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Jrt:~;ct:l[lCt: of nn'vtoDianKl:on can be used for the 

is related to cellular 

of 

which are affected 

del)erlds on <>h'". .... 'r'\t"'n 

that 

therefore 

This 

and ""'JUF," 

the P'lllrr!>,'ti.,n of the fluorescence 

and 

real-time assessment of ....,.~'''''''''J 

means to assess pn'\"tOPlanKl:on 

The viable 

environmental 

it varies with 

of nn()tolls 

in the southern 

IS 

fluorescence 

The 

lore:scence to 

Fluorescence is 

to infer 

hv.~pr'on,,'('tr!>1 in situ l1n"v",rl1 radiance 

the 

of the 

in the assessment of 

HAB events. The 

allow the near 

scales. 

Derived 

waters. 

Harmful UJ' ,,, .... ,un,,, of the southern Henguella can thus not ,." .. ,,,"'.,,,, 

useful in a 

The 

marine "mlITn"" 

from Eulerian 

terms of 

for the 

sense. 

is to be 

of fluorescence pal~anletler natural 

lml'lm"'rv can be i1S~,t:s~;t:u in 

for 

1 
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1 

occurs as one .n',,, H1>T1 of 

energy within 

thus 

the 

the with which the energy is transferred 

1980 as 

aerlen(lS on the cornp()SltlOn 

"T"(l"'''T.nn P1gmeurs within which vary between 

vari es h",1hxlI'''''' 

to, for 

and energy tr<>n,,.,,,rt.,ti process 

and 

is sel)arate from ,-,,,,,,",,.,,, induced 

via the mechanisms 

et 

the phloto,pr()telctant pllgIIlcnls is not used for either fluorescence or pbotc1syntl1tes;is A 

discussed above is rer)re1;ented by the 

amount is per 

energy 

is thus to 

energy heat rh"',,,r.,,,t,,,,,,,, "A • .,,,,,,,, .. on 

3 
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state of the n ... ",.,." ... , 

fluorescence 

environmental vU'''''!';''' on 

a 

of 

allow the use ore:scl:mc:e as a 

can be OelteciteO m 

the 

Kiefer et 

elliectanc:e .Tn",,,.,,,,,,,, that are ""","r.t'. 

and 

as measured 

case of in situ .... r.n .. '""'" as as mstarLtalleo 

space. 

"'''r''~''''''' that "''''.v,,_''' 

in situ buoy data 

cellular databases. 

uOlreslcerlce "'<llr<l.,n",t",,,,, are assessed in terms 

IJV'''''''lJ'''' group or SPt:CH:S ''-''-'''ta,'", 

to an nn,,,,.",T,n,n 

HAB events in 

"'1-"'''''_'' that are UV1HHl<nl 

programme 

or (WI1'PM.xrI",P harmful 

HABs can 

Human illness can be associated 

aims to enable the and 

4 



Univ
ers

ity
 of

 C
ap

e T
ow

n

un.,'v"", in this This nrr\"T,:unrnp 

The southern K"'CHTI,,, 

There are two 

programme. These 

,v'"'~ ........ above the '''''7<''''" 

below the the 

is 

tsenlguela HAB 

western coast 

a hVlnPf'<:n,31'tr,:t sensor 

"',"cun,,,", sensor 

Medium Resolution liuaO'",o ...: .... ,""I't .. " ..... "·t,, .. 

MERlS is a 68.5° neIU-OI-V] 

Product 

visible A 

of 260m by 290m on the earth's 

is ACRI ual-<1Ui:;':''';; 

A survey was COllutICU:U 

..,"'."", ..... , .. .;> are aCI~e['tal)le 

in the 

rp .. ,rp"p"t<: an area 

is in three 

to ensure the 

To assess the use of SW1-111dllce:d fluorescence of natural 

As 

a:s:s,e:s~mu;rll, fluorescence ".." .... ""..,u 

estimations 

SlO'lOI!lc:al proxy, or as an groups, 

be established. 

be to estimate 

As a first 

assist in the 

VU'U"'.'V", as as ",,,rlo,,,t.I' mfl!e-'SCiiue 

5 
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The IS Dn~sente:a in the way. A t"",.,.""o·" account 

!luon~SClefl(:e measurement ."",uU"'-' 

in 

a of fluorescence measurement u:,~, ... u..,;''';;;u: to ensure a ("()lmn,rpI1"T.<: 

born in mind concerns the remote 

aet.eetlOn and of sun-induced in vivo 

The hr .. ·"'t" .... , measurements 

of fluorescence and nh.ntr",,.,·ntl,,"" 

and 

5 

and for the remote of 

instantaneous "'1'1 ...... < ..... , ",r,vh."t,'nn as time series 

In MERIS 

spe:ctrora.dic.mf~ter data. are in 6. 

6 
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measurement L""lU"4U''''''' Previous research on fluorescence 

aPl)ll(;MI.onofTlHor.'~rpn"P t;,,,,,,u;:,,,,;;, .... in orf~scl;::nc;e theory encompasses 

mechanism of 

ore:sc,:;mc;e measurement ''''''''lUlLl'-l'"''''' ""lll'IJ'~JV 

are mscm;seo. measured and "p,'n'p,,, .... " .. ",.n<'TP'·., 

are examined. 

ocean 

of 

At any moment a molecule can "v,n","",,,'" one discreet >V'W.Ll,V"",.u. U"'JHU",. and 

U"'''VI''. energy level electronic state. a transfer occurs due to the 

transitions can occur a a lll\,,';;"..,U.'" will th,'rpt"f'p 

to a transition of an electron state to an state cOlTe~;pondl:ng to the 

energy. 

pnytClpl:aru<{Oln is a 

possesses two main 

two 

states. Fluorescence occurs when ""'",Hi"''''U' rlproT"'" a 

transition to the state where it is ...... 1":" ... U, for phot()syntlleS:IS, of 

a V"',"Vla. 

In a is 

(ibid.) 

7 
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The 

that 

of any colour 

on;~scl~m(:e in a 

emitted fluorescence nn""p',rPT 

is 

"'''IJv ...... ., to W"'Vphl'll'lri'l where 

use 

<:nF'~rr'''1 range. 

band centred at 685nm. The 

since 

in the or 

prc,ouces fluorescence of 

to describe the VV'CA~'~' mechanisms that determine the of 

absorbed 

are 

energy, and a IlP' \JV'~P" fluorescence 

and comr,etln~ cellular processes. One such IS 

a fluorescence is the occur 

a of two each contains a 

and accessory 

The in the antennae on I 

but it also varies to the and 

status 

PSII ,.",o."t,,,,,,, centres are COInDOS(~d molecules 

is the and is aCI::ornp;am 

ac(:eptor Photons that are orn,pnt'l function as 

excitation energy that 

causes re,lctllon centre to 

is acts'as .,"',VU\.u ... 

vv •• vu"",,, removed from centre into 

hptU1P,311 PSII and PSI. Each IS 

to ensure '"'VI"""",,,, from A ac(;eprs two 

8 
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a its UA'U<"ClUl is controlled by the reactions 

the ac(:entor Imlom,ea upon the PSU the is 

l"'~HU'~"'IJU,",ll"". As a consequence, 

and there is a 

at 

,""",UVl1 centres are open, since 

Excitation energy PSII can be for ph')tosyrLth\~sIS 

", ... ,,.,,,.rt,,,,r! to ,,,,,_uu,, ... 

the excitation energy. Fluorescence is "U'H'''''''-' 

In 

is VJ>.'LU,,,',",U. 

energy is 

There are two """.UL1VIU,U 

tluore:scl:!nc:e will occur is 

on 

\.11""'I-"a".'u as 

occurrence is more ~~~.hn'hl when .. P< .... T1'nn centre is '"'''-'''''''' ... , 

""'<'1"""" centres are 

nuore:scl;mc:e of 

cells is minimal in the dark 

cellular is conlpe1:ing "<ITO""""" of 

energy in 

The with 

ph1oto,sYllthesis, or as 

The nuon~scenc;e \.IUU111UILll 

psn relative to I .... ".,."'"', 

IS 

absorbed energy is ('ru,v"'rlp,r\ 

'"''''''"u''' .... , is 

ratio of energy prnitt~·r\ as 

Another source 

incident 

the mean 

the psn concentration in the cell "U~'IJ"'H"1Vl1, and the functional 

em/lnmnleIlll, SIDe<:lei>, and 

Intracellular rf'~lh'1.f\n1t1('n also causes 

variation in 

occurs in the 

emitted tluor~:scl;:nc;e 

The cell can 

et 

{'"TlTTP''' at 674nm, it 

""'<I,n"'''Tn some psu-

9 
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OXIdatIon is the dark ,."",{'Tl,,,,,,,,, of ",h,,,,tn.,,,,'ntl1,,,,,',,, on 

Imlpm,ea upon is 

reclUcea. Continual reduction 

As a consequence, " .. ",~ .. vu centres 11'"It',.",,,,,,,,·,, 

"""",,-.,vu in the Ohc)tosvritht~SlS cornoa,red to 

enlCllen<~y of electron at low .... ",,,"Tn,n 

ambient pn'otc,ns the centres are open, since is V"",'.H~""'." 

energy PSII can 

to cm~mllcal 

the eXC:UallOn 

energy can be mSSlpla[e~a as 

but occurrence is more 

energy is 

There are two 

PSII. In 

ore~sc(;!nc;e will occur is 

reaction centre is closed. fluorescence 

cells is minimal the u ......... "uu.. when all reaction centres are closed. 

Fluorescence Vu.u~,,,v. IS of 

h<;:n,rhP'f1 energy is converted into 

or as tluore:sc~mce, is PV1 .... "''''",r! UUV'''':.H 

The fluorescence is as the 

lUoreSCetlCe to energy absorbed. 

The tlU()re!5Ce!nCe is the "',."m"' .... ' 

PSIl relative to ..,u'v"-" ..... ,-,£O"" 

is the rate 

incident but also the PSII concentration in the cell 

cross-section 

emttte:d as 

in 

Another source of 

the mean 

1J"""I'UH, and the functional 

to pI~!,Ill(;!nt ~(l\",l\.(lJ;!,lljlJol; also causes 

occurs in 

centred at 68Snm. The can thus some PSIl-

'-'VUH'" et 

9 
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One of the is 

can be pv .... rp''''''''rI <V"''''-''H" •• "r and nOlnpllot,ocllenmcal U""I"H'H.1', of 

lOfiescen<;e is detme:d as a of fluorescence 

ofPSII. The functional ",he,,,.., ... !"u," Clros;s-s~eCllon ofPSII is a 

a 

carotenoid 

o-tTl,p".t" and the of transfer to 

"""A"'Jl"'''' causes tluOrt:sc~ell(:e 

unrelated to jJI1'Lll\J''''Il'''HJll''lIY 

a-m,pnt", are able to transfer 

a ph()tOl)roltective 

exposure can 

amount """vUC .. , ... '" energy in psn that can de-excite to !IUOnlsClenc:e 

a 

"he,,,,.,,,tu\n cross-

reaction centre. 

to be <!Il .... _n,nn as 

some 

v"""v'''"" the 

et 2001). 

cause reaction centres to bec:orrle inactivated. The 

site as ph()tol.nhl 

UU'''ClLIVU in to have a ",ln11B.r to 

are known to have 

Cell size and 

t"'n,otc,aaapitatilon refers to the 

conditions 

",,,,,,,,,,.non cross-section et 

10 
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that is 

to pnotCtaaapltatllonat state. Fluorescence I.lU,UH • .U<U 

remote 

the nrr\,1nprt 

proxy. Tfthe link hpt'u,,",>n 

Various prc)celdur that 

whilst 

are 

tluorc)m(;!telfs can be 

cuvette 

as between 

in PSII. Successful in the 

ph'ytoplankl:on group distinction, 

can be used as a PO'\'toplanKl:on onVSIOI()!!I'Cal 

it allow 

a range instruments 

use 

fluorescence methods on 

at a 

from the 

",,,,,1,,,,,,>£1 to allow the 

on two OP'1"'''<l1 

energy for 

as the Turner lO-AU tlwJrometer, 

"",p·t't .. nn1 For in vivo 

measuired emme:a beam is at 68Snm. 

cOn(;entl"attons ( 

calibration with lO-AU 

fluorometers are 

uv., "';:I'"'''''''''' measurements 

of 

the 

) 

11 
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vv,",u,,,,,,,,,,,,, measurement e.g. a track. 

in situ measurements of fluorescence in the water column 

can be mounted on ."","' .. "" or continuous data 

lluorc)m(;tel measurements is the ... ,,"_"' ........ number. A is 

In is exltracte:o in 

90% acetone lon;scen<:e number is then the ratio 

fluorescence in vivo to fluorescence in a 90% acetone extract 

lor'esl~erlce number is a function of the rate 

and 

the 

as infl uenced 

the 

saturated and maximal 

IUC)re:SCtmc:e and in vivo 

ore~scc;mc:e index. 

was motivated by 

"'V"'V'~''''''.u state 

measurement vivo 

DCMU treatment is 

energy tr<ln<:r.nrt k",1-",,,,,>,,, PSII and PSI thus 

fluorescence in fi. -, .... ulJ .... ,u cell s is 

The ratio of the difference between the DCMU 

llU()re~>cel[}Ce to DCMU 

is an In(llcatC)r ofPSll 

fluorescence can be extended to in measurements 

et 

the pump and 
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rate eclmllqUt~S are on 

centres (pump) and weak 

cause a "'U'.J""'~U'''Ul increase in fluorescence 

dar'k-adaJJtatlon of a an U""OJ""'" measures 

reaction 

which 

minimum 

1Y"'L"'-J''''H''Wll'''U nUOjreSCerlce '-IU'~l1'-'''''ll'', is at a maximum. A 

measurement 

ore:scl::nc:e is calculated as 

) is a measure of 

/ IS a <>nt.t<>tn,p assessment of the 

it is a measure 

IS 

where = -1) 

at constant 

cross-~;ecllon for PSII ( a PSlI ), replrese:ntlflg 

time hpl:,u,'pn pump and 

or 

emtoH!S the 

The maximum m 

and 

tuncttcmal PSII "p"rt"~n 

If 

PSJI DccmIlles 

to the 

!>n""nCUHU"' in 

The PAM teCJrnw::/ue Uole-turnovl::r pump whilst the P&P method uses a 

FRRF instrument is more and npr'tTt,'r<: 

UOlreslcerlce D81raIllCl'ers from 

methods are not 

as OD1Do~;eo to 

ranges, 

consists 

13 
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an pv,~,t,.h£' .... a a """"1"t,,," £1"j,,,1'."" an 

a pn,OIOlmlJ1UpUet F-4000 

"<U11IJ.'" at one 

measurements 

excitation scans 'U"':HU'U scans at The 

as n<>,.fr.'!'>n.>rl on both PY"lt~,t1£1.n and 

as well 

In 

order to measure 

in the 

can 

a narrow stream 

rUfl!<1alnerltaI to 

measurements 

side and fl uorescence 

aultonlatiic flow ",;j'n."""t1M' 

can 

fluorescence 

A flow 

to 

ensure that is et 

are able to detect and 

Reflectance rram;:Lnce measurements 

- 685nm as a result ofthe sun-induced 

in vivo and Fluorescence causes a 

in the upper, illuminated ",,, .. h.r." which is as the water has a 

very 683nm - 685nm. is also 

in the the ocean surface and 

A Im.tnlmenlts may used to the in situ fluorescence An in situ 

"n'>,..t·r" .. ·.,rI'''ne''''~.' .. can to measure radiance at 683nm at a 
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AU~'",,'"'''' to 

al., 1 

measurements 

necessary 

space 

Measurements of SU11-11tlOllCf:a 

yield ( ) 

to 

The 

as is 

the assessment 

several 

:ste:gm,mn and 

Active 

state 

the sensor et 

et al., 

irradiance 

nn,iPI''Wl'Itpr pa~~K~tge 1n(;Orpolratllng sensors 

ore:scl~n(~e emission can be ,,,""U"'.,u from 

lOfI~scen<;e allow the estimation 

"",,,,,,,,,,.,.,-1 concurrent with the 

fluorescence 

the cell. 

measurements as 

or 

emitted as 

"""""""." above. 

number in 

is calculated 

on the same space and time scales 

is a in 

CllluonSlrnll'S Hlr",,~h the simultaneous 

"''''''Pl,,"3T1T remote ""'"l"U'jS 

of I to the succes:stu) 

sOlar-·1n(lU(:ea fluorescence remote ""'..,,,,,..,,, ..... ,"'''''''! 

rate 

and More 

15 
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measurements ...," .... "'a',..., and a PSII are "''''''va,,«u to lTnnrr,,,,,, 

otC)Svnttletllc electron t,..""n" ... ,,,rl tn.-,em",n PSII in ~"'v .. _ ... 

coherent 'nt;n.rnn"t'nn 

that are 

and t",rnn"r<>1 

can 

et 

the of 

purpose 

are 

natural 

Quc~nchIrlg processes 

of cellular processes 

mderstan<1Inlg of the ""r,_.nn. 

it be 

et 

In contrast, 

remote 

to 

""C'..,UUJU4F." COlmpiOSi!t1CID from these measurements. 

fluorescence must to 

energy 

IS status of 

on cell and 

are known to and 

and thus to the fluorescence 

fluorescence 

fora 

the and the 

state. 

have revealed III 

to assess the sources 

to an on 

to 

16 
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and et al., Environmental to be 

relevant to nuore:sc(~nc:e 

"I-'<'U~'UJ in the ocean, 

""'~'",<>,~"h into UUVH,'''",v' 

h"',,·gt'-,.T'\I culture ""v,,,p"'1rn,,n1t,, 

nuon~SClefl(;e measurement .. ".,.,n~,:,~'q .. ~_~ to 

"<llr<l"nptp,." in tenns 

state 

",1<""'''''''1 has also been 

These vary 

the water A 

follows in this section. 

observations have and active 

1-'1"Hl~"lLl,11'" functions 

the 

found it to vary ",vt", .... c·" !"\p',,",'"'''' stations of 

areas, 

Passive , .... "trllrnp .... t" studies to make 

Data of measured 

in 

measurements 

et 

St. Lawrence 

Maximum measured along a of 

a et 

nuort::scl::m::e Hl,-,UL<V'''' were used to assess the 

five cruises 

the and north central to the 

17 
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was 

whilst 

was m 

an increase in nitrn(JPn 

Fluorescence measurements were made with a Sea Tech in situ 

low at rates. Values of Cj were seen to 

decreased. Maximum values were measured for cells with H'''''''''" 

in cultures of Dunaliella ierllOleC'la, 

rates. 

.... ",.UL'"'' and a PS/l , derived 

P&P I'1'1p",,,,,,,,.pnnpn,t,, 

vertical 

It was prclpo:seC1 

ocean is not 

into 

nutrient 

Downstream of the n,tr"crpn 

source 

variations of that the nutrient rpe,pnp,.",ti 

to 

sul)tn)pi,cal Pacific revealed 

1991). With an increase in 

four research 

was 

An 

was related to 

concentration the 

but 

.u><,nJ".Il the eU1JnCmC zone and Data from the North Atlantic 

19 
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not an ",,,.,UVU»'UIJ h."hw,pn nutrient 

was {\1"\<'PMJP(1 and 

were 

were not to cnllll~~es in 

A "{'\"""(,TF'O III eastern '"''-I, ....... ,,' that contained 

waters 

/ , but a clear 

'J ""'u'.''''''' et 

in natural "'''''''H,'U'''l';'''''' 

FRRF-measured 

go1tro1ohliC waters 

and a P511 . The 

in the 

values of 

Itmllta:tIOlls in both 

and which were to iron limitation across the 

PNF measurements from seven ocean 

that 

and 

Current 

mooelmgof / 

fluorescence <"'"""'1"1 

in / 

a 

deJ)endellt on 

not been 

...... ,J.""''''''' an inverse 

the [uo!re~.ce]nCtHlgnt aelJen,aelllce in 

was seen to cause (1p,'1"p"",,'c 

as well as scales in ,",UlLU!'''''' 

