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An equation is derived to express the sensitivity of daily, watercolumn production by
phytoplankton in the ocean to variations in irradiance at the sea surface. Assuming no
spectral effects, and a vertically uniform chlorophyll profile, the sensitivity is a function only
of the dimensionless irradiance. Spectral effects can be accounted for as a function of the
chlorophyll concentration. At the global scale, the relative reduction in daily production
consequent on halving the surface irradiance (representing the expected scope for
variation in surface irradiance under natural conditions) is found to be from 30 to 40%.
Choice of data source for irradiance may incur a further systematic error of up to 15%.
Given that local irradiance (the principal forcing for primary production) may vary from day
to day, the issue of how to archive production data for the most generality is discussed
and recommendations made in this regard.

Keywords: primary production, data archiving, sensitivity analysis, irradiance, photophysiology, photosynthesis
measurements

1. INTRODUCTION

Conventionally, there are two approaches to the measurement of phytoplankton production at
sea, both of which require incubation of phytoplankton samples for a finite time (Table 1). One
is the so-called in situ method (or its variant, the simulated in situ method) (Lohrenz et al.,
1992; Lohrenz, 1993). The object here is to produce data representing the vertical distribution of
phytoplankton production through the photic zone. The irradiance that drives the photosynthesis
is solar irradiance, attenuated by the sea itself (or by other filters in the case of the simulated in
situ method). The estimated vertical profile of phytoplankton photosynthesis can be integrated
over depth to calculate production in the water column during the period of the incubation. If
the duration of incubation is less than that of the light day, the data may be extrapolated to obtain
daily water-column production. The result expresses the daily, autotrophic carbon flux under unit
area of sea surface at the place and time from which the sample was drawn, under all prevailing
conditions, physical and biological.

The other method is through construction of photosynthesis-light curves. Here, the
samples are incubated in artificial light at a sufficient number of irradiance levels that the
curve of photosynthetic response can be established, fitted to a standard equation, and the
parameters (minimum two for a normal range of irradiances) extracted (Platt and Jassby, 1976).
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TABLE 1 | Comparison of two approaches (in situ method and photosynthesis-irradiance curve) to measuring primary production of aquatic samples.

In situ method

Photosynthesis-irradiance curve

Incubation time Longer

Demands on ship’s programme Severe
Light source?
What is the output?

Results valid for what irradiance?

Natural sunlight

Utility of results for Modeling?
Generality of results?

How to archive results? Straightforward

Watercolumn production
Irradiance at time of sampling
Limited to model validation
Less general (local)

Shorter

Minimal

Artificial & constant
Photosynthesis parameters
All irradiances

Broader, key model parameter
More general

Less straightforward

These parameters index the photosynthetic performance
of the phytoplankton present at the time and place from
which the sample was drawn. The results can be applied
in mathematical models to calculate daily watercolumn
production (Platt et al, 1977; Sathyendranath and Platt,
1989; Sathyendranath et al., 1989; Morel, 1991; Morel
et al, 1996). This serves the same purpose as in situ
measurements of primary production, but calculations using the
photosynthesis parameters can be tailored for any reasonable
time interval, to suit any application. Light-dependent models
of primary production are used in remote sensing (Platt and
Sathyendranath, 1988; Mélin and Hoepfiner, 2004, 2011) and
in large-scale simulation models of the marine ecosystem
(Laufkotter et al, 2015). The photosynthesis parameters
are fundamental bio-optical properties of phytoplankton
and have many other applications beyond estimation of
water-column production, for example in the calculation of
chlorophyll-to-carbon ratio in phytoplankton (Jackson et al.,
2017).

The photosynthesis parameters may therefore be considered
to contain more information than estimates of in situ
production (which they subsume through application of
a mathematical model). In the planning of present-day
oceanographic expeditions on which phytoplankton production
estimates are required, a choice is usually made in favor of the
photosynthesis—parameter method (which also imposes fewer
restrictions on the movement of the ship than does the in situ
method).

