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Energy Exchange Between the Sea and the Atmosphere at Doka Harbour
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ABSTRACT

Meteorological and oceanographic data from 1979 to 1988 have been analyzed and utilized to calculate the heat budget
terms of the water at Doha Harbour. The monthly mean of solar radiation has the largest annual amplitude, with a minimum

(119 W/m?) and maximum (374 W/m?2) occurring in December and June, respectively. The annual mean of the net absorbed
solar radiation is 248 W/m?. Heat loss by effective back radiation varied between 64 and 76 W/m?, with an annual mean of
66 W/m?2. Heat loss due to evaporation oscillated between 101 and 301 W/m?2 with an annual mean of 181 W/mZ. Heat loss
(or gain) by conduction of sensible heat is very small. The maximum heat loss by conduction (11 W/m?) is found during
December, whereas the maximum heat gain (30 W/m?2) occurred during June. The annual cycle of total heat transfer across
the air-sea boundary is quite marked with maximum loss (about 91 W/m?) during December and maximum gain (about 86

W/m?) during July. There was a gain of heat at the air-sea boundary during the period from 1979 to 1988. This gain might be
balanced by the advection term which is not considered due to lack of current data.

INTRODUCTION

The determination of the energy exchange between bodies
of water and air is one of the principal concerns of ocean-
ographic and limnological studies. Oceanographic studies of
the energy budget are utilized for problems in seasonal tem-
perature distributions, transport of energy by currents and
the determination of water evaporation for quantitative cal-
culations of elements in the hydrologic cycle [1]. The study
of the distribution of sea temperature in any locality is an
important subject, and is relevant to the physical and the bi-
ological regime. The sea temperature depends on energy ex-
change processes occurring at the air-sea interface and ad-
vective processes occurring below the sea surface. Solar
radiation, effective back radiation, evaporation and conduc-
tion of sensible heat, at the air-sea interface, are the im-
portant terms in the annual balance of the heat budget. The
advective processes are directly concerned with transport of
water and are brought about by external forces such as
winds, tides, and density differences of water masses. The
sea water temperature change depends on the net transfer of
heat into or out of the water in the area.

A general discussion of the heat budget of the sea is given
in “The Oceans” [1]. Since then, there have been numerous
studies [2-8]. No detailed studies were done on the energy
exchange process in the Arabian Gulf but different trials
were done to estimate the evaporation rate. The evaporation
level in the open water of the Arabian Gulf is calculated us-
ing climatic data [9]. The average evaporation was 144 cm/
year. The maximum rate was in December, and the mini-
mum in May. The evaporation from the coastal water of the
central part of the Arabian Gulf using the monthly average
values of meteorological elements at three meteorological
stations (Doha, Manama and Bahrain) was calculated [10].
The monthly mean evaporation was maximum in June (29.3
cm) and minimum in February (8.1 cm), with a total evap-
oration 202.6 cm. The pitch and open tank observations
were fitted to new equations between evaporation levels, the
saturation deficit and the wind speed reduced to sea level in
three regions in the Arabian Gulf (Doha and Sharga airport
and along Oman coasts) were fitted {11]. The mean annual
evaporation from Doha and Sharga was 154 cm/year, and if
Oman data are included it becomes 140 cm/year.

In this paper an attempt is made to estimate the rates of
energy exchange at the air-sea interface at Doha Harbour.

DATA AND METHOD OF ANALYSIS

The present study is based mainly on data from Doha Har-
bour (25° 15'N, 51° 34'E, Fig. 1). The monthly means of sea
surface temperature, air temperature, atmospheric pressure,
clouds and scalar wind speeds were taken throughout the pe-
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riod from 1979 to 1988 [12, 13].

The heat budget of a column of water in the sea depends
principally on:

Qns — net short-wave solar radiation (short-wave radiation
of the sun and sky minus its reflected radiation from the sea,

Qb — effective back radiation (long-wave radiation from sea
surface minus that from the atmosphere),

Qe — evaporation (and condensation),

Qc — conduction of sensible heat between the atmosphere
and sea,

Qv — net amount of heat brought in or out by transport of
water (advection),

Qt — the amount of heat used locally for changing the tem-
perature of sea water (heat storage).

The heat budget in any time interval (At) can be expressed
as[1]-

Qns-Qb-Qe-Qc+Qv-Qt=0

This equation assumes that transformation of kinetic en-
ergy to heat, heating due to radioactivity, chemical and bio-
logical activity, and transfer of heat through the sea floor,
can be neglected.

In the present study the above equation is simplified as
follows:

Qnt=Qns-Qb-Qe-Qc

where Qnt is the net (total) heat transfer across the air-sea
boundary.

The net short-wave solar radiation (Qns) and net long-
wave radiation (Qb) are computed as follows [2, 5].

