be published by the end of 1967.

'2. I) ' \M ',ytIII ' itH .I.NA •A.•I+4

The dat" used in the mesoscale analyses consist of high resolution measure-

ments of wind, temperature, ozone, and turbulence obtained by a U-2 with a spe-

ciallv designod instrument mý .suri- g a-id recording system. This aircraft was

used for research p,.. posc.s by the Meteorology Laboratory of the Air Force Cam-

bridge Research Laboratories. The instrument package has been described by

Kah•e (1963), 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 a Doppler radar set

and •yro compass. Temperatures are measured by a Rosemount probe with open-

wire, platinum-sensing elements. Time constant of the Rosemount probe is 0. 3 ?
sec. Oone is detected by a dry chemical device, a modification of the Regener

ozonesonde, ard its cyting 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 se'aral,. the C •T into three broad classes of intensity. For purposes of this

stuow, the fzllowing criteria for intcnsity of CAT were established: very light . 01

to 05 g: light .06 to . 10 g;: moderate and severe > . 10 g. These classes were

, trniined on the basis of the "•ilot's remarks and by a comparison with reports of

itrirulence by commercial aircraft.

In g•ntrVl, the flight plans followed by the U-2 consisted of saw-tooth patterns,

approximately nortnal to the wind direction. In all cases, the missions were made

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

basis of forecasts and the latest information (from FAA controllers) regarding loca-

tilns of CAT. Data from the ascent-descent portions of a flight were used as ver-

tical soundings to obtain vis-tical variations of parameters which could be related

to the C.AT problem. Wins and temperature data f'rom these "soundings" 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 running mean to the tempera-

ture. Ozone observations were made at 15- to 20 sec intervals and were not

smoothed. SpaciaUy, a 5-pnint wean, or 25-second mean, represents on the

average 3 miles i'n the horizontal and xkbout 750 ft in the vertical.

In addition to the mesoscale analyses, we have included constant pressure

charts, maximum wind analyres, and RAOB cross sections in order to permit the

reader to view the larger scale framework for each situation. The missions were

D'
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generally about midway between the standard RAOB times, and this should be borne

in mind when attempting to relate the aircraft observations to the RAOB data. Anal-

yses for only one RAOB3 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 ptirpose 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:

ai- 66Z_
(i 2)

where

g is acceleration due to gravity

6Z is lapse rate of potential temperature6Z

6U
--- is the vector vertical wind shear

AZ was taken over 1000 ft

The verificnition was made at intervals of 1000 ft.

3. ("AT MISSIONS

3.1 Mission ML-81 - Across a Slightly AnticyclonicallyCurved Northwest Jet

3.1.1 MISSION DESCRIPTION

Mission ML-8 1 probed the area from Bedford, Massachusetts (BED) to Gordonville,

Virginia (GVE) 8 April 1965, 17 to 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 120to300 mb. Figure 1 shows for both legs, the flight plans, encoun-

itered turbulence, tropopausea and pseudo-tropopauses. It is evident from Figure 1

that spacial and temporal continuity is excellent. The main temporal change is a

general increase in height of the tropopauses and the associated CAT areas.

+ • I I 7;
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3. 1. 2 SYNOPTIC SITUATION

The 250-mb map for 09/O0Z and the maximum wind charts for 08112Z and 09/OOZ
are shown in Figures 2, 3,and 4 respectively. The mission track was on the cyclon -
lir side of the jet and extended into the jet core; also, the track crossed slightly in
advance of a weak 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

--- 55

AL60 01.0-5

-6068

003

AIRRAF PATK

9 API 0 968 O

Figure 2. 250-MB Map. 9 April 1965, OOZ
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CH"S 100 -- -AIRCRAFT PATH

4k 80 MAXIMUM WIND

8 APRIL 1965 12009*

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/OOZ is shown in Figure 5. The core speed is near 130 knots and located near

190-mb height. The level 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

I .P
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- 0o

__ _ _ __ _ _ / ,20
CHS ' I0 --- AIRCRAFT P1TH

416,10

Sm•-- % 1MAXIMUM WINDA9 APRIL 1965 0000*

Figure 4. Maximum Wind, 9 April 1965, OOZ (Isotacha 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 s~hown In Figures 14 through 21. Probe numbers correspond with those
in Figure 1. Spatil] 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 heig~ht of about 1000 ft.

