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ABSTRACT 

The net heat gain in the Eastern Mediterranean Sea is computed 
using subsurface oceanographic data and wind stress data. The heat 
gain is determined by the rate of local heating, horizontal heat 
advection, Ekman transport and vertical advection. The net heat gain 
is maximum (minimum) during maximum (minimum) incident solar 
radiation, which implies that the seasonal rates ofheat gain or loss by 
the sea are dominated by the effect oflocal heating or cooling. The 
vertical heat advections and heat contents due to wind stress are not 
sufficient to account for the magnitude of the local heating but the 
horizontal heat advections are the most important to account for total 
heat gain in the Eastern Jv1editerranean Sea. 

In the Levantine Sea, the horizontal components ~rgeostrophic 
current increase during autumn and winter (it causes 20 % ofthe total 
heat gain during winter and 40 % during autumn), while the other 
component has no significant contribution. In the Ionian Sea, the 
horizontal components of the geostrophic current are still slightly 
affecting heat gain, specially in Winter. Also, the other component of' 
wind stress and vertical heat advection has not Significant 
contribution. 

The pattern ofheat distribution for different terms reveals regions 
of heat loss and heat gain identical with the position ofthe active 
zones in the Eastern Mediterran"ean Sea. 
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INTRODUCTION 

The Eastern Mediterranean Basin is separated from the western one by a sill 
of 330 m depth between Sicily and North Africa. It has a unique character 
compared with other semi-closed seas in arid zones. It is subdivided into two 
major depressions, the Ionian and the Levantine sub-basin, by a ridge extending 
from Greece to Africa. 

It -is known that the most obvious processes that determine sea surface 
temperature variations are net surface heat flux, vertical advection, vertical 
mixing and horizontal advection The net surface heat flux is consideredto be one 
of the extremely important factors because it is one of the primary ways by 
which the ocean my be cooled or heated. 

Limited works were done on the climatological fluxes. Osman (1973) studied 
the thermal interaction of the Mediterranean Sea with the atmosphere. He 
showed that the seasonal variations of total heat gain in the Mediterranean Sea 
across the air sea boundary are controlled mainly by the input of the solar 
radiation and the output of the heat by evaporation. The heat balance of the sea 
is influenced by the vertical and horizontal turbulent advections. 

Bethoux (1979) studied the heat budget and the thermal exchange in the 
Mediterranean Sea. He found that the solar radiation contribution in the heat 
balance and the evaporation in the eastern basin are more important than in the 
western Mediterranean, and the increase of heat loss by evaporation was 
compensated by the solar radiation. 

Hecht et al. (1985) studied the regional distributions and temporal variations 
of heat storage ~n tbe southeastern Levantine Basin. Tzvetkov (1985) studied the 
heat storage in the Mediterranean Sea. Said (1987) calculated the components of 
the heat budget for the Eastern Mediterranean Sea using Timoviv's equations. 
He concluded that the heat loss through the sea surface to the atmosphere 
exceeds the heat gain from the sun during the cold period (from October to 
March) with maximum amount in December and January. The heat gain from the 
sun exceeds the heat loss through sea surface from April to September with 
maximum quantities in May and June. 
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Maiyza (1993) presented of the monthly climatological fields ofheat storage 
for the Eastern Mediterranean. The zonal annual trends of monthly mean heat 
storage in the Levantine, Aegean and Ionian seas as well as the horizontal 
distribution of the amplitude of the annual signal were shown. The geographical 
distribution of the amplitude of the annual signal was in a good agreement with 
some general circulation schemes of the Eastern Meditermnean Sea. 

Eid (1994) studied the processes of heat exchange between the 
Mediterranean and the atmosphere. The net energy flux shows that heat loss 
from the sea surface to the atmosphere during the cold months, with a maximum 
amount (about 200 W/m2) during December and January: while a heat gain 
through the sea surface during the months with a maximum value (about 200 
W1m2) during May and June. 

