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Oceanic primary production 
1. Adaptation of a spectral light-photosynthesis model in view 
of application to satellite chlorophyll observations 

David Antoine and Andr6 Morel 

Laboratoire de Physique et Chimie Marines, Universit6 Pierre et Marie Curie et CNRS, Villefranche sur Mer, France 

Abstract. A global equation, designed to estimate the column-integrated oceanic primary produc- 
tion realized by a given phytoplankton biomass under various environmental conditions, is used to 
develop a practical method to assess the primary production (P) from the chlorophyll concentration 
as provided by satellite imagery. This basic equation combines three terms, namely the photosyn- 
thetically available radiation impinging at the sea surface, PAR(O+), the column-integrated chloro- 
phyll content, <Chl>to t, and the cross section for photosynthesis per unit of chlorophyll, W*. Global 
monitoring of incident irradiance and near-surface algal biomass is now achievable from space, 
and thus the next step toward a monitoring of oceanic primary production would be to dispose in 
parallel of a "climatological field" of the W* quantity. Actually, W* depends on the two other terms 
of the equation (PAR(O +) and <Chl>tot,), and, in addition, on temperature (also detectable from 
satellite). Therefore such a "climatological field" is variable and complex and it can be conve- 
niently replaced by lookup tables allowing easy interpolation. The entries are date, latitude, 
cloudiness, temperature, and remotely sensed chlorophyll concentration. This upper layer concen- 
tration is extended downward owing to previous results of a statistical analysis of the chlorophyll 
vertical distribution; accordingly, two parallel tables, corresponding to well-mixed or stratified 
upper layers with uniform or non uniform chlorophyll vertical profries, respectively, are 
constructed. These tables are produced by systematically using a previously published spectral 
light-photosynthesis model. For such extensive computations, the model necessarily relies on, and 
is operated with, a standard set of ecological and physiological parameters. Therefore sensitivity 
analyses have been carried out in view of assessing the impact on •*, and on the resulting produc- 
tion of deviations in these parameters or parameterizations, vis-a-vis the standard values or formu- 
lations which were adopted when building the tables. The effects of the biomass vertical structure, 
of possible light and temperature adaptation, and of the presence of degraded pigments are among 
the sensitivity studies which have been performed. The method as proposed can accomodate any 
improvement and complexity in parameterization to the extent that additional computation time is 
faced only when generating the lookup tables, not when using them in conjunction with satellite 

Introduction 

The primary production rate of any plant biomass first depends 
on the size of the biomass itself and on the amount of radiant 

energy impinging onto this biomass and able to drive the photo- 
synthesis process. In an aquatic environment, the phytoplankton 
stock actually evolves as a result of the balance between the net 
photosynthetic carbon fixation and all the processes responsible 
for its degradation and consumption (decay, sinking, grazing). 
The present paper deals only with the first process, that is, the 
increase in the algal carbon pool, whatever its actual fate. At a 
given moment, the water column primary production can be 
mechanistically described in a compact and diagnostic form 
through [Morel, 1978, 1991] 

PSR = < Chl >tot PAR • (la) 
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where the algal biomass is quantified as being the column-inte- 
grated chlorophyll content, <Chl>to t in grams of chlorophyll per 
square meter, where PAR (Joules per square meter) is the photo- 
synthetically available radiant energy (within the spectral range • 
= 400 to 700 nm) incident at the sea level per unit area and during 
a given lapse of time (e.g. 1 day), and where PSR (Joules per 
square meter) is the energy photosynthetically stored (during the 
same duration) as chemical energy within the plant biomass 
throughout the water column of unit section. The height of this 
column corresponds to the productive layer, in which the net pho- 
tosynthesis is positive for the timescale considered. According to 
the structure of (1), the factor •* has the dimension of a cross 
section of algae for photosynthesis and per unit of areal chloro- 
phyll biomass; it is expressed as m 2 (g Chl) 'l. The single quantity 
q•* actually merges the two basic processes involved in the photo- 
synthetic carbon fixation, namely the capture of radiant energy 
and then the transformation of this harvested energy into chemical 
energy stored in the algal biomass. The carbon fixation, P 
(expressed as mass of C fixed per area and time units) and PSR 
are related through 
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P = PSR / Jc (lb) 

where J½ represent the energetic equivalent of photosynthetic 
assimilate (expressed as kJ (g C) '!). The same quantity relates •* 
to the "light utilization index", •, introduced by Falkowski[1981] 
according to 

•I• = •I•* / Jc (2) 

where • is expressed as g C (g Chl) -! (J m-2) '1. 
An important application of the remotely sensed images of 

ocean color is the estimation of the oceanic primary production 
based on chlorophyll pigments fields as derivable from such a 
spectroradiometric technique. The surface solar irradiance and its 
photosynthetically active portion can be computed under clear sky 
conditions from astronomical parameters (solar declination, Sun- 
Earth distance, geographical latitude) and atmospheric properties 
[see e.g., Frouin eta/., 1989; Gregg and Carder, 1990; Tanrd et 
a/., 1990]. In the frame of the International Satellite Cloud Clima- 
tology Project (ISCCP) [Schiffer and Rossow, 1983, 1985], obser- 
vations from multiple spaceborne sensors are permanently 
combined to provide a global monitoring of the occurence of 
clouds and of their optical properties. The solar irradiance under 
cloudy skies can also be estimated by using these data. The clear 
sky and cloudy sky components can then be added to produce 
total solar irradiance fields over the ocean at the appropriate 
timescales, from days to months and years [Bishop and Rossow, 
1991; Pinker and Laszlo, 1992]. In reference to (1), the next step 
toward assessing the oceanic primary production, with an effi- 
ciency adapted to that offered by the continuous and global views 
of biomass and irradiances as provided by satellites, would be to 
dispose in parallel of a global climatological field of the 
parameter •*. This approach was already suggested by Berthon 
and Morel [1992], and used at mesoscale for a study of the 
Mediterranean Sea [Morel and Andrd, 1991' Antoine et al., 1995]. 
The aim of the present work is twofold: (1) to develop a method 
allowing the production of a W* field, based on a set of standard 
values given to the physiological parameters controlling the 
photosynthesis response of algae, (2) to assess, through sensitivity 
analyses, the impact of deviations in these parameters vis-a-vis 
their standard values on the resulting W* values and therefore on 
the production estimates. 

In prevision of use in combination with chlorophyll as sensed 
by satellite, the •P* field as well as the resulting production are 
conveniently made available under the form of tabulated values. 
In a companion paper this method is applied to the coastal zone 
color scanner (CZCS) archive; by using the lookup tables in 
conjunction with the monthly mean global chlorophyll images, 
the oceanic primary production can be assessed, and its seasonal 
evolution studied at the scale of the world ocean. 

