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The production of carbon in the ocean, the so-called primary production, depends on various physico-
biological parameters: the biomass and nutrient amounts in oceans, the salinity and temperature of the
water and the light available in the water column. We focus on the visible spectrum of the solar radiation
defined as the Photosynthetically Active Radiation (PAR). We developed a model (Chami et al. 1997) to
simulate the behavior of the solar beam in the atmosphere and the ocean. We first describe the theoretical
basis of the code and the method we used to solve the radiative transfer equation (RTE): the successive
orders of scattering (SO). The second part deals with a sensitivity study of the PAR just above and below
the sea surface for various atmospheric conditions. In a cloudy sky, we computed a ratio between vector
fluxes just above the sea surface and spherical fluxes just beneath the sea surface. When the optical
thickness of the cloud increases this ratio remains constant and around 1.29. This parameter is convenient
to convert, vector flux at the sea surface as retrieved from satellite to PAR. Subsequently, we show how
solar radiation as vector flux rather than PAR leads to an underestimate of the primary production up to

40% for extreme cases.

1. Introduction

The production of carbon in the ocean, the so-called
primary production, depends on various physico-bio-
logical parameters: the biomass and nutrient amounts
in the ocean, the salinity and temperature of the water
and the light available in the water column. We focus
on the visible spectrum of the solar radiation, defined
as the Photosynthetically Active Radiation (PAR). In
this paper, we present the radiative transfer code we
have developed to compute the PAR and a first appli-
cation regarding the behavior of PAR in a cloudy
atmosphere.

2. Overview of underwater radiative
transfer code

2.1 Theoretical background

The resolution of the radiative transfer equation
(RTE) allows the determination of the radiance at
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each point of a horizontally homogeneous space. Deuze
et al (1989) solves the RTE using the successive orders
of scattering. We define in figure 1 the geometrical
conditions. The radiance, L, is expanded in Fourier
series to remove the azimuthal components:

L, ¢) = Y (2 = o) cos (s(¢ — ¢0)) LY (). (1)

s=0

With p = cos, where 6 and ¢ are respectively the
zenith and azimuth direction of the radiance, ¢y is the
azimuth of the sun, s the order of expansion of the
Fourier series, 6y9,; Kronecker symbol 6y =1 if
5 =0, 0105y = 0 if 5(0) and L(s) is the radiance at the
order s of the Fourier expansion. We get the spherical
flux by integrating the radiance over the whole
direction ¢ and pu. We notice that the expansion in
Fourier series can be stopped at s =0 due to the
integration of the cosine function (even function) over
a period when s is up to 0. Finally the PAR is
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Geometrical conditions.

Figure 1.

obtained by integration of the radiance over the spec-
tral range 400 nm to 700 nm

PAR = / / L(p)dpd) for s = 0(W.m™2). (2)
AdJp

In the case of primary scattering, we obtain a sim-
plified RTE:

dLqy(6y;
WILIA((S/\;M)*JIA(&\;M) (3)

where X is the wavelength, the last term Ji) is a source
term (the radiance at the top of atmosphere) and 6, is
the optical thickness of the atmosphere. If we account
for multiple scattering, we need to solve a set of N
equations similar to (3). The source term Jy of the
equation N consists of the radiance at the order N — 1
(Ly —1).

2.2 Optical parameters of atmosphere and ocean

The optical properties of the atmospheric and oceanic
layers yield the extinction of the radiation beam.
Thus, the optical thickness is relied to the extinction
coefficient,

a2 = [ ez, ()
0
with
ex(2) = ax(z) + ba(2). (5)
where c¢)(z) is the extinction coefficient, ay(z) and
bx(z) are respectively the absorption and the scatter-

ing coefficients. The total extinction of the layer is
given by,

rtotan(2) = D _(axi(2) + bri(2)) (6)
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where a) total(2), Dxtotal(2) and ¢y totai(2) represent the
total attenuation, scattering and extinction coeffi-
cients respectively and ay;(2), byi(z) and ¢y (z) the
absorption, scattering and extinction coefficients of
the species i. In the atmosphere, three components
contribute to the extinction of the light; the gaseous
molecules, the aerosols and clouds droplets. The mole-
cular scattering is computed from Rayleigh theory,
and the gaseous transmittance for ozone, oxygen and
water vapor from Leckner (1978), with absorption
coefficients for these gases taken from Gregg and
Carder (1990). The cloud properties are computed
with Mie theory from standard cloud types referenced
according to their droplet size. We consider 11 kinds
of clouds described in table 1 (Stephens 1978 and
Brogniez et al 1995). In a similar way, the Mie theory
is used to compute the optical properties of the
aerosols. Their parameters are given by the World
Meteorological Organization (WMO 1986). They are
a mixture of basic components: soot, dust-like, water
soluble and oceanic. Four classes of aerosol are defined
with respect to their origin: continental, urban/
industrial, maritime and stratospheric (table 1).

