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Chapter 1 

I. General Introduction 

lhe Benguela Current flows equatOlvlard along the western coast of southern Africa formiog the 

eastern boundary current segment of the subtropical b,)Te of the South Atlantic Oceao. From ncar the 

soutocrn extremity of the Afri<.:an COlllinent. it bathes the coasts of South Africa. Kamibia. and the 

southern pan of Angola. It leaves the ~oast and veers northwestward at about 18"5 latitude to 

eventually merge with the westward-tlowing South Equatorial Current. The Benguela Current is a 

direct analog to the other major 8ublropical eastern boundary ~urrent~ or the Atlantic and Pacific 

Oceans: the Canar~ Current. toc California Current and toc Pem·HlIlTlboldt Current ~y~tems 

(Womter and Reid. 1963. Parrish et a!.. 1982). As for the other systems. wind-driven off~hore" 

directed transport of surfa~e waters and resulting coastal upwelling is a dominant aspect of its 

dynamics and its ecology. I lov,·ever. the Benguela is unique in the extreme strength of this offshore 

transport and or the re8ulling upwelling near the coast or \\uters originating at depth (Bakun. 1 '}<)6). 

The large marine ecosystem oftoc Benguela Current (Sherman. 19(9) i~ usual ly con~idered to 

represent a combination of two somev,'hat autonomous regional ecosystems, the northern Bengllela 

and the southern Benguela, respectively. The division ocl\,'een the t\\O is usually placed in the 

vicinity ofUidentz (26.60S), \\hi~h i~ located on the Namibian wast approximately 200 km north of 

the border with South Africa. It is the northern Renguela that features hy far the more intense 

upwell ing. ib hi ghe~t intensity COre located near l.lideri 1/.. Thi~ high rate of upwell ing i~ retle~ted in 

very high primary productivity. 

Our present understanding of the functioning of the Benguela ecosystem is based on data collected 

mostly from research cruises and toc usc of low resolution (4 " I g km) ,;atellite data. Although in situ 

data may be of very high quality. synoptic coverage of the ecosystem is not achieved. Conversely. 

low re~olution ~atellite data may provide broad ~ynoptic coverage. but exclude the detailed temporal 

and spatial variahility of upwelling and of phytoplankton response that ocellrs in toc Benguela. 

I ligher resolution (1 km) data from satel1ite~ that provide daily synopti~ coverage of the ocean have 

been aeqllired locally over the past number of years. Exploitation of ~ueh data, in particular Irom the 

NOAA A VIIRR and the OrbVie\\· -2 Sea WiFS sensors. otfers the opportunilj- of investigating the 

upper layer dynamics oftoc Bengocla ecosystem in more detailed space and time scales than has 

I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

previ ously b"en und~n"ken. 1 n parli~ular. a slud) 0 f the ll1esos~al~ Up'\~ Iling cvenls and ~onsequcm 

phYlOplankton response in the Bcnguela using toc highcr rcsolution Jata would improve our 

knowledge of the key processes that drive thc Benguela ecosystem. 

-
, , 

SOU T H 
AFRICA 

..... 

Figure 1.1 NOAA AVHRR sea surface tempera1ure image for 15 May 2003 sl;owmg the Benguela ClI"rent 
system extend1ng alor.::l the western coast 01 southern AtrJCa, v..ith the warm Agulhas Current flowing down the 

south-eastern coast The Benguela Current forms the eastern bOl.J1dafY ClI"rent 01 the South Atlantic and IS 
bounded at both the equatorward aOO poleward ends by warm water regimes. the Angola-Benguela frootal 

zone in the north (not shownl and the Agulhas retrotlectkln area in the south 
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No. Name 
ATMFAIL 

2 LAND 
3 BADANC 
4 HIGLINT 
5 HILT 
6 HISATZEN 
7 COASTZ 
8 NEGLW 

9 STRAYLIGHT 
L2 
10 CLDICE 
11 COCCOLITH 
12 TURBIDW 
13 HISOLZEN 
14 HITAU 
15 LOWLW 
16 CHLFAIL 
17 NAVWARN 
18 ABSAER 

19 TRICHO 
20 MAXAERITER 

21 MODGLINT 
22 CHLWARN 
23 ATMWARN 

24 DARKPIXEL 

25 SEAICE 
26 NAVFAIL 
27 FILTER 

28 - 31 
32 OCEAN 

* 

filter 

the third reDrocess~in!l under 

b) 

in L3 indicates that in 

and in L2 or in 
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L2 L3 
Y Y 
Y Y Land 

Miss ancil data 

Y Y 
Y 

Y Y 

Y Y 
Y 

Y 

Y 

* Y 
Y 

Y 

Y 

Y 
Y 

Y Y 
Y 

Sun glint contamination 
Total radiance above the knee 
Satellite zenith angle above the limit 
Shallow water 

radiance in 
bands 7 and 8 

light contamination 

Clouds or ice 
bloom 

water 
Solar zenith above the limit 

aerosol concentration 
Low radiance at 555 nm 
Chlorophyll not calculable 

(tilt 
aerosol index above the 

Threshold 
Trichodesmium bloom condition 
Maximum number of iterations in the 
NIR 
Glint corrected measurement 
Chlorophyll is out of range 

value outside of reasonable 
range or Lw at 490, 510 or 555 nm 
is less than zero 
Rayleigh corrected radiance is less 
than zero for any band 

based on climatology 
the line is bad 

Insufficient 
aerosol model filter ** 

for future use 
Ocean data 

for 

t guess Lwn 

is only to HRPT and LAC data 

in L3 

L2 & L3 

, mask in 

Mask in L3 

New 
New 
New 

N/A 
New 
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Figure 2.1 SeaWiFS chbraphyll a CCM1centration lor the southern Bengoola region on the t 5 October 2002. 
iMlite masking along the coast is due to manipulation olthe stray light correction and the masking 
parameters: (a) sI_pixl = 0, maskstr=O; (b) sl_pixl = 1, maskstr=t, and (c) sJ_pixi = 3, maskstr=t 

Offsro-e. white re,.-esents clmKJ 

Applkation of the stray light correction results in a notable in~",a~" in chlorophyll a concentration in 

te.., allectcd areas (fig. 2.1). Considering only the inner conti nental shdf (O-l OOm) from 29.00"S to 

34.35"S (tip of the Cap" P"ninsula). thc mean chlorophyll (! wn~entration~ (Fig. 2.2) aTe 13.22 

mg.m -, and 13.53 mg,. m _J for Cases (8) and (C) re~p"cli ""Iy, ",lati vc to 4.1\2 mg.nf' for Case (A). 

Hence. ror this "xample. an almost thrce-fold inc rease in mean chlorophyll a o<;curs Over the lir~t 16 

coastal pixels (average \yidth of the inner ~hell) when the stray light corrcction is switched on. In this 

scenario. mu.~k ing of thc fiTst threc coastal pixels results in only 5<) p"r~ent of th" in~r ~e..,lr pi xc1s 

being included in the statistics (fig. 2.2. Cas" C). \yhile 82 p"rcent arC included when the first coastal 

pixel is mu.sked (Fig. 2.2. Ca~" 8), relativc to 97 percent pixel inclusion when the stray light 

corre~tion i~ 01'1' (Fig. 2.2, Case A). 

15 
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Figure 2.2 Output statistics for the southern Benguela inner shelf on 15 Detoter 2002 processed 

IMth differing stray tight parameters (reference Fig.2 1) 
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Table 2.2 Flag statistics for southern Benguela data of 15 October 2002, processed 
with differing stray light parameters (reference Fig.21) 

Case A Case A Case B Case B Case C Case C 
Flag No. FI~ Name Pixels Pixels 'k Pixels Pixels % Pixels Pixels % 
Flag # 1 ATMFAIL '" 0,097 , 0,0012 , 0,0008 
Flag Jl2' L<" 75324 31,0886 75324 310886 75324 310886 
Flag JI 3: BADANC 0 0 0 0 0 0 
Flag #4 HIGLINT 0 0 0 0 0 0 
Flag #5 HILT 93818 38,7217 93818 38,7217 93818 38.7217 
Flag Jl6 HISATZEN 19533 8,0619 19533 8,0619 19533 80619 
Flag Jl7' COASTZ "'" 05617 "" 0,5617 "" 05617 
Flag #8: NEGLW 3193 1 3179 ''''' 2,5036 "''' 2.0657 
Flag #9 STRAYLIGHT 0 0 104720 43,2213 109305 45,1137 
Flag #10' CLDICE 25611 10,5705 ,,",00 10,523 ',",00 10.523 
Flag #11 COCCOliTH 09 00285 , 0,0025 , 0.0004 
Flag #12: TURBIDW 3291 1 3583 1424 0,5877 '" 0,343 

Flag #13: HISOLZEN 0 0 0 0 0 0 
Flag 0114 HITAU '" 0,3764 '" ° 1573 '" 0.1296 
Flag Jl15' LOWlW m 01226 000 0,2088 '" 0.0958 
Flag #16: CHLFAIL CO, 0.1473 ", 0.2472 '" 0.1341 
Flag #17 NAVWARN 0 0 0 0 0 0 
Flag Jl18 ABSAER m 00929 'W 0,0904 '" 0,0904 

Flag Jl19: TRICHO , 0.0029 0 0 0 0 
Flag 0120 MAXAERITER ., 0.0272 ,eo 0.1073 '" 0,0792 
Flag #21 MODGLINT 0 0 0 0 0 0 
Flag #22: CHLWARN , 0.0012 " 0.0132 " 0,012 
Flag #23 ATMWARN ", 0.2452 "'0 0,3752 '" 0,1449 
Flag #24' DARKPIXEL '" 0,1337 ,eo 0.2006 "" 0.2000 
Flag #25: SEAICE 0 0 0 0 0 0 
Flag #26 NAVFAtL 0 0 0 0 0 0 
Flag #21 FILTER 0 0 0 0 0 0 
Flag #28' SPARE 0 0 0 0 0 0 

Flag #29: SPARE 0 0 0 0 0 0 
Flag ;¥30 SPARE 0 0 0 0 0 0 
Flag "-31, SPARE 0 0 0 0 0 0 
Flag #32 OCEAN 141353 58,3409 141468 58.3884 141468 58 3884 

rhere arc many consideralions <IS 10 how ll", str<lY lighl aJl"ecl<; the chl()n'phyll uetel1l1ination 10 

the~ high productivity wmers, il would appear thaI an overcorre~tion has been applied to the 

normalized wmer-leaving r<ldian~ es of the individual bands. and henc~ a rmio oI'll", two hanus used 

in the OC4V4 hi()-()ptical algorithm (O Reilly ct aL 200U) results in enhanced chlorophyll a 

c()neentrations. This increase in chlorophyll is noted immedialely on <lppli~<lti()n 0 f the str"y light 

correclion. \vhether lmd;ing ()ne (Fig. 2 I b) or mor~ (Fig, 2.1 c) eontaminakd coastal pixels. 

17 
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Further differences are noted in the flag statistics (Table 2.2), with manipulation of the stray light 

parameter. primarily Flags t, 8, 12. 14, 15. 16,20,23 and 24. It is not easy to determine exactly all 

the effects that make for the tlag ,hanges but interaction with mem~rs of the NASA SeaWiFS 

Project led to the following clarification: 

Stray light is an excess of radiance over the COITect amount of radiance. One would therefore expect 

the aerosol optical thickness at 86Snm, or tau_ 86S, to be higher. since there is nothing clse in 

SeaWiFS Bani 8 except Rayleigh and acrosol radiance (SeaWiFS Project, per.\" c()mm.). This could 

explain the increase in Flag 14 - ITITAU (Table 2.2) in Case (A), where no correction has been 

applied, relative to Cases (8) and (C), above. Due to the violation of the black pixel assumption l in 

high chlorophyll waters. there is a possibility that some of this radiance may get considered to be 

wakr-leaving radiance. ~ chlorophyl!-related correction used for SeaWiFS is described in Siegcl 

et aI., 2000. It is to be noted. however. that substances other than chlorophyll in the water may also 

Ie..d, to non-zero r-.tdiance in the near-infr"dred bands and hence alTect the atmospheric correction. 

The effcct of stray light is not consistent throughout all the banis (W. Robinson. SeaWiFS Project, 

pers c()mm.). Due to the geometry of the detectors in the SeaWiFS instrument, the even bands have 

more S1;r"dY light on the leading edge while the odd bands ha>e more on the trailing edge. This will 

add some error to any computation that uses even and odd bands, such as Bands 7 and 8 in the 

aerosol estimation and Bands 2 and 5 or 4 and S in the chlorophyll estimation llence. this may 

affect the ability to perform an aerosol correction, triggering Flags t·A TMFAIL and 23-

A TMWARN. In Table 2.2. Flag 23· ATMWARN is in fact seen to flag the highest number of pixels 

with application oftbe stray ligbt correction in Case (8), but not in Case (C). This is because the 

majority of the A TMWi\RN· flagged pixels arc located one to three pixels from shore and hence are 

masked increasingly from Figure (lb) to Figure (Ie). 

Switching the i;1;r"dY light correction otf (Case A) appears to raise the individual normalized waler­

leaving radiances, leading to lower chloropbyll detennination (Fig. 2.1a). So in going from Cases 

(A) to (B). the numbers ofpixe\s tlagged by Flags 8-LO'loVL W. IS-NEGL Wand 24-DARKPIXEL 

are increased. This probably means that the SeaDAS MSl12 soft","lU"C code is using an aerosol model 

that removes more aerosol radiance, leaving less watcr-leaving rndiance, perhaps even removing 

'Tne bBck pixe, assumption refers to tne assumption tna: tne wa:er-Ieavinu '".,,'a rlee is zero for tile "ear-
i [If'~re:d ixlr)')s. B~rl'Js 7 ~r)') 8 fo- Se~WiFS -: ~[ld Bald 6 :0 a de" -ee l. In til e presenc~ 01 <;i1i(;-roph\'11 ov"r 2 
O1g 01 0. this ilssumpt 00 (" .... uses prob""",,s in "sti01at.oo ot :he aerosol cad.ilnCe .:~ie~ et al. 2[)()U) 

IS 
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>ome w"\~r-k,,ving radiance, From C'S<'> (B) to (C), the numbers of pixels flagged by Flags!S­

LOWLWand 15-NEGLW de~rease, inferring that some of\hese Ilagged pixels are coastal pixels and 

hence also included in the stray light masked pixels. 

Enhanced chlorophyll concentration. associated with th~ application of the stray light correction 

(Figs. 2, Ib and 2,k), results inan iocrease in the number of pix~ls both ",h~r~ chlorophyll i> not 

cakulable (Flag 16-CHLFAIL) and where at least 10 iteratiom; arc undertaken in the NTR (near­

inf'rar~d) algorithm in trying to ~akulate the ~hlorophylJ ~ooc~ntration (Flag 20-MAXAERITER). 

The linal Ilag considered in this example is Flag 12-TLRBlDW, The l1ag statistic~ (Table 2.2) 

decrease notably from Cases A to U to C as the nwnber of coastal TURUJI)W-flagged pixel~ are 

increasingly masked by the stray light mask, Subscqocnt tests showed this flag to be triggered in 

Ucnguela high productivity waters by both coastal >edim~nt and also by high chlorophyll 

concentrations, 

I nw>tigation ~hO\\~d that the SeaWiFS stray light correction was derived under laboratory 

cond itiolli - an on-orbit analy>is has not been pt'rfonned, Also, opt'rational proee~sing paramd~rs 

are generally detennin~d in the low~r end of the ~hlorophy II range. as is more appli~abk to the 

global dataset. Hen~e, a minor error in the ~orrection of individual water-leaving radiances in low 

chlorophyll waters may manifest as a large over-correction in high chlorophyll wat~r radiances, 

resulting insignificantly enhanc~d chlorophyll concentration:;, Using such in any analysis of th~ 

Benguela e~o~yst~m could lead to erroneous results. After running a number of tests together with 

the SeaWil,g Project, it was agreed that more accurate chlorophyll concentrations arc obtained in 

Benguda waters with the stray light ~orr~ction S\\itched olF 

A downside to this approoch is an increa>e in cloud edge contamination: cloud ~dg~s hav~ stra~ light, 

but not always a coa~tal inlll.leoce. F"ten,ive testing and manipulation oftlag thresholds and ma~ks 

was undertaken to determine the prim(l('Y changes related to cloud edge when the >tray light 

correction was s"itched off. 'i11es.c showed that, in Ucnguda waters, the primary differences related 

to cloud edge manifest in Flag> 14 - IlITAL IS-NEGL Vi, and 23- ATMWARN (Table 2.1), Further 

work follO\\ed and improved thresholds "ere determined for triggering these tlags, ,\hile minimally 

impacting good data. Additionally, masking of data triggered by the IIITAU flag - the maximum 

'There IS a suspicion that switchjng the stray light correct jon off compensates for another problem in making 
coastal retrievals jn high productivity Beng;ela waters. However. for the globat dataset, the operational stray 
light correction is presently the best available correction for the reat effect of stray light and is st,U optimat for 
global open OCean waters (Wayne Robinson SeaWiFS Project, NASA, pars comm.) 