The question then arises: How should these data be archived?
In the case of in situ production estimates, the picture is clear,
except possibly for the time scale involved. The data represent
the photosynthetic carbon flux per unit area of the sea surface
for the duration of the incubation, perhaps extrapolated to a
time scale of 1 day, and can be archived as such. For the
(preferred) photosynthesis-response method, the parameters
can be archived but they do not in themselves constitute an
estimate of phytoplankton production. If they are to be applied
to the calculation of daily water-column production, what should
be taken as the forcing irradiance? Does it matter? Here,
we analyse the sensitivity of daily, water-column production
to variable surface irradiance, and discuss the archiving of
data on primary production, for example as used in climate
studies.

2. THEORETICAL BACKGROUND:
NON-SPECTRAL-LIGHT,
UNIFORM-BIOMASS CASE

The photosynthesis—irradiance curve relates phytoplankton
photosynthesis P to irradiance I. It is convenient, and more
general, to work with the normalized photosynthetic rate
PB, where the superscript B indicates normalization to the
chlorophyll biomass. Thus,

P35 = pB(I; parameters), (1)

where pP is a function to be specified and where various
choices are available for the parameter sets. We have shown that,
regardless of the parameter set chosen and for any plausible
choice of p?, the various manifestations of Equation (1) can all
be recast into a single common form (Platt and Sathyendranath,
1993). The discussion to follow is thus robust against alternative
choices of p? and the parameters. Therefore, with no loss of
generality, we shall use as parameters the assimilation number P,
and the initial slope a® of the photosynthesis—irradiance curve.
Then,

PB(1) = pB(1; o®, PB). )

In the sea, irradiance is a function of depth z and of time of day ¢,
such that we can write

PP(D) = pP(I(z 1); o«®, P}). 3)

The desired result is the double integral of Equation (3) over time
and depth, which is the daily watercolumn production Pz 1.

D o)
Pzt =B f / pP(I(z 1); P, PB) dz dt, (4)
0 0

where D is the length of day in hours from sunrise and where it
is assumed that there is no production outside the interval 0 <
t < D. The factor B is taken outside the integral signs because we
assume that the chlorophyll biomass is independent of depth. The
choice of infinity as the upper limit on the integral over z avoids
any ambiguity over depth of the photic zone, without invoking
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any simplifying assumption. Contributions to the integral from
all depths below the photic zone are negligible for all practical
purposes.

Under clear-sky conditions, the irradiance at the sea surface
I(0,t) can be calculated for any latitude and date according to
standard astronomical functions (Bird, 1984; Bird and Riordan,
1986; Sathyendranath and Platt, 1988; Platt et al, 1990).
Analytically, the time course of clear-sky irradiance I(t) can
be described by a function with two parameters (D and the
irradiance at local noon I'). Thus, I(0,t) = I{'g(t; D), where
g(t) is a function to be specified. The effect of clouds may
be represented through a reduction in the magnitude of I’
according to the proportion of the sky covered by clouds.

Given observations of «f and Pﬁ (and a choice of pB) we
can evaluate the double integral of Equation (4) for any station
and time. The result will depend upon the magnitude of Ij’. For
archival purposes, is it appropriate to use the clear-sky value of I}’
(which would return the maximum possible value of production
under the prevailing conditions at that time and place)? Or is it
more appropriate to use the value of If' corresponding to the
sky conditions at the station and time (which would return the
best value of production for the conditions, but which would lack
any generality for other sky conditions)? Would the differences
be significant?

To address these issues, we need to look at the derivative of
Equation (4) with respect to irradiance. Let us first select pB (I =
Pﬁ(l — exp(—I /Ik)) as the formulation of the photosynthesis—
light curve, where the photoadaptation parameter I; = P5 /a5,
The ratio I/I; is a dimensionless irradiance that we designate
as I,.. The dimensionless noon irradiance is I*. We assume a
vertically-homogeneous water column so that B(z) = B, and light
attenuation can be characterized by a single coefficient K such
that I(z) = I(0) exp(—Kz) where the sea surfaceisatz = 0 and z
is positive downwards. Then Equation 4 may be written as

D 00
Py = BPEI/ / (1 — exp(—I;”g(t) exp(—Kz))) dzdt. (5)
0o Jo
With a change of variable x =

B ( _
PZT—ﬂf / e (1 exp(= x)) dx dt. (6)

The inner integral (on x) is a standard form, the entire
exponential integral Ein (Ig(t)), so that

