RESEARCH REPORT ' RR-002

i P s
~ ‘ 4
s = &
= o -
s -
. - -
- -

A NOTE ON THE TURBULENT FLUXES OF HEAT AND MOISTURE
IN THE BOUNDARY LAYER OVER THE ARABIAN SEA

by

Subroto Sinha

INDIAN INSTITUTE OF TROPICAL METEOROLOGY

Ramdurg House
Ganeshkhind Road,
Poona-5, India

25 August 197}



A Note on the turbulent fluxes of heat and molisture in the boundary layer
—

over the Arabian Sea o e
/J.— .j:'-:—-' o 2 : Ty ._\\-"\‘I_
£ oS o ot AN
by /e
-5 £ ﬁfl—‘l—
Subroto Sinha ;; ;

Indian Institute of Tropical Meteorology, | Poona-5
\
Abstract

This note attempts to compare some features of turbulent fluxes
dpfing the North-east and South-west Monscons over the Arabian gsea, It
is shown that the coupling between mean and eddy motions, in the case of
sensible heat and moisture flux, is much more variable during the N, E,
Monsoon thén during the S.W.Monsoon. In the case of moisture flux, however,
the magnitude of the ‘'coupling'is in general greater at most levels, during
the S.W.Monsoon, It is further shown, that the bulk of the energy is

contained in larger scale vortices in the case of the N.E.Monsoon.

1. Intrcducztion

The computations in this note were based on the data collected
during the International Indian Ocean Expedition 196k, and subsequently
presented as a.technical report | 1| by Bunker, In Table D of | 1 |
is given the fluctiwiation and flux averaées of heat and moisture cover the
whole Arabian sea, at various heights, for the N,E.Monsoon period, The
sengible heat flux gives a gquantity propertional to the covariance, Ry

between the turbulent vertiecal velocity w and temperature T,

where G &od
D B

£ are the specific heat and density respectively, of the air at a particular

height and temperature. In the same way, utilising the data for the latent

heat flux and root-mean-square fluctuations of vertical velocity and

specific humidity at various heights, the corresponding gquantity LRWq -
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wa.s obtained, where qu is the covariance between the turbulent vertical
velocity, w, and spefific humidity, 9. and L 1is the latent heat of
vaporisation. These values are plotted in figures 1(a) and 1(b) and
indicated by curve (1). The heights were given as percentages of the

the inversion height, but for the purpose of comparison, a mean inversion

height of 253 metres was taken, on the bagis of Bunker's data | 1 |, and

the corresponding heights obtained.

In tables F and G of | 1| are given the corresgponding quanti-
ties for the S.W. Monsoon periocd. In this case the Argbian sea was\
divided into two parts by the 650E meridian. Table F gives the averages
over the eastern part of 65OE and table G, that of the western part.

wT
end plotted in figures 1(a) and 1(b), shown by the curves (2) and (3).

As mentioned above, the quantities Gp o R and LRWq were obtained

The rates of changes of the quantities GP p Ryp and Lqu with
height are plotted in figures 2(a) and 2(b) respectively for each of the

three cases and the results compared.

2. Thecretisal considerations :

We define the instantaneous wind weloecity Y as
V=442 + 1% + k ' (1)
- -» - -

where u, v and w are the components in the usual conventional direc-

tions. This instantaneous velocity may be considered as being composed

cf a mean and a fluctuating part, Thus
¥ =T &% (2)

where the bar denotes the mean and the dash the fluctuating part. We now
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define two operators as follows
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Here E; represents differentiations following the mean velocity

of the air particle.

OF SuEs o )

D
Here 5; represents differentiation following the instantanecus
motion,

If 'S' represents the instantaneous value of a conservative scalar

quantity, then it may be expressed as :
S = S + S' oea (5)

where S represents the mean value of S and §8', the fluctuating part.

The: equation for the mean state of 'S' may be written as :

dsg S =
-d—-:E- - —gt—- -+ V = VS CRC R e (6)

If the fluid is regarded as incompregsible then from the continuity condi-

tion we have

88 ..
7 '-Vc(Ti- S) g (7)
Also| VAV 8)|= 8(V.V) + V. VS

Substituting for V and 'S' from Equations (2) and (5) in Equation (6),

we finally get :

3t =~ (nT) -8 (v. V)-8 (v.T) -V (¥E) -7 . (v &)
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Fakirng the mean we have
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Bimilarly, the equation for the departure flow cax be written &s
= = +7,(V8§) -V, (V'3 ~8(7.7) (93

The first terms on the right hand side of Eguations (8) and (9) are the
same but with opposite signs. This term can therefore, be thdught to

represent a direct 'coupling' between mean and eddy flow.

