b51- 551

Vertical diffusion of Horizontal Momentum by Turbulence
in the lower atmosphere*

Fit.-Lt.

K. R. SAHA

Indian Air Force Station, Ambala

(Received 24
1. Introduction

In the treatment of atmospheric turbu-
lence the necessity of taking into considera-
tion the joint effect of the vertical tempera-
ture distribution and the wind gradient
mstead of the latter alone, was first pointed
out by Richardson (1920). It is the resultant
effect which determines the growth or decay
of turbulence in the atmosphere and not
the individual effects. Thus he showed that
if £ be the turbulent energy per unit volume
of the atmosphere, its time rate of change is

given by
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g = acceleration due to gravity
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T = temperature

= co-efficient of heat diffusivity

and T = adiabatic lapse rate of temperature

In eqn. (1) the first term represents the
effect of the Reynolds stresses whereas the
second represents the effect of gravity.
The predominance of one term over the

Ma reh

1955)

other decides the growth or the decay of
turbulence. In the derivation of eqn. (1)
Richardson assumed an atmosphere with
‘just-no-turbulence’ meaning the existence
of very slight turbulence. His conclusion was
that if the energy due to Reynolds stresses
exceeded that due to gravity, turbulence
in the medium would increase and wice versa.
In other words, turbulence will increase or

decrease according as

R (dV) " IKH

The ecritical value of Rr(']mrdsnns criterion
of turbulence was, therefore, given by
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Drust (1933) brought forward experimen-
tal evidence in favour of a value of unity
for the Richardson’s criterion but Schlich-
rmg (1935) found a value of 0-04. Recently,
Calder (1949) has re-examined some of the
theoretical aspects of the Richardson’s theory
and proposed a form Ri —1— 3 where § > 0
but no definite value was given to 8.
Deacon (1949) has recently suggested a value
0-15 for atmosphere close to the earth’s
surface whereas for the open atmosphere
Petterssen snd Swinbank (1947) suggested
Ri = 0-65.

* Tho material of this paperis taken from a Doctoral dissertation submitted totiic University ui Calcutta,

Novem ber 1954,
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Tt is possible for large gradients of wind
velocity or even discontinuities in the
winds to be maintained in the atmosphere
as long as the vertical temperature distri-
bution does not counteract them to the
extent of breakdown of the laver into large-
seale turbulence. The moment turbulence
sets in, eddies churn up the atmosphere and
as a result momentum is diffused vertically
down the velocity gradient. It is the ohject
of this note to study the turbulence diffusion
of momentum in the atmosphere with particu-
lar regard to

(a) the vertical diffusion of a layer of
wind discontinuity and

(b) the diffusion of higher momentum
from upper layers to the ground.

2. The effect of thermal stratification on the variation
of the wind with height

An expression which appears to represent
fairly satisfactorily the effect of thermal
stratification on the vertical distribation of
the wind close to the ground is that given
by Deacon (1949).

du

a.z® (3)

dz

where B’ is less, equal or greater than I
according as the atmosphere is thermally
in a stable, neutral or unstable equilibrium.
and « is a constant.

This expression in the case of neutral

equilibrium reduces to the well known logari-

thmic relation of von Karman, vz,
u = {N*f‘ku\] h"_‘-_: :.: :u ) {l

where w* is the frictional velocity, 7, the
Karman constant, and z;" the
parameter.

The relation between the stability factor
B’ and the Richardson number Ri ‘,l;st heen
discussed by Deacon (loc. eit). According to
t"qlliktifm (ij, the horizontal component of the
wind increases wniformly with height but at

roughness
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different rates depending upon the thermal
stratification  of the laver under considera-
tion. The wind gradient is higher in a ther-
mally stable laver than in a neutral or
unstable layer. Ramdas (1944) has studied
the diurnal variation of the wind structure
over Poona in a layer of about 35 feet above
the ground and shown the validity of a
power-law of the variation of the wind with
height. A large amount of substantiating
data is assembled by him to prove that the
gradient of wind velocity with height is appre-
ciably greater in a thermally stable layer
than in an unstable layer. This conclusion is
in line with that derived by many other
workers in this field.

