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ABSTRACT.  Eddy transport of heat. v in the
stations in Tnclia, namely. Allahabad (23 N5l Al
18 XN 73 1" E) which all lic near about 27 N, Aeross

» senisible aned latent forms, has been evaluated for three
E). New Delhi (287 39° N'77 15 E) and Jodhpur (26°
2 N in Twlin the mean seasonal and annual eddy

transport of xensibl heal is weak and direeted mainly equatorwards but that of latent heat is more marked

and directed polewnrils.
1. Iniroduction

In recent years the study of meridional
flux of energy which is an important factor
in maintaining the general ciren’ation of the
atmosphere has received considerable atten-
tion. Priestley (1949) has developed a
method to compuie the meridional  oddy
transfer of heat based on observational
data : some other workers, eg.. White
(1951) and Nyberg and Schmacke (1951)
have carriedd out similar caleulations. In
the present paper the data for meridional
flux of heat in both sensible and latent
forms for three Indian stations, namely,
Allahabad, New Delhi and Jodhpur,  have
been caleulated and discussed.

2. Data

The upper air temperatures, humiditics
and wind data utilised in the paper have
been collected from the Daily Weather
Reports published by the India Meteoro-
logical Department. As simultancous radlio
soundings and upper wind measurenments
are needed for the present work, the
period that could be chosen is only one
year from March 1948 to February 1949
Even throughout this period observations
are not available at a single synoptic hour.
In Table 1, are given the times of obser-
vations in various months.

As is seen from the table, evening data
were used for Jamuary, February and
March. In these months, the observations

for wind were also not quite simultaneous
with those for  temperature, humidity
and pressure. The effect of this difference
on the final resulfs cannot be estimated at
present for lack of appropriate data.

The mvestigation has  been  extended
upto 50 mb for sensible heat transport
and upto 600 mb for latent heat trans-
port. owing again to the lack of upper
witkl measurcments and humidity observa-
tions respectively above these levels. In
some months upper wind data and humidity
observations are not available even for
these levels.  Wherever necessary, the
valies for flux of heat have been extrapo-
lated to these levels, This introduces some
uncertainty in the integrated flux values.

3. A brief review of the method

Belore presenting the computations, we
hriefly state the method of Priestley (1949).

(«) Computation of eddy flux of sensible
heat—The amount of sensible heat car-
ried poleward per unit area per unit time
is given by e,gVT where V, T re-
present  respeetively the density, mnorth-
ward component of horizontal velocity
and absolute temperature of a sample
of damp air, and ¢, its specific heat at
constant pressure. The average flux per
unit time per unit area in the west-east and
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the vertical plane is ¢, cV'7, the bar re-
presenting the mean value over the period,

TABLE 1
Times of observation in various months
Radio- Pilot-
Year Month sonde halloon

data at data at

1948 March

2000 IST 1600 IST

108 April-December 0700 0700,
1040 January and ]
February 2000 1600,

2
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the individual values being taken at a
fixed point of space.

Integrating vertically, the total flux per
nit length of longitude is

oC
(‘pf

p-V T.dz
z=0
or approximately 72 f SVT.dp
[/
where p is the mean surface pressure

over the period under consideration and
g the acceleration due to gravity. But
VT =VIT4+V'T (1)
since V=V~+V' and T=T+1" according to
Reynolds, the primes denoting the devia-
tions from the means. In equation (1)
the first term on the right hand side re-
presents the advective flux and the second

the eddy flux. Now o
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gives the vertically integrated eddy flux.
In the following only eddy flux has been
calculated.

(b) Computation of eddy flux of heat in
the latent form—If L is the latent heat of
vaporisation of water and ¢ the specific
humidity, the eddy flux of heat in the latent

, . . L
form is obtained by replacing 7 by —.q
cp
in the discussion for sensible heat. Humid-
ity mixing ratio @ is used for ¢ as it would
not significantly affect the result.

In the above V is taken positive when
polewards and negative when equator-
wards. ¢, is given the value 0-24 cal/
gm/°C and L the value 590 cal/gm. Varia-
tions in L due to temperature and pressure
and in ¢p due to humidity are neglected

as they do not significantly affect the eddy
flux.