19 
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aerosol optical depth at 865nm - was activated. (This mask is not generally adivated in operational 

processing - reference Table 1.) 

A number of furlh~r operational parameters v>-er~ similarly tested and manipulated for optimal 

application to Benguela waters. the detail of which is not included in this thesis but listed as: Total 

radiWlce above the kn~e in Bands 7 and 8 (Flag 5, Table 2.1), low water-leaving radirut(:e at 555nm 

(Flag 15, Table 2.1 ), the awlication of filter kernels ([llag 27 , Table 2.1), the dilation of the cloud 

mask, the application ofthe absorbing aerosol index (Flag 18, Table 2.1), the maximum number of 

iterations in the NIR (ncar infrared) algorithm (Flag 20, Table 2.1), application of the 

coccolithophorc flag (Flag 10. Table 2.1; Chapter 4), and the values for application of the Epsilon 

flag (Flag 23. Table 2.1). 

Also, to date mct~orologk:al and O1..one climatology had been used during local processing for the 

atmospheric correction (due to problems of transfer of near·realtirne ancillury data). However, 

analysis showed that this frequently kd to erroneous and contaminated products. This was 

particularly notable in the Namibian region coincident with offshore ""ind at which times dust 

plumes may extend considerable distances offshore causing severe atmo~-pheric contamination. 

Additionally. it was determined that ozone concentrations can vary considerably day·by·day during 

particular seasons at these regional latitudes. Hence, the operational default application of the closest 

EPTOMS (Earth Probe Total Ozone Mawing Spectrometer) satellite data lor short-term EPTOMS 

outag~s may result in chlorophyll concentration increases by up to a factor of two at certain 

locations. This is illustrated by Figure (2.3) showing global TOVS (HROS Operational Vertical 

Sounder) ozone concentration for 11 to 13 August 2002 and EPTOMS ozone for 13 August 2002. 

The day-lO·day variation of ozone is particularly noticeable in the TOVS data. just to the south of the 

African continent. A short·term EPTOMS outage occurred during this time and by default, the 

EPTOMS data ofthe 13 August was applied to the atmospheric correction for II August 2002 

resulting in substantially enhanced chlorophyll concentrations (not shown). It was subsequently 

detcnnined that. at these regional latitudes, a much·improved result is achieved by using the TOVS 

satellite data of the day rather than the closest EPTOMS data. during short·t.mn EPTOMS outages. 

(This would not be the case for equatorial regions. SeaWirS Project. pus comm.) 

20 
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Figure 2.3. Global TOVS ozone ooncentralion lor 11 10 13 August 2002 aoo EPTOMS ozooe lor 13 August 
2002. 

3. Results aud summary 

Th~ oplimal S~aWiFS proc~ssing paramet~rs lilT Fl~ngu~1a wakrs (h~r~ulkT rd'erred to us Renguelu 

pummctcrs) were thus determined. and tested locally. The selected purameters for level-! to level-2 

(MSI12) pmcessing an: tabulated in I ahle 2.3, !xing an cxcerpt 0(' Appendix 2.2, and including only 

specific pammeters relevant to processing of Sea WiFS data for Benguela wulers. Additionally, the 

selection or ancilhlry data ('or tho atmospocric correction "as ~C! such Ihat, should EPTOMS data b<: 

unavailable for uny one duy. TOYS datu for that duy will be used rather than the closest EPTOMS 

data. 

21 
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Table 2.3. MSI12 control 

atmocor 

" 
" 

epsmax 

-3: 

ti 

I 765/865 , 

22 

SeaVViFS standard 
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further, in the generation oi't)"", daily level-2 lo level-3 product (Appendix 2.1), the flugs >elected for 

masking are tabo.Llated in Table 2.4, Roth the ~landard operational ma:sking and that ~le<:ted for 

B~ngllda walers are listed. In lr,.;, rnaskin~ parameter, deparlures Irom the ~tandard operational 

prc>c~~sing are li~led as: 

I. STRA YLiGHT m1iSk off. 

2. nX:COLITH mask off - include the "coccolitoophorc" nagged data. 

3. Hil'AU mask on -to improve removal of cloud edge contamination. ~OIC the 

flag threshold was changed from 0.3 10 0.25 (Table 2.3). 

4. NAVWAR.'1 ma,k off - ke~p the >en>or "change of lilt" data range. 

5. ABSAER ma:sk ofr - generally ke~p the absorbing aerosol-like data. However. this mask is 

adi \'uted at limes or ~lrong atmospheric dust contamination, 

6. MAXAERITER mask off - keep data that docs not converge to a limd chlorophyll valu~. 

Also, 

7. the AIMWAK." mask is oIl, as for the standard processing, but data with epsilon 

valu~s down to 0.7 will be includ~d, inst~ad orthe d~raull minimum \'alue 0.85 (Table 2.3). 

8. the LOWL 'N mask is on, as for the standard processing, but data with nL,,_555 valu~s abo\'e 

0.1 (i will be indud~d. instead or the derault 0.15 (Table 2.3). 
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Table 2.4. Masks selected for Benguela level-2 to level-3 processing relative to masks for 
the current operational SeaWiFS level-2 to level-3 processing The mask in columns 
indicate that no geophysical data is created in the level-3 (L3) data product for the 
particular flag conditions marked ON for that observation, The mask changes from the 
operational processing are mar1<ed as OFF_ 

LAND 
3 BADANC 
4 H1GU"-:T , HtL t 
I, III~A ILI:N 
7 COASTl 
8 NH~.LW 

9 STR.\YUGHT 
10 CLDICE 

" c(XXOLlI'II 

12 TURBIDW 

IJ HISOl.7F"-: 
14 IIII'AL 

" LOWLW 
16 CHLfAIl 

" NAVWARN 
I 8 AI>SAIOR 

" TIUCHO 
00 ~lAXAr:RITER 

21 MODGLINT 

" CHLWARN 
23 AT\1\VAR"-: 

21 DAKKl'iXI:L 

" ., SFAteF 

" NA\TAJL 
27 FlLrEK 

28-3 I 

" OCEA"-: 

ON 

ON 
ON 

ON 
ON 
ON 

ON 
OFF 
ON 
ON 
ON 
0" 

ON 

ON 
ON 

ON 
ON 

NiA 

101 

I 1 - il 

Land ON 
\1 t""in!? ancillary data 
Sl'" gl illl colllaminalioll 
TOI"I radi"",",c "bove lhc knee ON 
S"ldlile /cnilh angle aoo\'e the limit ON 
Shallow water 
Negati,'e "'at~' -I~aving ,"Ji"LlCC ill 
B",,,I:; 7 "nd 8 
Slra} lighlconlJlminalion OFF 
Clouds or ice ON 
C()ccolilhophor~ bloolll OFF 

Turbid, C",c-2 "alcr 
Solar lenilh an~k abovc the limit 0"-: 
Iligh aero",,1 concentration ON 
L()w wal~,-I~aying radiallce al555nm ON 
Chloroph}11 nOlcaklll"bic ON 
()lIe"tifHlable na;'i~ation (till change) OFf 
Absorbing aem",1 il1{"''' ai"J>'e too 01'1' • 
llue,hold 
Trichodesmillm bloom condition 
Maximum nllmber of iterations in the OFF 
NIl< algurilhm 
Glint c(}fTttled lIIe""lfCllleLlI 
Chlorophyll is Ollt of range ON 
Ersi Ion vallie olllside of reai;onable ON 
range", Lw at ·1')0. 51 () or 55 5mll 

is less th"Ll zem 
Raykigh corrected radiance is Ie,~, 

Ihall z~ro f()r any ballJ 
Sea icc presenl based on climatolog} 
Navigation ofthc i>ne is bad ON 
InslifticieLu >,,,,,,unding pixds f", ON 

"em",1 model filter 
Spare lor 1;lllIre use N/A 
Ocean data 

Off " \\,'hcn almo,phcri~ conl"minai ion dlle 10 olTshore JuSl is marked, Ihe AnSA FR mask .,' activated_ 

24 
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Ja. Satellite Vafidatiol! 

rn situ chlorophyll data from cmise~ undertaken in Benguela water~ wa~ compiled for the purpose of 

validating the Benguela processing parameters relative to the standard default proces~ing. Data from 

the following cnlises was included: 

The Atlantic .Haidianal Transcd Cruisc from 15 - 25 :'viay 1998 

Th~ Meteor Cruise from 26 - 28 October 2{)(1(l 

Th~ Benefit Cruise from 16 - 21 FebruaT)' 2002 

The RenCal Cruise from 24 - 27 October 2U02 

All potential match-up data was sorted, Since no in silu radiance data was available. total ill situ 

chlorophyll was integrated over the lOp 10 metres. The 10 metre depth ""as selected as the average 

upp~r mixed lay~r in fknguda wat~rs, on the basis of in silU t~mperatur~ and chlorophyll profiles (R. 

Barlow. M&CM. Cape To""n.pcrs mmm,). The colTt'~ponding satellite data was located, extract~d 

and proce~~ed u~ing both the ~tandard default parameter.'< and the Flenguela param€t~r.'<. Where 

HRPT SeaViiFS data wa~ not available, lo""er resoilition (GAC, 4.5km) data wa~ sllb~tituted in~tead, 

Working with th~ Sea WiFS Project, the following constrain!., were appli~d: For th~ jn .1'jlU datil. 

sampling mu~t have occllrred (II +/- five hours of the SeaWiFS overpa<;~. and (2) bet\wen 9am and 

3pm local time. For the SeaWiFS data, a JX.1 pixel box was centred OVer the in situ location and the 

follO\\iing constraints applied: (a) 50"/0 of the ocean pixels needed to be valid, and (b) the median and 

absolute coefficients of variance of the water leaving radiances at 412nm. 44JlUll, 490nm. 510nm 

and 555nm needed to be less than 0.15. Having applied these exclusion criteria, only a IOtal 01'24 

records remained. the detail of which is included in Appendix (2.3). Lower resolution SeaWiFS data 

(GAel wa~ reqllired to validate f(llIr of these cmise rocords (AJ1T cruiw, 1(9);). SeaWiFS derived 

chlorophyll was correlated with in silU int~grated chlorophyll for both th~ standard default processing 

and the Bengllela proce~sing, as is shown in Figure (2.4). The associated ~tali!;lic~ are provided in 

Table (2.5). No statistically significant difference is apparent although the results from the Benguela 

processing appear to be marginally better. In particlilar. a dift",r~nce is noted in the 'bias', which 

provides a general tendency, a bias of Lern indicating a perfect correlation. For thi~ correlation. 

bias = sum (SeaWifS chlor [iJ - In situ chlor [ill! 24 records. 
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Figure 2 4a,- Fogul'$ 2 4b 

Figure 2 4 CorrelatIOn of SeaVViFS denved chl()roph vU with /tJ situ mtegraled chl()l'01'hyU for (a) tile 
standard default processing and (b) Sl!nguela processir'lg. 

Table ';2,5 . Correlation statistics for Figure (2 4). 

(8) Defauh prOCl!SSlng 

Medion Medan %0'" ... Rmio %0'" SIDe. N In SoIU RaI1Ie SaIaIhli Range 

(0 W200 32,18050] (0.221114 36 $900SJ 

Slope "","<;Iico fa.- crwop/'l)11 

SJOP'I inte.-~pI r' 0... RUsq 

083&4 0,2329 0,7999 0.0823 05,SIJ 

Medifln Medlln %Ooff 

Elana Rallo "'1lI1I StOev N 

] 0 26200 32 180501 1 0 20007 36.6836011 
~---.-----. 

Slope swistIQ Mr dilo.-ophyll 

SIcJ!<I 'nle~ r- biaS RM&q 

011686 0.1J1J7 O.614~ 0,0036 0.5217 
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a 

an .... u ........ , ....... event 

ID()fllnS, a 

were l!eIler.atelj: 

51 

COltlc€mtratlOn was "' ..... ..." ... as 

5 * 

to a 

waters. IS 

to 

were ............... '" 

un .. ....,u"",,, were 

was 

a 

sea 

Or(}QUlClS were 

"' .... ,,,.,,.1<.. it is re(:02:m~~eQ no one set pwranlet1ers is n ... !'1" .. ,~1" 

"'&"~U'~' waters were seJ.ec1teQ 

to 

a ",v. .. ,,''''''''''''''' oe4;;lSllon 

3 The code used to 1J1UUU\_" colour was "''''''\11£1,3£1 Nonnan and the Sea WiFS 
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was 

to 

to .u ........... '" 

cases. 

true ,",,,,,·n,,, ... to remove 

mean 

event. 

4 Provided k' .. "nnn" .. Team 

at 

11 .. '/;<."'" were 

a 

4 a more 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 

anew on 

1. 

it is more mllens:e 

zone. 

aD1L>el:rr to 

sea 

even 

are OP1I'11Pt'<>Tp'i1 

are .u .............. occurrences coast 

must 

it 

IS now I,Iv.".:>"l)' ..... ocean 

occurrences seems to 

to 

extreme anl[)XllC ........ ".v"'.,.,," 

are to <',,, ...... ,n.ri 
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em!cts on 

et 

remote .,"O,L.,U,<;o:, nletnoC10101~) water 

occurs ,",v,u., • ., .... ,uu 

sensor. 

1 at 2nm 5 

events sensor 

to occur more 

summer, 

et uauvuuses a 

=1 

5 B. B. Max Planck Institute for Marine 
6 The code used to the colour and the Sea WiFS 
NASA. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

= ( > > ), 

UU"'I">"'" were OP1"iPl"!'1Itp'n 

extreme sea 

to 

IS .... U ...... I'''' 

extreme .. ",t1",,,,'t1'\I'lt,, 

10(1,1".tll'l1'''' uses UWIU-ra1.lOS 

water slgmtllcmltly to 

water 

a recent 

event 

examIlies are to 1 .. "'" ...... ''' 
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(2400 Imi') 

4. 15 2001-
6 June 
20.S'S- 25.5"S 
(11500 

(l)eKribed: Section 4) 

5. 

(4200 Imi') 

7. 27 October 2001 -
8 November 2001 
24.3"S -25.4°S 
(8000 

(Described: SectionS) 

8. 20 November 200 1-
22 November 200 I 
25.O"S -26.4°S 

Table 3.1. Sequence of definitive SeaWiFS-observed bydrogen sulpbide events during tbe 1 March 2001 to 31 Marcb 2002. 

lU1I'UII,d-h!Vel validating observations are lIVaiiable, (ross-reference to information as to their lIature preseuted in Table 2 is Indated in bold type lIS 

Abrupt new inshore eruption between Luderitz and Meob Bay coincident with intensified 
features linked by connecting filament on 8 April. Thereafter, appeared to be entrained 

Small localised coastal emissions between (20.S'S 24.5°S) on 5 
along entire coast on 6 from Mercury Is. to Pt. 

whereafter coastal wirld-l)On~e 

Emissions 
from Sandwich Harbour north to Tascanini on 17 

and southward in following days but clarity 

while earlier offshore feature maintained 
filament extending 250km offshore at - 25.5"S. --'--'='-""""'" 

to follow. Event coincident with 
coincident with initiation of 

as did coastal emissions while 
coast while 

entnrimnenl offshore 
into early 

along the full extent ofthe Namibian coast 
due to sediment in the wilier column. 