3. Examples of the diurnal variation of the vertical wind
structure in relation to temperature distribution

In a study of low-level wind structure over
the airfield at Ambala, India, by the method
of tethered balloon flights (Saha 1954) on
clear days, it was found that although the
general distribution of the wind direction
and velocity isin line with equation (3),
there were scme days on which the wind
distribution above the ground was appa-
rently at varlance with that equation. For
example, on a large number of mornings
when there was well-marked inversion over
the station, there was an appreciably thick
laver of easterly wind close to the ground
hefore the westerly winds were reached
higher up. On most days the easterlies
were light. Their strength appeared to de-
crease with height. After passing through a
transition, the winds became wes-
terlv with gradual increase in velocity with
increasing height. On other mornings, the
wind on the ground was light westerly and
the momentum increased with Theight in
accordance with Deacon’s  equation. Thus
within the inversion layer, there were clearly
observed two different types of wind dis-
tribution. In the first type the easterly layer
closest to the ground was surmounted by
the orthodox westerly layer and in the
second there were westerlies throughout
but the momentum increased with height.

laver of
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Figs. 1-3. Diurnal variation of the low-level wind structure and the downward diffusion
of the upper momentumby turbulence at Ambala

In Figs. 1, 2 and 3 above — C-calm. The direction of arrows indicate the direction of winds,
The figures at the beginning of arrows give the wind speed in mph

The diurnal variation in the first type was
marked by a gradual lowering of the level of
discontinuity till in the hot part of the day
the upper westerlies had reached the ground
and become turbulent. In the case of the se-
cond type, the direction of the wind remained
unaltered but there was gradual diffusion

of momentum downward till in the hot
hours of the day the wind was highly turbu-
lent. These characteristic diurnal variations
are illustrated in Figs. 1 and 3 for the first
type and in Fig. 2 for the second, with mea-
sured wind data on three days during the
period 1953-54.
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Fig. 4. Thickness and intensity of inversion layers
over Delhi on days of wind measurement

‘orresponding  temperature distributions
at the times of wind measurements are not
available owing to non-existence of any
upper air sounding station at Ambala. No
special device was adopted locally to mea-
sure upper air temperatures, The radio-
sonde station closest to Ambala i1s Delhi
which is about 120 miles away to the south.
Available temperature data over Delhi up
to the height of the top of the inversion layer
on the days of wind finding are presented in
Fig. 4. These are mostly evening data except
on 30 April 1954, when both morning and
evening data were available. Although the
data of temperature over Delhi nay not
quite truly represent the temperature state
over Ambala, it was thought that owing to
homogeneity of air mass over the area
covering the two places during the period
the general trends of temperature distribu-
tion in the vertical would be more or Jess
similar in character over the two places
Available surface air temperatures over the
two places plotted in Fig. 5 would seem to
lend support to such a view, Local peculiari-
ties like type of land swface,
hills ete, would create some dif

proximityv to
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Fig. 5. Diurnal variation of surface air temperatures at
Ambala and Delhi on days of wind measurement
(Symbols encircled refer to Ambala)
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temperature values in the morning when
under steep temperature inversion the air
layers are stratified and the local pecu-
liarities are imposed into the air layers in
contact with the surface but in the hot part of
the day, these local peculiarities are washed
away by continual turbulent mixing with
the upper layers with the result that sur-
face air conditions become more or less
uniform over the two places. It should be
noted that on 2 January 1954, when the
night inversion was weak or almost isother-
mal conditions prevailed close to the ground
owing to the approach of a western distur-
hance over the area, the ecasterlies could not
develop and the higher momentum of the
westerlies from the upper layvers rapidly
diffused  to the ground.

