
____________________________________________ O_C_EA_N_O_L_O_G_�C_A_A_C_T_A~,_'~ __ ,_N_._S_P_~~------

Tidal-induced pulses 
in the flow through 
the Strait of Gibraltar 

Slrai l of Gibraltar 
Satell ite daTa 
Aireraf! data 
lldal etreC1s 

Propagation of fronl5 

Dtlroit de Gibraltar 
Données de sau:llite 

Données d'avion 
Effe ts de la marée 

Propagation de fronts 

ABSTRACf 

RÉSUM É 

Paul E. LA VIOLETTE ' , Henri LACOMBE b 

1 Naval Ocean Resea rch and Developmenl Activity, NSTL, Bay St. Louis, 
Mississippi , 39529 , USA. 
b Laboratoire d'Océanographie Physique , Muséum National d 'Histoire Naturelle, 
43 rue Cuvier, 75231 Paris Cedex 05, France. 

Reuil/cd 1812186, in ffvued /O,m 1219/86, flCCtpltd 2919/86. 

Sh ip dala collectcd in the 1960s and rccc ni data from ship , airerafl and satellites 
indicate that the flow in the Su ait o f Gibraltar does nOI maye in the farm of 
conli nuous currenlS but as tidal-induced pulses. A descriptive model based on these 
data is presented. The model indicates that the pulses are a result of Încreases in the 
speed of the tidal streams as they encounter the constrictions of the regional 
bathymetry (especially the Carnarinal Si ll and belween the Carnarinal sm and 
TariCa). Periodic increases modify the regional f10w so that during each tidal cycle , 
the eastward-f1owing su rface Atlant ic waler and westward-nowing deep Medite rra­
nea n water are alternately emitted as large pulses into the Mediterranean Sea 
(Atlan tic water) and Atlant ic Ocean (Mediterranean water). These periodic pulses 
vary in the amount of water they contain according 10 the dai ly and rnonthly variation 
in tida l current strength. 

ln addition to the pulses generaled at the intervals of the se mid iurnal tide. it appeaTS 
Iha t shon -period pulses oC f1 0w a re ge nerated on the Carnarinal Sill. Dccurring near 
the tirne of the greatest loca l variations of the tidal current , these shon -period pu lses 
are able 10 trigger very strong internai waves and current fro nts in the upper layer, 
which are propagated eastward into the Alboran Sea. 

Although Ihe re exist non-periodic forces, such as wind and atrnosphe ric pressure , 
which may cause flow variations, Ihe continuous pcriodic pulses in the flow described 
here are a pe rmanent Ceatu re of the waters of the Strait o f Gibraltar Ihat should be 
ta ken into account in any s!udy of the region . 

Oceanol. A C/a , 1988. Océa nographie pélagique méditerranéen ne , édité par H. J . 
Minas et P. Nival, 13-27. 

Pulsations des flux suscÎtées par la marée dans le détro it de Gibra ltar 

Des données collectées pa r des navires pe ndant les années 1960 et des don nées 
récentes recueillies par des navires, des avions et des sate llites mont ren t que 
l'éco ulement dans le détroit de Gibraltar ne se fait pas de façon continue mais pa r 
impulsions sur la période de la marée. Un modèle descripti f fondé sur ces données 
est prése nté. L' impon ancc de ces impu lsions résulte du fOrl accroisse ment des 
coura nts de marée lié à la présence du seuil bathymétrique . Ai nsi, durant chaq ue 
cycJe de marée , le fl ux superficiel vers l' Est d'eau at lant ique et le flux profond vers 
l' Ouest d'cau méditerranéenne sont alte rnativement émis sous forme de grandes 
impulsions ve rs la Méditerranée (eau atlantique) et vers l'Océan Atlantique (cau 
méditerranéenne). Ces impu lsions pé riodiques concernent un volume d 'eau va riant 
se lon l'évolution journa lière et mensuelle de 1 .. vitesse du courant de marée. 
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En OUlre, il apparaît que des pulsations de courte période engendrées sur le seuil. au 
voisinage du moment des plus grandes variat ions loca les du courant de marée, 
peuvent susci ter des fronts d'ondes internes et de courant dans la couche supérieure: 
ces fronts peuvent s'y propager \'ers l'Est et atteindre la Mer d 'A1boran. 

Ouoiqu'i l existe d'autres effets agissant::. susceptibles de provoquer des variations de 
nux (par exemple: le ve n! et la pression atmosphérique) les impulsions de nux liée$ fi 
la marée ici décri tes con!:l tituent un trai t permanent du régime de détroit qui doit être 
pris en compte dans toute étude de la région. 

Oceol/ol. Acra, 1988. Océanographie pélagique médi terranée nne. édité par H, J, 
Minas et P. Nival. 13-27. 

GENERAL 

As the major point of access of surface water (At la nt ic 
water) en tering the highly evaporative Mediterranean 
Sea. and as an exit channel for high-salinity watcr 
(Mediterranean water) nowing at deplh into the 
Atlantic , the St rai t of Gibraltar forms a highly variable 
and comple:.: mechanism of water cxchange. Oceano­
graphie evenls on cach side of Ihe strai t innuence and , 
in lurn , are innuenced by Ihe transport through Ihe 
stra it. Yel. because of the complex spatial and tempor­
al variations of the now, only approximate va lues of 
transport are available (Lacombe, Richez, 1982), ln 
order to derivc more accu rate values, <1 more realistic 
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understanding of the now variations in the st ra it is 
required. 

A great deal of Ihe acquired information on thc 
physical events taking phlcc in the stm i! has becn 
derived from ship campaigns conducted du ring the 
period 1959 Ihrough 1967. Analyses of the data from 
these campaigns are avai lab le in numerOU5 reports 
(e.g.. Frassetto , 1964 ; Lacombe el af. , 1964; 
Cavanié , 1972; Boyce, 1975; Lacombe. Richez, 
1982; 1984 ; Gascard , Richez. 1985). 

For tcchnological as weil as praclical reasons, synoptic 
observations in the strai t arc limiled . This stud )' 
merges portions of the ship data \Vith recent ship, 
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Figure 1 
BUlhymt fry of Ihe Sirou of 
Glbralrar (modijied br Armi 
und Furmer. 1985. [rom 
Lorombt und Rirht:. 1982 
Ilnd from Giumulln, 1961/, 
Batll~m1!l rie du détroit de 
Gibraltar (modifié par Armi 
et farmer. 1985. d'après 
Lacombe CI Richez 19f1l el 
d'aprk Giermann . 1961). 



ai fcraft and salellile dala 10 derive a descript ive mode l 
of the flow in the mai t. These dal a have the d isad van­
tages of be ing sCil ttcred in lime and . in most cases of 
shon duration . Howeve r, the repelition of the eve nts 
shown in the diffe renl dala ind icates tha t these evenlS 
represe nl no rma l conditions and can be used to derive 
a descriptive model of the physical events laking place 
in the strai l. 