In the ocean, there are four components separated
according to their optical properties. Figure 2 illustra-
tes the behavior of absorption and scattering coeffi-
cients for each component. The absorption of pure sea
water, a,, (Pope and Fry 1997) increases with the
wavelength and the scattering coefficient, b,, expo-
nentially decreases; the scattering coefficients are
tabulated from Morel (1974). The phytoplankton
abundance and optical properties are described
throughout as chlorophyll ‘““‘a” pigment optical
properties. Regarding the absorption, many bio-
optical models exist. The model of Morel (1991) sug-
gests the following fit for the absorption of various
algae species,

a(;hla()\) = 006(1*

chla(A)CO'GE" (7)
with A wavelength (nm), C concentration of chlor-
ophyll “a” (mg m™) and af,, a nondimensional
chlorophyll-specific absorption coefficient. However,
the computer code enables inclusion of absorption
coefficient of algae species measured in situ by the
users. The scattering coefficients of chlorophyll pig-
ments, bua, are very difficult to measure experimen-
tally. Usually, we use a bio-optical model to derive
benla from the concentration of chlorophyll ‘“a”
pigment. In this work we selected the Gordon and
Morel (1983) model,

benta(N) = <¥> 0.30C%%2, (8)

The yellow substances are assumed to be absorbent
material. The absorption coefficient (a,;) exponen-
tially decreases with wavelength (Bricaud et al 1981)
with the exponential coefficient depending on the
water type. The non-chlorophyll suspended matters



Radiative transfer code: Application to the calculation of PAR

409

Table 1. Clouds and aerosol characteristics.
Cloud model droplet distribution

Cloud type Mode radius (pm) Effective radius (pm) Liquid water content (g m~3)
Stratus I 3.50 5.89 0.22
Stratus II 2.25 4.18 0.05
Stratocumulus I 3.50 5.36 0.14
Stratocumulus II 7.50 9.84 0.47
Nimbostratus 3.50 9.27 0.50
Altostratus 4.50 6.16 0.28
Fair Weather Cumulus 5.50 12.1 1.00
Cumulonimbus 6.00 31.23 2.50

Ice cloud parameter

Cloud type Crystal type Dimensions (pm)
Cirrus I Hexagonal plate 15/125
Cirrus I Hexagonal column 240/30

Aerosol model distribution

Aerosol model Aerosol components

Percentage by aerosol Size distribution

Dust-like
Water-soluble
Soot

Dust-like
Water-soluble
Soot

Continental

Urban/Industrial

Oceanic
Water-soluble
Sulphuric acid droplets

Maritime

Stratospheric

70
29
1

17
61
22

95
5
100

Log normal

Log normal

Log normal

Modified gamma

are so variable in composition and concentration in
coastal waters that it is very difficult to derive a bio-
optical model. We compute their absorption and
scattering coefficients from Mie theory using a
refractive index equal to 1.20 and a Junge power
law for the size distribution. The particle size ranges
from 0.01 pm to 50 pm.

3. Validation of the code

3.1 Atmosphere layer

For the atmospheric component, we compare our code
(Successive orders code, SO) with a reference atmo-
spheric model (Global Atmospheric Model, GAME,
Dubuisson et al 1996). We compute the scalar irra-
diance at the sea surface for various atmospheric
conditions: Rayleigh atmosphere, cloudy atmosphere
(stratus II). The results are plotted in figure 3. We
obtain a very good agreement between both models
even for the strong optical thicknesses, the error is
within 1%. However, the computing time for optical
thicknesses greater than 30 is getting very high due to
the numerous scattering events.

