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Abstract

Numerous empirical data  from 9 large Polish-Russian research expeditions and 
other smaller expeditions to various regions of the World Ocean in 1978-1991 were 
used to compile this first approximate model of statistical relationships, chiefly be­
tween the concentration of chlorophyll a and the solar irradiance ju st below the sea 
surface on the one hand, and the vertical distribution of chlorophyll a, phytoplank­
ton absorption spectra, downward irradiance attenuation spectra, the quantum  
yield of photosynthesis, as well as other mean diurnal characteristics of prim ary 
production in waters of different trophicity on the other. These model relationships 
served to work out an algorithm for computing the vertical distributions of light 
energy and prim ary production characteristics in particular types of sea water from 
d ata on chlorophyll a concentration and irradiance at the sea surface.

* This paper was presented a t SPIE ’s 1992 International Symposium on O ptical Applied 
Science and Engineering - on the Conference ‘ Ocean Optics X I ’, San Diego 1992 and 
a similar tex t is printed in the Symposium proceedings, paper no. 1750-25. This study 
was supported by the M arine Optics Program m e of the Institu te  of Oceanology of the 
Polish Academy of Sciences in Sopot. Most of the large m arine research expeditions for 
collecting the empirical d a ta  used in this paper were organized and supported  by the P. P. 
Shirshov Institu te  of Oceanology of the Russian Academy of Sciences in Moscow.
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Verification of these model formulas with the aid of empirical da ta  from a va­
riety of sources has shown th a t they provide good results -  the mean statistical 
errors with respect to in situ measurements range from ca 10% to 80%, depending 
on the characteristic in question.

In order to improve the accuracy of this algorithm, a much larger number 
of statistical data  will be needed, and closer attention will have to be paid to 
the effect of nutrients and other environmental factors on the characteristics being 
assessed. This algorithm could be especially useful in the remote sensing of prim ary 
production in the ocean.

1. In tr o d u c tio n

T h e  assim ila tion  of ca rbon  and  flow of energy th ro u g h  m arin e  ecosystem s 
has becom e one of th e  prim e ta rg e ts  of oceanological research . T h is has 
resu lted  from  th e  need to  u n d ers tan d  a) th e  m echan ism s u n d erly in g  th e  
en v iro n m en ta l changes tak in g  place all over th e  p lan e t an d  b) th e  m eth o d s 
by  w hich th e ir efficient global con tro l w ould be feasible. A key process in th e  
carbon  and  energy cycles in th e  W orld O cean is p rim ary  p ro d u c tio n , and  
its  s tu d y  is an  in teg ra l p a r t  of th e  Jo in t G lobal O cean F lux  S tu d y  (JG O F S , 
1990). In m ost cases only th e  carbon  flux is exam ined w ith in  th e  fram ew ork  
of th is  P ro jec t. T h e  need for accu ra te  assessm ents of p rim ary  p ro d u c tio n  in 
th e  oceans has p ro m p ted  m an y  w orkers to  seek and  e lab o ra te  m odels and  
algo rithm s enabling  it to  be  e s tim ated  by o p tical rem o te  sensing m eth o d s.

T h e  aim  of th is  p ap e r, to o , is to  perfect m odels and  a lg o rith m s for asses­
sing p rim ary  p rod u c tio n  in th e  sea. In o rder to  g a th e r  sufficient em pirical 
d a ta , 9 large jo in t P o lish -R u ssian  research  exped itions (V inogradov , 1980; 
K oblentz-M ishke et al., 1985; V inogradov and  O zm idov, 1986; K oblentz- 
M ishke, 1987; O ceanologia, 28, 1990) and  several se p a ra te  ones (V inogra­
dov, 1971; M oroshkin , 1973; Sem ina, 1981, 1985; O ceanologia, 15, 1984; 
P on o m arev a  and  P a s te rn a k , 1985) w ere u n d ertak en  in various p a r ts  of th e  
Ind ian  O cean, A tlan tic , Pacific, B lack Sea and  B altic  from  1978 to  1991. 
D uring  these exped itions we w ere able to  m ake sim u ltaneous m easu rem en ts  
of th e  following param ete rs :

•  sea surface irradiance  ^ ( A , i , 0 ) and  its  d iu rn a l energy  to ta ls ;

• in  s itu  pr im ary  production P (z)]

• n u tr ie n t co n cen tra tio n  in th e  w a te r including inorganic nitrogen  
T ,  Ninorg[z)i

• chlorophyll a +  phaeophytin  concentration C a(z )  in th e  exam ined  w a­
ters;

• optical properties o f  the sea O P S ( z ) ,  includ ing  diffuse a t tenua tion  
coefficient o f  downward irradiance spectra K d {z ·, A) and  phytoplankton  
absorption coefficient spectra in  vivo api(A);



•  o th e r p ro p erties  of th e  m arin e  env ironm en t.

Som e d a ta  from  th e  lite ra tu re  w ere also used to  im prove a n d /o r  verify 
th e  m odels (R enk, 1973, 1990; T rzosińska, 1990; N akonieczny et al., 1991).

W e th en  sough t correlations betw een  these  q u an titie s  and  w orked ou t 
su itab le  s ta tis tic a l m odels of th e  processes involved. T h e  p re lim in ary  re ­
su lts  and  th e  m ethodo logy  of these  investigations have a lread y  been p u b ­
lished, m ain ly  by W oźniak (K oblentz-M ishke et al., 1985; W oźniak, 1987, 
1988, 1990; K oblentz-M ishke and  W oźniak, 1989; W oźniak an d  O strow ska , 
1990a,b; W oźniak and  Pelevin, 1991; Pelevin  et al., 1991). H ere w e p resen t 
a  synthesis of these  stud ies w hich, to  a  ce rta in  ex te n t, generalizes th e  set of 
m odels for assessing s ta te s  and  fo recasting  p rim ary  p ro d u c tio n  in oceans.

T h ere  now exist tw o different w ays of e s tim atin g  P  in th e  sea. One, 
originally  p u t fo rw ard  by R y th e r and  Y entsch (1957), is well know n and  
has been developed by  o th e r au th o rs  (see e.g. P a t te n ,  1968; P la t t  and  
G allegos, 1980; P la t t ,  1984). It is based  on a  m odel of th e  dependence of th e  
assim ila tion  n u m b er A N  — P / C a on th e  underw ater  irradiance E p a r  ( P A R  
denotes th e  Photosynthetically  Available Radia tion  in th e  400-700  nm  ran g e  
(M orel, 1978)). T h e  o th e r, p roposed  by K oblen tz-M ishke (K oblen tz-M ishke 
et al., 1985) is based  on a  m odel of th e  dependence of th e  photosyn the t ic  
efficiency (quantum  yield) $  =  R on th e  irrad ian ce  E p a r . E p a r  and  
th e  sp ec tra l irrad ian ce  Ed{A) are  in p u t p a ram ete rs  of th e  m eth o d . T h ey  
allow r/puR, th e  daily dose o f  Photosynthetically  Usable R ad ia tion  to  be 
calcu lated  (see form ulas (19 ),(2 0 )). N ote th a t  E p a r  is an  in p u t p a ra m e te r  
of b o th  m ethods.

So, in th e  form er case, th e  chlorophyll co n cen tra tio n  an d  E p a r  a re  nee­
ded to  ca lcu late  P ,  w hereas in th e  la t te r ,  th e  p lan k to n  ab so rp tio n  coefficient 
sp ec tru m  ap;(A) and  E d{A) are  required .

W e prefer th e  second m eth o d , as ap;(A) is a  m ore ac cu ra te  and  d irec t 
ch a rac te ris tic  o f th e  p h o to sy n th e tic  a p p a ra tu s , and  co rre la tes m ore closely 
w ith  P  th a n  C a■ So far, how ever, th is  m eth o d  has been litt le  used because 
of th e  lack of sufficient d a ta  sets on ap;(A). To c ircum vent th is  obstac le , we 
have for th e  tim e  being applied a  positive s ta tis tic a l m odel allow ing us to  
e s tim a te  ap;(A) using num erous d a ta  on C a.

T h e la te s t verified version of our a lgo rithm  for assessing p rim ary  p ro ­
duction  P  from  th e  surface chlorophyll a concentration  (^ (O ) and  surface 
irrad ian ce  Ed(X, t ,  0) is briefly described in th is  p ap e r. O ne could call it 
a  ‘ sp ec tra l a lgorithm  ’ because of th e  te rm s ap;(A) and  E d (A) in th e  exp res­
sion for p h o to sy n th e tic  efficiency. It con ta in s a  set of m odels an d  s ta t i ­
stical form ulas based on th e  em pirical m ate ria l m en tioned  earlier and  on



li te ra tu re  d a ta . T hese m odels include th e  re la tionsh ips be tw een  th e  bio- 
op tica l p a ram ete rs  listed  earlier and  th e  surface chlorophyll a +  phaeophy- 
tin  co n cen tra tio n  C a (0 ), w hich in th is  p ap e r ac ts  as th e  index  of p ro d u c­
tiv ity  (tro p h ic ity ) of W orld O cean w a te rs . F our m ain  tro p h ic ity  ty p es  are  
d istingu ished  by th e  following values of C a(0 ) expressed in [mg m - 3 ]: oligo- 
tro p h ic  ( 0 ) ,  C'a(O) <  0.2, m eso troph ic  (M ), 0.2 <  C a(0) <  0.5, in te rm ed ia te  
(I), 0.5 <  C a(0) <  1 and  eu tro p h ic  (E ), C a(0) >  1.0 (m ore  de ta iled  subd iv i­
sions a re  given in T able 1).