BATHYMETRY OF THE STRAIT 

The bathymetric co nfiguration of the Strai t of Gibral­
tar (Fig . 1) exen s a dominant constriCl io n on the flow 
o f water th rough the strait. Essentially, the strai t is a 
narrow, fairly stcep-sided trough , moderately angled 
away from an East-West o rientation. Il has an ave rage 
depth of some 600 m and varies in widt h between 
20 km at Gibralt:l r and 14 km at Point Cirus. The 
distance from Gibraltar al the eastern end of the Strai l 
to Tarifa at Ihe western end is 25 km. Just 13 km west 
of Ta rifa section lies the main bathymetric sill of the 
strai t , the Camarinal Si ll , wi th a maximum depth of 
slightly more than 300 m. A secondary sill , the Spa nel 
Sill , siruated 21 km weSI of the main sill , has li 

maximum deplh o f more than 350 m. 

GENERAL FLOW, EXTERNA L AND INT ER­
NAL TIDES AND TIDAL STREAMS 

STRAIT OF GIBRALTAR. FLUX PULSES BY TIDE 
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Any cxaminat ion of oceanic events in the Strail o f 
Gibral tar discloses a heavy lida! innuence. Figure 2 
shows variations in tidal height fo r two places in the 
sim it (Tarif<l and Ceuta) that arc represen lilt ive of the 
changes Iha l can be expected . NOie that tllere is litt le 
difference in the times of the lide al Ihe western and 
eastern portio ns of the slrai l. Fo r the purposes of th is 
study, therefore . the lide may be considered to occur 
as il simultancous cvcnt in the Slrait. 

Figure 2 al50 shows the variations in lidil! he ight that 
l11ay be cxpected from spring to neap phases of the 
tide. Although the tidal he ight in Ihe strai t is predomi­
nanl ly semidiurna! (the form number 
F ~ (K, + O,)/(M, + S, ) ~ 0.08, Deranl . 1961). ,;de 
station data show there is a significant diurnal effect. 

Genera l flow 

Il is weil known that the genera l now in the strait o f 
Gi braltar consists of the superposition o f a mea n flow 
and Ihe predominiln tly semidi urnal tida l flow. The 
mean in flow of Allan tic wa ter (i.e. lowards the 
Med iterranean) and the mean outnow o f Medi tcrra­
l1e:1I1 water (i.e. toward the Atlanlic) are modulaled 
by an approxi mately ba rOlropÎC lida l (urrent (despite 
the unexpccted ly hi gh amplitude o f the interna i tide). 
These components are strongly affcCl ed by the balhy­
metric constrictiolls (the smaller the cross section , the 
higher the vc locilY) and the phOlse of the loca l inle rna l 
tide . 
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Figure 2 
Hou,rly . tidr.hâ ght l'tUiOiiom It!r (a) frmy·eight hours for Tarifo 
(soltd Ime) and Ceuta (dashed IlIIe) and ft" (b) a JI·da)' ptriod for 
Tarifa (/Idt obsen·ation.J furnished b)' tht 1n.J/i/ulO Espaiiol de 
Oct aflosrafia. Madrid, Spain). 
Courbes de marée (a ) pour les 1 CI 8 oclobre 1983. à Tari fa (Irai l 
plein) el à CCUlii (Iire té) el (b) pcndllnl le mois d'OCtobre 1983 a 
Tarifa (documenlS fournis par l'hmilui Espagnol d'Océanographie 
de Madrid). 

The resul ts o f these intemctions can be seen in the 
daw ana lyses in Figure 3. Note Ihat at the Sparte! Sill , 
the flow reverses wilh the tide in the surface laye r (i.e:. 
at flood . Ihe waler in the surface laye r moves west­
ward toward the Atlan tic Ocea n ; conve rsely, at ebb. 
Ihe water moves eastward IOward the Mediterranea n 
Sea ). In the deepcr layer. no tide-reversa l occurs <lnd 
Ihe flow is almost always IOwa rd the At lantic. 

At Ta rifa and furlher cast in the narrower portion of 
the strai l , the surface layer now is almost alwilys 
toward the Mcditerranean . Howevcr , Ihe directio n o f 
the deep layer flow a!tem ates with the tide in a 
fashion similllr to (bui slower than) the surface layer 
flow over the Spanel Sill. 

The Camarina l Sill Îs the most crucial impediment 10 
the fiow in the rcgion . The ba thymetric cross-sect ion 
at th is sill is Ihe smallest in Ihe rcgioll (pilrlicul arly in 
the deep layer) . Thus, illi o f Ihe flow components 
increase ilnd the relative e ffeCl of the lid<l! current is at 
a maximum . particula rly in the upper layer. The 
graph Ss in Figure 3 shows Ih al when Ihe lide is at 
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figure 3 
Currem changts QI differen! dtpths dUfing a 12·lIouf tidal cydt ut four POSitlOrl.f ln tilt Struit of Gibraltar. On tht gfaphs tuch curvt rtlales fa a 
partleu/af dtpth. On tht o,dÎnalt, fimt ir ftprtStnœd as plus or minus hOUTS /rom high tidt. 0" the absdssa spud ir upustnud as mis. i" 
dirtetioflS tlUl and .. ·tSt /rom a nul/ Un!tf Iint (Lucomln et al .. ]964). 
Changements du cour.ml de marl!e longi tudinal li diffl!rentes profondeurs en 4 points de l'axe du dé troit. Sur les graphiques. chaque courbe sc 
rapporte li une profondeur déterminée. En ordonnée est indiqué le temps en heures. de 6 heures avant il 6 heures aprh 1/1 pleine mer, soit sur 
un cyele complet. En abscisse est port~e la vitesse en mis. vers l'Est ou vers l'Dues. par rapport ft la ligne 0 (Lacombe e/ al., 1964). 

flood. ail of the water in the column moves westward ; 
when the tide is at ebb. ail of the \Vater mo\'es 
cilstward (with the ~peed decreasi ng with dcpth). 
Thus. al Ihe Camarinal Sill. Ihe current reverses Olt ail 
depths during the tidal cycle. În COnlrast with the part 
lide-reversal! part steady-now found al the Spartel 
Sill, Tarifa . and in the narrower regiom of the slrai\. 
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ln addition to the movemcnls in phase with the 
se midiurnal tide. violent. small-pcriod fiow variations 
al the Cama rinill Si]] near the time of high tide seem 
to generale current and internai wave fronts. Upon 
generation. these effects propagale eastward und. 
dominating the surface current regime. can be fol­
lowed through the strai t into the Alboran Sea. 