Turner i'1l1.(\r",n1&,-t", .. was used to measure these "A,",.",""'",,, were concurrent with P 

in 

A 
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inhibition. M,lXiluum 

for two 

that 

numbers were n"o,,,,,,.,,",.r! at while were 

revealed very 

UU"t;:"-":U ''' .. H'V • ..,· ... considerable 

was concurrent with decreases of / 

.:>LI,".,""""':>. In all but one "'LI"""'''':>. 

that with a rlP('1""'''''' aUlau"", there was a SPI!CIC;!S-<Gel>en:<1elnt increase in (J' PSll , but 

remained 

LUoresceIlce methods were also In,,t .. ,,,..,,,,nt,, in an m<1lerstandlmg of Active 

fluorescence with in ocean field eXl;:lerlffi,ent,S. the 

in 

were 

An 

in 

"v~'UI';aUUll into the response 

that "'''~Ln''''''''0 

related to ,..h·~n( .. "." 

with ambient 

were n'ULU1JU,,u 

as COlmOart~Q to 

North Atlantic 

UOlrescellce near 

whereas 

with an in situ 

It was seen that F 

an occurrence 

with lower 

Values 

the eastern <OU,,,,,,,.,UI 

et It a IIII'UOl;lY ""'''''"''1 .. " a recovery the 
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Passive were to as a 

as well as in natural Thalassiosira 

was response 

was at solar noon, when was most intense. 

that 

in with of 

Field conducted with PNF and sp(~ctr'or<ldH)mleter ~"'~u.u are ,,,,,'"'y,:,,, .... y next. 

versus ""'lUll",,,, from 

waters of the western 

u ......... n .... decreased more 

waters cOlnpare:d to fnp·""'t .. ,,n", ... in 

response was observed in 

on 

to 

et 

was lower at 

indicated the rI""nt>"rI<", 

A the western and 

two ",,,,,u,,.,,,... revealed that 

Data SU!2:!les:ted 

were related in a 

Measurements np,"1'",,, ... ",,·t1 1500 W A~""~"'N 

hnf",,,,m1'lhpt.t" rate 

1.1" .. ,,.,,',,,, Current. It was near-surface and P were 

at m",.,rto", 

I ¢'f was at rn.,min 

the 

but lowestin the 

and 

It 

el 
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measurements the 

on 

COlrlCelmirlg the tin,tti",<T 

adiel 

Increases 

the minimum 

to conclusion that / 

GulfofSt. maximum 

did not reveal a diel et 

to the zone were seen in data 

In the 

npl'Wf'pn maximum and UUUU.U"'U was 

Results the showed 

with an increase in that the and 

near 

a rate of increase in 

at irradiance at 

had lower rates. with were 

confirmed data in contrast measurements. 

did not level intensities of It was found at 

. The was very similar for 

while a lower ratio was stations. 

nr,,,,,,,rli,3,, were Ocean and in 

"olrro:nh1'l' waters low 

was was 

of aUIUU',..., at noon. This 

was most ,>1,,"1""'" at the A increase in was 
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The various studies discussed into the " .... ,,,,.,, .... ,.; 

to en1V1r<mnael1ltaJ corl(UtlOns. These 

With to fluorescence ... " .. "r",,,",,,. responses to the studies 

of 

consensus. F, ¢ f were all observed to 

was re(lU(~eO 

the fluorescence number decreased 

were in 

concentrations 

The extent to 

to[)iaJtlkton was seen to vary with 

n{',"p",,,,,,,, of and 0" PSl/ as a of 

concurrent Ci I"",ri.u·tu, ... " were evident. aJtl increase in Ci was seen when n.t,."r,,, .... 

concentration was to decrease. 

was seen to Ii"",." .. ,,,,, 

for the inhibition of P . 

O"PSII , no could be detected in values 

Diel in the fluorescence ""1,,1"o,'r 

a 

In 

;onaD<lrable {'n""'T"'"" were 

caused an 

maximal 

around 

at 

the 

"UHU''''''' was at a maximum. de]:,resslOlls of were ~nr'~n~nt with 
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Fluorescence in ""H'U~'H communities in ocean <>nr~",,,,."'rI 

more ~"'~""~'J~~ ,",'-"Ul-''"'''''' effects of environment 

which 

of waters COlnCLded , in ,.."",r,,,,,.,,, to Lower 

values of 

nutrient 

III waters, No "nr,,,,.,p>nt relanOnSlll!p 

, An .nc',. ... """", III but one 

that it was low in 

and (]' PSII were in HNLC waters where a limitation in iron content 

"'''''1''.'''''''' stress ,,"',,"' .. ,'" 

in iron-limited nnJ' .... ,nhi:" waters. 

There seems to be ,.."",t .. ,,,,,,,,,,,, """, • .,,.,ri"'lT the 

,"",-".CVIl!. Three 

or ifin fact no 

reseal'chers to conclusion that 

not in terms 

Asa was seen to increase 

low. A 

nI'C'l1r'1'.n,n near the ocean 

thus with Increases in rp f 

I was low in 

on ocean 

U""'"",I''''.''''' with 

increase was seen at 

was observed for 

were evident 

surface as pbvt()Planlctc)ll irradiance, With 

Below some 

and 

to 

the 

ocean 

"H',,"",;"'" in fluorescence were nn"<>MJC>" with 

short-term U,",',ua.uU'U" as ''' .. 'n .... ''pri to 
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A could aelteclted for most to 

fluorescence. P were 

were seen to to noon 

maxima. revealed a rip·n .. "·""", .... " at noon with maximum 

COlmpart~a to low """, ..... "'0-

values. I 

somewhat reduced in the lower eUlJhcltlc zone, and low 

at In one no tenlPC)ral ,,,,,''<IT'nn / be detected the 

to be to ""''''''1;''''' in 

aUlau ... " and nutrients "'"',,,,.,.,, .... ,.,<>t.> measurement 

recnm,Ques the ""' ...... ,,'" were to £1""-""-0 "1P(,'.n"n'<;:.m<;: 

cellular nrl,h"" .. was to be oeJ)enaellt on the of 

A reduction in the n1',,,!p,n,, was to 

u..",tu,.",,,, that occur when 

with a "'''"'.,,,",:1''',," 

centre 

et 

in PSII 

Researchers r>r1,n",,,,,,,." 

Kolber et that electron t,.""n"",nrf <>"T'U"'" was on the ac(;eptor side of 

PSII. Falkowski et al. (1 

antennae to psn 
in the 

of energy transfer 

et 

,"VlIUfJ''''''''''''. Greene et al. (1 indicated the 

inF·ttil'i,,·nl'.v of excitation energy UUiJV'Illl'. to a ... ,,',''-'''''' 

some centre nrl>t";n,, 

et al. (1 

occurred with rutN",,,n 

in 

'U'1<'''L.UW. et al. (1 

et 

of PSII centres 

considered the construction 



Univ
ers

ity
 of

 C
ap

e T
ow

n

PSII centres to but et PSII 

centres were due to a ina centre 

a functional centres and Greene 

et 

Losses to caused in 

In Cj was seen to 

an increase in 

were more 

energy was 

It can be del:1u<:ed that "'\"r",,,,""" in Dw~0101anklnninnltrOge~Hu'H~'~ 

were due to The latter nT<U/lI" .. " 

an eXIJi<llllatlon for nh"PM"P{1 {1p,',rp",,,,,, in and 

Excess 

i.e. "a~"'llJl15 p,noltodlaIItag;e and 

Ul"'H~JUll'll~ excitation energy 

",uocrn"· ... t,, when aUlau,,,,, was 

UUU1U~"U PSIT 

in a decrease of 

reduction is thus due to nOlllpll0t,octlenrlical quellcfuIl,g. 

i"l',.u,~,n pa\,,II.ue.llJle. that varied with 

content per relative accessory ~l"'~U,.Hl 

was 

in 

l1Ulll"'UUll can cause ClPI~rpl'l!':f~n eJtt1caerlCY of ~l"';llH.Hl 

""""pont" to reaction centres 

conditions reaction centres were et 

energy 

Under 

since 
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does not and 

Diel in fluorescence n<>,"<>tllPt,P>"<: was to PSII uaJ]aag:e, 

U'~'U",'" lrldl(:at{~d that sources 

and "1-"_""_<> were attec1ted 

et 

to 

which affected 

could be 

TI .. n .. p·,,£>,~nl'·p measurements that luu""a .• ",u 

in the ocean, ba(;ks,catteriing 

of 

to 

ins.ep:arable nature of relevant environmental 

In::1;I,;t:lfll,;t: measurements were made techruQu(~s and 

.... "\#u.,,, which means 

r/;fl",.,A",t seasons and ocean 

The 

n<>,"<>nnPtpr<! were not 

,rl~'PMnn;rp care needed to be taken when 

et 

aprl".,.,,,1 U',",""""'''''''' that were made. 

grown 

cells 

to 

means of 

rate and 

and nutrient-
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to 

An .n-o·,,,., .. -t,,.,t hnri"no- from the 

was '"""'u"". 

et 

IUC)re:SCf:nc:e and tprnr"~r"'tnT'p 

of 

of 

mt1ematy was 

lor'es~:;erlce was a result 

well as energy ..... Ain..,T .. r and reaction centre 

no clear 

on 

thr,,,,,,,,h cellular as 

be assumed that the 

as determined the 

AUlp",'r SlJeCleS iliff"rpn,'"" were also intrinsic to the 

since cellular size and 

Variations in U01:eSIi.:erICe per 

1989). Abbott et 

tlUlcttIatLOnlS in DlC)-OIDUlcal ... rr\,..,prt",,, was U"'UIU"a.UVU 

environment are 

In 

is 

Interest 

tluore~sc(enc:e measurements can 

Fluorescence measurements can 

the fluorescence 

Fluorescence ""u""".vu is to 

fJ'i",""'U' COlmDQSlltlc.n dictate 

between 

which were 

and accessory fJ'~;'""'"'''''' 

stated 

HU""J'." of 

':"'-"IVj"I,",,'''' stress 

nutrient 

fluorescence 

remote sensors 
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the measured excludes occurrence of su:sp(~n(u:::u matter in 

lOt'es!::etlce was first ... u,,,,,'",..., as a means assessmg the 

of ph~rtol)larIkt(m ocean and 

ocean colour 

waters as a result of increased ~n<;:""'I'"nTI ..... n 

the 

""""""'"""'''6 calculated 

.... 1', .. " ..... et 

water et al., 

was 

l""lrrp,~tlt'n for noise when fluorescence is rlP1tpI"tpri than 

for the the maltJPlIlg is a common ""'!J'''''' 

measured in situ "",ro_"nrh,,..,,,rl lOr'eS(:enlce, it is known 

I.e. 

were Ul~ .... U~"<;U in 

rlii-'tp"pn,rp~ due to 

causes .... "'<UI1<,"" m Pll~ent comr'OSl 

and cell sizes and u .... ,,_~, pnotoalOaptaltl 

and 

sun-induced fluorescence to esl~lmate 

that 

and 

remote .... ,,.,,,."'< that the natural variation of 

U'-' ...... dIIUJll'i processes, and nutrient 

phlotoch(~mJICal and 

'10Jnelneless. it is ac(:ented that IS measure 

, which is used as a proxy 

that increases in measurements can a of 

lot1oa(1ar:)talJOll, or it can to et 

in a biomass increase. 

h~e ~ 

the of 

rate from fluorescence measurements is to incubation 

estimation from to be ~"" ... "· .. h,,.rI 

when removed the 

pV'np,-,mIPnt" can cause UU"U;UIVH of the ocean also 

In:::SI.:O\;Ul;e;: is measured. 

the remote .... """ .. ' .... ,V .. is UOlres'cerlce measurements (ibid.). 
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of 

to active PSII fluorescence 

reaction centres 

measurements 

The is a measure of the 

P't"t'f'lI3nl"" for Fluorescence to 

., h,,,', .. ,n1"1 "n cross-secti on ore:scl~nc;e rrletll0(lS are thus to infer 

state in situ. 

The are 

In 

Dlg:me:nts can be inferred from scaled 

"""J",,"au"l<. et 

the ... 1;;1,I;; .... J,IUI plg:me:nts and the assessment 

eXI~ltl'lt1c,n slDectra are used to assess 

Measurements of fluorescence eXI:;rultlc,n ,,,J ....... '., ... 

state the 

1991). These "'IJ"'~U" 

It has been ,.. .. ,..,,....,.,,,,,,-1 that ore:scl~n(:e responses to nutrient 

to nutrient limitation within and 

The are thus the estimation 

as as nn''''nn,~,n 

the 

in 

and 

2001 ). 

"h.n",.~t may be 

31 
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measurements were necessary to obtain an 

in 

measurements were u~,~ ..... , ... 

Measurements nr{',,,ul,," into the many 1I1f->npP'{1 fluorescence 

as well as the that were necessary. 

the FRRF instrument has in """,u",.:> of in situ H .. ",,.,,,,,,,,,, .... ,,·,,, 

In It 

should be "'''''P''''"'''''''''"'''' that the l1uoresc(:ll ,-,U'."."VH to 

nnnn""rI to active instruments. 

measurements were on the west coast 

and of the water column was at the surface at a 

measurements 

ml,amIOnlIng. Seawater """J!lVIIU!'. was concurrent 

OlCI-OID[lICat measurements 

in situ 

toc:atlon where 

u ...... ,,;u 3, renlallled constant at 32°05.001 Sand 1 

the field survey. This 

measurements 

of5 

In methods are n<11'<1""",,3,. derivations 

that were 

treatments are 

the 

for fluorescence intert)retatiionls. 

are U!~.I.,.U""';U 

are 

33 
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1 

measurements that were In fluorescence 

and h\T.~pr'''np'f'trl'l1 l'llr.'""rntinn COlel1lClients, carbon 

in situ CTD and UUjLVHl\';"~' measurements were made. 

IUOlreS(~elllce and data were used to the 

A F-4000 spe'ctnCltlllOf()mleter was emplO:yea measurement of fluorescence 

"UJUV""-'''' The "n"f'tlrntll1r\rn~p·tpr was first nr~·n,,' .. p£1 

PO:SluOmng. The in,,'trl11mPlnt 

OJI][US(!O beam. A pertormalnce 

was 

as the ,""t""'""'nt 

, and the response was set at 0.5 """"nnr'" 

and 

was 

fluorescence CIJI.lSSIUU was measured h",i-"".",,, centred at 600nm and 750nm 

when excIted by a centred at 457nm to ensure 

A U ....... " ... ,'U correction was UIJIJU'-'U to the measured )re~iCeJllCe ,,, .. ,,'r>t'F'> to account for 

tndllced by the response The scan' 

the """3 .. 1" .. ntl1" .... £\ .... scan 

In essence the 'both scan' is a .. "tl",,,·h .. ,,,,,, 

measurement of an "-'U,,,,,UVl 

result 

response. 

was 

reflectance measured in a <1r,,>('tlrnr,h 

etllect:anc:e mode I OO±I.O% reflectance 

It can assumed that any 

lnll.t1,l',pt1 from 

the 
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measurements were necessary to obtain an of 

natural in the ocean environment. In these 

measurements were ..... , ........ ;;,'"' 

Measurements tbat !AU, ... ""v,, .... 

as well as the that were necessary. 

FRRF ",,,t,.,,,rn<,,,,t of in situ tluore:scl,mc:e 

variability, in the nr~·<;:plr1t study. It 

"'I-'IJU','>LJlVU to 

AV\"UAJIV", a 

instruments are _H"","'] in this as ODlom,ed to active instruments. 

measurements were made offLamberts on the west coast Africa 

measurements took 

thrl[)UQ~hOlllt the 

which ",,.,n'1I'''''' 

of the water was done at the at a 

mldrrlormrLg Seawater was concurrent with in situ 

measurements of the water The location where 

3, constant at 32°05.001S 1 

is also the location 

measurements for near 

In this me:ID()OS are m "rI,"'I.~.,,...,,, to the necessary pru'arrletl~r 

March 

5 

that were 1\,,,."u,, .... for fluorescence intertlre1tati,ons. Annlcn",,,,h,,,, to error and statistical 

treatments are are "'10 ....... ,""""'" conclusions obtained 

are drawn. 
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field measurements that were """''''"0'''' In 

"",en""" .. .,,,, .. , and and nitrate 

In "''''',n«v". in situ CTn and measurements were made. The 

UOlres,cerlce and carbon were used to and 

the nh,r>1"nl",,,,n1"t1,p1".r 

A 

A 

ofa pure 

measurement of an 

result nh" .. ...,JPr! 

response. The 

the measurement 

".".ph·,,+! '''''''1'rI"t,~,. was first nrf"n~'rpr! 

UH~U""'U beam. A ",,,,r-Tn,rrn,,,nr'''' was necessary 

the .... C'TM.1'n.,.,.,t 

vHII""'''H OaIIQVvlQiLn was 

was set at 0.5 seconds. 

bands at 600nm and 750nm 

centred at 457nm to ensure maximal fluorescence emission 

was aIJIJU~;U to measured 

the instrument response v .. ,,,,, .... ,,,et scan' 

the ",",·rtr'ntl,u'I.rnn,pt,"r scan 

scan' is a reflectance scan obl:airled thr,mHlrh the 

measured in a sp(~ctJroj:.ho'tOlneter 

in reflectance mode rerJlectam:e and 

It can thus assumed that any n""/llu,nn 

from 
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= 

(A) 

xenon 

enl(lct;anc:e ''''''''''t .... 'WI in counts as 

The ores.cenlce F 

and 

is the f"rorrpf'·tpr! 

(A) ':>'l"."U'''''' the 

scan'. 

I) 

is the 

is the 

Inc:onDol~atln~thecuvette 

oa:selme:-SlIIJtrac:te<1 volume emission curve between 665nm 

Roesler and (1 nrl1,\l1l'lp a way to ,",U'...,U'UL'" the measured fluorescence n ... ' .. 't" ..... 

emitted I Binst 

=----------

where 

100 

IS xenon 

of the ph~yt01plank1:on .,k,,,, ... ,,,t,,," .... 'v'""u'""'"'u .• , 

,,,,,",,gr',,. ~'_"'P"'V were in 

Slflluiate:<1 the measured ocean 

was that it may be aVIJU\.'U 

is 

(3.2) 

means a 

sensor. ~easurement 

in section 3.1.2. 

in a bath COlTe~;POnallng to the at 5 meters in bottles that lit interiors. 
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were 

cuvette and 

beam. 

30 

exposure of the 

ucuuu",;" was n""upn,,,'" 

to hours At the 

150W xenon excitation 

environment was whilst 

obl:alfled for 

to 

subtraction. 

used 

measurements were 

Tnn,t1,-t.pt1 by KPm> ... n 

to ensure 

water were filtered for the 

an ISR-2200 

measurements 

HV"V"." were "UI"UJ<lU;;;U 

to correct for 

f'Vlr .. ",,',u,n was then conducted on the 

measurement of the 

,was 

a "!",u",,aau filter 

were 

I Omm mercury. 

UV-2501 

the 

between Wl'IVPI,pncrrn"l of350nm and 750nm. 

from 

of 

For the rI"""r,n1'"nn of the carbon ""COAUJ'UU,UVU 

( tPc), it is necessary to 

derivation ofthe 

Kn()wl,edQ~e of the 

reveal the cellular ettJ,clency 

These curves are 

to .... "au, '''". The """V!!,,", and third yo.,.""",,,, rl~nr'f"<:.~nt and 
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The of the curve that the limited 

( rPm), which turn 

as 

were conducted to obtain PIE curves of discrete carbon 

The consisted of two thEmTlO-re~m 

a turulsten uu .... w .. ' ..... into 30 

"",uU'Uuvu chambers with at of 

to be exr)Os~~<1 to 

The PYlr>pr'lm,pnt was COllOtlctt~a and ,n4,_",""U" to 

a method 

"<UlllJ"" "'''-U\.''''''5 of each bin was lU'-'UU'v<U. A 

SOmt volume 

were then on. For the purpose control, 

at the same time that the was switched on. To to 

that had taken 

which time the were """'''''''1"'',-1 vials with 

0.1 

O.Olml These vials were 

"l'>"nn"prt and U..,lUll1'-U 

C(t[JDIUl!.. After an had ~'n~n'"'' 

O.Olml of6N NaOH. A volume of lOml 

were ",a~'IJ""'" stored under 

The LUL"F,""''"'" each vial 

6NHCI 

be 

in its incubation 

was measured '''''''''''''!'1{''' meter 

source. 

was measured 

an Ocean 

an Ocean 

LS-l-CAL 



Univ
ers

ity
 of

 C
ap

e T
ow

n

PIE <>Yll, .. "r11rn",nf count 

in the 

is 

salinity. A -_ ...... J 

a 

survey to the same 

Measurement of 

were ",,,,,,,,.rtP·'; to the ms:taIlta]ne()us rate 

way et 

and is 

to be constant at 

....,,, ....... vu. R 

value used is an average 

To count. The 

as by seawater 

was assumed constant at 

data from a 

due to "'t".,n,.."~" in the measured 

(hrs). 

