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ABSTRACT. An attempt has been made to estimate longwave radiative flux from seu surface using semi-
empirical models with the help of routinely observed meteorological parameters during the monsoon season,
The estimated values are then compared with observed values to find out an appropriate method to compute

the longwave flux.

The study shows that clouds play an important role in determining the longwave flux. It is found that lack of
detailed knowledge of clouds obtained from ground based observations is responsible for the errors in thz estima-
tion of longwave flux. The errors are reduced using a regression method based on Monsoon-77 data set. The
method was then tested with Monex-79 data set which served as independent data s2t. Thz mathod thus develo-
ped considerably reduces the errors associated with the estimation of longwave flux.

Key words —-Outgoing longwavz radiation, Heat flux, Effective longwave radiation, Cloud cover, Counter

radiation, Relative humidity.
1. Introduction

The effective outgoing longwave radiation (£) from
the sea surface consists of two components : (i) net
longwave energy radiated out frem the sea surface (F 1)
and (i) counter infrared radiation from the atmosphere
(F ). In general, effective longwave radiation from the
sea surface is the small difference of two comparatively
large terms F' 4 and F | .

The outgoing radiation is simply a function of sea
surface temperature (7)) and sca surfacz cmissivity
(8, 0.91) while downward atmospheric radiation de-
pends on the air temperature (7)., the liquid water con-
tent of the atmosphere (w) and cloud cover (N). Thus

E=Ft —F| =f(T,, T, 8, w, N) (h

The effective outgoing longwave radiation from the
sed surface can be directly estimated by actinometric
observations like those carried out during special ex-
periments (BOMEX, ATEX, GATE. MONEX etc).
However, the measuring instruments are not perfeet and
encounter with a number of technical limitations during
daytime due to the influence of solar radiation. Thus the
experimental cata still do rot allow in solving many
important practical problems of general interest such
as heat balance of the underlying sea surface. inclusion

of heat flux in the boundary layer model=, determination
of diabatic heat source/sink in the dynamic models
of the atmosphere etc. In most of the studies £ is ob-
tained from the Egn. (1). The functional relationship of
E with the meteorological parameters [Eqn. (1)] is quite
non-linear in their nature and generally obtained from
the experimental data and physical concepts. These
facts lead to the development of a number of semi-
empirical relations for computaticns of E by various
investigators.  Sellers (1965), Morgan et al. (1971)
and Mchanty (1981a) gave a detail review of the earlier
work on the computations of E by semi-empirical
relations,

The purpose of this paper is to compare the estima-
tion of E using semi-empirical expressions, with the
actual actinometric observations during the Indo-USSR
expeditions of 1977 over the Arabian Sea. As none of
these empirical rclations is unanimously accepted by
scientific commun’iy for all geographical and meteoro-
logical conditions we believe that the comparative study
of various methods could lead to find out a suitable
method to estimate E over the Arabian Sea during the
active monsoon conditions. An attempt is also made to
modify the semi-empirical method suggested by Girduk
& Malevaski (1973) which tends to provide a better fit
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Fig. 1 (a). Mean longwave flux obtained by methods
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Empirical expressions and statistics for surface effective longwave radiation (Iy'min) for all sky conditions. Values in
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TABLE1

parenthesis are for clear sky only

_square error of the effective
longwave radiation by methods £, F,

6 v 8N ohtc:

Author and vear Expressions Mean Standard Root mean
(M) deviation square error
(5.D) (r.ms.c.)
Observed ko 0.0471 0.0148
Girduk & Malevaski(1973) E,= 80 Tw'—3 [1.63 (T *—0.775] - (1 kN4 0.0497 0.0144 0.0235
Hastenrath and Lamb (1979 E, =80T pM0.39 - 0.05¢ %) - | 053N
4.000Tw* (Tw—Tua) 0.0672 0.0184 0.0275 J
McDonald (1957) F,=0.165 — 0,769 <10 % 0.0454 0.0240 00,0295
(0.0948) (00019} (0.03501)
Swinbank (1963) E =00 TWw'—9.35 (10 %a0)T4" 0.0400 0.0249 0.0248 4
(0.0899) (0. 0035) (0.0452)
Brunt (1932) Ey 2 0aTw' =30 T, M0, 66 -0, 39 /%) 0.0230 0.0225 0.0342
(0.0144) (0.0030) (0.0309)
Tu. To — Sea surface and overlying air temperature ((K), & — Constant defined in text,

Jx"

Cloud amount in oktas. ¢ Specific humidity of air (gm kg),

Relative humidity ("), @ Stefan-Boltzman constant (0,813

107" Iy, min. ' “K%), and

¢ — Water vapour pressure (mb), & — Sea surface emissivity (0.91).
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Fig. 2. Positions of USSR research vessels during Monsoon-77

experiment and Monex-79

with the actinometric observations than the other empi-
rical expressions currently in use for the Bay of Bengal
(Mohanty 1981 a & b) and the Arabian Sea, by using
Monsoon-77 data set. Hereafter, the modified version
of the semi-empirical method by Girduk & Malevaski
(1973) will be referred to as method Ey. This method
Ey was tested with Monsoon-77 (dependent) and
Monex-79 (independent) data sets.