Theoretical and Computational Background 

In counterpart of the formal simplicity of (1), the single W* 
term conceals all the complexities inherent to the physical and 
physiological mechanisms involved in the marine carbon fixation 
process. It primarily includes a representation of the local and 
instantaneous photosynthetic response of phytoplankton to the 
light climate, namely to the amount and spectral composition of 
radiant energy. Then it cumulates these responses of algae, which 
are living at different depths within the productive layer, and 

accounts for the varying radiation availability along the light 
period. Therefore •* is a bulk quantity which describes the global 
response of a given column-integrated biomass when lighted ac- 
cording to prescribed conditions prevailing above the surface. 
From the above remarks, it follows that •* is not an independent 
term, separable from the two others, <Ch!>to t and PAR, appearing 
in (1), as briefly explained below (see details in Appendix A). 

At time t, and depth z, the amount of monochromatic (•) irradi- 
ance which drives photosynthesis, denoted PAR(I,t,z) depends on 
the corresponding value at the sea surface, PAR(Z,t,0), and then 
on attenuation along the path from 0 to z. The light attenuation is 
ruled, at least for oceanic case 1 waters [Morel, 1988], by the 
pigment vertical profile, Chl(z). To the extent that 

L700 

I I PAR(•,t, 0+)d•dt=PAR(0+) (3) 
0400 

D 

and I Chl (z) dz = < Chl >tot (4) 
0 

W*, as depending on the two integrands, is implicitly related to the 
integrated quantities PAR(O +) and <Chl>to t; L is the day length; 0 
means just above the surface and D is the depth of the productive 
layer. A lookup table providing climatological W* values must 
account first for the varying environmental conditions that deter- 
mine PAR(Z,t,0), and second for the various ecological or trophic 
situations described by the chlorophyll profile, Chl(z). The past 
history (vertical mixing, light and nutrient availability, grazing 
pressure) results in a given algal biomass with a given vertical 
structure. This history does not interfere with the computation 
presently envisaged which only deals with the potential carbon 
incorporation by the present biomass. In no way such a computa- 
tion constitutes a predictive model of algal evolution. 

In a first approximation, the day of the year, the latitude and 
the cloudiness index (three variables) suffice for predicting 
PAR(Jr, t,0) and the daily integrated amount PAR(O +) (equation 3). 
The aerosol, ozone and, with a lesser importance for the spectral 
range involved, the water vapor content could be three additional 
variables (not considered here). The vertical pigment profile is 
also needed (4). In the perspective of using remotely sensed data, 
and because the concentration detectable from space is restricted 
to the upper layer [Gordon and McCluney, 1975; Andrd, 1992], 
further assumptions are required. Following a previous approach 
[Morel and Berthon, 1989], two cases are considered. When the 
mixed layer is presumed to be thicker than the productive layer, 
Chl(z) is supposed to be constant and everywhere equal to the 
concentration "seen" by the satellite, Chl<sat >. In the converse 
situation, when a stratification occurs inside the productive layer, 
the vertical profile may, and often does include a deep chlorophyll 
maximum (DCM). The magnitude and position of this maximum 
are made variable according to the upper layer value, Chl<sat> 
(equation (6) Morel and Berthon [ 1989]). In both situations, the 
integration over the productive layer provides <Chl>to t (see 
Appendix B). The discrimination between the two cases rests on 
external information (climatology or sea surface temperature evo- 
lution, as remotely sensed). 

Temperature is also known to react on the maximal photosyn- 
thetic capacity of algae. As the temperature effect is imbedded 
inside the parameterization of the light response (Appendix A), its 
influence cannot be separately treated. It is therefore another entry 
for a lookup table providing W*. Selecting the most appropriate 
value for temperature (either sea surface of mean water column 
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temperature, for instance) remains an open question and is 
incumbent upon each user of the table. However, as is com- 
puted under the assumption of uniform vertical temperature 
profiles, entering into the tables with the mean temperature over 
the euphotic zone appears as a reasonable choice [see Antoine et 
a/., this issue]. 

Finally, and under the hypothesis of a single (mathematical) 
representation of the photosynthetic response (Appendix A; 
equation (A6)), two parallel, five-dimensional tables are 
necessary to account for the two possible options relative to the 
pigment profiles. They provide W* and P values as a function of 
date, latitude, cloudiness, temperature, and Chl<sat>. Computing 
such tables requires the adoption of a "standard" parameterization 
of all phases of the photosynthesis process (Appendix D). This 
parameterization follows an approach previously developed 
[Morel, 1991]. For the sake of completeness and in support to the 
sensitivity studies, the basic definitions and equations are recalled 
in Appendix A. The way of generating the lookup tables is 
described below, then the effects of changing the parameterization 
itself or of modifying the numerical values given to the 
parameters, are examined as sensitivity studies. 

At this stage it is worth emphasizing that the model used to 
obtain the W* values is based on a set of fixed equations and pre- 
scribed parameterizations (see Appendices A, B, and D). Once 
this set is introduced, the model provides, in each particular case, 
a unique solution for W* and then for P. In this sense, there is no 
"error bar" on •*. Changing one-by-one input parameters, as 
done in sensitivity tests, allows the variations in •* to be 
quantified, not in terms of error, but in terms of uncertainty which 
numerically results from possible deviations between actual and 
adopted parameters. 

Generating the Lookup Tables for W* 
The values of the physiological parameters presently adopted 

(Appendix D) differ from those initially used by Morel [1991], 
and also from those resulting from a first validation of the model 
[Berthon and Morel, 1992]. In a recent additional validation test, 
the outputs of the model, when operated with the previous set of 
parameters, have been compared to repeated primary production 
measurements (JGOFS-EUMELI cruises in the tropical North 
Atlantic). These in situ determinations were made by using clean 
techniques [Dandonneau and LeBouteiller, 1992] in two 
(oligotrophic and eutrophic) contrasted regimes. The model data 
comparison has shown that if the model accounts well for the 
column-integrated production, it systematically underestimates 
the actual C fixation within the upper pm't of the euphotic zone 
and conversely overestimates it at low irradiance levels. A better 
reconstrfiction of the C fixation profile can be obtained by slightly 
•modifying the set of physiological parameters (this change does 
not significantly alter the integrated primary production). Accord- 
ingly, this new set has been presently preferred. It also relies on 
recent findings [Wozniak eta/., 1992; Bricaud eta/., 1995] about 
the rather regular and opposite variations of the maximum 
quantum yield, q•[tanax, and the maximum chlorophyll specific 
absorption coefficient, a'max, along with the chlorophyll concen- 
tration. From oligotrophic to eutrophic regimes, that is, when the 
chlorophyll concentration increases, q0g, max tends to increase, 
whereas a*ma x tends to decrease, so that their product remains 
roughly constant (see Appendix D). It must be emphasized that P 

is to the first-order and linearly related to the product a*ma x 
tp[unax, appearing outside of the integral of (A9) (Appendix A), so 
that there is no need for any "sensitivity" study concerning either 
each term separately considered or the product of both. 