3.2 Ocean layer

We compare the euphotic depth computed with the
SO code for case 1 water (Morel and Prieur 1977) with
measurements published by Morel (1988). The error
between both measurements and model (see table 2)
is maximum for chlorophyll ““a” concentration of 3 mg
m~> and reaches 8% For lower concentration of
chlorophyll “‘a” the difference is quite small and
about 3% (typically 3 m for [chla]=0.1 mg m~3). The
model for chlorophyll ““a’” absorption is derived from a
fit carried out on many measurements, so we have a
natural variability of the absorption coefficient, which
may explain this observed difference. But, the results
between the model and the measurements are quite
good.

4. Sensitivity of PAR to the cloud coverage

One of the objectives in the study of primary
production is to produce annual budgets. Since clouds
play a role in the radiative budget they should have a
significant influence on the primary production.
Moreover, the satellite remote sensing techniques for
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Figure 2. Absorption (solid line) and scattering (dashed line)

coefficient for a) pure sea water, b) suspended chlorophyllous
matter and c) yellow substances.

the retrieval of geophysical parameters are dependent
of the cloud coverage. We then performed a sensitivity
study of PAR to cloud coverage (figure 4). First the
type of cloud was studied. Figure 4(a) clearly shows
that the PAR is insensitive to the features of the cloud
(optical properties and averaged mode radius of the
size droplet). Therefore we selected a stratus II (see
table 1a) to predict the signal. The critical parameter
for attenuation of PAR in the water column is then

600 é I I —;—Referel:nce coldeg
500

OSSO0 code —
400 F

300 F
200

100E o
0k AN -
0 20 40 60 80 100

optical thickness

PAR (W.m ™)
&

Figure 3. Comparison between a reference code (GAME) and
the SO code for a cloudy atmosphere.

the optical thickness of the cloud (7.) (figure 4(b)).
The ratio between optical thickness and PAR is not
the same at a given depth: my/7¢ but the ratio
between PAR,, and PAR,, is 0.587 (instead of 0.5).
The variation of the PAR is not a linear function of
the optical thickness. Moreover, for a constant ratio of
optical thickness the PAR does not decrease in the
same way at a given depth. For example the ratio
between the optical thicknesses 10 and 5 and between
thicknesses 20 and 10 is 2, while computing the ratio
between PAR at these optical thicknesses for both
cases we respectively obtain 0.587 and 0.664 (at 10 m
depth). So, the cloud abundance is a critical
parameter on estimation of PAR.

One way to know the PAR in the ocean at large
temporal and spatial scale is to use remote sensing
methods. These methods are based on the vector
irradiances measured at the sea surface (F,) whatever
the atmospheric conditions, where

F,= / L(p)pdp, (9)

with p the cosine of the zenith angle that ranges from
—1to 1.

From the SO code we compute the ratio between
the vector flux integrating over the range 400 to
700 nm just above the sea surface and the PAR just
beneath the sea level (PAR(07)) for various sky
conditions and solar zenith angles (SZA=10°, 30° and
45°, figure 5). We first note that the integrated vector
fluxes are always smaller than PAR whatever the

Table 2. FEuphotic depth computed from Morel (1988) and
with the SO code.

CHLa (mg.m-3) 0.1 0.3 1. 3. 10. 30.
Morel (1988) 95 64 39 24 14 8
SO code 98 62 37 22 13 8
Error (%)* 31 31 51 83 71 0

*Error = ((SO/Morel) — 1)*100



Radiative transfer code: Application to the calculation of PAR

Of ' &
] 56°
—~ -10F @ :
g : g 5
~ —15¢ 8 B E
T
=~ —20F 7
3 20} e _
a —R9 f@@ & STRATUS ]
—30B 1 FAIR WEATHER CUMULUS ]
-35 (O CUMULONIMBUS . 1
1 10 100
PAR (W.m™)
b)
£
o ]
E_<
3 i_
= ]
Q P
10 100
PAR (W.m™)
Figure 4. a) Distribution of PAR (W.m™2) on the water

column for 3 types of clouds: stratus (diamond), fair weather
cumulus (cross) and cumulonimbus (circle); b) distribution of
PAR on the water column in a cloudy atmosphere for various
optical thicknesses.