14°C waters. No discolored water inshore on previous 2 
in sluggish on 31 October before offShore with 

upwelling. Further expansion and dispersion of signal as moderate coastal upwelling 

on 20 November between 25°S -26.4"S coincident with sudden initilllion of coastal 
Discolored 

November. No useable 



Univ
ers

ity
 of

Cap
e T

ow
n

9. I December 2001-
4 December 200 I 
22.S"S -23.4"S 
(400 km') 

(3800 imr') 

(3000 imr') 
(Described: Section 6) 

13. 3 March 2002 
8 March 2002 
23.5°S -27.3"S 
(3000 

14. 15 March 2002 
16 March 2002 
24. lOS -2S.9"S 
(2600 km') 

15. 19 March 2002 
22 March 2002 
23.0'S -24.4°S 
(2600 imr') 

16. 26 March 2002 
29 March 2002 
22.9"S -26.7"S 
(2S00km') 

No detected in Sea WiFS data of 30 November. Sea WiFS sensor tilt occurred over area of interest on I and 2 December. No HRPT Sea WiFS data for this 
region on 3 Signal evident on 4 December close inshore from Sandwich Harbour to north of Walvis Bay - assumed to be remaining emission event. Region 
was masked by cloud or sensor tilt until 9 December at which time 00 signal was evident. VALID. # 9 

Localised sulphide emissions on 6 
Is. northward to Walvis Bay, 
February. VALID. # II 

emission noted on 13 
Walvis on 14 

Is. (25.7°S), the locale coincident wilh the 
Cross by IS February, as upwelling 

coastal boundary beyond Walvis Bay. 12 

inshore sulphide emissions from 
Is. Sulphide emissions 

13 

data on 2 March), coincident wilh initiation of moderate 
by 7 and 8 March following subsidence of moderate 

Moderate upwelling again on 13-15 March soulhward of26"S wilh sulphide emission on 15 & 16 March to the north of26°S (no data on 14 March). 

6 and 7 Jan). 

4and5 
masked 

of freshly 
in Ihe south 

and to 

emissions 17 - 18 
dissipated after 22 

19 and 20 March (no data on 21 March) coincident with 

Is. on 26 March, extended northward to Walvis Bay on 27 March. 
sulphur signal dissipated. VALID. # 16 
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Figure 3.1 NOAA AVHRR false-colour SST,..-I(j Se~'MFS qua.o-true colour (TC) im"g~.1or th~ region long 12'E_16' E; 
1.o122'S·27"S durj,og th~ pe<iod March-April 2001 (a) SST 15-16 March: (b) SST 17-16 March: (e) SST 19-20 March: (d) 
SST 24·23 Mftrch; (~) TC 18 M",ch: (I) TC 25 March: (g) TC 29 March: (h) TC 3 Aprit. The are~ of mUk~ turqooi"e 
roour<>tion in p,.,~ls (~).(h) indicat", high """""ntr~lions of SlJOpended sulphur granules i<1 .urface l'Iat~ '". (Not~ that th~ 
date" of each 0/ the im"lle$ shown in th~ 10000er rOl'l of p"""I . do not nece",arily corre.pond to tho • • 0/ the image dir~otly 
8 t>ov~.) 

I~ a TC SeaWiFS image I,)r I R Mar~h (Fig. 3. Ie), i.~. dllring {he upwelling intensitication episode, a 

massive hydrogen sulphide eruption is evident in the turquoise-coloured patch that stretches more 

tha~ 200 km alo~g the \lmnib Desert coast From Ui.derilz more lhan halfway to Walvis Ba} (Weeh 

et aI., 2002). \10 sllCh larg~ slllphide outbreak feature had been evident in an image taken two days 

earlier on 16 March (in that image there hml been only small isobted spots of milky wlourat;oll 

local i/.ed agai~sl the coast: earlier images indicate that these much more minor precursol)' eruptions 

seem to have commenced at least as emly as 12 'viarch). During the major outbreak, personnel from 

the Nmnibi<ll1 Ministry of Fisheries ,,~re able to demon>lrat~ the presence of intense hydrogen 

sulphide emissions in that zone and to confirm that the peculiar milky lurq lk)ise colOl1rat;oll of the 

35 
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water as COltlce~ntl·ation. even 

were me:asllJfed 

were sea .., .......... ,.'" to 

tori::ed to ... ,.."',,, .. ,,, an ext:rernel 7 

IS as exoei::ted 

eastern ocean 

... "' .... ", ... "" over an area 

even 

zone 

an as 1n(l1c:ated 

a 

not to 

7c.A.F. of Fisheries Marine Research .;).dlUUII, Namibia 
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Table 3.2. Ground-level validation data from opportunistic sampling. 

Evmt# DIIte Locality Sample depth • HzS Dissolved Ch.l Elemental Observations 
a. 
pg.r' 11M 

I. 17 March 200 1 Ichaboe Island 26.29°S 14.94°E <I 1.7 
as above" 49.5 0 
as above" 21.9 0 

<I 1.5 
18 March 2001 as above" 0.6 

as above' 0.2 
as above" 0.9 

26 March 2001 Island 2S.1°S 14.83°E Surface 1.8 water smelling ofH,S. 
2. 2 April 2001 4.7 water noted on I water conditions persisted for 

as above' 2.4 12 days witH 13 April. when prominent. 
4 April 2001 as above' Sw1l!ce 1.3 

as above' Sw1l!ce 2.5 
9. 30 November 200 I 22.67°S 14.51°E Sw1l!ce 6.5 

I Decemher 2001 99.6 0 
95.7 0 
17.9 2.2 with emission 

2 Decemher 200 1 as above' 88.16 brown water 
2 Decemher 200 I as above' 75.3 0 intensely white milky water. Dead small fish at sw1l!ce 

0 
0.6 1.0 

n. 2 2002 Easter Cliffs 2S.27°S 14.8°E 2.5 3.3 event - no odour or discolourntion. 
7 2002 Island 2S.7°S 14.83°E 1.4 on dead I dying fish at surface in milky water. 
S 2002 Sw1l!ce 0.9 water. 
8 2002 Hollentot Point 26.l3°S 14.9°E 1.1 

2.1 
2002 Ichaboe Island 26.29°S 14.94°E Sw1l!ce 1.3 

12. 2002 Swakopmuod22.67°S 14.5I°E 63.5 0 H,S smell, discoloured milky water. 
0.7 1.4 773 

14 February 2002 as above' 61.2 0 
0.8 1.I 874 

15 February 2002 as above' 28.4 0 Intensely milky water 
1.8 0.6 
0.6 0.4 1.6 1802 

15 February 2002 as above' (B) 49.1 0 Intensely milky water 
49.5 0 

0.6 1.1 1524 
15 February 2002 as above' 28m (B) 2.4 0 No noticeable discolouration in sw1l!ce water at this station. 

<I 0.Q7 
<I 1.5 3.3 127 

13. 3 March 2002 Island 2S.7°S 14.83°E Surface 1.4 H,S smell, discoloured milky water, dying fish 
4 March 2002 Sw1l!ce 3.4 As above 
4 March 2002 as above' Sw1l!ce 2.3 As above 
4 March 2002 as above" Sw1l!ce 3.2 As above 

IS. 21 March 2002 Ichaboe Island 26.29"S 14.94°E Sw1l!ce <I 33 Discoloured water, no smell 
21 March 2002 Marshall Rocks 26.35°S 14.97°E 5.7 0 Milky water 

<I 0.4 
21 March 2002 as above' 22m (B) Surface 0 Flocks of seabirds ti:eding above discoloured water 

1.4 
16. 28 March 2002 Bird Island. 2km north of Walvis Bay 18.5 0 Milky water 

I.S 0.09 
<I 0.3 

28 March 2002 I nngstrand, 15km north of Walvis Bay 26.6 0 Milky water 
I 0.1 

<I 0.3 
II within II 2 km radius of the position 
b sediment, (M) a mid-water within the first meter ofthe water column. 
c waters for their elemental that they contain polysulphide or elemental sulphur granules, the signal has not yet heen calibmted. Toward this end, collaboration 
with the Gennatly, is under discussion. 
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FiQu .... J,Z, NOAA AVHRR fals<-_colour SST and SeaWiFS qua. i-true colour (TC) images lor the r"9ion long " SE-
15S E: lat 2O.5"S-25,5' S durin) thG pefiod May_June 200'. (~) SST' &-17 May. (b) SST II May (0) SST Z9 May, (d) 
SST 3 JU<le: I ~) TC 17 May: In TC 22 May; (9) TC 29 May: (h) TC 3 June. The area of mjlky turquoise ookluratioo il 
pan~ls (e)-(h) irldk:ate. high 00 1CentratlOO$ of susP'lrldGd suIphtr grar-.u les il s.urfac~ wat~rs 

lly the period ~9 MJy lo' June coaslal upwelling has spread l10rthwJaj along the ~oasl (Fig. 3.~_ c 

ami d) and Ihe sulphur fcature is d isplJ~ed :;ligh lly off<;hore mId northward (Fig, 3.2, g & h). and 

se~ms to have furth~r inle »ilied, This is thc cXJX'ctcd adv~ctiye tend~ncy in un upwdlin!,; -as"",i~led 

surface flow pmtern. TIlt' i"calure maintained a elear identity. although :;pre<Klil1g and diffu:;ing 

somewhat. at lca<;t unlil 5 J UnC. In summary. thi' JPpears 10 he " dear exullplc of an eruption that 

cannot be ascrikd to a mechJni:;m of ,implc upward transport in the up,,,elling cir~ulalion of 

hypoxic sulphide-hlden St hsurfacc watcrs. 
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/ixample: Late Oct'Of - 0ff,'hore "h/oh" appear,I' "pOll a ,Iltiftlrom "coM" to "warm" 

Fi!;l>'e 3.3. NOAA AVHRR fal le-co",l>' SST and SeaWiFS qua.i_tr"" colour (TC) Images for [he r~glon long 12"E_tS' E, 
I3t 22 -S-27"S dl>'ing the period Octobef ZOOt, (a) SST 2+-25 October; (b) SST 25 Octob~ r; (c) SST 30 October; (d) SST 
31 Oct<>b~r; (~) TC 27 OClOber: m TC 28 October: (g) TC 30 October; (h) TC 31 =00"". The area of milky turquoise 
colol~ation in pan ~l . (~)_(h) indiG3to<; high coocenlr.b;)ns of slJSpended sulphur ,,-anLJes in surface waters 

At the opposite seaSon of the year (austral spring) another striking episod" ~karly reinfor~ed th" 

pattern of non-conformlln<:e to II n",~hllnism i nvol vi ng simple lLpward entrainment ina eO<iStal 

upwdling ~irclLlali"n, Inlhis elIse, the el'ent Vias initiatcd during a sudden relaxation ofwind-drivcn 

llpwelling that was apparently due to a wind r"v"rsal associllt"d with the passage or a 10,,' presslLre 

I'>'cather ~elL The passage of such "c"l1 would prodlLce" rev~'TSal in wind dircction to northerly, 

downwelling-Iav'lllrahlc winds. in direct contrast to the usual 5\Tong south"rly ("'1lLatorward) winds 

that arc responsible for th" persist"nt illlense upw~lIing characteristic of the area. [n the sequcnce of 

SST images in pands (a). (b). and (e) of l'igure (3.3)_ OIl<' ~an ckllrly I'ollow the progressive 

39 
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Fogure 3 ~ , NOAA AVHRR SST S~a'MFS "",,"I-t''''' co.:" .. (Te) ar>d s"aWiFS ohIDr"Phyi a "oncent"'ti"" (chb"~) 
ima~es'Dr the ,egion Iortg 12' E_'6°1;; !at 22'S_27°S dl.O"ing the period February 2Q02. (0) SST 6 F~bruary; (b) SST 7 
F~ bruary: (c) Te 7 February: (<I) Te 8 F~l>ruary; (e) SST 13 February; (I) SST 15 February; (g) Te '5 February; (h) chklr a 
15 F~bru"'Y. The blue mask aklng the inshore z""" in panel (h) deootes pixels flaWed due to extreme reftectivily ar>d 
scattering The SealMFS chiorophyll algorithm was unabie to r~trie.e any cllDr"PhyIt values fDr these pixel._ 

On 1.1 hbruar) (Fig . .1Ae), an extcnsiw upwelling-associated cool zone stretched northl'.'ard from 

the Liideritz upwelling centre. However. northward of Sylvia Hill coastal cooling appears only off 

the change in coa8ti i ne south or Conception Ray and ncar local upwelling foci (adjacent to 

headlands. etc.). Two days later. although the offshore extent of upwelling-conditioned waters has 

lessened southward of Syl via Hil L the colu coastal ,trip inuicati ve 0 I' a<:live upwell ing ha, spread 

northward to occupy the stretch of coast from Conception Bay to Vial vis Bay (Fig 3At). 

Simultaneollsly. a line of milky 8ulphur-laden surface water (Fig. 3Ag) appt:areu in the near-coastal 

/one all along the slretch or coast where upwelling appears to be ratocr newly initiated. This 

correspondence of sulphide eruptions in the coa81al upwelling /One 10 newl)' intensilied upwelling i, 
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8 Additional factors to several weeks) character of the sea surface 
that have been nutrients, and to of toxic gas, certain types of 
more resistant to toxic effects and able to thrive under bloom in the opportune "free the 

If such et al., 1999), could I,;UlI"";:'Vi1IUIY 

not documented at this time, 
phl,de-oxldlzmg'lhd'nmlar."m·itabacteria be carried in the 

process and remain sU!;pe:nd~:d at the surface. 
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SD(~ctrOI'aalOIne1[nC measurements were 

9 The code used to ", .. n,rI"r-", """_1'1"1"'" colour was nr",ujri,>ri Norman and the Sea WiFS 
NASA, 
10 Provided the Modis Ke!.ponse Team 
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irradiance. SlibSlIrl it<;e radiance data were propagated to the surface using diffuse anenuation values 

(a measure orthe attenuation of naturally occurring upward light flux). as determined by the Austin 

and Pel7.old (1981) and Morel (1988) models. Normalised water·leaving radiance values were then 

calculated using the protocols of Mueller ct aI. (2003). 

3. Kesulls and discussion 

Bloom evolution 

A sequence or s.atellite images from the 26 March to 5 May 2003 (Figs. 4.1 and 4.2) documents the 

evolution orthe coccolithophore bloom. Dominated by the coccolithophorid Syrachosphaera pulchra 

the bloom "as confined to the region between the Namaqua Wld Cape Columbine upwelling cells, 

where a broadening of the shclffavours stratification of the wmer column. conducive to the 

development or flagellate dominated blooms. This region is thought to be characterised by retenth'e, 

near surrace circulation patterns dominated by a cyclonic gyre north orSt Helena Bay (Holden 1985. 

Probyn I!I al. 2(00). and is an area particularly susceptible to red tide ronnation and its negative 

impacts (pitcher and Calder, 2000). 
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F>:JoJ~ 4,1, Mooi" qua"Hru~ cOOJ (TC) aM NOAA AYHlm false coIooJ SST images h-the r"!lion Ion 16.2"E·18.7"E; I~ t 
30.3"5-33.3"5 ~ the period Mareh-Apr~ 2003. (a) TC 26 Mard>, (b) TC 31 March; (e) T:: 4 A..-I : (d) TC 10 April; (~) 

SST 26 March; {fj SST 31 March; (g) SST 4 Apr.; (h) SST 10 A..-il. The ~ r~~ 01 mill<y gr~~n t:O!oLu tion in panel, (a)-(d) 
indk:atas hi"" oorlCentralkx1s 01 the ooccdithophaid Syrac!wsphaem plilchra in smace w"'~,", \Nhil~ p"tch~" rep'"~sent 
c oud. The blacl< conI.Ol.O' repre,""', the 2()(Xn i,obath 

The bloom was lir~[ oh".crved lowJrds the ~nd ofMar~h (Fig, 4.la) to the norlh orSl Helena Flay 

1'0110'" ing a period or mOLerale l1pwelli ng. Tk hloom was aSWC-l aled "i lh warm waler ( 16°C) On the 

seaward edge of the lIpweiling front delllJreating J narrow band of upwelling inshore (fig, 4.1e), As 

up\\elling lICti vity diminished m:d thennal stratification increased (J"ig, 4. I fl. the bloom intensified 

(Fig. 4.1h) ,md W,,", wi\'e~led inlo Stlkkna Bay during the first reV" days or April (Fig. 4. let t:nder 

lhe~e wndilion~ lhe fronlal system and ... sso~i ... tcd bloom ... re considered to move shoreward. ".nd lhe 

development of ill' inshore wunkr ~U1Tent results in the south,mrd progr~ssion of the hloom. 