The depth of the productive layer adopted for the 
computations, D, is that depth where PAR is reduced to 0.1% of 
its surface value. D is computed by using the Chl(z) profile 
adopted (uniform or not, Figure l a), and by propagating the 
downwelling irradiance throughout the water column according to 
the scheme proposed by Morel [1988] for case 1 waters. The 
downwelling irradiance is then transformed into scalar irradiance 
(via a "geometrical factor", detailed by Morel [1991]) to obtain 
PAR. The depth D is approximately 1.5 times Z e, the commonly 
defined euphotic depth (the so-called "1% light level"). The 
consideration of deeper levels is necessary because deep 
chlorophyll maxima often develop at levels close to Z e and persist 
over long periods in many parts of ocean [Cullen, 1982]. The 
inclusion of deep layers, from Ze down to D, results in increasing 
the column-integrated biomass, <Chl>to t, and correlatively in 
lowering the •* values with respect to those which would be 
predicted for a layer restricted to Ze. Nevertheless, the product W* 
<Chl>to t and then the production (equation (la)) are slightly 
enhanced in oligotrophic waters exhibiting a strong DCM around 
or below the 1% level, whereas they remain practically unchanged 
for mesotrophic and eutrophic waters. 

The <Chl>tot values are computed (through equation (4)), 
either by letting Chl(z) = Chl<sat> everywhere from z = 0 to z = D, 
or by using non uniform profiles as shown in Figure l a. These 
computations can be made once after which two relationships 
between <Chl>to t and Chl<sat> are derived by least square fit to 
polynomial expressions (given in Appendix B). 

The photosynthetically active radiant energy impinging at the 
ocean surface and under dear skies is estimated by using the "5S 
model" [Tanrd eta/., 1979, 1990] together with standard atmo- 
spheric conditions (Appendix D). The reduction of the incident 
PAR radiation due to the presence of clouds is estimated accord- 
ing to the formulation of Reed [1977], when modified to account 
for the less severe reduction by clouds of the visible radiation; this 
reduction is assumed to be only 75% of that affecting the solar 
near infrared radiation (see Appendix C). The computation of 
PAR and subsequent computations have been made for all 
latitudes between the north pole and 76.25 ø south (Table 1) and 
for the twenty-first day of each month in order to include the two 
extrema found in both hemispheres at the two solstices. Half a 
year and only one hemisphere could have been considered. In 
such a case, however, a correction for the ellipticity of the Earth's 
orbit should have been necessary as the incident solar flux is 
varying by +3.4% around its mean value according to the date of 
the year. For convenience, it is better to dispose of a full table 
with all dates and latitudes. 

Results 

General Overview of Table Content 

The lookup tables contain W*, PAR(O+), <Chl>tot, and the 
product of these three quantities, namely P. There are two 
similarly arranged lookup tables, for either the case of uniform 
profiles or non uniform profiles. When using the tables, interpola- 
tions have to be made with the appropriate date, latitude, 
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cloudiness, Chl<sat>, and temperature values as entries (see Table 
1). It has been numerically verified that, whatever the entry, linear 
interpolations provide W* and P values that are accurate within 
less than 2 %, if compared with the exact values (that is, 
computed for the specified conditions). Therefore there is no need 
for narrowing the increments when constructing the tables. 
Included in the tables are the PAR(O + ) values, which correspond 
to each date-latitude-cloudiness triplet, the <Chl>tot values in 
correspondence with each Chl<sat> entry in the table, the depth of 
the productive column D, the cross section W*, and finally the 
resulting production which varies with temperature. Examples of 
contents of the lookup table are displayed (Figure 2) for two 
Chl<sat> values used with uniform chlorophyll profiles. The 
curves axe always interrupted when latitude exceeds 76 ø S or as 
soon as the day length becomes shorter than 2 hours in high N and 
S latitudes. As previously shown [Morel, 1991], W* is almost 
insensitive to the chlorophyll concentration when the vertical 
distibution of algae is uniform, whereas it is highly dependent on 
the date, actually on irradiation and day length. This is illustrated 
in Figure 2, where the various curves of •F* as a function of 
PAR(O+), each one for a given chlorophyll concentration, are 
almost confounded. As a consequence W* remains steadily around 
0.10 m 2 (g Chl) '1 near the Equator, and at 45 ø N or S varies from 
about 0.05 to 0.10 m :z (g Chl) '• in summer and winter, 
respectively. At higher latitudes •F* experiences even wider 
variations, from about 0.03 in summer, up to 0.4 m :z (g Chl) '1. 
This maximum, however, occurs for the shortest days and for 
extremely reduced irradiation (< 3 % of that in summertime) and 
thus when production actually becomes insignificant. During 
these months, the vanishing production is realized with the best 
yield, that is, with a quantum yield value permanently close to its 
maximum q)g,max, leading to high •F* values. This numerical 
consequence of the production equation has admittedly never 

Table 1. Entries and Content of Each Lookup Tables 

Entries Description N 

Dates The twenty-first 
of each month 12 

Latitude 2.5 ø increment 
from 88.75 ø N 
to 76.25øS 67 

Figure 1. (a) Mean vertical profiles of chlorophyll (solid curves), 
as derived from (6) in Morel and Berthon [1989] for the nine 
upper layer chlorophyll concentrations, together with the corre- 
sponding uniform profiles (vertical dashed lines). Various depths 
are indicated: the "penetration depth" (i.e., the thickness of the 
layer "seen" by an ocean color remote sensor), Z<pd>, the euphotic 
depth, Z e, and the depth of the productive layer, D. (b) column- 
integrated chlorophyll content, as derived from (A10a) (uniform 
chlorophyll profiles, dashed curve), or (A10b) (nonuniform 
profiles, solid curve), as a function of the surface chlorophyll con- 
centration. (c) Primary production calculated at the Equator and 
for the vernal equinox (clear sky), as a function of the surface 
chlorophyll concentration. The dashed and solid lines correspond 
to uniform or structured vertical chlorophyll profiles, respectively. 
The dotted line is obtained when the intensity of the deep chloro- 
phyll maximum is doubled (see text). 