I g¢(t) exp(—Kz), we have

B B D
Py = 7’" Ein (I['g(1)) dt. (7)
In the specification of the surface irradiance, the dimensionless
irradiance at noon I can be considered as a scale factor, with
the function g() describing the time course of variation through
the day. Our immediate interest is on the derivative of P with
respect to this scale factor I,

dp,r BPB d
=" —E IMo(t)) dt. 8
am T K Jy am in (I'g(0) ®)

By virtue of the definition of the function Ein (.) as an integral,
the differentiation returns the integrand of the definition:

b 1 —exp(—Il"g(t))
; g(t) <—1;ng(t) ) dt. (9

The functions g(f) in numerator and denominator cancel to give
the simple result

dPzr  BPY
drm K

dPzr  BPY
drm — KIm

? (1 - exp(—Ifg(t))) dt

The choice of function g(t) = 1 — (1 — 2t/D)? gives a good
representation of the time course of surface irradiance through
the day. With this choice, and with the substitution 6 = xt/D,
Equation 10 becomes

(10)

dp BP} D [
déf - F:?E (1 —exp(—I"[1— (1 — 29/7r)2])) o
(11)
Given the symmetry of g(0) about 6 = /2, we can express
Equation (11) as
B /2
d(i? = %g[n —2/0 exp(~L"[1— (1 -20/7))) o |.
(12)

At this point it is convenient to make the substitution s =

\/I?(l — 26/m). Then,

Vi

dp BPE D e
) :J—In—ei eszds]. (13)
drm ~ KIM ST
Using the definition of Dawson’s integral:
2 X 2
Daw(x) = e~ f e ds (14)
0
with x = /I, we see that Equation (13) can be written as
dPzr BPgD{ 1
— = 1 — —— Daw(/I" } 15
drm KIm /Tm WED (15)

This form is convenient because there exist robust numerical
forms for computing Daw(x).

We want to assess the sensitivity of the daily production
estimates to changes (errors) in the surface irradiance Ij’. Noting
that dIf' = I dI}", we can rewrite Equation (15) as

(16)

dPzr  BPED [
i K1y

1

It was shown in Platt and Sathyendranath (1993) that all solutions

to Equation (4) can be written in the canonical form

Py = A1), (17)
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FIGURE 1 | Relative sensitivity of daily, watercolumn primary production Pz1)
to changes in dimensionless irradiance at noon (/7'), non-spectral solution,
Equation (18).

where A = BPED/K is a scale factor with dimensions of daily
production, and f(I}") is a (known) function of the dimensionless
irradiance whose particular form depends on the choice of the
photosynthesis-light curve. Dividing both sides of Equation (16)
by Af(I'), we obtain

dPzr g’y 1 1 -
( Pzt )/(L’f’) _@{1 - \/T?Daw(\/f)}- (18)

Here, we can see that the relative change in daily primary
production for a given relative change in surface irradiance
depends only on a function of the scaled irradiance.

3. ESTIMATING DAILY, WATER-COLUMN
PRODUCTION

In the previous section, we found an expression for the sensitivity
of primary production to variations in surface irradiance, of an
idealized water column chosen for mathematical tractability. We
next consider the detailed calculation of primary production in
operational mode and the sensitivity of the results to changes in
the surface irradiance.

Various procedures exist for estimating daily, water-column
production by phytoplankton, given information on the two

0.8
————  Chi=50 mg m'3
— Chl=10 mg m"3
S— Chl=1 mg m"3
0.7 1 ————  Chi=0.1mgm"3

Chl=0.01 mg m"3

nonspectral

o
[o)]
I

Relative Sensitivity of Daily Production
&
|

0.4

T T T

T
2 4 6 8 10
Dimensionless Irradiance at Noon

FIGURE 2 | Relative sensitivity of daily, watercolumn primary production (Pz 1)
to changes in dimensionless irradiance at noon ('), spectral results by
numerical integration for different chlorophyll concentrations. Non-spectral
result also shown, for comparison.

photosynthesis parameters P2 and o® (Platt et al., 1977, 1990,
2008; Platt and Sathyendranath, 1988, 1993). All require an
estimate of surface irradiance. Briefly, the differences among
them depend mainly on whether a depth-independent biomass
profile is assumed and on whether the (known) wavelength
dependence of light penetration and photosynthetic response is
included or suppressed. A depth-independent, spectrally-neutral
treatment provides a frame of reference (Sathyendranath et al.,
1989; Platt and Sathyendranath, 1991); it has the canonical
solution given in Equation (17).