4. Eddy flux of heat

(a) Sensible heat flur—The eddy flux
of sensible heat has been evaluated for
each month at the levels, ground, 900,
850, 800, 700, 600 and 500 mb. Tables
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2 to 4 respectively give thege values to-
gether with the vertically integrated flux of
sensible heat as expressed ingecal em-! min!
for Allahabad, New Delhi and Jodh-
pur. To study the mean seasonal varia-
tion of the flux the year has been divided
into four seasons, wiz., winter or north-
east monsoon season (December-Febru-
ary), summer (March-May), southwest
monsoon  season (June-September) and
post monsoon season (October and Nov-
ember).

Mean monthly variation with height—
In the distribution with height of the flux
of gensib'» h at, reversals of flow are notic-
ed, but fron the available data it is at
present not possible to state whether there
is any regular variation. Further data
have to he awaited to study this feature.

Mean monthly variation—From the re-
sults obtained for the monthly variation
of integrated flux for the three stations,
it is found that the transport is equator-
wards in most months of the year. Though
more data are again necessary to put this
conclusion on a firm basis, it seems to verify
White's (1951) statement that °there are
indications that at very low latitudes, the
eddy sensible heat transport is  directed
equatorwards Appreciable  poleward
transport is found in January and August
at Allahabad and in January, February
and April (probably during the period
January—April) at Jodhpur. At Delhi the
poleward transports, though indicated in
October and March, are not at all signi-
ficant.

If the figures for the three stations are
averaged to give mean values for the belt
of latitude (27°N) covered by the three
stations, quite a weak poleward flow is
noticed during January-March, but it is
equatorwards during the rest of the year.

Mean seasonal transport—From the means
for different seasons in Table 6, it is seen
that at Allahabad the transport of sensible
heat is quite small though it is equator-
wards in the summer and post monsoon
seasons ; at Defhi it is equatorwards in all
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the seasons,. being maximum in summer,
but quite small in the post monsoon season.
At Jodhpur, it is polewards in winter and
equatorwards in summer and rainy season,
being of maximum magnitude in the last
season. The average for 27°N latitude is,
however, equatorwards in all the seasons,
though the amount is small.

A characteristic fact brought out by
these datais that the transport of sensible
heat is quite small, being almost negli-
gible, in the post monsoon season.

Mean annual  transport—The mean an-
nual transport of sensible heat (Table 6) is
equatorwards at all the three stations, The
average for 27° latitude is also equator-
wards.

Vertical variation of flur—The following
statements regarding the distribution with
height of the flux of sensible heat, as given
in Table 7, can oaly be regarded as ten-
tative requiring further data for verifica-
tion. The values at each level are the
averages of the twelve monthly values.
At Allahebad there are two reversals in
the direction of flow, one at 850 and the
other at 600-mb level. At these levels the
flow is directed polewards, the maximum
magnitude being at 500 mb indicating that
above this level, it may be quite appreciable.
At New Delhi, o reversol is met with at
850 mb only, becoming polewards; but
at Jodhpur, the first reversal is at 850 mb,
the flow becoming directed equatorwards,
but at the second level of reversal at
500 mb it again becomes polewards, as it
is from ground to 900 mb.

Both at Allahabad and Jodhpur at the
second higher level of reversal, the trans-
port is again towards the north, but no
such indication is given by the availalile
data for New Delhi. It would b» inter-
esting to krow whether such a secoad
level exists for New Delhi.

(b) Latent heat  flur. Mean  monthly
variation—The data for eddy flux of heat
in the latent form upto 600 mb along with
the integrated values have been present-
ed in Tables 2 to 4 for Allahabad, New Delhi
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and Jodhpur respectively. .

In Table 8 the total eddy flux of latent
heat from ground upto 600 mb level at
the three stations and at 27° latitude i%
given. At Allahabad, a maximum pole-
ward eddy flux of latent heat (-50x10 g
cal em™ min~!) is found in November and
a flux of nearly the same magnitude and
in the same direction (-45x10 g cal em™!
min~!) in June also. Compared to this
the maximum equatorward flow in De-
cember (—-11x10 ¢ cal em ! min-!) s
small. At New Delhi the maximum pole-
ward flow is in December and March (-45
and 41 %10 ¢ cal em ! min!) and the
maxinum equatorward flow is found in
February (—-10x10 ¢ ecal em™!' min1)
and this is again small comparcd to the
poleward flow. At Jodhpur, Lowever, the
maximum  poleward flow is 0:-28x10 g
cal em™" min ! in February and the maxi-
mum  equatorward  flow is in  July
which is roughly double (—-51x10 g ecal
et min!) of the poleward flow. The
average for 27° latitude is poleward flow
in all the months excepting April and July
when the flow is equatorwards. In April,
however, the magnitude of equatorward
flow is small.