External and internaI tides and tidal st reams 

From Tarifa westward across [he two sills; the tidal 
current has ils maximum oU lnow at about three hours 
beforc high tide (or - 3 h) and ilS maximum inflow al 
about threc hours after high lide (or + 3 hl , in phase 
quadrature, so that the lidal energy flux is smal!. The 
tida! currents also show a semidiurnaUdiurnal vari­
ation. Bryden (pers. comm.) round that the diurnal 
component was 20 % of the semidiurnal component in 
his analysis of a two-week CUITent mooring dala set 
taken near the Ca marinaI sill in 1984. 

ln the narrow regions of the slrait eaSI of Tarifa , the 
phase rclationship belween the tide and the lidal 
current is difficull to assess, and is confused by the 
incrcased importance of the diurnal effccts (Cavanié, 
1973). Here, in comparison 10 the areas to the west, 
the AtianticIMediterranc3n interface is gencrally shal-

Figure 4 

STfWl OF GIBRALTAR. FLUX PUlSES SV TlDE 

lower (shoaling to the cast) and the bathymetric 
sectional area offered ta the deep laye r flow is larger. 
The result is a strong near-surface current of Atlantic 
water almost always set to the cast. and moving al 
supercritical speed (Arrni, Farmcr. 1985). This lies 
above the thick , deep layc r of Mediterrancan waler 
that has a weak , tide-rcversing flow. 

SHUTTLE AND A IReRAIT DATA 

The Camarinal and Spartel Sills 

Surface roughncss patterns see n in US space shunle 
pholographs (Fig. 4) and aireraft XDT, radar, and 
infrared scanner data ind icatc Iha l an internaI wave 
was present in the area of the Camarina l Sill du ring 

Tht Slra;t of Gibra!IUf as 5«11 /rom UII rJl/ilUde of 198 km by the US sPilce sium', creil' of MissiOn 41-G un 12 Offo~r 1984. The phOfograph 
sho ... s Ihl' 1100'1 SUII Tc/fat;ns off "a,ia/iofU ;11 rougJ",ns ol/he octan Jurfoct "'try Iillft of/he phofQgrllph co,r/fllm clouds). In fhc phOlograph. 
,he mos/ prommtllf roughnus foulUra art Iho~ Stetl ho ... ;"g easnw/rd 111/0 Iht Mt,hrtmmttm !ka. Th~ frulures (lrc the surface InimiplUr;om 
of Q packtt of len Of mort prQgrr,ui,'c Ir/lrmal "'QI't'S. 
Allhe .. "tI /l'fil siue oflhl' Slru;' Il sllghlly nwft Jubdutd region ofrt'flrctiQII shows Ihl' urta of the standing in/trl/ul "'/lI't ''''0 houTs #Mio" /!igh 1ldt. 
fi shal/d br emphasiud thallllt imt"Ulf "'QVU hlll·t very snwfl sur/au amplitude. /llld ,hul Ihe brighlt:r N'jiu/ions come [rom dismrINd (al/d Ihm 
more ' tfleClil,t} IWller lirai co"" ,risr-l /ht rip 1l((1l (NASA pllOlQ8rupir 4(050). 
Le détroi t de Gibraltar vu d'une alt ilUde de 191:1 km par r~quipage de la mission 41 -G de la navene Spatiale :lInéricaine.lc 12 octobre 1984. La 
phOlographic montre le soleil de midi renvoyant par rénexi\1I1 les variat itlns de rugosité de la surface océanique (seule une petite panic du 
cliché comporte des nuages). Sur la pholOgral,hic les Iraces de rugosil~ les plus lIotables sonl ce lles etue l'on VOII ~'i l}curvant vers l'Est en 
direction de 1:. Médite rranée. Ces traits 50m les manifesttllÎons ~u]Jerficielics d'un groupe d'au nMlm~ une di7;.ine d'ondes inTernes en 
progresskm. 
Du roté ouest du détroit. Ulle région de rtncxion plus discrète indique la rone de ronde imcrne ~tationnaire dellx heures avant la pleine mer. 
Nous insistons ~ur le fail que les ondes Îmernes ne susci tenl en surrltCe qu'une Irès petite! variation de niveau. CI il e~t vraisemblable que les 
réf1txions les plus brilla mes proviennent de: l'cau agilée (et donc plus rénéchissante) comprise dans la région des remous (cliché de la NASA, 
4(050). 
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the pcriod 6-11 Oetober 1984 (La Violette. Arnone . 
1985). In compa ring the October 1984 data wi th 
hislOrical data. La Violette and Arnone (1985) 
suggested Ihat the imcrnal wave is a permanent 
feature of the waters over Ihe Camarinal Sill. They 
Slated thal the region's period ic surface roughness lllld 
subsurfaee changes were probably manifeslations of 
tide-related changes in the direction and flow of the 
Atlantic and Medilerranelln waler masses as these 
move o\'er the sill. 

Recem helicopter flighls (Oelober. 1985) were made 
o\'er the Slrail by one of the au thors (P. L.) al the 
times o f spring and neap tide. These disclosed thul 
predomina", surface roughness patterns were present 
over the sill duriog spring lide. bU I that no distincl 
pattern was noticeablc du ring neap tide. X8Ts drop­
pcd during phases of the spring tide showed the rise 
and subsidence of the imernal wave with the tide. 
Unfortunlltly, because of problems with the radar 
used for accurate navigation, no XBT was dropped 
during the neap lide. Thus, allhough the lad: of 
surface roughness patterns indicate Ihe imernal wave 
over the 5i1l10 be more subdued during neap tide then 
during spring tide. no subsurface data is availabJe. 

The helicopter also [Iew ove r the Sparte l Sill du ring 
spring tide (bUl did not drop X8Ts). These fligh ts 
showed roughness patterns indicative o f a small 
packet (three or four) of interna i waves present in the 
area of the si11. These roughness features were poorly­
defined in comparison !O similar features noticed cast 
of the Camarinal Siii. No feature was naliced during 
neap tide. 

Tht! nnrrows of the slra il 

Du ring Ihe~c sa me se ries of helicopter nighb, XBTs 
were dropped ove r a complcte tide cycle lIlong a 
nOrlh/south line from Poin t Grus to the coast of 
Spain. The complete drop along the line . consisling of 
!,e\en XOT~ eadI ~paced appro"imatly 1.5 km apare 
took an average of 30 min to complete. The drops 
\~ere made every threc hours: at low. nood. high and 
ebb phases of the tide. 

An;lly~es of the Point Cirus/Spain XOT data showed 
that the depth of the 14 ' C isotherm was doser tO the 
surface in Ihe northern pari of the strai!. In genera!. 
the i!ootherm:, across the strait moved up and down in 
phase with the tide. The 14 'C isotherm bcclIme 
shallower during flood and reaehed a minimum dcpth 
at high tide. As the cooler water surfaces , a surface 
thcrm.ti gradienl of t\'oO degrees (19120 oC) \Vas dis­
placed to\\ard Morocco, occupying one half of Ihe 
slrai l at high tide. As the tide ebbed. the gradient 
returned nOrlhward. An uncaHbrated Ihermal scanner 
flown the following day indiealcd that Ihe 1920 ' C 
thermal gradient may have been part of llll Ea~t1\Vest 
thermal gradient li ne Ihat l>Iretched from Gibraltar to 
the Camarinal Sill. 

