Indian J. Mat. Hydrol. Geophys- (1977), 28, 2, 189.106

551.556.8: 551.526 (267) ‘1978

Wind stress and fluxes of sensible and latent heat
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ABSTRACT. During the Indo-Soviet Monsoon Experiment (ISMEX) in the vear 1973, four Russian research
wessels Voeikov, Okean, Shokaliasky and Priliv remained stationary at locations near 00 -1°N, 49 -6°E; 00 1°N, 60. 0°E;
10.0°N, 60, 0°E and 18 -0°N, 67 -0°E respectively from 28 June to 2 July 1973. Hourly surface observations were
faken on board the ships during this period. From these observations hourly values of shearing stress of wind
at the surface and vertical fluxes of sensible and latent heat at the air-sea interface are computed by using the bulk
aerodynamic formulae. A variable drag coefficient with wind speed is used as suggested by Deacon and Webb
(1962). Hourly values of the Richardson number (Ri) for the four locations are also computed.

1t is found that the surface layers at locations mear 00-1°N, 49 -6°E; 10-0°N, 60-0°E and 18 -0°N, 67 -0°E
show near neutral stability conditions. The wind stress values are gomparatively smaller at the equatorial locations
than those at the northern ones. A marked increase in the wind stress occurs in association with a surge in the
mongoon current,

The sensible heat flux shows a well defined diurnal variation which is in olose conformity with the diurnaj
variations of the air-sea temperature difference. Maximum positive flux occurs around mid-night or dawn hours
and minimum around mid-day or afternoon hours. An actual reversal of direction of the sensible heat flux is
found to occur at noon-hours particularly at the northern locations near 10-0°N, 60-0°E and 18 -0°N, 67 -0°E
during the period of study. The latent heat flux remains positive at all times of the day and shows a
relative decrease or increase with a decreass or increase in the wind speed. While the sensible heat flux shows
a marked increase during disturbed weather period, the latent heat flux shows a decrease daring the same

period,

1. Introduction

The dynamiec and thermal properties of the at-
mosphere and ocean are directly affected by the
air-sea transfer of momentum, heat and water
vapour. The transfers are nearly independent of
height in the atmospheric surface layer. a layer ex-
tending from the sea surface to a height of about
B0 m. This enables one to infer the fluxes
at the air-sea interface from the measurements at
a convenient height ahove the sea level.

During the Inde-Soviet Monsoon Experiment
(ISMEX) in the year 1973, oceanographic and
meteorological observations were made on board
the Russian research vessels Voeikov, Okean
Shokaliasky and Priliv. These vessels remained
stationary at locations mnear 00-1° N, 49-6°E;
00-1°N, 60-0°E; 10-0°N, 60-0°E and 18-0°N,
67-0°E respectively from 28 June to 2 July
1973 and took hourly observations. These observa-
tions have been used to computethe shearing stress
of wind at the surface and fluxes of sensible and
latent heat at the interface by using the bulk
aerodynamic formulae given as —
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70=PCDU§

(1)
Q= PcpCT (6 — 6,) U, (2)
Q. = pLCy (90— ¢a) U, (3)

where, 7, is the shearing stress of wind at the sur-
face Q,, and (), are respectively the eddy vertical
transports of sensible and latent heat, which are
directly proportional to the differences hetween
the potential temperatures (Af) and specific
humidities (Ag) measured at the surface and
at a height @ above the surface, usually taken as
10 m. Cp, Cp and Cg are nondimensional bulk aero-
dynamic coefficients and are sometimes referred
to as the drag coefficient, Stanton number and
Dalton number respectively. Ugis the wind s

in mps at the height a, ¢, the specific heat of air
at constant pressure, L the latent heat of vaporisa-
tion and p the air density.