The most impressive feature found in this mission is the broad area of C:AT
(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 wore found
above the tropopause. It is interesting( to see that the stratospheric C'AT layer in

1201

probe number 2 is one of relatively low stability. The turbulent area at the base of

4k4.
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Figure 5. Vertical Cross Section From Portland (PWM) to Charleston (Cl-S). Thin
solid lines are wind speed (knots), and thin dashed lines are potential temperature
(OK). 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. Since we are in

a region where the wind is decreasing with height, it is clear that the thermal wind

relationship in not being realised 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 zone. Our data was not entirely suitable for obtaining quantitative evalua-

tions of the thermal wind relationship. 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 tropopa.use and the lower stable

layer. One now is faced with the probleis of how to reconcile low stability with
"stratospheric" ozone because its solution may 1e related to the generation of turbu-

lence. In this re*port we want simply to suggest some possible processes to account

for association of reduced stability with high ozone. First. we could 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-

w.ird movement of air from the midlatitude air mass or the subsidencte 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 lindicative of less favorable conditions

for CAT) as can be seen from the expression below. The symbols are defined

in a previous section.

IL "Ri - 6Z.•

ALI

I)ifferentlal advection is another pnosible process to consider. In thu region of the

tropopause "break." two air masses are flowing side by side. Ifere, by differt-.-
thal advertlon. ineursior- could rtadilv take place. Sinve there is a isignificant

horizontal temperature gradient in the "break" region, the incurtions cotild readily

alter the static stability. An o'valuation of the above-mentioned processes as well

as others is a subject fotr furtler studv.y

1. I. 4 RIC*IAHI4)*N •l.,\1lBlr t, 4ITFKIION

Figures 8 through 17 show thw relationship between the Ri-harldson nunv1wr awl
fivrbulence. A critfial, valiue of 0, !* was applied to the Wiserv lions at height intsr-

vals of 1000 ft. A verification it shown in th,, ontln~ewytablewhich follows. The

overall correct score was 79 percent, and S, percent of ('AT cases w*re . orreetlv
sp'ci fied. • i

3*J !,.4 wI.-.• • a,- Iaee,•dss,•Iw~t .,aw .mtb.e-a 1$

Mtission M1,49 probed the arv fri(o, !he coast of Mtaine, to Syracuse. New York. on

"7 April 106S., 17 to 19 (M\IT. The a.t1tflue ranje vovered was mostly 30,000 to

40. 000 ft or 200 to 300 nob. Fiure 22 bhow% 1the Aircraft track, the encountcrV4

.°

4')
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Table 1. Frequency of Turbulence vs Richardson Criterion of 0. 5.
Marginal figures in percent

NoCAT CAT

Ri - 0. 5 23 12 66%

Ri > 0.5 16 85 84%

59% 88%

NOTE: All Cases Percent Correct - 79

turbulence, the tropopause and the pseudo-tropopause. The flight track was rather

complex but consisted essentially of a descent and ascentnear the coast of Maine,

a fairly long level stretch near 175 mb, a descent east of Albany. and an ascr't

west of Albany. On the return flight a descent-ascent was made between Albany.

New York 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-tropopause and the pseudo-tropopause in the

Maine-New Hampshire area.

3. 2. 2 SYNOPTIC SITUATION

The 200-mb maps for 06/12Z and 07/OOZ 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

(lose to the upper level ridge by 07/00Z. The eastward displacement of the upper

level wave pattern was accompanied by similar movement of the tropopause "break"

region, as can be seen from 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 paten-

tial temperature ajid ozone are shown in Figures 27 and 28, respectively. Eight

probes were made, and these are shown in detail in Figures 29 through 34. Probe

numbers correspond to the numbers in Figi re 22, except probe number 1, which was

made near Bedford, Massachusetts. The jet core is near 250-mb level and has a veloc-

ity of NW 107 knots. There Is a widespread incidence of turbulence in the troposphere.

An area of particular interest is along the eastern end of the cross sections where a

volume of CAT was sandwiched between the tropopause and pseudo-tropopause, and
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Figure 23. 200-MB Map, 6 April 1965, 12Z

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 similar 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

tourhed upon in the discussion of ML-81,.