Cloudiness 

Chl<sat> 

Water temperature 

Content 

D 

<Chl>to t 
PAR(O + ) 
W* 
P 

from 0 to 1 with 
0.1 increment 

0.02, 0.04, 0.1, 0.2 
0.4, 1, 2, 4, 10 mg m '3 

2 ø increment in the 

[- 10 ø, +40øC] interval 26 

unit of measure 

m 

mg Chl m '2 
J m-2d -I 

m2(g Chl) '! 
g C m '2 d '1 
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Figure 2. (a, c) examples of •* values for two Chl<sat> concentrations, as indicated. The chlorophyll vertical profile 
is uniform, the sky is clear, and the monthly temperatures are taken as the mean of the Levitus [1982] atlas for each 
latitude belt (bumps in the curves are due to temperature variations). The curves labeled M, J, S, D are for the 
twenty-first of March, June, September, and December, respectively. (b) Nine curwes of •* as a function of PAR(O +) 
are shown (values are extracted from the tables for the date indicated and all latitudes); each one corresponds to a 
given chlorophyll concentration (see Table 1). (d, f) Relative changes in •* with respect to the values shown in (a, 
c), under the same environmental conditions, when nonuniform vertical chlorophyll profiles (•*nu) replace uniform 
profiles (iF*u). (e) as in (d, f), but with respect to •* values computed for a uniform vertical chlorophyll profile, 
when Chl<sat> is 0.2 mg m '3. The relative changes, that is, (•*nu - •*u) / •*u, are expressed in percentage. 

been verified through field experiments. In summer at high 
latitude, the low temperatures is the main factor which depress W* 
and P. 

The second lookup table deals with nonuniform chlorophyll 
profiles, and its contents are shown by comparison with those of 
the previous table. In Figure 2 (d, e, f) the relative differences (as 
percentage) in W* for the same dates, latitudes, and Chl<sat > 
concentrations than in Figure 2 (a, c) (also for the same tempera- 
tures and clear skies) are plotted. With Chl<sat > = 0.02 mg m '3, 
there is a DCM reaching a concentration of 0.16 mg m '3 at about 
130 m (Figure la). This increase in biomass (by about a factor 3; 
Figure lb) with respect to that of the uniform profile (with 0.02 
mg m '3 everywhere) is not compensated by a proportionate 
increase in production, because the additional production is 
realized within the deep chlorophyll maximum, where photosyn- 
thesis is strongly light-limited. Finally the difference is negative 
and •* is steadily depressed, for instance by about 50 % at the 
Equator. Nonetheless, these lowered W* values are to be 
multiplied by much larger <Chl>tot values when using (1) and 
(lb), so that the resulting production is approximately doubled 
(Figure lc). Larger and more variable differences (-35, -60%) 
would occur at high latitude (> 50 ø N or S), except that such 

stratified situations leading to the maintenance of a DCM are not 
expected there. 

With a higher Chl<sat> concentration (2 mg m'3), the situation 
is different. The corresponding mean chlorophyll profile exhibits 
a weak maximum close to the surface (Figure l a), so that more 
biomass lies within the highly lighted layer. Conversely, the lower 
portion of the structured profile shows a biomass slightly lower 
compared to the uniform distribution. The difference in •*, still 
negative, is only of about 15%. Because the integrated biomass is 
about the same as in the case of uniform distribution (Figure lb), 
P is slightly decreased (Figure lc). For the intermediate situation 
(Chl<sat > ~ 0.2 mg m '3) W* would be depressed by about 25 % 
within the entire 50 ø N-S belt: in this case the nonuniform 

biomass exceeds the uniformly distributed biomass (by about 40 
%, Figure 1 b), in such a way that the resulting column production 
is moderately enhanced (by 25%, Figure lc). 

The response to the shape of the vertical pigment profile is 
briefly examined in complement to the above comparison 
between the two lookup tables (with and without DCM). It must 
be emphasized that changing physiology (as it will be made 
below) only affects the resulting W* value and thus directly 
modifies the computed production P. In contrast, changing the 
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vertical distribution of algae for a given Chl<sat > value changes 
both •* and <Chl>to t, with a more complex impact on P. When 
producing the second •* lookup table, the structured profiles 
adopted were mean, statistically derived, profiles; it is thus 
possible that the actual deep maximum magnitude exceeds the 
mean value. A test can be made by doubling the intensity of the 
Gaussian peak, at least when it is distinctly marked (i.e., when 

' Chl<sat > is low enough). For instance, with Chl<sat > = 0.02 mg Chl 
m '3, •* is again depressed by 20-30% with respect to its value for 
the mean, structured, profile; in the meanwhile <Chl>to t is 
increased by about 30% and D reduced by 17 m. These changes in 
•* and <Chl>to t result only in a small rise of primary production 
(Figure lc). 

Sensitivity Studies 

The cross section for photosynthesis and per unit of chloro- 
phyll, •*, is the relevant quantity for sensitivity studies, as it is 
fundamental (even if still dependent on the environmental condi- 
tions). Variations in this bulk efficiency parameter can be 
analyzed in a meaningful way, while those in the realized primary 
production are to the first-order controlled by the biomass itself 
and the available radiation, the transfer function being W*. 

If the linear impact of any change in the value assigned to 
a*ma x or tOl•,ma x is straightforwardly assessed, it is not the case for 
all the other quantities appearing inside the production integral 
(A9). The non linear response to change in parameters or 
parameterizations can only be estimated through sensitivity 
studies, separately presented below. They are made in reference to 
the standard case (lookup tables with uniform chlorophyll 
profiles, unless otherwise specified) with the same parameter 
values except for the parameter under study. These studies deal 
first with the absorption capabilities and then with the transfer of 
absorbed energy (the structure of the f(x) function and parameters 
herein included). 

Changing the Shape of the A!gal Absorption Spectrum. 
Given the available radiation PAR, the evaluation of the usable 

radiation (PUR in (A3)) depends on the choice of an absorbability 
spectrum A*(JL) (A2). A typical absorption spectrum for diatoms, 
obtained by averaging the spectra of Chaetoceros curviseturn and 
Chaetoceros lauderi [Bricaud et al., 1988], and Skeletonetna 
costaturn [Bricaud and Morel, 1986] is also displayed in Figure 3, 
as well as the absorption spectra of Synechococcus (strain WH 
7803) and Prochlorococcus tnarinus taken from Morel et al. 
[ 1993]. Diatoms can be seen as representative species of eutrophic 
waters, while prochlorophytes together with cyanobacteria may 
become dominant in an oligotrophic environment. With such 
differing absorption spectra, these three phytoplanktonic groups 
provide a good representation of the maximal variations to be 
expected. Since the absorption spectrum for diatoms and the 
standard spectrum are very close, the comparison is useless and 
the tests are made only by considering the contrasted 
Synechococcus and Prochlo rococcus spectra. 

