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ABSTRACT

SatelÜte images, wind data arid a hydrodyriamic model have used for studying the seasonal vari­
ability of coastal upwelling along the Northwest African coast. Upwellirig indices have been de­
rived from the satellite' data of sea surface. temperature and from the wind data usi~g c1assical Ek­
mari theory over Cl period from 1981 to 1989. The'seasonal vanability of cOaStal upwellinfis dis:­
eussed from the 2 data sets. In both data sets appear quasi-permanent upwellirig in anarea noIth of
Cape Blane. A hydrödynamie model is.used for Cl speCifie analysis of the eross-shelf transport in
that area for 3 different periods in 1983 arid 1984 arid the model results are eompared to EkJ1lari
theory. .

1 INTRODUCTION

At the Joint Research Centre ofthe Commission of the European Communities ,remote sensing
data and hydrodynamie models have been used sinee 1985 for studying the eoastal upwelling sys­
tem along the Northwest African coast. Initial emphasis haS been on understariding the spatial and
temporal variability of coastal upwelling, as weIl aS understanding single processes and events,
Van Camp ei al. (1991), Mittelstaedt (199ij, Gabric et cil. (1993), Hoepffner et al. (1992),
Schrimpf et cil. (1992), Nykjrer and Van Camp (1992, 1993). Remote sensing data are used in­
itially in these studies~ sirice some of the changes in physical and biological characteristics of the
surfaee waters eaused by coastal upwelling can be measured relativelyeasy from sateIIite Sensors.
This is partlcula.rly true. with regard to the sea surface temPeratiJre (SST) which can be mapped at
regular iritervals using infrared Sensors but alsothe chänges iri the biological state of the surface
waters following the injectiori of nutrieritS into the,euphotic zone can be measured as a change. in
ocean colour. which in turn can be related to the p~ytoplanktori pigment concentration. Hydrody­
namic models phiy aß important role in the interpretation of satellite data, since appropriate mod­
els permit a detailed analysis of parameters which cannot be derived from remote sensing daci,
such as the horizontal flow field, the turbulence characteristics in the.surface mixed layer and the
bottom frictlon layer, the vertical structure of the water. columri arid suhsunace parameters.

The turn of this paper 1s to summarise the analysis of seasonal vanabiÜty of cmistal upwelling
based on upwelling indices denved from satellite data and meteorological data. Furthermore, the

.attention is directed io the area of quasi-permanent upwelling rioftb of Cape iUane where a more
detäiled analysis of the cross-shelf traiisport is earried out using a hydrodynamie model arid the
result of the model is eorifronted with an analysis based on classical Eknian theory, Ekmlm (1905).

. . . ,. ; ,.

2 SEASONAL VARIABILITY OF COASTAL UPWELLING

SeaSorial vanabiÜty of coastal upwelling haS beeil studied from satellite arid meteor~logicai data.
3400 images from the NOAA. series of satellites carrying the Advanced Very High Resolution
Radiometer (AVHRR) have been processed into maps ofSST covering the period [rom July 1981
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to August 1989. Tbe processed images incIude datil acquired from NOM-7. NOAA-9 and
NOAA-ll. Only daytime images are available. Thus all images are midday or late arternoori ob­
servations. Satellite data calibration and, calculation of brightm~ss temperatureshas been done fol­
Iowing LauritSon et 01. (1979) and Kidwell (1988). The, SST is calcuhited usirig a spUt window
algorithm as descrlbed by Castilgn~ er al. (1986). To eliminate the influence of douds the ap­
proach of "maxirrllim value compositing" (MVC) has been adapted here. Over a given time perlod
all images are stacked ori, top of each. other arid a iie", image is created which for each Iocation
retairis the warmest value found at the same Iocation in all the images over the time perlod. Differ­
ent,tests camed out using perlods of 5 days. 10 days and 1 month reveaIed that 10 days were a.
sufficient perlod for achieving full geographical coverage with an acceptable minimum influence
ofclouds.