Although the resumption of upv,-dling conditions displaced the bloom from the coast during the 

second wed:. or April (Fig. 4.ld Indh), lhe blo'om remained in 51 Helena thy Jnd extended a 

dislWlce 01'220 km toille north 
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I', ,I 

Figure 4_2 Moo. Qua.i-tr,", colour (TC) ""d NOAA AVHRR 1~lse wioor SST irrmge. II>< Ihe regien bn l6ZE_18TE; 131 
3O.3"3-33.3'S during the period Apcil-May 2003. (a) TC 19 April: (b) TC 26 Ap<il; (e) TC 2 May; (d) TC 5 May; (e) SST 19 
April; (f) SST 26 April; (g) SST 2 May; (hJ SST 5 May. The are. of rr,-lIky green ool"",.ticn in panel . (a)-(d) indioates high 
oOllC<intrations of the =oIilhophcrid SYfdcoosphaem puiGhm in surface waters, 'M1ite patches represent cicud. ThG 
bI~ck """lOur repre""nts the 200m ISobath_ 

Relaxation ofupwdling condition8 during miu-.\ptil once again favoured southward advection of 

the bloom and on the 19" April (fig. 4.2a and e) the bloom was ob~e"eu rounding Cape Columbine. 

Ihis southward adWclion ofblo01t1S around Cape Columbine appears to be associated with pole\vard 

coastal-tmpped "ave propagation de\-elopt'd ~quat01ward of th~ Cape (I.amberth and Nelson I 987; 

Pitcher et al.. 1998; Pitch~r et aL. in p",~s)_ The ~url:ace manilo,station of this current is not 

continuou~ but usuall) appears as a flood event (Prohyn et al.. 2000). Advection ol-Uw bloom arounu 

Cape Colwnbine ceased with the r~sumption of upwelling lo"'arus the ~nu of April (Fig. --I.lb and f). 

T ~ITIlination of the hloom waS associawu v, ith q ui~~cent conditions and ~xtensi\'e warming of S t 

Hel~na Bay (Fig. --I.lc. g. d and ht 41 days alkr the bloom wa~ lirs! observeu. 
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Satclfilc dcn'ved and in silu measurement.,· 

I he coccolithophorid S'y'rtl(;hmphaem pllfchm and a mixed a~semblage of dinoflagellates dominated 

the phytoplankton a~semhlage olrLamberr~ Bay ()n 15 April 200] (Fig, 4.]a and b: Station I: Table 

4.1). The c()cc.olithophorid c()ncentration approximated ~,ge5 cells rl and the dinotlagellate 

~ssemhlage w~s d()mil1ated bj Pmrocen/rllm /l'ies/il1l1m and Sail'sief/u lroch"idea. SlLrfa~e 

spectroradiometric me~Sllremen\~ made ()n 1 5 Apri I 2(}().' allow an asses~ment of the Sea Vii FS 

sensor to acclImteiy detemline normal ised wllter-le~vil1g nuhan<.-e ~mder blo()m c()l1uitions. 

Norrrulised \\(~ter-Ieaving radianc.e val lies c.oTTe~p()nding to Station I (Fig, 4.]a and bJ were therefore 

extmcted IT-()m Se~ Vi iFS overpass data lor 15 A prjl 2(}()]. The match octween in situ and satellite 

derived norrnalizeu-water leaving radiance values is extremely gO<.x\. \\(ith the Se~WifS values 

\\,ithin 5 % ohmt:1ce measured values at all wavelengths (fig. 4.4).llence. tllming ()Iflhe ~traylight 

correction during processil1g of SeaWifS data [rom level-I t() level-2 (Chapter 2) appears to work 

well along the c()ast judging Ii-om this clo~e match-lip of Sea Wi FS-derived and in silU llOlmalize\j­

\\(ater leaving wdiances. 

Station D1lte SeaVViFS In-situ S.pulchra Dinofia~tl1lto!s Diatoms 
C""" C""" 

'" 411512003 o.e 269 S.9E+05 90E·05 0 

'" 412412003 43.9 . . . . 

'" 412412003 ee " 9,1 E+05 4.BE+04 0 

SD 412412003 " 18.3 6.4E+05 6.1 E+04 0 

S" 412412003 14.B 18.7 6,1E+04 2.5E+05 0 

'" 412412003 " e , 0 2,2E+04 2,8E·05 

Table 4.1. SeaWiFS and ill situ measuremO!nts of chlorophyll [J (mg m-'l. and cells 
counts for Symcosphoom pulchra, total dinoflagellates. and total diatoms (cells I') for 

the five sampting st1ltions, 

On 24 April 2003. Statiol1s 2 and] in St Helena Uaj (Fig. 4,]c and d) were hothdominateu bj the 

coc~()lithophorid ,~~vr<ich""phaer<i (!ulchra at conc.cntrations of 9.le5 ~md 6.4e5 cells r I respecti \'ely, 

while dinoflagellate concentrations approximated 4, gc4 ~l1d n, I e4 cells r I (rable 4.1 J, 

Dinoflagellates (2.5e5 cells rl) dominated the phytoplankton assemblage at Station 4 with Cermlum 

IineafUm the most common species. The concentr~tion of S)-,mchOlphacru I'lIlchru wa~ only 6.le4 

cells 1. 1 (Table 4.1), At Station 5 diatoms dominated the assemhlage \'Iith Skeleloncma co'/WlIm toc 

most abUlKhmt species (2.l(e5 cells rl}.l\ormalised water-leaving radiance ;'alues correspol1uing t() 

Stations 1 to 5 ",,-ere also extracted fr()m SeaWifS overpa~s wta on the 24 April 200] (Fig. 4.4). 
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Figure -4 J, Modis q""s~lroo colour ITC) ood SealMFS f"lse cow cI1Iorop/1)'1f " (CHL) images Ico-the regioo 100 16,2' E-
18,7'E; I~t 3O,3·S·33,3' S 00 15 atld 24 Apri 2003, (8) TC 15A(>'il: (b) CHL 15Apri: (e) TC 24 Apr., (d) Cfi- 24 April 
Locatio/1$ at in situ .ampii<1g, SI"tiooo (1) - (5), are shOwn. The ~re" at mif<y lurqlKli$e coIo<Kation in pooels I") and (e) 
itldicales high roncentralions of the caoccoiothophOOd Syrachosp/Jaera puJehra "' surface wale". IMlile patches ,epresent 
cJood Th<i bI"ck contour refK'!$\lnt. the 200m isobath, 

A comparison of S~a \\''iFS wattlr -leaving radianctl values (Fig. 4.4) and phytoplankton a!;s~mbl;!g~ 

data (Tablc 4.1) confirms that stations with high conc~ntrations of S. plllchra (Stations I. 2 and 3) all 

show <litlvated normalised water-Itlaving radiance value." as!;ociattld with too pre.,ence of highly 

backscallcring calcite particles in surface waters, The varying ratio of dctached coccoliths to 

coccolithophorids may be rtlsponsible fi,r the imprtlcistl relationship bdw~en radianc~ valu~s and the 

concentration of S. p"lchm. owing to the fact that dctached coccoliths are mor<l elTtlcti Vtl 

wckscatt~r~rs than the ",hole pbt~d c~lIs. and arc thus th~ principle source of highly el~vat~d 

rel1ectanctl valua (Balch et aI., I 996a; Voss et aL I99R). Detachment of coccolith!; is t~'rically a 

function of bloom agc: declining or station;!,) phas~ blooms having a higher ratio of detached 

coccoliths (Balch et aI., 1993; 19%al. Too variabltl pre.>ence of a mixed dinol1agtlllattl communit~, 

(Table 4.1). on occasion rcaching concentrations of - 9c5 cells r'. introduces an additional large 
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souree of absorbing material to the gl'OSS optical signal. Thus whilst the S. pulchru cell counts 

delllOnstmte that the elevated l'et1ectance val ues can be used a, a gross cocco lithophorid hloom 

tracer. the comple); admixture ol'un(juantilied absorbing and bachcatt~l;ng mat~m\1 preclooes a 

mor~ d~lail~d <I11aly~is orthe bloom's optical ,igl\alur~. 

, 

4~O 

- s[ 1 TSRB 1 ~IO~103 

~ St 1 SWiFS 1 ~/04 '03 

-B-- St 1 SWifS 2.J'04'O, 

-B-- St 1 SWiFS ! 4J04 '03 

..... S[ 3 SWiFS 240'04 '03 

-- S/.J SWiFS H I04 ,03 

-+-Sl ~ SWiFS 24;04 '03 

Figure 4 4 SeaWiFS and in situ measurements of normalised water-leaving radiance for the five 
sampling stations, 

rurthermor~. tl..., high re !lecti vity of coccolithophorids and associ at~d coccol ilh~ at the sea surface 

interl""" wilh the Sea W if'S chloro phy II estimalion. A, lor pr~cipi lated ~ nl phur in surface ",·aters 

(Chapter 3), both the radiances used in tht. bio-optical algorithm and the mdiances used in tl..., 

atrllOspheric correction proc~s, ar~ likdy to he adversely alTeeted by the high rell~c(anc~, Since the 

bio-optical alg()l;thm lIses hand-ratio~ with the denominator. 555nm, assumed (0),., relMivcly stable. 

the pre~enee of coccolith<.'phorids or co\:colith~ at an)' onC location, pn:xlucing a significant 

contribution at 55 Snm. will lend 10 )'i~ IJ enoncoll.~ cstimates of chlorophyll a. The e 1·I"ct On 

s"a WiFS normalised water-leaving radian\:es oj" a mixed coccolithophorididinollagellme algal 

community, comprising bolh coccoliths and absorbing material. i, apparent in the rellectance spedi'd 

sho\,v"!1 in Figure (4.4). 
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In processing ofSeaWiFS data, numerous thresholds are detennined and dala may be flagged for a 

specific condition (Chapter 2). The SeaDAS "coccolithophorc flag" is determined by several 

boundary conditions based on thresholds for SeaWiFS nonnaliscd water-leaving radiances (nLw) at 

443nrn and 555nm, the aerosol radiance at 670nm, and specific ratios of nLw_ 4431nLw _555, 

nLw _51 O/nLw _555, and nLw_ 443/nl,w _510 (Brown, 1995). At locations where the reflectance 

signal is intense, pixels are flagged as coccolithophore dominant (not shown), as the SeaWiFS 

chlorophyll algorithm is unable to accurately retrieve chlorophyll values due to the high reflectivity 

and scattering. Examination of the satellite-derived individual nonnaliscd water-leaving radiances 

revealed high values at these locations, with values of nLw 490nm and nLw 510nm approximately 

equal to or even exceeding that ornLw 555nm; hence the result would be a depressed estimate of 

chlorophyll. Satellite-derived chlorophyll values for stations with high concentrations of S. pulchra 

(Stations 1,2 and 3) are on average 52 percent 10\\-eT than chlorophyll concentrations measured in 

o'ilu (Tahle 4.1). Generally, the 0C4V4 bio-optical algorithm becomes untrustworthy in any ~Case 2" 

waters, where constituents other than chlorophyll contribute significantly to the in-water light field 

(O'Reilly el al., 2000). 

Finally, it is interesting to nOle that tOC ScaDAS atmospheric warning flag is triggered at locations 

where pixels in the quasi-true colour composites are strongly yellow (high reflectance in the 670nm 

and 555nm bands). This flag represents the ratio of aerosol reflectance in SeaWiFS bands at 765run 

and 865nm (bands 7 and 8, near-infrared), used in the atmospheric correction algorithm. Since it is 

recognized that coccolithophores may produce large quantities of dimethyl sulphide (DMS) that pass 

into the atmosphere (Brown ands Yoder, 1994), an increase in DMS may trigger the atmospheric 

warning flag. This scenario was also noted in the sludy of hydrogen sulphide eruptions in the 

northern Benguela (Chapter 3) where, when emissions of hydrogen sulphide were considered aclive, 

the aerosol warning flag was similarly triggered. It is understood that substances other than 

chlorophyll can result in a non-t.ero radiance in the near-infrared bands! I and hence may alIee! the 

atmospheric cor~!ion. Nonetheless, in ~·;tu atmospheric chemistry sampling is worth considering in 

any potential future calibration of these event-scale signals in Benguela regional waters. 

In closing, this cb.apter documents arecent, unusual coccolithophotid bloom in southern Benguela 

waters, the first such extensive bloom monitored by satellite in the Benguela upwelling region. The 

I t In SeaWiFS pro'''''''llg, il i" assumed that the water_leaving radiance is zero for the netIl"-infrared bands 7 and 8 ("btack 
pIXet assumption~). In the proS<'noe of ohlorophytt over 2 mg m", Ihis assumption causes problems in the estimation of 
aero",,1 rndianoe (Siegel et.L 1()()1). 

55 



Univ
ers

ity
 of

Cap
e T

ow
n

bloom is also 0[ the first monitored by MODIS satellite ocean colour, the 250m - 500m resolution 

allowing detailed analysis not possible previously. Although coccolithophorids are typically 

characteristic of oligotrophic waters, species such as Emiliania !luxleyi do exhibit unexpectedly good 

growth in enriched coastal waters at suitahle temperatures. As a result E. flUxleyi and Gep/lyrocapsa 

oceanica are known to fonn massive blooms, but blooms of other coccolithophorids including 

species of the genus Syrac/losplwera are rarely reported. Here, the detection and monitoring from 

space of such a bloom in southern Benguela waters is demonstrated, dominated by a species not 

previously known \0 form such intense corn;en\rations. 
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Chapter 5 

A quantitative application ofsatellite data _ toy,ards dcnloping opcrational indices fur the 

Benguela ccus~stem. I'art 1. 

1. Intrm]nrtion 

['he gencration of consistent tim~ s~ri~s of daily high It's.olution (1 km) )'[OAA AVHRR and 

S~aWiFS o~ean ~olour data. ~ d~8~rib~d in Chapt~r 2, b primary to a ddaikd in,,~stigation of the 

dynamk variations in upwellmg and phytoplankton hioma'8 in tIlt' Renguda ~cosyst~m. Daily high 

resolution NOAA images display the temporal and spatial variahility in Sea Sllrl'a<;~ Temperatur~ 

(SST). allowing idcntif[cation of the locality and emergence oj' llpwelling ~elb. whereas daily 

ScaWiI'S imager) shows the distrihution pattcrns of chlorophyll (l concentration (chlorophyll) a~ross 

the Benguela. 

Chapters 5 and 6 of this thesis locus On the <jllantitative analysis 01' high r~:;.olution )'[OAA SST and 

Sea WiFS chlorophyll data within the southern Benguela ecosystem. This chapter (Pm 1) 

concentratcs on examining the cxtent and frequency of up\\elling during the period.luly 1998 

through lunc 2003 and the response ofthe phytoplankton community to this physical lorcing. 

Chapter 6 (Part 2) initiates the development of appropriate indices towards their application in 

o[lt'rational management ol'the upwdling :;.ystem. 

Variou8 other studi~s have he~n published over many years where either low spatial or tcmporal 

resolution indices have heen determined (Hakun, 1973; Hakun. 1975; '<ykjaer, 1994; Carr and 

Kearns, 2003). The8e studies show primarily the loooHerm mean seasonal cycles. Current research 

with remote 8ensing in the regional BENEFIT and lDYl.E Programme:;.IOCU8es on SST and 

Sca Wil'S occan colour, utilizing both low (4.5 km) and high (1 km) resolution data. Low resolution 

data has been lL~ed to construct a climatology for SST and chlorophyll concentration lor the 

llenguda ecosystem (Demar~q d aL 2003). and to des~rihe th~ dynamic variations within the 

8ystem (Demarcq et aI., 2002a). l.ow re:;.olution (4.5 km) SeaWiFS data ha:;. al80 been u:;.ed to 

describe the temporal variation in chlorophyll concentration ovcr 5 years (1997-2002) from 12-34"S 

(Demar<.:q et aJ .. 2oo2h). High re:;.ollition (1 km) SST data has be~n used to investigat~ th~ effe~ts of 
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environmentul variability on the pelagic fish distributiOil in South Africa (Agenbag et aI., 2003) and 

Namibia. 