atmospheric conditions, as shown in figure 5. This can
be explained by the contribution of the cosine for the
vector fluxes. We notice that from an optical thickness
of five this ratio is still the same. This result can be
explained by the extinction of the direct solar beam in
favour of the isotropic light. The beam has undergone
many scattering events within the cloud so that the
radiance exiting the cloud has lost its main direction.
We emphasize on the fact that it is important to
convert the integrated vector flux into PAR while we
work with remote sensing method techniques because
satellites are able to derive vector fluxes rather than
scalar fluxes. Our results suggest that considering only
satellite products to assess primary production leads
to an underestimation of photosynthetic productivity
(PAR is greater than the integrated vector fluxes, as
we see in figure 5). For example, we computed the
primary productivity (equation 10) from the model of
Platt et al (1980) for three atmospheric situations —
clear sky with a visibility of 23 km (7, = 0.2), a marine
haze with a visibility of 1 km (7, = 3) and a cloudy
sky (7. = 20). The photosynthetic parameters were
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derived from algae collected in the Straits of Dover in
June 1995 (from F. Lizon personal communication).
We carried out predictions for a supposed identical
physiological state of the cells.

PP5(I) = B.PE x (1 — exp(—a®I/PE))
x exp(—3°1/P5). (10)

PP? is the primary production (mgC h~!), PZ the
maximum photosynthetic rate (mgC (mg chl,
m3)"'h7!), B the quantity of biomass (mg chl,
m~?), I the irradiance (uEins m™3 s73%), of the
photosynthetic rate and $” the inhibition factor. The
values of the parameters are:

PPP? =11.61 mgC (mg chlam ™)' h7!,
of =0.13 mgC (mg chlam ®)™" h~!
(pEins m~2 1)1,
3% = 0.005 mgC (mg chla m *)™" h™!
(1 Eins m™2 7171,
B = 2.0 mg chla m~>.

We add on the PI curve the fluxes (figure 6:
integrated vector flux (circle) and PAR (triangle)) as
computed for the various atmospheres. The conse-
quences in term of primary production depend on the
depth and the amount of light depending on the cloud
coverage. Figure 6(a) shows that in the cloudy sky
case the values of PAR are smaller than those in clear
sky and the dots are not located on the same area of
the curve. It raises different values for the primary
production. We estimate the error with

Error = (F,/PAR — 1) % 100. (11)
In clear sky, a difference of 27% in fluxes leads to an

error of 7% in primary productivity whereas a
difference of 40% in cloudy sky leads to an error of
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Figure 5. Ratio between the plane flux just above the sea

surface and PAR below the sea surface as a function of the
optical thickness.
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20% in primary productivity. In the intermediate case
(marine haze) the error is less than 1% for the primary
production because the dots are located in the
constant area of the PI curve. Thus, it appears that
the error remains less than 20% for large variability of
the atmospheric conditions. A great discrepancy
between integrated vector fluxes and PAR does not
necessarily involve the same order of variation. In
figure 6(b), the energy is smaller than figure 6(a)
due to the attenuation of light with depth. The dots
are in the linear area of the curve (PP? ~ oI so the
error on the estimated primary production is getting
more sensitive to the cloud coverage (22.2% for
marine haze and 36% for cloudy sky). It is better to
consider scalar fluxes near the surface to avoid large
error on primary production due to various atmo-
spheric conditions.

5. Conclusion

We have developed and tested a radiative transfer
code to compute the PAR in the oceans for various
atmospheric conditions (cloudy and clear sky, haze).
We performed a sensitivity study regarding the
behavior of the PAR in the atmosphere and through
the air-sea interface. First we showed that the PAR in
reaching the sea surface is not dependent of the type
of cloud. Secondly, we noticed the non-linearity of the
PAR attenuation with respect to the atmospheric
conditions and especially in cloudy sky. The integrate
vector flux (over the range 400 to 700 nm) just above
the sea surface can be converted into PAR just
beneath the sea surface for remote sensing applica-
tions in cloudy atmosphere. This conversion factor is
approaching a constant when the optical thickness
increases due to the isotropy of the radiation. The
conversion factor is a required parameter to derive
primary production from satellite remote sensing tech-
niques. The next step of this work will be to estimate
the PAR at large spatial and temporal scale (the
Straits of Dover over a whole year) using remotely
sensed data (METEOSAT) whatever may be the
atmospheric conditions. Subsequently, the introduc-
tion of ocean color data and PAR in a primary
production model will enable estimation of the
production of carbon in the channel.
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