T ab le  1. Trophicity types, chlorophyll concentrations and the pigment indices of 
acetone extracts of phytoplankton from waters of different trophicity (authors’ own 
investigations)

Trophicity Ca range Number of Pigment index P,·
type data  logarithmic standard range of

mg m ~3 mean Pi variation

O -l 0 .0 2 - 0.05 54 11.5 9.51 - 13.9
0 - 2 . 0 .0 5 - 0.10 233 8.3 6.43 - 10.7
0 -3 0.10 - 0.20 298 5.0 3 .9 7 - 6.30
M 0 .2 0 - 0.50 303 3.9 2.93 - 5.20
I 0 .5 0 - 1.00 360 3.5 2.61 - 4.70

E - l 1 .0 0 - 2.00 520 3.0 2.25 - 4.00
E-2 2 .0 0 - 5.00 410 2.7 2.08 - 3.50
E-3 5 .0 0 - 10.0 398 2.4 1.99 - 2.90
E-4 1 0 .0 - 20.0 220 2.3 1.96 - 2.70

w here
0  -  oligotrophic waters divided into 3 sub-types,
M -  mesotrophic waters,
1 -  interm ediate waters,
E -  eutrophic waters divided into 4 sub-types,
all characterized by chlorophyll concentration Ca ranges.

2. A n  a lg o r ith m  for e s t im a t in g  p r im a ry  p r o d u c tio n  and  
r e la te d  c h a r a c te r is t ic s

2.1. A  block diagram  o f th e algorithm

Figure 1 shows th is  a lgo rithm . It con ta ins se p a ra te  in p u t p a ram e te rs  
for co m p u ta tio n s (blocks 2 and  3, plus block 1 w hich can be b ro u g h t in to  
use as an  aux iliary ), m odel form ulas ap p ro x im a tin g  th e  re la tio n sh ip s  be­
tw een chlorophyll co n cen tra tio n , th e  o p tical p ro p e rtie s  of p h y to p lan k to n



Fig. 1. Block diagram of the algorithm for estim ating prim ary production and 
related characteristics in the sea



and  sea w a te r, u n d e rw a te r irrad ian ce  and  p h o to sy n th e tic  efficiency (blocks 
4, 5 and  6), as well as any  ch arac te ristic s  of p h o to sy n th esis  an d  th e  envi­
ro n m en t th a t  can be calcu lated  (blocks 7, 8 , 9 and  10).

T h e  discussion in th is  p ap e r will cen tre  a ro u n d  th o se  asp ec ts  of th e  
d iag ram  w hich are  innovative  or con ta in  new , m ore precise fo rm u la tio n s 
th a n  those  to  be found in th e  l ite ra tu re  and  our earlier pub lica tio n s. In th is  
co n tex t it is m ain ly  th e  m odel ap p ro x im a tin g  form ulas in blocks 4, 5 and  
6 and  th e  first d ra ft of th e  re la tionsh ip  betw een  blocks 2 an d  1 th a t  are 
m ean t.

2.2. Input data (blocks 2, 3 and 1)

T h e  in p u t d a ta  for co m p u ta tio n s (blocks 2 and  3 in F ig. 1), i.e. (7a(0) 
and  th e  dow nw ard irrad ian ce  a t  th e  sea surface E d ( \ , t ,  0), can be o b ta in ed  
by an y  of th e  available m eth o d s, i.e. trad itio n a l in  situ  m easu rem en ts , 
rem o te  sensing, m odelling etc. F u rth erm o re , C a(0) can be rough ly  e s tim a ted  
from  know n values o f th e  te m p e ra tu re  T  and  th e  co n cen tra tio n  of b ound  
inorgan ic n itrogen  ^  Ninorg >n th e  surface layer of th e  sea. T h is  suggested  
tran s itio n  from  block 1 to  block 2 will be fu r th e r discussed in c h a p te r  4.

2.3. D ependences b etw een  vertica l profiles o f  ch lorophyll 
concentration  C a{ z ) and th e  surface concentration  C a (0) 
(b lock 4)

A nalysis of ca 1500 vertical profiles o f  chlorophyll concentra tion  C a( z ) 
o b ta in ed  during  th e  research  expeditions m en tioned  previously  yielded ap ­
p ro x im atin g  form ulas of C a(z )  as a  func tion  of (^ (O ) for p a r tic u la r  hydro- 
logical s itu a tio n s  and  w a te rs  of d ifferent tro p h ic ity  (M orel an d  B erth o n , 
1989): one set of profiles for s tra tified  w a te rs  and  an o th e r for w ell-m ixed  
w ate rs .

T h e  ana ly tica l expression con tain ing  th e  sum  of tw o  co m ponen ts -  
a  d ep th -in d ep en d en t co n stan t C const and  a  d e p th -d e p e n d e n t variab le  
C m e x p { - [ ( z  -  z max)a z]2} expressed by th e  G auss fu n c tio n  -  p o s tu la te d  by 
Lewis et al. (1983) and  o th ers  (P la t t  et al., 1988; M orel and  B erth o n , 1989; 
S a th y en d ra n a th  et al., 1989) w as regarded  as th e  function  ap p ro x im a tin g  
to  th e  em pirical profiles C a(z )  in s tra tified  w ate rs . For w ell-m ixed  w ate rs  
C a w as in itia lly  assum ed to  be in d ep en d en t of d ep th . T h e  slight bum ps 
on th e  em pirical curves from  th ese  w a te rs  can be d isregarded . T h e  p rinci­
pal form ulas of th is  co m p u ta tio n  m odel, o b ta in ed  by n o n -lin ea r regression 
m eth o d s, a re  as follows:

for s tra tified  w aters

n  t _  n  <c\\ Cconst +  C m exp{ — \ f z  — z max)crz]2}
^ a ( Z J  —  )  —  — —; (  f 7 “  \  1 2 i  >

Cconst 4" ®XP\ [\Zmax)&z] }



where:
C  — 1 n [-0 -4 3 7 + 0 .8 4 4 1 o g C ,,(0 )-0 .0 0 8 8 8 (lo g C o(0 ))2]

c o n s t  —  )

Cm =  0.269 +  0.245 logC a(0) +  1.51(logC a (0))2 +  2 .13(logC a(0))3 +  
+0.81(logC 'a (0))4,
zmax =  17.9 - 4 4 . 6 logC a (0) +  38 .lO o g C ^ O ))2 +  1 .32(logC a (0))3 -  
+10.7(logC 'a (0))4,
<tz =  0.0408 +  0.217 logC'a(O) +  0.00239(logCa (0))2 +
+0.00562(logC a (0))3 +  0.00514(logCa (0))4,

for o th e r cases (w ell-m ixed  w a te rs)

Ca(z) = Ca( 0). (2 )

F orm ula (1) for s tra tified  w ate rs  is based  on ex p e rim en ta l d a ta  (see In ­
tro d u c tio n ) from  760 vertical profiles Ca(z).  A m ong th em  are  310 profiles of 
o ligo trophic w a te rs  ( 0 ) ,  155 of m eso troph ic  w a te rs  (M ), 102 of in te rm ed ia te  
w a te rs  (I) and  193 of eu tro p h ic  w a te rs  (E ). T h e  re la tiv e  erro rs  in e s tim a tin g  
Ca(z ) from  fo rm ula  ( 1) a re  defined as follows:

_ C a ,com puted  C a ,m e a su re d
£ ~  7y ·

^  a ,m ea su red

T h e  d ep th -d e p e n d e n t sy stem atic  e rro r varies from  —5.5% to  + 7 .5 % , b u t 
th e  s ta tis tic a l e rro r is 0 % a t  th e  sea surface, ± 22 .6% a t  a  d ep th  equal to  
h a lf th e  th ickness of th e  eupho tic  zone \ z e, ± 33.7% a t  th e  low er b o u n d ary  
of th e  eupho tic  zone (1 ze) and  ± 56 .8%  a t a  d ep th  of 1.5 ze.

T h e  generalized dependences of th e  d ifferent fea tu res  of Ca(z)  on C a(0) 
in th e  various tro p h ic  ty p es  of s tra tified  and  w ell-m ixed  w a te rs  a re  show n 
in F igure 2.

T h e  left-hand  side of F igure 2 show s th e  resu lts  of th e  em pirical s tud ies. 
F igure 2A con tains exam ples of profiles, F igure 2B show s th e  average d ep th  
of th e  m ax im um  Ca(z),  and  F igure 2C its  m ag n itu d e  re la tiv e  to  C a (0). T h e  
re la tionsh ip  betw een these la s t tw o  ch a rac te ris tic s  is m uch  m ore d is tin c t 
in s tra tified  w ate rs  th a n  in w ell-m ixed  w ate rs . Ca( z ) m ax im a a re  s itu a ted  
deeper in s tra tified  w ate rs  th a n  in w ell-m ixed  ones.

T h e  m a th em atica l descrip tion  of chlorophyll profiles by  m eans of th e  
G auss fo rm ula  in com bination  w ith  th e  co n s tan t from  fo rm u la  ( 1) ap p ro x i­
m ates  to  th e  shape of th e  Ca(z ) profiles for s tra tified  w a te rs  (see F igs. 2D 
and  2F ). In th e  o th e r cases, s tra ig h t lines a re  tak en  to  be  a  firs t ap p ro x im a­
tio n  (F ig . 2E);

F igure 2F  shows th e  th eo re tica l profiles in F igure 2D norm alized  w ith  
respect to  ^ ( 0); th e  ab so lu te  d ep th  z is  here rep laced  by  th e  re la tiv e  d ep th  
z / z e, w here 2e is th e  d ep th  of th e  eupho tic  zone, i.e. th e  d ep th  a t  w hich 
E p A R  falls as a  resu lt of a t te n u a tio n  to  1% of its  surface value.