3. 2. 4 RICHARDSON NUMBER CRITERION

Figures 29 through 34 mhow 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 that the criterion

j V-

'I -,..,i

4>1 'Kj~j,~Ff\
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Figure 24. 200-MB Map. 7 April 1965. OOZ

Table 2. Frequency of Turbulence vs Richardaun Criterion of 0. 5.
Marginal figures In percent

NoCAT CAT ________

Ri�0.5 22 7 76%

Ri�O.5 9 52 88%

71% 88%

NOTE: All Cage. Percent Correct � 82

I
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correctly specified CAT 76 percent of the time. and 71 percent of the CAT cases

were correctly identified. Overall score of hits was 82 percent.
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Figure 26. Vertical Cross Section From Buffalo (BUF) New York toCaribou (CAR) Maine, 7 April, 12Z. Thin solid lines are wind speed(knots) and thin dashed are potential temperature MY) Heavy linesrefer to tropopause and pseudo -tropopauate

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 essenttafly 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 aection 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 data for 5/ 12Z and 6/00Z
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" shown on the
05/12Z cross section in difficult to portray 12 hours later because our cross usee-
lion does not extend far enough to the north. The northward displacement of the
jet was accompanied by rising tropopausesand decreasng stability between 250 to
200 mb from Virginia to Now York City. We see later that here is where the main
layer of CAT was found,

3.2.3 MESOSCALE STRUCTURE

The mesoscale structures of wind speed and wind direction, and of potential
temperature, and ozone are shown in Figures 42 and 43 respectively for the south-
bound portion. of the, mission. Comparable analyses are shown for the return flight
In Figures 44 and 45. Proffies of wind, temperature, and Richardson number
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Figure 29. Vertical Profiles of Wind. Temperature, and Richardson Number
for Probe Number I

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/OOZ 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 12-

hour change's in the RAO8 analyses. Over the two- to four-hour period, we find that

the Jet core ts displaced slightly to the north, and the tropopause and psoot-tropopause

south of the jet are a few hundred feet higher in elevation. North of jet, the tropo-

pause has dropped in height.

An area of CAT is shown just above the level of maxdmum wind In each of

probes 3, 4. 5, 6. and 11. A logical assumption is that these observations reeent

a broad layer of turbulence where the CAT is of moderate intensity above the jet

core and tapers off to verv light intensity to the north and south. On the southboud

flight the CAT areas appear to be trapped between the tropopase and a lower stable

layer. However. on the return trip, the CAT area In probe number I Iis entirely

within a stable layer. The same to true for the CAT area between 200 to 30 mb in

probe number 13. Stratospheric layers of CAT over 2 ft in depth are shown In

probes 8 and 9. Asside from a few shallow stratospheric patches, the remain•ng

4
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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 level of

maximum wind. The three encounters through cirrus clouds in probes R. 9. and

12 were in turbulent regimes.

The ozone analyses, see Figures 43 and 45, show tropospheric awounta extending

above the indicated tropopouse in the vicinity of station RD11.11 Meanwhile. both ItAOH

cross sections show that tropopsuse south of the Jet is in the 170- to 180-mb height:

range, agreeing with the ozone indications. The conflicting tropopause heights are

4jue to the fact that the temperature profit near tropopsuse level was "rounded."

and In the aircraft data. the criterion for a tropo:atase was met near the bottom of

the "rounded" curve. Note, hoaever, that in the vicinity of jet tiat stratospheric
ozone amounts extend below the tropopause.

Our main concern is with the region containing the broad layer of CAT. This

layer is in the vicinity of the jet and above the level of maximum wind. Here we

ee features common to some of our other came. The turbulence Is above the level

of maximum wind and ti - -,t•,.cd between the tropupsusa and a lower stable la•-r
or pseudotropopauge. The hase of the lower stable layer appears to follow the

U . .. !
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ML-Tr8 Ito- o20

250 MB 044o
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12 Z 0 5 oe
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Figure 36. 250-MB Map, 5 April 1965, 12Z, 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 relationship 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.

%

a.,
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ML-78 J ,

5 APRIL 1965, 12 a i n

3.4 IM UL-70 W u yN jeMt

3. 4. 1 MISSION DESCRIPTION

Mission ML- 70 probed the region between Bedford, Massachusetts (BED) and

Charleston, South Carolina (CHS) 16 March 1965, 16 to19 GMT. Five probes were
made o'n the southbound leg, and three on thc return flight. The probes were generally
between 35, 000 to 46. OCO ft or 240 to 140 mb, and data from the forward and return legs
were incorporated into a single set of analyses. Figure 54 shows the aircraft path, the
encountered turbulence, tropopause, and pseudo -tropopause. Only a few area~s of CAT

- ' .