We now let 'S' represent temperature T. Rewriting Equations (8)

and (9) we have

-—

%=~vo(v=m)-f(va?) ! (10)
DTI _m'f ¢ m 1 \ A
5% = +VI(VT_)__VG(V T)—T (V.v’ P (1I)
=om | 3 | it is seen that

~
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where VK is the cperator for horizontal divergenze. . Further assuming

that ( V.7 ) ~ O we finally arrive at the equeticns :

o
=

—E-'- 2 e —L‘_}E:?- (W? le) 090 saa (12>
DY ——m 2 7
-ﬁ.'E = 4= -éa-E (W' ) - -é'z (W' T) aes (-1:‘,’)

From these equations it is ewvident that the strength of the coupling can be
estimated from the magnitude of the correlation between the fluctuating

vertical velocity and temperature. Likewise two similar equations can be



written for the gpecific humidity :

aa 3 —
gt g s ol 2 =
L o T Yoka - 49)

3, Disscussiocn

From Fig.1(a) it is seen that above 150 metres, the magnitude of the
correlation during the N,E.,Monsoon is much greater than that during the S,W,

Mongoon., The correlations are negativé:because of the downward heat flux,
This high correlation between the temperature and vertizael veloeity
flustuations during the N.E.Monsoop period may be responsible for the
rapidly Jhénging characteristics of the boundary layer, especially the

rapid changing of the height of the inversion layer, in this period.

Fig.2(a) shows the variation of the term [ GP £ Byp l with height.

It is seen that during the N.E.Monsoon this term varies widely with height

while during the S.W.Monsoon period, é% [ GP = RWT ] shows a more uniform

5 - Lot 3 -
trend. Fro? Equation (12), it is ?een that - ETA | QP p Ry | is equal
to G? p %% which is the rate of change of the mean heat content of a
parcel of the air of mass per unit volume, The sign of %% is

2
: - 2
determined by the sign of 37 [ GP p Rle s

In LEW Richardson found the rate of change of intrinsic energy in

terms of the rate of eddying for dry air as :

o G
¢ fg_g TR } T 285 ¢ 12 EB/‘__ a€ a ( .°*29 ) (16)
= G iy — e — - Co29 e ~ p ....'1'
z J ot p| 8gdp|_ " @7 8 cp \
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where = = g% pC is a measure of turbulence, C being the eddy con-

=

ductivity,

8 = Potential temperature

p: = Standard pressure adopted in defining Q.
g : acceleration due to gravity

G = Ground surface (in this case.sea surface)
T = Temperature

The first term on the R.H.8. of (16) is called by Richardson as the
'boundary activity' and gives the rate at which heat is being removed
from the sea or ground surface by eddies per unit horizontal area. The

second term is called 'body activity' and indicates whether heat is
29

becoming eddying energy or vice versa depending upon whether o

positive or negative. A pogitive %3 implies that potential temperature
6

inereasss downwards while a negative '%E indicates that potential

temperature increases upwards.

Fig.2(a) shown that during the N,E, Monsoon period the sign of
EZ ' CP,g RWT| is positive in the layers 175 m to 200 m and 350 m to |
525 m, Equation (12) shows that for a positive value of %E FP 2 By

the value of %E should be negative. If the integration of Equation (16)
("]

be performed layer by layer then it is seen that for the L.H.S. of Equa-
tion (16) to be negative, indicative of negative value for %E « The
following two conditions must be fulfilled :

P
must be greater than the second term

g .
because T s negative
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p4 1s the pressure at lower level and p, that at the higher level.

l n a8

Now €p ‘ % E T indicates the amount of heat given to

the lower surface. Therefore the condition (ii) means that the heat
efflux from the layer at the lower level must be greaterthan the heat
influx into the layer at the upper level. Fig.1(a) shows that in the
above mentiohed layers such is indeed the case. In the case of the
8.W.Monsoon also, except for very low levels, below 100 m,the above

condition is satisfied.

Fig.1(b) shows that the covariance between the vertical turbulent
velocity and the moisture is highest for the N.E.Monsoon through the
major portion of the boundary layer, suggesting a rapid rate of evapora-
tion., Figs. 3(a) and (b) reporducéd from| 1],show the kinetic energy
production, transport and dissipation during both the monsoons. The
dissipation of the energy, €. was computed from the production and flux,
since the spectral range of the turbulent measurements does not extend

into the inertial range. The formuls used is given below {1}

au gH o €T w

B age 2 CBoR —_— .