The present work is concerned with the calculation of the net heat gain 
within the upper mixed layer in the Eastern Mediterranean Sea Computed from 
subsurface ocean and wind stress data 

Data and Methods of analysis: 
Two categories of basic data have been used in this study. The first one is the 

subsurface data constituted by four seasonal means of temperature and salinity 
obtained on a 10 square grid (i,j) from the National Oceanographic Data Center 
(NODC) and Washington D.C. for two different regions inside the Eastern 
Mediterranean (Fig. 1). Region I (27-320N~ 32-350E) is located in the Levantine 
Sea and Region II (17-200N~ 33-380E) in the Ionian Sea. The second category 
of data is the climatological means of monthly wind obtained on 10 square grid 
(i,j) obtained from the National Climatic Data Center (NCDC). 

The conservation of heat in a mixed layer of depth (h) according to 
Behringer and Stomel (1981) is given by: 

o 0 

Qn =p Cp [h.(CT/8t) + (CT/8x) f Ug.dz + (Cf/cy) f Vg.dz - (CT/ex).('ry/p.f) 

(I) (II) 
-h 

(Ill) 
-h 

(IV) (V) 

+ (Cf/8y).(tx/p.f) + (Wh.Dt)/2 ] 
(VI) (Vll) 
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where: 

Qn = The net heat gain through a unit area of the sea surface.
 
p = The density of sea water (Kg/m3).
 
Cp = The specific heat at constant pressure (JlKg. 0C).
 
h = The depth of a mixed layer (m).
 
T = The average temperature at (x,y,t) for the mixed layer.
 
Ug, Vg = The horizontal components ofgeostrophic current in x- and y-


directions (m/sec).
 
1X, ty = The components of wind stress vector (Kg/m. sec2)\
 
f= The coriolis parameter (sec-I).
 
Dt = The vertical variation of temperature in a mixed layer (= 10).
 
Wh = The vertical current for the mixed layer (m/sec).
 

o 

\Vb = (CIa) [(ty/p.f) - (LXlp.f)] - (~f). J Vg.dz 
-h 

where: 

~ = the gradient of Coriolis parameter with respect to the y-direction. 

The terms of the above equation correspond to: the net rate heat gain (I), 
the local heat storage (II), the contribution of zonal geostrophic transport (rn), 
the meridional geostrophic transport (IV), zonal Ekman transport (V), 
meridional Ekman transport (VI), and vertical advection (VII). 

To compute (Qn) from the above equation, the dynamic height was 
estimated relative to 1000 m for the (i,j) grid for the two selected areas during 
different seasons. The components of geostrophic velocity vector (Ug, Vg) were 
then calculated in the (i,j) grid points. The wind stress components ('tX, 'tY) were 
computed with variable drag coefficient Cd which computed as combination of 

. formulas by Wu (1969) and Wu (1980). The depth of the mixed layer, the depth 
'at which the temperature variation (Dt) is 1°C lower than at the sea surface, was 
determined by drawing the vertical profile of temperature for some selected data 
on the (ij) grid for the four seasons and then averaged to give the values on the 
(i,j) grid. The mean temperature of the mixed layer (T) was derived similarly on 
the (i,j) grid. 
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RESULTS AND DISCUSSION 

1) Contribution of different terms on net heat gain: 
The effects of heat storage, components ofgeostrophic velocity, wind stress 

components and vertical component velocity on heat gain in the mixed layer in 
two different rectangular regions-.mside the Levantine and Ionian basins are 
studied in details. The main results are summarized and listed in Table (1). 

From Table (1), it is seen that, the heat storage is the most important term 
contributing in the net heat gain. Heat is lost during autumn and winter with a 
maximum mean value of (233 W/m2) during winter in Ionian Sea. Heat is gained 
during spring and summer with a maximum mean value of215 W/m2 during 
summer in Ionian Sea. 

Zonal and meridional components of geostrophic current playa second role 
in the net heat gain. The average values are negative (heat loss) in Levantine Sea 
for all seasons; except during spring for zonal component and during summer for 
meridional component. The maximum mean heat loss was 82 W1m2 and 
observed during summer for zonal component, while it was 35 W1m2 during 
autumn for meridional component. The mean values ofzonal and meridional 
components of geostrophic current are frequently positive (heat gain) in Ionian 
Sea with maximum mean value of21 \\T/m2 during winter for zonal component 
and 13 W1m2 during autunm for meridional component. The differences of the 
heat loss and heat gain in different regions help to form the active cyclonic and 
anticyclonic gyres. 