At the other extreme, a wavelength-dependent and
non-uniform biomass treatment has no analytic solution
(although Equation 17 remains a reliable guide) and must be
integrated numerically (Sathyendranath et al., 1989; Platt and
Sathyendranath, 1991). This is the preferred calculation, and its
reliability has been demonstrated (Platt and Sathyendranath,
1988). Applications of the various models have been compared
(Platt et al., 1991; Kyewalyanga et al., 1992). In the most detailed
models, the angular distribution of the irradiance is included
(Platt and Sathyendranath, 1988; Sathyendranath and Platt,
1989; Sathyendranath et al., 1989), the light field being separated
into its direct and diffuse components. The direct component is
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FIGURE 3 | Effect on daily, watercolumn production of a 50% reduction in surface irradiance for May 2011. (A) Surface PAR field before reduction; (B) Surface PAR
field after reduction; (C) daily production before reduction of surface light; (D) daily production after reduction of surface light; (E) relative change in primary production
following reduction of surface light; and (F) relative change in primary production following reduction of surface light, normalized to the relative change in surface light.

affected much more strongly by the presence of clouds, and the
diffuse component (which may be one half of the total) will still
be available for photosynthesis even under 100% cloud cover.
For this reason, separation of the forcing irradiance into direct
and diffuse components is a key step in addressing the sensitivity
of water column production to variations in cloud cover.

For the calculations presented here, we use a spectral-
and angular-distribution-resolving primary-production model
(Platt and Sathyendranath, 1988; Longhurst et al., 1995; Platt
et al.,, 1995; Sathyendranath et al., 1995), forced by remotely-
sensed chlorophyll and light data, and information derived from
ship-based in situ measurements on phytoplankton physiology
and vertical biomass profile parameters. These model parameters
were organized according to season and ecological province,
as in Longhurst et al. (1995). Photophysiological parameter
(Pg and oB) values for defined biogeochemical provinces
were taken from the work of Mélin and Hoepfiner (2004).
The vertical structure of the phytoplankton biomass profile
was described by three parameters: the depth of maximum
chlorophyll concentration (Z,,), the thickness of the subsurface

peak in chlorophyll concentration (o) and the ratio of the
peak chlorophyll concentration to the background chlorophyll
concentration (p), also provided on a provincial basis following
Mélin and Hoepftner (2011). To provide a smooth transition
of parameter estimates across province boundaries, a smoothing
filter was applied to the province values of Mélin and Hoepftner
(2004) where values at a given pixel were averaged from a 30 x
30 pixel box, with a pixel size of 9 km, centered on the pixel of
interest.

The chlorophyll profile parameters were used in conjunction
with the remotely-sensed chlorophyll data from the OC-CCI
v1.0 products (Sathyendranath et al., 2016), to create chlorophyll
profiles for each 9km pixel. Average sea-surface irradiance
(Photosynthetically-Active Radiation) for May 2011 was taken
from three data sources. The first PAR data source was the NASA
MODIS PAR product (OBPG, 2014b); the second data source
was the NASA MERIS PAR product (OBPG, 2014a); the third
source was a new ESA processing of MERIS as documented in the
Algorithm Theoretical Baseline Document (ATBD) for the PAR
and Primary Production (PPP) SEOM project.
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In each of the three cases, the remotely-sensed PAR was
used to scale the results of a spectral clear-sky model to
provide spectrally-resolved irradiance for input to the primary
production model. The propagation of spectral light to various
depths in the water column accounted for attenuation by water,
phytoplankton and other colored and scattering substances,
assuming all optical properties were related to chlorophyll
concentration (open-ocean conditions). The profile of light was
then combined with the vertical profile of chlorophyll and
photosynthetic parameters to obtain estimates of depth-resolved
primary production. The calculations were repeated for 12 time
steps during half the day length. The results were then integrated
over time and depth to yield total primary production per day
and per unit area.

