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Correlation between Clear Air Turbulence and Temperature Gradients
at standard isobaric levels
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ABSTRACT. The forecasting offices which render service to turbo-prop and jet aireraft have to indicate the
probable area of Clear Air Turbulence (CAT) and if possible the inter sity of the CAT which is likely to beercountered
by theaircraft. Forecasting of CAT from synoptic data is beset with many problems which have been discussed in
Section 2 of this paper. There is, however, an apparent correlation between the occurrence of CAT and the increase
of thermal gradient. This was stati tically tested i the case of all flights for which post-fiight reports were available

at the Main Meteorological Office,

Santacruz for the year 1964, The results ofthe test are discussed in this paper.

Briefly the results show that themsthod based onthermalgradientsisa good guide for delineating probable areas of
CAT occurrence but the msthod was not very seasitive for discriminating different intensities of CAT. The
method has a good potentiality to be used as a forecasting tool.

1. Introduction

(Clear air turbulence is encountered by aircraft
at all levels. In the lower levels (below 45 km) the
turbulence is caused by thermals due to ground
heating, mountain waves and eddies and by vertical
wind shear. In the higher levels (above 45 km)
turbulence is caused by the latter two only. This
paper deals with clear air turbulence of the shear

type at high levels. The definition of CAT is same

as that given by Clodman (1961) with the exception
that the level (lower) has been brought down to

45 km.

Vertical wind shesr is the most important factor
in the production of smell-gcele motions which
cause CAT (Colson end Panofsky 1960). Thermal
wind gives & good measure of the vertical wind
shear in a layer. Nat.Weath. Analysis Centre, Wash.
(1960) hes found that the thickness between two
standard isobaric levels and the temporature field
at the lower of these two isobaric levels are highly
correlated. As the thickness gradients give a mea-
sure of the thermal wind, there apparently exists
a correlation between the thermal wind and the
gradients of temperature at the standard isobaric

levels.

2. Present study

Fig. 1 shows theroutes served by‘BOI‘Elbfly M.M.O.
and the upper air observatories which lie in the area
of the chart. It was noticed from the routi.ne
analysis of extended cherts that areas from which
aircraft reported CAT seem to coincide with areas
of tight temperature gredients at stmlulrsrd isobaric
levels. This coincidence was noticed in cases where
turbulence was experienced over small distances
1as in these where turbulence was reported

as wel :
tches of the route. Fig 2 shows the

over long stre

contours and isotherms at the 500-mb level along
with the actual winds at 1200 GMT on 26 August
1964. The isotherms were drawn at intervals of
5°C. A commercial aircraft flying from Istanbul
to Bomahy reported severe turbulence in that
gector of the route where its flight cross the tight
temperatures gradient associated with a trough of
low between the Black Sea and the Caspian Sea.
The aireraft was flying at F. L. 175 and at approxi-
mately the chart time. The actual wind and tempe-
rature reported by the aircraft are also shown in
the diagram. Fig. 3 shows the contours, isotherms
and the winds at 300-mb level at0000 GMT of
26 February 1964. A jet commercial airliner (AL
102/16) started Beirut at 1930 GMT of 25 Feb-
ruaty 1964 and reached Bombay at 0005 GMT of
26 February 1964. The aircraft was flying at F.L.
380. It encountered light to moderate turbulence
intermittently over the entire stretch of the route
from 43° to 63° E. It can be seen from the chert
that fairly tight temperature gradients were present
over the sector, Thus even turbulence encountered
at fairly high altitudes above the chart level seems
to be correlated to the temperature gradient at this
standard isobaric level.

It is this apparent correlation which was taken
for statistical examination to evolve an easy and
quick method of forecasting CAT with the avail-
able data. Also the forecasting of the future pesition
of such areag of high thermal gradients is less
difficult than the prognostication of areas of high
wind. shear directly.