Mean seasonal transport—Table 9 gives
the seasonal transports for various stations.
At Allahabad and New Delhi the transports
are polewards in 2ll the scasons but at
Jodhpur it is so only in winter and summer,
the transports during southwest monsoon
and post monsoon searons, heing equator-
wards.  Poleward transport is maximum
i the post monsoon season at Allahabad
and New Delhi and in winter season at
Jodhpur. However, at Jodhpur, the trans-
port is strongest in the routhwest mon-
r001 season but is divected équatorwards.
The average for 27° latitude is poleward
flow in all the searons, but the transport
during routhwest monsoon season is of
negligible magnitude.

Mean annual transporis—The mean an-
nual eddy flux of latent heat (Table 9)
15 polewards at Allahabad and New Delhi
equatorwards and quite small at
At 27° latitude it is polewards.

but
Jodhpur.




Jul 1953]

Vertical wariation of flur—The general
feature in the vertical variation of latent
heat flux is that the flux rapidly increases to
N maximum at about 900—850 mb level
and then gradually decreases upwards.

The vertical variation at Jodhpur is
rather peculiar. The poleward flux first
increases upto 900-mb level, decreases to
zero at 850-mb level, changes sign becom-
ing equatorwards and then increases, the
magnitudes at 900 and 600-mb levels being
roughly the same,

The values at ground level are apparent-
ly affected by turbulence.

Maximum transport occurs ata lower
level in the case of latent heat than in the
case of sensible heat because moisture
content is generally higher in the lower
layers.

It can be said from the nature of dis-
tribution of humidity with height in India
that the transport of latent heat is not
negligible at least at some levels above
600 mb, but unfortunately data are not
available to calculate it.

(¢) Total heat transport—The total heat
transport by eddies is obtained by adding
the sensible and latent heat fluxes. In the
present investigation the sensible heat flux
could be evaluated only upto 500 mb and
the latent heat flux upto 600 mb ; so the
sum of the two quantities cannot repre-
gent the total heat flux from surface to the
top of the atmosphere. It gives an idea
of the total heat flux in the lower tropo-
sphere only.

The mean seasonal eddy flux (Table 11)
of total heat up to the levels computed is
polewards in all the seasons at Allahabad,
in post monsoon season at Delhi and in
winter and summer at Jodhpur, and equator-
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wards in the remaining seasons at New
Delhi and Jodhpur. Average for 27°N
latitude is poleward transport in all ex-
cept southwest monsoon season during which
the transport is equatorwards.

Some interesting feature in the direction
of transport of total heat at 27°N may be
observed in the monsoon seasons especial-
ly. In the northeast monsoon season the
direction of transport is polewards when
the prevailing winds in the lower layers have
a component equatorwards and in south-
west monsoon season it is equatorwards
when the winds have a component pole-
wards.

Similarly in the post monsoon season when
the winds from a northerly direction,
(northwesterly to northeasterly), are being
established in the lower troposphere over
upper India, the flow of total heat is pole-
wards. There is a decrease in the amount
of heat flow from winter to summer, and
finally a reversal in the rainy season.

Mean annual transport (Table 11) of
total heat is polewards at Allahabad ; at
New Delhi the magnitude is quite small
but polewards. At Jodhpur, however, the
transport is equatorwards and small. The
mean transport at 27°N latitude is pole-
wards and quite small. :