4. SENSITIVITY OF Pz 7 TO VARIATIONS IN
SURFACE IRRADIANCE

For the non-spectral approximation, with vertically-uniform
biomass profile, the sensitivity of daily, water-column production
is given by Equation (18), shown in Figure 1. The spectral
analog, calculated by numerical integration for the case of
uniform biomass, is shown in Figure 2. The spectral results
lie in the same range as that for the non-spectral case,
varying slightly according to the chlorophyll concentration. The
differences are greater for higher values of chlorophyll and
higher values of normalized irradiance. We see that, in both
spectral and non-spectral calculations, sensitivity is high and
approaches one (corresponding to the case when relative change
in primary production is the same as the relative change in
surface irradiance) when the dimensionless noon-time irradiance
approaches zero. As the scaled noon-time irradiance increases,
the sensitivity decreases, reaching values less than 0.5 for I
greater than 10. For the spectral model, there is an additional
dependence of the answer on chlorophyll concentration: the
sensitivity is less than that of the non-spectral case at low I, but
the opposite holds for high I’ values. The additional dependence
of the results on chlorophyll concentration arises from the
effect of phytoplankton absorption on the spectral quality of the
underwater light field, which is not taken into account in the non-
spectral model. When phytoplankton absorption increases (high-
chlorophyll conditions), the water turns progressively green,
and less suitable for phytoplankton absorption, introducing
a decrease in light available for photosynthesis. The effect
on primary production is equivalent to decreasing I in a
non-spectral model. For chlorophyll concentration less than 1
mgm~3, which would be typical of most open-ocean waters, the
spectral and non-spectral models yield results that are quite close
to each other, such that the analytical solution may be taken to be
a reasonable guide to realistic open-ocean conditions.

In global-scale computations, in addition to the spectral
effects, we also have to explore the effect of vertical structure
in chlorophyll concentration. We have estimated the global-
scale effect of variations in surface irradiance as follows. We
selected the month of May, 2011 to illustrate the results. First,
we calculated primary production using a detailed, spectral

model integrated numerically (Figure 3C), forced by the typical
irradiance at each pixel for the month concerned (Figure 3A),
using a spectral model, and with the photosynthesis parameters
and chlorophyll profile parameters assigned according to
provinces and season, as noted earlier. Then, we repeated the
calculation (Figure 3B), but with irradiance only one half of that
in the previous calculation (Figure 3D). The difference between
values of Pz 1 calculated for the two irradiances is a measure of
the sensitivity of the daily, water-column production to changes
in surface light (Figure 3E) and the relative sensitivity (change in
production normalized to change in surface irradiance) is shown
in Figure 3F.

The results, which vary with region (especially with latitude)
are not symmetrical about the equator: they represent Spring
in the northern hemisphere, but Winter in the southern
hemisphere, with corresponding changes to the surface light
field (Figure 3A). The results also reflect the regional assignment
of photosynthesis parameters. The relative reduction in daily,
water-column production lies generally in the range from
30 to 40%, consequent on halving the surface irradiance
(Figure 3E).The sensitivity of daily production to changes in
surface irradiance is typically in the range from 60 to 80%
(Figures 3F, 4), showing that the relative change in primary
production is almost always less than the relative change in
incoming solar radiation. The relative effect is stronger in areas
with low surface irradiance, consistent with the diagnosis of the
analytical solution.

Systematic errors may be introduced into the calculation of
primary production through the choice of the surface field of
photosynthetically-active radiation (PAR). We have examined
this possibility by comparing the results arising from use of

300000

250000

200000

150000

Number of Pixels

100000

50000

0Cl.l) 0.2 0.4 0.6
Sensitivity of PP to PAR

FIGURE 4 | Histogram of relative change in daily production for a 50%
reduction in surface irradiance on all sea pixels in Figure 3E.
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MERIS (Figures 5A,C) and MODIS (Figure 5E) fields of PAR
(Figures 5B,D,F). We find that the differences in surface PAR
between the two data streams are usually in the range from
5 to 20% (Figure 5E), implying a potential systematic error in
primary production of some 15% or less arising from the choice
of PAR field. Though these differences may be small, they are
systematic; their effect could be significant in studies associated
with climate change: when results from multiple sensors are
merged to create a long time series, differences between
PAR data from individual sensors may lead to an erroneous
conclusion on trends in primary production, which is to be
avoided.