3.1.4. The normalised instantaneous 

against J for each ""y,,,,," .. ,nnpnt to 

obtain a PIE curve. In order to the 

"" ....... <>1'" a a PIE ",,.m'<>T1t,n 

of the following was fitted to the data et al., 1 

where a denotes the PIE curve and is the maximum rate 

.... h . .-.tr"'vnth,,,."·'" in the UUu',",U',,-, The ",,,,,,,",,~t,,, .. fJ 

characterises I-IU'Ut'""H1IHU'H"JU. 
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was not 

rate 

,-,al'-'IJl,tUlLlll of , but it was 

as 

a 
== 

The pvtu'P'"C 

shown in 3.6 

= )(- -e 

J 

In PIE curve the 

a=-. 

maximum nh'r\t"''''!T.th,~t .... \.IU'''11L\.1111 

in 

et 

is 

pn •• OItltu. 3.8 
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a 
= 

where is the W{JIaJ'lK10n mean 

sec:ncm 3.1 and corrected the ",,,,,/<',,,,'''" ",.."."t,." ..... 

et The was converted to 

to 

et ~~"H ... """ were filtered 

25mm Whatman 

An aUllHlon:iil 

ItralSOIl1C~ltIG,n and ~aJmp'les were ","",t· .. ",,..·t,,,,; in 90% acetone 

U"I"""vu. A reverse-iJ,nalie HPLC process was 

pump, a 

array absorbance de1tector and 

Extracts were 1 M amlm()OlUm 

at 440nm and 665nm. igrrlents were 

array and they were then 

to measure 

to 13mm mercury 

to test tubes and in acetone a 

a 

to 
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extract 

frozen 

A 

Coulter 

necessary to 

A 9ml acetone was 

a Turner lO-AU 

II instrument in manometer mode 

seawater was 

tectunque:s, and 

to filter were 

et 

a volume of 40ml 

"""UIJ'"'' was 

"';UULlll" was 

to the manual ,.."'rirn,"1'n 

to measurement. The 

contained l',\1r"1nf'r1<"'i1 Ca(lffilUnn, screened to O.5mm lmm size. Flow rates were controlled with 

a was 

Errors =~,v ... ,.a.,,,,u measured and 

UllI"..,";U in the process of water 

error, 

are VVJ"'''''V'~. These errors were 

but also as a result of instrument 

Due to 

VVi~'HIU1,", to make ret:,ea1leo lU .... ,"U""'-1 

measurements. errors ="V'",lal,,",U nrf~n~;r~t'l{)tl" were not 

Ula1tlOflS of total errors For 

errors that were 
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''''''''Plt''11''',Tn,p error estimates ,,,,,,u\,.,al.",,u with the measurements were 

be re{tanlea 

F 

The SIN ratio and it was l1plr.nf'r! as 

the Noise aSS:OCltatf~a 

instrument was assumed to the information 

An of 

error ..... u ..... u to a measurement tlwJre:sce.nce vu,,,.,,,.,,,, was obltairled 

Raman emission "n'~"tlnl water nr,~"pnt<'rI 

of40 after source. The error value thus be seen to 

3%. 

2.5% of the measured 

measurements an p"1·'",,,t,, 

was used as a relDre:sentaltl 

un:::;\,;It:Jll;e;; and 

~~n~" .. yield IUllr'pr,,,, was ~~.'~~"~"_~ to 

~nlp.~troT'hcltolmf>tf>r noise to a 

in the "'''' .... u.''' ........ measurement. The average 

value was 

this to an 

<>h,,,~ ...... t:i{\., error was t'llJlnvf,rt.·r! to a 

mean pelrcent,lge 

range of 400nm to 700nm that 

the rn.T"'I'·f1 

Errors ~a" .. ",~~ 

measured 

to be this 

n~()rnTlnn error. 

n<"~rn'T1{,'" error estimate 1.7%. Error 

due to 

PYlnp,',rn,pnt" were aplprclXllmatea 

versus the curve. 
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'"'y, ...... "" curves the data 

from 

, a, 

was used in the pr<)pl'lgatlOn 

was to be 0.69%. 

measurements 

residuals were 

the 

obtami~d as 0.12%, 

to errors 

average errors of the 

VP'''OCLU'lJ'H was necessary to 

near-

In order to assess the 

standard rlFVH"nl'1n of numerous measured 

the mean and 

were asseSSiea. The average error 

in way amounted to 3.8%. The ('{"",,'rn 

error was 2.8%. 

Underestimated errors were obtained in the one source 

error, error, was callcUllated measurement. For data of 

between water 

me,asllrelmelnts, due to pn'yrOpianKlton pat.chjme:ss and ,..,,,,p.,·,,nn 

assessments. 

incubations 

,,,unnl .. ,, were 

measurement. 

were 

was not 

u~,upU".E> and in situ measurements were as 

data is 

10reS(;erICe measurement is 

was 

in a 

measurements could not be pe:rr0l111lea 

and tprnn,o.,."t .. ,'", .,.,n"' .... "'nrn 

a hn,r.-r"r,.",,,, .'O .... ,,"wCju.;;;. This was necessary 

as determined a test 

et 
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1000 was a transform 1921) 

was np,·t:nlT11,.r! on correlation data to ensure a normal of determination 

were calculated at a 95% were found 

confidence level. The 

Le. p < 0.05. 

The ocean 

and 

UH.,,",Hum'.:>Ul.:> lfnp~lCtf~a upon 

rtu, ........ ,3nt influenced 

and due to UJC>',",'H'U' 

fluorescence 

data were thus 

is a and 

observations that were made. The direct nrn,,,,,,·,,, 

to measure the 

are pn~semf:O in a 

the dataset as a In addition to '1uu",.uu 

manner to 

assessment of the 

data, to determine factors "'''''''' ..... 'n 

data were assessed to determine it was UV,~'HiL>'" to 

trends in "' .... "" .. ' .. ", ... 1-'., between and 

The 

survey is 

Measurements of 

conditions. On 16/03 and I 

concurred 

on 

Measured 

more 

the 

measurements were 

was III 

Rain and overcast dense 

uu.u .. ,,'" at 0.66 

in green 

field 

which 

instrument. 

as a.result of 

fine weather 

whilst 23/03 

""""AlA'_'" to match 

in the water column due to sunny "Tl1nn',nl1,p..."<,, <",rm,ht.,ron" 
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more light could be scattered upward by phytoplankton and water molecules. Exceptions were 

29/03,30/03, and 01/04 when, although relatively bright conditions prevailed, upward light was 

minimal and confined to a small region of the spectrum. The peak around 685nm due to 

fluorescence emission was apparent on most days, except for 29/03,30/03, and 01/04 when a 

shifted peak near 700nm replaced it. 

Figure 3.2 reveals the temperature profiles to a depth ono meters obtained using a Sea Bird CTD 

instrument, and [chla] as measured fluorometricaUy (see section 3.1.4) at two distinct depths, 

namely the surface (red) and 5 meters (black). It was evident that during the first half of the 

survey the upper water column was relatively warm, and stratified. On 17/03 the surface 

temperature was 17°C and it remained near this temperature between 19/03 and 24/03. A rapid 

decline in surface temperature to 14°C and a weakening of stratification was observed on 25103, 

possibly showing effects of advected cold surface waters. A cold event during the second half of 

the time period caused temperatures of just below 12°C on 02/04 and 03/04. 

For simplicity the first half of the field survey, corresponding to relatively high water 

temperatures, will be denoted the 'warm event', as distinct from the 'cold event' during the 

second part of the survey. 

Relatively low [chla] was seen during the warm event at both sampled depths. There was only a 

minor difference in [chla] between these two depths in agreement with a mixed upper water 

column on most days. During the cold event [chla] was somewhat elevated at 5 meters, 

indicating subsurface phytoplankton popUlations. Very large concentrations were seen at the 

surface between 29/03 and 01104, when a maximum of 174mg.m-3 was measured. Note that 

relatively low intensity Lu(O.66,2) spectra were seen on these days, as well as shifted peaks 

near 700nm. Surface [chla] decreased drastically to below the 5-meter values between 02/04 and 

04/04, revealing a minimum of2.9mg.m"3. 

Nitrate concentrations were relatively low during the warm event (figure 3.3) with a minimum of 

5.0xlO"'\lmoLr i on 19/03. Concentrations were seen to increase with the onset"ofthe cold event, 

reaching maxima on 02/04 and 03/04 of about 23/-UlloU-1 at the surface and at 5 meters, although 

31103 and 05/04 experienced drops in nitrate concentration. 
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Volume fluorescence emission, F, obtained from discrete measurements with the Hitachi 

spectrofluorometer suggested some trends (figure 3.3). Emission at the surface (red) and at 5-

meter depth (black) on 02/04 was undetectable, and therefore the data point was omitted from the 

diagram. The low F value at the surface occurred in conjunction with low [chla] of 6.6mg.m-3 

(figure 3.2), as wen as a low phytoplankton absorption coefficient at 440nm, a~(440), ofO.2m-1 

(not shown). At 5 meters [chla] was 23.7mg.m-3
, but a;(440) was a relatively low value of 

O. Sm- I
. al/> (440) represents the typical Soret absorption peak due to absorption by the majority of 

chlorophyll and carotenoid pigments (Jeffrey et al., 1997). 

Figure 3.4 shows bubble plots of F against [chla], with the phytoplankton absorption 

coefficient at 675nm, a; (675), represented as relative bubble sizes. Relationships at the surface 

and at 5 meters are shown. Parameter a; (675) indicates the chlorophyll-a related absorption 

peak in the red part of the electromagrIetic spectrum (Jeffrey et ai., 1997). 

A positive linear trend was seen to exist between F and [chla] at the surface. An t of 0.69 was 

determined using the bootstrapping technique (see section 3.3). Surface F minima typically 

corresponded to lowest measured a¢ (675) at minimum [chla] values, in a varying range of 

light conditions. Highest F values at the surface were seen to correspond to relatively high 

a;(675) and [chla] at comparable light conditions. The data point with [chla] of57.9mg.m-3 

coincided with foggy, low light conditions, whilst the 78.2mg.m-3 data point was measured in 

overcast conditions. The lower relative light conditions appeared not to affect the relationships 

depicted. 

The two points of highest [chla] on 29/03 (171mg.m-3
) and 01104 (174mg.m-3

) displayed similar 

a~ (675) and light conditions, yet F was lower than expected on 01104 as compared to 29/03. 

Observable differences between these two dates included a 2.S0C temperature difference, an order 

of magnitude difference in nitrate concentrations, and 01104 revealed a higher relative 

concentration in accessory pigments (not shown); peridinin was three times higher, whilst 

diadinoxanthin was double the concentration measured on 29/03. Based on the pigment 

concentration data, and additional phytoplankton count data, the dinoflagellate Prorocentrum 
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Ngw" J.J Surf",·, und -'m-dq>lh,l!u'-'f'e.,,',nce cmi.,-,ivn, F, deriv"lfrom Ih, lIiI"chi 

'p"clrnfiuummeler p<o//ed ugain.,!jluol'Omdric "Momphyll-a mncenfl'Ulion, r chla 1 "ith ,lize.' OJ 

buhhle; i",l;eulin!,: Ili/uti,,! ",he, or III<! 'peeltUphu!umeler-mea,un'd p~y!uplunl.l"" ab''-'f'pI;un 

• 

'1'1,., 5·mt:kr data ,1K,wn in figure 3,4 ''':.'I;",tou a po,iti,c lin,>ar trcnd ""t""cn F "nd [chill J 

th"' ""' con;.i;'\Cnt "itil the ""rf,,~c trend for th~ rcla(ivc ,,,I <,0;;0, 'ccn, "1lllOugh "" r' "I' 0.29 ,,'a, 

calclliated for these tew data points. V"I~s of u, (Ii 75) increased . Ii ghtly to"ard. higher l chlu J 

"nd F, aTld \\crccon,i,tcnl witil rd"liw 11,(675) lor" sinlil", [chla) "1<11,.'C "Ilhe ,urlacc. The 

iX,int "ilh 25mg.m-J C"ITc'ponJcJ 10 0,","",1 condiliOJlS: il h"d "valu" of l' til"1 w"" I"wcr 

than cxpc~{ccl and ",,(675) wa.;; "omcwhat lowcr {han exp"~{cJ 

v.'t>en plotting the Sill-depth F values all'li n,t PAR measured with a PNf -300 (Biospheric-al 

Inm"Ill'->Jlts. Inc.)( not ,hown), an "pproxilllate negative Ii near trend wa •• eon. The ,utiacc and 5-

meter F data seemcd to confirm tile 11nding ofIlahin cI ul. (19<16) {hat at low light inlcn,ilic;. F 

depend, largely on I' A R. but "I ,ol"tively high light im~nsitios F dOp"!Ki . strongly on khl" J. II 
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appeared that on overcast days, i.e. 20/03 and 06/04, [chla] had a stronger effect on F 

variability than PAR. 

Fluorescence emission variability ofthe assemblage as a whole was considered in combination 

with data relating to the phytoplankton cells. Data describing cellular characteristics included 

effective diameter, chlorophyll-a specific absorption, and chlorophyll-a specific accessory 

pigment composition, which allowed the assessment of chlorophyll-a specific fluorescence, as 

well as fluorescence and photosynthetic quantum yields, and the quantum yield ratio. 

Coulter counter size data revealed that the effective diameter of phytoplankton cells at the surface 

was generally higher during the cold event, except for one incidence on 20/03 during the warm 

event, when the effective diameter was 23.5llm (figure 3.5). The higher relative effective 

diameters during the cold event were due to the dominance of the large dinoflagellate, Ceratium 

furca, as revealed by phytoplankton count data. A minimum ofS.71lffi occurred on 16/03, due to a 

dominance of the coccolithophorid, Syrachosphaera pulchra. 

The hyperspectral chlorophyll-a specific phytoplankton absorption coefficient, a; (;1,) shown in 

figure 3.6 corresponds to the effective diameter data offigure 3.5. Relative high a;(440) values 

corresponded to relatively small effective diameters during the warm event, whilst lower 

a; (440) values were seen during the cold event. On 04/04 the surface a; (l) data were distinct 

from the other days with a maximum value ofO.lm2.(mg chl-arl at 440nm, and a relatively small 

effective diameter of 14.61lffi. Large effective diameters corresponded to Iowa; (440) . At 5 

meters, a; (440) values were relatively higher during the warm event, suggesting that relatively 

small phytoplankton cells were also found at this depth during this time. During the cold event 

very Iowa; (l) at 5 meters suggested that populations with larger cells were situated at this 

depth. 

ChlorophyU-a specific accessory pigment concentrations analysed through the HPLC technique 

(figure 3.7) show differences between the warm and cold events. The warm event corresponded 

to a mixture of dominating cellular photosynthetic accessory pigments, namely alloxanthin 

(green), 19'-hexanoyloxyfucoxanthin (pink), fucoxanthin (red), and peridinin (blue), along with 
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the photoprotectant diadinoxanthin (purple), both at the surface and at 5 meters. Phytoplankton 

count data confirm the alternating dominance of the dinoflagellate, Prorocentrum triestinum, and 

the coccolithophorid, Syrachosphaera pulchra, during this period. Higher relative concentrations 

of the photoprotectant pigment, diadinoxanthin, at the surface suggest differential 

photoadaptation of cells at the surface compared to the 5-meter cells. During the cold event, 

cellular peridinin and 19' -hexanoyloxyfucoxanthin dominated at the surface, but peridinin and 

diadinoxanthin were most prominent at 5 meters. The count data indicate a dominance of the 

dinoflagellate, Ceratium furca, during this time. 

In summarising the events observed during the field survey, it was clear that the event with 

warmer and stratified upper column water corresponded to low biomass, relatively low nutrient 

concentrations, and small cellular effective diameters, identified as predominantly 

coccolithophorid and small dinoflagellate. Marker pigments were 19' -hexanoyloxyfucoxanthin 

and peridinin. Note that the relatively low chlorophyll-a specific peridinin seen during the warm 

event as compared to the cold event is due to the fact that Ceratium furca has a much higher 

peridinin to chlorophyll-a ratio than Prorocentrum triestinum. Diatoms were prominent only 

during the first two days of the field survey, Le. 16/03 and 17/03. With the introduction of colder 

water to the upper column there was an increase in nitrate concentrations, concurrent with a large 

initial increase in biomass and cellular effective diameters that was identified as a red tide. Large 

dinoflagellate cells were seen to dominate the phytoplankton population, as confirmed by the 

peridinin marker pigment. The surface biomass decreased abruptly following the red tide 

occurrence, whilst the subsurface population persisted. 

Parameters of fluorescence and photosynthesis, obtained from derivations of Hitachi fluorescence 

emission measurements and PIE experiments, varied from day to day as shown in figure 3.8. 

Surface data are shown in red, and 5-meter data are indicated in black. The chlorophyU-a specific 

spectrally integrated fluorescence emission, F* , was higher at both depths during the warm 

event as compared to the cold event. Literature values of F* are quoted as 0.05IlEinst.mg-1.s-1 
-

1.05J!Einst.mg-1.s-1 (Abbott et at., 1995). The measured range shown in figure 3.8 is 

0.14J!Einst.mg-1.s-1 -1.84j.iEinst.mg-1.s·1
• Maximum F* appeared on 19/03 and the warm event 

minimum was on 23/03. The maximum is seen to coincide with a minimum nitrate concentration, 

and the minimum occurred in intense light conditions. Data of F* at the surface are not 

consistently higher than the 5-meter data, as would be expected for large depth differences. The 
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levels, a positive linear trend was discerned, but this trend seemed to break down in relatively 

high light conditions. At high light intensities a trend resembling a hyperbolic function could be 

seen. Although few data points were available in the assessment, it seemed possible that two 

trends existed for different light regimes. F* thus increased roughly linearly with PAR below 

approximately 300jillinst.m·2.s't, but above this light intensity the correlation appeared to change. 

This deduction is discussed in more detail in section 5.1.3. 

3.5 Field Discussion 

Data relating to the whole phytoplankton assemblage revealed F trends that closely 

corresponded to [chla] data, especially at the surface. As expected, the phytoplankton absorption 

increased with an increase in biomass, resulting in an increase of fluorescence. This relationship 

affirms the use by some researchers of fluorescence as a biomass proxy (Neville and Gower, 

1977) as discussed in section 2.4. This relationship was seen to be valid also on overcast days. 

However, the 5-meter F data seemed to vary more closely with PAR, which agreed with the 

findings of Babin et al. (1996). 

Some deviation from the F versus [chla] relationship appeared to exist at the surface on the 

days 29/03 and 01104. It did not seem likely that nonphotochemical quenching was responsible 

for reduced fluorescence emission at the surface on 01104. Proportionately, the diadinoxanthin 

concentration showed no significant increase on this day as compared to previous days, and 

Ed (O+,;{,) was not high. With the introduction of new nutrients via colder water to the surface, 

efficient photochemistry might have caused higher photochemical quenching of fluorescence on 

01/04, but this would have produced quenching of fluorescence also at 5 meters. Nitrate trends 

shown in figure 3.3 suggested increased concentrations at the surface and at 5 meters on 01104. 