The results obtained in this prelimi-
nary study of eddy flux of sensible and
latent heat in the northern latitudes of
India are to be considered as tentative.
Further work is in progress for some other
stations in India.
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TABLE 2
- .
1915 N (Morwing 1949 1 K renivg)
(Evening) LU — s Sy P
Mar Apr May  Jun Jul \uy  Sep Ot L Feh
Northward eddy flux of sensible heat at Allahabad
[ Ground —2-1 ird a3 —2.4 55 1 —3-1 -5 23 00
| G mb (1r-11) (1-4 2.3 54 —16 nl -9 [ |-8 3-0
| 850 -1 -1 —3-4 223 0.7 10 —3-3 ol ez
< 80 (1-3) (=03 33 —2-0 0} 21 —I+8 0ed o 3el po 108 CA
| T (LR 8 —31 05—l -t 44 ; 26 —3+1 | Xemlsec
| G0 (—1-1) 3 {)eii —4+7 YE G4 07 G4 —4 6 bt -3 |
Al —2:7 —{-7 5 Ay Bl 42 88 3-8 (he2) (3-29 J
Mean surfac>
pressiie (mb) 090 0y G8S 087 Hsh Hss a9 Oy e LS Fiwsd Tl
Nnrffn_mnl eddy flux
vertically integrated —o-1 — 18 0-53 —-08 —- I8 21 03 —oH 8 —-11 12—l 1Fy eal
up to St mb eme ! min=?t
Northward eddy flux of heat in the latent form at Allahabad
I’t';rmm.i —3-7 08 —G-1 —J-4 -8  2-3 50 —G-1 — 2 0n-49 —1-8  3-7 ]
{ 900 mb (0.0 (2 17-6 20-8 —3-7 668 21 4T -0-8  1-4 I-4 11-1 |
i 83 1-4 P8 120 01-5 0 357 77 48 90 02 |2 -7 —0-8
¢ Ve S (3.10) () -9 2.6 —2:8 7.5 12:0 lu-l jo-3 2en 7 1-8 F\',
» | o0 O3 GO —2-3 68 31 208 =707 12:83 —4-0 : L I
Lﬁm (72) (—15:0) —6-4 —T-4 (11} (20) =10+ 02 11T (—4D) 30 (115) J
Northward eddy  flux
vertically integrated  0-14 —0-12 0032 048 o0 0031 0Ll s A —0- 11 Ol 030 % My eal

upto 6 mb

em=tmin-!

Note—Values put inside braciets denote extrpolated valnes af fhux

TABLE 3
1948 TN (Moruing) TG (Evening)
(Ereming)  p—— et e A e
Mar Apr May Jun Jul Awg Sep Oct Nov  Lee Tan Fel
Northward eddy flux of sensible heat at New Delhi
Gronnd  —0-7 -G —0-6
900 mb  (—+8) L -7
Flux 830 —( ] 77 14-6
expressed 4 SO0 (4-1) 3-1 70 B
as V' O7 [T -8 1-1 —9-3 | »
GO0 (—1+5) -0-6—13-7 |
500 —10-6 G7—10:7 )
Mean surface
pressure {lllll} HEH 082 i a7l Hr] Wi 270 085 0ol 993 anl I8
Northward eddy flus
vertically integrated 0-04 — e e P 11 21— 08 02— 000 — 0+ 15 —0:28 % 107 enl
em=4 min-1

upto 500 mhb

(=2 6)-( It

007 —

Northward eddy flux of heat in the latent form at New Delhi
Ground — 105 —3-9
L Q00 mb (1-1) 160
L V' g 8 74
cp 800 (4:1) —3-}
00 <1 0 -
GO0 (6 8) — k-4
Northward eddy flnx .
vertically integrated 0-41 —0-0% 012 0aM 003 =004 027 (622 1022 0-15

upto GO0 mhb

»2)

10w 107y cal
cm=1 min=1

Nore—Values put inside brackets denote extrapolated values of flux
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TABLE 4

rf-tm:nll
!N*l mb
Flux
expressed
as I ey
S04
Mean surface
pressure (mhb)

Nort'iward eddy flux
vertically integrated
upto 500 mhb

" Ground

l!‘““nwl'

J 820

1 800

1 Ty
B

Northward  eddy (lux
vertically integrated
upto 600 mb

(Ecening)

1948 (Mornring) 1949 (Evening)
[ —
Apr May Jun Jul  Aug Sep Oct Nov  Dee Jan Feb

e e U U U ———

Northward eddv ﬂux of sensible heat at Jodhpur

—1:9 02 G5 —8:0 95 —06 o .5 T 1B —d-8

(—1-1) —1+-7 —9-0 I~ 52 3-4 2:0 04 —0- 13-0
—0-8 =186 —8-0 —1 -5 0-8 —-I-T 138 4¢ 131 -
(0) 108 30 —6-3 —1-¢ 2. 2.9 — — -0 . ¥ 102 °A
402 46 -3 2.2 ] . —3-2 —2:4  —9-0—10- X e fsec
(6-9) —7-0 (—4-0) —2 2.2 3. -.' 06 — ; 2.7
8.7 (-13-5)(-8-0)—8'5 (- ’ 8) —3'0 —5-1 06 112

070 974 972 970 972 977 984 991 99l

— 40 — 25 —+18 =19 —-06 —-08 08 —-07 *x10% cal

cm~! min-!