2, Data and method of computation

Hourly actinometric observations were recorded for
a period of 1-15 July 1977 by four USSR research
vessels which formed a fixed polygon over the Arabian
Sea (Fig. 2) during the Indo-USSR Monsoon-77 experi-
ment. As the day time observations were not reliable,
for the present study only night time data are used which
consisted of 610 cases.

In addition to actinometric observations hourly
synoptic observations of air and water temperature,
total cloud cover, relative humidity (r) and specific
humidity (q) were taken into consideration for the es-
timation of £ by various semi-empirical relations.

Similar data sets, obtained by four USSR research
vessels which formed a fixed polygon over the Arabian
Sea (Fig. 2) during Monex-79 for the period 2-14
June 1979, were taken into consideration for further
confirmation of some of the findings with Monsoon-77
data and for validation of the method Ej suggested in
the present study based on Monsoon-77 data set.

A number of semi-empirical expressions have been
developed for the estimation of effective longwave
radiation by different authors. Some of the recently
developed and well known expressions were examined
using a limited number of observations (14 cases) by
Morgan ef al. (1971). The performance of these ex-
pressions was examined by Mohanty (1981a) with a total
number of 556 cases over the Bay of Bengal. In the pre-
sent study five semi-empirical expressions as described
in Table | are utilised to estimate E over the Arabian

Sea during southwest monsoon period. This table alo
indicates the efficiency and validity of various methods
based on 610 observations.

In Table 1 the relationship of Girduk & Malevaski
(F,) and Hastenrath and Lamb (E;) take account of
cloud cover in the estimation of effective longwave ra-
diation flux, whereas rest of the expressions were deve-
loped for clear sky conditions.

The study on influence of cloud cover on the atmos-
pheric longwave radiation is of much importance, cs-
pecially during the southwest monsoon pericd, as duting
this period the sky is almost cloudy over the Arabian Sea.
Since the sky is not clear, the empirical relation for clear
sky conditions should be modified suitably to incor-
porate the effect cf cloudiness. Such a relation suggested
by Bolz (Gieger 1965 and Morgan ef al. 1971) is given
as

Fy =F4 [0+ k(N /8 @)

where, k is a constant to be determined from the obser-
vations and N the cloud amount in oktas. k& is defined
as the ratio of: (i) the difference between the longwave
counter radiation for an overcast and clear sky to, (i) the
value corresponding to clear sky. Thus we have,

k=(F, 4 —F¥)IF (3

where, F,| and F,| denote the downward 1adiation
for an overcast and clear sky respectively. F,{
and F, | are

F:‘l’ = 1.63 (“ Til4)1'2—0-775 (4)
Fot = 1.48 (a T, ' —0.569 )

The numerical constants in the above expressions
suggested by Girduk & Malevaski (1973) were based on
actinometric observations over sea suface and these
were validated against GATE data by Egorov (1976).

3. Discussion of results

The Table 1 gives the statistics of the performance of
each individual expressions (E,—E;) along with the
observed flux (E;) when there was no classification of
data according to the cloud amount. We note that the
net longwave flux estimated by Girduk & Malevaski
(E,) is in best agreement with the observed flux (Eg)
as the r.m.s. error (0.0235) and standard deviation
(0.0144) are minimum. These results confirm an earlier
study carried out for the Bay of Bengal (Mohanty

1981a).

The influence of cloud cover on estimation of £ is of
considerable interest and also emphasised in the earlier
wotks Mohanty (1981 a,b). Considering this aspect the
whole data were divided into eight groups in terms of the
total cloud cover in oktas.

In order to find out the role of cloud cover on the
effective longwave radiation (E), the relations (£3-E;)
are used to estimate E under clear sky conditions in their
original form and for sky with cloudiness by suitable
modifications of these relations as suggested by Belz
(Eqgn. 2). A comparison of these two ways of estimation
is illustrated in Figs. 1 (2 & b).