However, surface pigment concentrations of diadinoxanthin and peridinin on 29/03 were much 

higher on 01104. This seemed to suggest that the relative difference in accessory pigment 

concentrations between these days could be accountable for the difference in fluorescence 

emission. The dinoflagellate Prorocentrum triestinum dominated the phytoplankton assemblage 

on 29/03, whilst the large dinoflagellate Ceratiumfurca dominated on 01/04. 
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At the cellular level some additional inferences could be made regarding fluorescence parameters. 

Phytoplankton effective diameters were seen to vary with a;(,,1,) values, especially near 440nm. 

Maximum surface a; (A) near 440nm on 04/04 corresponded to a relatively small effective 

diameter, whilst effective diameter maxima were seen to be consistent with relatively low a;(,,1,) 

near 440nm 

The warm and cold events showed distinct characteristics in F* , ¢ f' ¢c' and ¢c I ¢f . 

Distinctions between the warm and cold events were reflected in other parameters, namely 

[chla], accessory pigment concentrations, nitrate concentrations, and effective diameter. 

Chlorophyll-a specific accessory pigment concentrations and effective diameter data suggested 

that a change in dominant phytoplankton species occurred between the two events. Phytoplankton 

count data confirmed that the dinoflagellate, Prorocentrum triestinum, and the coccolithophorid, 

Syrachosphaera pulchra, dominated during the warm event, whilst the dinoflagellate, Ceratfum 

jurca, was dominant during the cold event. Fluorescence and photosynthesis variability between 

the two events was thus concurrent with distinct biomass, temperature, nitrate, and phytoplankton 

group regimes. 

The following scenarios could therefore be considered to explain the principal reasons for the 

general variability of these parameters between the two events. Variability of a; (A) as a result of 

changing phytoplankton effective diameters, and thus phytoplankton groups, could reasonably be 

responsible for changes in F* , although similar variability is seen in values of ¢ f ' which did not 

vary with a; (A). Water temperature changes were not considered to directly cause variability in 

the fluorescence parameters, since the literature had been inconclusive about parameter variability 

subject to fluctuating temperatures (see section 2.3.2). Plotting fluorescence parameters with 

nitrate concentrations revealed no clear trends. Increased nitrate during the cold event could 

explain the overall increase in ¢c values during this period at Sm-depth. Similarly, low nitrate 

concentrations during the warm event could explain relatively high ¢f (see section 2.3.2). Values 

of ¢c at the surface seemed to change independently from nitrate. Maximum F* on 19103 

corresponded with a minimum nitrate concentration. If nitrate availability regulated the 

fluorescence and photosynthesis differences between the warm and cold events, then one would 
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expect higher a;(A) during the wann event (see section 2.3.2). Higher a; (A) was generally 

detected during the wann event as compared to the cold event. 

Ambient light effects on fluorescence and photosynthesis variability seemed to cause variability 

from day-to-day. Surface variability of ¢c and ¢c / ¢;j appeared to be largely affected by light 

intensity, due to the large difference in these values between the surface and 5 meters. F* 

plotted against PAR seemed to indicate variability according to two different light regimes. 

Values of F* and ¢ j during the warm event roughly showed reductions in ambient high 

intensity light, whilst increases were observed with decreasing irradiance, as proposed by the 

literature (see section 2.3.3). Similarly, ¢;c surface data of the warm and cold events generally 

showed peaks on relatively low irradiance days. Since PAR was used in the derivations of ¢; j 

and ¢c' a completely independent comparison was not possible. However, trends between these 

parameters and PAR are discussed in more detail in section 5.1.3. PIE curves showed that cells 

did not experience photoinhibition on days of high irradiance. Photoadaptation of cells should 

therefore also be considered in the analysis, but it was not measured. 

3.6 Field Conclusion 

Total fluorescence emission of the entire phytoplankton assemblage generally provided an 

indication of biomass regardless ofthe prevailing ambient light regime, except at relatively low 

light levels where fluorescence emission was more closely related to PAR. Differences in 

fluorescence emission due to a difference in species were suggested. It should be born in mind 

that variability of Ci due to photoadaptation, which could not be specifically measured, would 

have complicated the supposition that [chla] , and thus fluorescence, indicated biomass. 

At the cellular level of investigation several viable explanations for fluorescence parameter 

variability were possible. Biomass dynamics, nitrate availability, and species differences were all 

considered, along with the daily irradiance effect. It was found that large changes in the 

parameters between the two events were possibly related to changes in phytoplankton groups, 
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and/or changes in nitrate concentrations. Fluctuations in these parameters from day-to-day were 

attributed to variability of the ambient light. 

In conclusion, the causality of fluorescence parameter variability of phytoplankton assemblages 

in the natural, dynamic ocean environment was complex. No dominant signatures could be 

inferred with confidence, and even atypical data points were not easily explained. It seemed that 

different causal factors might dominate in different circumstances, for example when depth 

distinctions were made, and that all the influencing factors collectively determined the variability. 
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Chapter 4 

Fluorescence Algorithm 

The fluorescence algorithm is designed to extract a fluorescence signal from near real-time 

spectroradiometric data acquired via in situ buoy systems and from ocean colour satellite systems. 

It enables the derivation of both the fluorescence line height (FLH), which quantifies fluorescence 

emission, and the fluorescence quantum yield, ¢ f ' which is a valuable phytoplankton 

physiological parameter. 

The theory is discussed in this chapter with regard to fluorescence remote optical detection and 

fluorescence quantum yield derivation. A distinction between algorithm developments is drawn 

for data acquired from in situ moored platforms, in contrast with satellite data. Nesting of the 

fluorescence algorithm within a hyperspectral inverse reflectance algorithm (Bernard, 2005) is 

examined. The chapter concludes with algorithm validation and testing. Validation was attempted 

by comparison of calculated parameters to measured field data. A small field dataset was 

available for FLH and ¢ f validations, given that fluorescence parameters were only measured 

during one field excursion. A larger field dataset, incorporating several field studies to the 

southern Benguela, was employed to test algorithm performance with field data input, as 

compared to algorithm-generated input. AU field data were obtained through the methods 

described in section 3.1. 

4.1 Model Theory 

The mathematical model that is required for the quantification of phytoplankton assemblage 

fluorescence emission as parameterised by FLH, and ¢ f ' is initiated by the formulation that 

describes emitted sun-induced fluorescence of phytoplankton in the ocean as follows (Babin et 

al., 1996): 

(4.1) 
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where Eo F (z) (Einst.m-2_s-1
) is the rate of emitted chlorophyll-a fluorescence of phytoplankton, 

which occurs at an instant, and emanates isotropically from an infinitesimally thin layer of 

seawater dz (m) at some depth z (m). This spectrally integrated fluorescence emission is thus a 

function of the following variables: Eo PAR (z) is the photosynthetically available scalar radiation 

(PAR) (Einst.m-2.s-I
); [chla] signifies chlorophyH-a concentration (mg.m-3

); a; is the spectrally 

weighted mean chlorophyll-a specific phytoplankton absorption coefficient (m2.(mg chI-a)'I); 

Q~ (685) denotes the fluorescence reabsorption factor, also known as the package effect 

parameter, at 685nm (dimensionless); and ¢ f is the fluorescence quantum yield (Einst 

emittedlEinst absorbed). 

Main sources of fluorescence variability are accounted for in equation (4.1): species dependence 

and photoadaptation are indirectly accounted for via a;; light variability is justified through ¢ f 

change, which varies with photochemical and nonphotochemical quenching processes; and 

nutritional status is reflected in ¢ f (Babin et al., 1996). 

PAR diminishes with depth in an exponential manner through the water column. As shown in 

equation (4.2), the scalar PAR value at a specified depth z , namely Eo PAR (z), is determined by 

the attenuation of excitation irradiance fromjust below the ocean surface, EoPAR(O) (Babin et 

al.,1996): 

(4.2) 

where K PAR (m'l) is the vertical diffuse attenuation coefficient for PAR. 

An upwelling radiance sensor mounted upon an in situ buoy detects a signal of fluorescence 

attributable to the aggregate of all infinitesimal layers emitting fluorescence in its direction from 
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below the sensor, with the emission undergoing attenuation on the way up to the sensor. Due to 

the isotropic nature of fluorescence, the fluorescence in an upward vertical direction as a result of 

emission from one layer can be expressed as follows (Babin et al., 1996): 

(4.3) 

where LF (z)(Einst.m-2.s-1.sr-1
) represents the radiance at depth z due to fluorescence emitted by 

phytoplankton from an infinitesimal layer dz in a single direction, Le. of one steradian solid 

angle. For the correct interpretation of the measured signal, the upward emitted and attenuated 

fluorescence from all depths below the sensor should be incorporated. All LF(z) values below 

the sensor are integrated and attenuated according to the following mathematical working 

(modified from Babin et al., 1996): 

00 

LF (d) = JLF (z)· e-c
(685).z • dz 

d 

= f( 4~ } (Eo PAR (z»). Qchla])· (0; )'(Q~(685»)'(¢f )'e-C

(68S)'Z ·dz 

= ( 4~ ). ([chla])· (0; ). (Q; (685»). (¢j ). (Eo PAR (0) )fe -(K
pAR

+c(685)}z • dz 

(4.4) 

where LF(d) is the radiance due to fluorescence measured at the depth of the sensor, d, and 

c(685) (m-I
) represents a beam attenuation coefficient. The upper bound ofintegration is infinity, 

since sun-induced fluorescence decreases with depth and then becomes insignificant (Stegmann 

et al., 1992). Feasibility of the model necessitates the assumption that [chla], a;, Q~ (685), 

and ¢ f are constant through the vertical integrated depth at the instant that the measurement is 

made. K PAR and c( 685) are also assumed to be invariable with depth, as implied by equation 

(4.4). Due to exponential attenuation of the upward signal, the measured signal is dominated by 
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the contribution of L F (z) from layers nearest to the sensor, thus making the assumption viable 

(Kiefer et al., 1989; Maritorena et al., 2000). 

After integration and rearranging of equation (4.4), ¢; f can be expressed in tenns of sensed 

emitted fluorescence and absorbed irradiance: 

¢;j == {41l} (Lp(d) 

{[chla]).f(j* ).fQ* (685))' (E (0))'( I J. e-d.(KpAR +C(685») 
~ tP \: a o PAR K PAR + c(685) 

(4.5) 

4.2 In Situ Model Development 

The fluorescence model is developed for near-surface hyperspectral radiometer buoys, such as the 

Satlantic HyperTSRB and BOB, as these are the most commonly used in the southern Benguela 

(Bernard, 2005). Near-surface hyperspectral radiometric buoys provide in situ observational 

platfonns for the acquisition of radiometric data that can be input into the fluorescence algorithm. 

With the mathematical model elucidated, the necessary procedures for parameter input and 

derivation can be considered. 

4.2.1 Parameter Computation 

Measurements of above-surface hyperspectral downward vector irradiance, Ed (0+, A) 

(J..l W.cm·2.nm'l) and upward subsurface radiance Lu (d, A) (J..l W.cm·2.nm,l.sr"') are obtained from 

radiometric sensors. Radiance sensors are typically situated between 0.4 m and 0.66m below the 

water surface and cosine irradiance collectors are typically at O.Sm to 0.7m above the surface. 

The photosynthetic process does not discriminate between photons of differing energy, but 

depends on the quantity of photons that are absorbed by chlorophyll-a (Mobley, .1994). As a 

result, PAR is defined in tenns of quanta (ibid.). It is therefore necessary that optical variables of 

equation (4.1) be expressed in quantum units. Radiometric quantities of measured Ed(O+,A) 

and Lu (d, A) are converted to quantum units via the fonnulation A/(h. cv) (Morel and Smith, 
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1974) where A (nm) denotes wavelength in a vacuum, h Goules.s- I
) is Planck's constant, and 

Cv (nm.s-I
) is the velocity of light in a vacuum. When a radiometric value is multiplied by this 

energy factor it generates the number of photons that impact upon the sensor. 

For the estimation of LF (d) in equation (4.5) a fluorescence line height (FLH) approach (Gower 

et al., 1999) is employed to the measured upward radiance spectra at the sensor depth, d . It 

involves the spectral integration ofthe fluorescence peak as it appears in the radiance spectra 

after the subtraction of an interpolated baseline. The baseline represents an approximate spectrum 

assumed to exist in the absence of fluorescence. This background is a result of elastically 

backscattered radiation and it can be represented as a straight line, given that water absorption 

increases in a monotonic way within the fluorescence emission spectral interval (Chamberlin et 

al., 1990; Maritorena et al., 2000). Morrison (2003) showed that at 683nm the relative 

contribution of backscattered light to the Lu (d, A) signal compared to the fluorescence signal is 

small, even at the surface. At any wavelength A2 (nm) that falls within the spectral range of 

fluorescence emission, the corresponding radiance intensity Lu2 (Einst.m-2.s-i.nm-i.sr-i) is 

subtracted from the background to give the fluorescence line height FLH(A2) 

(Einst.m-2.s-l .nm-l .s{i) at that point. By adding FLH(A2) calculated at all points along the 

fluorescence emission curve, the spectrally integrated fluorescence line height FLHint 

(Einst.m-2.s-1.sr-') is obtained. Equation (4.6) illustrates the calculation of FLHint (modified 

from Gower et al., 1999): 

70Snm 

FLHint == 2JFLH(Az)·LU.] 
A-,=665nm 

(4.6) 

where the wavelength Al and radiance intensity Lul characterise the lower ~undary ofthe 

fluorescence peak, while A3 and Lu3 identifY the upper boundary. M signifies the spectral 

width of integrated areas. Figure 4.1 assists in visualising the FLH procedure. For application to 
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the in situ data, a lower boundary is 

adopted at 665nm and an upper boundary 

at 705nm. In situ hyperspectral 

radiometric systems can typically offer a 

wavelength resolution of -lnm, so LV!, is 

typically defined at 1 run. Visual 

inspection of measured in situ upward 

radiance spectra from a variety of water 

types confirmed the use of this spectral 

range. 

An alternative means to acquire FLHint 
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Figure 4.1: Radiance spectrum for the 

demonstration of the FLH technique 

750 

is through nesting of the fluorescence algorithm within a hyperspectral inverse reflectance 

algorithm (Bernard, 2005), which is explained in more detail in section 4.4. The reflectance 

algorithm can fit a mathematically derived curve to the measured radiance data based on 

simulated inherent optical properties of the water and its constituents, whilst excluding the effect 

of fluorescence. The fitted curve thus provides the spectral shape ofa mathematically computed 

background in the fluorescence emission spectral interval, which can be subtracted from the 

measured fluorescence curve and integrated as discussed above. A potential advantage ofthis 

method is that a more accurate estimate of the fluorescence signal is obtained due to the 

calculated backscattering. 

FLHint calculated via the latter method will be denoted FLHint 2 and FLHint calculated by 

way of the first method will be denoted FLHintI, only when the need arises to make the 

distinction. FLHint calculated via either method is assumed to correspond directly to LF(d). 

One can thus equate FLHint and LF (d) . 

For in situ calculations, Ed (0+, A) is transmitted through the air-sea interface via an irradiance 

transmission factor of 0.95 (Maritorena et al., 2000) to account for the loss oflight as a result of 

reflection at the air-sea interface. After transmission, the vector downward irradiance just below 

the surface, Ed(O,A), can be used for the derivation of PAR. The following expression 

calculates PAR just below the surface, Eo PAR (0)(Einst.m·2.s·l
) (Sakshaug et al., 1998): 
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700nm 

EoPAR(O)= fEo(O,A).dA (4.7) 

400nm 

where Eo (0, A) represents the spectral scalar irradiance just below the surface. Scalar irradiance 

is acquired by the conversion of Ed (0, A) through a geometric factor of 1.30 (Maritorena et ai., 

2000). The use of this factor is justified in section 4.2.2. From equation (4.7) it is clear that PAR 

is a broadband quantity that represents all available light for absorption, and the subsequent 

excitation energy for fluorescence emission. 

The vertical diffuse attenuation coefficient of PAR namely KpAR is empirically related to 

[chla] by means of euphotic depth (Ze (m)) for case I waters (Morel, 1988). A linear 

relationship was found as (ibid.): 

KpAR . Ze = 4.605 (4.8) 

and from the definition of Ze the following expression was obtained (ibid.): 

KPAR(Ze) = 0.121·[chla]0.428 (4.9) 

where [chla] is an output parameter of the hyperspectral inverse reflectance algorithm and can 

thus directly be fed to the fluorescence algorithm through algorithm nesting. 

Another parameter acquired through algorithm nesting is the spectral in vivo phytoplankton 

absorption coefficient, a,; (A) (m- I
). The chlorophyll-a specific in vivo phytoplankton absorption 
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coefficient a; (lL)(m2.(mg chl-a)"l) is used in the derivation of a; of equation (4.5) (Babin et al., 

1996). Weighted by the in situ irradiance spectrum, a; is given by (ibid.): 

700nm 

J{a; (IL»). (Eo (O,IL»· dlL 
a* :::: ...:.:40::;:.On""m"--_______ _ 
~ 

(4.10) 

Fluorescence within cells may be partially reabsorbed before escaping the cells, as the absorption 

of chlorophyll-a in the red part ofthe spectrum coincides partly with fluorescence emission 

wavelengths. To ensure calculation ofthe true extracellular yield the reabsorption of fluoresced 

light within cells is accounted for in equation (4.5) by means of the reabsorption factor 

Q~ (685), which can be expressed in the following way (Morel and Bricaud, 1981): 

a* (685) Q; (685) :::: -*:'--~ -­

asol (685) 
(4.11 ) 

where a;(685) is the chlorophyll-a specific in vivo phytoplankton absorption coefficient at 

685nm and a* ,(685) is the chlorophyll-a specific absorption coefficient in solution at 685nm, so 

which represents the absorption of the cellular material ideally dispersed in solution. 

A discrepancy exists between the in vivo spectral absorption of phytoplankton cells in suspension 

compared to the hypothetical absorption of pigments in solution. Absorbing pigments and protein 

complexes in suspension are clustered within chloroplasts, which in turn exist inside cells, such 

that they are 'packaged'. This phenomenon, known as the package effect, can cause cellular 

pigments to be less efficient in capturing ambient light, particularly with an increase in 

intracellular pigment content and cell diameter (Duysens, 1956). The ratio asus / asal 

characterises the extent of the package effect (Morel and Bricaud, 1981). It is related to the 

66 



Univ
ers

ity
 of

 C
ap

e T
ow

n

efficiency factor for absorption, defined as the ratio ofthe energy absorbed within a spherical 

phytoplankton cell to the radiant energy arriving at its geometrical cross-section (ibid.). The 

parameter Q~ (685) of equation (4.11) represents the fraction of fluorescence that is not 

reabsorbed at 685nm (Collins et al., 1985). 

The value of a;ol (685) calculated from an acetone solution of chlorophyH-a is known to be 

0.OI1m2.(mg chl-ayl (Babin et al., 1996). For the purpose of this study the value was adjusted to 

a more typical value ofO.016m2.(mg chl-arl based on a previous study of phytoplankton 

packaging in the southern Benguela (S. Bernard, pers. comm.). An alternative method for the 

acquisition of Q~ (685) is through nesting of the fluorescence algorithm into the hyperspectral 

inverse reflectance algorithm, which can be configured to return package effect parameters 

(Bernard, 2005). 

The parameter c(685) represents the attenuation of the fluorescence signal on its vertical, 

upward passage through the water column. After application of the FLH method, scattering at 

fluorescence emission wavelengths is known to be negligible compared to absorption, which is 

largely a result of the very high pure water absorption at these wavelengths (Maritorena et at., 

2000). In addition to the pure water absorption, the attenuation can also significantly be affected 

by the absorption of phytoplankton cells at these wavelengths, especially in high biomass waters. 

Thus, c(685) is calculated by the addition of the absorption coefficient of pure water, aw(685) , 

to G¢(685). A value of0.495m-' is adopted for Gw(685) (ibid.). Values of a¢(685) are 

calculated during the hyperspectral inverse reflectance algorithm operation, and made available to 

the fluorescence algorithm through nesting. 