Altltough thcse are tempcrature rather Ihan sa linity 
data. the author!' feel that the tide-related movcment 
of the i:,Olherms di!>Cu!'sed above renect change:, in the 
Atlantic!Mediterranean interface. Other data contain· 
in~ both temperalUrc ,1Od salinit) ~how change!> 
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similarly related ta the tide and interface depth 
variations. Examples of these changes a re presented 
be low. 

SHI P DATA 

Data 

Current measurements were made in the suait in 1960 
(Fig . 3 and 5. left) and interna i wave measurements in 
May 1967 (Fig. 5. right). Temperalure and sa lin ity 
profiles were also mildc over the Camarinal 5ill 
(Fig. 6 and 7 here and l'ce Fig . 17, a, b. in Lacombe, 
Richez, 1982). Thesc data show thm the lidal 
phase/interface depth rel'llionship revealed by the 
helicopter XBT data is also found in the ship data. For 
example Figure 5. right , shows that the interface 
deplh as de(jned by salinity is al its minimum at high 
tide and Olt ilS maximum al low tide. In addi tion, the 
salinity presentations for neap and spring lide in 
Figure 7 indicale that the magnitude of these vari­
ations vary with the lunar phase of Ihe lide. 

The pcriodic c\'cnts al tht' Camarinal sm 

According to the record:, o f one of the lIuthors (H . 
L.). two Nonh-South oricnled para lle! lincs (2000 III 
apan) of choppy water were noted easi and wesl of 
the anchored Calypso on 25 Seplember 1960 from the 
position 55 in Figure 3. These lines were simi lar to the 
surface roughness patterns phOlographed from Ihe 
aÎrcraft in October 1984 and appcar 10 be sinll iar to 
reports made by ship captains in Ihe same region (e.g. 
Mariner Observe r. 1928; 1938: 1948). 

The 1960 observalions nOled thal the linc:, remained 
in place and 2000 III aparl from about - 5 h 00 to 
- 0 Il 45. During this time the now in the surface luyer 
was west low:m1 the Atlantic, al about 1 rn/s. Eddies 
wcre seen 10 form -3h and - 2h40. At -Oh4O. 
the twO lines rapidly merged logether and disappcared 
amid \'iolently moving cddies. 

Figure 3 shows Ihal shilrp changes in current speed 
(and direction) o\'e r the si llalso occurred at this time. 
At - 0 h 35, the current abruptly veered from flawing 
weSlward loward the At lantic to easlward to the 
Mediterranean. reaching 0.5 mis at high tide . A 
second st rong Încrease of about 1 mIs took place al 
+ 1 h. The visual observations nOled that lines of 
eddies were seen moving ca:'!, al + 0 h 55, + 1 h JO. 
and + 1 h 15. \Vith the comi ng o f night. no further 
visual observations could be made. 

Figure 3 indicatcs that for about five hours bctween 
law and high tide. the flow drÎ\e:, ail of Ihe \\;ller 
direetly east of the sill up and O\er the sill. A~ the 
deeper (and colder) wa ters arc pressed against the 
rising eastern slopc of the si l!. they are buoycd 
upwlIrd , forcing the Willers above them also 10 rise. 
cventually broaching the !ourfaee. The two hnes of 
choppy \\ater 2 000 III apart noted during thi!> time of 
the tide b} the Calypso. and figuring prominantl} in 
the helicopter. aircraf!. and mariner's repons may be 
due to this general upwllrd movemcnl. 
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Surface l a~'er axial dil'ergence of flow du ring flood 

The da ta analysis in Figure 6 suggests that the maxi­
mum height of the tide coïncides wi th the sharp 
decrease of the westerly flow as we il as wilh the 
maximum lifting of the interface. A divergence in the 
surface layer between the nrea of the sill and the 
longitude of Tarifa may be re lated to the venica l risc 
of the interface during the period of flood. 
This divergence may be seen in an cxamination of 
Figures 3 and 5. 1ert. Note that during the period of 
flood , the cllrrent al the surface layer at the !:IiIJ is 
strongl)' wcstward (Fig. 3). However, du ring this 
phase of the tide. at Tarifa the now is slrongl)' 
eastward (Fig . 5 A. left) or only sliglllly \\'est\\ard 
(Fig . 5 B. left) . The divergence is limited to the 
surface layer. In the dcep layer, from - 4 h ta 
- 1 h. the flow at both the sill and Tari fa is set 
strongly to the west. 
The axiil l divergence of flow above the interface is 
consistent wi th seve ral sim ultaneous regional events : 
upward movement of the interface ; cooling at the 
surface (Fig . 6). and a large increase in the volume of 
Meditcrranean water in Ihe sill area. In addition , as 
the current in the surface layer easl of Tarifa is a[most 
always taward the Mediterranean, Ihere is no west­
ward return now of At lantic water (rom this region . 
This Iilck of return flow du ring flood implies thilt the 
compara tively sma ll amoun t of [ow-salinity w,lIer 
flowi ng westward in the upper layer over the silt 
during flood. must come from convergent flows of 
Atlant ic water. Source regions for this arc probably 
the sh" now lirea "long the Span ish coast nQrlhwest o f 
THrifa and the Moroccan coast area. Indications that 
this is true can be seen in Ihe NOAA satellitc data in 
next section. bclow. 

Abrupt uphea\'als or the interraœ o\'er the Ca ma ri liaI 
Sill du ring flood 

During sorne tides. hetween - .3 h and 0 h 30 (.we 
Fig. 6 here and Fig. 17 b of Lacombe. Richez. 1982) , 

CAMARINAl Sill (S,l 
25 $eplembel" 1960 

one or several abrupt upheavals of the interface take 
place. As the current then is strongly westward , these 
upheavals correspond to excesses of Med iterranean 
water outflow : it may be asked whether these uphea\'­
ais are a natural means of .. exponing·· any exces~ 
flow of this water , due to non·tidal causes. to the 
west. Conversely. the sudden decpening of the inter­
fllce at about high-waler increases the Atlantic innow. 

Whar rôle does the strong westwa rd flow moving up 
the eastern slope of the Camarina l Sill play in the 
amplit ude of the interna i wave there '! Do the abrupt 
upheavals or deecpening o f the interface factors tend 
10 .. absorb ,. variations of the flows in the two [a)'e rs 
due to external causes '! 

NOAA SATELLITE DATA 

NOAA data 

IL as the aircraft and ship data indicate. the Atlantic 
waterlMediterranean waler interface is closer 10 the 
surfHce bc tween - 3 h and + 3 h. the surface water 
shou ld then be cooler than during the rest of the cycle 
for. Olt thesc times of the year , the incoming Atlant ic 
water is marked l)' warmer fhan the oUlgoing Mediter­
ranean water. Therefore. sate llite the rmal imagery 
should !:Ihow coole r tempcflItures in the st rait indica­
tive of Ihe nearness of the interface to the surface 
(rom - 3 h to + 3 h. 
ln add ition , the axial-divergen t/side-collvergell t now 
in the surface layer suggested in the ship data shou ld 
alM) be detectab[e in the thermal patterns displ;tyed in 
the satel[ ite imager}'. In turn . the changes in the 
therma l patterns in relation 10 the tidal phase could 
give a horizontal d imension 10 the ship's point 
measuremenb. 