To focus the attention on cOaStal upwelÜng. an SST upwelling index has been derived from the
10-day MVC's. The iridex iS calculatedas the zonal temrerature difference betweeri midshelf tem­
perature arid the temperature 500 km further offshore at the same bititude. The SST upwelling in­
dex is derived from 400 N to 4°N thi"oughout the time perlod where satellite data is available. Fi­
rially~ iri order to examine seaSorial varilibility. a mean annual upwelling index is caleulated and
presented in figure La. .

~,~ , '

Wind data have been made available from the European Ceritre for Medium-Ra.nge Weather Fore-
eastS. UK. The wind field is derlved by means of an anillysis of meteorologieal observations and a
6-hour foreeast obtained with a. numerleal model. ,The winds used irithis study are given at 12
UTC for eaeh da.y in the period from September 1982 to June 1991. The winds are given at 10 m
height on a spatial gridof 1.875 degrees latitude and lorigitude beforeMay 1985 and 1.125 de­
grees after May 1985. In order io focus the attention'on coastilI upwelling and to reduce the vol­
urne of.daia. an 'upwelling index defined as being the. Ekrilan transport pe..peridicular to the mid­
shelf line has been extraeted from the wrnd data set. Stations along the eOlist are seleeted from the
wind fieId',intefpolated to the resolutiori of the satellite images prlmarilyfor easiereomparison to
satellite data arid the upwelling index ealeulated for these selected stations. The upwelling index
will be referred to aS the Ekrnari upwelling index. Like the SST upwelling index a mean annual
upwelling index has been ealculated arid is presented here as figure I.b.

The mean annual upweIÜng indices in figure La and I.b have been compared to similar upwelling
indices ealculated from in-situ data and presented in Speth arid Detlefsen (1982) and Wooster et
al. (1979).

The patterns showri in figure l.a are in good agreementwith the patterns of zonal temperäture dü­
ferences presented by Speth 'arid DetlCfsen (1982) and Wooster et al. (1979). Thc absolute vaIues
are however not in agreenient. since the satellite index displays mueh lower dynamie rarige than
the in-situ measurements.; This difference ma.y be due to different ineasurenient techniques arid
the processitig applied to the satellite daia Le. the maximum value over 10 days äs compared to
instantaneousthermometer readings. Furthermore. there are differences in geographie positions
from whieh the eoastaland offshore temperatures are ealculated. In particular. the index used by
Wooster et al. (1979) used offshore temperatures in the mid-Atlantie. while the SST upwelling in- '
dex is eaIeulated as a difference between midshCIftemperaturesarid temperatures 500 kin fUrther
offshore. However. thebirge ScaIe distribution of the SST upwelling index depictsthe major sea­
sonal variability. South of 200 N a strong seaSonal signal is dominant with upwelling oeeurririg
during winter. Between 200 N and 26°N upwelling is persistent,throughout the year with maximum
intensities during May and June and bCtween September arid December. Further north betwcen
300 N arid 32°N upwelling is strongest in summer between August arid September. North of 32°N
upwelÜng is not evident along the Afriean eoast but the Portuguese summer upwelÜng north of
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Figure l.a. Mean annual SST upwelling index Figure l.b. Mean annual Ekman upwelling
index (m3 S·l per meter eoastline)
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37°N ean be identified. A major diserepaney between SST upwelling index and in-situ tempera­
ture upwelling index is found bet\veen 26°N and 28°N during August and September where up­
welling is strang in the satellite index but absent in the in-situ based index. A plausible explanation
eould be that the latter is based on merehant ship measurcments and the main shipping routes at
26°N-28°N pass by tlIe Canary Islands and not along the eoast, henee no data would be available.