Qns=Qos(1-aC-bC)(1- )

Qb=£6 T3 (0.39 - 0.056Vqq) (1 - 0.53C2) +
486 T3 (Ty-Ty)

where:

a=b=0.38[4]
o = Albedo = 0.06
C = Fraction of cloud cover in tenths

€ = Emissivity = 1
¢ = Stefan Boltzmann’s constant
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Fig. 1: The position of Doha Airport and the Port where data were collected.

4, = Specific humidity (gm/kgm) at Ty
Tw = Sea surface temperature ("C)
T, = Air temperature ("C)

Qos = Total incoming solar radiation by clear sky, and cal-
culated using formula [14]:

Qos = 0.014 A tg (gm al cm™ day™1)

The above formula is valid up to about 75" of the noon al-
titude of the sun. Above this altitude, the formula becomes:

Qos=1.06t; (gmalcm?day™)

Ap = The noon altitude of the sun (degrees)

td = The length of the day from sunrise to sunset (minutes)
A and td are calculated using the Page equation [15].

The net short-wave solar radiation depends also on the re-
flectivity of water (r) which is calculated by the following
equation presented by Lombardo [16]:

r=aab

o = altitude of the sun expressed in degrees,
a and b are constants depending on cloudiness [16].

The latent heat flux (Qe) and sensible heat flux (Qc) were
computed by using the bulk aerodynamic formulas fol-
lowing [5] as:
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Qe =p, Cl (qy-qa) W
Qe = pa Ch Cp (Ty Ty W

where:

Pa = Air density (gm/cm3),

C. = Latent heat coefficient,

Ct, = Sensible heat flux coefficient,

Cp = Specific heat of air at constant pressure

(0.2403 cal/gm at 10°C),
qw = Specific humidity at the sea surface temperature,
W - Scalar wind speed (m/sec),
L = Latent heat of vaporization = 596 - 0.52 Ty, calories

gml,

The latent heat coefficient (C,) is obtained by two differ-
ent ways: i- according to Smith [17]; ii- as a constant

(=1.84x1073). This constant is chosen so that the heat gain to
the surface by solar radiation is balanced with that loss by
back radiation, evaporation and conduction.

The net convection of sensible heat to and from the at-
mosphere (Qc) may be also calculated using the following
equation:

Qc=RQe

where R is the Bowen ratio.
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The rate of evaporation (E) in Doha Harbour is estimated
by several formulas as following:

a- Using the bulk aerodynamic formula:

E=p;Ce(Qw-9) W

The symbols are as mentioned above.

b- El-Gindy formula [11]:

E = 1.014 (W, CH*33 (Q, - Q)% x 0.6

W, = Monthly mean wind speed in m/sec, at height z from
sea surface.

Qo = The density of saturated water vapour at the sea sur-
face temperature (gm/m?3),

Q = The density of water vapour at height z (gm/m?),

Cl = A factor reducing the wind speed at height z, where
wind was measured, to its value at 5 cm above mean sea
level.

c- Anderson formula: [2]
Anderson [2] modified Sverdrup formula [18] to:
E=4.70 (e -¢e5) W,/L

ey = Vapour pressure (mb) of saturated air at sea surface,
e, = Observed vapour pressure (mb) of air at height (a) cm

above the sea surface,
W, = Wind speed (m/sec) at height of a cm above the sea

surface.

RESULTS AND DISCUSSION

1) Net short-wave radiation (Qns):

The net short-wave solar radiation (Qns) depends on the
amount of incoming solar radiation increases both with in-
creasing altitude of the sun and the length of the day-time.
The reflectivity of water depends on the altitude of the sun
and the amount of cloud cover. At Doha Harbour the re-
flectivity of water varies between 0.03 (during June/July)
and 0.07 (during December/January).

The annual variation of the incoming solar radiation with
clear sky (Qos) and the net short-wave radiation (Qns)
which is absorbed by sea surface is shown in Fig. (2a).
There is a marked annual cycle in the heat gain by solar ra-
diation, where the higher values occur during summer and
the lower ones in winter. The incident energy under a cloud-
less sky has a minimum value of 178 W/m?2 in December
and a maximum of 418 W/m? in June. The annual cycle of
the absorbed energy is in phase with that of the total in-
cident solar energy under a cloudless sky, reaching a mini-
mum (119 W/m?) in December and a maximum (374 W/m?)
in June. It is evident that cloud cover has a major influence
on how much solar radiation reaches the sea. The annual
range of the incident energy under a cloudless sky reached
to 240 W/m?2, whereas that amplitude of the net absorbed ra-
diation is 255 W/m?. The annual mean incident energy un-
der a cloudless sky reached to 310 W/m?, whereas that mean
net short-wave solar radiation is about 248 W/m?
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Fig. 2: The monthly mean variations of heat budget terms at
Doha Harbour throughout the period from 1979 to
1988.