Roll (1965) has discussed the derivation of the
above equations and suggests that CprCpaC,
over the sea for near neutral condition. C'p depends
upon the height of the observation of wind and
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Fig. 1. Hourly observations of sea surface temperature ( 7'

also upon the character of the sea surface. Several
quasi-empirical and quasi-theoretical relations
betweenthe wind speed U/, and the drag coefficient,
Cp have been worked out by various workers, re-
views of which have been given by Wilson (1960),
Hidy (1972) and Pond et l (197 ‘} It appears that
Cpis about 1-5x10 3 for light winds ranging
from 3 to 10 mps. Recent estimates of C'p .uul (,q
by Hicks (1972) from eddy flux method give both
equal to about 1-4x10-3 for same wind speed

s ) and air temperature ( 7', ) during 28 June to 2 July 1973

range. Pond et al.(1971) however give a rather
high value of Cp—(2-74-0- Oﬁ)x]() -3 (mean -
standard deviation) and Cg=(1-234-0-17)x10-2
from BOMEX data for wind speeds ranging from
4 to 7T mps.

1)-\1 endenco of the transfer coefficients on thermal
stahbility and other parameters iz not yet accurate-
ly known'due to limited number of field experi-
ments and range of conditions encountered. In a
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recent study Kondo (1975) has, however, shown
that in the case of light winds, the effect of stahility
on transfer coefficients is large even when the air-
sea temperature difference is small.

In the present study equality of the three trans-
for coefficients (C'p=Cyg=C,) has been assumed
in the computations of air-sea momentum ex-
changes and fluxes of sensible and latent heat. This
assumption is valid for near neutral conditions
but may give less satisfactory results in a highly
unstable or stable surface layer. The following
relationship is used for the drag coefficient (Deacon
and Webb 1962) which gives a linear increase in the
drag coefficient with wind speed.

Cpp = (1.00 4 07X T,g) X 10-3 (4)

Based on this formula €'y ranges between 1 x10-3
and 2.4 % 10—3 for wind speeds ranging upto
20 mps which agrees well with others estimates
(Roll 1965).

The degree to which conditions in the surface
layer departed from neutral stratification at the
four observing locations was assessed by com-
puting the hourly values of the Richardson
number (R;) by using the following relation :

e

where, g is the acceleration due to gravity, T,
is the mean temperature (°K) between surface
and the height Z (10m) above the sea surface,
AT|AZ is the actual lapserate of temperature in
the surface layer, I' is the dry-adiabatic lapse
rate (0-98°C/100 m) and Uisthe wind speed at

10 m level.

Prevailing w2ather conditions — From the hourly
observations recorded at the four locations it is
found that the weather was generally cloudy with
broken skies. The low cloud amount varied from
9 to b okta with mainly cumulus clouds of little
or moderate vertical extent (code 1 or 2). At the
eastern oquatorial location near 00-1° N, 60. 0° E,
intermittent showers however oceurred from 0300
GMT to 0600 GMT on the 28th (Fig. 1) when cu-
mulonimbus clouds (code 3) were ohserved. At
the central location near 10-0° N, 60.0° E no large
convective activity was observed during the
period of study. The sky was covered with 2-4
okta of cumulus clouds (code 1 or 2). At the
northernmost location near 18-0° N, 67-0° E
weather activity was nearly similar till 30th as
observed at the other three locations, but an in-
crease in the conveetive activity took place after
1200 GMT of 30 June. The low cloud amount
increased to 4-6 okta with mainly cumulonimbus
clouds (code 3 or 9). Intermittent showers, how-
aver, occurred on 2 July.

Surface winds were generally steady at all the
locations, At the equatorial locations  the winds
blew from 8 to SSW. Higher speeds were ob-
served at the western equatorial location (range
7 to 11 mps) than at the eastern one (range 3 to
10 mps). At the central location the winds were
mainly from a SW direction with speeds ranging
from 10 to 18 mps. At the northernmost locatiou _
the winds blew from WSW to W with speeds,
ranging from 5 to 13 mps. On the last day of
observation, the surface wind showed a change
both in direction ard speed when it blew from
NW with a lesser speed of about 6mps.