Fig. 2. Typical curves and parameters of vertical profiles of the chlorophyll con­
centration Ca(z ) (i.e. chlorophyll a +  phaeophytin) in different seas as a function 
of the chlorophyll concentration Ca(0) in the surface water layer. A — examples 
of empirical profiles: 1-3 Indian Ocean, 4-6 Atlantic, 7-9 Black Sea, 10-13 Baltic; 
B — averaged depths z  of maximum chlorophyll concentration Ca(z ) together with 
standard deviations, C — averaged relative m axim a Ca(zmax)/ Ca(0) and standard 
deviations, D -F  — model profiles in various trophic types of water determined 
from formulas 1 and 2. The curves from 0 -1  to E-4 in this Figure correspond 
to the average chlorophyll concentrations in the successive types of water given in 
Table 1



2.4. R elationsh ip  b etw een  phytoplankton  light absorption  ap;(A) 
and chlorophyll concentration  Ca (b lock 5a)

In its  en tire ty , block 5 rep resen ts  th e  form ulas com piled in th is  p ap e r 
ap p ro x im a tin g  to  th e  dependence of th e  ab so rp tiv e  p ro p e rtie s  of p lan k to n  
(block 5a) and  th e  a tte n u a tio n  coefficients of dow nw ard irrad ian ce  an d  its  
com ponen ts (block 5b) on th e  chlorophyll co n cen tra tio n  Ca■ B o th  th ese  sets 
of form ulas can be used d irectly  or ind irec tly  in assessing p rim a ry  p ro d u c ­
tion .

W e shall first discuss block 5a, i.e. th e  m odel for es tim a tin g  a p/(A) 
sp ec tra .

T h e  chlorophyll co n cen tra tio n  governs th e  coefficients of ligh t ab so rp ­
tion  by p h y to p lan k to n  ap/(A), hence th ey  vary  across a  ran g e  of th re e  o rders 
of m ag n itu d e  (F ig. 3A ). How ever, api(A) is n o t d irec tly  p ro p o rtio n a l to  Ca, 
especially  in th e  short-w ave region of th e  visible sp ec tru m . T h is is illu s tra te d  
by F igure 3B, w hich show s exp erim en ta l sp e c tra  of th e  co rrespond ing  coeffi­
cients of specific absorption a*;(A) = api(X)/Ca m easured  in n a tu ra l  w a te rs  
w ith  d ifferent chlorophyll a con ten ts . T hey  are  la rg est in o ligo troph ic  w a te rs  
and  decrease as Ca increases. T h is  is due to  th e  vary ing  p a r tic ip a tio n  of 
accessory p igm ents in n a tu ra l p h y to p lan k to n . T h is p a r tic ip a tio n  is g re a te s t 
in p h y to p lan k to n  from  o ligo trophic regions, and  decreases as Ca increases 
(F ig . 3C ). Pigment indices Pi (M argalef, 1960) w ere successfully used in a 
q u a n tita tiv e  expression of th is  tendency ; P; =  ap/|eæ(433 n m ) /a p/ieœ(661 n m ), 
i.e. th e  ra tio  of ligh t ab so rp tio n  or ex tinc tion  of acetone e x tra c ts  of p ig­
m en ts in th e  433 nm  b an d , in w hich m ost p h o to sy n th e tic  p igm en ts abso rb  
lig h t, to  ab so rp tio n  or ex tinction  in th e  661 nm  b an d , in w hich p rac tica lly  
only chlorophyll a absorbs ligh t. T h ere  is a  d is tin c t co rre la tio n  betw een  th e  
p igm ent index Pi and  th e  chlorophyll co n cen tra tio n  C a (see F ig. 3D ).

T h u s, ab so rp tio n  sp e c tra  of acetone ex tra c ts  of p h y to p lan k to n  ap;,ex(A) 
w ere com pared  w ith  th e  chlorophyll co n cen tra tio n  Ca in th e  above-m en tioned  
370 sam ples in w hich in vivo ab so rp tio n  sp e c tra  a p;(A) w ere m easu red  in 
abso lu te  u n its  by  a  d irect in vivo m eth o d  p roposed  by  Y entsch (1960) and  
im proved  a t  th e  P. P. Shirshov In s ti tu te  of O ceanology. T h e  m easu rem en ts  
w ere perform ed by m eans of a  LOM O (U SSR ) S P -1 8  d o u b le -b eam  spec­
tro p h o to m e te r  w ith  a  ligh t in teg ra tin g  sphere (K onovalov, 1985; K onovalov 
et al., 1990).





Fig. 3. Some optical and other physical characteristics of different trophic types 
of waters and natural phytoplankton populations. A, B — experim ental spec­
tra  of light absorption coefficients by phytoplankton: volume ap;(A) (A), speci­
fic dp/(A) (B) observed in various waters with different chlorophyll concentration 
Ca [mg m ~3]. 1 ,3  — different lakes in Japan (Kishino et al., 1984), Ca: 56.0, 6.0; 
2,4-6 — Baltic Sea (Koblentz-Mishke et al., 1985; Konovalov, 1985), Ca : 6.0, 4.7, 
2.6, 1.5; 7-10, 12, 13 — Black Sea (Koblentz-Mishke et al., 1985; Konovalov, 1985), 
Ca'· 1.0, 0.9, 0.6, 0.33, 0.17, 0.14; 11, 14 — Pacific Ocean (Kishino et al., 1986), 
Ca'· 0.22, 0.10. C, D — statistical dependences of relative content contributions of 
the particular phytoplankton pigments in the summary pigment concentrations (C) 
and pigment index Pi (D) on the chlorophyll concentration Ca. Vertical segments 
represent standard deviations. E — theoretical spectra of specific light absorption 
coefficients by phytoplankton determined on the basis of equation (4) for various 
waters. The curves from O -l to E-4 in this figure correspond to the average chlo­
rophyll concentrations in the successive types of water given in Table 1. F — errors 
spectrum (see eq. (6)) of the light absorption coefficients determined from eq. (4): 
system atic (line), statistical (vertical segments); G — model dependences of ab­
sorption coefficients <  a*; >  and <  api > , averaged in the 400-700 nm range, on 
chlorophyll concentrations Ca

T h e d a ta  w ere no t divided in to  groups for s tra tified  and  m ixed w ate rs . 
T h e  averaged  m easu rem en ts from  regions of different tro p h ic ity  a re  set o u t 
in T able 1 . Using th e  sam e d a ta  one can de term ine  sp e c tra  of p h y to p lan k to n  
a*;(A) as functions of th e  p igm ent index Pi, on th e  basis of th e  p re lim in ary  
m odel of th e  ap p ro x im a tin g  fo rm ula  (W ozniak, 1988; W ozniak and  O strow - 
ska, 1990b):

a*,(A) =  (1.87 x 10- 2P,· — 1.1 x 10- 2 ) exp[—1.2 x 10- 4 (A — 441)2] +  

+  6.45 X 10“ 3 exp[—3.5 x 10~4(A -  608)2] +

+  2.33 x 10~2 ex p [—1.4 x 10~3(A -  675)2], (4)

w here Pi is th e  dim ensionless p igm ent index and  A (nm ) is th e  w avelength  
of light in th e  visible sp ec tru m .

A t th e  sam e tim e , one can in sert th e  expression for th e  p h y to p lan k to n  
ab so rp tio n  coefficient sp e c tra  (F ig . 1 block 5a) in to  fo rm u la  (4) on th e  basis 
o f th e  definition of a*{:

api( A) =  C aa*i( A). (5)

O f th e  370 pairs of in  vivo  ab so rp tio n  sp e c tra  ap;(A) and  ace to n e  e x tra c ts  
of p h y to p lan k to n  apiiex( A) used in com piling fo rm ula  (4), 94 w ere from  oligo- 
tro p h ic  w a te rs  ( 0 ) ,  36 from  m eso troph ic  w a te rs  (M ), 50 from  in te rm ed ia te  
w a te rs  (I) and  190 from  eu tro p h ic  w a te rs  (E ).



T h e  w av e len g th -d ep en d en t re la tiv e  erro r e(A) o f th is  es tim a tio n , given 
by fo rm ula  (6 ), is depicted  in F igure 3F .

Q ' p l , m e a s u . r e d (

®pi,measured ( ̂  )

H ere, th e  system atic  e rro r varies w ith in  th e  ran g e  -1 4 %  to  + 1 3 % , while 
th e  s ta tis tic a l e rro r lies in th e  range ±30% . A ny fu r th e r  choice of experi­
m en ta l d a ta  should tig h te n  up th is  ap p ro x im a tio n  and  fac ilita te  its  use in 
th e  es tim atio n  of p rim ary  p ro d u c tio n , as th e  d iag ram  in F ig u re  1 suggests.

Form ulas (4) and  (5) describe th e  ab so rp tio n  p ro p e rtie s  of p h y to p lan k ­
to n  as a  function  of tw o variables (P ; and  Ca)· B u t since a  re la tionsh ip  
betw een Pi and  C a has been found (T ab . 1 and  Fig. 3D ), th ese  fo rm ulas 
allow th e  api(A) and  a*,(A) sp ec tra  to  be  e s tim a ted  from  only  th e  chloro­
phyll co n cen tra tio n . F igure 3E  illu s tra te s  m odel sp e c tra  of th is  k ind . T h e  
p a ra m e te r  of these  curves is th e  chlorophyll co n cen tra tio n  Ca, th e  index  of 
th e  tro p h ic  ty p e  of w a te rs  w ith  a  given m odel sp ec tra l curve. F ig u re  3G 
illu s tra te s  th e  dependence of p h y to p lan k to n  ab so rp tio n  coefficients <  a*; >  
and  <  api > ,  com puted  from  form ulas (4) and  (5) an d  averaged  in th e  4 0 0 - 
700 nm  range, on th e  tro p h ic  w a te r ty p e , e.g. Ca.