'3 =z g 7 + Cp P T A aen : (1_{')
a

where wu* igs the friction velocity , A is the vertical wind shear
H is the sensible heat Flux

] t
Q_%z_ﬂ; is the gradient of the kinetic energy flux.

It is seen from Figs. 3(a) and (b) that the dissipation is much

greater during the S.W. monsoon, in the lowest 500 m, than during the

LU 8



N,.E.monsoon. The K. E, flux and buoyancy are about the same for the two
Monscons but the mechanical energy production term, indicated by the
first term on the right hand side of Equation (17), is much greater
during the B8W Monsoon and thus affecting the value of ¢, It 1s also
pointed out in | : | that during the NE monsoon, the kinetic energy is
transported upward away from the layer of generation by mechanical
means. This suggests that the eddies are of a length scale belonging
to the inertial sub-range. The energy is therefore transported, without
dissipation, to a region where the scale of the eddies fall within the

*digsipation range'.

During the S.W. monsoon, on the other hand, it was shown in E1[
that the energy is dissipated in the layer in which it is generated
suggesting that the length scale of the eddies belong mostly to the
lower part of the ‘'equilibrium region' where practically all the

energy received is dissipated.

It may therefore be concluded that during the SW monsoon period,
the bulk of the energy, in the lower 500 m. is contained in mu=zh smaller

scele eddies than that during the N,E,monsoon.

Azknowledgement .

The author is grateful to Shri H.Mitra, Shri K.Krishna and

br. K,R,Sz2ha for their valuable comments and help.
REFERENCES

1. Bunker, A.F, 1968 "Turbulence and Turbulent Fluxeg over
the Indian Ocean" Tech.Rep.Woods
Hole QOceanographiz Inst., Mass.Eff,
Ref, No.68-62 (unpublished manuscript).

awe 9



AN

2, Lettau, H, 1967 A new turbulent, transfer thecry based
cn Eulerian concept cf eddy displace-
ment structure, Proc. of the symposium
on the theory and measurement of
atmospheric turbulence and Diffusion
in the planetary boundary layar,
Sandia Lab, Albugmer/New Mexiecs,./qys
PP .240-255

3, Richardson, L.F, © 1920 The supply of Energy from and to
Atmospheric Hddies, Proc. of Royal
Soc., Vol. XOVII pp. 354-373

ROMAYOR/IITM/ 8GG/1971.



e———o N.E. MONSOON.
o-——o S.W. MONSOON EAST OF 65E.

I__ o--—o S.W. MONSOON WEST OF 65 E
To

®
Nﬂ‘!

'E

@ =10 G\f“@j HEIGHT (IN MTS) —

-é . / IPO ” 2?0 00 4?0 0(130_-— _ﬁ?ﬂe_ 790 800 300

E _
NE —10r

® oonk
|:._ =30r

<

S 40+

d
Z

[}
(4]
(@]
I

FIG I(a)

S

o——o N.E. MONSOON
o---9 S.W. MONSOON EAST OF 65E.

o--—--© S W. MONSOON WEST OF 65 E

Y=o
(o)}
O
1

To 50

1}

w

N, 4OF

=z

© ot

E 20

E

9 IO—

> o ] 5 i ‘-'%i
To 190 200 300 400 500 600 700 800 S00
I'; -0 &~ HEIGHT(IN MTS) ——=

L.il_zo._

-~—

FIG I (b)



3 sec')
b
£

m
n
o

x 10(mcal.c

) —
o b
o O

-3
cm sec

n

O

T

o

1
w
]
o
Q
T

=

(2 )\‘

9
Nl

- \(3)

o—o N.E. MONSOON

o----0 S.W. MONSOON EAST OF 65 E.
or- - S.W. MONSOON WEST OF 65 E.

600

FIG. 2(a)

e—e N.E.MONSOON.

—s
700

800

900

e----o S.W. MONSOON EAST OF 65 E.

e—-© S W. MONSOON WEST OF 65 E

FIG. 2(b)

70

800

900



HEIGHT (MTS)

HEIGHT (MTS)

1000

800

600

400

200

4000

3000

2000

1000

kiE. FLUX
MECHANICAL ENERGY
2ROD

BUOYANCY

TERM
DISSIPATION

ERGS(GM SEC)
FIG. 3(a)

K. E. FLUX
MECHANICAL ENERGY
PROD.

BUQYANCY TERM

DISSIPATION

—

=

& l ] I 1

20 . ‘30 40 50

ERGS (GM  SEC.)
FIG. 3(b)



