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ABSTRACT. Based on 30 years of meteorological data (1961-1990) at 
Dhahran and the sea surface temperature, the monthly means of sensible 
and latent heat fluxes in coastal waters of the Arabian Gulf are estimated 
using the bulk formulas. The stability of the atmospheric boundary layer; 
the thermal differences between sea-air and the corresponding wind speed 
at 10m are considered when choosing the heat transfer coefficients. The cal­
culated mean annual sensible and evaporative fluxes are + 0.1 and - 133 wI 
m2, respectively, The small annual mean of sensible heat flux indicates a 
near balance condition between summer and winter seasons. Maximum 
evaporation rate occurs in September while minimum rate in May. The la­
tent heat flux compares favourably with the Pan measurements at the same 
location. It is concluded that the use of a constant transfer coefficient in ear­
lier studies seems to overestimate the evaporative heat flux. 

Introduction 

The Arabian Gulf is characterized by a negative water budget since evaporation 
greatly exceeds precipitation and runoff. Being in an arid area in addition to its shal­
lowness, the Arabian Gulf water is subjected to higher evaporation rate than any 
zonal water body. Evaporation from semi-enclosed seas has been the subject of con­
siderable studies in the recent years because of its significance in determining the 
salt, heat and water budgets. 

Due to high evaporation in the Gulf. a horizontal pressure gradient is developed 
and a less dense surface watcr flows from Gulf of Oman into the Arabian Gulf 
through Strait of Hormuz (Abdelrahman and Ahmad, 1993). Evaporation is one of 
the major causes for density variation along the Arabian Gulf and in turn for the de­
nsity driven circulation. 
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Emery (1956) gave the following dimensions for the Gulf: area 239 x 103 km2 and 
volume 8.63 x 103 km3 which corresponds to an average depth of about 36 m. 
Hartmann et al. (1971) estimated an annual water budget in the Gulf as follows: in­
flow 3365 km3 , outflow 3110 km3

, evaporation 326 km3
, precipitation 34 km3 and 

river inflow 37 km3
• 

The heat budget of the Gulf has been charted by Hastenrath and Lamb (1979) on 
the basis of observations from 1911 to 1970. Annual mean evaporation flux was esti­
mated as 110 w/m2 with a small net annual sensible heat flux. Maximum evaporation 
occurs during winter (from November to April) and minimum during summer (from 
May to October). 

Privett (1959) estimated evaporation from the open waters of the Gulf as 144 em! 
year. Highest evaporation was in December while lowest in May. Meshal and Has­
san (1986) calculated the monthly mean evaporation during 1981-1982 at two coastal 
stations; Doha (Qatar) and Manama (Bahrain). The annual mean evaporation was 
estimated as 202 cm with a maximum in June and a minimum during JanuarylFeb­
ruary. They showed that evaporation from the open water constitutes about 70% of 
their coastal estimates and referred it to the higher temperature and the dry conti­
nental winds over the coastal waters of the Gulf. In their annual mean surface heat 
fluxes in the Arabian Gulf, Ahmad and Sultan (1991) estimated the latent and sensi­
ble heat fluxes; - 168 and 1 w/m2, respectively based on coastal data at Dhahran from 
1970 to 1984. 

The above studies are mainly based on a constant exchange coefficient for sensible 
and evaporative flux calculations. The present work is undertaken with a view to esti­
mate these values, with exchange coefficients that depend on the stability of the at­
mosphere boundary layer; sea-air temperature difference and the wind speed at 10 
m. A long term meteorological data set at Dhahran (Fig. 1) that extends over a 
period of 30 years (1961-1990) is considered. 

Data Analysis and Methodology 

Climatological normals (30 years; 1961-1990) collected at Dhahran (Lat. 
26°15'34"N. Long. 50°09'39/1, Z = 16.77 m) are used to calculate the sensible and la­
tent heat fluxes in the Arabian Gulf. These data include air temperature, relative 
humidity. wind speed and air pressure. Sea surface temperatures measured at two 
nearby stations (reported in Ahmad and Sultan, 1991) are considered in the compu­
tations. 

The bulk formulas for estimating the vertical heat fluxes are given as (Gill, 1982); 

- Pa • L . Co (q, - q..) W , 

- Pa • Cp • Ch (T, TJ W ; 

(1) 

(2) 

where Pa is the density of air, L is the latent heat for evaporation corrected to sea sur­
face temperature L = (2500.8 2.3 TJ KJ/Kg, T, and T" are sea surface and temper-
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FIG. L Map of the Arabian Gulf showing the location of the coastal meteorological station (e) at 
Dhahran. 

atures in degrees, q, and qa are the saturated specific humidity at sea surface temper­
ature corrected for salinity and specific humidity in the air respectively, W is the wind 
speed corrected to the standard elevation at Z = 10 m, Cp is the specific heat of air at 
constant pressure, Ce and Ch are the heat exchange coefficients for evaporation and 
sensible heat respectively. 

In tenus of vapour pressures, equation (1) can be written and simplified as 

Qe = - Pa • Ce • L { 0.622 (es eJ W } (3) 

where e. is the saturated vapour pressure at sea surface temperature corrected for sa­
linity and ea is the vapour pressure at air temperature. 