2.5. D ependences o f  irradiance atten u ation  coefficients on  
chlorophyll concentration  Ca (b lock 5b)

Like o th e r au th o rs  (B aker and S m ith , 1982; S m ith  an d  B aker, 1984; 
S m ith  et al. , 1989), we shall assum e th a t  K d ( A) is th e  sum  of com ponen ts  
responsible for th e  a tte n u a tio n  of irrad ian ce  by  p u re  w a te r  p h y ­
to p lan k to n  K pi(A) and  o th er op tically  ac tive  ad m ix tu res . Som e of th em , 
like yellow su b stan ce  and  organic d e tr itu s  (a u to c h th o n ic  su b stan ces), a p ­
p ea r du ring  th e  function ing  of m arine  ecosystem s and  th ey  a re  co rre la ted  
w ith  th e  chlorophyll co n cen tra tio n . T h e ir p a r tia l a t te n u a tio n  coefficient is 
K a(A ). L ight a tte n u a tio n  by a lloch thon ic  ad m ix tu res  (m in era l suspensions, 
river-bo rne  m a te ria l etc.) are  denoted  by  AI((X) .  T h u s

Following M orel and  P rieu r (1977) we d istingu ish  tw o  ‘w a te r  c a s e s ’. 
‘ W a te r case 1 ’ (W C  1) is charac terized  by  sm all co n cen tra tio n s  o f adm i­
x tu res  n o t d irec tly  co rre la ted  w ith  Ca■ H ere we can assum e A K ( X )  sm 0. 
A ccording to  those w orkers, m ore th a n  98% of th e  w a te rs  in th e  W orld 
O cean belong to  th is  case as th ey  are  usually  o ligo troph ic and  s tra tified . 
T h e  rem ain d er, s itu a ted  m ostly  in coasta l zones of oceans and  in enclosed 
seas, w here A iT(A ) >  0, belong to  ‘ W a te r case 2 ’ (W C  2). T h e  m odification  
of th is division of w a te rs  w ith  respect to  th a t  in p ap e rs  (M orel and  P rieu r, 
1977; M orel, 1988) assum es fin ite and  n o t zero values o f K & ( A) in W C  1.

K d{ A) =  K w{ A) +  K pi( A) +  K A ( A) +  A K ( X ) . (7)
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T able 2, to g e th e r w ith  form ulas (8), (9), (10), o b ta in ed  by  n o n lin ear regres­
sion m eth o d s, rep resen ts  th e  p rincipal resu lts  of our ap p ro x im a tio n  of th e  
dependence of th e  th ree  m a jo r  op tica l functions in fo rm u la  (7) on Ca- 

T h e  sp ec tra l dow nw ard irrad ian ce  a tte n u a tio n  coefficient

K d( A) =  I ( w{ A) +  C a {C i(A ) exp [—tt l (A)C7a] +  k d>i( A)} +  A K ( \ ) ,  ( 8) 

its  p h y to p lan k to n  com ponen t

K vi{ A) =  C a{ C 2( A) e x p [ - a 2(A )Ca] +  k c>i{ A)}, (9)

and  its com ponen t of th e  ch lo rophyll-correla ted  op tica lly  ac tiv e  ad m ix tu res

A a( A)  =  K d {A) -  [JTW(A) +  K p, ( A)] =  C a{C i(A ) e x p f - a ^ A ) ^ ]  +  

-  C 2(A) e x p [ - a 2(A)C'a] +  *«,,.·( A) -  fcC)1(A)}, ( 10)

w here A ii'(A ) =  0 for W C  1 and  A K ( X )  >  0 an d  variab le  for W C  2. For 
in s tan ce , our m easu rem en ts in th e  cen tra l B altic  show  th a t  from  M ay to  
Ju ly  in 1980 and  1984, A K  (from  250 d a ta  se ts) averages 0 .062± 0 .043  m _1 
and  is p rac tica lly  nonselective w ith  respect to  w avelength .

T h e  co n stan ts  C i(A ), C 2(A), k dii (A), /cC),(A ), a i(A ), a 2(A) an d  K w( A) are  
given in T able 2 for ind iv idual w avelengths A. K w{ A) is th e  co m p o n en t of th e  
coefficient K d( A) due to  a tte n u a tio n  by p u re  w a te r only. Its  m ag n itu d e  was 
o b ta in ed  from  s ta tis tic a l analyses of 148 K d( A) vs. C a sp e c tra  from  th e  S ar­
gasso Sea for sm all C a, i.e. C a <  0.06 m g m - 3 , perfo rm ed  by  ex tra p o la tin g  
th e  curve of K d( A) ss f ( C a) to  K d ( A) =  f ( C a =  0) =  K w{A) (23rd cruise of 
r / v  ‘ V ity a z ’, 1991). To de term ine  these  p a ram e te rs  of th e  ap p ro x im a tin g  
form ulas (8 ), (9 ), (10), 1229 em pirical A'd(A) sp e c tra  w ere used to g e th e r 
w ith  d a ta  on chlorophyll co n cen tra tio n  C a (602 from  o ligo troph ic  w a te rs  
(0), 290 from  m eso troph ic  w a te rs  (M ), 182 from  in te rm ed ia te  w a te rs  (I) 
and  155 from  eu tro p h ic  w a te rs  (E )). A to ta l  of 1041 K pi(A) sp e c tra  vs. C a 
w ere analysed  including 230 0 ,  69 M, 52 I and  150 E. T h e  re la tiv e  erro rs of 
th is  es tim atio n , defined as before (see fo rm ulas (3) and  (6)) were: sy s tem a tic  
depend ing  on w avelength  from  —10 to  + 16% , s ta tis tic a l ± 4 8 % , for K d ( A), 
and  sy stem atic  from  - 1 0  to  + 18% , s ta tis tic a l ± 51% , for K pi{A). K pi{A) 
was m easured  indirectly , i.e. determ ined  from  th e  ab so rp tio n  a p;(A) in  vivo 
(380 sam ples) or th e  ab so rp tio n  ap/ie(A) e s tim a ted  using fo rm ulas (4) and  
(5), Pi from  661 sam ples, and  th e  ap p ro x im a te  eq u a tio n  Ii'pi(X ) ~  1 .2ap;(A) 
( th e  value of 1.2 is ap p ro x im a te ly  th e  reciprocal of th e  average cosine of th e  
an g u la r rad iance  d is trib u tio n  in th e  sea (Je rlov , 1976; D era, 1992)).

F igu re  4 illu s tra te s  th e  b io-optical classification of w a te rs  and  th e ir  
ch a rac te ris tic s  em erging from  th is  m odel, as proposed  earlier by  W ozniak 
(W ozniak and  Pelevin, 1991) and  m ade m ore precise in th e  p re sen t p ap e r. 
I t show s sets of K d {A) and  its com ponen ts K pi(X) and  K a ( A)  ch a rac te ris tic  
o f th e  various tro p h ic  ty p es  of W C  1, whose index  is C ^ O ). F igu re  4D



com pares th e  / 0 (A) sp ec tra , ca lcu lated  for th e  co rrespond ing  C a accord ing  
to  th e  above m odel, w ith  th o se  recorded  in th e  A tlan tic .

w avelength  A [ nm 1

. -  w avelength  A (n m l

Fig. 4. The spectra of the downward irradiance attenuation coefficients in WC 1 
according to Woz'niak’s bio-optical classification based on equations (8), (9), (10): 
A — total attenuation Kd{A), B — attenuation by phytoplankton K pi(A), C — 
attenuation of other optically active substances A'a , D — comparison of spectra of 
downward irradiance attenuation coefficient (7\d(A)) measured in various regions 
of the Atlantic (continuous lines) and calculated from this bio-optical classification 
(dashed lines) with different chlorophyll concentrations Ca[mg m ~3]

Sim ilar b io-optical m odels (b io-optical classification of w a te rs  w ith  th e  
chlorophyll co n cen tra tio n  being th e  b io-optical index of th e  w a te r  ty p e )  w ere 
p u t fo rw ard  and  used earlier by o th e r au th o rs  (S m ith  and  B aker, 1978, 1984; 
B aker and  S m ith , 1982; M orel, 1988). T h e  above m odel w ith  fo rm ulas (8 ), 
(9) and  (10) seem s to  us to  lead to  a  m ore ac cu ra te  use of th e  form ulas



discussed above, and  can be applied d irectly  in th e  a lg o rith m  to  e s tim a te  
m arine  p rim ary  p ro d u c tio n . F u rth erm o re  it has been based  on la rg e  sets of 
em pirical d a ta  o th e r th a n  th o se  used to  w ork o u t th e  earlier m odels.

2.6. D ep en dence o f th e quantum  yield  o f  p h otosyn th esis  $  on  
underw ater irradiance E p a r  in w aters w ith  different sea  
surface chlorophyll concentrations Ca(0) (b lock 6)

The quan tum yield o f  photosynthes is  $ ,  used in th is  p ap e r as a  m easu re  
of p h o to sy n th e tic  efficiency, is defined as th e  ra tio  of p rim ary  p ro d u c tio n  
expressed as th e  n u m b er of assim ila ted  carbon  a to m s to  th e  n u m b er of 
q u a n ta  abso rbed  by p h y to p lan k to n  r jpup  [q u an ta  m - 3 ]:

A P  [a to m s C '  , .
$  =  ------------  ------------  , ( 11)

12 i jp ur  L q u a n ta  J
w here
A -  Avogadro number,
12 -  mass number of carbon, and P  is expressed in [g m -3 ].