2. Variation of sea surface temperature and air temperature

The sea surface temperature (7';) shows a diurnal
variation, though not very well defined, with a
range of about 0-4° C (Fig. 1). The diurnal varia-
tion of air temperature (7,) is large and has
a-range of about 1°C. A comparison of the two
curves shows that there is a lag of 2 to 3 hours in
the diurnal heating and cooling of the sea surface
relative to the air. Maximum sea surface tempe-
rature occurs sometimes in the afternoon/evering
hours and minimum in the midnight/early mor-
ning hours. The air temperature reaches its
maximum and minimum 2 to 3 hours earlier.
There is, however, a significant departure from
the average picture in the disturbed weather
conditions (e.g., at 00-1°N, 60°0°E from 28/03
GMT to 28/06 GMT and to 18-0°N, 67-0° E
after 04 GMT on 2 July), when the air temperature
has shown a much wider variation than the sea
surface temperature. Disturbed weather period
is consistently cooler. Reduced insolation due
to cloud cover, direct cooling of air by rain sho-
wers, as well as descent of cooler air from aloft,
all contribute to the large cooling of the air at
the interface.

No large variations in the specific humidity
values both at the sea surface (g,) and of air
(ga) ave observed at the four locations during the
period of study. Both 7, and ¢, are larger at
the eastern equatorial location near 00-1°N,
60. 0°E than at the western equatorial locations.
Still larger values of both 7', and ¢, are observed
at the northernmost location near 18-0° N,
67-0°E.

Table 1 shows the daily average values of
(T's—T,) and (¢,—¢a) at the four locations. It may
be seen that hoth (T's—1T,) and (9s—q,) are
comparatively larger at the eastern equatorial
location near 00-1°N, 60-0°E than at the other
three. ?

Stability conditions — Hourly values of the
Richardson number (R; number) computed by
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Fig. 2. Hourly values of Richardson number (Rs)

TABLE 1
Daily averages of T, — T, (°C), 9, — g, (em/kg), U, (mps), =, (dynes/em?), @, (cal/em?/day), @, (cal/em?/day) and
Bowen ratio during 28 June to 2 July 1973

Date rT—T gq—q, U T Q Q Bowen T —T gq-—q U - Q Q Bowe
(1973) % 2 8 2 G ®  ratio v e ST e g ' ¢ ratio
Loocation — Near 00-1°N,49-6°E X Location — Near 10-0° N, 60-0° E
28 Jun 0-56 5-08 3-71 1-45 18-0 419-6  0-038% 0°06 4-17 11-67 293 —1'7 5259 —0-003
29 Jun 0-57 b5+48 725 0-04 12:9 354'8 0:-037 —0-07 8:72 11-63 2-93 —7+7 487-2 —0-017
30Jun 049 452 T°25 0:95 10°4 2044 0037 001 413 1125 268 —4-0 4967 —0°007
1 Jul 047 4-86 9-21 1'63 150 440°9 0033 —0-13 4-45 12756 367 —12'4 467'3 —0-020
2 Jul 003 354 950 178 —14 3351 —0015  0-00 544 1542 583 —59 10377 —0-007
Location — Near 00 1°N, 60-0°E Location — Near 18:0°N, 67:0°E
28 Jun 1-16 741 6+88 0-86 26-7 4445 0080 0°10 4-80 1054 2-31 06 523-3 0-001
29 Jun 0-95 7-00 8:08 1-21 26-8 526:3 0-050 0-12 487 9-75 1-93 2:1 4754 0-003
30Jun 1410 7-38 742 1°02 284 4075 0:058  0°26 516 950 170  7-1 4884  0-015
1 Jul 127 771 500 0-43 19°8 4088 0-063 0-45 540 9-17 166 12:5 484-1 0-028
2 Jul 123 7+34¢ 5+13 045 102 303-4 0-064 209 5:73 T7-29 1:05 56:1 383'8 =141
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Fig.3. Hourly values of wind stress at thesurface (dynes/cm®)

using equation (5) for the four locations are shown
in Fig. 2. The R; numbers fall within a range of
~-0:007 and -}-0-004 (except in showers) at the
three locations, wiz., 00-1°N, 49-6°E; 10°0°N,
60.0°E and 18-0°N, 67-0°E. Stability conditions
prevailing at the eastern equatorial location near
00-1°N, 60-0°E appear to be different from these
at the other three. At this location the R; numbers
fall within a larger range of —0-05 and -}-0-001.
Large negative R;numbers indicate a greater
instability in the surface layer. A marked in-
crease in the instability during the last two days
of observations at this location, in the absence of
any disturbed weather conditions, is mainly
due toa relative decrease in the wind speed rather
than a large lapse rate of temperature in the sur-
face layer, while at the other three locations,the
surface winds are relatively stronger, and a com-
paratively large wind shear in the surface layer
keeps the R; numbers within a reasonable range.
Conditions are, therefore, relatively close to
neutral stratification at these locations. For
this range of stability (R; numbers lying between