The zonal and meridional components ofwind stress come in the third order 
of magnitude of their effect on the net heat gain. The zonal transport component 
is mostly negative in the two selected regions during the different seasons. The 
maximum mean value of heat loss was 7 W/m2 during winter in Levantine Sea. 
This result reflects the effect of northwestern wind dominated in the 
Mediterranean Sea. The mean meridional transport component contributes in 
heat loss from Levantine Sea for all seasons; except during spring. The 
maximum mean value of calculated heat loss of 8 W1m2 is found in summer. On 
the other hand, it contributes in heat gain in Ionian Sea, with maximum mean 
value of 3 W1m2 during spring. 
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The contribution of vertical advection in net heat gain is relatively small, Its 
effective is relatively higher than that of the wind stress. The maximum mean 
heat loss (12 W/m2) is observed in Levantine Sea during autumn. It means that, 
the vertical component of current is directed downward, i. e. sinking ofwater. 

Generally, it is clear'rhat, the vertical heat advection and heat content due to 
wind stress are not sufficient to account for the magnitude of the local heating 
but the horizontal heat advection, either zonal or meridian~ components, beside" 
the local heat storage are the most effective to account for total heat gain in thf> 

Eastern Mediterranean. 

The temporal variability of different terms contributed in heat content in 
different regions during the four seasons is shown in Figs. 2 & 3. 

In first region (Levantine Sea), Fig.2, the horizontal components of 
geostrophic current increased during autumn and winter and it represent 20% of 
total heat gain during winter and 40% during autumn. The other components 
have no significant contribution. 

In second region (Ionian Sea), Fig.3, the horizontal components of 
geostrophic current are still slightly affecting the net heat gain~ specially in 
winter. Also, the other components of wind stress and vertical heat advection 
have no significant contribution. 

2) The net heat gain (Qn) : 
The horizontal distribution of net heat gain is represented for different 

seasons (Figs. 4-7) and the effect of each term on the circulation pattern was 
studied. 

a- Winter: 
In Levantine Sea (FigAa), the distribution of net heat gain shows two areas 

of maximum heat loss « -300 W/m2) in the region of a cyclonic gyre detected 
by different authors (e.g. El-Gindy, 1982). The heat storage and geostrophic 
current component are the most effective terms on heat gain, while the other 
terms had no significant effect. The mean value of heat over the selected region 
is about -267 W1m2. 

39 



Eid, F.M.; !!!. aL 

100	 ~ ~~ 
~ 0 c/ZO~.=
~ ~ .	 Sum ~ut.3:	 .10 Spr. 

-200, 

-300 1 
Heat content due to Ug -eompon_t 

2 O 

-2r~	 --==;~~~~u.40 
~ -60
 

-80
 

-100
 

N r1t----------::::::::=
 
E
 

~	 -LV··~ ~ 
1-40

Heat content due to II • component of wind r;trecc 

SU~~.".]J.~.pc.
 

~-:l~
 
-S,"·
 

HHI content due to y- component of wind siresI'
 

N ~~J: -O=====:>~m 'u'E 
~ -6	 ________ 

-8 . ~ 
-10 

Heat content due to lIertical current 

0. 

N 
E 
~ :~~.L/	 ~m~~
 

Net heat ~ain 

~~:bL	 ~ 
~	 -10 ~ . Spr. Sum ~t. 

-200 

-300· 

Fig. (2): Contribution of different terms of net heat gain equation 
ill the area (I) during four Seasons 

40 

~ir-----~f' 



NET HEAT GAIN IN THE EASTERN MEDITERRANEAN SEA 

15~ Heet Storev· 
100

f\I so~-----'-------
i: 0 ~ •~ .;~O ~ ,==-----=-=-• SI".'.0...... Sum"""""--:

.200" ,.. 
Heat con,en' due to Ug component 

~'~~
 _ 0 _ 

~ In ~t 
-6 

-10 

15 T Heet content due to Vg-eomponent 

f\I 
E 
~ 

Aut 

Heat content 01 'x component 01 wind $Ue$$ 

• 
f\I 0 .c 

~ Al11~ .• i. S~ Sum 

-10 

Heet content due to ty-eomponenl of wind stress
 
1
 

10 
f\I 

! 5 

~o ~ 
-5 

H..t CO(1tent of veritical CUfTent . 
Au:. 