The values of latent and sensible heat fluxes depend much on the choice of heat ex­
change coefficients Ce and Cb • Smith (1980) suggested that the sensible heat coeffi­
cient Cb varies according to the stability of the atmospheric boundary layer. For unst­
able conditions, the sensible exchange coefficient is given 1.1 x 10 - 3 while for the st­
able condition is 0.83 x 10 - 3, thus Ch does not increase with the increase in wind 
speed. Masagutov (1981) used a variety of eddy correlation measurements and prop-
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osed exchange coefficient for sensible and latent heat as a function of sea-air virtual 
potential temperatures difference and the wind speed at 10 m. The two nomograms 
given by Masagutov (1981) were converted to tabular forms by Blanc (1985). A coef­
ficient of 1.3 x 10 3 for both sensible and latent heat calculations at Dhahran was 
suggested by Ahmad and Sultan (1991). 

Results and Discussion 

Based on the climatological normals of30 years (1961-1990) at D hahran, the latent 
and sensible heat fluxes are calculated. The monthly variations of the mean atmos­
pheric and oceanographic parameters, air temperature, relative humidity in addition 
to sea surface temperature are shown in Fig. 2. The lowest temperatures for both air 
and sea surface occur during winter in January and February while highest tempera­
tures occur during summer in July and August. There is a lag of one month between 
the annual extreme temperatures of air and water which is referred to the difference 
in heat capacity between the two fluids. The monthly mean wind speed at 10 m height 
varies from a minimum of 3.34 to a maximum of 5.73 mlsec throughout the year and 
becomes strongest during June. The monthly mean wind speed shows a weak season­
ality at Dhahran. The prevailing wind direction at Dhahran is from north through all 
months except in January, November and December where the wind becomes north­
westerly, A comparison between the monthly means of IS-years (1970-1984) of 
meteorological data in Ahmad and Sultan (1991) with the monthly means of 30 years 
data (1961-1990) at Dhahran show an increase in air temperature ofO.3°e associated 
with a decrease in relative humidity of O. 7S% and wind speed of 0.03 mlsec. 
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FIG. 2. Monthly mean of air temperature (T,), sea surface temperature (T,) and relative humidity (RH ) at 
Dhahran. 
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Using the bulk formula and considering the stability conditions, the sensible heat 
flux is calculated and shown in Fig. 3. The monthly mean sensible heat flux shows a 
seasonal pattern; a negative flux (loss from sea surface) during winter while water 
gains heat by conduction during summer. However, the net annual heat transfer bet­
ween air-sea by conduction shows a small gain (0.1 w/m2). A small value of the net 
sensible heat (1 w/m2) was also obtained by Ahmad and Sultan (1991) in the same re­
gion but based on a common exchange coefficient for both latent and sensible fluxes. 
Considering a constant coefficient of Ch = 1.3 x 10 - 3, neglecting the stability of the 
atmospheric boundary layer, the sensible heat gain will increase to 2.6 w/m2 which 
still comparable with earlier studies. 
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FIG, 3, Temporal variations of the calculated sensible (Qhl and latent (Qe) heat fluxes: 
depends on the stability of the atmospheric boundary layer. and _~"' __ 1.3xlO 3 

The evaporative heat fluxes are calculated first by considering the stability of the 
atmospheric boundary layer and then by neglecting it. Following Masagutov (1981), 
a monthly coefficient is extracted based on the sea-air virtual potential temperature 
differences and the wind speed at 10 m. The resulting annual mean evaporative flux 
is - 133 w/m2 (169 em/year) with maximum in September and minimum in Mayas 
shown in Fig. 3. The flux increases to- 146 w/m2 (185 em/year) when an annual aver­
age of Ce (1.15 x 10 3) is applied (about 10% higher). An annual mean flux of ~ 165 
w/m 2 (209 em/year) results when Ce is considered constant 1.3 x 10 3 as suggested by 
Ahmad and Sultan (I ()91) at Dhahran. 
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It is worth mentioning that evaporation rates at three coastal stations on the Saudi 
coast of the Arabian Gulf; (Safaniya, Ras Tanura and Dhahran) were measured. 
based on pan measurements by ARAMCO Engineering (1977). The resulting evap­
oration rates were presented in a graphic form with an annual rate of 238 cm at 
Dhahran. It is well established that evaporation from pan measurements is higher 
than from a natural water body and an empirical reduction factor may be recom­
mended. An average factor of 0.7 was suggested by Houghton (1985) to reduce the 
annual A-pan measurements. The observed rate then reduced to 167 cm/year. This 
result is in good agreement with our estimate that considers the stability conditions. 

Our conclusions suggest that the choice of the heat transfer coefficients that de­
pend on the stability of the atmospheric boundary layer, sea-air temperature differ­
ences and corresponding wind speeds, increases the reliability of recent flux esti­
mates in the Arabian Gulf. Furthermore, the attempt to neglect the stability condi­
tions seems to overestimate the evaporation heat flux and smoothes out the monthly 
variation. Offshore weather data from the open waters of the Arabian Gulf are 
highly recommended to improve the estimates of evaporation for this marginal sea. 
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