4. Vertical diffusion of momentum and the onset of
turbulence at the ground

The observations in Figs. 1,2 and 3 show
that during the course of a day, there is a
gradual diffusion of westerly ~momentum
from the upper layers of the lower atmos-
phere to the ground. Owing to the thermal
stability, the Richardson number in the
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layer is high in the morning and there is
little turbulence in the atmosphere, There
is stratification of the momentum in the
atmosphere with the result that a high
wind gradient may remain in existence.

With the
ground gets heated up on clear days and

advance of the moming, the

by noon the inversion of temperature is
destroyed end replaced by a lapse of tema
perature. The result is growth of instability
in the air layers close to the ground. At some
stage during the heating of the surface
layers of-the atmosphere, the Richardson
number of the layer falls below the critical
lim't for just-no-turbulence, and thereisa
flow and
turbulent mixing occurs, When this happens
the casterlies weaken and disappear followed

breakdown of the quasi-laminar

by the downward movement of the wester-
lies to replace the casterlies at the ground.

As the westerly momentum gradually

increases  at the ground the wind hecomes
highly turbulent. In the same way, the

higher momentum of the upper westerlies
diffuse to the ground through the lower light
westerlies as a result of turbulent mixing,
When the atmospheric layer i1s well mixed,
the gradient
becomes small.

vertical of wind velocity

It is, therefore, observed that though in

the moming hours a discontinuity in the
distribution with the easter-
lies Delow and the westerlies above may

be maintained

vertical wind

by a temperature inversion,
turbulent mixing in the hotter parts of the
day
mentum to the ground. This diffusion causes
not only change of wind direction in some
cases but great turbulence of the wind near
the ground.

leads to a diffusion of westerly mo-
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5. Importance of studies of momentum diffusion
In many airfields where a  recommenda-

tion is to be given by the local meteorological
staff regarding laying on the runway for the
day, the meteorological officer will he well-
advised to look for any discontinuity in the
upper wind distribution. In case an easterly
wind blows at the ground and the first re-
portable pilot balloon level shows a westerly
wind in the upper air, it will be worthwhile
to try to find out '

(¢) the depth and inteusity of the inver-
sion layer,

(41) the thickness of the casterly layer,
and

(#21) the gradient of the upper wester-
lies,

He should also estimate from the incoming
solar radiation the approximate time of {le
day when the tempersture lapse rate will
cause a breakdown of the stability and the

westerly momentum  will — diffuse  to the
ground. The chenge in the wind for the

runway may be forecast in that way. The dis-
tribution of the wind, particularly the thick-
ness of the westerly layer, may be explored
by a tethered balloon of the type used by
the author (Saha, loe. ¢il.) or by observation
on a [reely rising pilot balloon which drifts
with the wind.

Observation shows that whatever the
thickness of the layer of the easterly winds
near the ground the westerlies diffuse to the
ground much earlier in the day in summer
than in winter. A study of turbulent diffu-
sion of momentum is also important in such
air operations as para-dropping, gun-firing,
chemical warfare ete.




152 K. R. SAHA

6. Acknowledgement quarters, India, for permission to publish

Acknowledgement is made to Air Head- this paper.

REFERENCES

Calder. K. L. 1949 Quart.J. R.met. Soc., 75,323, p. 7l

Deacon, E. L. 1949 1,75, 323, p. 89.

Durst, C. S, 1933 ihid, 59, 249, p. 131,

Petterssen, S. and Swiobank, W, O, 1947 hid, 73, p. 335. %
Ramdas, L. A, 1044 India met. Dep. Tech. Note, 9.

Richardson L. F. 1920 Proc. R, Soc., A 97, 354,

Saha, K, R. 1954 Paper on the application of the theory

wi of tethered balloons to measurement of
low-level winds—Doctoral dissertation
Caleutta University, Part I(b),

Schlichting, H. 1635 Z, Angnew, Mail. Mech.,Berlin, 15, p. 31.