At large seale the Ekman upwelling index, figure l.b, eompares weIl with the SST upwelling in­
dex in figure l.a. Tbe diserepaneies just south of Cape BIane at 19°N are more likely due to differ­
enees in data proeessing than aetual diffe1'enees in wind fields. Tbe seasonality south of Cape
BIane is eonsistent in both indices, but north of Cape BIane up to 25°N there are major differenees.
The SST index demonstrates strong upwelling throtighout the year with two major peaks in
May/June and Getober/November. Thc same double peak eannot be [ound in the Ekman index.
Further no1'th at the Ioeation of major eapes along the eoast the SST iridex is high, for instanee at
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Cape Yubi 3.t 27°N and Cape Ghir at 31 ON. Apparently, the. intensirication of coastal upwellirig iri
the vicinity of capes eannot be explained by simple Ekrrian theory.

. ,

3 MODELLING OF CROSS-SHELF TRANSPORT

Tbe aIlriost pemüment coasiai upweUing throughout the year in the CaPe Blane area between 200 N
ärid 25°N seen in the upwelling indices in figure I, has stimulated the interest of improving the
kßowledge of transport pattern, in particular the offshore volume transport in that area. ,The classi­
cal Ekritan theory which has been use for producing figure l.b is known to be limiiCd by a) as­
sumption of infinite deptb, b) steady state solution and steady wind and e) no themiohaline effects.
These limitations may hide important aspects of the transport patterns and mechanisms. In o~der to
improve the basic Ekrnail theory a hydrodynamic model has therefore beeri used for examining the
offshore transport. The time period which is investigated iS duririg 3 distinct upwelling events in
Decemher 1983, March 1984 and Oetober 1984. The offshore transport during these periods is es-'
timated from classical Ekrilan theory arid eonfrorited with the transport from the hydrodynarnic
model. The :veiSion of the model used for this study may be described in general non-mathematical
terms aS a 3-D prognostic, baroclinie model based on the primitive equations, the hydrostatic ap-

, proximation änd the Boussinesq assumption with respect to the effect of variable densitY. Raro­
eIinic effects have been computed using separate transport equations for heat arid säIinity.Verlicäl
transport by turbulence is compuied with the turbulent kinetic energy obtained from a solution of
the eorrespondirig transport equation and with the mixing length derived from the applieation of
weIl kriowri parameterizatiori principles. Turbulence darnping by densiiy stratifieation is taken into
aeeount. A detailed deseriptiori of the mathematieal model and the applied numerieal methods is
given in Eifler arid SehIimpf (1992). The model was fcireed by the däily wirid field from ECMWF.
The modei computes the eross-shelf velocity v(z) normal to the 200 m isobath, and then integrates
over the eomputed mixed layer depth to estimatethe riet cross-shCIf volume transport. The vertical
diseretization ehosen divides the upper layer of the water eolumn into layers of 2. mthickness in
order to obtaln the accuraie estimate or the vertiCal dimension of the mixed layer. Tbe layer thick­
riess is increased cöntiriously downwards where the bottom layer thickßess is about 200 m. To de­
scribe the different shelf geometries north of the Cape Blanc region, the eorriputations have beeri
carried out alorig 3 diStirictly different cross-shelf sections at 21 ON. 22.5°N and 24°N.

EkJnail cross-shelf transports and model cross-shelf trarisports for the 3 periods studied Me shown
in figure 2.

The mOdei predictioris for December 1983, figiIre 2.a, suggest that thetransport waS directed off­
shore for most of the inonth and intensified between December 10 and Deceinber 16 wiih a peak
of 3200 kg m'IS'1 at Decembcir 12 at 21°N. Tbe. winds relaxed froni 4-5 days from Deeember 21
which resulted in onshore flow during this period. The meridional gradient of the Ekman tränsport~

with peak values highest at 21°N would eause a clockwise steering cif materiäI transported off­
shore. Iri general, the inodel predicis a greater rarige in Elanafi transport than the simple Ekman
theory. Contiastirig io December 1983, the situation dunng March 1984,'figure 2.b, was more van­
able with little offshore transport during the fIrst 10 days of tbe month. A short period from March
13 to March 16 was followed by wind relaXation uritil March 20 when the winds intensified, par­
tlcularly in the northerri part of the study wiridow and eontinued for the rest of the morith. October
1984, figure 2.c, was characteriied by moderate to strong Ekman transportS for the frrst 10 days,
with partieularly high values at 21°N on Octobcir 7. Aperiod of relaxation followed until OCtober
17, wheri winds increaSed with moderate io strong offshore transport at älllatitudes for the remairi­
der of the inonth.