5. DISCUSSION

In this paper, we have examined the sensitivity of modeled
primary production to changes in the solar radiation available
at the sea surface. Using an analytical solution derived for a
non-spectral model assuming uniform chlorophyll concentration

in the water column, using a spectral model with uniform
chlorophyll concentration, and finally using a spectral model
with non-uniform chlorophyll profile, we have demonstrated
that the relative changes in primary production are likely to
be always less than the relative change in surface irradiance.
The effect of surface light on primary production decreases
as the scaled surface irradiance increases. In the non-spectral
model, the only parameter that affects the sensitivity is the
photoadaptation parameter I. In the spectral model, the
chlorophyll concentration has an additional modulating effect on
the sensitivity.

In the light of these results, how might we enhance the
management of primary production data? Given an archived
set of photosynthesis-light parameters what is the most useful
information that could be archived about the corresponding
phytoplankton production? We suggest the following: First,
calculate the phytoplankton production under the climatological
value of the clear sky irradiance for the day number and
latitude concerned. This represents the maximum phytoplankton
production that could be achieved with the given photosynthesis
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FIGURE 5 | Systematic differences in surface PAR arising from choice of data stream, exemplified by difference between MERIS and MODIS streams for May 2011.
(A) PAR field from MERIS using ESA protocol (test product); (C) PAR field from MERIS using NASA product; (E) PAR field from MODIS Aqgua using NASA product; the
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FIGURE 6 | Schematic showing principal factors affecting spectral irradiance
field under water, and consequences for watercolumn production. The
underwater light field is the resultant of a complex and reciprocal interplay
between physics and biology.

parameters on that day of the year at that latitude. Next,
calculate the production under 100% cloud cover, representing
the minimum production that could be achieved under the
prevailing conditions. These two calculations would establish the
range of possible values of phytoplankton production expected
at the relevant time and place under most of the possible values
of surface irradiance. In fact, because the surface irradiance
has both diffuse and direct components, 100% cloud cover will
correspond to a reduction in If* of nominally 50% (loss of direct
component); all light reaching the sea surface will be in the diffuse
component. The effect on daily production of halving the surface
irradiance varies with region and season. Taking 50% as a rough
estimate of the scope for variation in surface irradiance at a
given time and place, we have shown that the implied relative
variation in daily, water column is roughly 30-40%. The relative
sensitivity, as given by Equation (18), will be independent of
the magnitude chosen for the reduction in surface irradiance.
A further systematic difference of about 15% may arise from
the choice of data source for the surface irradiance field,
indicating the value of improving the satellite-derived estimates
of PAR.

The most useful particular value of phytoplankton production
would be that at the climatologically-averaged value of surface
irradiance at the time and place concerned. This average
would take into account the effect of latitude on day length
and also the local effect of cloud cover. As an example,
for the Northwest Atlantic Ocean, we have developed from
the SeaWiFS irradiance an empirical function that yields the
climatological total daily irradiance as a function of latitude

and day number (Platt et al., 2009). If longitudinal differences
in cloud cover are to be taken into account, one could use
the climatological data on cloud cover to estimate the relevant
irradiance.

Paradoxically, the estimate of phytoplankton production
made with the irradiance measured at the same time as the
parameters themselves were measured (if available) is often the
least useful (lowest generality) of all the estimates. Of course, the
matter depends on the question being addressed. If the goal is to
close a local carbon budget or a local energy budget over a short
time period including the day of measurement, then the estimate
of phytoplankton production made with the actual irradiance for
that particular day would be the one to choose.

However, we expect that most applications of the archived
data would be more general than this. In such cases, we would
seek estimates of phytoplankton production that were suitably
general, and the options we have indicated above would probably
be preferred.

The light field in the sea is the resultant of a complex and
reciprocal interplay between physics and biology (Figure 6).
The effect on daily, water-column production consequent on
changes in irradiance at the sea surface depends, at least, on
the processes shown in Figure 6. A guide to the scale of the
effect (not accounting for spectral dependence) is provided by
Equation (18). Spectral effects can be parameterized as a function
of chlorophyll concentration (Figure 2).
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