4.2.2 Assessment of Assumptions 

The in situ fluorescence algorithm consists predominantly of derived and calculated parameters, 

light spectra being the only measured input. It is necessary to assess the origin and validity of the 

assumptions associated with these approximated parameters. 

Measurement of Lu (d, 1) for the extraction of a fl uorescence signal is advantageous since it 

maximises the ratio of fluorescence to scattered sunlight at all depths (Kiefer et al., 1989). The 
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FLH calculation becomes problematic in conditions of very low fluorescence due to a low SIN 

ratio, which can cause equation (4.6) to produce a negative result. FLHint 1 is calculated using a 

constant spectral range. Inspection of radiance spectra reveals that the fluorescence emission 

curve can shift slightly along the spectral domain, causing imprecise derivations of FLHintl. In 

waters of very high biomass the intense elastically backscattered light at higher wavelengths may 

contaminate the fluorescence emission signal. The method that produces FLHint 2 provides a 

more accurate estimation ofthe background light and therefore a more reliable baseline for 

subtraction. However, inaccurate values of FLHint 2 are still obtained due to the spectral 

shifting of the fluorescence signal, and due to very low or very high biomass conditions. The FLH 

technique can therefore only be applied to biomass conditions that faU within a specified [chla] 

range. This [chla] range and the shifted peaks are assessed in section 4.5.1. 

Phytoplankton cells collect light from all directions due to scattering and internal reflection of the 

light field by the water. Cells are thus best described as spherical collectors (Kiefer et al., 1989). 

PAR is defined as a scalar irradiance to account for the changing angular distribution of the 

submarine light field (Morel, 1991), and it is broadband, implying that equation 4.1 assumes ¢ f 

to be independent of spectral excitation (Kiefer et ai., 1989). The factor used for the conversion 

of instrument vector irradiance, Ed (0, 2), to scalar irradiance, Eo (0, 2) , depends on depth, 

wavelength, and light conditions above the surface. An approximate value of 1.30 was adopted as 

derived by Maritorena et al. (2000) using radiative transfer modeling. It was derived for 

oligotrophic, case I conditions where maximal [chla] reached 4.5mg.m-3
• Although the area 

considered in this study is assumed to be case I, [chla] observed is often considerably higher 

than 4.5mg.m-3
• The light field, and therefore the conversion factor, can thus be significantly 

different in this study as compared to the conditions relevant to the derivation of the Maritorena 

conversion factor. The vector-to-scalar irradiance factor is known to reach values of up to 2 

(Morel, 1991). Green, eutrophic waters can reveal values much higher than 1.20, due to high 

scattering and relatively low absorption (ibid.). 

The parameter K PAR depends both on the medium and on the angular structure of the 

surrounding light field. It is defined in terms of the decrease with depth of ambient PAR. It is 

strongly associated with [chla] ofphytopJankton (Mobley, 1994), since biomass is the main 

cause of attenuation in natural waters. KpAR relates to the whole photosynthetic spectrum that is 
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specified in the definition of PAR (Morel, 1988). The Morel empirical formulation used 

calculates an average KpAR for the euphotic zone, defined as the column of water that reaches to 

a depth where 1 % of the surface light intensity persists (ibid.). This vertical region is assumed to 

have sufficient light to permit phytoplankton photosynthesis. Regression analysis of [chla] 

versus euphotic layer depth (Ze ) of predominantly case I waters allowed the estimation of 

K PAR (ibid.). Linearity between K PAR and [chla] is only valid for small ranges of biomass 

concentration (Kirk, 1996). 

4.3 Satellite Model Development 

In addition to in situ buoy sensors, satellite spectrometers are functional in providing optical data 

for input into the fluorescence algorithm. Whilst in situ hyperspectral radiometer buoy data are 

necessary for algorithm development and validation, a more widespread application of the 

algorithm emerges through ocean colour satellites. The focus here is on the MERIS sensor as it is 

configured with three appropriate bands for fluorescence determination. Algorithm adaptation for 

input of satellite imagery is discussed below. 

4.3.1 Parameter Computation 

Satellite sensors measure a signal from the very upper layer of the ocean, typically the upper 

optical depth (Gordon and McLuney, 1975). Therefore, an upward fluorescence signal detected 

via satellite, represented here as the parameter LF (0) , emanates from just below the water 

surface. All emitting infinitesimal depth layers contributing to that signal from below are 

integrated and propagated to the surface, i.e. at 0 meters, such that a simplified version of 

equation (4.5) is obtained (modified from Babin et al., 1996): 

r/J = (4n} (KpAR +c(685)).LF (0) 

f (Eo PAR (0)). ([ chla]). (a; ). (Q: (685)) 
(4.12) 
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MERIS provides normalised water-leaving reflectance (p norm) imagery measured at fifteen 

discreet channels. The remote sensing reflectance ( Rrs ) is defined as the ratio ofthe upward 

radiance to the downward irradiance (Albert and Mobley, 2003). Rrs is used in the reflectance 

algorithm, which necessitates the conversion of Pnorm to Rrs (Bernard et ai., 2005). With 

application to satellites and ocean colour, a description of remote sensing reflectance is given in 

equation (4.13) (Mobley, 1994): 

(4.13) 

The remote sensing reflectance, Rrs (S(I), is dependent on ~ that denotes the direction from 

which the measured light originates and the wavelength that is evaluated. Water-leaving radiance 

Lw(O+,~) (W.m-2.nm-'.sr-') is measured in the air just above the ocean surface, and similarly 

Ed (0+, A) (W.m-2.nm-1
) is the downward irradiance above the water's surface. 

It is necessary to derive a value for LF(O) in equation (4.12). The first step is to determine 

Ed(O+,A), which facilitates the calculation of Lw(O+,~) from equation (4.13) and the 

derivation of Eo PAR (0). The Gregg and Carder (1990) simple spectral solar irradiance model 

for cloudless maritime atmospheres is employed to calculate diffuse plus direct spectral irradiance 

incident onto the sea surface, as Ed (0+, A) is not a standard geophysical satellite product. The 

available Gregg and Carder Fortran code was translated into Matlab and modified to ensure 

compatibility with the fluorescence algorithm. The model procedure includes the correction for 

earth-sun orbital distance of extraterrestrial irradiance, and the consequent attenuation through the 

atmosphere due to Rayleigh scattering, ozone, oxygen, water vapour, and marine aerosol. 

Reflectance at the air-sea interface is also accounted for. Ed(O+,A) is calculated at Inm­

resolution in the spectral interval of350 -700nm. 

Data input of spectral, mean extraterrestrial solar irradiance for the required wavelengths were 

obtained from Gregg and Carder (I 990) and from Bird and Riordan (1986). Meteorological 
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conditions are known to affect the attenuation of the irradiance through the atmosphere. For the 

purpose of this study the meteorological input is kept constant at suggested default values. The 

meteorological quantities used for parameterisation of the model are listed in table 4.1. In 

addition, the model uses the appropriate date and earth position to derive total atmospheric ozone. 

Pressure 29.92mbar 

Air-mass type marine aero so Is 

Relative humidity 80% 

Precipitable water 1.5cm 

Mean windspeed 4m.s-1 

Current windspeed 6m.s-1 

Visibility 15km 

Table 4.1: Meteorological input to the Gregg 
and Carder model 

Gregg and Carder (1990) performed a sensitivity analysis to assess the relative importance of 

meteorological input to the performance ofthe model. See section 4.3.2 for more detail. 

According to the authors, the spectral irradiance produced by the model agrees well with 

observed data. 

The modeled Gregg and Carder Ed (0+, A) values are used to calculate l-'W (0+,';) through 

equation (4.13). An air-sea transmission factor of 0.7346 (Kirk, 1996) for radiances is applied to 

acquire the upward radiance just below the surface, Lu (0, A) . Radiometric quantities are then 

converted to quantum units, such that Ed (0+, A) has units of Einst.m-2.s- l .nm-1 and Lu(O,A) 

has units ofEinst.m-2.s-1.nm-1.sf i
. Transmission of Ed (0+, A) through the air-sea interface to 

just below the surface is obtained through the conversion factor 0.95 (Maritorena et al., 2000) and 
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scalar conversion is achieved through the geometrical factor 1.30 (ibid.). Calculation of PAR just 

below the surface, Eo PAR (0) (Einst.m-2.s-I
), is enabled via equation (4.7). 

MERIS is equipped with three wavebands that are dedicated to fluorescence detection. Data 

collected in these three channels are employed in the FLH calculation. Values of Lu (0, A,) 

corresponding to a lOnm-wide band centred at 665nm, a 7.5nm-wide band centred at 681.25nm, 

and a lOnm-wide band centred at 708.75nm are applied to calculate FLH(A,2) only at a single 

waveband, such that AI = 665nm, A2 = 681.25nm, and A3 = 708.75nm (Gower et al., 1999): 

(4.14) 

The interpolated linear baseline is now defined between 665nm and 708.75nm, as compared to 

the in situ application of equation 4.6. A Gaussian curve is then used to simulate the fluorescence 

peak for a spectral range of665nm to 708.75nm, assuming a maximum Lu2 at 681.25nm (Gower 

et al. 1999). Fitting Gaussian curves to the fluorescence peaks of a variety of measured in situ 

radiance spectra determined the width of the Gaussian curve. The magnitude ofthe integrated 

area below this idealised curve, when the maximum value is normalised to I, is assumed to 

represent the area of a typical fluorescence peak. This integrated peak area, which was found to 

be 15, can be used as a scaling factor for the integration of the Gaussian peaks fitted to measured 

LuI, Lu2, and Lu3 data. Applying the scaling factor to FLH(A,2) produces the integrated 

fluorescence emission, FLHint, which in tum represents LF (0) in equation (4.12). 

The alternative means of FLHint calculation applied in section 4.2.1 that requires nesting ofthe 

fluorescence algorithm into the hyperspectral inverse reflectance algorithm (Bernard, 2005) can 

also be applied to multispectral satellite reflectance data. The reflectance algorithm uses an 

inversion technique to simulate measured reflectance data from the inherent optical properties 

parameterisations, excluding the fluorescence affected spectral range. The simulated reflectance 

from the inversion algorithm can thus be used to provide a baseline in the fluorescence range, as 

it accounts for the effects of absorption and backscattering without fluorescence. Subtraction of 
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the modeled background at A2 = 681.25nm from measured Lu2 at 681.25nm can be performed to 

obtain FLHUb). Application of the scaling factor produces FLHint. 

Where necessary FLHint calculated via the linear baseline method will be denoted FLHintl, 

whilst FLHint obtained from the inverse reflectance method will be known as FLHint 2. 

Remaining variables of equation (4.12), namely K PAR, c( 685), [chla], a;, and Q~ (685), are 

calculated for each detected pixel as described in section 4.2.1. Data of [chla] and hyperspectral 

a¢ (A) are available to the fluorescence algorithm by means of algorithm nesting. 

4.3.2 Assessment of Assumptions 

As discussed in section 4.2.2 the fluorescence algorithm is developed mainly through 

parameterisations of the model terms, given that light spectra provide the only measured input. 

The assessment of assumption validity in the case of the satellite model is similar to section 4.2.2 

where the in situ model is discussed. 

In contrast with the in situ model, the satellite model does not receive hyperspectral radiance and 

irradiance data. Reflectance data at discreet satellite sensor bands are fed into the model. The 

fluorescence emission peak is characterised through three channels only, which limits the 

representation of the actual shape of the peak. Representation of the fluorescence emission peak 

with a Gaussian form therefore has greater uncertainty, although this approach has been applied 

previously (Maritorena et al., 2000). Additional limitations of the FLH approach have been 

discussed in section 4.2.2. 

The Gregg and Carder (1990) model is applicable to any cloudless oceanic or coastal region. 

Ed (0+, A) calculated via the model was found by Gregg and Carder to agree spectrally with 

observed surface spectral irradiances to within ±6.6% (rms) under various atmospheric conditions 

for the range 400nm - 700nm. The model is constrained by the assumed constant meteorological 

conditions. Model sensitivity to meteorological input parameters (Gregg and Carder, {990) 

revealed that air-mass type, visibility, and total ozone produced differences in surface spectral 

irradiance that exceeded the model error. Besides restrictions imposed via the irradiance model, 
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the calculation of PAR is affected by the transmission and conversion factors as discussed in 

section 4.2.2. 

4.4 Algorithm Nesting 

The in situ radiometer system radiance and irradiance sensors and MERIS spectrometers provide 

the only available measured input to the fluorescence algorithm. All other parameters required are 

derived from this measured data. Most parameter inputs have been explained, but the calculations 

of [chla] and a¢(A,) remain to be elucidated. By nesting of the fluorescence algorithm into an 

existing hyperspectral inverse reflectance algorithm (Bernard, 2005) these parameters can be 

obtained. It is instructive to consider the functioning of the reflectance aJgorithm, as wen as the 

theory behind it. A brief explanation of the reflectance algorithm is provided. 

The basis of the reflectance algorithm is the simulation of reflectance using detailed information 

on the inherent optical properties ofthe phytoplankton population. The mechanism of the 

hyperspectral inverse reflectance algorithm is to simulate reflectance spectra measured by the 

ocean colour sensor system through standard size distributions of cells assumed to have two­

layered spherical geometries, in order to represent the optical properties of phytoplankton 

popUlations (Bernard, 2005). The algorithm employs spectral refractive index data and 

intracellular pigment concentrations of three phytoplankton groups, intended to correspond to the 

three major phytoplankton classes in upwelling regions, to calculate the efficiency factors for cell 

sizes ranging between 1 ~m and 100,.,un diameters. Refractive index data are derived from field 

measurements of particle size distributions and particle absorption. 

Input to the reflectance algorithm includes the measured hyperspectral upward subsurface 

radiance and the above surface downward irradiance in the case of in situ hyperspectral 

radiometer buoys, or measured discrete MERIS reflectance imagery. A number of solvable 

unknowns are then returned as output, namely chlorophyH-a concentration, phytoplankton 

effective diameter, absorption of gelbstoff and detritus, small particle backscattering, and the 

fractional contribution of the three phytoplankton groups. A Simplex solution m~thod with 

constant initial values is used to match remotely measured light spectra. (Bernard, 2005) 
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Resulting calculated outputs, a tP (A) and [chla] are available as input into the fluorescence 

algorithm, along with the measured light spectra. Q~(A) can also be calculated via the 

reflectance algorithm as an alternative to equation (4.11). 

4.5 Model Validation and Testing 

The performance of the developed algorithm is assessed below in the following manner. The 

effect that the spectral shifts, which occur under high biomass conditions, have on the usefulness 

of the model will be considered. As a first assessment, parameters that are calculated via the 

model can be compared to values quoted in the literature. Algorithm evaluation will be done in 

different parts. The 'fluorescence algorithm' refers to the section of the model that calculates 

fluorescence parameters without nesting into the reflectance algorithm, and it operates through 

the input of measured variables. The 'reflectance-fluorescence algorithm' refers to the 

fluorescence algorithm that is nested within the hyperspectral inverse reflectance algorithm, or 

'reflectance algorithm' for short. Input variables for the calculation of fluorescence parameters 

are generated through the operation of the reflectance algorithm. 

Validating the fluorescence model requires the input offield variables and comparison of the 

calculated fluorescence parameters with the field-measured fluorescence parameters. Very limited 

data was available for this assessment, since field-measured fluorescence parameters are only 

available from the Lamberts Bay 2005 survey. As a result of this limitation, output from the 

different parts of the in situ model will be compared. For this purpose the fluorescence algorithm 

is input with all available discrete sample field data, whilst the reflectance-fluorescence algorithm 

is input only with the reflectance spectra corresponding to these field measurements. Two 

versions of the reflectance-fluorescence algorithm are compared; the relative performance 

between the FLHintl and FLHint2 methods are assessed. Table 4.2 provides a summary of the 

field data employed, whilst table 4.3 compares the forms of algorithm discussed. Field 

measurements were made according to the methods described in section 3.1. 

Finally, fluorescence products will be compared to environmental variables to test potential 

algorithm application. 
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Date Location Dominant Algal Groups [Chla] (mg.m-) 

October Southern 
Mixed 0.24-23 

2002 Benguela 

October Shore based 
Alexandriwn catenella 309 

2002 Lamberts Bay 

January Shore based 
A ureococcus anophagefferens 12 - 14 

2003 Saldanha Bay 

March Shore based 
Mixed 1 -17 

2003 Lamberts Bay 

Mixed 
March Shore based 

Mesodinium rubrum 3-70 
2004 Lamberts Bay 

Pseudo-Nitzschia spp. 

Mixed 
March 

Shore based Syrachosphaera pulchra 
& April 3 -173 

Lamberts Bay Prorocentrwn triestinum 
2005 

Ceratium furca 

Table 4.2: Field surveys of data used as input into the algorithm for testing and comparison of calculated 

parameters to measured data (modifiedfrom Bernard, 2005). 
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Algorithm Input Test 

Discreet field data: 
Validation through 

Fluorescence algorithm a/l), [chla] 
comparison of: 

(Lamberts Bay 2005 - see Measured F and modeled 

In situ data: 
P"LHintl table 4.2) 

Ed(O+,l), Lu(d,l) 
Measured and modeled ,p f 

Discreet field data: 

Fluorescence algorithm a?(l), [chla] Compare output to the 

reflectance-fluorescence 
(All field data - see table 4.2) In situ data: 

algorithm output 
Ed(O+,l), Lu(d,l) 

Validation through 

comparison with measured 

Reflectance-fluorescence 
F and ,pf data 

In situ data: For algorithm methods 
algorithm (All field data-

using the FLHint 1 method) 
Ed(O+,l), Lu(d,l) comparison; compare 

modeled F and FLHintl 

with measured environmental 

variables 

Validation through 

Reflectance-fluorescence 
In situ data: 

comparison with measured 

algorithm (All field data-
Ed(O+,l), L,,(d,l) 

F and ,pf data 

using the FLH int 2 method) F or algorithm methods 

comparison 

Table 4.3: Table describing the different forms of the algorithm employed, necessary input required, and 

the purpose of operation. 
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4.5.1 Restrictions of the FLH Method 

One of the limitations ofthe fluorescence algorithm occurs through the FLH estimation. The 

typical upward radiance peak in the red part of the spectrum, characterising fluorescence, is a 

result ofthe combination of fluorescence emission and elastically backscattered light. In high 

biomass conditions a peak shifted along the spectral domain to higher wavelengths can be 

observed, which contaminates the fluorescence emission peak. It thus becomes impossible to 

separate fluorescence emission via a subtracted baseline. The apparent shifted peak is a result of 

the combination of high water absorption at these wavelengths, along with the high 

backscattering of phytoplankton in the same spectral range in high biomass conditions (Bernard, 

2005). 

Figure 4.2 (a) shows the Lu (0.66,/1,) spectra measured by the Satlantic HyperTSRB from field 

surveys done at Station 3 off the coast ofLamberts Bay (see chapter 3). Thin solid lines represent 

the peaks that are assumed to correspond mainly to fluorescence. Maxima occur from 680nrn to 

685nrn and the spectral range of the peaks is approximately 665nm - 705nm. Dotted lines reveal 

altered spectra that have maxima near 695nrn, whilst the thick solid lines portray peaks of 

maxima above 700nm within a spectral range of about 685nm - 725nm. 

The FLH technique is effective in calculating fluorescence from the peaks that are illustrated by 

thin solid lines in figure 4.2 (a). However, when the FLH method is applied to peaks shown in 

dots or thick solid lines, the result is erroneous. Some control needs to be integrated into the 

algorithm to prevent ambiguous results due to the red shift. When the wavelength corresponding 

to maximum Lu (0.66) of each peak is compared to [chla] (figure 4.2 (b» it can be seen that the 

majority of maxima occur between 678nrn and 683nm in conjunction with relatively low [chla]. 