Figure foun, Ma xmWnd someofthesew lcharted dringlevel 96, F(oth Fige k

mappearsthat sotheo CAT area weree ofeylmthed rexturnt finht.he trobesvwerse gienerally
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ML-78

MAXIMUM WINO

6 APRIL 1965
OOZ 100

Figure 39. Maximum Wind Chart, 6 April 1965, OOZ (Isotachs in knots)

3. 4. 2 SYNOPTIC SITUATION

The 200-mb map for 16/12Z and the maximum wind charts for 16/12Z and

17/OOZ are shown in Figures 55, 56, and b7 respectively. The flight track is

across a slightly cyclonically-curved northwest flow, containing two major jet

systems. The polar jet is below 30, 000 ft, 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.

St ... - - , " -.--..-. .......-,- ,-- . ., I
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Figure 55. 200-MB Map. 16 March 1965, 12Z

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

also clearly defined in the mesoscale data. Most of the aircraft data were ob-

tained in the region of the midlatitude "break," , Two sets of ascents and descents,

comprising four probes, were made close together in space and time inthellbreak"

area above the midlatitude jet. In view of the spacing of these probes, it was decided

-- .....--
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soi
ML-80 so

MAXIMUM WIND10
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12 Z

Figure 56. Maximum Wind Map, 16 March 1965, 12Z (Isotachs in knots)

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, OOZ (Isotachs in knots)

3.4.4 RICHARDSON NUMBER CRITERION

Figures 62 through 66 show the relationship of the Richardson n, nber to turbu-

lence. A statistical verification of 0. 5 as a ritical 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 criterion.
The overall hit score was 92 percent.

I
i I• I • I l I •i . '17-
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Figure 68. 200-10B Map, 10 March 1965. 12Z

Table 4. Frequency of Turbulence vs Richardson Criterion of 0. 5.
Marginal figuires in percent

CAT No
_____ ________CAT

Ri :50. 5 4 3 5716

jRi >0. 5 1 { 40 98%0

1 _________ 80% 0 9316

NOTE: All Cases Percent Correct 92

3.5 Mission ML-67 - Across a Cyclonically-Curved Northwest Jet -

3. 5.1 MISSION DESCRIPTION

Mission ML-67 was flown 10 March 1965, betweenBedford, Massachusetts, (BED)

and Jacksonville, Florida (JAX), and the area of interest was between Wilmington, North

Carolina (ILM) and Jacksonville. The aircraft was in this area from 1440 to 1900 GMT and

probed between 30, 000 to 40, 000 ft, or 300 to 200 mb. F igure 6 7 shows the aircraft path,

the encountered turbulence, tropopause, pseudo -tropopaus e, and the ci%,ndiness at and

below flight level. North of Charleston, South Carolina (CHS) the track vas free ofk
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Figure 69. 200-MB-Map, 11 March 1965, OOZ 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 OOZ. The jet was displaced northward during the 12-hour period 10/12Z

to I1/OOZ, and along the east coast, the 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 7(,. Maximum Wind Map, 10 March 1965, 12Z (Isotach H in knot.)

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 in 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
somth 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.

$'71.



76

J140

1&- -471

---49 oIA A ORF 164

-50 51
-57 I HiAT I re

-54 -53

1-60 200

"--AIRCRAFT PATH

A212 200 Me

10 MARCH 1965 2 1

2 2 4

Figure 71. Maximum Wind Map, 11 March 1965, OOZ (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 level of maximum wind in the SAV-

JAX sector. 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.

-i -
P~..
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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 turbulenee was evident.

Above the level of maximum wind, the CAT was most freouent in the tropopause

"break" region, extending from over the jet and into the ev•,n,,•c 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 found

on the anticyclonic side of the jet. Tboere was widespread thick alto-cumulus cloud

layers below flight lev:el and some cirrus cloud layers at flight level The verticalwmnde
shear was small, but when combined with low stability, the resulting RLchardson

number was snrall or favorable for CAT generation. In nearly every case of mod-

erate or more severe CAT, the base of this activity was located at the top or within

a stable layer, and the activity extended upwards into a region of low stability.

The verificationof the Richardson criterionfor the five 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
be able to discriminate moderate CAT from light, or even from 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

No
CAT CAT

Ri-O0. 105 44 71%

Ri > 0.5 44 246 85%

71% A65 i ii

NOTE: AU cases Percent Correct g 8

U H.
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