T h u s , $  w as experim en tally  determ ined  ind irec tly  on th e  basis o f in  
situ  m easu rem en ts of P ,  jE^A ) and  ap;(A). T h e  la s t tw o  q u an titie s  serve to  
d eterm ine i jp ur  (see eq. (19)). T h e  sp ec tra  of api(A) can also be o b ta in ed  
by m easu ring  Pi and  using re la tionsh ips (4) and  (5).

T h e  fac t th a t  th e  i n  s i t u  p h o to sy n th ^ tic  efficiency increases w ith  d ep th  
2 in th e  sea owing to  th e  a tte n u a tio n  of th e  irrad ian ce  E p a r ( z )  is a  well 
know n phenom enon (B an n is te r and  W eidem ann, 1984; K ishino et al. 1984; 
K ishino e t  a l . ,  1986). How ever, th e  re la tionsh ips betw een  $ ( z )  an d  E p a r ( z )  

observed in th e  oceans can be very  different (F igs. 5A and  5B ). $  can  differ 
by m ore th a n  one o rder of m ag n itu d e  for th e  sam e values of E p a r ■ T his 
d ifferen tiation  dim inishes considerably , how ever, if th e  resu lts  of stud ies 
from  p a rtic u la r  regions of th e  sea or seasons a re  analysed  sep a ra te ly  (see e.g. 
Fig. 5C ). T here  is also an ev iden t tendency  for th e  p h o to sy n th e tic  efficiency 
to  increase w ith  p ro d u c tiv ity . T h u s , by  m eans of s ta tis tic a l m e th o d s , it has 
been possible to  roughly  fo rm u la te  ana ly tica l expressions for th e  m ean  daily  
q u an tu m  yield $  as a  function  of tw o  variables -  E p a r ( z )  an d  C'a(O).

T h e  hyperbo lic  functions (12), suggested  by  Kiefer an d  M itchell (1983) 
am ong o th ers , served as th e  ap p ro x im a tin g  function . E x p erim en ta lly  de­
te rm in ed  profiles of $ ( z )  and  E p a r ( z )  (a t  69 s ta tio n s) w ere used for th is 
pu rpose , including  25, 8 , 5 and  31 for w a te r ty p es  0 ,  M , I and  E  re sp ec ti­
vely. 24 of these  s ta tio n s  w ere m ostly  in th e  A tlan tic  and  can be classified 
as case 1 w a te rs , while a t  th e  o th e r 45, m ain ly  in th e  B altic  an d  B lack Seas, 
b o th  w a te r cases w ere recorded. 791 em pirical d a ta  sets w ere o b ta in ed  from  
various d ep th s  a t  th ese  s ta tio n s . For th e  B altic  and  B lack Seas, $  w as de­
te rm in ed  from  d irectly  m easured  p h y to p lan k to n  ab so rp tio n  sp e c tra  api( A).



Fig. 5. The mean diurnal quantum  yield of m arine photosynthesis vs. underwater 
irradiance E p a r  and vs. relative underwater irradiance (transmission coefficient) 
T m  =  E p a r { z ) / E p a r { 0). A and B —  typical empirical curves for meso- and eutro- 
phic waters in the Baltic and Black Sea (dashed lines) and for oligotrophic waters 
in the Atlantic (continuous lines), C — averaged curves plus standard  deviations: 
for meso- and eutrophic waters of the Baltic and Black Sea (dashed line), for oli­
gotrophic waters of the Atlantic (continuous line), D — model curves for ^ . te r s  
of different trophicity plotted using formulas (12) and (13). The curves from 0 -1  
to E-4 in this figure correspond to the average chlorophyll concentrations in the 
successive types of water given in Table 1



T h e avi{A) sp e c tra  for th e  A tlan tic  w ere determ ined  from  m easu rem en ts  of 
acetone e x tra c ts  using th e  m odel re la tionsh ips (4) and  (5).

T h e  ap p ro x im a tin g  fo rm ula  (12) of th e  q u an tu m  yield § ( z )  [a tom s 
C /q u a n ta ]  was o b ta in ed  by non linear regression as a  fu n c tio n  of E p a r ( z )  
[q u an ta  m - 2s- 1 ] and  C a(0)[m g m -3 ]. T w o ch a rac te ris tic  p a ram e te rs  of 
p ho tosyn thesis  w ere used for th is . O ne, $ max, w as th e  m a x im u m  qu­
a n tu m  yield  $  m easured  a t w eak irrad ian ce  and  depends on th e  w a te r ’s 
tro p h ic ity  C a(0). T h e  o th er was E p a r , \ / 2-> th e  lo g arith m ic  m ean  d a ­
ily dow nw ard irrad ian ce  a t w hich $  decreases to  1 / 2  its  m ax im um  value 
^ (E p A R ,  1/ 2) =  1 /2 $max·  T his la t te r  p a ram e te r tu rn e d  o u t to  be  p ra c ti­
cally in d ep en d en t of th e  sea ’s p ro d u c tiv ity  and  w as s ta tis tic a lly  estab lished  
as a  co n stan t (desp ite  th e  large sc a tte r) . By co n tra s t, th e  p a ra m e te r  $ maa; 
clearly rises w ith  C a(0 ) and  can be ap p ro x im a ted  by  th e  hyperb o lic  func­
tio n  (13). Using non linear regression m eth o d s, we w ere able to  o b ta in  th e  
following ap p ro x im a te  form ulas:

$(';>;') -  $  ______! ' PAJL·1/ 2 ____ (12)
U  ^ E P A R , 1/ 2 + E PAr ( z Y  (12j

w here

C q(0)°·66
m m 0.44 +  C o(0 )0·66' ( )

T h e co n s tan t E p a r ^/ 2  ~  6.4 X 1019 q u a n ta  m - 2s_ 1 , and  in accordance 
w ith  th e  s ta n d a rd  dev iation  of log -E p a r ,i /2> th e  dev iation  of E p a r ^/ 2  from  
th e  given m ean  value ranges from  3.7 X 1019 to  1.10 X 1020 q u a n ta  m _ 2s_ 1 . 
T h e  co n s tan t § m a x  — 0.051 a tom s C /q u a n ta ,  w ith  th e  s ta n d a rd  dev ia tion  
0.026 <  &MAX < 0.101 a tom s C /q u a n ta  is, accord ing  to  th is  m odel, th e  
largest b o u n d ary  value of th e  q u an tu m  yield $  in th e  sea, i.e. it  is th e  
a sy m p to te  of th e  m axim um  q u an tu m  yield found across in eu tro p h ic  w a te rs  
in conditions of w eak irrad iance.

F igure 5D depicts these  m odel curves of th e  dependence § ( E p a r ) for 
w a te rs  of d ifferent tro p h ic ity  C a(0) draw n in accordance w ith  fo rm ulas ( 12) 
and  (13). T his shows th a t  th e  low est q u an tu m  yields of p h o to sy n th esis , 
ch a rac te ris tic  of th e  surface in supero ligo troph ic  w a te rs  (O - l)  (see T ab le  1 
in section  2.4) w here th e  irrad ian ce  is high, a re  of th e  o rder of 5 x l 0 ~4 a tom s 
C /q u a n ta .  T h e  m axim um  value in such w a te rs  a t low irrad ian ce  is of th e  
o rder of $ mOx-[C,a(0) <  0.05 m g m -3 ] «  0.01 a to m s C /q u a n ta .

In eu tro p h ic  w a te rs  (E -4), th e  m axim um  q u an tu m  yields $ mai. ap p ro ach  
th e  value $ m a x  ~  0.05 a to m s C /q u a n ta .  E m pirical d a ta  from  g re a t dep th s 
in som e ex trem e cases app roach  th e  th eo re tica l ab so lu te  m ax im um  q u an ­
tu m  yield §MAX,Theor ~  0.125 a tom s C /q u a n ta  q uo ted  in th e  li te ra tu re  (see 
G ovindjee, 1975).



N otice th e  d istinc t difference betw een  th e  q u an tu m  yield § m a x  in th e  
sea (see Figs. 5C and  5D) and  §MAX,TheoT· T h is  difference m ay, of course, 
be due to  th e  p h o to sy n th e tic  conditions o b ta in in g  in th e  sea, b u t it co­
uld  also be due to  th e  system atic  u n d eres tim a tio n  of m easu rem en ts  of th e  
in  s itu  p rim ary  p ro d u c tio n  P  by  th e  m eth o d  using 14C  labelling  a n d /o r  
th e  sy stem atic  overestim ation  of th e  d e te rm in a tio n s of th e  p h y to p lan k to n  
ab so rp tio n  sp ec tra  api(A).

2.7. B asic equations and principles o f  com p u tation s o f  th e
environm ental characteristics o f  prim ary production  in th e  
sea (blocks 7—10)

T h e co m p u ta tio n  of th e  algo rithm  is based  on w ell-know n h y d ro -o p tica l 
and  biophysical form ulas (Je rlov , 1976; K irk, 1983; D era , 1992). T hey  
enable th e  ch a rac te ris tic s  of th e  m arine  env ironm en t given in blocks 7 -10  
(F ig . 1) to  be successively d eterm ined  from  concrete  in p u t d a ta  (b locks 2 
and  3) using th e  previously  discussed m odel re la tionsh ips (b locks 4 -6 ) .