In our study instead of using the thermal gra-
dients as such for comparison with the intensities
of CAT reports, we have defined two thermal wind
vectors, viz., V; and Vi,
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Fig. 1._The air routes served by Santacruz (Bombay)

The limits of the sectors are marked by small perpen
dicular lines, The sectors have Leen mymbered.
The filled eircles 5]10‘.\ the location of
R.S. [ Rawin =tations
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Vs and V3 = The speeds of the thermal wind
vectors in layer of 1"1” It thickness with 500
:md 300-mb level ves pectively in the middle
(expressed in kt per thouswd f1).

Comparisens were made for CAT reporte from
flights between 690 and 400-ml Tevels with™ 7
and from flights between 400 ~nd “00-mb Jevels
with V,. This wag done to avoid the latitudinal
effect and also to bring the comparisons in line
with the works done elsewhere.

The meteorological office at Bombay airport
receives post flight reports from most of the
mternational aircraft which land at Bombay. We
have taken the reports received in 1964 which
number about 755. The routes were divided into
sectors of approximately 7° of latitude/longitude
(as shown in Fig. 1). The sector units come to
about 2350 in number. ¥, or 1, was evaluated
whenever a flight took place in any of the sectors,
¥ in case of flights between 600 and 400-mb levels
and ¥, in case of flights in the layer between 400 and
200-mb levels. The constant pressure charts nearest
to the times of flights were used in the evaluation of
V4/ V5. In 150 of the above 2350 sector units V, /1,
could not be evaluated due to paueity of data.

As a geostrophic wind scale prepared by Northern
Hemisphere Analysis Centre, New Delli, for the
Asian charts now in use for constant pressure duta
was already available, we used it for ov aluating V,
and V by suitably re-graduating the same. The
relatlom]np between thermal wind and geostrophic
wind is given by the fermula, when the distances
between consecutive isotherms and isobars are

identical —
17:: = yP‘fTT(Z!—)_A") (Hewson end Longley) (1)
where, A7 is the interval between isotherms in
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degrees Centigrade/Aboselute, P is the interval
between isobars in dynes for which the scale has

been const ructed, T is mean temperature in the
layer Z, to Z in “A.

Equation (1) becomes —

Ve _ AT(2—Z)

- = - 9
7, T.AZ @

when used for constant pressure charts and AZ is
the height interval between the contours for which
the scale has been constructed. In the case of
15V, the Z—-Z, is taken as 1000 ft (300 m) which
gives the speed of the thermal winds in knots per
thousands feet [nriwmul scale is in kt)., The mean
temperature 7'is the temperature at the correspon-
ding constant pressure charts,

The absolute annual and synoptic range of
temperatures for the area concerned at 500 and
300-mb levels is about 25°A, t.e., the temperature
range {rom 0°C to —25°C for the 500-mb level and
from —25°C to —50°C for the 300-mb level. So a
mean temperature of ,--12°C (261°A) for the
500-mb and —37°C (276°A) for the 300-mb level
were taken as the values of 7' of equation {2). The
meximum error involved is about 4 per cent and on
most days it is far less. This error does not affect the
resilts to any significant extent and is far less
than the subjectivity involved in the analysis of
upper air charts,

3. Results

Table 1 givesthe number of cases of CAT repor-
ted in Winter (December, January, February),
Spring (March, April, May), Summer (Juue, July,
August) and Autumn (September, October, Novem-
ber) arranged according to the corresponding
values of V./V,.

Winter——1t 1s scen that out of the 5G5 route
sectors considered 457 had values of V,/¥; bet-
ween O to 4 kt/km and only 7 cases of CAT were
reported, whereas out of the 107 remaining units,
64 CAT cases were reported. Another noteworthy
pomnt is CAT of some magnitude was always
encountered m those scctors where the values of
VoV, worked out to be 6 to 8 kt/1000 ft.