Northward eddy fux of heat in the latent form at Jodhpur

—1-3 —2-7

—0-3 1I-1

1.1 =74

4 149 —4-1
--u—s :,Ju-!-—

9 ‘ 7 3. X cm/seo
( ¢ * 20 (-0-1)(-2 ‘]

—-02 23 —-30 —:51 — 4 —-23 — 06 —-0D 12 *16 -28 X 107 cal

cm='min=*

Nore—Values put inside brackets denote extrapolated values of flux

TABLE 5

Mean monthly transporis of sensible heat at various siations and at 27°N latitude

Dee

Jan  Feb  Mar  Apr May Jun Jul Aug Sep Oct Nov

Allahabad
New Delhi
Jodhpur

At 27°N

—-01 —:01 —-18 05 —:08 —-18 21 -05 —-04 —-08 )

‘28 04 — 14 —19 —01 —2) —.05 — 08 02 — 04 |

T3 08 21 —-49 —.25 —.18 — 18 —06 —-08 08 px 107 cal
) | em=1 min-1

02— 13 —-21 — 11 —22 —01 —-03 —-02 —-01 |

TABLE 6

Mean transports of sensible heat for various seasons and for the year at various stations and at 27 °N latitude

Winter or
northeast  Summer Southwest  Post Year
MoOnsoon mMonsoon  monsoon

Allahabad
New Delhi
Jodhpur

At2TN

—05 0 — 02 — 02
—-10 —-11 —01 —12
—-08 —17 0 —07 » % 107 g cal em=* min=1

Al —09 —-01 06 ] o
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. TABLE 7
Vertical variation of mean annual sensible heat transport at various stations
Pressure (mb)
Ground Q00 830 800 700 600 A
Allahabad —20  —70 16 03 —1-26 -33 2-41 )
New Delhi —-60  —89 68 —-67 —3-49 —2:02 —1:20 »x 102 A X cm/sec
Jodhpur 57 $20 —-42 - 71 —1:72 —1-06 31 )
TABLE 8
Mean monthly transports of latent heat at various stations and at 27°N latitude
Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov
Allahabad —-11 10 30 14 —12 32 45 —-00 31 11 -05 -50 ]
New Delhi 45 7 —-10 41 —-03 12 0 03 — 04 .27 22 .22 |
Jodhpur 12 .16 -28 .21 —02 23 —30 —5] —04 —:28 —-06 —-09 & < 107y cal
[ -1 . —1
At 2°N 15 11 .16 25 —06 22 05 —-19 -08 05 .07 .21 ) ‘M mm
TABLE 9

Mean transports of latent heat for various seasons and for the year at various stations and at 27°N latitude

Winter or

northeast Southwest Post
monsoon  SUummer mMonsoon  monsoon Year
Allahabad <10 11 +22 - 27 <16 )
New Delhi 14 17 -07 22 <14
Jodhpur +19 14 —27 -k ; —-02 L < 1077 cal
l ‘ - . —
At 27°N 14 <14 -01 -14 0 j o= W0
TABLE 10
Vertical variation of mean annual laftent heat transport at various stations
Pressure (mb)
Ground 000 850 800 700 600
Allahabad — 86 5-06 5-30 5-18 0-97 1.42 =
New Delhi —-59 468 647 232 1-03 —0:09 % 102°A em/sce
Jodhpur -84 276 1-49 —1-52 —2:16 —2-35 ) '
TABLE 11

Mean transports of total heat for various seasons and for the year at various stations and at 27°N latiiude

Winter or

northeast Southwest Post

monsoon  Summer  monsoon  mMonsoon Year
Allahabad <10 -06 -22 25 ‘14 7
New Delhi 0 —-02 —-04 21 02
Jodhpur 31 -06 — 44 —-07 —07 S 107 cal

-1 -
At 27°N .14 -03 — 09 -13 -03 cm  min
. L]