—0-007 and --0-:004) .found at these locations
with the actual observed maximum range of air-
sea temperature difference between -2-1 and
—1:0 (except in showers), it may be inferred
that the stability depends more upon wind
speed rather than upon actual lapse rate of tem-
perature. Therefore, the stronger the wind, the
more closely governing conditions for using the
bulk formulae are met. When the wind approa-
ches calm and the air-sea temperature diffe-
rence remains large, as is observed at the eastern
equatorial location near 00-1°N, 60-0°E, the
formulae are likely to give unsatisfactory results,

8. Wind stress at the surface

The wind stress values are comparatively
smaller at both the equatorial locations than |
those at the northern ones (Fig. 3). A marked
increase in the surface stress is observed at loca-
tions near 00-1°N, 49-6°E and 10-0°N, 60-0°E
after 20 June. This increase in the stress may
be in association with an increase in the monsoon
activity after the 209th (surge in the monsoon
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Fig. 4. Hourly values of sensible heat flux [{calfem?/sec) < 105]

current), as was actually observed by an inerease
in rainfall activity along the west coast after this
date. At the northernmost location (near 18-0°N,
67-0°KE) a relative decrease in the wind stress
values is observed after 30 June. Formation of a
north-south trough off the west coast is also
indicated by *the northwesterly winds prevailing
at this location on 2 July.

Av the eastern equatorial location near 00.1°N,
60-0°E the surface stress shows a marked dec-
rease after 30 June when a marked increase
in the instability in the surfaco layer i
observed. Since the stability has a marked effect
on the stress coefficient (Derbyshire 1955), the
stress values obtained at this location by using
Eq. (1) are likely to be in error and may be an
underestimate during this period.

4, Fluxes of sensible and latent heat

The sensible heat flux (Q,) shows a well defined
diurnal variation  with  maximum  positive
flux occurring around mid-night or dawn Lours

and minimum around mid-day or afternoon hours
{Fig. 4). This is in close conformity with the
diurnal variation of air-sea temperature difference
observed at the four locations.

The flux of sensible heat has generally remained
positive at the western equatorial location near
00-1°N, 49-6° E during the first four days of study
and  becomes negative after 1100 GMT on the
last day. At the eastern equatorial location the
heat flux has, however, remained positive during
ol the five days. At the northern locations the
-ensible heat flux shows nearly a sinusoidal varia-
tion with time, positive and négative fluxes
ocenrring  alternately during - ecarly morning
and afternoon hours: This kind of a variation of
the heat flux inthe surface layer hasan important
bearing on the instability of the subcloud layer
and the development of econvective clouds. Minj-
mum sensible heat transfer from sea to airin the
afternoon hours  ecauses minimum thermal tup-
bulence in the surface layer and consequently there
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Fig. 5. Hourly values of latent heat flux (cal/em?/sec) x 108

is a minimum of cloudiness observed during these
hours.

A comparison of the four curves shownin Fig. 4

suggests that large @, valuesare obtained through

increased air-sea temperature difference (Fig. 1)

rather thanthe wind speed (Fig. 3). From Table 1

it“may be seen that the daily average values of

» the heat flux are comparatively larger at the equa-
torial locations than those at the northern ones,

where relatively lighter winds prevailed during

this period but with larger air-sea temperature

. difference. This aspect becomes more clear when
we compare the fluxes at the two locations at the

equator. At the northernmost locst,tiox} near

18-0°N, 67-0°E, a significant increase in the

sensible heat flux is observed on the last day of
observations. This marked increase in the heat

flux is in association with the disi‘m‘beq wealher

condition prevailing at this !ooation which cauged

a large air-sea temperature difference, althoughthe

prevailing surface winds during this period were
comparatively lighter. A feature of inferest
observed at the central location near 10-0°N,
60-0° B is that the average heat flux comes out
to be negative on all the five days. Incidentally,
there has been a complete lack of convective
activity at this location during this period.