The re is no present )iltdlite ~c n:.or "Îtll !:Iufficicnt 
rcsolulion to monitor a single twelve·hour tidnl cycle 

nh Il'' 15 h 1110 "1> '\1 . ' n. ". ". ". "" TU . ' 

O. 

,oo. 

'oo . 

10h 11~ Uh IIh II I> .. 
ll.l 

, , 

-' 

~C' 
JI.I· - . 11.::::--

"'7 
•• .' . ' " 

>, 

, , 

~O~ ~~' ____________ ,-__ --, 

o. 

'oom 

,oo. 

~O. 

". n. " . , .. , .. 
/ 11·. , < 

111· ,f.'/ 
,,; , . 

( , 

" 

" 
" 

" .. 
~I ~~'_11 

• • • 
" ". T(IIOP[IIAT!JA( 

20 

.,r 

'" 
'" . 11" 

'" 

",' 

o ,n, 

,oo. 

"'-

mo. 

Figure 6 
SalinilY und lemptraw, .. 
deplh rUflallOIlS al lire 
d"~SI PO'nI on Ihe Cam· 
aTl/lOf SiU (S). &ptem~r 
25. 1960 (LD(Qm~ el al.. 
1964). 
Onde inlerne de salinité 
(1 de lem~Talllre au 
poml le plus profond du 
seUil de Camarinal (S) . 
25 scplcmbrl." 1960. 
CalypsQ (Lacombe el af .. 
1964). 



STRAIT OF GIBRALTAR. FLUX PULSES BY TlDE 

Figure 7 
Saliniry deplh ~ariatioflS along Ihe lUis of/he Slrair 0/ Gibral/Qr OVtf a lidal cycle al rn'ap ride ..,ilh C _ 42 and spring tide ..,ilh 
C _ 89. Dashed lines reJer /0 aTta 0/ minimum saliniry (after LAcombe, Riche:, 1984). 
Variations longi tudinales de la profondeur des isohalines pendant un cycle de mar~e de mone-eau (C _ 42) le 24 mai 1961 et de vive-eau 
(C _ 89) le 2juin 1961. Les l iret~s indiquent la zone du minimum de salinité (d'apr~s Lacombe, Richez, 1984). 

(Meteosat has a resolution of 7 km in the latitude of 
the st rait). Because of this , an artificial representative 
lide cycle was constructed using afternoon OAA 7 
infrared data for the period 6-16 OClObe r 1982. These 
data were processed iota geomelrica lly-registered and 
atmosphe rically-corrected thermal imagery; i.e. ail 
the images we re processed 10 the same map projection 
(Mercalor) and to display gray-tones representative of 
absolute tcmperatures. Sh ip data for the period show 
that Atlantic water was approximately 18 ' C, and Ihat 
Med itcrranean water approximate ly 13 ' C (ail NOAA 
dala used in this sludy we re provided by Ihe Ce ntre de 
Méléorologie Spatiale , Lannion , France. Processing 
was done at NO RDA, Bay St. Louis , Mississippi , 
USA). 
T he construclion of an arlificial tidal cycle was made 
possible by the fact that a di Cfercnt phase of Ihe tide 
was present al the lime of each day's ufternoon 
satellite pass. Thus, each day's image could be used 10 

Tcpresent a specifie phase (or hour) of the tide. The 
imagery in the o rder of Ihe constrm:h.:d tidal cycle is 
shown in Figu res 8 and 9. 
The NOAA 7 passes for 9 and 8 Octobe r 1982 occur 
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close to the same phase of the tide ( - 3 h 20 for 
9 OClobe r and - 3 h 30 fo r 8 October). The 8 OClober 
pass was arbitrarily selected for use in the conSlructed 
tide sequence. Balh images, however , showed the 
sa me the rmal conditions and eÎther eould have been 
used in the construclion. 
Because of clouds , no afte rnoon image is available for 
ei ther 14 or 15 0 ctober 1982. For completeness, a 
morning image (- 03.00 GMT ) Îs incl udcd that shows 
surface lemperatures approximiltely 1 'C cooler than 
the afternoon imagery. Because of Ihe effecls of 
diurnal cooling, moslly afte rnoon imagery were used 
in the constructed tide cycle. 

Constructed tide cyc.le Îmagcry 

ln Figure 8. at just about low tide (actually - 5 h 15 
in Ihe tide cycles of JO OClober), the surface the rma l 
fea lures in the strai t are shown 10 be uni fo rmly cool 
with some cold waler on Ihe Spanish sidc of the strai l. 

Flow measuremenls cannal be made usi ng this set of 
imagery. However, the presence of the same tempera­
lure waler in the Atlantic la the west and cooJcr wa ler 
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Figure 9 
Sasrlllle-derivtd surfuce /hermal pallefll ~'aria/ian in 
the S/1Oi/ of Gibraltar over Il conSlruc/ed /idal periad 
for the paiod of high /0 la.., /ide ({rom Oc/Obt!r 
1982 sa/ellite dasu prOl'ided br /~e Cemre dt 
Mb~aralogie Spa/iale, Larlll;on" Numbefs TtfeT 10 
Ihe dales of l'Oeil afierlllxHl pœ,~)" 
Distribution des \"arÎatÎons thermiques de surface 
dans le détroit de Gibraltar, d "apr~s des \"ues­
~tellile. pour un cycle de ma~e reconstitué depuis 
la pleine mer jusqu"à la basse: mer (données de 
satellile pro\·enant du Centre de Météorologie 
Spatiale de Lannion pour octobre 1982" Les nom­
bres se rapportent 3UX dates des passages d"apr~s­
midi)" 
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Figure 8 
Sa/elli/e-deril'ed surface thermal palle", l'ariat;on /fi 

the StraÎl ofGibra//ar Ol"er a coru/ruc/ed lidal ~riod 
for the ~riod of la .., ta high tide (from October 
1982 satellite Jo/a provided by I~e Cemre de 
Milforo/agie Spaliale" umnion. Numbers rfjer 10 
the daltS of euch afiemoon pass). 
Distribut ion des variations thermiques de surrace 
dans le détroi! de Gibral tar , d"après des vucs· 
satellitc. pour un cyde de marée rcconslitué depuis 
la basse mer jusqu"i' la pleine mer (données dc 
satellite prO\"enant du Centre de Méléorologie 
Spatiale de Lannion pour octobre 1982" Les nom· 
bres se rapportent aux dates des passages d"aprts­
midi). 



in Ihe Medilerranean 10 Ihe east indicates that Ihe 
cool surface wa ler in Ihe strail îs probably Atlanlic 
waler moving eaSlward . According 10 the 1960 ship 
data, Ihe flow in Ihe slrait at this lime of the tide is 
generally eastward. The same data indicate Ihat 
speeds are probably less than 0.25 mis at Ihe si Ils and 
grealer Ihan 0.5 mis at Tarifa and Gibraltar. 
As the tide slans 10 flood , Ihe surface Iherma l 
patterns of Ihe Slrait change, reflecling corresponding 
changes in Ihe flow in Ihe surface layer. AI - 3 h 
(8 0clober) , the water in the cent ral channe l of Ihe 
strait is probably still At lanlic waler. 