4



3000

~ 2500 _24N 4000
I

n-y~4N ~3';00glCOO _~4N

-:'3000 Theoty 2.'"

I I~ ~ 2500

~
1000 \ 1=. 500

:: 1JOQ .
! ... 0;00 !'" 0 ; 0

'"... .~'"-~ ·1000

·1000 'I~

I 3 S 7 • 11 " 1517 " 2123251728" ~
3 5 7 • "1315 I7I1~I n nn ~'311Hft.'.e-r '91' I 3 5 7 1111315171.212325272131

Mardl '9U (klob... 1914

3000 4000

~ 2500
4000

.. :tSOO
..

I .... 3500 -- ModolU5N

~2000 !3000 -:'3000 ----. T>-yUSN...
JI~

~ 2500 -2500

I: ICOO llCOO
~ 1000 f'~ ~ I~

~ 1000 ..
i ~ ..

~ I '000... j 0 ! 500'" '".. ·500
-500 "000

,~ " 500tt ·1500

3 5 7 ,
" 13 '517 II~' n ~5 27 2131 ~ "000

Deft....r .911 I 3 5 7 ,
" U 15 17 11 ~I n 25 ~7~' 31 I 3 5 7 , " 13 15 17 \I ~I U 25 27 21 3.

Ma«" "I. (klolt... 1914

4000
500ll 500ll3500.. _21N _21Ni »>0 n-y2'N ;4000 T'-Y21N - 4~

j 4m lr.bIel 2tN.. T'-Y2,N2500
~3000Im. -3500
I:

13000; f2000~ I~ ...
E. 1000

:: '500. 1000 ..
! . : l'OOll

500 ;
'" ... 0 ! I~

0
.. ..

'000
.soo ·1000

500
• ·1000

I 5 5 7 • 1I U 1517 112125 ~s 212. 51 3 5 7 , 1l13151111~1232S212131 3 I 1 , II U 15 17 11 21 n ~5 n 21 SIDft".1tfto .,., ~t.r(' 1914 OdoMr 1914

2.a 2.b . 2.c

Figure 2. Model calculated and theoretical values of Ekman cross-shelf transport at 21 oN. 22.soN
and 24°N for (a) December 1983; (b) March 1984 and (c) October 1984. Positive values are off­
share transport.

4 CONCLUSION

TheUpwelling indices used for examining seasonal vanabilities of coastal upwelling agree well at
the large-scale. while discrepancies bCtween the 2 indices can be foimd in the vicinity of major
capes. A mathematical model has beenconfronted with classical Ekman theory in, c3.Iculating
cross-shetf transports in the area north of Cape Blanc where iipwellirig seems to be a quasi- .
perriianent feature. It appears. that most of the net cross-shelf transport can be sufficieritly weIl de­
scribed by simple Elcinan theory in that area confrrming the understanding of coastal upwelling as
aß. essentially wind driven phenomenon. However. Ekman theory does not reflect the Cffects of
more complex shelf and coastline geometrles arid additionally cannot' provide the information on
the turbulence characteristics in the suIface mixed layer and in .the bottom friction layer which is
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of vital irnportance for hio-geochemical studies. Hence, it is believed that hydrodynamic models
are indispensable for more detalled aJialysis of tinderiying hydromechamins also in view of an im­
proved interpretation and application remotely sensed data.

'. .
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