Although 10w-re.\.Oltdion SST and chlorophyll indices may be useful for investigating generul 

patterns over largc scales. the finer scale spatial and temporal variability is lacking. especiully in the 

inshore coastal zones. High-resolution indices are therefore reqllired to examine patterns of change in 

more detail, panicularly in the inshore regions. A specilic objective of the regional BENEFIT 

Programme is to utilise one kilometre rcsolutiOil NOAA AVIIRR and SeaWiFS ocean colour 

satellite data to investigate these dynamic variations, and to derive quantitative indexes to serve as a 

measure of the ecosystem runction. nlC pwpose here is to initiate the development of the best 

fKl.<,sible updateable products that would incorporate the best features of previous work. 

Specific questions are: 

\) What is the spalial and temporal variability in SST, upwelling cells aoo upwelling events on intra­

seasonal time scales? 

2) What is the spatial and temporal variability in SeaWiFS chlorophyll on intra-seasonal time scales? 

3) [s there a clear relationship bet"een SST and phytoplankton biomass? 

These questions are addressed by comparing the differences in variability ofup"elling and 

phytoplankton biomass between various biogeographic regions in the southern Benguela.. namely the 

Cape Peninsula, Cape Columbine and Namaqua shelfup"elling cells, St Helena Bay and the """estern 

Aglilhas Hank (Fig 5.1a). 

2. ~1cthodology 

Southern Benguela SST and chlorophyll time series were gl.'I1eratoo by extracting data from the daily 

five year NOAA and SeaWifS time series to include the region 29_36°S and IS-21"E (672 lines by 

576 pixels). the cylindricul equirecmngular projection having a resollition of 0.0104° of latitude and 

longitude. Missing dam does occur on some days due to cloud. incomplete coverage of the region by 

the satellite, or flagged data for reaso/lS as outlined in Chapter 2, Additional!y. there are occasional 

days in the e:<tracted time series (8.4% for SST, 11.70/0 for chlorophyll) "hen no high resolution data 

is available for this region, due to the position of the satellite zenith angle for a panicular orbit swath 

of the day or due to problems with the satellite acquisition system. Heoce.limited spatiul and 

temporal interpolation was awlied to attain the minimum of data detail loss, while simultaneously 

filling in missing data "here possible. 
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For the spatial interpolation, a spatial fill was applied to each individual daily image using a mean 

box function to lill missing data only. All original valid ocean data values wen: retained. For the 

temporal interpolation. alternative approaches were discussed and trials rUll wherein different 

temporal weightings were applied to images over rwming three and Ihe day periods (for example. 

't" 1t" 't" and 'hoi, .lIN. '6hih~, 'h~). The trials tested both interpolations (a) of missing data only 

and (b) of all ocean data. The interpolated time series were assessed, both by image-to-image 

comparison and by animating alongside the original non-interpolated data series, to ultimately select 

the result that most closely represents the expected value while optimally filling missing values. It 

was necessary to take into accOlmt both the rapid variation in physical dynamics and the associated 

phytoplankton response, particularly during periods ofactivc upwelling. At such times, a temporal 

mean over the shortest time period appeared obviously prefcrable. Due. in particular, to the 

patchiness of the resultant high phytoplankton biomass, it was determined that a temporal 

interpolation over flO longer than three days and for all the ocean dala, was optimal. The cvaluation 

determined that optimal results were obtained by applying, to the original daily images: 

(i) a spatial till per image for missing ocean data using a mean box function ofsizc 7x7 pixels, 

requiring a minimum of 500/0 good valid pixels. All original valid ocean data values were 

retained, and then 

(ii) a threc day temporal interpolation on all ocean data using a 't,. sh. It, weighting. 

Thereafter, three and five day arithmetic means "ere generated from the daily, interpolated time 

series. Then: were two periods during which a number of daily images were missing, namely SST for 

16-21 November 1998 and chlorophyll for 14-21 September 1998, and hence consecut;"'e means 

could not be generolted for these periods. Subsequent results obtained from these periods should 

therefore be considered with caution. Monthly, annual and five year means were also generated. 

However, original non-interpolated data "ere used for the generation of these longer period means. 

'Ibe implication of the three day sampling is such that the shortest period that can be adequately 

resol-ed is of the order of 10 days or more (Fmery & Thomson, 2001). Synoptic-scale three to seven 

day events are excluded and hence camion must be applied in interpreting the processes giving rise 

to anyone signal. For the purpose of this thesis, therefore, the event scale refcrs to short-term intra­

seasonal events. 

Since, primary to (his study is the exploitation of high spatial and temporal resolution NOAA and 

SeaWiFS data, further work discussed in this thesis focuses on using the three day mean images. The 
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relevant five year time series, extending from July 1998 to June 2003. comprises a total of f, 1 0 lh re~ 

day mean files for each of the SST and chloroph}l1 parameters. 

J . Results 

The upwelling processes in the southern Benguela arc influenced to a large d.ogree by bottom 

topography - this is clearly illustrated by compariSOll of the bathymetry of the region (Fig. 5.la) with 

thc five year mean (July 1998-Junc 20(3) SST and chlorophyll images (Figs. 5.1 band 5.1 c). Hence, 

a first assessment of the dynamic variations in SST and chlorophyll in this region was undertaken by 

examination of these parameters over difl"erent depths of the continental shelf. Hovmoller (1949) 

shelfwidth-averaged plots (Section 3A) were generated for the inner, mid- and outer continental 

shch'cs of the southern Benguela comprising latitudinal mean shelf width values of the parameters 

ovcrtime. 

HOI\ever, the shelf widths vary considerably alongshore, and the offshore extent of SST and 

chlorophyll variability may not be adequately resolved. In Section (3D). therefore, a number of key 

latitudinal lincs \\"eTC selected and 1I0vm5ller latitudinal plOls "'ere generated to show the variation 

of the offshore extent of SST and chlorophyll. In empter 6, a number ofkcy inshore locations were 

selected in order to examine the variation of SST and chlorophyll over the five year stl.ldy period, to 

generate upwelling indices, and to explore the relationship bewieen these parameters. 
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Figure 5.1. (a) Southern Benguela bathyrMtry: inner shelf: 0-1 OOm (blue), mid-&helf 0-2oom (green), and 
outer shelf: 2()()m-5OOm (red); (b) rMan SST for July 1998-June 2003; (e) mean chbrophyll for July t 998-
June 2003 Too three key latitlldinallines. for which Hovm6l1er latitudinal plots are generated are overlain 

on the bathymetry map. 
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3A. Buthy metric influence 

Hovmoller shelf widrh-a"eraged plols 

The bathymetric file for the region of interest (Fig. 5.1a) was generated from ETOP02 data 

(http://v>'ww. ngdc.noaa.govlmgglfliers/Olmgg(),,\.hunl) at a two nautical mile resolution. and 

projected to a cylindrical equirectangular projection so as to exactly coincide with that of the SST 

and chlorophyll time series (Chapter 2). A high resolution (lkru) continental outline (CIA Database. 

bttp:/lseadas.gsfc.nasa.gov/docl seadbplcoasl.htmi) was overlain and the data manually corrected so 

as to accurately reflect the bndma~s outline. CQa\;!a1 bays and islands were masked to exclude them 

from any computation. Similarly. data eastwards of20EuS were excluded from the analysis. The 

100m and 200m contours were then smoothed according to detailed local surveys (Marine and 

Coastal Management. Cape Town). The inner continental shelf was defined as the area with wat~r 

depth at or less than 100m (blue), the mid-shelf for depths of 100m to 200m (green). and the outer 

shelffor dopths of 200m to 500m (red). 

Latitudinal and temporal patterns of SST and chlorophyll variability for the inner. mid- and outer 

continental shelves are illustrated in Figure (5.2). The~e HO\"ll1oller plots (hereafter referred to as 

shclfwidth plots), were generated from the three day mean lime ~ries to inc1U<k data from 29.00"S 

in the north to 35.1SuS, th~ latter being the southern tip of the 100m isobath. Note that each value in a 

shelf width plot represcnts the latitudinal mean of the panicular shcJfv>idth for a three day mean 

image in the five year period. Mi~sing values were minimul (<: 2%). being mostly on the inner 

continental shdfduring winter months. The missing valu~s w~re interpolated by means of the 

Dclaunay Triangulate procedure and a Trigrid function (IDL Reference Guide, 2003). 

The illller cOlltU/emu/ ~helf(O-/OOm depth) 

Sea sUlface temperature 

The SST shelf ..... idth plot tbr tbe inner shelf (Fig. 5.2a) shows two distincl bands of cold (9--13°C) 

water from approximately 32.7'S to 33.00 S and from 33.9"s to 34.3°S, representing the upwelling 

cells of Cape Columbine and the Cape Peninsula, respectively. These cold water bands appear 

~ynchronous in nalUre and generally more inten~e in the spring /summer months. being most intense 

during summer 2000 (Feb-Apr) and spring/summer 200012001 (Nov -Apr). The pulsating nature of 

the cold upwelling events is evident, panicularly when most intense, at which times cold upwelled 

wa!~r is also apparent along the length of too inn~r shclflJ.,twecn Ihese Capes. The intense upwelling 
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of summer 2000 (Fig. 5.2a: Ro) et al.. 200 I ) occurred following a distinct warm event in Decemocr 

1999, at which time a band of warm (20-22"C) water extended the length of the inner shelf of the 

southern B~nguda. A second, but less intense warm e,-ent is se~n in February 2002. 

In the nonh, cold ,vater offtll<: Namaqua upwdling <:~ll extend~ o~~r a much brow.kr latitl.ldinal 

range, from the norlhward ~xtenl of the anal) si~ region (29_0"S) southward to, on awrage, 30.rS. 

and appears more per~nnial in nature. S(lI.lthward of this. and towards the broad inner shelf of St 

lIekna Bay. sea sl.lrface temperatures largdy reflect a seasonal insolation pattern.ln the Cape 

P~nin~ula area, an abrupt change in SST pattern is notable at 34 J 5"S due to the combined affects of 

(a) Ihis ocing the southern limit of the Cape Peninsula upv"elling ~ell and (b) tll<: sudden broad~ning 

of the inner shelf immediately to the south of the P~ninsula (Fig. 5.1 a). A strong seasonal signal is 

evident in the waters to til<: south tll<:reof, on til<: we~tern Agulhas Bank. doc 10 bolh insolation and 

the inll"",nce or warm~r walers of Agulhas Current origin. Howewr, inknse upwelling ewnts are 

se~n to also manifest on the \ves\ern Agulhas Bank (feb-Apr 1 ()()9, feb-Apr 2000, feb-Apr 2001), as 

far south as Cape Agulha.s (35"S). 

Figure 5,2. Hovm6ller soofwidth,averaged plots fo.- the Southem Benguela I(lner shell (O,100m) from 29.oo
o
S 

to 35, 18'S (aJ SST lor July 1998-June 2003: and (bJ chlorophyll a concentration for July 1998-June 2003 

Chlorophyll" ('o(Jcenlral;o(J 

Chlorophyll concentration on the inner shelf o[the southern lkngucla (Fig. 5.2b) to a large degr~e 

mirrors the pattern of SST variability (fig;. 5.la), similarly oominated by the ev~nt s<:ale processes. 
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Two distinct bands of lower chlorophyll « 3mg m') water are seen to coincide with the cold water 

bands described above, at the locations of the Cape Columbine and Cape Peninsula upwelling cells. 

chlorophyll in the latter being even lower that that on the Cape Colwnbine inner shelf. The p"lsation 

of the event scale is partic"larly evident in the Cape Peninsula band, where pulses ofvcry low 

chlorophyll « Img m·l) appear to correspond with very cold water (9-12°C) events. Highest 

chlorophyll concentrations are apparent in St Helena Bay and the inner shelf extending to the north 

thereof. with very high chlorophyll concentrations (> I Omg m·l ) sustained during the late summer 

months (generally Feb·early May), with the exception of summer 2001. Comparison with the SST 

for this area (Fig. 5.2a) reveals a relatively cool summer 2001 with typical warmer summer SSTs (> 

19°C) not experienced in the St. Helena Bay area. 

No clear seasonal chlorophyll signal is generally apparent along the inner shelf of the southern 

Benj:,'uela (Fig. 5.lb), although lo",,'!r biomass is somewhat evident in the July -August winter 

months. Along the NamaqlU1 inner shelf, though, the more perennial nature of "pwelling appears to 

result in a corresponding biological respo11.'le. In the south, an abrupt change in chlorophyll at 

3435°S again mirrors that of the SS r pattern noted above. A seasonal chlorophyll signal is evident 

in the waters of the western Agulhas Bank. with warmer W'3ters of Agulhas Current origin (Fig. 5.2a) 

showing very low chlorophyll concenlrations (Fig. 5.2b). 

Mid_,·ontinentai.fhelj (JOO-100m depth) 

Sea surface temperature 

The marked Cape Columbine and Cape Penins"la cold water bands shown for the inner shelf (Fig. 

5.2a) are still clearly visible over the mid-shelf (Fig. 5.lc), albeit less distinctly. The offshore 

extension onto the mid-shelf of cold upwelling events at these Capes is less pronounced in the 

spring/summer months 0[200112002 and 200212003 than in the previous 3 years. Most 

distingu.ishable is the very intense cold evrnt of swnmer 2000 (Feb-Apr), the upwelled waters again 

clearly evident off Cape Columbine and Cape Peninsula and s"stained along the length of the mid­

shelf between these Capes. This is preceded by the intense warm event of December 1999 extending 

the length of the mid-shelf of the southern Benb'Uda. Cold "pwelled water is also clearly reflected on 

the mid-shelf in spring/summer 20001200] and 1998/1999. at times extending S<)uthW'3rds towards 

Cape Ab'Ulhas. A second Jess intense warm event is noted north of Cape Columbine al the end of 

January 2000, with further warm events (> 19"C) on the mid-shelf at the end of January and of 

February 2002, while, in lOO3, warm water was fairly persistent from mid-February to early March. 
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Since cach vwue in the shell' widlh plOlS represcnts thc lmitudinal me<ln of the shelf \\(idth. se<l 

surfa~e tempef<llUre~ northwards ofthc Cape Columbine plume refled <I broooel" mid-shell'me<ln <lnd 

hence generally portray scason:.ll im,obtion. As ~u~h. N<lma<.jlta cell up,,·elling extending onto the 

hroad mid-shdf may there lixe be m<l~ked. (The line breab vi~ihle at JO.JoS and 30.7"S are a 

function of a r<lpid ~hange in bathymetric contour oricntation.) On thc westcm Agulhas Gank. a 

strong seasonal signal is again cvidcnt due to insolation and the influence of war mel" waters of 

Aglllha~ Cmrent origin. A \\(arm watcr intl"l.lsion from the south is <lppal"ent in June 200 1. exlendi ng 

northwards almost as far as Cape Columbine. This is dearly visible in SST im<lgery (Fig. 5.3'1) 

following thc shedding of an anticy~ Ionic ring lrom the Agllllms Current, and ~onji mled in Torex 

Poseidon/ERS2 altimeter dala (not shown). 

1 
j , 

FigUfO! 5.2. Hovm61IO!r shO!lt width-averaged plol~ 10< the Sout~ern Benguela mxJ -~helf (1 00-2oom) trom 
29.OCtS to 35.18'S' (e) SST for Jcjy jg98-June 2003; and (d) chlorophyll" collCO!otration lor July 1998-June 

2003 

Chlorophyll II concentration 

Oi ITerent to the SST, chlorophyll distrihution over thc mid-shelf (fig. 5.2d) is more unifol"lll from the 

Cape Peninsula northwards to the Nam<lqw sheW 1\" lower ~hl"rophyll band « 3 mg m· l) is 

obvious olT Cape Columbine. -111e changc in orientation ofthc 20()m bathymctric contour (fig. 5.la) 

just north of Cape Columbine does lead to some di s.<;ontinuity, "nd <llso further lo the north at 30.3 Os 

<lnd 3().1'S. While not di~tinct, a somewhat lower chlorophyll band is dis.ccrnabk offthc Cape 
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Peninsula. In general. the pauem is of higher chlorophyll (> 2mg m·1) throughout although 

chlorophylls ofless than Img m·] are observed along the mid-shelf during most winter months (Jun­

Aug). TIle overall pattern of variability over the mid-shelf also manifests high chlorophyll (> IOmg 

m·l) on the event scale. being highest in summer 2000 (Feb·Apr) from north of the Cape Peninsula to 

about 30.3"S. High chlorophyll events also appear more evident in the spring/summer months of 

200212003. 