Now, indications of divergent flow appear , as cold 
longues of water extend from bolh the Spanish and 
Moroeean eoaSls between Tarifa and the Cam<lrinal 
Si l!. The ship data indicale thal at this lime of the tide , 
there is a strong westward flow over Ihe sills wi th a 
speed of almost 1 mis ove r the Camarinal Sil!. Con­
versely , the flow al Tarifa is less than 0.4 mis to Ihe 
east on the Spanish side and 0.25 mis 10 the west on 
the Moroccan side (Fig. 5) . Note Ihat the ship's 
position on the 50uthern side of the strait is in the 
50uthern cold lOngue. This is the fi rst indication of 
convergent flow Iowa rd the Camari na l Si l!. 

At - 2 h and - 1 h (7 and 60ctober) , the tongues 
become more pronounced , almos! (but not quite) 
closing the strait wit h a band of cold water. The 
central core of Atlantic waler Iying along Ihe axis of 
the Slrait remains in position. The ship data indicate 
that a strong westward flow exists over the sills, wi th a 
flow of approximalely 0.2 mis on Ihe soulhern pon ion 
of the strait opposite Tarifa (the nonhern sidc shows 
only a slight eastern current of less than 0.1 mis) . AI 
Gibraltar the easte rn flow continues in the surface 
layer. 

At high tide and at + 1 h (16 and 15 OClober , in 
Fig. 9) , the st rait still shows evidence of divergent 
flow . This conflicts with the ship data that al 
+ 1 h show uniformly eastward flow Ihroughoui the 
strait : 0.5 mis east flow at the sill and 0.5 mis (north) 
and 0.2 mIs (south) at Tarifa . If is intcresting Ihal 
when stightly after + 2 h, Ihe cast ward flow increases 
dramalica lly at these locations (Camarinal SHI , 
1.5 mis; Tarif;! (north) , 1.7 mis; Tarifa (sout h) , 
1 mIs) , the imagery also show a sh<lrp corresponding 
change . 

ow, for the period of ebb (1 3 :md 12 Octobcr), Ihe 
imagery show evidence of li strong influx of warm 
Atlantic water in the strait. This is seen best in the 
12 0etober image (for purposes of comparison , this 
12 OClOber image may be set ag<linst Ih,1I which is bcsl 
represen tulive of flood condit ions: 6 October, in 
Fig. 8). The increased amount of warmer tempera­
turcs in Ihe Str<lil with Ihe withdrawals of the cold 
tongues indicate Ihe dominance of Atlantic water in 
Ihe Slrllit and Ihe cessalion of the divergent flow. 

Thus, the surface thermal conditions in the image ry 
indicatc the same in lerface deplh/tide phase relalion­
ship as the aircraft and ship d,lia (i .e. from - 3 h to 
+ 3 h. gene ra lly cool surface wate r, indica ling a 
shallow interface; from + 3 h to - 3 h, generally 
w;!rm surface water, indicati ng a deep inte rface). 
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They al50 show slrong evidence of the d ivergence 
present during flood between the Camarinal Si ll and 
Tarifa . as weil as the converge nce of water from the 
coast toward the central ponion of the strait . 

This sequence of satelli te images was chosen bccausc 
they compriscd the only salellite dala of suffiCÎent 
temporal length available Ihat showed the strait 
c\oud-free . The fact Ihat the limited data set showed 
the thermilt changes as expected gives credence ta the 
theories presented of the tide periodlinterface depth 
and divergence/convergence relationship . Note Ihat 
since the surface thermal conditions shown by each 
image fo rmed part of Ihe actual t idal conditions 
du ring that day, the conditions depicted in Ihe con­
structed tide we re aClUally repeu tcd on each of the 
e leven days. 

ln an effort to expand Ihis limited da ta set, 13 cloud­
free , random ly se lected NOAA images of the strait 
for the period Ju ne through October 1982 were 
examined. These showed the same thermal pat­
terns/tidal phase relatÎonship as the imagery presented 
here. 

THE DESCRIPTIVE MODEL 

Conditions fOf the model 

8ased on the above data , a descriptive mode r of 
even ts in the st rai l can be constructed. The occurrence 
of ce n :lin cond itions, as set ou t below, on the 
Camarinal Sil! is basic to Ihe descriptive model : 
1) maximum value of the lida l stream modulus, in 
both the upper and deepcr layers ; 

2) predominance of these tidal streams with respect 
to the mean flows ; 
3) maximum hcight o f the illlernai wave in compari­
son with the rest o f the strait , reaching as much as 213 
of the total depth ; 
4) simultaneous occurrence of the maximum {idal 
stream and the maximum depth variation of the 
internai wave (phase quadrature) for the semidiurnu l 
compone n!. That is, the maximum current (in eilher 
direction) lakes place at the time when the se midiurnal 
comjX>flcnt of the interface is al its mean deplh. Th is 
relat ive phase tends to introduce symme try in the 
Al lantic and Mediterranean flow exchange on Ihe sil!, 

Thus, the emission of Atlant ic water toward Ihe cast 
and of Mediterranean water toward Ihe wesl occur as 
large " lidal pulses " . wi th the Mediterranean water 
pu lse flowing out dUTing flood and the Atlan tic water 
pulse flowing in dudng ebb. These pulses have their 
greatest volume du ring spring tides. 

As mentioned in a preceding section ("' Ship dal a ") , 
during 50me tides, between - 3 h and - 0 h 30, abrupt 
variations in the strong weSlward flow moving up Ihe 
eastcrn slope of the Camarinal Sil! appeaT 10 create 
upheav'lls of the inte rface. Thesc effcets seem 10 

generate current and internai wave fronts. BOlh 
cffects propagme cast ward and , dominm ing the sur­
face currenl regime , move through the Slrait into the 
Alboran Sea . 
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The tidaJ cycle descriptive model 

Using the ship data as a frame (Fig. 10), the descrip­
tive mode l of flow conditions during a typica l tidal 
cycle can be presented as follows : 

Low tide (- 6 h) 

The current during this phase of the tide has started ta 
reverse at the sills and at Tarifa and is generally small. 
The interface is al ilS lower level. The Atlantic water 
pulse from the previous tide has ended and the 
outflow tidal pulse begins. 