The effects on •* (Figure 4) can easily be anticipated from the 
spectral characteristics of the species. In the case of 
cyanobacteria, an enhanced absorption capability in the green part 
of the spectrum significantly increases •* in "green" waters, (i.e., 
where the chlorophyll concentration is 2 mg m -3) and 
unsignificantly in "blue", low chlorophyll, waters. In exclusive 
presence of prochlorophytes, with a lower absorption capacity, •* 
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Figure 3. •e dbe•sio•less fu•ctio• A* (•) (A2), des•ibing the 
shape of •e algal absoftion spectra of various photosyn•esizing 
algal species or groups. 

is slightly and unsignificantly depressed (this effect would not be 
negligible only in the unrealistic case of green waters with 
extremely high concentration of pure prochlorophytes). It must be 
noted that the present sensitivity study, like the standard 
computation, is made under the assumption of a perfect efficiency 
in the energy transfer by the various pigments. The issue of 
photoprotective pigments is not at the PUR evaluation level. If 
envisaged, this problem is to be approached by reintroducing a 
wavelength dependency into q• (as formally written in (A1)), and 
thus by abandoning the simplifying assumption made here of an 
action spectrum coinciding with the absorption spectrum. 

Changing the Photosynthesis Light Response 1. Maximum 
Photosynthetic Rate. The value given to the "scaling irradi- 
ance", KPUR (A5), is crucial as it sizes the magnitude of the pB 
versus E curve and fixes the level of its plateau. This curve is 
implicitely contained in (Ata) or (Atb). By using the KPUR, 
a max, and q•gt, max values selected for the standard computation 
(Appendix D), the maximum rate at 20øC is (A7) 

PBma x = 4.6 g C (g Chl) -1 h -1 (5) 

According to (A8), PBma x is allowed to vary between approxi- 
mately 1.4 and 8 g C (g Chl) -1 h -1, when temperature increases 
from 10 to 29øC. Such a range agrees with most of the observa- 
tions at sea [e.g., Ryther and Yentsch, 1957; Kirk, 1983' Cullen, 
1990; Cullen et al., 1992], so that the standard value given to 
KPUR certainly represents at least a realistic mean. For a long 
time, however, it has been acknowledged that adaptative or 
genetic variability in natural populations results in wide changes 
in PBma x [see Geider, 1993, and references therein]. As a conse- 
quence of light/shade adaptation in vertically stable waters, the 
maximum rate is often found to be positively correlated to the in 
situ mean irradiance level [Schofield et al., 1993' Cullen, 1990] 
and therefore it decreases with increasing depth. Furthermore, the 
physiological mechanisms involved in algal photoadaptation have 
been thoroughly studied and substantiated [Sukenik et al., 1987]. 
It is worth recalling that such variability, or regular vertical trends 
of PBma x, are different from, and superimposed onto, its regular 
temperature-dependent evolution (already accounted for). 

For the present trials, it will simply be assumed that the above 
PBma x value could be halved or doubled, by multiplying KPUR by 
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Figure 4. Relative changes in W* (AW* / W*, as percentage), with respect to the "standard" W* values (i.e., com- 
puted under the conditions indicated for Figure 2 (a, c)), when the absorption spectrum of algae is that of 
Prochlorococcus or that of Synechococcus, and for the chlorophyll concentrations indicated. 

0.5 or 2. The maximum rate, PBmax, actually is directly governed 
by KPUR to the extent that the initial slope of the pB versus E 
curve is unchanged (when a*ma x and fOg,max are kept constant in 
A7). The results in Figure 5 are displayed as relative changes in 
W* with respect to the W* values computed using the standard 
KPUR value, and for the same dates and latitudes. As expected, 
the responses of W* to changes in PBma x are not linear and this 
nonlinear effect is depending on the radiation availability. At 
moderate latitudes for instance, say between 40øN and 40øS, and 
for all seasons, W* is reduced (increased) by a factor 0.7 (1.4) 
when KPUR is changed by a factor 0.5 (2), respectively. At 
higher latitudes, the relative change in W* becomes dependent on 
the season. In winter and at low irradiance levels, photosynthesis 
is almost permanently light-limited within the entire productive 
column and the primary production is essentially realized along 
the initial, ascending, portion of the pB versus E curve. Thence W* 
tends to be unsensitive to the actual PBma x level and, as a conse- 
quence, W* is modified only by a factor of about 0.8-0.9 or 1-1.2 
in response to a halving or a doubling of PBma x. In contrast, when 
day length and irradiance are near their maximum for these high 
latitudes, production is mainly realized and maintained at its max- 
imum rate. Because the irradiance value corresponding to the 
onset of saturation is lowered by low temperature, the maximum 

rate is easily reached in summertime. In such circumstances W* 
and P are almost linearly related to the value imposed to PBma x. A 
parameterization allowing PBma x to be dependent upon the mean 
irradiance level and equivalently upon depth would be more 
realistic. Such a simulation, feasible case by case when the depth 
dependence of PBma x has been experimentally established, cannot 
be easily generalized in the frame of global predictions. 

Changing the Photosynthesis Light Response 2. Light 
Inhibition. Computations are run by using (A6b) instead of 
(A6a), and by keeping the same conditions as before. The relative 
changes in W* are displayed in Figure 6. The suppression of inhi- 
bition obviously leads always to positive variations, by 2 to 4 % 
in tropical and temperate ocean, and by 0 to 5 % at high latitude, 
in winter and summer, respectively. According to the 
parameterization adopted, the effect of inhibition actually cannot 
be disconnected from the temperature effect. The decreasing 
KPUR value at low temperature (A8) and the correlative decrease 
in PBma x (as well as the shortening of the plateau of the pB versus 
E curve) entail an enhancement of the inhibitory effect at constant 
[1 value. Therefore the difference is maximal in summer and 
lessens during the short days period with low insolation, because 
the PBma x values, and a fortiori the photoinhibited regime, are 
never reached. For the sake of completness, it must be noticed 
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Figure 5. Ratio of the W* values obtained when KPUR is halved or doubled to the "standard" W* values (results are 
nearly identical when Chl = 0.02 and 2 mg m'3). 

that another way of modifying the shape of the P versus E curve 
would be to use (A6c) instead of (A6b). This possible choice 
actually leads to insignificant changes of the computed 
production. 

Accounting for the Presence of Pheopigments. In (1), only 
"active" chlorophyll is involved, while the satellite-derived 
pigment concentration is generally quantified as (chlorophyll a + 
pheophytin a) concentration. This merging originates from the 
impossibility in discriminating between the optical effects of the 
active form (chlorophyll) and of its degraded form (pheophytin). 
For the same reason, the biooptical model used to predict the 
downward irradiance profile and the depth of the productive layer 
makes no difference between the two forms. Nevertheless, the W* 
value remains unchanged in presence of pheopigments [see 
discussion by Morel, 1991]. In practice, the satellite "pigment" 
concentration (without any correction) must be used to select the 
•* value and obtain P. If information exists or assumptions can 
be made (see below) concerning the ratio p, equal to Chl a / (Chl 
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Figure 6. Relative changes in •* (A•* / •*, as percentage), with 
respect to the "standard" •* values, when the [I parameter is set to 
0 (no photoinhibition; equation (A6b)); the results are nearly 
identical when Chl = 0.02 and 2 mg m '3. 

a + Pheo a), the production values can be straightforwardly 
corrected, just by applying p (< 1) as a multiplier. 