The fluorescence algorithm can therefore be restrained to process data of Lu (d, /1,) in 

assemblages with [chla] below 30mg.m-3
• Note that this restriction will be inherent in the 

operation of the algorithm in the remainder of this chapter. The implication of the considerable 

biomass restriction is that the FLH technique, and thus the algorithm, is not useful for direct HAB 

assessments. However, it remains useful to the study of formative stages before the high biomass 

conditions set in. Close inspection of the data in figure 4.2 (b) suggests that maxima at higher 

wavelengths can also occur in conditions of relatively low [chla]. Examination of this signal in 
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The size of the dataset is further decreased by the 30mg.m-3 [chlaJ restriction that ensures the 

omission of possible red shifted spectra for valid calculations of FLHint • Also, one measurement 

of spectrofluorometer fluorescence emission is omitted due to a very low signal. 

Figure 4.3 (a) shows the modeled FLH int versus measured F. Input ofthe fluorescence 

algorithm (green) include lnm-resolution Satlantic HyperTSRB Lu(0.66,A) and Ed(O+,A) 

data, Inm-resolution surface aj6(A) data, and surface [chla] data, all measured simultaneously 

during each acquisition. The reflectance-fluorescence algorithm employing FLHintl (blue) and 

FLHint2 (red) has input ofthe field-measured Lu(0.66,A) and Ed(O+,A) data only. A 

regression analysis was not performed, since too few data points are available, but a line is shown 

that indicates the best qualitative correspondence obtained from the limited dataset. The line 

applies to the reflectance-fluorescence algorithm employing FLH int 2 • Figure 4.3 (b) displays the 

modeled tP f according to the models mentioned above, as compared to the measured tP f . A line 

of good qualitative comparison is fitted to the reflectance-fluorescence algorithm that employs 

FLH inl2 • The reflectance-fluorescence algorithm also seems to provide a positive linear trend in 

tPf of figure 4.3 (b). However, reflectance-fluorescence modeled values of tPf (blue and red) are 

higher than the measured tPf' Values of tPf calculated via the fluorescence algorithm (green) 

follows a rough positive linear trend with the measured tP f ' and there is a smaner difference 

between these values. 

Although the dataset is not large enough to provide a conclusive indication of the validity of the 

algorithm, or the accuracy with which it estimates ¢; f ' the general trends of figure 4.3 indicate 

that each of the three models provide plausible estimates of this parameter, although they differ 

slightly in magnitude. Considering the errors inherent in the derivations of both the measured and 

the modeled fluorescence parameters, the relationships depicted are considered to be good. The 

fact that the fluorescence algorithm ¢;f estimates are closer to the measured values indicates that 

the FLH intI method provides a good estimation of fluorescence emission when appropriate 

biomass restrictions are in place, and that the relatively larger difference in tPf values calculated 

via the two reflectance-fluorescence models is due to the generating of input variables necessary 

80 



Univ
ers

ity
 of

 C
ap

e T
ow

n

c 
• 

fo, f1l1ore",~n(;, 1',"am,I,' (;~kLlI ~L in"", il><: WfT1 bin,al in" nf algorithm-I-"'lCl'ated i "put 

pammel~" alld the r, ilf~" method cause, the brg"" ,j] ff~re\lC" ln "" I",,, "r lIIudd;d a,,,1 

.. 
• ,. , • 

·1 : • 

. ,,' 

J '" ~l 
. . 
• 

• 

• • 

Figure 1 1. (a) lIeuwr,d F 1'1<Jlled "I:amsi ",,,deled f LII calculaled ;'ia lhe jlu"I"e'c,nce "lgorill1m 

(","<'M) f'MJ III,· "If,>''''''''''',f/w",'.,,",,'''''' al!:t>rllhm (KcOJ'diflJ,! t" /- LH." I IhI",'! and 1'Lff .. ) (,..,4) 

4,5.3 Compllrison of Algorithm Methods 

The r"lati"" IX'rfOrma'lCe of the dilTerem algorilhm methods can be explored further. The 

t1UQre""enc~ algorithm cannot be applied in a remote operational ,,,nse, ,inc·e ne,ting i, req "ired 

to ensur~ Iht. ~~l'S,ar} input for nuores~en"~ parameter calcu lations. It i, JJ<Jndhek" in,tr""tiv, 

10 compare 1'" n uorc,c,"cc aibcorilhm 10 11", I wu ",,-,i<,n.; of II", "nCCI"'''OC,n uOre,,"""", 

atgOlith m. si nc~ fewer ~nurs are associated with the tluore",,·ence algmithm. Du" tu a lad: uf 

field-JTl,a'tlred flIKlrc""llcc paralll<:ter" the tll"",,,~ellc,, algorithm thus pm"ides tl><: data against 

",hi"" I he fen eCla"c,.n uorc,ccJ}CC Oul pUl Call I", """,,,,d, t I i, ll,cc.",ar)' 10 ,icIer," in, ",hich of 

tbe t'Wo rdlecunce- tlllor~SC"]X:" techniqu~, pm"idc the I",st "'timale' ot ¢ f . sllch that it may Ix: 

81 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Surface discreet sample data of a, (A) and [chla], as well as concurrently measured 

HyperTSRB Lu(O.66,A) and Ed(O+,A) measurements from all field surveys described in 

table 4.2, are considered in the assessment. The data were acquired on separate field surveys in 

the southern Benguela during the summer season. Field methods were similar to the methods 

described in section 3.1. Measured field data of a,(A), [chla], Lu(O.66,A), and Ed(O+,A) 

are necessary as input into the fluorescence algorithm. Reflectance-fluorescence algorithm input 

consist of Lu(O.66,A) and Ed(O+,A) only. 

For relative comparison, figure 4.4 (a) shows reflectance-fluorescence algorithm-calculated 

FLHintI (blue), FLHint2 (red), and fluorescence algorithm-calculated FLHintl (green), all in 

units ofEinst.m-2.s-l .sr-l
, plotted against measured [chla]. Measured F (black) is in units of 

Einst.m-3.s-1
• Figure 4.4 (b) shows ¢f calculated and measured in the same way. 

Literature values of fluorescence emission of assemblages compare well with the data seen in 

figure 4.4 (a). F is seen to be in the range 0.67j.iliinst.m-3.s-1 
- 17.5j.iliinst.m-3.s-\ whilst the 

modeled values are in the range 0.01j.iliinst.m-2.s-1.sr"l- 0.3 1 j.iliinst.m-2.s-l .sr-1
• Values reported 

from different regions and at different depths include 0.0004J.l£inst.m-2.s-' - 0.5j.iliinst.m-2.s-1 

(Chamberlin et al., 1990), as well as volume emissions ofO.16JJ.Einst.m-3.s·1 
- 1.2JJ.Einst.m-3.s·] 

(Stegmann et al., 1992; Stegmann and Lewis, 1997) and 0.03j.iliinst.m-3.s-1 
- 5.0JJ.Einst.m-3.s·] 

(Roesler and Perry, 1995). Chlorophyll-a specific volume emissions of 0.05JJ.Einst.mg-1 
.S-l -

1.05j.iliinst.mg-1.s-1 were measured (Abbott et al., 1995). 

Calculated ¢f data displayed in figure 4.4 (b) are within the expected range as confirmed by the 

literature. Values are in the range 0.001 - 0.048. A study conducted in the central South Pacific, 

the western Sargasso Sea, and two sheltered bays found values of ¢f between 0.01 and 0.09, as 

derived from a PNF (Chamberlin et al., 1990). Values of ¢f modeled from reflectance spectra 

that were measured in various ocean regions yielded values ranging from 0.008 to 0.09 (Roesler 

and Perry, 1995). A similar method implemented in another study of phytoplankton near the 

ocean surface produced ¢f of 0.005 - 0.01 (Maritorena et al., 2000). A radiance reflectance 

inversion method was used to calculate profiles of ¢f, which produced values of 0.004 - 0.06 
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the reflectance-fluorescence algorithm, using the FLHintl method, correspond more closely to 

the fluorescence algorithm calculations than do rjJf values calculated via the FLHint2 method. 

The majority of rjJf values calculated via the FLHint2 method are within the range 0.01 -

0.048, which is high for phytoplankton near the surface. 

Although FLHint 2 is expected to be more accurate than FLHint 1 , given that the background 

light is calculated based on reflectance modeling of inherent optical properties, the reflectance 

algorithm is still in an experimental phase and weighting optimisation needs to be considered 

further. For the remainder of the chapter, and as an initial study, only the method yielding 

FLHintI will be used, since FLHintl provides results that are more consistent with expected 

surface data and they are comparable to literature evaluations of FLH in! • 

4.5.4 Fluorescence as a Tool: Potential Application 

Calculated fluorescence products of the reflectance-fluorescence algorithm, with input of 

Lu(O.66,A) and Ed(O+,A) from all field surveys (table 4.2) as discussed above, can be 

assessed in comparison with the measured environmental variables to determine functionality of 

fluorescence as a remote sensing too!. Comparisons of calculated fluorescence parameters to 

measured data such as temperature, effective diameter, and pigment concentrations, which 

correspond to the optical measurements, provide an opportunity to examine possible trends. 

Trends can be assessed in terms of phytoplankton physiology and assemblage group composition. 

Note that although a large dataset is used, the biomass restriction imposed on the FLH technique 

(see section 4.5.1) prevents the assessment of high biomass assemblages, and thus HABs. 

Bootstrap regression analysis (see section 3.3) of FLHintI versus measured [chla] provides 

confirmation of a relatively strong positive correlation, which indicates the fluorescence-biomass 

proxy (Neville and Gower, 1977) as discussed in section 2.4. A value for r2 is calculated to be 

0.41 (figure 4.5 (a)). A positive correlation is also detected between FLHintI and total 

fucoxanthin concentrations, which presents an r of 0.49 (figure 4.5 (b». Fucoxanthin is the 

dominant accessory pigment within diatoms. The correlation seen in figure 4.5 (b) necessitates 

the investigation of a potential premise that diatoms fluoresce more intensely than dinoflagellates. 

This idea is based on inspection of certain reflectance spectra. Fucoxanthin and peridinin are 
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carotenoids that can be used as biomarkers of diatoms and dinoflagellates, respectively. However, 

bootstrap regression of measured [chla] versus fucoxanthin concentrations reveals an r2 of 0.81, 

which indicates that diatoms are the dominant phytoplankton group in the data set. Diatoms are 

generally expected to dominate in an upwelling system, but more so in this dataset, since high 

biomass assemblages and thus red tides, typically consisting of dinoflagellates, are not 
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Figure 4.5: (a) Modeled FLHintl plotted against measured [chla). (b) Modeled FLHintl plotted 

against measuredfucoxanthin concentrations. Regression lines are shown. 

considered. The dataset is thus not sufficient to comment on the hypothesis in this way. 

A further assessment regarding the above-mentioned hypothesis is seen in figure 4.6. The 

chlorophyll-a specific FLHint 1 plotted against chlorophyl1-a specific fucoxanthin concentrations 

is seen in figure 4.6 (a). This figure can be compared to the chlorophyll-a specific FLHint I 

plotted against chlorophyll-a specific peddinin concentrations. Variability in cellular fluorescence 

seems not to be related to cellular concentrations of either these accessory pigments. Moreover, 

data of cellular fluorescence generally falls within a range that is common to both accessory 

pigments, regardless of the relative concentrations. Note that by considering fucoxanthin in figure 

4.6 (a) the presence ofprymnesiophytes may affect the analysis. Prymnesiophytes contain 

relatively high fucoxanthin and 19' -hexanoyloxyfucoxanthin concentrations. Therefore the 

comparison is repeated, disregarding data points of high chlorophyll-a specific 19'­

hexanoyloxyfucoxanthin concentrations. The above interpretation of the data remains unchanged 

after the omission of this data. 
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Figure 4.6: (a) Chlorophyll-a specific FLHintl plotted against chlorophyll-a specificfucoxanthin 

concentration. (b) Chlorophyll-a specific FLHint I plotted against chlorophyll-a specific peridinin 

concentration. 

Comparison of the derived ¢f to measured surface temperatures (figure 4.7 (a)) suggests a 

negative trend, but a regression analysis provides no indication that a correlation exists between 

¢f and the ambient water temperature. In the literature there exists disagreement about 

temperature effects on fluorescence parameters, as discussed in section 2.3.2. In the southern 

Benguela system the apparent temperature effect may be a result of, for example, effective 

diameter variability. The bootstrap analysis of measured temperature versus measured effective 

diameter during the Lamberts Bay 2005 field survey produces a negative linear correlation with 

an r2 of 0.63. As discussed in section 3.4, the period of relatively high temperatures was 

associated with relatively small cells, whilst cooler water concurred with larger cells. Also, 

inherent in the temperature comparison with fluorescence parameters is the variability of nutrient 

concentrations. In the southern Benguela nutrient concentrations are typically higher during cold 

events, as compared to warm events, due to upwelling from deeper levels. Considering the 

temperature data it should be born in mind that trends suggested by comparison to fluorescence 

parameters do not exclusively represent a temperature effect on cellular fluorescence. Figure 4.7 

(b) shows that there exists no predictable relationship between measured effective diameter and 

¢f. Highest ¢f values seem to correspond to relatively small effective diameter~, but otherwise 

the data is scattered. 
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Figure 4.7: (aj Calculated r/Jj compared to measured temperature. (bj Calculated r/Jj compared to 

measured effective diameter. 

4.6 Summary 

In this chapter the algorithm developed for the derivation of fluorescence products from remotely 

acquired data is seen to produce viable results that compare well with literature assessments, and 

with field-measured fluorescence parameters. The algorithm is found to be unreliable in waters of 

very high biomass, and it is thus appropriately constraint to analyse lower biomass waters only. 

The implication of this constraint is that fluorescence characteristics of HABs cannot be assessed 

remotely through the use of the algorithm. However, the formative stages ofHAB development 

can still be considered, which might provide valuable insight into the development ofHABs on a 

physiological level. From comparisons of calculated fluorescence parameters with temperature, 

effective diameters, and pigment compositions, an easily identifiable environmental- or group­

related trend cannot be discerned. Based on the discussion in section 4.5.4, the value of algorithm 

fluorescence parameters as remote environmental-, physiological-, or assemblage proxies is not 

obvious. Nonetheless, the algorithm provides quantitative data of FLHint, and r/Jj of 

phytoplankton assemblages for remote sensing applications. 

87 



Univ
ers

ity
 of

 C
ap

e T
ow

n

88 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 5 

Application 

Individually, the parameter rP f is very useful in the investigation of phytoplankton 

characteristics. In combination with the parameter rPc, another application of phytoplankton 

fluorescence emerges. In section 2.1.3 the fact that fluorescence is related to photosynthesis at the 

phytoplankton cellular level is discussed. The relationship between fluorescence and 

photosynthesis depends upon the probability that excitation energy will be used for fluorescence, 

photochemistry, or heat dissipation, after light is absorbed by the phytoplankton cell (Chamberlin 

et al., 1990). Changes in the rate of photosynthesis, due to physiological changes of the cells, 

light availability, and/or pigment composition, will coincide with changes in the rate of 

fluorescence (Kiefer et al., 1989). This covariance depends on the ratio rPc I rP f (ibid.), which is 

known to vary in a complex manner with environmental variables (Chamberlin and Marra, 1992; 

Stegmann and Lewis, 1997), species variation (Stegmann et al. 1992) and light intensity 

(Chamberlin et al., 1990) as described in section 2.3. Thus, the possibility exists to predict 

primary production from fluorescence, depending on the ability to parameterise this ratio (ibid.). 

Existing literature methods used to suitably parameterise rPc I rP f for primary production 

estimation from fluorescence are experimental and these methods are probably associated with 

large errors (Chamberlin and Marra, 1992). in this chapter, estimations ofinstantaneous primary 

production are obtained via the reflectance-fluorescence algorithm by applying parameterisations 

suggested in the literature. The algorithm is also employed to derive in situ continuous time series 

fluorescence products and instantaneous primary production from autonomous moorings, which 

offer the potential for high frequency, real-time Eulerian monitoring and investigation of 

phytoplankton dynamics. Satellite application of the reflectance-fluorescence algorithm is 

assessed last. From the satellite application the ability exists to provide a physiological proxy, Le. 

rP f ' or primary production estimates on synoptic, large spatial scales. Satellite application of the 

algorithm is potentially a very powerful tool for HAB monitoring and assessment of 

phytoplankton dynamics. 
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5.1 Primary Production 

5.1.1 Model Theory and Implementation 

Photosynthesis can be related to the instantaneous rate of sun-induced fluorescence based on the 

principle that cellular excitation energy can be channelled along three pathways to be utilised for 

photochemistry, emitted as fluorescence, or dissipated as heat. It was seen in equation 4.1 that the 

rate of fluorescence is expressed, in general terms, through the product of the fluorescence 

quantum yield and the rate of light absorption within cells. The instantaneous rate of 

photosynthesis at a particular depth can similarly be expressed via absorption rate and the 

photosynthetic quantum yield (Kiefer et al., 1989): 

P(z) = (EOPAR (z)). ([chla])· (a;). (¢J. dz (5.1) 

where P(z) (moIC.m-2.s-l
) represents the instantaneous rate of carbon fixation; EO PAR (z) is the 

photosynthetically available scalar radiation (PAR) (Einst.m-2.s-I
); [chla](mg.m-3

) signifies 

chlorophyH-a concentration; a; (m2.(mg chl-arl
) is the spectrally weighted mean chlorophyll-a 

specific absorption coefficient of phytoplankton; and ¢c (molC(Einstr l
) is the photosynthetic 

quantum yield. The models shown in equation 5.1 and equation 4.1 assume that the parameters 

that govern fluorescence emission rate and photosynthetic rate are the same, except for the 

respective quantum yields (Stegmann and Lewis, 1997). Equation (5.1) can be combined with 

equation 4.1 in the following way (Babin et al., ] 996): 

P(Z)=(~J'( EOF(Z») 
9Jf Q~(685) 

(5.2) 

90 



Univ
ers

ity
 of

 C
ap

e T
ow

n

To enable the estimation of primary production from equation (5.2), it is necessary to assume that 

Eo F (z) and P(z) are the only variable parameters, or that tPe /(tP f . Q~ (685)) is predictable 

(Kiefer et al., 1989). In an attempt to acquire a photosynthesis-fluorescence relationship, one 

approach is to use an empirical formulation obtained through the correlation between measured 

EoPAR(Z) and measured P(z)! Eop(z) (Chamberlin etal., 1990): 

( PC Z)) ( kef J (tPe J 
EoF(Z) == kef + Eo PAR (z) . tPf max 

(5.3) 

where (tPc ! tP f tax is the maximum value of the ratio of quantum yields, and kef is the value of 

irradiance when the ratio is equal to half of its maximum value. Both these parameters are 

empirical constants with values that differ between literature assessments, as determined by best­

fit rectangular hyperbolic functions. The kef parameter was given values of 133J!Einst.m-2.s-1 

(Chamberlin et al., 1990), 116!illinst.moz.s-! (Chamberlin and Marra, 1992), 1 87J!Einst.m
o2

.s
ot 

(Garcia-Mendoza and Maske, 1996), and 128.6J!Einst.m-2.s-1 (Stegmann and Lewis, 1997). The 

(tPc / tP f tax parameter was calculated to be 2.3Catoms.(photonr1 (Chamberlin et al., 1990), 

1.5Catoms.(photonrl (Chamberlin and Marra, 1992), 1.9Catoms.(photonr1 (Garcia-Mendoza and 

Maske, 1996), and 5.94 Catoms.(photonyl (Stegmann and Lewis, 1997). The wide ranges 

obtained for these constants are a result of field studies conducted in different ocean regions, and 

measurements made at different depths. For the purpose ofthis study, equation (5.3) can be 

integrated with depth and applied to fluorescence signals that are detected in situ or via satellite 

sensors. The integrated formulation derived from equation (5.3) is given in equation (5.4): 
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where P(d) is the vertically depth-integrated instantaneous rate of carbon fixation within the 

column of fluorescing cells to below the sensor depth, d , assumed to be the ocean surf1lCe for 

satellite detection. To account for the isotropic nature of fluorescence emission, 41l" has been 

factored into the P(d) calculation of equation (5.4). All parameters in equation (5.4) necessary 

for the calculation of P( d) are available from the reflectance-fluorescence algorithm, or 

assumed constant, as described in section 4.2.1 for in situ algorithm application, and section 4.3.] 

for satellite algorithm application. 