Mid-flood ride (- 3 h) 

This is the time of the maximum outward flow over 
bath sills and the maximum amount of Mediterranean 
water is emitted from the strait. Now, the divergence 
in the surface layer, between the Camarinal Sil! and 
the Tarifa section, is strongest, signalling a complete 
interruption of the eastern flow of Atlantic water 
through the strait. The flow in the surface of the 
narrow area of the Slrait continues eastward, carrying 
the residue of Atlan lic water from the previous tide. 
This is the midpoint in the ascent of the interface in 
the slrait. 
At the Camarinal Si ll , very sharp and irregular ascents 
of the interface accur, as weil as strong variations in 
the tidal current. AI limes Ihese abrupt ascents 
sharply increase the amount of Mediterranean water 
going over the sill. If this accurs at a time when the 
outflow current is still strong, a greater than normal 
pulse of Mediterranean waler will flow into the 
Atlantic. 

HiglJ ride (HW) 

The tidal current has reversed and the inward tidal 
pulse begins. The interface is at its shallowest in the 
tidal cycle. At the Camarinal Sill , a rapid deepening 
of the interface (sometimes abruptly) occurs, together 
wi th a very strong increase of current to the east (with 
abrupt fluctuations). 

Mid·ebb lide (+ 3 h) 

The inward flow is now at its maximum in the 
Medilerranean as weil as in the Atlantic layers. The 
tidal component of the interface depth has reached its 
mid-depth position. Now, there is no dive rgence zone 
between Ihe Camarinal Sil! and the Tarifa section ; 
and At lantic waler flowing eastward as a st rang pu lse 
through the whole strait is al a maximum. 

The interruption al + 1 h of westward flow in the 
lower layer means thal no or very linle Mediterranean 
water is leaving Ihe strait. Thus, this period marks an 
end to the Mediterranean water pulse lill + 4 h 30. 
The flow of Atlantic waler will con tinue 10 be st rang 
until - 6 h when the reverse of the tidal stream will 
TeStOre the zone of divergence and mark the end of 
the Atlantic water pulse. 

24 

o ,. ,,-,,- -t 01 1-
/ ---J/ " " .. ~ 

" Om 
i 

" ,Q 
• ~ 

Q 

~ 

a 

~'" ...-
0 

~, ~ 
,_. .. H • ,. ~v- .. 

~ .. 
m o. .. " (WA.H lAI 
m _HIISI 

• Q 

~ 

'" 
~ 

•• ICIIJU 

'" 
~ ...-

~ 
,_. .. 11 - \ r-r ---~-

,. 
" 

,. 
" / 

/ 

" --
" " o. 

a ,L _____ --' 

Figure 10 

" .. 

(A) 

- " .. 

~) 

Tidal cu~,enl s!,!ed and di,eclion ,·ariuriollS .. ·ilh deplh a/onl /he ariJ 
of /he SI.ail 01 Gib,alta, fo, a cOfl$/ruc/cd tide cyclt. The dashed line 
,ep,esenls the depth of/he A /lanlic wale"Medilerrantal1 waler 

"illlerfacc (from Stptembe, 1960 ship dala). 
Variations en fonction de la profondeur de la vitesse ct de la 
direction des courantS de marte le long de raxe du dttroit de 
Gibraltar, pour un cycle de mar~e reconslifu~ . La ligne en tiretts 
reprtsente la profondeur de l'interface enfre cau atlantique CI eau 
m~dilCrran~enne (donntes de septembre 1960, CaIYPlo). 



TID AL CU RRENT AN D INTERNA L WAVE· 
FRONTS EAST OF THE SILL 

The passage of the pulses and the movement of the 
progressive internai waves through the strai t appear 
to have a close association, which deserves brief 
mention as part of the present discussion. 
Progressive internai waves in the Strait of Gibra ltar 
have long been a subject of siudy (e.g. Jacobsen , 
Thompsen , 1934 ; Lacombe el al. , 1964; Cavanié, 
1972 ; Boyce, 1975 ; Lacombe, Richez , 1982; Kinder, 
1984 ; L.'l Violette el al. , 1986). These studies indicate 
that the waves usually occur in groups, or " packets " 
and that the waves are generated at , o r near, the 
Camarinal sm just prior to high tide . Examples of the 
internai waves are prominent in the shu tt le photo­
graphs (Fig. 4) and in the analyses of the data 
collected in the multiple-ship surveys (e.g. Fig. 5 and 
6). 
The model presented above suggests that the time of 
high water ma rks two simultaneous events on the 
Ca marinai SiII : one tS the sharp depression of the 
interface; the other is the generation of a current 
front. Both featu res propagale eastward at apparently 
the same speed. However, the depression is propa­
gated as an internai wave packet , while the current 
front , very sharp in Tarifa section, is smoother more 
to the east. The series of depressions that mark the 
eastward progress of the internai waves are easily 
noted in the watet col umn data. 
The speed of the internai waves within the strait vary 
(Table): Cavanié (1972) showed an internaI wave 
front arriving off Gibraltar about 7.5 hours after high 
tide for one semidiurnal tide and about 3.5 houes afler 
high tide of the subsequent semid iurnal tide. In their 
study, La Vio lette et al. (1986) also noted that the 
wave packets arrived at Gibraltar at d ifferent phases 
of the se midiu rnal tide. Bot h nighttime packets ar­
rived at Gibraltar 1 to 2 hours after low tide , whiIe the 
morni ng packet arrived 1 to 2 hou rs before low tide. 

Table 

STRAIT OF GIBRALTAR. FLUX PULSES BY TIDE 

They suggest that. because of the match in the phase 
limes of the two nighttime packets, the different 
arrivai ti mes were caused by the variation in strength 
of the semidiurna l ridai current. 
Thus, the speed of rhe in ternai wave packets moving 
through the Slrait varies according 10 the st rength of 
the tidal current. The study presented here suggests 
thal in a similar fashion , the degree of ven ical 
movement of the AtlanticlMedîterranean interface 
alsa depends on the slrength of the tîdal currents. The 
data indicate that the start of a wave packet at the 
Camarinal 5i ll and the shallowest depth of the inter­
face occur at the same time: at around high tide. 
However, as the wave packet moves east through the. 
strai t, ÎIS position in the interface depth variation at a 
given point wi ll vary according 10 the tidal srrength . 
The study by La Violette el al. (1986) is a good 
example. In their study , the passage by Gibraltar of 
one set of waves occurred two houtS prior 10 low tide 
(or two houcs prior to maximum interface depth) , 
whereas the nightti me packet passed by IWO houes 
after low tide (or two houes after maximum depth). 
Thus, according to the distance from the Camarina l 
Sill and the strength of the tidal current, the internai 
waves may be fou nd impinged at any poin t of the 
interface , whether deep or shallow such as in Ihe 
temporal diagrams in Figures 5. 