2) The effective back radiation (Qb):

The back radiation term (Qb) in the heat budget takes ac-
count of the net amount of energy lost by the sea as long-
wave radiation. The net rate of loss of Qb depends upon the
absolute temperature of the sea surface itself and upon the
water vapour content of the atmosphere immediately above
the sea. The higher rates of Qb occur at low temperatures
and low humidity and vice versa. Fig. (2b) shows the
monthly variations of the effective back radiation at Doha
Harbour during the period of investigation. It is seen that,
the effective back radiation oscillates between 55 W/m?2
(during August) and 76 W/m? (during January) with an an-
nual mean of 66 W/m?2. Also, it is seen that, the annual am-
plitude of this radiation is very small compared to that of so-
lar radiation.

3) Heat loss by evaporation (Qe):

The amount of evaporation (E) which is calculated by
three different formulas is shown in Table (1). For the bulk
equation, column 2, the value of Ce was taken as a variable
according to [17]; while in column 3, Ce was given the val-
ue 1.84x1073 to achieve the heat balance. The general pat-
tern of the evaporation rate at Doha Harbour which is cal-
culated by three different equations is the same. The
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evaporation rate is low during winter and high during sum-
mer. The minimum value for the evaporation is found in
January, while the maximum one is observed in June.

Also, it is seen that, the rate of evaporation which is cal-
culated using the El-Gindy equation is slightly lower than
that calculated by the other two equations, while the values
calculated using the bulk equation gives the highest values.

The annual mean evaporation, which was calculated using
the bulk equation, the El-Gindy equation and the Anderson
equation are 0.41 - 0.64, 0.38 and 0.46 cm/day, respectively.
These values give an annual evaporation at Doha Harbour of
about 150 - 234, 140 and 168 cm/year, respectively. The
values given by the last two equations, as well as the bulk
equation taking Ce according to Smith [17], are in agree-
ment with those estimated by other authors [9].

Fig. (2C) shows the monthly variations of the heat loss
from the sea surface at Doha Harbour due to the evaporation
with Ce constant. It is seen that, a high amount of heat loss
from the sea surface by evaporation occurred during the hot
months (May to October). This evidence may be due to the

lower differences between the sea surface temperature and
the air temperature and the lower values of the relative hu-
midity during these months. The maximum amount of heat
loss by evaporation (about 301 W/m?) is observed in June,
while the minimum one (101 W/m?) is found in January.
The annual amplitude of heat loss by evaporation is 200 W/
m? and the annual mean is 181 W/m2,

4) Conduction of sensible heat (Qc):

The transfer of sensible heat between the sea and at-
mosphere is dependent mainly on the vertical temperature
gradient across the interface. The annual distribution of Qc
is shown in Fig. (2d). The heat is lost from the sea surface
during the cold months, and gained by the surface layer dur-
ing the hot months. The highest sensible heat lost from the
sea surface (about 11 W/m?2) was found in December, while
the highest gains in the sea surface (30 W/m2) occur in June.
The annual amplitude of Qc is about 41 W/m?2, whereas the
annual mean is about -3.6 W/m2. It should be noted that, the
amount of Qc is fairly small compared to the contribution of
other terms in the heat budget equation.

Table 1
The calculated amounts of evaporation (E) in cm/day at Doha Harbour

Month E (cm/day) E (cm/day) E (cm/day) E (cm/day)
(Bulk equation) (Bulk equation) (El-Gindy eqn.) (Anderson eqn.)
® ok
January 0.29. 0.35 0.26 0.24
February 0.33 0.41 0.28 0.28
March 0.32 0.49 0.32 0.34
April 0.36 0.65 0.39 0.46
May 0.43 0.79 0.45 0.57
June 0.58 1.07 0.53 0.78
July 0.43 0.80 0.46 0.59
August 0.50 0.88 0.48 0.64
September 0.43 0.66 0.41 0.48
October 0.51 0.65 0.39 0.46
November 0.42 0.51 0.33 0.36
December 0.36 0.44 0.30 0.30
Annual mean 0.41 0.64 0.38 0.46

* Ce according to Smith, [17]; ** Ce = 1.84 x 1073

5) Total heat transfer across the air-sea boundary (Qnt):

The total transfer of heat across the air-sea boundary is
presented in Fig. (2e). The principal feature of the annual
cycle is that the greatest loss, of the order of 91 W/m2, oc-
curs in the winter (December) and the greatest gain, 86 W/
m?, occurs in summer (July). The periods of no net transfer
occur during the latter part of April and September. The an-
nual mean of the total heat transfer across the air-sea boun-
dary is 0.55 W/m?. This means that there is a net heat gain
to the sea surface. This amount of heat must be balanced by
advection (Qv) and/or the increase in the heat storage of the
water column (Qt).