A know ledge of only th e  surface co n cen tra tio n  of ch lorophyll C a (0) is 
sufficient to  de term ine  d irec tly  th e  vertica l chlorophyll d is tr ib u tio n  in th e  
sea C a(z )  (b lock 7), and  from  th a t ,  th e  vertica l d is trib u tio n s  of th e  op tical 
p ro p erties  O P S ( z ), th e  d ep th  of th e  eup h o tic  zone ze an d  th e  to ta l  chlo­
rophyll co n ten t in th is  zone C a,tot- T h e  C a( z ) profile is o b ta in ed  by  using 
fo rm u la  ( 1) (section 2.3) for s tra tified  w a te rs  or by  assum ing  C a( z ) =  C a(0 ) 
=  const (fo rm ula  (2)) for w ell-m ixed  w a te rs . T h en , know ing C a(z), one can 
d e term in e  th e  vertical d is trib u tio n s  b o th  of th e  sp ec tra l coefficients o f light 
ab so rp tio n  by p h y to p lan k to n  a*;(A ,z) and  ap/(A ,2r) from  fo rm ulas (4) and  
(5) (section  2.4) and  of th e  sp ec tra l dow nw ard irrad ian ce  a tte n u a tio n  coef­
ficient for W C  1, /Q (A ,z ) ,  as well as its  com ponen ts due to  a tte n u a tio n  by  
p h y to p lan k to n  I ( pi ( \ , z )  and  o th e r op tically  ac tiv e  ad m ix tu res  co rre la ted  
w ith  chlorophyll K & ( \ , z )  using form ulas (8), (9) and  (10) (section  2 .5). 
For W C  2, th e  d istrib u tio n s  of A K ( X , z )  ty p ica l of th e  region of th e  sea 
and  season, i.e. th e  com ponent of th e  irrad ian ce  a tte n u a tio n  coefficient for 
o p tica l alloch thon ic ad m ix tu res  n o t co rre la ted  w ith  ch lorophyll, also need 
to  be know n to  d eterm ine K , i { \ , z ) .  Once K d ( ^ , z )  is know n, th e  depth o f  
the euphotic zone z e can be  de term ined , i.e. th a t  d ep th  in th e  sea to  w hich 
1% of E p a r ( 0) p en e tra te s , from  th e  following im plicit fo rm ula:

/•700nm fZ K
0 .0 1 =  /  f E ( A ,0){exp[— /  K d( \ , z ) d z ] } d \ ,

J 400 nm  JO



(where /s (A , 0) =  E d ( X ,  t i ) / E p A R { Q )  is the practically constant relative 
function of the spectral distribution of the solar incident irradiance (Jer- 
lov, 1976; Dera, 1992)) and the total chlorophyll a con ten t  C ajtot in the 
euphotic zone:

C a,tot = [  C a{z )dz .  (15)
Jo

The next part of the algorithm (see block 9 in Fig. 1) requires a know­
ledge not only of Ca(0) but also of the absolute values of the incident solar 
irradiance and their transmittance across the sea surface. This last one is 
assumed to be 0.94±0.04 on average. Knowing the time curves of E d ( X , t ,  0) 
(block 3) and the O P S ( z ) defined earlier (block 8), the vertical distributions 
of photometric quantities can be successively defined using the formulas for:

• the downward spectral irradiance E d  [quanta m - 2 s-1 nm-1 ]:

E d ( \ , t , z )  =  E d ( \ , t , 0 ) { e x i p [ -  [  K d(X , z )d z ] } ,  (16)
Jo

• the daily irradiance dose in the P A R  spectral range t]p a r  [quanta 
m - 2]:

r t s r7  OOnm
V p a r ( z )  = /  /  E d( X , t , z ) d X d t , (17)

Jtr J400 nm
where t r and t s are the sunrise and sunset times respectively;

• the average downward irradiance in the P A R  spectral range on a given 
day E p a r  [quanta m -2 s-1 ]:

E p a r ( z )  -  V p a r { z ) / A i, (18)
where A t  is the period of daylight (from sunrise to sunset);

• the daily quantities of energy absorbed by phytoplankton r / p u p  [qu­
anta m -3 ] which are determined from approximate formulas either 
from the known distribution of the phytoplankton absorption coeffi­
cient api ( \ , z ):

rts /*700nm
V p u r ( z )  «  1.2 /  /  E d { \ , t , z ) a pi ( \ , z ) d \ d t ,  (19)

Jtr «MOOnm
or from the known distribution of the coefficient of irradiance attenu­
ation by phytoplankton K pi ( X , z ):

r t s r7  OOnm
V p u r ( z ) ^ i  / / E d ( X , t ,  z ) K pi(X, z )dXdt .  (20)

Jtr ^400nm

Equation (20) was used for the computations in this paper.
The final stage of computations is the determination of the vertical di­

s tribut ion o f  p r im ary  production  in the sea P ( z )  and the total p r im a ry  pro­
duct ion  in the water column Ptot (block 10 in Fig. 1) on the basis of a known 
V p u r ( z )  profile. The first P ( z ) profile is obtained using the formula



r,/ » 1 / x / s [a to m s C l
P ( z )  = 9 { z )  V P U R (z )  — ^ 3—  , (21)

w here th e  average daily q u an tu m  yield a t d ifferent d ep th s  in th e  sea $(.z) 
is de term ined  from  m odel dependences $  «  i^ C ^ O ) ,  E p a r ]  (see eqs. ( 12) 
arid (13 )), assum ing  th e  previously  de term ined  m ag n itu d es  of irrad iances 
E p a r ( z )  a t these  d ep th s . On th e  o th e r h an d , th e  to ta l  p rim ary  p ro d u c tio n  
is d eterm ined  by in teg ra tin g  over th e  dep th s of th e  profiles P(z):  

rz(P = o)
Ptot — /  P(z)dz,  (22)

Jo
w here z{P  =  0) is th e  d ep th  a t  w hich p rim ary  p ro d u c tio n  falls to  a  level so 
sm all th a t  it does n o t affect th e  overall p ro d u c tio n  Ptot.

3. T h e  r e su lts  o f  m o d e l c o m p u ta t io n s  and  th e  e x p e r im e n ta l  
v er if ic a tio n  o f  th e  a lg o r ith m  to  e s t im a te  p r im a r y  
p r o d u c tio n

T h e algo rithm  was used to  d eterm ine m arin e  en v iro n m en ta l c h a rac te ri­
stics (see blocks 7 -10 ) describing th e  influx and  u tiliza tio n  o f so lar ra d ia n t 
energy  in ph o to sy n th esis  in w a te r w ith  different tro p h ic itie s  an d  inciden t 
so lar irrad iance  conditions.

For reasons of space we shall p resen t only selected final re su lts  o f th e  
estim atio n , illu s tra tin g  th e  re la tions betw een  to ta l  p rim ary  p ro d u c tio n  and  
th e  above-m entioned  conditions, (see F igs. 6 and  7). T h e  co m p u ta tio n s  w ere 
done in d ep en d en tly  for tw o  ty p es  of w a te rs  differing d iam etrica lly  in th e  
com position  of th e ir op tically  ac tive ad m ix tu res  and  hydro logical conditions: 

A -  s tra tified , W C  1 (w here A K  «  0),
B -  w ell-m ixed , W C  2 (w here A K  >  0).
In th e  la t te r  co m p u ta tio n s  (B ) th e  com ponen t of th e  irrad ian ce  a t te ­

n u a tio n  coefficient due to  op tical ad m ix tu res  of w a te r n o t co rre la ted  w ith  
chlorophyll w as tak en  be A K  =0 .062  m _1 , a  value ty p ica l of th e  open  sou­
th e rn  B altic  in spring  and  sum m er.

F igu re  6 depicts th e  in terdependences of th e  to ta l  d iu rn a l p rim ary  p ro ­
duction  per energy dose en tering  th e  sea t ] p a r ( 0 )  and  th e  surface chlorophyll 
C a(0) calcu lated  for various average irrad iances E p a r ( 0). T h e  photosyn­
thetic index etot> a  m easure  of these  re la tiv e  p ro d u c tio n s, is defined as

c __  ____ k E / P Ptot____  ^  - i n  v  1 q 2 3  Ptot ( ' O Q ' l

tot ( ^ / b ) _1 Vp a r (0)  Vp a r { 0 ) ’

w here th e  energy equivalen t of th e  m ass of assim ila ted  ca rb o n  k g / p  =  
40 k J /g  C,  th e  q u an tu m  equivalent of th e  inciden t so lar energy  in th e  
P A R  sp ec tru m  (in th e  400-700 nm  ran g e), k q/E  = 2.75 X 1018 q u a n ta /J



Fig. 6. Theoretical relationships between the photosynthetic index e(ot (eq. 23) 
and the trophic index of the water (surface chlorophyll Ca(0)) determined from 
our model: A — for stratified WC 1, B — for well-mixed WC 2, assuming A K  — 
0.062 m -1 , i.e. the mean value for the open waters of the central Baltic in spring 
and summer. The curves plotted for various mean diurnal irradiances E p a r {0):
1 x 1020, 2 x 1020, 3 x 1020, 5 x 1020, 7 x 1020, 8 x 1020 and 1 x 1021 [quanta 
m ~2 s-1 ] (counting from the top)

surface  chlorophyll Ca ( 0 )  ( mg m'3 l

Fig. 7. Theoretical relationships between the photosynthesis cross-section per unit 
of areal chlorophyll (eq. 24) and the trophic index of the water Ca. Explana­
tions as in Figure 6



(K oblen tz-M ishke et al. , 1985), and  P tot is expressed in [g C  m - 2 ]. B y con­
t r a s t ,  th e  sim ilar dependence of th e  photosynthes is  cross-sect ion  p e r u n it of 
areal chlorophyll 'Stot [m2 (m g C hi) -1 ] on C a(0) an d  E p a r {0) is show n in 
F igu re  7.

