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Abstract
In the recent years, numerous efforts have been performed in order to characterize the impacts

of UVR on marine photobiology and photochemistry. The quantification of these UV-dependent
processes through modelling approaches requires (i) an accurate description of UV underwater light
field (ii) an adapted parameterization of the response of marine water compounds and/or organisms
to spatio-temporal changes in solar radiations. The spatial and temporal variability of the absorption
coefficient of the colored detrital material, which is a key element for studying undersea UV climate,
has been characterized in the two basins selected for this study (the Mediterranean Sea and the
Norwegian Seas) using the SeaWiFS products archive for the period 1998-2006. Moreover, the
various models currently available for the description of selected optical (CDOM photobleaching),
photochemical (CO and DIC production) and photobiological (primary production inhibition) effects
of UVR on marine waters have been described. Further, the general characteristics of these UV-
dependent processes have been presented focusing, in particularly, on their variability along the
daily, vertical and spectral dimensions. Several sensitivity analyses have been performed in order to
define the relative importance of the various inputs of the spectral and depth resolved model on the
final estimations. Finally, some of the straightforward models recently proposed in order to estimate
some of the UV impacts at large temporal and or spatial scales have been tested and their limits of
application have been discussed.
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Introduction

The detection of a significant depletion of stratospheric ozone in Antarctica in the 1980’s has
induced a significant increase in the attention of scientists about exposure of terrestrial and aquatic
ecosystems to damaging UV radiation (UVR). Starting from the studies dedicated to the southern
and northern hemispheres, UV photobiology and photochemistry have become integral parts of bio-
geochemical studies at the global scale. As a matter of fact, UVR effects on marine ecosystems were
relatively unknown until the past 20 years and numerous efforts have been developed to elucidate
the specific UV photoprocesses in natural waters. In particular, recent years have brought a wealth
of information on the interactions between the field of ultraviolet and visible radiation in the water
column and the various forms of life that inhabit it, from zooplankton (Rhode et al. 2001), phyto-
plankton (Cullen et al. 1992; Boucher and Prézelin 1996; Neale et al. 1998a; Neale et al. 1998b;
Vernet 2000; Banaszak and Neale 2001), bacterioplankton (Herndl et al. 1993) to viruses (Wilhelm
et al. 1998). The effects of UVR on marine organisms are highly variable from one trophic level to
the other and take place at different physiological and structural levels (Häder et al. 1998). However,
the chronic alteration of key physiological processes induced by UVR can affect the whole ecosys-
tem productivity and therefore have an influence on the whole marine community structure (Vernet
et al. 1994; Sinha and Häder 2002). Moreover, the fact that shortwave radiation is efficient for
photosensitizing dissolved organic compounds opens the door to all sorts of photochemical processes
(see the review by Häder et al. 1998 and Whitehead and De Mora 2000). These photobiological and
photochemical processes are often intertwined in complex ways (Figure 1, Zepp et al. 1998; Mopper
and Kieber 2000) and therefore it appears important to consider these various effects in an integrated
way.

From the biological point of view, the first contribution of light in the water column is pho-
tosynthesis. Marine primary productivity is at the base of the marine food chain and represents
a fundamental element of Earth’s carbon cycle (Field et al. 1998). The radiation regime, and
in particular its ultraviolet component, can have a negative impact on phytoplankton growth and
productivity by inducing a possible bleaching of the photosynthetic pigments related to the light
harvesting processes (Donkor and Häder 1996), or a damage of DNA structure (Boelen et al. 2000;
Helbling et al. 2001). The influence of UVR on these organisms is however complex since it depends
on the balance between the damaging effects of these radiations and the protective and/or repair
processes developed by the algal cells to limit the stress induced by UVR (Vernet 2000; Roy 2000).
Conversely, the effect of UVR should not be considered as necessarily detrimental but depends on
the spectral character of light, the community composition and the environmental forcing (Boucher
and Prézelin 1996; Barbieri et al. 2002).

From the photochemical point of view, several studies have been performed to characterize
the numerous processes resulting of the interactions between UVR and the colored fraction of the
dissolved organic matter, i.e. the Chromophoric Dissolved Organic Matter (CDOM). These photode-
pendent processes are complex since UVR might act directly on dissolved material or indirectly by
modifying its availability for microbial degradation (Miller and Moran 1997; Moran and Zepp 1997).
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Figure 1: Conceptual model of the interactions of UV-B radiation with biogeochemical cycles in
aquatic ecosystems redrawn from Mopper and Kieber (2000). The penetration of UVB is controlled
by the optically active components of marine water and mainly by CDOM. Photoreactions driven
by UVB are multiple and can lead to enhance the biological availability of the CDOM producing
various labile compounds and chemically reactive trace gases.