The approach described in equations (5.3) and (5.4) will be referred to as the 'Chamberlin 

method' . Another approach implemented by Stegmann et al. (1992), referred to as the' Stegmann 

method', presents the following expression: 

(5.5) 

where P( z) is integrated with respect to depth such that the contribution of all detected 

fluorescing layers below the sensor is incorporated into the estimation; the upper boundary of 

integration is infinity, since sun-induced fluorescence decreases with depth and then becomes 

insignificant (ibid.); LF (d) is the radiance due to fluorescence measured at the depth of the 

sensor, d , detected through a steradian solid angle, necessitating the factor 4Jr to account for 

isotropic fluorescence emission at all depths; Kt(m-1
) is the total diffuse attenuation coefficient 

over the PAR spectrum; and K f (m- I
) is the total diffuse attenuation coefficient for fluorescence 

at 685nm radiance. 

Stegmann et al. (1992) acquired an estimated constant value for ¢c I ¢ f empirically from the 

regression of measured production, fluorescence, and the ratio (Kt + Kf)/ K t in accordance 

with equation (5.5). The ¢c I ¢ f parameter was found to be 0.39molC.(Einstr' for a combination 

of 1645 data points obtained from a variety of ocean regions at different times of the day 

(Stegmann and Lewis, 1997). They concluded that a relative invariance observed in ¢c I ¢ f data 
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between different locations implied that a single tPc I tP f value could be applied to various 

geographicallocations. 

Therefore, this constant tPc / tP f value ofO.39molC.(Einst)"1 is adopted here to permit the 

calculation of instantaneous primary production from nesting of equation (5.5) into the 

reflectance-fluorescence algorithm. Nesting provides necessary input to the formulation. Diffuse 

upward radiance attenuation coefficients required for input to equation (5.5) are calculated via the 

reflectance algorithm using the Albert and Mobley (2003) formulation. LF (d) is calculated 

according to the FLH method outlined in section 4.2.1 for in situ application of the algorithm, and 

section 4.3.1 for satellite application. 

5.1.2 Assessment of Assumptions 

The rates of fluorescence and photosynthesis are related due to the fact that both these processes 

depend on the number of absorbed photons by the phytoplankton cell. However, for a robust 

correlation of fluorescence and photosynthesis with absorption, heat dissipation has to be 

accounted for. Estimates of heat dissipation are not easily quantifiable. 

The two methods considered to calculate instantaneous primary production differ in their 

treatment of tPc I tP f . Determining the relationship between photosynthesis and fluorescence 

from equation (5.2) would require the assumption that the tPc l(tPf . Q~(685) factor is constant 

(Kiefer et ai., 1989). Similarly, tPc I tP f is assumed constant according to the Stegmann method 

(equation 5.5). Alternatively the variability of the quantum yield ratio can be parameterised as a 

function of measured environmental variables such as PAR, e. g. according to the Chamberlin 

method (equation 5.3) (Chamberlin et al., 1990). 

The Stegmann method of photosynthetic rate estimation is limited by the unpredictability of the 

tPc I tP f term, due to the variability of tPc I tP f (Babin et al., 1996) with environmental variables 

(Chamberlin and Marra, 1992; Stegmann and Lewis, 1997), species variation.(Stegmann et ai., 

1992) and light intensity (Chamberlin et al., 1990) as described in section 2.3. The Chamberlin 

method requires the adoption of empirical constants that vary among studies. Variability in these 

parameters seen in published data is attributable to empirical derivations made in different ocean 
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systems, with different water types, and phytoplankton assemblages, and thus due to 

phytoplankton physiological variability (Garcia-Mendoza and Maske, 1996). Both methods are 

limited with respect to primary production estimation. 

Calculated P( d) relates to instantaneous production, whereas daily production is more 

commonly used, and is normally of greater interest (Behrenfeld and Falkowski, ] 997). Scaling 

problems can be overcome to some extent with high frequency in situ derivations through 

multiple estimates of the instantaneous rate. However, for single in situ or satellite acquisitions 

the problem remains. In terms of satellite and in situ applications it must be considered that the 

observed fluorescence signal might originate from a relatively thin layer of the ocean, whilst 

carbon fixation occurs throughout an extensive part of the water column (Morel and Berthon, 

1989). This problem is a source of contention in the field ofbio-optics. It should be noted that the 

application of the reflectance-fluorescence algorithm to the estimation ofinstantaneous primary 

production in this study is a preliminary analysis, and it is intended to contribute in an 

experimental sense towards operational monitoring purposes. The main interest ofthe study is to 

characterise phytoplankton physiology, and assemblage structure, and not to produce a robust 

estimation of production. 

Consistent with the assumptions regarding the reflectance-fluorescence algorithm, the 

Chamberlin method (equation 5.4) assumes that all parameters, apart from EoPAR(z) , are 

independent of depth (Stegmann et al., 1992). AU parameters are assumed to be wavelength­

independent (ibid.). These two assumptions also apply to the Stegmann method (equation 5.5). 

The Stegmann method does not account for nonIinearities in the photosynthesis-irradiance and 

fluorescence-irradiance relationships (ibid.). 

In-depth assessments of the performance and inherent errors ofthe Chamberlin and Stegmann 

methods are discussed in the appropriate literature. 

Assumptions discussed in section 4.2.2 with regard to relevant algorithm parameter calculations 

are also inherent in the calculation of P(d) according to equation (5.4). 
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5.1.3 Parameterisation of ¢e I ¢ f 

It is apparent from equation (5.2) that the ability to predict instantaneous primary production from 

sun-induced fluorescence depends on the ratio ¢e I ¢ f (Chamberlin and Marra, 1992), which is a 

variable parameter. An assessment of measured ¢e / ¢ f data of the southern Benguela might 

indicate an appropriate parameterisation that is specific to this region. In this section the 

measured ¢e / ¢ f data from the Lamberts Bay 2005 field survey (see chapter 3) are examined 

together with measured environmental variables to see if it is possible to parameterise ¢e I ¢ f . 

Methods regarding data acquisitions and parameter derivations are described in section 3.1. Since 

measured ¢e / ¢ f data are only available from the Lamberts Bay 2005 field survey, no rigorous 

assessment is possible in this regard. The dataset is very small, and it relates to specific ocean and 

phytoplankton assemblage conditions. It is thus not representative ofthe system in general, and 

any parameterisation derived from the data would be considered inadequate. Nonetheless, the 

data are examined as a first analysis of possible ¢e I ¢ f parameterisation in the southern 

Benguela. 

Plotting measured ¢e I ¢ f against [chla] for both the surface and 5-meter data together does not 

reveal a clear trend. However, separate depth treatments are shown in figure 5.1 with bootstrap 

regression analyses (see section 3.3) performed on measured ¢e ! ¢ f versus measured [chla] 

surface and 5-meter data. Simple linear trends are shown, since they provide the highest r2 values. 

Since few data points are available for regression, the relationship is considered uncertain. In the 

case of surface data the? is found to be 0.37, whilst the 5-meter data have an? of 0.58. The 

¢Ie I ¢If data of phytoplankton at the surface is much lower compared to the 5-meter data, and it 

varies within a much smaller range. The difference between ¢e I ¢If at these two depths is 

expected, since this parameter is known to behave in a distinct way near the surface where light 

intensity is high (see section 2.3.3). Both ¢If and ¢c decrease with increasing light intensity 

(Chamberlin et al., 1990), i.e. an increase is seen in these parameters with depth (Babin et al., 

1995). Similarly, ¢e I ¢ f is known to decrease with an increase in light intensity (Chamberlin et 

al., 1990). Near the surface, due to photo adaptation, a larger proportion of photo protect ant 

pigments within cells cause a relative paucity in excitation energy to be fluoresced or used in 
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Figure 5.1: Bootstrap regression analyses of <Pc / <Pf against [chla] for surface data, and data 

obtainedfrom 5 meters. 

60 

Expanding the discussion of <Pc / <P f variability with light, figure 5.2 (a) indicates a noticeable 

trend between <Pc / <P f and PAR, when data at both depths are considered. Surface data are 

shown in red, and 5-meter data are shown in black. A value of? is found to be 0.63 when the 

relationship between <Pc / <P f and PAR is approximated by a power law function. It appears that 

<Pc / <Pf varies distinctly according to two separate light regimes. Below approximately 

300Iillinst.m·2.s·l
, <Pc I <P f is seen to decrease roughly linearly with PAR, but above this light 

intensity <Pc I <P f decreases at a slower rate with increasing light intensity. Comparable trends are 

also evident in the literature (Chamberlin et al., 1990; Chamberlin and Marra, 1992; Garcia­

Mendoza and Maske, 1996). The Chamberlin method of parameterisation is based on a similar 

relationship. The relationship seen in figure 5.2 (a) reinforces the knowledge that PAR is a major 

determinant of <Pc I <P f . 
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Figure 5.4: Data 01 measured tPc I tP 1 plotted 

against nitrate concentrations. 

1" 

variable in upwelling systems, where its 

variability is typically linked to water 

temperature. However, nitrate is much more 

useful in nitrate limiting conditions. In the 

southern Benguela nitrate is not always 

limiting and it is possible to have 

considerable phytoplankton growth on 

reduced nitrogen nutrients (Probyn et ai., 

1990); it is therefore not an appropriate 

parameter for parameterisation with 

tPc I tP 1 . Assessment of tPc I tP 1 with water 

temperature and phytoplankton effective 

diameter data revealed no clear trends. 

In an attempt to uncover a predictable quantum yield ratio, the regression analysis of measured 

tPc versus tP f is also examined (not shown). Values of linear r2 of both the surface data and the 5-

meter data are low, revealing no clear trends between these parameters. Few data points are 

available for the analysis, thus rendering the result somewhat inconclusive. 

5.1.4 Initial Comparison of Production Methods 

The limitations of the few measured data available from this study prevent the prediction of 

variable tPc I tP 1 in the southern Benguela. The Chamberlin and Stegmann methods are therefore 

implemented as an experimental approach to estimate instantaneous primary production through 

the reflectance-fluorescence algorithm, although these methods have been derived empirically 

from data specific to other ocean regions. Nesting of these formulations into the reflectance­

fluorescence algorithm enables the calculation of instantaneous primary production from in situ 

optical near real-time buoys, and from space via satellite. 

Values for the empirical constants, kef and (tPc I tPf)max of equation (5.4) are adopted from field 

studies expressed in the literature, since the available field data are also not sufficient to calculate 

appropriate constants for the southern Benguela system. The adopted constant values are from 
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Hyper I SRB Ii old .a~'I"ired "ptical uala (SCf 
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Ouorescence alg,orithm in order to calculate 

I' accOfding to eq"alion (5.4) and equ"lion 

(5.5). Fib'llr" 5.5 slmws the results ohm,ned. 
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tluor=ence and rroduction ob'cf\·ed by S{e~mllnn ~, "I. (19<)2) al high irr.diance iOlcn,;lie' 

"aused them to consider the future incorl"'ratioll of Ihe nonlinear component into C<1 umion (5.5). 
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5.2 Fluorescence Algorithm with Bio-Optical Moorings 

The reflectance-fluorescence algorithm can be applied to in situ measured hyperspectral optical 

data that is acquired near real-time via sensors on the BOB mooring. It enables the semi­

continuous assessment of fluorescence parameters, and the instantaneous primary production for 

the assessment of phytoplankton dynamics and HAB development. 

Two time series, each of approximately one-month duration, are considered in the assessment of 

in situ application of the reflectance-fluorescence algorithm. Half-hourly radiance and irradiance 

daytime data acquired from BOB are input into the reflectance-fluorescence algorithm to obtain 

calculated output of [chla] , phytoplankton effective diameter, FLH intI' tPj' and P. Since the 

mooring is equipped with a thermistor chain it is also possible to acquire temperature data at the 

same frequency. 

The first time series is of data acquired during the summer from 27 January 2005 to 22 February 

2005. This period was characterised by an extensive warm event with a stratified upper column, 

and several upwelling events. Wind data from the South African Weather Service for the 

Lamberts Bay Nortier Station reveal that moderate northerly winds, thus not conducive to 

upwelling, predominated during the warm event, with short intermittent occurrences of 

southwesterly winds. Halfway through the time series the wind became persistently southwesterly 

and relatively strong, causing a major upwelling event. Towards the end of the time series, 

warming of the upper water column coincided with moderate northerlies. No field-measured data 

are available for this time series. The second time series occurred during autumn from 01 April 

2005 to 04 May 2005. Initially southeasterly winds were associated with cooler waters, which 

became southerly for an extensive period, during which the water column warmed slightly, 

showing weak and deep stratification. With northwesterly winds halfway through the time series, 

the upper water column became approximately mixed in terms of temperature, and relatively 

warm. Towards the end of the series the wind changed rapidly from southerly to northerly, and 

then from southeasterly to northerly. A field survey overlaps with the first week ofthe time 

series, so some measured data are available for interpretation. High biomass HAB events 

occurred during this time, which was dominated by the dinoflagellates, Prorocentrum triestinum 

and Ceratium furca. The occurrence and relative extent ofHABs are known to be greatest during 

the latter part of the upwelling season (Pitcher and Calder, 2000). 
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Data for the period 27 January 2005 to 22 February 2005 is seen in figure 5.6. Measured data 

include temperature and wavelength-integrated Ed (0+, A) , denoted EdinJO+). Reflectance­

fluorescence algorithm-derived parameters are also shown. 

The following information can be inferred from the data. The last stage of an upwelling event 

occurs at the onset of the time series considered. Values of [chla] , derived from the reflectance 

algorithm, are seen to increase significantly as the water temperature increases, and then decrease 

again for the duration of the quiescent phase of stratified, high upper water column temperatures. 

It is these stratified waters that are most typically associated with HAB events in the southern 

Benguela, which are normally dinoflagellate bloom events (Pitcher et al., 1998). A brief 

incidence of cooler surface waters follows the warm spell, concurrent with increased [chla] , 

which subsequently fluctuate with relatively high surface temperatures. An extensive upwelling 

period causes [chlaJ to decrease appreciably. The end of the time series suggests a slight 

increase in temperatures, and a consequent increase in [chla]. Effective cell diameter data 

fluctuates considerably, although maximum diameters are seen to persist at the onset ofthe final 

cold event. 

The general trend detected in FLH inll seems to correspond roughly to [chla], consistent with 

the analysis of measured data in section 3.4, and literature analyses (Neville and Gower, 1977). 

Note that the assessment of fluorescence emission through the FLH technique is assumed here to 

be valid for data points of [chla] no higher than 50mg.m-3
; all data points above 50mg.m-3 are 

neglected. Relative intensities of Edin' (0+) from day-to-day show no clear trend with FLHinI1 , 

but over the period of one day the diurnal FLH intI patterns are evident as is suggested in 

literature field studies (Kiefer et al., 1989). Minimum FLH in! I is seen during the morning in 

concurrence with lowest Edint (0+) intensities. Both parameters show parallel increases during 

the morning to become maximal around midday, followed by decreasing trends towards evening 

(ibid.). <PI values reveal no obvious trends from day-to-day, but diurnal depressions can be 

detected on most days, which is discussed in terms ofIiterature findings in section 2.3.3. A 

possible cause for the maximum peak observed in "the <PI data cannot easily be assessed from the 

available data. The chlorophyll-a specific instantaneous primary production, p' , calculated from 
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equation 5.4 (Chamberlin et al., 1990) is relatively unvarying for most of the time series, but 

values are observed to increase drastically during the period of extensive upwelling, when [chla] 

is lowest. Diurnal midday depressions of p' are evident on most days as seen in the literature 

(Stegmann and Lewis, 1997). 

Between 13/02 and 18/02 a prominent event can be seen. High effective phytoplankton cell 

diameters suggest that diatoms dominated the cold, newly upwelled surface waters. This period is 

associated with relatively low [chla J and thus low values of FLH int I' but p' increased 

dramatically towards the end of this event. 

Assessment of the reflectance-fluorescence algorithm during the autumn period of 01 April 2005 

to 04 May 2005 is shown in figure 5.7. The same measured and calculated parameters are 

represented as is shown in figure 5.6. 

Temperature data reveal a brief period of cooler upper column water, which becomes replaced 

with relatively warm water that persists through the remainder of the observable temperature 

series. A warm surface mixed layer is suggested in the relatively uniform water column 

temperatures observed, which deepens toward the final measured segment ofthe series. 

Calculated [chla] values are relatively higher than data observed in the time series offigure 5.6, 

which occurs earlier in the upwelling season, confirming the higher occurrence of blooms later in 

the upwelling season (Pitcher and Calder, 2000). These high [chla] values corresponded to HAB 

events. Large effective cell diameters are seen to dominate throughout the majority of the time 

series. During the first week the large diameters are known to correspond to Ceratiumfurca. 

Calculated parameter data appear messy due to the 50mg.m-3 [chlaJ restriction that was 

necessary for the viable operation of the FLH technique of the algorithm (see section 4.5.1), and 

due to the fact that the data is characterised by very high biomass waters and HAB events. It is 

thus not easy to identifY trends in the data. In contrast with figure 5.6, FLHinll does not show an 

obvious trend with [chla]. Instead, FLH intI appears to relate more to Edint (0+) on a day-to-day 

basis. Values of E dint (0+) are generally lower during the autumn series than observed through 

the summer period. This confirms the literature findings, mentioned in section 5.1.3, which show 

that under low intensity light conditions fluorescence emission of phytoplankton assemblages 
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depends on the incoming light, whilst at high intensity light conditions fluorescence emission is 

closely correlated with biomass (Babin et al., 1996). FLH intl data show a diurnal response on 

most days, manifested in midday maxima. <PI is relatively invariable from day-to-day during 

most ofthe time series, but higher variability corresponding to lower biomass is observed towards 

the end of the series. Periods of invariability show <PI values that fall within a relatively narrow 

and similar range than <PI values during the summer period. This range is roughly between 0.002 

and 0.008, which agree well with surface measured <PI quoted in the literature, e.g. the measured 

<Pf range of 0.005 - 0.01 (Maritorena et al., 2000). Values of <PI derived from measurements of 

the Lamberts Bay 2005 field survey (see chapter 3) were found to be within the range 0.00] -

0.01. Small variability in <PI and messy data prevent a significant <PI diurnal trend to be 

identified. Large variability in p' can be seen towards the end of the series. 
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Figure 5.8: Calculated <P f versus measured surface temperature (aJ for the series 27 January 2005 to 

22 February 2005, and (b) for the series OJ April 2005 to 04 May 2005. 

To further assess the possibility of using calculated <P f as a remote sensing physiological proxy, 

calculated <Pf values obtained from the two time series are plotted against measured surface 

temperatures in figure 5.8. Temperature data are available from thermistor chains on in situ 

radiometric mooring systems, as well as from satellite imagery. Temperature is thus an 
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The reflectance-fluorescence algorithm is a useful tool for assessing remote in situ time series 

data, or in situ near real-time continuous fluorescence products, including tjJ f that might be used 

as a physiological proxy, and the instantaneous primary production. Considering the summer and 

autumn time series, it still appears that the complexity of the southern Benguela system hinders 

the ability to distinguish causal factors of fluorescence variability within natural assemblages. 

Some of this apparent complexity might be due to the fact that light measurements are made on a 

Eulerian mooring within a highly dynamic system, which can cause parameter interpretation to be 

difficult. Variability in the calculated values of tjJ f and FLH intI are seen to correspond to 

literature assessments ofthe variability. Magnitudes of these parameters are also seen to agree 

with published data. It can therefore be deduced that the algorithm provides a good estimation of 

these parameters in the southern Benguela. The two time series suggest that natural assemblage 

tjJ f as a sensitive, remote Eulerian estimation of phytoplankton physiology is not easily 

interpreted, and it does not straightforwardly indicate broad phytoplankton group distinctions. 

These aspects would have to be studied further. 

5.3 Satellite Application 

Deriving fluorescence parameters from satellite images of Pnorm is very valuable. It is the only 

independent means of physiologically related measurements from space. Phytoplankton 

physiology can thus be assessed synoptically over extensive regions of the globe. For this study 

MERTS level 2, FR images of Pnorm are input into the reflectance-fluorescence algorithm to 

acquire the desired parameters. 