EVIDENCE OF T1DAL· RELATED PULSE· 
EMITING FROM THE STRAIT 

The cyel ic emissions of Atlantic water from the 
eaSlern end of Ihe strait into the Alboran Sea may 
have been indirect ly noted by La Violette (1984). This 
study, based mainly on sate lli te the rmal imagery , 
concentrated on the presence of cold water features 
periodically found al the eastern end of the strait. 
These appeared 10 move away from the st rait and 
rotate about the Alboran 5ea Gyre (Fig. 11): This 

Measurements of phose speeds of internai .... aves and current-frants in the Strait of Gibraltar. 
Mesures de vitesses de phase des ondes internes et des fronts de courants dans le détroit de Gibraltar. 

Frasseuo (1964) 

Ziegenbein (1970) * 

Cavanié (1972) 

Lacombe and Riche~ (1982) 

La Viole!!e l t al. (1 986) 

1.3 knots (0.7 mis) 
4.0 knots (2.0 mis) 
4.4 knots (2.2 mis) 

3.1 knots (1.6 mis) 
4.3 knots (2.2 mis) 
5.0 knots (2.6 mis) 
2.3 knots (1.2 mis) 
3. 1 knots (1.6 mis) 

3.5 knots (1.8 mis) 
4.3 knots (2.2 mis) 
3.8 knots (1.9 mis) 
3.8 knots (1.9 mis) 
4.3 knots (2.2 mis) 
3.2 knots (1.6 mis) 
5.0 knots (2.6 mis) 

2.1 knots (2. 1 mis) 

mean value Camarinal Si ll·Tari ra 
locally B6 
Camarinal Sill,CcLlt3 

• Individ~al wavcs mea5~rcd between IhcrmislOr ~hain moorings. Spc::ed~ mar be innalcd if moorings wc., nOt onhogonal 10 wa~s. 
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peLA VIOLETTe, H LACOMBE 

1432 GMT OCTOBER 6 

0256 GMT OCT08ER 7 

1422 GMT OCT08ER 7 

0244 GMT OCT08EA 8 

1400 GMT OCT08EA B 

Figure Il 
Cyc/ic emission of cold ",aler fealuœs /rom Ihe ellSlern end of Ihe 
Sm"l uf Giv,,,/i"r "!Id rh.;iT Tulil/iurl avuur lire AlbuT"/l SyTe (Lu 
Vio/elle, 1984). 
tmission cyclique de taches d'eau (roide à partir de l'extrémité 
orientale du détroit et leur rotation autour dc la Mer d'Alboran (La 
Violcttc, 1984). 

cold watcr i~ probably watcr that had upwelled 
betwcen the times of warm Atlanlic water pulses. 

Sincc thc satell ite imagery provides no sali nit y infor­
mation and since the tempe rature of the warm Atlan­
lic water was close to that o f the warm water found in 
the centre of the Alboran Sea Gyre, no differcntiation 
between the two water masses could be detected in 
the satellite thermal imagery. Hence, the emphasis on 
the more prominent cold water fealures in the 
La Violette (1984) sludy, 

A comparison of the model presenled above and the 
results of La Violette (1984) suggests that the Atlantic 
water pulses are interposed betwcen the cold water 
fcatures. Tt may be further inferred that the Atlantic 
water pulses, upon leaving the slrait, become caught 
up in the rotation of the Alboran Sea Gyre and, as 
they circle the Alboran Sea, mix and eventua lly form 
the bases of the surface water mixture found in the 
centrc of the Alboran Sea Gyre. 

Pulse emissions of the deeper Meditcrranean water 
from the western side of the strait have not been 
detected. As the model suggests, the strength of thc 
Mediterranean emissions should vary biweek ly ; being 
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slronger at Ihe spring phase of Ihe tide than at the 
neap. The possibilily of these deep pu lsic emissions 
(including the variabililY of their strenglh) should be 
considered in any study of the spreading of this dense 
water mass. 

CONCLUSIONS AND REMARKS 

Conclusions 

This sludy of shultlc , aircra ft and ship data shows the 
now in the strait of Gibraltar. The data used are 
scattered in time and are of short duration. Howcver, 
we believe the repctition of the events shown in the 
different data ta indicate that these events represent 
normal condi tions. The sludy shows that the emission 
of At lantic water towards the east end of Medilerra­
nean wate r towards the west occur as lide-related 
pulses. Tt indicates that the Camarinal Sill and the 
Tarifa section play key roles in Ihe producing of Ihese 
events. Periodic events occur at two time scales : 

1) For the semidiurnal tidal period, the largest 
amount of Mediterranean water flows OUi of the strait 
into the Atlantic during the flood phase of the tide ; 
and the largest amount of Atlantic waler flows 
through the strait du ring ebb, These nows occur as 
large. semidiurna l pu lses with the highest volume and 
speed values occurring about mid-lide (external and 
internai). The values found in these large pulses are 
much larger than the values of the mean flows in and 
out of the st rait and are greatesl during spring lide ; 
2) At the Camarinai Sill , over much sho rter periods 
(of the order of 15 min 10 1 h) complex hydraulic, 
non-linear phcnomena of unknown origin generale 
very abrupt changes during the later period of flood in 
Ihe near·surface current and interface depth. These 
abrupt events not only appear ta interact wi lh the 
semidiurnal pulses. but generate an internaI wave­
and current-front which, during Ilood, propagate 
eastwards into the Alboran Sea, These short period 
fronts are not locked in phase wilh the surface and 
internaI semidiurnal tides; yet they dominate the 
inlernal wave amplitude and current regime in the 
surface layer east of the sil!, 

The importance of the sil! ma)' result in part from 
events occurring at the sections at and east of Tarifa. 
We have shown that east of Tarifa , the surface layer 
current always sels eastward, often at supercritical 
speed over an eastward shoaling interf'lCe. Thus from 
this region there is almost no westward Ilowing 
Atlantic waler. As there is westward nowing surface 
layer water over the Camarinal sm during Ilood , a 
convergence now must be generated at this time to 
supply this surface layer of waler. Ship and NQAA 
data suggest this source is the Spanish coast just west 
of Tarifa and from the Moroccan coast. 

Remarks 

\Vhat causes the divergence of Atlantic water, or the 
important shoaling of the interface in the narrows of 



the st rait ? Are these the result of the supcrcritical 
flow? As these phenomena appear ta have a very 
significant bearing on the regime in the strait , il is 
important 10 undcrsland Iheir causes. 
Furthermorc , we know liule .,bout what happe ns just 
west of the sill , or about the gcneration of the shon· 
period nuclUations of current. duri ng mid· ta late· 
flood, that modu lates the very abrupt reversai of the 
tidal stream from west ta east. The presence of these 
strong . shon-period fluctulltions may play a rôle in 
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generati ng the internai wave front and the current 
front which propagate to the east, particularly in the 
southern half of the Tarifa section. 

ln our view, Ihe fact that the current in the surface 
layer in Ihe Strait east of Tarifa is a tways nowing east, 
and Ihat there is no outflow of Atlantic water in the 
narrowest part of the Strait. is important. The conse­
quences of this observed fact for a fuller understanding 
of the physical eve nts within the strait dcserve investi· 
gation. 
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