Very low chlorophyll « O.5mg m-]) is observed in thc:: \Hlrmer Agulhas-cOlIditiOiled \\aters on the 

western Agulhas Bank mid-shelf during summo;,r months. The latter is particularly low « O.2mg m,l) 

during January· March 2003, coincident with very warm waters (> 23"C) over the western Agulhas 

Bank mid·shelf(Fig. S.2c). Very low chlorophyll is also noted here in June 2001 coiocident v,;th the 

previously noted warm water intrusion from the south. 

Outer continental shelf (200-S00m depth) 

Sea ,fUrj(K<! lemperature 

The dominant pattcrn of SST variability along thc outer shelf(Fig. S.le) is seasonal. Interannual 

variation is apparent. with comparatively cooler SST in spring/summer 200cv2ool. However, north 

of30.4°S, the averaged values arc not representative of the mean outer shelf due to the western 

boundary limit of the study area (Fig. S.la). The intense upwdling signal ofsummer 2000 is seen to 

have extended even onto the outer shelf where cool waters (12-14"C) me evident from Cape 

Peninsula to Cape Collimbine. The slight decrease in cool water signal at 333°S is due to the rapid 

change in orientation and broadening of the outer shelf at this location (Fig. 5.1a). Similarly, pulses 

of cold upwelled \\ater onto the outer shelf are evident during spring/summer 200012001. while that 

of summer 1998/1999 is less clear. The warm event of December 1999 is prominent even along the 

length of the outer shelf. Warmest waters are seen on the western Agulhas Bank where the influence 

of the Agulhas Current is apparent, being more pronounced during the summers of2002 and 2003. 

The ",-arm intrusion from the south in June lOOI (Fig. 5.3a) is seen to have extended over the outer 

shelf as far north as Cape Columbine. 
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Figure 5.2 HovrnOlier shelf W1dth-averaged plot,; lor the Southern Benguela outer shell (200-500m) from 
29.00'S to 3518"S: (O!) SST for July 1998-Jur1e 2003: and (I) chlorophyll a cOllcentration for July 1998-JunO! 

2003. 

Chlorophyll a ('on"cnlwl ion 

Chlorophyll conccntration ovcr the outcr shelf of the southern Benguela (Fig. S.2!) is generally low 

« 3mg m .1) although a seasonal sijl:l1al is ni<.kn l. Som~'" hat higher chlorophyll is sho'"n during 

spring;/summer months. particularly south of approximatdy 32°S. Here, higher chlorophylL, (> Smg 

m ") are Seen t() extend ()nto the Older shelf. generally coincidcnt with cool water extended ()nto the 

outer shelf (Fig. 5.2c). On the wcstem Agulhas Bank, chlorophyll remained very low « 0.5mg m"). 

cspecially during the summers 0[2002 ,md 2003. coincident with warm Agulhas-modified watcrs at 

thatlimc. 
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f-Ig[.,a 5.3 (a:, ~~ r "rage to r 20 June ::!Xl 5ho':~n9 j ,e w~r1' water ntrusic'l"l follo':~ ng th e 318(] ci ng of an 
anti.:yclon'" 'ing fro11 tha Agu has Cu eren!'. (b:, ~ST irr.~ \", 'or 3J July ::!001 s.how in·~ en o~nced offshore SST 

dLe to the offsho,a locat,on 0' toa shad A~ulhas rin·~ 

JB. OtTshore eden1 

ilo\'m(ilin latitudinal plot> 

The [[ovmolJer she lfwid1h plots generated above for the inner, Lllid- and outer continental shelves of 

the southern Benguela (Figs. 5.2a - 5.2f) provide u first evwuution of the dynamic variutions in SST 

und ph}1oplankton biomass in this region. In order to beUer resolve the onshore extent of this 

variability along the vary ing shelf widths, a numbcr of key lati tudinal Jines were next sele<:ted (Fig. 

5.1 a) for which HovmtllJer latitudinal plots (hereatter referred to as latitudinal plots) were generated. 

The latitudinal plots "ere generated from the five ~ear SST und chlorophyll three day mean time 

series. Each line in a plot represents an average of five image data lines centred at the particular key 

lalituue anu extending 300 pixels (288km) offshore. ufier allowing for a landbuffer of2 pixels 

(which are not includeu). For the purpose of this thesis, lutitudinal plots of only three key lutitudes 

are shown, namely the Cape Peninsula St Helena Bay and the Namaqua shelf(Fig, S. la). These 

latiilldinal lines represent varying wiuths of the inner, mid- anu outcr shches. Due to the "estern 

boun<lary ofthe study region (l5E). the Namaqua latitud inal plots are Wlfortunately limited to extend 
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only 200 pixels (192km) offshore, after the 2 pixd landtllliler, amllhus only partially include the 

outer shelf duta values, As for the shelf width plots, missing values were interpolated by means orthe 

Delaunay Triangulate procedure and a Trigrid function (IDL Reference Guide, 2003). 

The Cape Peninsufa fatitlllfinaf fine 

Sea surface temperature 

The C Peninsliia latitudinal line (Fig. 5.la; 34.13"S) represents a key latitude having both a narrow 

inner and mid-shclf, with an ollter shclf of moderate width. Most dominant in the Cape Peninsula 

SST latitudinal plot (Fig. 5.4a) is the cooler « 14°C) ,"vater confined prilllilIil} to a narrow band 

inshore with a strong seasonal signal extending over much oflhe onshore distilI1ce. Interannual 

variability is noted in lhe seasonal offshore signal, with lhe coolest spring/swnmer occurring in 

2000/2001. Evenl scale pulses of cold (9-13"C) water arc seen extending offshore beyond the narrow 

inner shelf, being most intense during the spring/summers of 199912000 and 2000/2001. during 

which times cold water cxtended up to lOOkm ollshore. Less intense cold water pulses are also 

evident at other times through the five year time St,.'1ies. 

The onshore movement ofwann (l9-21°C) wuter in December 1999 is apparent but, although not 

reaching the coast, wann onshore movement is also evident each sammer (Dec-Mar), interspersed 

between cold events. Interestingly, the most sustained wann event at this latitude is set.'Il to have 

occurred during winter 2001 (May/Jun) following the shedding of the above-mentioned anticyclonic 

ring from the Aglilhas Current (Fig. 5.3a). The subscquent anticyclonic entrainment ofwann 

Agulhas w~ters ,"v~s felt even on the Peninsula inner shelf, as the A"uilms ring moved in a 

northwesterly dircction. closely approaching the shore. Another such pronounced Agulhas ring 

p~ssed farther offshore during Octobt.'f 20()2, the warm (19-21"C) waters approach in" only the outer 

Peninsula shelf. This event was preceded by an intrusion of cold "ater at a distance greater than 

200km offshore (Fig. 5.4~). 
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Figure 5 4. Hovrnoller latitudinal plots tor th", p ... nod July 1998 to June 2003. Thr~ day mean (a) SST and 
(b) chlorophyll 8 corocenlration for the Cape PeninslJia lahtudinallir>e. exteroding 300 pixels (288km) offshore 

Chlorophyfl a concentration 

Chlorophyll concentration off the Cape Peninsula (Fig. 5.4h) shows a different pattern of variability 

10 lhal of Ll", a.~8()ci aleu SST (Fig 5 Aa). The region beyond the out~r conti nental ,hell' c()mpri~s 

generally very low chlorophy ll « 1 mg m'l ) with no strong seasonal signaL Inshore chlorophyll, 

although also rclalhcly low in concentration (<. 3mg m-'). docs exhibit a seasonal signaL 
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Highest chlorophyll events (> Smg m-') with most offshore extension are seen primarily in 

springlsurruner, especially when cold upw",Ued waters appear most intense (spring/summers of 

1999(2000 and 2000/20(1). At such times, the higher chlorophyll is displaced slightly offshore, low 

chlorophyll being coincident with freshly up"'1!lled waters on the inner shelf. Slight!} elevated 

chlorophyll (l-3mg m-J
) observed offshore attim",s (for example, end Februal)' and end April, 2(01), 

is due to the presence ofmaments or eddies comprising the convoluted frontal boundary. 

The Sf Helena Bay !atitl/dina/line 

Sea sur/iKe temperature 

The continental shelf along the St Hdena Ba} latitudinal line (Fig. 5.la; 32.65°S) comprises a broad 

inner shelf, narrow mid-shelf, and broad outer shelf. The SST along this latitudinallill<;: (Fig. 5.4c) 

generally shows a very different trend to that off the Cape Peninsula (Fig. SA-a). Most notable is the 

strong cold water signal along the boundary of the 100m isobath, approximately 40 pixels offshore 

(Fig. 5.4c), where the core of tile Cape Columbine up",,,,,lIing plume extends northward from the 

Cape Colwnbine headland along th", inner shelf boundary. 

When most intense (9-13"C), the Cape Colwnbine plume appears to retain cold water inshore in St 

Helena Bay, while also limiting the onshore movement of wanner water (> 17"C). However, strong 

onshor~ W!I.I1Il water ",,-enlS are se",n to occur, being particularly intense in Dec",mber 199'1, and in 

February 2002. At other times in spring/summer, warmer water is apparent inshore of a moderate 

plwne signal, probably due to retention and seasonal warming in the Bay. Offshore extension of cold 

water onto the outer shelf is strongest in Fehruary - April 2000, but also frequently evid",nt at other 

times as cold event seale pulses. Similar to the Cape Peninsula SST latitudinal line (Fig. SA-a), a 

strong seasonal signal dominates the region offshore beyond the continental shelf, also demonstrating 

some interannual variability. 

Chlorophyll a coneen/ration 

Chlorophyll concentration along the St Helena Bay latitudinallinc (Fig. SAd) is appreciably higher 

than along the Cape Peninsula lin", (Fig. 5Ab). The offshore ext",nsion and distribution of higher 

chlorophyll (> 3mg m-l) over the broader continental shelf is seen as generally double that over the 

narrower Cape Peninsula sh",lf. 
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Figure 5.4. HovmOller lat,tl.dinal plots 10< too period July 1998 to June 2003. Three day mt!an (e) SST and 
(d) ehlomphyll a cooeentratioo lor the St Helena Bay lalltl.d;"'alline extending 300 pixels (288km) oflshort! 

High ~hlororhyll (> 5mg m·l) lS apparent throughout tl..., ~'ear hu( with greater on~hore ex(en~ion in 

the spring/summer months (Nov"Apr). At such times, event s~alc pulses of high ~hlorophyll appear 

to be associated with strong offshore cold \\(ater events. Retention of high chlorophyll concentmtions 

on the inner ~helr doe~ ",em generall~' apparent, with a lower chlomph~' 11 signal visible at timc~ 

along the inner shelf boundary (fig 5Ad: 40 pixels offsoore), coincident \\(ith the cold Cape 

Columbine plumc. High chlorophyll may be visiblc on either sidc of this plume signal. Lo\\ est 

~hlororhy 11 (> O.2mg m .J) i~ generally noted l'urlhe~t olhhore. coincidclll with waml water (> 20"C) 

during the summer months. 
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The illamaquu I-I"df lutitutlhlUf line 

Sea surface iempcrature 

The lhird key latitudinal line to be ~onsidered in thi~ th~~i,;, lh~ \lamaqua shelf Ii ne (Fig, 5. I a; 

29,<)O"S). is located in the northemmo~l purl of ~tlIdy region, having a narrow inner shelf. a brnad 

mid-shelfbul only partly repres~nting the outer shelf. In contrast to the SST for the previous two key 

lutiludinal Ime~ (Figs. 5Aa and SAc). there is a strong cold waler ;;ea~onul ~ignal exl~nding a<:ro,;~ 

the width ofthe Namaquuline (Fig. 5.4e), being mo,;l intense during winter. Correspondingly, a 

strong onsool<' warm wuler ~ea,;onal signal is s.cen of equivalent eXlCnt. being most intense during 

the ~ummer months. Cold upwelled .vater is still evident on the ~venl s~ule during summer. but 

conJined primarily to the narrow inner shelf. Some illlenulllual variability i~ generally apparent. lhe 

wamlest winter being thut of2001. 1()lIowing lilt' coolest Slimmer. The strong warm event of 

December 19r;<) is also clearly observed at lhis latitude, this signal thus appearing to be evident along 

the knglh orlhe ,;oulh~rn Iknguela. 

Chlorophylf a concemralion 

Allhough less concentrated than chlorophyll along the St Helenu Bay line (Fig. 5.4d), moderate to 

high biomass (2-lOmg mol) e:>::tends ulong Ihe widlh or Ih~ Kamatjua latiludinal line (Fig .. 'iAt). 

aero';s the broad micl-~h~ I I' and onlO lhe oUler continental shelf. This wnsiderable offshore extent is 

uppan;,nllhroughoullhe year despite the strong seasonal signal o.een in the a,;~o<:iated SSI (Fig, 

.'i.4c). 
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Figure 5.4. Hovmbl~r latltlJdinal plots for tM period July 1998 to Jur.e 2003 Three day rrolan (e) SST and 
(I) chlorophyll a concentration for the Namaqua Shelf latiludinallir.e. exlending 200 pixels (1 92km) offshore 

rher~ app"'a!'S to be no obviou8 correl~tion belween the lw() pmamdrrs. Rather, it sc~ms that 

mmlemlr ch l()mphy II c()ncentrations are gen~rally spread across th~ width of the broad ;:hel r, a slight 

offshor~ displac~nlClll coincid~nt \\(ith "~ry cold w~ter (9-12"('1 on ll~ il1l1rr ;:helf. Pulses of higher 

chlorophyll (>5mg m''') lIrr obserwd at intervals throughout on the e\'~nt sc~k. 
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.lc. Latitudinal line correlations 

Sea surface temperature vs chlorophyll concentration 

In order to explore the relationship octween sea surface temperature and ehl()rophyll in Figure (5.4). 

a ~orrelalion analysis lVas pcrfonned between these two parameters for the three key latitlldinal lines. 

Only the non-interpolated values lVere us.cd, and being in byte format. the output is therefore 

qlJantiscd. 

! , 

• H 

• • • 
• 

Figure 5.5. Correlation 01 SST and chlorophyll" cOllCentration for the Cape Peninsula lalltudlnalline values. 

No strong <:0rTeialion is ,een belween SST and .:hlorophyll ror the Cape P"ninsula btitLldinallinc 

(Fig. 5.5). The vast majority of points represent offshore vailles of chlorophyll concentrations less 

lhan 2 mg m-J a.:mss a range or lemperature rrom approximately 11 - 23°C. These low chlorophyll 

values arc also seen at the lower end of the temperamre scale « 11°('). where they represenl freshly 

llP" elled walers on the inner ,helL Higher .:h lorophyll .:oncentrations tend progressively tov"ams 

SSTs of about 12.5_20°C, VaillCS between about 2-7 mg m-J representing phytoplankton in re.:ently 

up\\elled watem. Highest .:oneentnltions (> 7 mg m-J
) are g"ll<'rally coincident with temperatures of 

12.5_17.5°C. 
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A very similar correlation (not sho"'ll) is observed forthe Namaqua latitudinal line. except that 

chlorophyll concentrations are approximately double that of the Cape Peninsula line. Higher 

chlorophyll values (> 5 mg m') relate to SST!; of 13·17"C, rcpre~nting biomass across the broad 

mid-shelf, with concentrations of up to 40 mg mojo For the St Helena Bay latitudinal line parameters. 

the correlation (not shov.ll) shows warmer offshore temperatures (> 19"C) coincident with lower 

chlorophyll « 5 mg m-\ Higher chlorophyll across the runge on - 50 rng m') is fairly evenly 

distributed between SSTs of 12·17"C. Genentlly, chlorophyll concentration along the St Helena Bay 

line appears almost fout times higher lhan that of the Cape Peninsula line, and double that of the 

Namaqua line. 