Spring — The oceurrence of CAT has fallen from
71 inwinter to 37 in this season whereas the number
of sectors considered has fallen only from 565 in
winter to 508 in this season. This is in keeping

with the general weakening of the westerlies from
winter to spring. The other features reflect the same
tendencies as in winter and in fact the correlation
between the intensity of CAT and the speeds of
V.V, are better than in winter.
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Fig. 2. 300-mb contours and isotherms (broken lines) at 1200 GMT on 26 Seplember 1964

Tae flight path and the meat. information supplied hy the aireraft which expericnced CAT in alto shown
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Fig. 8. 300-mb contours and isotherms (broken lines) at 0000 GMT on 26 February 1964
The flight path and the m-t. information supplied by the aircraft which experienced CAT is also shown

Summer — There is a sharp fall in the cases of
CAT. Out of the 493 route sectors considered CAT
was reported from only 11 of them. This is to be
anticipated as the circulation is generally weak in
this season over most of the areas covered by the
flights whose data are utilised in this study.

The number of route sectors with V,/V, values of
4 kt/1000 ft or more also fell from 108 in winter to
47 in spring and to 20 in summer. But the distri-
bution of CAT intensity with respect to V,/V, values
remains in general the same.

Autumn — The number of cases of moderate or
severe turbulence is greater than in summer but the
percentage frequency remains the same. V,/V;
values of 6 to 8 kt/1000 ft were encountered in 4
route sectors as agamst 10 in winter and 3 in
spring and summer. In all these sectors turbulence
of some intensity was reported.

The data for the middle tropospheric levels (600
to 400 mb) for all seasons is shown in Table 2.
About 25 per cent of the route sectors were eonsi
dered and 19 per cent of the CAT reports are from
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TABLE 1

Occurrence and intensity of turbulence as compared to the vertical wind shear (kt/1000 ft) for all levels

Vertical wind shear (kt/1000 ft)at appropriate level (¥ or ¥, values)
A =

02 24 46 68 810 02 24 46 68 810
WINTER SPRING

No. of cases of severe turbulence Nil 1 9 2 Nil Nil Nil | 3 Nil
No. of cases of moderate turbulence Nil 2 24 5 Nil Nil 1 21 Nil Nil
No. of cases of light turbulence 1 3 21 3 Nil Nil 1 8 Nil Nil
Total No. of route sectors considered 140 317 HE 10 Nil 206 255 45 3 Nil
Percentage occurrence of moderate -

and severe turbulence Nil 0-95  33-67  70-00 Nil 00 030 49-00 1000 Nil
Percentage occurrence of all types

turbulence 071 190 55-10 100-00 Nil 0-0 078  66-70 100-0 Nil

SUMMER AUTUMN

No. of cases of severe turbulence Nil Nil 1 Nil Nil Ni] Nii Nil 1 Nil
No. of cases of moderate turbulence Nil 1 4 Nil Nil Nil Nil ] 2 Nil
No. of cases of light turbulence Nil 1 3 Nil Nil Nil 1 S 1 Nil
Total No. of route sectors considered 383 a0 20 Nil Nil 363 218 43 4 Nil
Percentage occurrence of moderate

and severe turbulence 0-0 11 25-00 Nil Nil 0-0 00 20:93 75-00 Nil
Percentage occurrence of all types

tarbulence 00 2.2 40:00 Nil Nil 0-0 0-46  39-53 100-00 Nil

TABLE 2

Oceurrence and intensity of turbulence as compared to the vertical wind shear (kt/1000 f) for all seasons for levels between
600 and 400 mb, and 400 and 200 mb

No. of Vertical wind shear (kt/1000 ft) at 500-mb Vertical wind shear (kt/1000ft) at 300-mb
cases of level=V; level=T1,
= e \ e e y
0-2 2-4 4-6 6-8  8-10 0-2 24 4-6 6-8 8-10
Severe turbulence Nil Nil 1 Nil Nil Nil 1 11 G Nil
Moderate turbulence Nil 2 2 Nil Nil Nil 2 56 7 Nil
Light turbulence 1 3 14 Nil Nil Nil 3 26 4 Nil
Total route sectors considered 251 270 33 Nil Nil 841 610 173 17 Nil
Moderate and severe turbulence(%,) 0-0 0-74 9-09 Nil Nil 0-0 0-5 38:72 7060 Nil
All types turbulence(%;,) 0-4 1:85 51+51 Nil Nil 0-0 0-99 53-75 100-00 Nil
TABLE 3