Fig. 1 (a) indicates that the mean values of E computed
with suitable adjustment to include cloudiness decrease
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Fig. 3(a). Mean of the effective lonawave radiation by
methods E, - F,

considerably from that of E. computed under clear
sky conditions, and approach the corresponding obsar-
ved values. These three methods in their original form
(without taking into account the cloud effact) give cver-
estimates of £, When these methods are modifizd 1o
include cloudiness, they give good estimaies of £ for
high cloud amounts. It can be seen that the computed
values are very close to the observed values in the range
of 4-6 oktas cloud cover. The methods Ly-L5 invariably
give overestimated values of E for cloud cover less than
4 oktas and underestimated values for overcast sky
conditions. This may be due to the fact that Bols
modification is suitable only for moderate cloud cover
(4-6 oktas) or it is difficult to have an accurate ¢ timate
for extreme ranges of cloud covers (1-3 and 7-8 oktas).

The root mean square error (r.m.s.e.) of the eflzctive
longwave radiation estimated by thesz methods is depic-
ted in Fig. 1(b). We observe that the r.m.s. error of £ com-
puted by these methods. confirms the above resulis
that the inclusion of the eficct of cloud cover gives a
better estimate of effective longwave radiation. This can
be attributed to the fact that there is a large  departure
of underestimated value of £ computed with suitable
adjustment of cloudiness from the observed value
compared to overestimated valve of £ obtained under
clear sky conditions.

Figs. 3 (a & b) illustrate the r.m.s. errors of E, estimated
by five different empitical expressions (Table 1). for
different cloud amounts, from the observed valuz of
effective longwave radiation. This figurz helps to evaluat :
the efficiency of various methods over the eniir2 specirum
of cloud cover. We note that the observed value of E
decreases as cloud cover increaszs. This is to be expacted
because the counter radiation increases with the increas>
of cloud amount. The stratifisd data do not reveal
merit of any single method over entire cloud spectrum.
In general, the method by Bruni gives better estimation
of E with a cloud cover less than 5 okias. whereas
the computed values of £ by empirical relation suggested
by Girduk & Malevaski (1973) yiclds almost betier
results for more than 6 oktas. The r.m.s. error (Fig. 3b)
of E by Brunt is minimum over | - 4 oktas cloud cover

{ A i | > 1
0 1 2 3 4 5 6 8 N oldas

Fig

Abr. Root mean square error of the eilective

Ol 1 longwave
radiation by methods £, E.

whereas no single method gives minimum r.m.s. error
for 5-8 oktas cloud covar. In order to arrive at a general
conclusion on the efficisncy of the empirical relations,
the entire data s2t has been divided into two aroups
based on cloud cover (1-4 and 5-§ oktas). Table 2
contains the mean values of £ and its r.m.s. errors
as determined for these two groups. We cbserve that in
morz than 80°, of observations the sky was covered
with 5-8 oktas cloud cover. which is io be expected
cver the southern Arabian Sea during summer monsoon.
Mean and r. m. s. error of £ indicate that the method
proposed by Brunt is suitable when the cloudiness
does not exceed 4 oktas, whereas the method suggested
by Girduk & Malevaski (1973) gives better rasults with
minimum r. m. s. error for a cloud cover of more than
4 oktas. During summer monsoon season a pericd
having more than 4 okias cloud cover in more than
80", occasions. the method proposed by Girduk &
Malevaski (1973) may be considered to be the most
suitable for estimating the effective longwave radiation
from the Arabian Sea. This result confirms an earlior
study for the Bay of Bengal (Mchanty 1981 a).

Though the method proposed by Girduk & Malevaski
(1973} 1s considered t¢ be the most suitable one fer
estimating £ from the Arabian Sea during southwest
monsoon period. it does not give satisfactory result for
the entire cloud spectrum.  This may be duc to
the fact that none of methods used in this study takes
into account the type and structure of the cloud cover
and its vertical extent which thus mav introducs systematic
crror in the estimation of £. As it is not practicablz 1o
take a detail account of clouds (i.c.. structure. vertical
extent and tvpe of cloud) from the usual synoptic obser-
vations to incorporate their effect in the estimation of £.
an indirect approach can be made 1o overcome some of
the sysiematic errors in the estimation of E. One such
approach is 1o csiablish statistical relationship berween
the obszrved and best estimated valves of E (between E,
and £). In oirder to study the relation batween the
observed and best estimated values of E. (h: value of E
rersus Ey and the regression line are illustrated in Fig. 4
The regression equation obtained by the lzast square
method is as follows -

Ey = 0.3174 £, + 0.0308 (6)
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TABLE2

Comparative statistics for different formulae

TABLE3

Evalvation of the regression relation with Monsonn-77  data

Stratification E, E, En

Mean effective outgoing radiation (Iy/min)