Indeed, there is a considerable debate about the historical 

determinations of p which were derived from simple fluorimetric 
measurements before and after acidification [ Yentsch and Menzel, 
1963]. This method has been extensively applied when 
developing the CZCS algorithms, and has led to the units used for 
the satellite-derived "chlorophyllous pigment concentration", 
expressed as the sum (Chl a + Pheo a) and in units milligrams per 
cubic meter. It is now acknowledged [e.g., Vernet and Lorenzen, 
1987] that Chl b may interfere and produces either an artifactual 
detection or an overestimation of the pheophytin concentration. 
With a notable proportion of Chl b, in oligotrophic waters in par- 
ticular, the historical p values are highly questionable [Herbland, 
1988; Ondrusek et al., 1991]. Recent measurements via High 
Pressure Liquid Chromatography (HPLC) tend to prove that 
pheopigments are practically absent in many oceanic areas [e.g., 
Claustre and Marty, 1995]. Because the p ratio has a direct 
impact on the computed production, the recent progress in 
pigment analysis will certainly modify some of the previous 
envisions. 

Discussion and Conclusions 

Summarizing the results of the sensitivity studies, it can be 
concluded that the parameterizations or parameters, for which 
assumptions and standard sets of values were needed, can be 
arranged in increasing order of their impact on W* and then on P 
as follows (1) The shape of the absorption spectrum of algae, 
A*(;[), in correspondance with a change in dominant species, has 
a minor effect. (2) A similar conclusion can be drawn with respect 
to inhibition. (3) Ignoring or accounting for the nonuniformity of 
the vertical algal distribution entails more serious deviations in 
W*. It must be pointed out that when a deep chlorophyll 
maximum is present, •* decreases relatively to its value for a 
uniform pigment distribution. This decrease in W*, however, is 
more than compensated by the increase in <Chl>to t, so that, when 
using (1), P is definitely higher than if computed for a uniform 
profile. This increase is significant for all oligotrophic tropical 
zones. (4) More severe is the influence of the scaling irradiance, 
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which at any temperature governs the value of the saturated rate 
of carbon incorporation PBma x. The variation in •* is not linearly 
related to that in PBrnax. Nonetheless, a linear approximation can 
be used when a small change in PBma x (with respect to its 
standard value) is envisaged. If, according to future available 
measurements, a more considerable change in PBma x seems 
necessary, the use of the present lookup tables is not precluded. 
By virtue of (A7) and (A8), PBrnax and T are unequivocally 
related, so that it is always possible to select in the table the 
appropriate PBma x value by changing the temperature (with 
respect to the actual one, see Appendix A). Finally, (5) The bulk 
maximum efficiency, expressed by the product a*ma x q0g,rna x, and 
the pigment activity index p are crucial parameters. Fortunately 
(from a purely computational viewpoint), any change in their 
values does not involve more than a final linear adjustment of the 
computed production. Unfortunately (from a practical viewpoint), 
the actual changes in these parameters are far from being well 
documented in the real world. These conclusive remarks (4 and 5) 
meet the recommendations made by Platt and Sathyendranath 
[1988] to "measure the frequency distributions of the 
photosynthesis parameters and their seasonal variations", and 
their suggestion of establishing biogeographical provinces based 
on the knowledge of the specific physiological parameters of their 
algal populations. 

Finally, it is worth recalling that the rather simple model 
operated here to produce the lookup tables does not take into 
consideration the temperature variations inside the productive 
layer and also ignores the possible vertical variations of the 
physiological characteristics. For instance, a variable PBma x along 
the vertical axis (independent from that due to a temperature 
gradient), which would reflect a photoacclimation, is not 
accounted for. The same remark holds true for qag, rnax and a*ma x, 
even if they are known to vary spatially and may also change 
along the vertical. Any vertical trend can easily be accomodated 
in alternative versions of the code (used, for instance, in 
conjunction with observations at sea). With the aim of producing 
tables of general applicability, such improved versions presently 
remain impracticable or risky, because general parameterizations 
of ubiquitous validity for these vertical trends are still lacking. 

Ideally, the present method must apply to chlorophyll maps 
made available on a daily basis, so that the computed primary 
production is for the day in question. Other processes, essentially 
grazing, sinking, and decay, concurrently with physical conditions 
(PAR, vertical mixing) govern the further biomass evolution. 
They are not taken into account. In summary, the present tech- 
nique is a diagnostic approach and cannot say more than what it is 
intended for. Practically, a daily general information about the 
chlorophyll distribution is out of reach because of cloud occur- 
rence and instrumental limitations (swath, orbit repeat cycle). 
Therefore a satellite chlorophyll value will have to be considered 
as valid (and constant) for a certain period when deriving the 
primary production. This period may even extend up to that 
adopted when compositing the satellite imagery (e.g. 1 month 
with CZCS global imagery). Hopefully it will be reduced with the 
simultaneous deployement of several ocean color sensors in the 
future. In parallel, the environmental conditions (temperature, 
cloudiness) have also to be cumulated (or averaged) over the same 
period. Finally, with respect to an ideal use of the model on a 
daily basis, approximations are inevitable. Their effects, out of the 
scope of the present study, require specific studies. 

Appendix A: Basic Equations and Their Practical 
Utilization 

The core of the parameterization of the production - irradiance 
relationship is the local (depth, z) and instantaneous (time, t) 
growth rate equation [Bannister, 1974; Kiefer and Mitchell, 
1983] written for a monochromatic radiation. It accounts for the 
two sequential processes' namely, for the absorption of radiant 
energy and then for the transformation of captured energy into 
photosynthetic assimilate, expressed as mass of organic carbon 
fixed per unit of time and volume, P (g C m '3 s 'l). This equation 
reads 

P(z,t,)L)= 12 Chl(z,t) a*(z,t,)L) PAR(z,t,)L) qo•t(z,t,• ) 
(A1) 

In this equation, a* is the chlorophyll specific absorption of 
algae, expressed as m 2 (g Chl) '1, so that the product of the first 
three terms represents the absorbed energy, provided that PAR is 

scalar irradiance ß q0•t is the yield of the transformation, and is 
expressed as a "quantum yield for growth" when PAR is 
expressed in mol quanta m '2 s 'l and when the net amount of 
carbon fixed is in mol C. The latter is transformed into mass by 
using the carbon molar weight (12 g mol'l). The subsequent com- 
putation consists of integrating the above equation with respect to 
wavelength and time to obtain P(z), and then with respect to depth 
to obtain P. By combining P with PAR(O +) and <Chl>to t 
(equations (3) and (4)), W* is straightforwardly obtained 
(equations (1) and (lb) in introduction). Jc (lb) is given the value 
39 kJ (g C) 'l, adopted from Platt [1969]. This number actually 
has no importance, provided that the same value is used when 
reverting (1) and (1 b), that is, when using W* to derive P. 