•i -l s~~m 
-10 . 

..~E'~~ ~. :~ 
~ -5 n Spr Sum oo:::::::m,t 

-100
 
-150
 
-200
 

Fig. (3): Contribution of different terms of net heat gain equation 
in the area (II) during four Seasons. 

41 



Eid, F.M.; !!. aL 

l 
-ts ~ r v'\.. '11 ..-....--...,r.... ." --"l '-.\ .. '--.... . . 

I j (, "'" ........,. ....,., I ~
I -,_., -j ,__ .-.... 1 _ 
j I,)· ) .... '. I ..f--"'--~ -..."... l

.to I ,/ Q rm-l ( '" ('.....) '\ \,- L...->-S
\. to ~ »).- ~,l i.rr c-..r-- -- ,-~J .l, ,-- _ '--"- -'._"\JI -'-" ~ I ! ~~... >..' 

I'Y _.,... .-.'-' .•..,/' - -.' " I I u ....... ~ • ~--,....-... ,'• .-....r .,..... ~ 
• t 

rt '--' ,~_../ - ~ 

:l~ f'---.~./-- '} II I t~ 1 ----:I' i
V (/! i I It_, ,
I .......,_ L...._J __ I I J I 
I ". '.. f r 'L."\...__ L.--._. /1- -.-.... .> -----.--')'"(~ 

~ 0 6 to 16 2(1 25 30 3~ 

Umg. E 

,
38,/ 1~ '9:; -, 

27 28 29 30 3' 3235W5:::)l' , '<o::j35 

J 4 "...... , , \ 

I'~,I<,"
I 
3'- ... --' J~ '~j'~~

, 
\ 

, 
\ 

" " \ i
34 ~', I : /..,# '., \ b4 

'\ I. I 
)~. . 

4lJ
o 1 ;/F ;'1;>' /',.,' :~ II 

-l33 r(;;-~':I/!J \~.. i --.. §: \ l' JJI , , \ I, , 

, \ 'f'I 
,',1 I I " \ . 1.1:: ::,' ~ \ . I 

• , "" '.. !: ~ A"'I,~:'" : "" i32 I I , ", I - - 32 JJ I), C ,I, ( , IJ 

27 28 29 30 J i J2 17 18 
Lon g. E ( II LOll 9 • 

(a) ( b ) 

456
---r~--:::::=--~---',40

40V;?:~::?"'" ~\ i
,'1/···-----',·_, .., i 
///'---" \ I

~39 ff;,~...:~\·.~:>\ '\.... \~139 
j I :.//>:~\ ...\~" \.,~ 

i ,.:/,'/,'/" ... " \\ "'" ~,. 
.. , , ,'A" "\', I

I!~/~""G\\\"'~ ~38 
384 5 6 ( II 1)

Lon g. E 

Fig. (4a): The distribution of net heat gain (Qn) in W/m
2 

during winter 

42 



NET HEAT GAIN IN THE EASTERN MEDITERRANEAN SEA 

1 
r· J"",\ ", '_"'"1 r \/'\..' rj

4s ...-......~- ." \~ "1 • ~.._.........-.
 
' f I 

I.,

'" ._~ ._ ~ ~ "--l') '"""'.::........- -V"l ~
r--Ji..-0- ~'- ~ ,-~ \ ", . ',.-'.-"" ~./ . L . ';1' _"""~ \ /_.I . I -I >. ~ . .. ~\~..r-'~'''_' {-<) 1IiIl ". "",o.0---.r-7_• ~ ;. r L:..J_. '--,j I .,-, 'J' ,-;:7,~ f '----,_J~._' II II '= c=JI-.! ,,' '?I, I /fl,J " r---> .J-' .! I II I 
.1 r ---,~, ~'. .__ c...._ .........~_ 
'/ (l.-..-J '-. I~;>-! '~o~. L_~ _ ~ 

I "\ ( L..-_ "'--....f ) ( 

VI '_.." _; 2! 3. 3! 