1-4 oktas 0.0539 0.0887 0.0571
(2094

5-8 oktas 0.0453 0.0397 0.0439
(80%)

1-8 oktas 0.0471 0,0497 0.0466

Roor mean square error (Iy/min)

1-4 oktas — 0.0368 0.0154
5-8 oktas — 0.0180 0.0136
1-8 oktas — 0.0235 0.0140

TABLE 4

Performance of the regression equation with Monex-79 data
(Independent data set)

Methods/ )
Stratifica- E, E, E, E, E, E,
tion

Mean effective outgoing radiation  (ly/min)

1-4 oktas L0539 0887 L0964 0841 L0797 .0639
(2090)
5-8 oktas
(80%%) L0453 .0397 0598 0356 L0298 0109
Root mean square error (Iy/min)
1-4 oktas - L0368 .0439 .0332 0289 0178
5-8 oktas — L0180 0214 .0203  .0237  .0373

where the numerical values 0.3174 and 0.0308 are the
regression coefficient and the iniercept (in ly/min)
respectively. It may be neted that the low values of
the regression coefficients in the above equation support
the fact that the change to the recomputed values of
E due to the present modification is small. Further,
the correlation coefficient between E, and E, is found
to be 0.67. All these facts give clear evidence of
mutual correlation between the observed and estimated
values of E by method suggested by Girduk & Malevaski
(1973). In order to evaluate the efficiency of the regression
equation which may improve the estimated values of E,
the Eqn. (6) is used with E, as predictor to obtain the
newly estimated predictant Ey. The statistics of £,
E, and Ey are illustrated in Table 3. The mean values
of Ep become much closer tofE, in comparison to the
corresponding values of E,. Thus. mean percentage
deviation of the estimated values decrease considerably
over the entire cloud spectrum in particular for the low

Cloud Observed With regression Without regression

amount mean aquation equation

(oktas)  (ly/min) R \ — A \
Calculated R.m.s. Calculated R.m.s,
mean error mean error
(1y/min) (ly/min)

=4 0.0713 0.0614 0.0179 0.0963 0.0267

(152)

<4 0.0853 0.0655 0.9230 0.1094 0.0377

(34)

Total

(186) 0.0738 0.0621 0.0190 0.0987 0.0359

cloud cover, 1-4 oktas (decrease is almost ten times)
in which range E, show a poor picture. The r. m. s.
error between E, and E,, E, and Ej also depict
similar results.

The r. m. s. error between E, and Ej; (Table 3) is
least in comparison to the r. m. s. error between E,
and E\-E; (Table 2). Thus the proposed method Ej.
which is a modified version of the method by Girduk
and Malevaski (1973), to estimate £, is found be superior
to all the other methods for the entire cloud spectrum,

The performance of the regression relation developed
is tested with Monex-79 data set which served as
independent data set. Results of this study are
presented in Table 4. From this table, it can
be seen that r. m. s. error obtained using
the regression equation is found to be minimum
for the entire cloud spectrum. Thus the regression
method developed using Monsoon-77 dataset is found
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to be superior over other mathods and applicable to
independent observations.

4. Conclusions

The estimation of E over the Arabian Sea during the
southwest monsoon szason by ths different empirica!
relations, using the Indo-USSR Monsoon-77 and Mo-
nex-79 data sets lead us to the following conclusions:

(i) During the monsoon season about 80°, of
observations are with{5 oktas or more cloud
cover. This emphasises the importance of
cloud cover on the effective longwave radiation.

(i) There is definite merit in applying the correction
of Bolz to clear sky valuss of the estimaied
counter radiation from the atmosphare.

(iit) For overcast sky, or cloud cover exceeding 5
oktas the semi-empirical relation (E,) by
Girduk & Malevaski (1973) may be considered
more suitable, but for cloud cover not exceeding
4 oktas Brunt’s formula may b2 rzcommendad
for estimating £, However, the mazthod Ey.
suggested in this study modilying E, valuz with
Monsoon-77 data szt (i.¢.. method E ) is found
to be better than E, and E..

(iv) In the present sitwation during southwest
monsocn on the averag: the m:thod suggested
by Girduk & Malevaski (1973) may be re-
commended to estimate E.

(v} A close correlation between Fyand £ is obtained
from the sezmi-empirical relation by Girduk
& Malzvaski (1973) leads to a regression
relation between E, and E,. The estimated
valuzs of E, from the regression equation
is found to bc the most suitable one
over the entire cloud spectrum and recom-
mended to bz the bast mathod for its use in
astimating  F.
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