The diagnostic approach represented by (A1) can only be oper- 
ated when all information is available. However, it is never the 

case when using satellite data. In such a perspective, global scale 
and climatological fields are the ultimate goal, although fully 
(spatial, temporal) documented database (in particular for the 
physiological parameters involved) do not exist. As a conse- 
quence, some simplifying hypotheses must be adopted in the 
present approach, and choices have to be made, which are 
summarized below. 

(1) The time dependence of a*, q0g and of the chlorophyll 
vertical profile are abandoned. (2) The depth dependency of 
absorption is also suppressed and the wavelength dependency is, 
for computational convenience, expressed as 

a*()L) = a'max A* (Z) (A2) 

where a'max is the maximal value found within the chlorophyll 
specific absorption spectrum (generally near 435 nm) and A* (;t) is 
a dimensionless function defined in the interval (1, 0) which 
describes the shape of the algal absorption spectrum. The 
"standard" A*(JL) function, taken by Morel [1991], is adopted 
(shown in Figure 3, together with some other typical functions, 
used in sensitivity studies). The adoption of a mean standard 
spectral shape and of a unique a'max is necessary, albeit simplify- 
ing. It is known that due to various pigmentations and packaging 
effect, the a*(JL) spectrum (shape and magnitude) is changing with 
algal species and populations. The A*(/•) function allows the 
photosynthetically usable radiation [Morel, 1978] to be computed 
as 
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PUR(z,t) = ] PAR(z,t,;L)A*(;L)d;L (A3) 
400 

The local and instantaneous value, PUR(z,t), represents that 
fraction of available energy which can potentially be absorbed by 
algae. Like PAR, it is expressed as quanta m '2 s 'l and also based 
on scalar irradiance. What is actually absorbed depends on the 
local abundance of algae, and is expressed by the product 

* PUR(z,t) Chl(z ) amax 

(3) It is assumed that the action spectrum of photosynthesis coin- 
cides with that of absorption; in other words, the quantum yield 
for growth is considered as independent of wavelength. Lower 
efficiency of some pigments in transferring absorbed energy could 
operationally be accounted for by an appropriate choice of a value 
for fol•,max (see below). (4) It is also assumed that fo•t,max is inde- 
pendent of depth, so that the product a*ma x fog, max (= Ix', Morel et 
a/., [1987]) is constant (see Appendix D). (5) The quantum yield 
for net growth fo•t is also scaled with respect to its maximal value 
fo•t,max, attained at vanishing irradiance, according to 

fo•t (x) = fo•t, max f (x) (A4) 

the dimensionless function f(x) is defined on (1, 0), and x is a 
dimensionless descriptor of usable irradiance, defined as 

x = PUR / KPUR (3.5) 

where KPUR is a scaling irradiance (see below). The function f(x) 
describes the light-photosynthesis response via the slope of the 
secant of the so-called ,,pB versus E" curve, when the irradiance E 
is quantified in terms of PUR (and not as usual in terms of PAR). 
The classical parameters of the pB versus E curve (namely the 
chlorophyll specific initial slope and the maximal production, {x B 
and PBma x, respectively) are directly related to a'max, folt, max and 
KPUR (see (22b) and (22c) in Morel [1991] and (A7) below). It is 
assumed that KPUR is independent of depth. (6) For the present 
computations, the photosynthesis-light curve adopted as the 
standard one is that introduced by Platt eta/. [1980]. According 
to the above dimensionless formulation, this function is expressed 
as 

f(x)= x-l(1- e -x )e -[Ix (A6a) 
where I• accounts for inhibition at high irradiance. If inhibition is 
discarded (as made in sensitivity analysis), this equation becomes 

f(x) = x-l(1-e -x) (A6b) 
and thus follows the Webb et al. [ 1974] model, or the mechanistic 
target theory [Dubinsky eta/., 1986]. Another mathematic repre- 
sentation can be adopted, derived from the Jassby and Platt 
[ 1976] formulation and based on a hyperbolic tangent function 

f(x)= x -1 tanh(x) (A6c) 

Apart from an enhanced convexity the shape of the f(x) curve is 
very close to that provided by (A6b). 
The scaling irradiance KPUR is nothing else than E k, the satura- 
tion onset parameter defined by Telling [1957], provided that P is 
plotted as a function of the absorbed radiation and not (as usual) 
as a function of available radiant energy. Therefore KPUR also 
determines the maximal value, PBma x of the PB versus E curve 
according to (22b) by Morel [1991]. 

P}• = 12 a max fo•t, maxx f(x KPUR (A7') 

Once a mathematical expression has been adopted for the f(x) 
function, the bracketed product above experiences one maximum 
when the dimensionless descriptor of usable irradiance, x, goes 
from 0 to o•. With (A6a), this maximum is equal to 0.945 (at x = 
4.615 if I 5 is 0.01), or equal to 1 (at x = oo) with (A6b) (see Table 
1 by Morel [1991]). 
(7) The temperature effect upon growth is accounted for by 
allowing KPUR to be dependent on temperature with a Q10 
(increase in growth rate per 10 ø C rise) equal to 1.88 as suggested 
by Eppley[1972], thus 

KPUR(T) = KPUR(20 ø) 1.065 (r-20ø) (A8) 

By combining with (A7), it follows that the maximum, light-inde- 
pendent, photosynthetic rate is regulated only by temperature 
according to 

Pm•ax (T) = P•max (20 ø) 1.065 (T-2øø) (A7") 

and changes by a factor 6.6 to 1 when T decreases from 30 ø to 
0øC. If such a Vant'Hoff law provides an adequate description of 
the immediate temperature effect for algae in culture when trans- 
ferred from their growing temperature to other (lower or greater) 
temperatures, its validity has been questioned if applied to algae 
growing in nature over a wide range of temperature (see discus- 
sion by Kirk [ 1983]). Some thermal adaptation or optimization 
may occur via a change in the enzyme pool [Yentsch, 1974]. Such 
an adaptation strategy, for cold water species for instance, would 
consist in growing faster than temperate species would do if trans- 
ferred at the same low temperature. Such a deviation from 
Eppley's equation does not seem to occur, at least in a significant 
way [see e.g., Gilstad and Sakshaug, 1990]. 

By reassembling the above terms according to (A1) and then 
integrating, the daily column production is computed according to 

P = 12 ama x fog, max 
LD700 

II I Chl(z) PUR(z,t,}[) f(x(z,t)) dJLdzdt (A9) 
00400 

Note that x, which, in a dimensionless fashion, reflects the instan- 
taneous and local radiant energy ((A5) and (A3)), is accordingly a 
function of time and depth. 