The flux of latent heat ), is always positive at
the four locations (Fig. 5) and is one order higher
in magnitude than the sensible heat flux. No
well defined diurnal variation is noticed in it but a
relative decrease or increase in the latent heat
flux is generally associated with a decrease or
increase in the wind stress at the surface.

Day to day variations in average latent heat
flux are not large at the equatorial locations
(Table 1). At the central location near 10.0°N,
60-0° E, however, a marked increase in the heat
flux is observed on the last day. This is mainly
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because of a significant increase in the surface
wind speed on this day. At the northernmost
location near 18-0° N, 67-0°E, the latent ]1-.Lr
flus shows a decrease ou the last day of observa
tion, particularly during disturbed weather pe nu]
The flux values for this period may bean under-
estimate as variations in the drag coefficient with
stability have not been taken account of in the
the present computations. Garstang (1967) has
shown that when a drag coefficient with
dependence on stability isused, thenthe changes in
the drag coefficient produce an inerease in the
latent heat transfer during disturbed weather
conditions even though the wind speeds and s specific
humidity differences are similar to those of un-
disturbed condition. However, from the present
data set, it is difficult to use a variable drag
coefficient with stability.

Estimates of the sensible and Jlatent heat
fluxes at the northern locations from the present
study show a good agreement with those obtained
from ITOE data for the two July months of 1963
and 1964 (Met. Atlas of the IIODI9H) A compara.-
tively higher values of the fluxes are, howevor,
found at the equatorial locations in the present
study.

5. Bowen ralio

Howly wvalues of the Bowen ratio Q.0
were computed for the four locations during the
period of study. These values are found to var y
from —0-305 to 0-220.

Daily average values of the Bowen ratio for
these locations are given in Table 1. The averages
fall within the range generally fuuml ab ]U\\cr
latitudes (Sverdrup 1951). At the eastern equa-
torial location near 00-1° N, 60-0°E, the daily
averges ate positive and remain near lv same on all
the five days. Higher values of the Bowen ratio
are found at ththc,.Ltmn than those at the western
equatorial location, indicating a higher rate
of sensible heat exchange at t]m location than
that at the western one dumw the pvu« il of study.
At the central Iocation near 10-G°N, 60-0°].
the average Bowen ratio remains negative on all
these days and is small in absolute v dhn- At the

M. C.
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northern location near 18-0°N. 67-0°E, the
average Bowen ratio shows a progressive inerease
with time. Large values of the Bowen ratio are
found at thislocation on thelast day of observations,
particularly in association with disturbed weather
conditions.

6. Conclusion
P["-M')U ﬁilll]_\'
worthy points :

brings out the following note-

(1) Conditions are close to noutral stability
in the surface layer at locations noar
00-1°N. 49-6°E; 10-0°N, 60-0°E and
I8°N,670°E. Rince stability depends more
upon the wind speed rather than the
actual lapse rate of temperatuyre in the
surface layer, it can be inferred that
prevalence of stronger surface winds
over a large part of the Arabian Sea
during the monsoon season  would
maintain a near neutral stability in the
surface layer.

(2) The sensible heat flux shows a well
defined  diurnal vasiation. Maxinum
positive flux occurs around mid-night or
dawn hours and minimum around mid-
day or afternoon hours. An  actual
reversal of sign in the flow of sensible
heat has been observed at noon hours
at the northern locations near 10-0 N,
60-0°E and 18-0°N, 67-0°E.

(3) A marked increase in the sensible heat flux
occurs during disturbed weather period.
A decrease in the latent heat flux is
however, observed during the
period.

(4) The latent heat flux
at all times of the day and shows a
relative  decrease or increase with a
decrease or increase in the wind speed.

£

saine

remains positive
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