-I. Summary 

rhe extent and frequency ofupwclling during the period July 1998 through June 2003 and the 

biological response to this physical forcing has been addressed in this chapter by focusing on specific 

questions outlined in the introduction. The shelf width plots (Section 3A) comprising the latitudinal 

mean values of the inner, mid· and outer continental shelves allow clear identification of the location 

and emergelK'e of upwelling cells as well as the spatial and tempontl variation in chlorophyll along 

the length of the southern Benguela. The Cape Columbine and Cape Peninsula upwelling cells are 

identilied in the SST plots as lWO distinct bands of cold water (9-13"C) on the irmer shelf. the 

upwelling synchronous in narnre and. when intense. sustained along the length of the inner shelf 

between the Capes. These cold water bands are still visible over the mid-shelf. Upwelling is 

generally more intense at these locations in the spring Isummer months. The Namuqua upwelling cell 

is identified on the inner shelf SST in the north as extending over a much broader latitudinal range, 

and more perennial in nature. Most remarkable in the SST inner and mid-shelfplols is the rapidly 

pulsating nature of upwelling in the southern Benguela, with intense warmlcold events c1earl) 

distinguished. Conversely, the dominant pattern of SST over the outer shelf is that of seasonal 

insolation, although particularly intense upwelling events are seen to extend to this part of the shelf. 

[n the south, both the seasonal and event scale influelK'e of wanner waters (>20"C) of Agulhas 

Current origin are clearly identified in the inner, mid. and outer shclfSST plots. 

Chlorophyll concentration on the irmer shelf to a large degree mirrors the pattern of SST variability, 

similarly dominated by the event scale processes. Two distinCl bands of lower chlorophyll « 3mg m­

l) coincide with the locations of the Cape Columbine and Cupe Peninsula upwelling cells. evem scule 

pulses of very low chlorophyll « lmg m-·1) appearing to correspond with intense upwelling events, 
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especially in the Cape P~ninsula upwelling celL Highesl chlorophyll concentrations are apparent in 

St Hekna Ba) and the inner shelf extending to lhe north thereof. with very high chlorophyll 

concentrations (> IOrng m _J) being most sustained during the late summer months. In corn panson 10 

the SST, chlorophyll o' er the mid-she! I'is more lmiform from the Cape Peninsl.lla to the Namaqua 

sheH: although still manifbting the ~\'~nl ><oak, In g~n~ral, lhe pattern is 01' higher chlorophyll 

lhnmghOlit all seaSOnS. although 10\\ biomass is observed during most winters, In the south, as for 

SST, a elear seasonal signal is apparent in all three sheifwidth plots. with the seasonal and event 

seale intrusions ofwarm~r Agl.llhas-conditioned waters yidding particularly low chlorophyll. 

Chlorophyll concentration o'er the Ol.ller ,hell' is gen~rally low « 3mg m'\ 

The HofTmuelier latillklin ... f plots (Section B) show the offshore eXlent of SST and ~hlorophyll al 

seleeted key latitudes allowing investigation of this variability at locations of differing shelf width. 

The Cape Peninsula lin~ comprises both a nalTOW inner and mid-shdL with Ol.lter shelf of moderate 

width, lh~ Sl Helen ... line a browl inner, nalTOW mid-, and bro ... d Olller shelf ... nd lhe Nama.qlm line a 

narrow inner and broa.cl mid-shell: the outer sheil' being only p ... rtl) represented by the stud) region. 

The most dominant feature in the Cape Peninsula SST latitudinal plot is the eooler water «14"C) 

conlin~d primarily 10 the nalTOW inner shelf Event seale pulses of this eold upwelled water are seen 

to extend beyond the narrow inner shelfup to lOOkm offshore when most intense. Offshore. a strong 

seasonal signal dominates, \\ith ~wnt scak onshore movement of warm water (> 19"C) evident each 

summer betw~en upwelling evenls. Agulhas ClilTent inllucnces may readily be seen. with ~ntrained 

Aglilhas-condilioncd \\aters being observed at times on the inncr shelf of the Cape PeninSUla. In 

contrast. the strongest ~old water signal (9--13"C) along the St Hekna Ray lin~ lies offshore, at the 

location of the Cape Columbine upl',elling plume. This plume appears to callSC reknlion ofw ... ler on 

the inn~r shelf. while alS<-l limiting onshore m(l\'ement of offshor~ water. Ilowever. offshore 

cxtension 0 I' cold \\ ater aeross the naWm rnid-shei I' and onto the broad Olllcr shc1 I' i s fi"eq llenUy 

evident on the ~v~nt scale. The Nrnnaql.la SST line in the north contrasts with the previous two 

latillldinallines. primarily b) way ofthc larg~ offshore ~xknt of a s~asonal llpwelling ,ignal. most 

intense during the winter. The strong cold water signal e;;.1ends across the width ofthc broad mid­

shelf: at times e'en onto th~ outer shelf: A corresponding strong onshore warm water movement is 

most intense during summer, \\hcn upwclling seems diminished. Upwclling al this latillld~ thlls 

appears to enhanc~ the seasonal signal. 
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Chlorophyll concentration along the Cape Peninsula latitudinal line shows a clear seasonal signal 

with nfIshore extension oflllgher chlorophyll (> 3mg m·l) onto the outer shelf, beyond that of too 

associated upwelling signal, occurring primarily in spring/summer. With intense upwclling. higher 

chlorophyll is displaced slightly offshore. low chlorophyll being coincident with freshly upwelled 

water on the inner shelf. Along the St Helena Bay latitudinal line, chlorophyll is significantly higher 

than along the Cape Peninsula line and the offshore extension over the broader continental shelfis 

generally double that over the n<urOWtl\" Cape Peninsula continental shelf. High chlorophyll (> 5mg 

m'l) is apparcnt throughout the ycar, hut with grcater offshore extension in spring/summer. Retention 

of high chlorophyll on the inner shelf is observed. lower chlorophyll coinciding with the cold Cape 

Columbine plume along thc inncr shelf boundary. Similar to tbe SST. the pattcrn of chlorophyll 

along thc Namaqua line contrasts with the previous two latitudinal lines by way of the large offshore 

extent of the distribution. Some\\bat less concentrated tbart along the 5t Helcna linc. moderate TO 

high biomass (2-10 mg m'.1) cxtcnds across the broad mid-shelf and onto the outer shelf. TItis is 

apparent througbout the yeardespij., the strong seasonal signal seen in the associated SST. As for the 

Cape Pcninsula linc. a slight offshorc displacemcnt of biomass is coincidcnt with vcry cold watcr (9-

12°C) on the inner shelf. 

No strong correlation was found between SST and chlorophyll along the three latitudinal lines, 

although highcr chlorophyll is seen to usually occur bcrnccn \3-17"C. Chlorophyll biomass along 

the St lJelena latitudinal line is found to be generally four times higher than along the Cape Peninsula 

line. and double tbat of the Namaqua line. [n the following chaptcr (Chaptcr 6). SST upwclling and 

chlorophyll indices arc derivcd for the selectcd latitudinal lincs examined in this chapter. to enable 

intra-seasonal variations to be more comprehensively quantified and compared, 
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Chapter 0 

A quantitative application of satellite data _ lo .. "a rds developing "pen,ti"" al indi~c, f"r the 

Benguela ecosystem. Part 2. 

1.1n!roou~tion 

Further to examining the dynamic variations in upwel!ing and phytuplankton in the southern 

Benguela (Chapter 5). i~ the development of appropriate indices to quantifY these intra-seasonal 

variations. The following hypothesis is proposed: 

By using SST indices to detennine the development ofupwel!ing cells, and chlorophyll indices to 

determine the development of a phytoplankton bloom. it should be possible to elucidate the resJXlnse 

of the phytoplankton biomass in relation to thermal changes due to upwelling. 

Chapter (5), Section (3A) of this thesis provides clear identification of the location and emergence of 

upwelling cells, as well as the variation in chtorophyll along the inner, mid- and outer continental 

shelves of the southern Benguela during the period July 1998 through June 2003. Section (3B) 

identifies the variation in intensity and offshore extent of these par~meters at selected key lati tudes of 

differing ~helf width. This Chapter comprises Part 2 of the quantitative application of NOAA and 

SeaWiFS satellite data to the southern Benguela. and initiates the development of appropriate indices 

towards their ~pplieation in the operational management of the ecosystem. 

A number of key locations are selected along the length of the southern Benguela. The dynamic 

variation of SST ~nd chlorophyll over the five year time series (July 1998 - June 2003) is examined. 

upwelling indices are generated and the relationship between these parameters explored. Only the 

key loc~tions ~s per the three selected latitudinal lines in Chapter (5) are discussed in thi' thesis> 

namely the Cape Peninsula. St Helena Bay and the Namaqua shelf locations (Fig. 5.1 a). 
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2. \"clh"",,I,,&} 

The mean value of a 5J\5 pixel box at an inshore location along each latitudinal!ine was eJ\tr<ICted 

from each SST three day mean image in the time series. The fluctuation over time of SST was thus 

generated for each key location. 

Since sea surface tempcraillre on the shelf is a combined measure of both upwelled waters and 

additional processes (for eJ\amp1e. seasonal insolation. advection), it docs not provide an adequate 

measure of upwelling intensity. A more suitable indeJ\ of upwelling strength is detennined by the 

difference in SST octween an inshore location on the inner shelf and some distance offshore. 

providing a measure of the temperature difference moving offshore. A positive indeJ\ indicates colder 

water at the coast, inferring active upwelling (Carr et a1.. 2(03). Upwelling indices were therefore 

gener.lted by detemlining the difference in SST between an offshore reference location and the 5x5 

piJ\cJ hox at the inshore location of the respective latimdinalline. for each three day mean image in 

the time series. For the offshore reference point. the 5J\5 piJ\e! mean value at the most offshore eJ\tent 

(300 phels) of the [)articular latitudinal1in.: plot (Figs_ 5.4) was extracted. 

Chlorophyll a concentration pa se serves as a meaSUI"tl of phytoplankton abundance, and ht:nee may 

be uscd as lIIl index to understand the response of phytoplankton to upwelling. Hence. as for SST. the 

lTh:an valu~ ofa 5x5 pixd boJ\ at an insbore location along each latitudinal l ;ne was extracted ]rom 

eoch chlorophyll image in the time series. The dynamic variation over time of SST. upwelling and 

chlorophyll concentration ",-ere thus generated for each key location. Finally. the relationship 

between these parameters was explored. 

3. Results 

The fluctuutions over the five year study period of SST. and indices ofup\\-elJing and phytoplankton 

(chlorophyll concentration) for the Cape Peninsula. St Helena Bay and Namaqua key locations are 

outlined below. A low pass filter was applied to the data such that the highest frequency component 

of the resultant dataset was I<:n percent o f the frequency speetmm of the original dataset. The 10'" 

pass filter was used merely as a visual aid in figure (6). All the analyses were done on the unfiltered 

data. The low pass filters arc overlain on the graphs in Figure (6). SST and chlorophyll are also 

correlated with upwelling, I-ooth for the full jive year period and seasonally. Chlorophyll is correlated 
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with SST for each of the three key locations, The latitudinal line figures (Figs 5.4) in Chapter (5) are 

refereoced. 

Smce the Namaqna kc]' location is located in the northern part of the study region (fig 5, la) where 

the weSlern bonOOary ( I 5 E) limits the offshore extent to 202 pixels at this latitnoc (29. 90'S). it was 

not possible to gauge the strength of upwelling using a reterence point of sufticient distalKe offshore. 

Hence an upwelling index was not determined tor this particular location and only the sea surface 

temperature and chlorophyll parameters are explored fi,r the Namaqua shelfin lhis lhesis. 

The Cape renin~ ul a kc~ luc.d iun 

Cape Pt'II;m'u/1l ,"t!a ''"''if ace ft!mpl!rt1fure 

The Cape Peninsula SST latitudinal plot (Fig. 5.4a) shows cooler upwelled water contined primarily 

to a narrow band inshore.lIence. the selected key location for the Cape Peninsula was sited on the 

narrow illllCr shelf(J4.13 ''S; 18.28"E) and comprises pixels one to fhe (lhe 5x5 pixel mean) of the 

Cape Peninsula SST lalitudinal plot. 

Most notable in the fluctuation over time of SST at this location (fig. 6.1a) are the marked 

temperature changes associated with the rapid pulsation oflhe cold/warm events. also noted in the 

Cape Peninsula SST lalitudinal ploL Pulses or ~nld water (9-1]"C) are again seen mosl frequently 

during the spring/summer months, the overall paltern or variation tending towards generall]' c(xller 

temperatures in spring/summer, with general I]' Warmer temperaturcs during autumn/winter. 

However. walmest events (18-21 "C) are also experienced in summer (Jan 1999, Dec 1999, Jan 2001. 

Jan/Feb 2002. Jan2()O]) interspersed berv.ieen cold evcnts. as the strong SUmmer SST frontal 

boundary moves shoreward under conditions of diminished up"elling. The "arm winter event 

(> I R"C) orJune 200 I (Chaptcr 5) is evident evcn on this Cape Pcninsula inner shelf location. as 

Ab,'1llhas-entrained waters closely approached the shore. Similarly, wwm waters asso~iated with a 

~ubsequently shed Agulhas ring are also e\ idenl in September 2001. 
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Figure 6.1 Variation of (a) SST at 18.28'E, (b) upwellir>;l index at 18.2SoE and (c) chlorophyll a at 18.10"E on 
the Cape Peninsula lalltudinalline far July 199B-June 2003. The dark lne represents the applied low pass 

filter 
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Cape Pel/il/JII/a IIpwef/iffg index 

A measure of the strength of Cape Peninsula upwelling, or U[, was obtained by the difference in SST 

(5x5 pixel mean) between the inshore key location (34. nos; 18.28'E) SST value and a reference SST 

value at 300 pixels offshore (Fig. 5.4a), for each respective three day mean in19ge. 

The Cape Peninsula VI shows a strong seasonal signal (Fig. 6.1 b) with most intense upwelling in 

spring I summer. A delta SST in excess of I O'C is attained each summer in the five year time series. 

The intensity ofup,\"elling varies rapidly on the event scale. interspersed with warm SST events as 

demonstrated by a rapid decrease in the UI. During winter, thll UI approaches zero. In fact. a 

negative UI (inner shelf SST exceeds that of300 pixels offshore) is seen during JlUle 2001 coincident 

with thc effect of the Agulhas ring mentionOO above, and again in September 2002. However, in the 

latter case, the negative UI is dUt;l to cooler SST at the offshore reference JXlint as a result ofthe cold 

water intrusion noted in Chapter (5) rather than the elIcct ofwdflll Agulhas-conditionoo waters on 

the inner shelf. Interannual variation in the Cape Peninsula VI is apparent, with a decreasing trend in 

V[ notoo from 1999 to 2002. 

Cape Pel/ i/l)" II/a phytoplllnJam' iffdex 

The Cape Peninsula chlorophyll latitudinal plot (Fig. 5Ab) shows higher chlorophyll displaced 

slightly offshore, low chlorophyll being coincident with cold upwelled waters on the inner shelf. 

Hence. a location centred (5",5 pixel mean) on the 200m isobath (34.13'S; 18.10'E). being pixel 20 

of Ish ore in Figure (5.4b). was selected to gauge the biological responsc to upwelling along the Cape 

Peninsula latitudinal line. 

The chlorophyll concentration in Figure (6. 1 c), a measure of phytoplankton response to the seasonal 

upwelling off the Cape Peninsula (Fig. 6.1b), demonstrates an associated St;lasonal signal. also 

varying rapidly on the event scale. High\lr chlorophyll concentrations (> 5mg mol) arc seen primarily 

in spring / summer. even though overall concentrations ",,-ere relatively low. Thll highest chlorophyll 

concentration (l8.5mg mol) at this location is observoo in January 2000. after the pronounced wann 

event of 1999 (Chapter 5), followed rapidly by strong upwelling in the first half of January 2000. In 

contrast, the high chlorophyll (14.6mg m,l) reached in April 2002 occurred during a period of 

quiescence. Concentrations during winter months were low « 3mg m-'), except for 2 peaks in winter 

200[. The first peak (6.2mg m,l) in lme June 2001 followed the presence ofwann Agulhus-entrained 
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waters on the inner shelf. The second lesser peak (4.8mg m'\ in early August 2001 , appears to be 

due to decreased upwelling (Fig. 6.1b) aswciated with an Agulhas filament drawn along the western 

edge of the Agulhas Flank. 