The above equations deserve some additional comments. In 
(A7), it appears that the maximum photosynthetic rate PlUme x 
depends on the algal absorption (through a'max). If it is 
numerically true in the frame of the approach used here, it is erro- 
neous from a purely physiological viewpoint. The light-saturated 
photosynthesis level obviously is independent of the absorption 
capacity, in contrast to the onset of this regime. This contradiction 
is only apparent. Equation (A7) provides the value of PBma x once 
the initial slope of the photosynthesis-light curve is fixed (through 
the product Ix'= a*ma x fOg, max), the saturation onset parameter is 
fixed (through KPUR), as well as the shape of the curve (the f(x) 
function). The sensitivity analysis carried out in this work is made 
on the hypothesis of changing PBma x only by varying KPUR. In a 
natural environment, other, more intricated, changes affect simul- 
taneously the two independent physiological parameters. 
Therefore the statement made in different places that P is linearly 
related to the product a*ma x fO[t•max (which is mathematically 
irrefutable, according to (A9)) can be disputed in specific 
situations. For instance, changing a max fOg, max under the 
constraint of maintaining PBma x constant implies adjusting KPUR 
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accordingly. Therefore x (A5) and f(x), inside the integral, are 
modified. Such situations, to be considered when using the model 
in conjunction with in situ data and full information about the 
algal physiology, cannot be considered in the standard computa- 
tion required for the production of the lookup tables. 

The temperature range adopted for the systematic computations 
(-10øC, +40øC, see Table 1) by far exceeds the normal oceanic 
range and has been considered only for numerical convenience. 
Indeed T reacts on the computed production through (A7), that is, 
via the PBma x value. Therefore, when using the lookup tables, 
temperature can be changed with respect to its actual value in 
order to modify pB max with respect to its standard value. A poten- 
tial user can disagree with the choice made in the model, or 
according to measurements other values of PBma x may appear as 
more appropriate. If, for instance, PBma x as measured in a water 
body at 0øC turns out to be 1.0 g C (g Chl) '! h 'l, whereas at this 
temperature the standard value is 1.3 g C (gChl) '! h 'l, entering 
into the table with T = -4.16øC will restore PBma x at the desired 
level. In correspondance with the -10øC, +40øC range considered 
here, accessible values of PBma x are between 0.69 and 16.2 g C (g 
Chl) -1 h-l. 

Appendix B: Deriving <Chl>tot From Ch!<sat> 

For a given Chl<sat > value, the corresponding vertical Chl(z) 
profile is either derived from (6) by Morel and Berthon [1989] or 
assumed to be uniform. The structured profile or the uniform 
profile are introduced in the model of irradiance propagation 
[Morel, 1988] in view of determining the depth of the 0.1% PAR 
level, denoted D. By integrating the Chl(z) profile down to D, the 
column-integrated content <Chl>tot is obtained. In order to avoid 
repeating such computations, the two relationships between 
<Chl>to t and Chl<sat > have been fired to the following polynomial 
expressions 

Y = 1.774 + 0.557 X - 2.915 10 -2 X 2 

+ 1.671 10 -2 X 3 - 2.706 10 -3 X 4 (A10a) 

Y = 1.808 + 0.449 X + 3.927 10 -2 X 2 

- 8.574 10 -3 X 3 - 4.826 10 -3 X 4 (AlOb) 

where Y = log10(<Chl>tot) and X = log10(Chl<sat>); equations 
(A10a) and (A10b) are for uniform and nonuniform profiles, 
respectively (see Figure l a). For practical application these poly- 
nomials reproduce the computed <Chl>tot values within 2% in the 
Chl<sat> range from 0.02 to 20 mg Chl m '3. 

Appendix C: Estimating PAR(O +) 

The reduction of the incident total radiation due to the presence 
of clouds is estimated according to the formulation of Reed [ 1977] 

SW(0 + ) = SW(0+)clcar [1- A] (All) 
with 

A = 0.632c - 0.0019 {x 

SW(0+)clear and SW(0 + ) are the total solar radiation (300-2500 
nm) at the surface level, under clear and cloudy skies, respec- 

tively, c is •e cloudiness index, varying from 1 for an overcast 
sky to 0 for a clear sky, and {x is the solar elevation at noon (in 
degrees). As far as only PAR(O +) (400-700 nm) is concerned, the 
above expression has to be modified to account for the less severe 
reduction by clouds of the visible radiation, assumed to be only 
75% of that for the long-wave domain. As a consequence, the 
reduction for the long-wave radiation (if considered) should be 
correlatively increased, to ensure that the global reduction for the 
whole solar radiation remains consistent with the Reed's formula. 
It follows that 

PAR(O+)= PAR (0+ )clear 1- (1- 0'25Fvis) 
(A12) 

where Fvis is the fraction of total radiation which falls within the 
400-700 nm domain' Fvi s is set at 0.46 [Pinker and Lazslo, 1992]. 
As in Reed, a constant reduction of 5% is applied to 
PAR (0 + )clear when c is lower than 0.28, and more generally if 
the above bracketed expression in (A12) becomes greater than 
0.95. These reductions are considered as wavelength independent 
and equally apply to all bands within the visible domain. In order 
to derive the Ëradiance just beneath the surface (at 0-), the loss by 
specular reflection at the air-water interface is considered as 
constant (6.6 %) for the diffuse component (sky radiation), and is 
made dependent upon the sun angle and the wind speed [Austin, 
1974] for the direct sun radiation. 

Appendix D' Standard Conditions Adopted When 
Generating the Tables and Computing P 

Physiology 

0½' = a max q)lx. max 
=16 g C (g Chl) '1 (tool usable quanta m'2) '1 
= 6.4 g C (g Chl) '1 (mol available quanta m'2) -1 

A*(;[) = solid curve in Figure 3. 
Photosynthesis - Irradiance relationship ß equation A6a, with [l = 
0.01. 

KPUR(20 ø) = 80 gmol quanta m '2 s '• 
Temperature effect' equation A8 
Q10 = 1.88 (reference temperature 20 ø C) 
Derived quantity ß PBma x (at 20 ø C) = 4.6 g C (g Chl) 'l h 'l 

PAR computations 

Geography, Astronomy: 
Ellipticity of the Earth's orbit and declination of the Sun: Spencer 
[1971] 

Dates: the twenty-first day of each month (when day length 
exceeds 2 hours) 
Atmosphere: 
Clear atmosphere barometric pressure 1013 h Pa 

total ozone content 350 DU 

precipitable water 2 cm 
maritime aerosol 23 km visibility 

Reduction factor by clouds :Reeds equation [1977] (see 
Appendix C) 
Wind speed: 4 m s '• 
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Increments for integrations 

A•, =10nm 

At = 1/30 Daylength 
AZ = 1/75 D 

D = depth of the productive layer (down to the 0.1% PAR 
level). 
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