T h e  ph o to sy n th esis  cross-section is expressed by

^  to t — ^ t o t / C a ,to tl (24)

w here C a ,to t , th e  to ta l  chlorophyll co n ten t [mg m - 2 ] in th e  eu p h o tic  zones of 
w a te rs  of d ifferent tro p h ic ities , can be de term ined  from  th e  m odel equa tions 
(14) and  (15) or from  th e  s ta tis tic s  of ex p e rim en ta l d a ta  (see th e  d ep en d en ­
ces of 2re and  C a ,to t on C a (0) for W C  1 in Fig. 8). e to t an d  \Ptot, b o th  global 
ch a rac te ris tic s  of m arin e  pho to sy n th esis , a re  there fo re  n o t c o n s ta n t an d  vary  
in value in different ty p es  of w a te r; th ey  are  s tric tly  d ep en d en t on th e  inci­
d en t irrad iance. Hence th e  need to  tak e  th ese  conditions in to  considera tion  
w hen m odelling es tim atio n s of p rim ary  p ro d u c tio n  in th e  sea.

Fig. 8. Relationships between the depth of the euphotic zone ze (A), and the to tal 
chlorophyll concentration in this zone C a i t o t  (B), and the trophic index of the water 
(surface chlorophyll (^(O)) plotted for stratified WC 1 .1  — curves together with 
standard deviations averaged on the basis of empirical data, 2 — curves plotted 
from our model, 3 — an analytical approximation of these interdependences, de­
scribed by the equations: (A) logze =  —0.0899[log Ca(0)]2 — 0.444 log Ca(0) +  1.54; 
(B) logC ai<0< =  0.00192[logCa(0)]2 +  0.394logC a(0) +  1.58 obtained by a nonli­
near regression method

In ad d itio n , a  p re lim inary  ex p e rim en ta l verification  o f th e  a lg o rith m  
has been carried  o u t for s tra tified  W C  1, and  w ell-m ixed W C  2 on th e  basis 
of know n C a(0 ) and  conditions of inciden t so lar irrad ian ce  rep resen ted  by 
d iu rn a l energy doses t]p a r (0 ) and  th e  correspond ing  m ean  d iu rn a l irrad ian ce



Fig. 9. Comparison of to tal prim ary production in the water column under unit 
area of sea surface estim ated using our model Pc  and measured in situ Pm - A 
■— in stratified WC 1, from the Indian Ocean and A tlantic (authors’ investigation) 
(dots), and empirical data from the Atlantic (Morel, 1978) (crosses); B — in well- 
mixed WC 2, from authors’ (dots) and Renk’s, 1973, 1990 (crosses) empirical da ta  
from the central Baltic

E p a r ( 0 ) ·  T o  th is  end , th e  to ta l  p ro d u c tio n  P c  co m p u ted  using th e  m odel 
was com pared  w ith  th a t  m easured  d irectly  in th e  sea P m  (see F igs. 9A and  
9B). 54 p o in ts  of dependence on th e  P c  vs. P m  p lo t w ere used for s tra tified  
W C  1 (26 from  our own m easu rem en ts m ade du ring  th e  16th and  23rd cruises 
of r / v  ‘ V ity a z ’ in various regions of th e  Ind ian  and  A tlan tic  O ceans, and  
28 o b ta in ed  by  m odifying ex p erim en ta l d a ta  m easu red  in various p a r ts  of 
th e  A tlan tic  during  th e  W G -1 5  and  C IN E C A -5  exped itions -  see T ables l a  
and  lb  in M orel (1978)). 95 such p o in ts  for th e  open  w a te rs  of th e  so u th ern  
B altic w ere used as an  exam ple of w ell-m ixed case 2 w a te rs  (47 from  our 
ow n m easu rem en ts and  48 from  R enk (1973, 1990)). In b o th  cases th e  
d a ta  referred  to  seas w ith  troph ic ities  rang ing  from  0.02 to  ca 18 m g m -3  
for W C  1 and  from  0.6 to  25 m g m -3  for W C  2. T h e  e s tim a ted  erro rs 
{P c  — P m ) / P m  hi th is  assessm ent are:

system atic  + 16% , s ta tis tic a l ±40%  for s tra tified  W C  1, 

system atic  + 5 % , s ta tis tic a l ±42%  for w ell-m ixed  W C  2 .
In view of th e  possible exp erim en ta l erro rs in de term in in g  p rim ary  p ro ­

duction , th ese  erro rs can be reg ard ed  as sm all, an  in d ica tio n  of th e  co rrec t­
ness and  p rac ticab ility  of th e  algo rithm .



4. S ta t is t ic a l r e la t io n sh ip  b e tw e e n  su rfa ce  c h lo r o p h y ll and
te m p e r a tu r e , an d  n itr o g e n  c o n te n t  in  th e  se a

T h e re la tionsh ips betw een a  w a te r’s tro p h ic ity  and  its  p h o to sy n th e tic  
ch a rac te ris tic s  on th e  one h an d  and  its  n u tr ie n t co n ten t an d  te m p e ra tu re  
on th e  o th er have been in v estig a ted  (K e th u m , 1939; Eppley, 1972; Kiefer 
and  K rem er, 1981; Belayev, 1987).

T h e  influence of th ese  p a ram ete rs  on ph o to sy n th esis  in various m arin e  
w a te rs  has been analysed  s ta tis tica lly  and  m odelled (K rem er an d  N ixon, 
1978; W roblew ski and  R ichm an, 1987; F ransz  et al., 1991). I t  w as found, 
for in stance , th a t  te m p e ra tu re  and  n u tr ie n t co n ten t d e te rm in e  th e  ex ten t of 
chlorophyll resources in a  w a te r and  hence its  p o ten tia l p ro d u c tio n . M ore­
over, n itrogen  and  phosphorus a re  usually  th e  lim iting  n u tr ie n ts  in m arin e  
p h o to sy n th esis  (P arso n s et al., 1977; G ershanov ich  an d  M urom tsev , 1982). 
However, no coherent descrip tion  yet ex ists of th ese  re la tio n sh ip s  over th e  
w hole ran g e  of v ariab ility  of te m p e ra tu re  and  n u tr ie n t co n cen tra tio n  in th e  
W orld  O cean. W e a tte m p te d  to  p roduce such a  descrip tion  in o u r earlier 
w ork  (K oblentz-M ishke and  V edernikov, 1977; W ozniak, ,1990), w here for 
various w ate rs  we analysed  th e  m axim um  ra te  of p rim ary  p ro d u c tio n  per 
u n it m ass of chlorophyll ( P / C a) and  th e  surface chlorophyll C a (0 ), am ong 
o th e r p a ram ete rs , as functions of tw o variables: th e  m ean  eu p h o tic  zone 
te m p e ra tu re  T e and  th e  m ean  inorganic  n itro g en  co n ten t J2 N i n o r g  in th e  
ca 10 m -  th ick  surface layer. J2 N inorg w as tak en  to  be  th e  to ta l  inorgan ic 
n itrogen  co n ten t in n itra te  N O 3 , n itr ite  N O 2 and  am m onium  NH]{" ions. As 
w ork  on th is  p roblem  has n o t yet been com pleted  (see block 2 a  in F ig. 1), we 
shall m erely  p resen t, by  w ay of exam ple, th e  m odified s ta tis tic a l dependence 
C'a(O) ~  / E  N inorg,Te] in th e  form  o f th e  p lo t in F igu re  10, based  on th e  
analysis of som e 1200 su itab le  d a ta  (including  ca 800 from  th e  B altic ). T his 
figure gives th e  ap p ro x im a te  position  of th e  re levan t C a(0 ) =  const isolines 
on th e  T e vs. Y^,Ninorg p lo t and  enables th e  tro p h ic ity  to  be rough ly  as­
sessed from  a  know ledge of th e  above ab io tic  conditions. W a te rs  d isplaying 
m o d era te  te m p e ra tu re s  and  in te rm ed ia te  n u tr ie n t co n ten ts  clearly  hav e  th e  
h ighest troph icity .

However, C a(0) assessm ents done in th is  w ay are  ra th e r  in accu ra te ; th e  
s ta n d a rd  dev iation  of th e  ra tio  x — C a( 0 ) c / C a(0)M  (w here C a(0 )c  and  
C a(0 )m  a re  C a(0) e s tim ated  from  th e  p lo t an d  m easured  in  s itu  respec­
tively ) lies in th e  in te rva l 0.38 <  x < 2.6.

T his w ide s c a tte r  is due chiefly to  th e  fac t th a t  in our analysis we con­
sidered  only inorganic n itrogen  com pounds. T h e  chlorophyll co n cen tra tio n  
is p ro b ab ly  closely co rre la ted  w ith  th e  to ta l  n itrogen  co n ten t, i.e. n o t only 
th e  n itrogen  con tained  in inorganic n u tr ie n ts , b u t also th a t  in th e  organic



inorganic nitrogen 

2  Ninorg I ,ugat dm3l

Fig. 10. The averaged relationship between surface chlorophyll (chi a +  phaeo) 
in various regions of the World Ocean Ca(0) and the average water tem peratures 
m euphotic zones Te and average sub-surface inorganic nitrogen concentrations 
(0-10 m) Ninorg. The Figure shows approximate positions of isolines Ca(0) =  
const for various Ca(0) [mg m -3] on Te vs. ^ 2 N inorg plot

substances -  o rganism s, dissolved organic m a tte r  and  d e tr itu s . To ch a rac ­
terize th is  and  o th e r dependences of ph o to sy n th esis  on ab io tic  fac to rs  m ore 
accu ra te ly  is th e  o b jec t of our stud ies.