Occurrence and Intensity of turbulence as compared to the vertical wind shear (kt/1000 ft) for all seasons for all levels

Vertical wind shear (kt/1000[t) at appropriate levels

(values of V; or

V)

P L R — e i b b i e — it ——

0-2 2-4 4-6 6-8 8-10

No. of eases of severe turbulence Nil 1 12 6 Nil
No. of eases of moderate turbulence Nil 4 a8 7 Nil
No. of cases of light turbulence 1 G 40 4 Nil
Total No. of route sectors considered 1002 880 206 17 Nil
Percentage occurrence of moderate and severe turbulence 0-0 0-57 34:0 70-60 Nil
0-1 1-25 H3-4 10000 Nil

Percentage oceurrence of all types turbulence
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TABLE 4

Average values of vertical wind shear for different
intensities of turbulence

Average vertical wind
shear (kt/1000 ft)
(Vyor V)

Intensity of
turbulence

Severe
Moderate

these levels. Of the CAT reports only 5 out of 88
cases of moderate to severe turbulence are from
these layers, Most of the turbulence encountered
in these layers are light (18 cases out of 23). Only
1 out of 19 cases of severe turbulence reports was
from these layers,

Table 2 also gives the data for the 400 to 200-mb
levels, 1641 route sectors were studied for the data
of these layers, Data shown in row 6 show a high
amount of correlation. between the occurrence of
CAT of moderate to severe intensity and wvalues
of ¥, ;

Table 3 shows the data of all seasons for the
two levels (contained in Table 2) and summa-
rises the total data studied under all conditions,
It can be seen that there is a sudden jump in the
occurrence of CAT as V,/V, crosses the values of 4
kt/1000 ft, which is well in agreement with results
published by earlier workers who computed direct
vertical wind shears and compared them with CAT
data. 53 per cent of the route sectors with V,/V;
values of 4 to 6 kt/1000 ft have turbulent condi-
tions in one place or other. This figure jumps to
100 per cent for those sectors with V, values
between 6 to 8 kt/1000 {t.

However, it should be pointed out that percenta-
ges quoted here of rough air embedded sectors to the
total sectors are not comparable with percentage of
rough air distances to total sector distances given
and discussed by earlier workers. The present
figures refer to sector units in which turbulent
regions form only a small percentage of the sector
region, The actual distance over which rough
air was encountered could not be evaluated with
any degree of confidence due to the fact that the
data from commercial flights do not give reports of
turbulence in detail. And the resolution allowed by
meagre upper air data also do not allow the evalua-
tion of V,/V; over arcas of smaller extent.

4, Discussion on the results

(a) The quality of correlation

The data presented in Tables 1-3 show that
there is a good correlation between the arcas of

synoptic scale extent in which turbulent patches
can develop and the temperature gradients at
standard isobaric levels. The critical value of 4
kt/1000 ft when CAT can be expected also agrees
well with results obtained by earlier workers, who
used direct method of evaluation of vertical wind
shear using upper wind data,

Out of the 2195 sector units considered 1972 had
V,/V; values of less than the critical values. In
other words only 10 per cent of the sectors had
higher shear conditions. Out of the 139 cases of
turbulence, 127 (90 per cent) were reported from
these high shear sectors, The data indicate that
thermal gradients at isobaric levels can be used as
an aid in forecasting the general areas of CAT and
the precision and accuracy of such forecasts will
be satisfactory.

Comparing the data presented in Table 2,
it can be seen that the frequency of sectors with
CAT of moderate to severe intensities is about 9 per
cent for the lower layer where V is 4 to 6 kt/1000
ft and about 39 per cent for the upper layer where
¥V, has the same value. This is a significant difference
and needs explanations. The average level of
flights in the lower layer (600-400 mb) works out
to be nearly the 500-mb level itself. So ¥V, gives
nearly the actual shear conditions being experien-
ced by the aircraft. On the other hand the flight
levels in the upper layer (400-200 mb) average
around 35,000 feet that is around 5000 £t above the
300-mb level. 8o the ¥, with which these CAT
data in this layer are compared, is generally an
under estimate of the actual shear conditions in
which the flights are taking place. The correlation
sought between ¥y and CAT in this layer is based on
the assumption that the V; will be correlated to
(8v/0z)zs, where Z; is the flight level. The statistics
indicate that such a correlation is present. On the
other hand the values of ¥, and ¥, have to be
interpreted with respect to actual levels of the
intended flights.