I. L~ng, E 

7 28 29 30 31 

3?lt ~ ~' \J~\ I; }s 
34 

JJJ! (r~ " 
i
I I, \ \ 1,(9 

r! ~ ~ )f: 
JJ 

€ ~ ,~ , / I
 
J~7 28 29 310 ( I)' J2 

32
 

Long. E Long. E (II> 

( a ) ( b ) 

18 19 

37 

_36 
4

-' 
0 

-'35 

34 

'7 18 19 

-,. 

404 5 6 
i ;> :? I~ if ==-,40

/'J//~lee(! ..,.:.,__'F 
150 /"., 

L.. ---..."" / 

i39~ ~\ / \\ rCAm 
¢' '\ct·J.. \ 

.~ 

38 I , ), \ \ I '38 
456 7 

Lon 9. E ( I I 1) 

Fig. (5a): The distribution of net heat gain (Qn) in W1m2 during Spring 

43 



Eid, F.M.,· !!. aL 

'5' (- \ ,,'	 I 
.. 1 ~..--"'- \.. v \	 f .._---~- \ " -..... 

~ c' ~'" .....,- ... ~.,	 II ~._.- J -....-, "-_ 1 
n~ (' .t;.) TIiIl' 1J "'.~ (:;) '" \:t.¥----c-.;:::;-'. I z '" C' I III I .., \J '). or 30 

..,J r L.--J ...·'-'"""H__ ,:,---~-, ~w 
,.....' ~.. '-.... ( , -~'-.I 

j 1'( __- ..-I __._.._-._.-''--~-;. -(_""." '-'...I I~ II '"" 
'''\0-.

\' 
• 

-,
-; , ~ r- ',,r '-.:. (	 . r~ '"\ ..../ J 

,~J /'----"'\-./-.-.	 } II I ,~ .J -
It
:=:r ~ 

V	 (' I I _..
I	 ........ ~_ _.1 I I J I
 

• I	 r· L ~. I'w \ L .\....

I --.~-. j --........ ........··--)r""·.-/ 

~ 0 6 10 15 'Z{) (~ 30 3~ 

Lt)ng. E 

", 

Z 

JJ 

( a )	 ( b ) 

4 5  ,4040, \ i I "" 

32 
30 31 32 

(1) 

34 

z 
....;39 
o 
-' 

I 

/ 

/~ 
\

'j 
\

\ ~~.~
\)a\
/ \

m 

i/f'~_\
 
5 ,~~ 

Lon g. E 6 (Illl 

Fig. (6A)! Th@ di~tribution ofn~t neat Rain (Qn) in Wfm 2 
dUrin~ Bummer, 

44 



NET HEAT GAIN IN THE EASTERN MEDITERRANEAN SEA
 

,,:it f" l"~ tI

1 ~-- -_....~ \-.\ ~ ~.' 
I c...J L. ' ....I ~ c) ....'1.. ....~- ", I 

I ~,-' ,.'",- ~-" 1 _ 
..,. 40~ (' -<>. TJ . "'." /::0" \.tS--A....C~"'"'- l 
~ I' .~ (' r IJI I ., V ').u- --':- ~ 1~ r t--...r'7:. -- .- ':0-J .'-, 

,"- . - :.-:-:'O_"t -"- ~ l· I '"" v-" 3,.~ ""j '( r-"'" . _ .._-..._.--" ......_- _....... '"" I 'U'rt • t • ~\ r-". ,.,·I.'/'
'-.; .r \. I ._-' ' .... jr; - 
~}l r ....._--"'1-./-- } '.'! ~ 1 t--:r' I 

V ,," j I 1'-' 'I
I "'",-,_", L........ ...~"" .. I I J I
 
I ."\ ( '-'"L-_L_~_ / I
I _-:--'~" j -----, ~ (~ I 

,,5 a 6 to 16 W 25 30 :15 

L~n9.E 

Jdvl~9 l8 
27 28 29 30 31 '32 37r / 37 

JS, gil.' -.. , \ ' 0 '?' , . , ' \ \ 'Q 35 I Cf I
I \ I \ , I ,,. '$' ~ I "'" 

-
• 

, , \' \ ~ \ I I I' I 'B" , '~ .' ( .... .I' \' .., , I V 
'' : I',', " t .... \' &"" • ,\ • . rv~,\,\'1'\' \ J, I I s', \' . !' '" _ 36 \ ~ -.c / 36'\' 