Figure 5.10 and figure 5.1 I show images of sea surface temperature (NOAA) and reflectance­

fluorescence algorithm derived [chla], effective diameter, chlorophyll-a specific FLH int' tjJ f, 

and p' for 12 April 2005 and 28 March 2006, respectively. MERIS synoptic Pnorm imagery 

used for the derivations were acquired off the western coast of South Africa in the early morning. 

White patches that appear over the ocean on the derived images depict clouds. The images are 

mostly cloud free. The fluorescence portion of the reflectance-fluorescence algorithm was 

restricted to the analysis of Pnorm data that corresponded to pixels with [chla] values below 
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50mg.m-3
• Images of tP f, chlorophyll-a specific FLH int ' and p' show dark blue regions that 

represent pixels exceeding the [chla] limitation and were therefore not analysed. 

Interpretation of satellite products derived from the reflectance-fluorescence algorithm can be 

done in a simplistic way by making certain crude assumptions. It is assumed that the various 

phytoplankton assemblages depicted in an image have similar light histories, and that they are 

photoadapted to their surface environment. Also, it is assumed that the ambient light intensity is 

not excessive for phytoplankton, which is viable for images acquired in the morning, and that the 

light field does not vary significantly over the region depicted in the image. 

The temperature image of 12 April 2005 in figure 5.10 depicts upwelling along the coast. Very 

cold 11 DC and 12DC, recently upwelled water is seen south of Cape Columbine, stretching to 

south of Cape Town. Newly upwelled water of 12DC can also be seen near the coast in the most 

northern coastal region depicted in the image. A very large and high biomass phytoplankton 

bloom is seen right outside St. Helena Bay as depicted in the [chla] image, and a slightly lower 

biomass bloom is elongated northward. The algorithm associates the cores ofthese blooms with 

cells oflarge effective diameters. The oceanic northwestern part of the image that corresponds to 

~ 17DC water has effective diameters that are also reasonably high. 

The image of chlorophyIl-a specific FLH int offigure 5.10 seems to correspond to the effective 

diameter image in some respects. Large effective diameters of the elongated northern bloom, as 

well as the northwestern oceanic region, correspond to relatively low chlorophyU-a specific 

FLHint • Low effective diameters associated with a tongue of cool waters from the south, and 

stretching north westwards off the coast from Cape Columbine, reveal relatively high 

chlorophyll-a specific FLH int' This inverse trend is also seen in the small newly upwelled region 

near the north coast. The trend hints at a potential phytoplankton assemblage effect that might 

dominate chlorophyll-a specific FLH int variability. Phytoplankton cells of the southwestern 

warm water region do not reveal this trend. 

The assumptions regarding the phytoplankton light environment mentioned above simplify the 

assessment of tPf in terms of phytoplankton physiology. Possible effects of photo damage on the 
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variability of t/J f are assumed to be negligible. Heat dissipation of absorbed light energy is 

thought to contribute to t/J f variability of phytoplankton cells in a consistent manner throughout 

the region depicted in the image. If it is assumed that an assemblage consisting of similar 

effective diameters constitutes approximately the same phytoplankton groups, then the variability 

of t/J f occurs mainly as a result of changes in photochemistry and nutrients (see section 2.1.3). 

The north coast newly upweUed region that shows similar effective diameters reveal pixels of 

high t/J f corresponding to the 12°C water of the temperature image. Maximum t/J f corresponds 

to the coolest water. This is not consistent with relatively high nutrient concentrations due to new 

upwelling, or with the higher photochemistry efficiency expected in such waters. The result may 

be due to the effect of cloud that is visible in the northern region, or it might be an artefact of 

algorithm analysis in the vicinity of cloud. Low t/J f pixels are seen near the coast that stretches 

between Cape Columbine and Cape Town. The newly upwelled waters and concurrent high 

nutrient concentrations, as well as a probable increased photochemistry efficiency of 

phytoplankton cells, cause t/J f to be relatively low. 

Instantaneous primary production is high off Lamberts Bay, in the region of high [chla], and also 

along the cool tongue of water extending from the south. 

On 28 March 2006 (figure 5.11) the upwelling event is more extensive towards the north and the 

upwelled water is colder as compared to 12 April 2005. The newly upwelled cold water (~11 0c) 

extends along the entire coast. Water with a temperature of 9°C occurs along the coast between 

Cape Columbine and Cape Town, as well as further north. Blooms are visible northwest of St. 

Helena Bay and offshore along the Cape Columbine to Cape Town coast. A high biomass bloom 

is seen in the far north, which was not analysed for fluorescence parameters. It becomes less 

concentrated southwards and parallel to the coast. This bloom is seen to consist almost 

exclusively of very high phytoplankton effective diameters. The other blooms consist of a 

mixture of relatively high effective diameter cells. West of the blooms and parallel to the coast, a 

band of relatively high effective diameters can be seen. 

Chlorophyll-a specific FLH,nt again reveals the inverse trend with effective diameter, except for 

phytoplankton of the warm southwest region and in the direct vicinity of the coast. The 

111 



Univ
ers

ity
 of

 C
ap

e T
ow

n

, 

11 2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

phytoplankton bloom northwest off St. Helena Bay shows low tP f in its southern section, but 

elevated ¢ f in the northern part of the bloom. If the entire bloom consists of a similar 

assemblage, then its physiology can be described in terms of disparate nutrient availability or 

photochemistry efficiency. Since the northern part of the bloom extends into relatively warmer 

waters, it is possible that nutrient concentrations were lower there, which could explain higher 

¢f in the north. However, the northern and southern parts of the bloom might consist of very 

different assemblages, which might be the reason for the differences in tP f . Instantaneous 

primary production is high in the region west of the high biomass bloom, and low inside the 

bloom. 

Reflectance-fluorescence algorithm parameters derived from satellite Pnorm images, in 

combination with the temperature images, have great potential for the synoptic assessment of 

phytoplankton assemblage physiology and group composition in their natural environment. The 

interpretation difficulties caused as a result of advection past a Eulerian point, emerging in the 

analysis of in situ bio-optical assessments, are removed when the parameters are considered via 

an extensive synoptic image. Some simplifYing assumptions are possible in the interpretation of 

parameter images, such that phytoplankton physiology can be assessed via images of calculated 

¢ f . ChlorophyIl-a specific FLH in! images show that it might be possible to draw some 

assemblage distinctions. Interpretative abilities of parameter images can be improved by viewing 

time series of satellite images, such that development of blooms and the fluorescence parameter 

responses can be considered jointly. 

5.4 Summary 

The reflectance-fluorescence algorithm allows the assessment of fluorescence parameters as 

Eulerian, in situ data in combination with environmental and assemblage indicators, such as 

temperature, ambient light intensity, effective diameter, and biomass. Interpretative abilities of 

these parameters are slightly hampered by the complexity of the southern Benguela system, 

especially from the perspective of a Eulerian instrument in a dynamic system. Interpretation is 

improved through application of the reflectance-fluorescence algorithm to satellite imagery that 

enables certain simplifYing assumption to be made with regard to phytoplankton physiology. This 
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application has great potential, since it allows the physiological assessment of phytoplankton 

from space. A substantial amount of information can be deduced from the derived imagery 

examined in conjunction with environmental and assemblage indicators, but it is necessary to 

study more images for better interpretative abilities. Instantaneous primary production estimates 

are viable, although they are not expected to be accurate, and might be useful when bloom 

development is studied. These estimates might be valuable in a qualitative sense. 

114 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 6 

Conclusion 

The rate of fluorescence by phytoplankton cells relates to cellular mechanisms that ensure light 

absorption, excitation energy transport, photochemistry, and heat dissipation. Fluorescence 

variability within a phytoplankton cell thus indicates physiological change. Additionally, 

fluorescence differences between cells might be due to species dissimilarity. The fluorescence 

quantum yield parameter provides a direct means for the assessment of fluorescence-related 

change at the phytoplankton cellular level. 

Sun-induced fluorescence of phytoplankton is measured through passive techniques. This study 

shows the viability of using autonomous bio-optical instruments for the remote estimation of sun­

induced fluorescence of phytoplankton in the natural marine environment, and the derivation of 

the fluorescence quantum yield. The technique is useful, since it allows the real-time 

investigation of phytoplankton physiology in situ. Moreover, phytoplankton physiology can be 

examined synoptically over extensive spatial scales from space. No other independent means 

exists for physiologically related measurements from space. Furthermore, the potential exists to 

make phytoplankton group distinctions remotely, as well as studying phytoplankton primary 

production rates qualitatively. These parameters will provide much insight into the development 

and decay of blooms, and towards general phytoplankton dynamics in the natural marine 

environment. 

Physiological state of phytoplankton assemblages depends appreciably on the environmental 

conditions. Fluorescence emission rate, the fluorescence quantum yield, and other related 

physiological parameters, such as the photosynthetic quantum yield, vary with environmental 

factors. Various published investigations of these parameters, through both passive and active 

techniques, show variability with light intensity and nutrient availability. In the dynamic ocean 

environment the various causal factors of fluorescence variability affect assemblages in a 

complex way, and in relation to the particular groups constituting an assemblage. Therefore, 

interpretation of fluorescence variability of marine phytoplankton is complicated. 
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Data acquired from the field survey provided insight into the variability of fluorescence 

parameters with environmental variables, although the results reflected very specific ocean 

conditions and assemblage compositions of the southern Benguela. Assessment ofthe data with 

the purpose of obtaining a general functional physiological proxy regarding the remote 

interpretation of assemblages was thus not viable. Variability of fluorescence parameters as a 

result of assemblage differences was suggested in field data trends. The data generally resembled 

published evaluations of fluorescence parameter variability, and factors forcing the variability 

were found to contribute in a complex way. 

The algorithm developed for the purpose of this study calculates viable fluorescence parameters 

from hyperspectral in situ radiometer data, and from multi-spectral satellite spectroradiometer 

imagery. The algorithm therefore provides a useful tool for the autonomous real-time in situ 

assessment, and the spatially extensive synoptic estimation, of sun-induced chlorophyll-a 

fluorescence and the fluorescence quantum yield of natural phytoplankton assemblages. It was 

found that the reflectance-fluorescence algorithm cannot be operated at very high phytoplankton 

biomass. This implies that HAB events cannot be studied directly through algorithm-derived 

parameters. However, calculated fluorescence parameter variability during periods of relatively 

low phytoplankton biomass and during the formative stages of bloom events can be assessed. 

Knowledge of calculated fluorescence parameter variability provides insight to phytoplankton 

assemblage dynamics and physiology in relation to the changing ocean environment. 

The study shows that instantaneous primary production can be calculated from derived 

fluorescence by incorporating published empirical relationships into the reflectance-fluorescence 

algorithm. Application of the reflectance-fluorescence algorithm to the estimation of 

instantaneous primary production is preliminary, and it is intended to contribute in an 

experimental sense towards operational monitoring purposes. Estimations are not expected to be 

robust, but they might contribute to the assessment of phytoplankton dynamics in a qualitative 

way. 

Time series of environmental variables with relation to derived fluorescence parameters a.fibrd 

the investigation of their concurrent temporal variability. Interpretation of the variability is 

complicated by the fact that in situ moorings are Eulerian. In the dynamic southern Benguela, 

advection of phytoplankton patches and water masses prohibits the study of distinct, and stable 

environmental and assemblage conditions. Derived satellite imagery of fluorescence parameters, 
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in combination with temperature imagery, and calculated effective diameter and chlorophyll-a 

concentrations portray useful information regarding phytoplankton dynamics. When certain 

acceptable simplifYing assumptions are made, much can be inferred about differences in 

assemblage structures, and physiological responses to the environment. Daily investigations of 

the imagery will reveal fluorescence variability of, for example, developing or decaying 

assemblages, which will assist in an understanding of phytoplankton dynamics over large spatial 

scales in the productive upwelling system. Considering these applications the study finds that the 

reflectance-fluorescence algorithm is a useful tool with regard to remote observations of 

phytoplankton dynamics. 

Future endeavours necessary to build on the present study include more extensive field research 

in a variety of southern Benguela ocean conditions, and close inspection of in situ time series and 

satellite imagery fluorescence products in relation to available environmental variables. A more 

extensive dataset would allow robust validation of the algorithm products, and would 

consequently permit appropriate algorithm improvements. A large dataset will provide better 

insight into fluorescence variability of different assemblages with relation to the environment, 

and might reveal operationally useful empirical relationships, or generally applicable 

physiological proxies. Frequent investigation of algorithm products might reveal useful patterns, 

and it will improve the ability to interpret these products. 
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Appendix A 

Glossary of Symbols 

Unit 

Symbol (As adopted in this Description 

study) 

a, (Ii) m-I phytoplankton absorption coefficient 

a; (Ii) m2.(mg chl-ayl 
chlorophyll-a specific phytoplankton 

absorption coefficient 

-. m2.(mg chl-ayl 
spectrally weighted phytoplankton mean 

a" specific absorption coefficient 

a; (685) m2.(mg chl-ayl 
chlorophyll-a specific phytoplankton 

absorption coefficient at 685nrn 

a;ol(685) m2.(mg chl-ayl 
chlorophyll-a specific phytoplankton 

absorption coefficient in solution at 685run 

aw(685) mol absorption coefficient of pure water at 685nm 

mg C.(mg chl-ar'.h- I
. 

initial linear slope of the PIE curve a 
(J.!Einst.m-2.s-I

)"1 

J3 
mg C.(mg chl-a)"l.h-l. parameter that characterises photo inhibition 

(JlEinst.m-2.s-1
)"1 in the PIE curve 

c(685) mol beam attenuation coefficient at 685nm 

Cv run.s -I velocity of light in a vacuum 

Cj kg.m-3 intracellular chlorophyll-a concentration 

[chla] mg.m-3 chlorophyH-a concentration 

d m sensor depth 

dz m infinitesimally thin layer of seawater 

l'1¢'sat dimensionless Fv I Fm = l'1¢'sat 1(I'1¢'sat -1) from 
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saturating pump flash 

d2 nm spectral width of integration 

W -2 -I downward vector irradiance above the ocean /-L .cm .nm ,or 
Ed {O+, 2) 

Einst.m·2.s-1.nm-l surface 

Ed (0,2) Einst.m-2.s- 1.nm-1 downward vector irradiance just below ocean 

the surface 

EdPAR Einst.m-2.s-1 downward vector irradiance PAR 

Edint{O+) /-LW.cm-2 wavelength-integrated Ed(0+,2) 

EinsLm-2.s-1 
irradiance when linear part ofthe PIE curve 

Ek 
is extrapolated to Pm 

Eo (0, 2) Einst.m -2.S -I.nm-I scalar irradiance just below the ocean surface 

EO F Einst.m-2.s·1 
instantaneous rate of emitted phytoplankton 

chlorophyll-a fluorescence 

Eo PAR Einst.m-2.s-1 scalar irradiance PAR 

EoXe(2) Einst.m-2.s-l.nm-1 
spectrofluorometer xenon lamp scalar 

emiSSIOn 

F Einst.m-3.s-1 
phytoplankton chlorophylI-a fluorescence 

emission rate 

F* Einst.mil.s-I 
phytoplankton chlorophyll-a specific 

fluorescence emission rate 

FLHint Einst.m-2.s-1.s{1 spectrally integrated fluorescence line height 

Fo relative units 
active minimum fluorescence yield (dark 

adapted) 

Fm relative units 
active maximal fluorescence yield (dark 

adapted) 

Fv relative units active variable fluorescence (dark adapted) 

FvlFm dimensionless 
active maximum change in the quantum yield 

of fluorescence (dark adapted) 

Fcorr (2) Einst.m-2.s-1.nm-1 
spectrofluorometer xenon lamp-corrected 

sample fluorescence emission 

Finstr(2) counts spectrofluorometer sample fluorescence 
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emission 

h joules.s-] Planck's constant 

I Einst.m-2.s-' tungsten light intensity 

kef Einst.m02.s
01 irradiance when (¢c I ¢f)max is equal to half 

of its maximum value 

mol 
vertical diffuse attenuation coefficient for 

KpAR 
PAR 

Kt mol total diffuse attenuation coefficient for PAR 

total diffuse attenuation coefficient for 

Kf mol fluorescence at 685nrn 

radiance 

LF Einst.m-2.s-l .sr-J 
upward radiance signal detected due to 

emitted fluorescence 

W 02 01 01 
Lu(d,}.,) 

Il .cm .um .sr , or 
upward radiance at the sensor depth d 

Einst.m02.sol.nmol.sfl 

Lw(O+,q) W.m-2.nrno1 .sr"1 water-leaving radiance 

}., nrn wavelength in a vacuum 

N hrs hours of incubation 

q direction of light at specified wavelength 
sr, nrn 

detected by satellite 

P 
gramsC.m-:l.s-\ or phytoplankton photosynthetic rate, or 

mole.m-2.s-1 instantaneous rate of carbon fixation 

chlorophyll-a specific phytoplankton 

p* gramsc.m.(mg chI_arl.sol 
photosynthetic rate, or chlorophyll-a specific 

instantaneous primary production 

vertically depth-integrated instantaneous rate 

P(d) moIC.m-2.s-1 of carbon fixation within the column of 

fluorescing cells to below sensor depth 

P' mg C.m-3.h-1 
instantaneous rate of phytoplankton 

photosynthesis from prE experiment 

133 



Univ
ers

ity
 of

 C
ap

e T
ow

n

PB mg C.(mg chl-arl.h-I 
chlorophyH-a normalised instantaneous 

photosynthesis rate from PIE experiment 

maximum rate of photosynthesis in the 

Ps mg C.(mg chI-arl.h-1 absence of photoinhibition from PIE 

experiment 

Pm mg C.(mg chl-ayl.h- I 
maximum rate of photosynthesis from PIE 

experiment 

P680 unitless 
protein-complexed chlorophyll-a molecule; 

primary electron donor 

PQH2 unitless plastoquinoI 

Pnorm counts normalised water-leaving reflectance 

Qa unitless quinone; primary electron acceptor 

Qb unitless plastoquinone; secondary electron acceptor 

Q~(685) dimensionless fluorescence reabsorption factor at 685nm 

R dpm total activity scintillation count 

Rb dpm time zero scintillation count 

Rs dpm sample scintillation count 

RfilUt) counts filter pad reflectance 

Rrs sfl remote sensing reflectance 

To unitless time zero 

TA unitless total activity 

N 
relative functional absorption cross-section 

(YPSII 
for PSI[ 

¢f 
Einst emitted.(Einst 

phytoplankton fluorescence quantum yield 
absorbedyl 

¢c molC.(Einstyl phytoplankton photosynthetic quantum yield 

¢c I¢f moIC.(Einstyl phytoplankton quantum yield ratio 

¢m moIC.(Einstr l 
maximum phytoplankton photosynthetic 

quantum yield 

{¢c I ¢j)""", Catoms.(photony' maximum value of the quantum yield ratio 
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W mgC.m-3 weight oftotaJ carbon dioxide 

Ze m euphotic depth 

z m depth 

0+ unitless above the ocean surface 

0 unitless just below the ocean surface 
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W mg C.m-3 weight of total carbon dioxide 

Ze m euphotic depth 

z m depth 

0+ unitless above the ocean surface 

0 unitless just below the ocean surface 
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Appendix B 

Acronyms 

BOB 

DCMU 

ESA 

FLH 

FRRF 

HAB 

HPLC 

HyperTSRB 

MERIS 

PAM 

PAR 

P&P 

PIE 

PNF 

PSI 

psn 

PSU 

Benguela Optical Buoy 

3-(3,4-dichlorophenyl)-1,1-dimethylurea 

European Space Agency 

Fluorescence Line Height 

Fast Repetition Rate Fluorometry 

Harmful Algal Bloom 

High Performance Liquid Chromatography 

Tethered Hyperspectral Radiometer Buoy 

Medium Resolution Imaging Spectrometer 

Pulse Amplitude Modulation 

--
Photosynthetically Available Radiation 

Pump and Probe 

Photosynthesis-Irradiance 

Profiling Natural Fluorometer 

Photosystem I 

Photosystem n 

Photosynthetic Unit 
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