(b) Limitations, exceptions and applicability of the
correlation as a forecasting tool

The average values of V, and V; for different
intensities of CAT — severe, moderate and light —
are shown in Table 4. It can be seen that correlation
is not as sensitive as the correlations obtained with
vertical wind shear as calculated directly from upper
wind data. The discrimination between different
degrees of CAT given by the present method com-
pares unfavourably with that obtained with I by
Colson and Panofsky (1965). The main reason is
due to the fact that this is a second order correla-
tion, as the V,/V are not the shears at the flight
levels, as explained in the last para of the above
sub-section. .
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Secondly, the shears computed by earlier workers
are spot values. In the present case the V,/V, are
evaluated from the analysed charts. The analysis
smoothens out the spot data and reduces the sensi-
tivity. But it has other advantages which will be
discussed later.

Thirdly, in this study no allowances have been
made for the effect of orography. On scrutiny of
mdividual cases, it was noticed that most of the
cases of CAT which occurred with V,/V; values
below the eritical value are from the mountainous
regions of western Persia, north Iraq and eastern
Turkey. The only case of severe CAT of this type
was also from this region. Apparently the orogra-
phy was chiefly responsible for the occurrence of
these CAT cases. These cases naturally have their
effects on the average values.

Fourthly, the thermal wind equation is derived
from the geostrophic wind equation and its evalua-
tion does not take into consideration the curvature
of the upper air flow. The effect of curvature be-
comes pronounced as the wind speed increases. So
very high shears can often develop in the upper
air which are not reflected in the thermal structures,
Many cases of moderate to severe CAT which we
came across in this study were associated with
jets with anticyclonic curvature and on such cases,
the ¥V, values did not indicate satisfactorily the
intensity of CAT.

So forecasts based on the thermal gradients at
standard isobaric levels have to be subjectively
modified and supplemented for the above mention-
ed factors.

Fifthly, the subjective assessment of CAT repor-
ted by pilots has its own limitations which need no
elaboration.

Most of the above mentioned shortcomings of
using V4 V; as forecast tools for CAT will be
present in any method to be employed as long as
synoptic data are the only basic material from
which the forecasts are to be prepared.

The applicability of the method is also restricted
to those parts of the globe where the geostrophic
wind field is a good approximation of the actual

wind field. This lim’ts the utility of the method to
north of 18°N with a doubtful zone between 13° to
18°N. So the data used for the present study were
taken only from the area north of latitude 17°N.
Fortunately very few cases of CAT occur in the
region south of 17°N as the wind speed and vertical
wind shear are generally low at the flying levels.

(c) Advantages of the method

The correlation shown by the study shows that
V[V, with all their limitations (mentioned in the
earlier sub-section) have good potentiallity as
forecast tools, for CAT occurrence. Being a statis-
tical method, it does not go into the basic physics of
the oceurrence of CAT. Tt isa practical solution for
an operational need.

Even at a glance at the thermal field on the ana-
lysed chart will show the probable areas. These
areas can then be studied in details.

As the V,/V; reflect the shears both due to
changes in speed and in direction with height, they
incorporate the two in one parameter,

No special charts need be prepared for the pur-
pose of CAT forecasts. No elaborate calculatiors are
mvolved.

Lastly and most imporant of all is that thermal
field for a future time can be more easily forecast
than the direct vertical wind shear field. This is
being done already for routine supply of chart form
of documentation at the E.A.P. centres. So no
special additional effort is needed.

6. Conclusion

The statistical study of the relationship between
the oceurrence of CAT and the temperature gra-
dients at standard isobaric levels shows that there
is a fairly good correlation between them and that
this can be used as an aid to forecasting probable
areas of CAT.
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