5. F inal rem arks and conclusions

O ur m odel of th e  re la tionsh ip  betw een p rim ary  p ro d u c tio n  an d  th e  va­
rious physical and  chem ical fac to rs  of th e  m arin e  en v iro n m en t is a  p re li­
m inary  one and  requires fu r th e r  expansion  and  ad ju s tm e n t. In p a r tic u la r  
th e  m odelling p rocedure  needs to  be developed, and  th e  s ta tis tic a l m odel 
form ulas linking th e  chlorophyll co n cen tra tio n  (chi a +  phaeo) C a w ith  th e  
co n ten t of various n u trie n ts  and  th e ir  form s of occurrence in th e  sea have to  
be estab lished . T h e  m odel form ulas re la tin g  p h o to sy n th esis  to  irrad ian ce , 
th e  op tical p ro p erties  of w a te rs  and  th e ir  tro p h ic ity  also need ad ju stin g , 
w hich will requ ire  fa r m ore em pirical d a ta  for s ta tis tic a l analyses th a n  are 
a t  p resen t available. T his applies in p a rtic u la r  to  th e  m ost innovative  re ­
lationsh ips -  betw een  th e  sp ec tra l coefficients of ligh t ab so rp tio n  by p h y to ­



p lan k to n  and  chlorophyll con cen tra tio n  C a, an d  be tw een  th e  q u a n tu m  yield, 
and  th e  u n d erw a te r irrad ian ce  and  chlorophyll C a(0).

T h e  p resen t p re lim inary  descrip tion  of th ese  re la tionsh ips does n o t yet 
p rovide sufficiently ac cu ra te  es tim atio n s of th e  ch a rac te ris tic s  of th e  sea 
d iscussed in th is  paper.

D espite  th ese  lim ita tio n s th e  ap p ro x im a te  m a th em a tica l fo rm ulas in th is  
version of th e  m odel can be used as p a r t  of th e  a lg o rith m  for th e  rem o te  
estim atio n  of p rim ary  p ro d u c tio n  and  o th e r p h o to sy n th es is -re la ted  ch a rac ­
te ris tics  of th e  sea. T h e  following vertica l d is trib u tio n s can  th e re b y  be  cal­
cu lated : th e  co n cen tra tio n  of chlorophyll p igm en ts (chi a +  p h aeo ), sp e c tra  
of light ab so rp tio n  by p h y to p lan k to n  in  vivo , sp e c tra  of th e  dow nw ard  ir ra ­
diance a tte n u a tio n  coefficient, d iu rn a l to ta ls  of available lig h t energy  P A R ,  
th e  P U R  energy abso rbed  by p h y to p lan k to n , and  p rim ary  p ro d u c tio n  in 
th e  sea. To do so, how ever, th e  following in p u t d a ta  (d e te rm in ed  by  rem o te  
sensing) m u st be know n: surface chlorophyll (chi a +  phaeo) C a(0), an d  th e  
sp ec tru m  of d iu rnal surface irrad ian ce  E d (X , t ,  0 ) in th e  visible sp ec tru m  
as a  function  of tim e or only th e  d iu rnal to ta l  irrad ian ce  energy  t]p a r (0) 
en te rin g  th e  sea.

As regards th e  assessm ent of p rim ary  p ro d u c tio n , o u r a lg o rith m  seem s to  
us to  be m ore ac cu ra te  th a n  those  published earlier. T h is is chiefly because 
we have tak en  in to  account th e  re la tionsh ips betw een  th e  q u a n tu m  yield of 
pho to sy n th esis , and  th e  tro p h ic  index of a  w a te r  C a(0) and  th e  irrad ian ce  
E p a r ■ So, in teg ra l p h o to sy n th e tic  ch a rac te ris tic s  in th e  w a te r  colum n, i.e. 
th e  p h o to sy n th e tic  index Etot (23) or th e  p h o to sy n th esis  cross-section  Wtot 
(24), b o th  closely re la ted  to  th e  q u an tu m  yield, m ay  p lay  a  key role in th e  
es tim atio n  of p rim ary  p roduc tion .

K now ing Etot or ' J tot for p a rtic u la r  irrad ian ce  conditions a t  th e  sea su r­
face E p a r {0) and  p a rtic u la r  surface chlorophyll C a (0) enables th e  to ta l  
p rim ary  p rod u c tio n  to  be determ ined  from  th e  solar ra d ia n t energy  doses 
t]p a r (0) en terin g  th e  sea by m eans of th e  fo rm ulas (from  a  tra n sfo rm a tio n  
of eqs. (23) and  (24)):

for t]p a r (0)  expressed in [q u an ta  m - 2 ]

Ptot =  9.09 x  10~2A£tot Vp a r {0) [g C  m - 2 ]

for t]p a r {0) expressed in [J m - 2 ]

Ptot = 2.5 X 10~5Etot t]PAr (0)  [g C  m - 2 ]

or

Ptot =  2.5 X 10~5T]pAR (0 )^ to t(0 )C a,tot [g C  m - 2 ].



T h e range and  causes of th e  variab ility  of etot or $ ioi in n a tu re  have been 
exam ined (P la t t  et al., 1988; S a th y en d ra n a th  et al., 1989). T h e  possib ility  
of regard ing  $ tot as a  biogeochem ical ‘ co n stan t ’ in sim ple m odels has been 
considered (P la t t ,  1984). T h e  ‘ co n stan t ’ Wtot defined by  M orel (1978, 1988) 
on th e  basis of 30 m easu rem en ts  m ade during  th e  W G -1 5  and  C IN E C A - 
5 exped itions is ^ to t  — 7 X 10~5 m 2(m g C h l) 1 w ith in  ± 50%  a t lcr1. O ur 
m odel tak es  account of th e  d iversity  of 'S’ tot values in th e  W orld  O cean 
and  also describes q u an tita tiv e ly  th e  dependence of th is  p a ra m e te r  on th e  
tro p h ic  index and  conditions of inciden t so lar irrad ian ce  (F ig . 7). I t is 
therefo re  a  step  tow ards solving th e  problem .

Som e do u b ts  m igh t be expressed concerning th e  q u a n tita tiv e  accu racy  of 
th e  form ulas in som e blocks of th e  algo rithm  (F ig . 1) because of u n ce rta in tie s  
in determ in ing  th e  abso lu te  coefficients of ligh t ab so rp tio n  by  p h y to p lan k ­
to n  av\{A). In com parison  w ith  th e  resu lts  of o th ers  (H a a rd t an d  M aske, 
1981; P rivoznik  et al. 1978), th e  specific coefficients a*;(A) used in o u r m o­
del a re  som ew hat h igher in value p a rticu la rly  for o ligo troph ic ecosystem s. 
T his could be due to  system atic  m ethodological erro rs  in th e  m easu rem en ts  
of ap;(A) on w hich our m odel re la tionsh ips have been based . W hich  of th ese  
ab so rp tio n  coefficients is co rrect we canno t s ta te  unequ ivocally  a t  p re sen t. 
If, how ever, we assum e th a t  o u r coefficients ap;(A) have  been  sy stem atica lly  
o v erestim ated , th en  clearly o th e r ch a rac te ris tic s  de term ined  from  th em  m u st 
also be erroneous; e.g. th e  coefficients K pi(X) and  energies t]p u r  are  ove­
re s tim a ted , b u t th e  q u an tu m  yields $  are  to o  low. On th e  o th e r h an d , if 
p rim ary  p ro d u c tio n  P  is e s tim a ted  as th e  p ro d u c t $  X t /p u r ,  th ese  erro rs 
cancel them selves o u t, so th a t  th e  com pu ted  values of P ( z )  and  P tot are  
close to  th e  ac tu a l values. P re lim inary  verification of our m odel show s th a t  
our e s tim ates  are qu ite  a c cu ra te  (section 3, F igs. 9A and  9B).

A fu r th e r cause of u n d eres tim a ted  q u an tu m  yields $ ,  b o th  m easu red  
experim en tally  and  m odelled, could be th e  fac t, suggested  by a  n u m b er of 
au th o rs  (K oblentz-M ishke et al., 1985; V inogradov  an d  S hushk ina , 1987), 
th a t  p rim ary  p rod u c tio n  determ ined  by 14C  labelling  is in accu ra te . T hese 
erro rs -  if th ey  occur -  a re  also tran sfe rred  to  th e  e s tim a ted  p rim ary  p ro ­
duction , w hich in th is  s itu a tio n  approaches no t th e  real level of p ro d u c tio n  
b u t th a t  perh ap s u n d eres tim a ted  by th e  rad io iso to p e  m eth o d s.

O ur m odel is p articu la rly  su itab le  for m odelling p rim ary  p ro d u c tio n  
and  re la ted  ch a rac te ris tic s  in W C  1. If it is to  be app lied  to  W C  2 as

'M ore l’s (1978) empirical d a ta  indicate th a t this figure was arrived at on the basis 
of prim ary productions measured under similar solar incident irradiance conditions at 
all stations. In 25 cases, the mean diurnal irradiance E p a r { 0 )  was high, ranging from 
5.5 x 1020 to  8 x O20 quan ta m -2 s - 1 , whereas under natural conditions such irradiance 
ranges from ca 1 x 1020 or less to ca 1 x 1021 quan ta  m _ 2 s_1.



well, fu r th e r  investigations a re  necessary  for each region an d  season in o rder 
to  de term ine  th e  typ ical values of A ii'(A ), ( th e  com ponen t of th e  sp ec tra l 
coefficients of irrad ian ce  a tte n u a tio n  -  see fo rm u la  (7) or (8 )) w ith  ‘ local ’ 
fo rm ulas referring to  p a rtic u la r  regions of th e  sea or seasons.
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