Table (2) shows the total annual transfer of heat energy at
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air-sea boundary at Doha Harbour throughout the period
from 1979 to 1988 with an evaporation coefficient
Ce=1.84x103, It is clear that the mean yearly gain of heat
across the air-sea boundary during this period was 3020
W/m2, and the mean loss 3007 W/m?, resulting in a net gain
of 13.5 W/m? (0.4%). Gains occurred in most years except
in 1984, 1985, 1986 and 1988. The greatest gain:of 241
W/m? (8.3%) occurred in 1983, while the smallest'gain of
26 W/m? (0.9%) occurred in 1980. The greatest loss of heat
(185 W/m?2) occurred in 1984, while the smallest loss (15
W/m?) occurred in 1988. These annual changes may be
related with the annual changes of sea surface temperature
{19].

By taking the latent coefficient (Ce) according to Smith
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[17], the results of the total transfer of heat across the air-sea
boundary differ from that mentioned above, as shown in Ta-
ble (3). It is clear that gains occurred in all years. The mean
yearly gain of heat across the air-sea boundary was 3019 W/
m?, and the mean loss 2218 W/m?, resulting in a net gain of
801 W/m?. Therefore, this heat gain must be lost from the
water column by advection and by heat storage. The amount
of heat transferred by advection within Doha Harbour is not
calculated in the present study due to the lack of current
measurement.

CONCLUSION

Meteorological and oceanographic data at Doha Harbour
reported by the State of Qatar [12, 13] throughout the period
from 1979 to 1988 have been analyzed and utilized in cal-
culation of the heat budget terms. The results showed that:

The annual cycle of solar radiation is quite marked, the
maximum input (374 W/m?) occurred in summer and the
minimum (119 W/m?) in winter.

The annual cycle of heat loss from the sea to the at-

mosphere by effective back radiation is relatively small and
varied from a minimum (55 W/m?) in summer to a maxi-
mum (76 W/m?) in winter.

The annual cycle of heat loss by evaporation is quite
marked, with a maximum (301 W/m?2) in summer and a min-
imum (101 W/m?2) in winter.

The annual cycle of conduction of sensible heat showed a
loss from the sea surface during the cold months with a
maximum value of about 11 W/m?2. There was a gain in the
sea surface during the hot months, with a maximum transfer
of about 30 W/m?.

The annual cycle of total heat transfer across the air-sea
boundary is quite marked with a maximum loss of 91 W/m?
during December and a maximum gain of 86 W/m? during
July. The periods of no net transfer occur in the latter part of
April and September. The balanced heat budget was
achieved over the entire year by using an evaporation factor
1.84x103, The other evaporation equations gave a net heat
gain. If this net gain is true, it should be compensated by the
advection term which is not included in the present study.

Table 2
The total heat energy transfer at air-sea boundary (W/m?2) at Doha Harbour during the pe-
riod from 1979 to 1988 with constant latent heat coefficient Ce.

Year Gain (Qg) Loss (Ql) Mean (Qm) Difference (Qg-Ql/Qm
(Qz-QD %
1979 3010.7 2968.9 2989.8 41.8 1.4
1980 3016.5 2990.6 3003.6 259 0.9
1981 3044.4 3000.9 3022.6 43.5 14
1982 3050.5 2925.6 2988.1 124.9 4.2
1983 3035.1 2794.3 2914.7 240.8 8.3
1984 3040.6 3226.0 31333 -185.4 -59
1985 3007.9 3146.1 3077.0 -138.2 -4.5
1986 3000.0 3065.4 3032.7 -65.4 2.2
1987 2990.8 2929.0 2959.9 61.8 2.1
1988 3008.0 3023.0 3015.5 -14.9 -0.5
Mean 3020.4 3007.0 3013.7 13.5 04
344
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Table 3
The total heat energy transfer at air-sea boundary (W/m?) at Doha Harbour during the
period from 1979 to 1988 with variable latent heat coefficient following Smith, 1989.

Year Gain (Qg) Loss (QI) Mean (Qm) Difference (Qg-Ql/Qm
(Qg-QD %o
1979 3014.2 2215.0 2614.6 799.2 30.6
1980 3017.3 2262.7 2590.0 854.6 33.0
1981 3032.5 2165.6 2599.0 866.9 334
1982 3035.8 2134.1 2584.9 901.7 349
1983 3022.6 2162.8 2592.7 859.8 332
1984 3030.4 2300.5 2665.5 7299 27.4
1985 3012.7 2347.3 2680.0 665.4 24.8
1986 3008.4 22712 2639.8 7372 279
1987 3003.3 2175.9 2589.6 827.4 32.0
1988 3012.7 2248.6 2630.7 764.1 29.1
Mean 3019.0 22184 2618.7 800.6 30.6
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