However. it is important to consider that phytoplankton biomass is often patchy and that Figure 

(6.1c) represents only one localion on the shelf, along the Cape Peninsula latitudinal line. [n fact. the 

phytoplankton response to upwelling off the Cape Peninsula is generally upstream thereof and hence 

a better gang'" would likely be a location further northward of the upwelling latitude. A first 

selection was a location 40 pixels directly north (33.70"S; 18.10"E). on the somewhat broad"'r mid­

shelf. The chlorophyll at this more northerly location (not shown) displayed a similar seasonal 

response to the Cape Penillsula upwelling, however with concentratioos double thm of the location 

on the Same latitude as the upwelling (34.13°S: 18.]0''E). The patchiness and upstream response of 

phytoplankton il e.wminoo further in 'The Cape Peninsula shelf regiom' Section below. 
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Cape Peninsula correlations 

The relationship hetween SST, llpwellmg and phytoplankton indices was compared for the Cape 

Peninsula key location, both over the Ii ve year ti me series and seasonally (Fig. 6.1 d). The months of 

January to March arc considcrcd as summer, April to June, as aUllimn. July to Septemher liS winler, 

and Octobcr to Deccmber as spring. 

As would be e~pected, a clear negative ~'OITe Jation is seen between SST and UI on the Cape 

Peninsliia inner shelf for the five year penod (Fig. 6.ld; sst= -OA·58 lli + 16.374; /=0.477), coolcst 

water hemg coincident with most intense llpwelling. This negative cOITelation is strongest during 

summer (sst'" -0.956 lli + 21.122: r1=O.780) when upwelling lS most intense (Ll typic~lly 4 - 12). 

The linear regressions for the remaining three seasons "ppear surprisingly ,;i milar. However, the 

scatter about the linear regression is most pronounced during spring (r'=O.448). Cpwellmg i,; also 

notably weaker during winter (UI typically <4). 

In ~'Ontr~st, a positi~ecorrel~tion (Fig. 6.ld; chi = 0.257 ui + 1.200; ~=O.I 18) is generally apparent 

between chlowphyll concentration at the 200m iwhath location (34.1JoS, 18.10"E) and tl on the 

inner shelf (34.13"S: 18.28"E). ] ]owever, no obvioliS linear colTeiation manifests seawnall y, 

although a positive but we~k relationship is seen in ~utumn (chi == 0.212 ui + 0.953: 1"=0.047). 

Lower chlorophyll concentrations are apparent in winter, coincident with the notably weaker 

upwelling. Most ,;c"ller is agmn noted dllling ,;pring month,; (r1=O.OO9). 

Fmthermore, chlorophyll concentration at the 200m i,;obath (34.13"S: 18. JO"E) was compared with 

SST at the &arne location (fig. 6.le). No stroogcorrclation is seen for the full five years period 

alth(lllgh higher concentration,; (> 5mg m·J
) do tend to be related to SSTs between 12 to 17"C. TIllS 

relationship is similar to the SST"chlorophyll correlation lor the complete (JOO pixels) Cape 

Peninsula latitudinal line (Chapter 5). When examined seasonally. the most notable distinction is 

winter. when chlorophyll values arc low « Smg m") and associat~d with 14 to 18 "c temperatllres. 
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upwelling index (x-a~is) on the Cape Peninsula latitudiroalline, 
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The Cape Peninsula shelf regions 

As noted above, phytoplankton bioma.~s is nO! only often patchy and perhaps inadequately 

represcnted by one location on the shelf. but the phytoplankton response to upwelling off the Cape 

Peninsula is also generally UpSITelUll thereof. Therefore. mean chloluphyll concentration for the area 

of the mid-shelfnooh of the Cape Peninsula (100-20001; 33.200S-33.9(I"S) was also correlated with 

mean SST and upwelling for the area of the Cape Peninsula inner shelf (0-100m: 33.92"S-34.32°S), 

as shuwn in Figure (6.1 t). 

There is no marked difference in the relationship between SST and UJ for the area uf the Cape 

Peninsula inner shelf (Fig. 6. H) relative to that of the single inner shelf key location (Fig. 6.ld). 

However. a notably strengthened cOJTelation is observed when chlorophyll for the mid-shelf area 

north of the Cape Peninsula is correlated with the UI of the Cape Peninsula inner shelf area. For the 

five year pericxt the laner correlation (Fig. 6.1f: chi == 0.530 ui + 1.012; r==0.305) is double that 

when chlorophyll ~t the 200m isob~th key location is correlated with UJ at the inshore location along 

the same latitude (Fig. 6.ld; chi == 0.257 ui + 1.200: r==0.118). The strengthened linear regression is 

most notable in spring (Fig. 6.1f: chi == 0.617 oi + 1.333) and summer (chi == 0.347 ui + 2.779). when 

a clear positive relationship is observed between downstream mid-shelf mean chloluphyll and the 

Cape Peninsula inner shelf mean VI. 
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The 5 1 Helena RlI~· key location 

The most marked fearure ooted in the St Helena Bay SST latirudinal plot (Fig. S.4c) is the strong 

cold water signal asoociated with tbe Cape Colwnbine upwelling plume. 'When intense, this 

upwelling plwne appears to retain cooler water in 51 Helena Bay while limiting onshore movement 

of wanner water. Hence it may be expected that SST and phytoplankton biomass within St Ilelena 

Bay be influenced by tbe intensity of the Cape Columbine upwell ing plume. For a measure oItbe 

relevant parameters in the St Helena Bay region therefore, the appropriate upwelling index was 

considered as that of the Cape Columbine upv.-elling plwne. and is examined t1rst in the discussions 

below. For a measure of the SST and phytoplankton biomass, a key location centred v.ithin St 

Ilelena Bay was selected. 

C({pe Columbine upwelli"g i"dex 

A measure oftbe strenb>ih oIthe Cape Columbine upwelling plwne, or UI, was obtained by the 

difference in SST (5x5 pixel mean) along the boundary of tbe 100m isobath (32.65"5; 17.84'E; 40 

pixels offshore in Fig. 5.4c) and a reference SST value at 300 pixels offshore. 

The Cape Columbine ill shows a strong seasonal signal with most intense upwelling in 

spring/summer (Fig. 6.2a). This pattern is synchronous with upv.-elling olftbe Cape Peninsula (Fig. 

6.1 b), albeit it of marginally less intensity. The Cape Colwnbine upwelling intensity varies rapidly 

on the event scale, interspersed witb wann events (a rapid decrease in UI). Tbe strongest Cape 

Columbine upwelling index (delta SST of 11.2'C) is seen to have occUlTed in January 2()[)(}, 

immediately preceded by the warm event (delta SST of 1.9'C) of Decem her 1999 (Chapter 5). 

The "unseasonal" peak at the end of July 2001 is a not due to enhllIlCed Cape Columbine upwelling, 

but ratha- to higber offshore SSTs, as a result ofthe offshore location at this latitude of the Agulhas 

ring (Fig. 5.3b), shed in June 2001 (Fig. 5.3a, Cbapter 5). Complete cessation of upwelling off Cape 

Columbine seems evident during late October! early November 2001. Together with seasonal 

wanning, this led to the Cape Columbine UJ approaching and reaching zero during this period. The 

almost zero U1 seen in September 2002, however, appears to be due to a cooler offsbore reference 

SST. as a result oftbe same cold water intrusion noted ahove in the Cape Peninsula UI (Fig. 6.1b). 
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Figure 6.2. Variation ol(a) upwellirJg index at 17.84"E, (b) SST at 1805'E and (c) chlorophyll a at 18.0S'E on 
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Sf Helma Bay sea ,wr/ace temperatare 

Th~ SST (SxS pix~l mean) for the selected location within St Helena Bay (32.6S'S; 18.0S· E; pixel 18 

offshore in Fig. S.4c) ap)Jt'ars to f1uctuat~ larg~ly betw~en 13-18'C (Fig. 6.2b), generally being 

warmer during summer months with seasonal ,"vanning of the shallower inner shelf Bay waters. This 

contrasts somewhat with sea surfuce temperarnres on the Cape Peninsula inner shdf(Fig. 6.la) 

where the SST variability tends towards cooler spring/summer temperatures and generally warmer 

autumn/winter temperatures. The warmcr summer SSTs in St Helena Bay arc despite the strong 

seasonal signal in the Cape Columbine upwdling index, with most intense upwelling in spring / 

sClmm~r. 

:Marked temperature chW1h'eS are nonetheless appan;,nt in St Hd~na Bay, associated with event scale 

occurrences. Most notable of these an;, the two wann events in December 1999 and February 2002 

when temperattrres of22"C were experienced within the Bay (also see Fig 5.4c). In contrast, large 

event scale pulscs are ootably absent from March through Cktober 2000,Gcn~rally, event scale 

pulses aTe significantly ""ducoo within St Helena Bay, n;,lative to that on the Cape Peninsula inner 

shelf (Fig. 6.1a), both in cxtent and rate of SST fluctuation. 

Sf Heilma Bay phytapiankiu/I index 

The chlorophyll concentration (5x5 pixd rn.;,an) at the S3IJIC location within St Helena Bay (32.6S"S; 

18.05"E: pixel 18 oJrshore in Fig. S.4d) ,"vas used for a measure of phytoplankton biomuss for St 

Helena Bay. No seasonal signal is ob\ious in the chlorophyll conc~ntration at this location (Fig. 

6.2c), despite the strong seasonal sib'11al in the Cape Columbine upwelling in<kx (Fig 6.2a). Rather. 

chlorophyll ap)Jt'aI'S to fluctuate rapidly throughout too year, from a three·day mean baseline of 

aroClnd 3 to Smg m-J to concentrations reaching 30 to 43 rug m-·1. These levels are three to fourfold 

greater than those obscrved at the Cape Peninsula key location (Fig. 6.1c), 

Tho;, two high~st chlorophyll peaks occurred during autumn/winter in 1998 and 2003. The reasons fur 

this were deduced from the daily NOAA AVHRR WId SeaWiFS time series (not shown). During 

August 1998, frontal dynamics relating to a cyclonic eddy in the lee ofthc 200m isobath appeared to 

concentrate phytoplankton biomass inshore. In June 2003. a strong frontal boundary associakd with 

a warm water intrusion along the 100m isobath, result~d in the shore\\1lfd accumulation of 

phytoplankton biomass on the inner shelf. In facl.. a gen~ral tr.;,nd toward increased chlorophyll 
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Figure 6.2d. Sea Surface Temperature on St Helena Bay (1 B. 1 O'E: blue) and chlorophyll a concentration 
in St H~ena Bay (lB.l0"E: pink) vs the Cape C,,"umbine UpYllelling index (x-axis) on 

1M .. St H .. I .. na Bay lalilwinal tine 
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i\'lImllqull shl!if C'Orrl!lulimls 

A~ mentioned above, all llpwellin/\ inde~ wa~ llol JelcrmincJ ror the Namaqlla shelf localion and 

only the rclalion~hip hctwecn phytoplankton biomass and SST "vas therefore explored (fig. 6Jc). 

Chlorophyll concentration was compared with SST for the same lo~ation. centred on pixel 20 

offshore (Fig:. 5.-1 fl. No dear re1atioll~hip is eviJellt altholl/\h high ~h lorophy 11 C(1)(;elltratiollS (> 

8mg m,J) were generally COil)(;iUellt wuh SST, or 12 to 17"C (Fig. 6.3c). SST """3~ lc~s than 16.5'"C in 

~lltllmn!winter anJ in~re,~<;eJ lip 10 21 S'C in spring/summer. 
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Chlorophyl a concentration (y·axis) vs Sea Surface T emperature (x-axi~) on the Namaqua shelf 
latitudinal tine centred at 20km offshore (16.88°E). 
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proc_ocean 

proc_land 

atmocor 

aer 

tau a 

2 

Default 
file None 

None 
None 

included in ofile #1 nLw chI oc2 
L2 file names none 

in ofile [#] none 
1 
the last pixel 

interval 1 
1 
the last line 
1 

increment for ° 

1-12: 
model. 

° : 
(CZCS) . 

(O=optimize, >O=user 

fic 

fie 

correction 
l=on) 

with fixed 

white aerosols 

with 765/865 

with 765/865 
selection and NIR 

correction. 

with 670/865 
and 

iterative NIR correction. 

100: Use tau_a_per_band for model 
selection and aerosol 

1 

° 
1 

-3 for 
-1 for 
-1 for 
-2 for 
-1 for 

at 865 nm 1.0 
). If tau_a> ° and 

opt> 0, the input taua and fixed 
will be used to derive aerosol 

s, all bands. 

SeaWIFS 
OCTS 
POLDER 
MOS 
OSMI 

aerosol optical depth at each [0,0,0,0,0,0,0,0] 
. If fied and 

aerosol 
will be used to 

1 
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Definition 
select the aerosol models and derive 
aerosol reflectance at all 
all bands. 

aer iter max Maximum number of aerosol iterations 

outband_opt 

oxaband_op 

Filter 

Filter file 

demfile 

ice file 

sst file 

met1 

met2 

met3 

ozonel 
ozone2 
ozone3 
Land 

Water 

calfEe 

for residual glint radiance 
0: Off) 

ection (1: On, 0: 

Out-of-band corrections ( 
2: full correction (nLw, Lw, La, Lr), 
1: correction (La, Lr), 
0: Lr onl ) 

S 765nm band 
(l: On, 0 :Off) 

{I: On, 

for 

elevation map file 

ice mask file 

sea surface file 

1st data 
file 
2nd data 
file 
3rd data 
file 
1st ozone data file 
2nd ozone data file 
3rd ozone data file 
land mask 

shallow water mask file 

calibration file 

Default 

10 if NIR corr 
2 if corr 
1 otherwise 

0 for MaS, OSMI 
2 all others 

for MaS 
1 all others 
1 for SeaWiFS 
1 for aCTS 
o all others 
$MS112 

df 
use 

None 

None 

use 
None 

CAL PATH for 
OSMI 

vcal vicarious calibration controls 0 
whether and offsets are taken 
from the file or sensor 
defaults: O=defaults, 
gain and default offset, 2=default 

r offset, 
and offset 

offset offset ustment [0.0,0.0,0.0,0.0,0 

1 
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&" ... :r ............... Definition Default 
.0,0.0, 0.0,0.0] 

gain calibration li multipli [1.0,1.0,1.0,1.0,1 
.0,1.0,1.0,1.0] 

albedo cloud reflectance threshold 0.027 
cloud thresh 
glint Sun glint threshold 0.005 
glint thresh 
absaer Ab lOrb aerosol threshold on 0.5 

aerosol index. set < -1 to avoid the 
computation entirely. 

sunzen sun zenith angle threshold (deg) 75.0 
sat zen satellite zenith Jl threshold 60.0 

(deg) 
epsmi minimum epsilon to tri 0.85 

atmospheric correction failure flag. 
epsmax maximum epsilon to trigger 1.35 

atmospheric correction failure flag. 
tauamax maximum 865 aerosol optical depth to 0.30 

trigger hitau flag 
nlwmin minimum nLw(555) to t:i low Lw 0.15 

flag. 
wsmax lindspeed limi t on whit 8.0 m/s 

correction. 
maskland land masking (1 : On, 0: Off) 1 
maskbath shallow water masking (1 : On, 0: Off) 0 
maskcloud cloud masking (1: On, 0: Off) 1 
maskglint glint masking (1: On, 0: Off) 0 
masksunzen 1 sun zenith rl, mask opti, 0 

( 1: On, 0: Off) 
masksatzen large satellite zenith angle mask 0 

option (1: On, 0: Off) 
maskhilt high Lt masking (1 : On, 0: Off) 1 
maskstlight stray light masking (1 : On, 0: Off) 1 
sl - frac SeaWiFS onl: : Lt 865 threshold for 0.25 

stray-light correction 
sl d SeaWiFS onl : number of LAC ~l 4 for GAC 

over which stray-light correction is 3 for LAC 
O=no correction, 

selected based on data type (default) 
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ametelr8 1I"<P,I<IIIIi,,,,,, to 

16 1 1 1200.056 6 
AMT 16 1 -32.06 1 -610.077 7 
AMT 18 1 -26.71 1 -101 0.1 6 

19 1 -29.51 1 8 
23 1 -21.66 12.41 7 
23 1 12.21 7 
23 1 -21.4 12.1 6 

26 13.61 1 6 
13.41 7 
13.21 390.044 7 

26 13.01 -21 0.07 7 
27 13.01 -410.011 7 

16 1 7 
18.174 7 

17 7 
17 7 
17 -1710.022 6 

1 
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