34 t \ 

r 

II t \ \ \\ \ \': / / J4 ~:;=------:jl'l';\ : 
z [,:.." .. 8 I, \: q, , dY: \, 0 :~~~ --" 

, " ~ "1 ~ : r:' : I " ';' : : ~ V.-J 35 ~ 35 
~ l\\\\\; / :;; ~ ... / i ~ t \ I ; ,-& ~- :~I 
...J ' \' \ ' .')', • ,.~ I I I' 0::3 /' II3Jij" I ,.' : I ....3 :... ~ , 

j, \\L! j ! \'\~..) 34~~ \.' ( . h4 
, - • !5,' I ----..... ' I1 
, ~ I -. • I ';' I • ", ,,1;3 -....'-} J~ I 

1:/:1 :0 .. ~ i ,,,\iI, '0 I,' ;,~--.. \ 

32' , , " ';', '['\32 3J i .~ \ \ \ 'JJ 
27 28 29' 30 31 32 ! I 18 19 20 

Long. E (1) Long. :::(1D 

( a ) ( D ) 

eg

4°1 / I i 
V \I ,1' , 
I. a 
I / __- \' 

z 1,-/. ~ ~ \ ~2~' 
''l9r.;;:J/ I~- 1-1,./o. . \!I 

j 1-'" '~ 
k :
&~ , JJ838<1 5 
. Long. E ( I Ii) 

Fig. (7a): The distribution of net beat gain (Qn) in W/m2 during Autumn. 

45 



EiJ4 F.M.; ~ aL 

Table (1): Contribution of different terms in net heat gain (W/m2) during 
different seasons at two selected regions in Eastern Mediterranean 

Season 

Winter 
Spring 
Summer 
Autumn 

Winter 
Spring 
Summer 
Autumn 

Winter 
Spring 
Summer 
Autumn 

Winter 
Spring 
Summer 
Autumn 

Winter 
Spring 
Summer 
Autumn 

Winter 
Spring 
Summer 
Autumn 

Region (I) Region (II) 
Levantine Sea Ionian Sea 

Min. Max. Mean Min. Max. Mean 

Local heat stora/{e 
-316 -113 -213 -411 -112 -233 

60 183 121 8 296 101 
66 293 177 144 326 215 

-157 - 20 - 80 -169 - 30 - 83 
Zonal f!eostrophic transport 

-139 64 -15 
- 95 154 10 
-300 200 -82 
-140 160 -37 

-20 80 21 
-40 77 .)'"

-65 77 2 
-30 30 3 

Meridional /{eostrophic transport 
-115 26 -22 
- 66 66 - 1 
- 79 222 17 
-173 102 -35 

-113 114 15 
- 36 95 8 
- 35 64 1 
- 5 39 13 

Zonal Ekman transport 
-15 3 -7 
-15 21 -1 
-15 18 -1 
-26 13 -4 

-24 13 -4 
-10 20 2 
- 9 4 -1 
-10 10 1 

Meridional Ekman transport 
-14 18 -0.4 
-10 16 2 
-49 14 -8 
-25 25· -4 

Vertical advection 
-15 - 5 -11 
-37 38 0.02 
-21 8 1 
-18 - 4 -12 

-6 10 1 
-15 10 3 
-6
-21 

14 
24 

2.
OJ 

-7 12 2 
-11 4 -1 
-7 44 2 
-6 8 -0.2 
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In spring, generally, the local heat storage change is the main effective term 
on the total heat gain, while the geostrophic current components are of a 
secondary importance. The mean values of net heat in the mixed layer during 
that season are 130 W/m2 and 116 W/m2 in Levantine and Ionian basins 
respectively. 

In summer, the pattern indicates that the local heat stor:tge change is the 
most effective factor on the total heat gain. The geostrophic current components 
have a little effect. The mean values of net heat gain were 102 W/m2 and 221 
W/m2 in Levantine and Ionian basins respectively. 

In autumn, heat content due to the wind stress components and horizontal 
component of geostrophic current are more or less similar to that found in heat 
gain distribution especially the position of minimum and maximum heat content. 
The vertical velocity component has less effect. The mean values of net heat gain 
in the mixed layer during that season were -174 W1m2 and -66 W1m2 in 
Levantine and Ionian basins respectively. 
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