The exposure of marine dissolved matter to solar radiations modifies the chemical structure of CDOM
resulting in an alteration of its optical properties through photobleaching processes (Whitehead and
De Mora 2000 and references therein). The photosensibilization of CDOM by UVR can also lead
to the production of a variety of organic and inorganic compounds acting significantly on marine
biological productivity (Kieber et al. 1989), oceanic carbon cycle (Miller and Zepp 1995; Miller
et al. 2002; Johannessen and Miller 2001) and/or sea-air gases exchanges (Miller and Zepp 1995;
Gallegos et al. 1998; Whitehead and De Mora 2000). The chemically reactive species formed through
photodegradation processes include biologically labile photoproducts, e.g., ammonium, amino acids
and low molecular weight organic compounds (Kieber et al. 1989; Bushaw et al. 1996; Moran and
Zepp 1997), hydroxyl radicals (Zepp et al. 1992), oxygen radicals (Blough and Del Vecchio 1995),
free radicals (Whitehead and De Mora 2000), hydroxen peroxide (Moore et al. 1993) or reduced iron
(Whitehead and De Mora 2000). CDOM photomineralisation can also result in the direct formation
of inorganic gases such as carbon monoxide (CO, Miller and Zepp 1995, Zafiriou et al. 2003) as well
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as to the production of dissolved inorganic carbon (DIC, Granéli et al. 1996; Miller and Moran 1997,
Gallegos et al. 1998; Vähätalo et al. 2000; Johannessen and Miller 2001). In addition, UVR have
been shown to have a significant influence on the ocean sulfur cycling by acting on the dimethyl
sulfide (DMS, Toole et al. 2003, Bouillon and Miller 2004) and carbonyl sulfide (COS, Zepp and
Andreae 1994, Weiss et al. 1995) dynamics.

The quantitative estimation of the UV phochemical and photobiological effects on marine ecosys-
tems at large scale has to face two major challenges. The first one concerns the accurate description
of the UV underwater light field which still represents an open field of study (e.g. Vantrepotte and
Mélin 2006). The second one is related to the prediction, through adapted parameterizations, of
how the marine chemical components and/or organisms respond to environmental changes in UV
exposure. The latter feature has been shown to be technically complex to achieve due to the current
limited ability to reproduce precisely both the intensity and spectral composition of sunlight in the
laboratory and to quantify with a sufficient precision some of the UV photoproducts. The complexity
of modelling the UV photobiological (and photochemical) effects is further increased by the needs to
consider several environmental forcings, such as the vertical mixing regime, which have been shown
to significantly modulate the UV impacts on natural waters (Neale et al. 1998b).

However, numerous ”quantum yields” representing the ratio between the moles of photoprod-
ucts formed per moles of photons absorbed by CDOM (also called Apparent Quantum Yieds: AQY)
have been recently documented in the literature. In particularly, various AQYs parametrizations are
currently available for estimating the rate of photobleaching (Whitehead et al. 2000; Osburn et al.
2001; Del Vecchio and Blough 2002), DIC (Moran and Zepp 1997; Vähätalo et al. 2000; Osburn
et al. 2001), CO (Ziolkowski 2000; Zafiriou et al. 2003) and biologically labile compounds photo-
productions (Miller et al. 2002) or the rate of DMS photolysis (e.g. Toole et al. 2003). Although
all these functions present a strong spectral dependence with photons in the UVB region having a
greater photosensitizing efficiency than photons in the near visible band AQYs have also been shown
to exhibit a strong spatio-temporal variability reflecting changes in CDOM photolability according
to its origin (terrestrial and/or marine) and/or light history (Johannessen and Miller 2001; Bélanger
et al. 2006; White et al. 2006). Similarly, several functional relationships, based on experimental
studies on phytoplankton culture or natural assemblages, have been recently developed to quantify
the UV (and visble) photoinhibition of primary production (Cullen et al. 1992; Boucher and Prézelin
1996, Neale et al. 1998b; Neale 2001). These relationships, called Biological Weighting Functions
(BWFs), have been show to depend on the phytoplankton community composition and environmen-
tal conditions even though they globally present a conservative shape with a decrease of biological
weighting from the UVB to the UVA and visible domain. In addition to the BWFs description,
the quantification of UV photobiological effects also requires information on the Exposure-Response
Curve which determines the kinetic of the phytoplankton response to a defined exposure to UVR.
More precisely, the ERC definition is related to the need to establish whether the effect of the UVR
is a function of the instantaneous exposure or cumulated dose. This distinction, which refers to the
reciprocity principle, depends on the balance between damage and repair processes as well as on the
time scale considered (Neale et al. 1998b; Neale 2001).

The long-term objective of this project is to derive a distribution of visible and ultraviolet radi-
ation in marine waters and to quantify, for selected basins, some of its impacts of relevance for the
functioning of the ecosystems and the elemental cycles. More specifically, a first goal is to derive
a distribution of the ultraviolet and visible radiation spectrum at the ocean surface and interior,
map the depth of its penetration, and calculate the levels of exposure in the water column. Subse-
quently, this distribution will be used to quantify the photoinhibition experienced by phytoplankton,
the dynamics of photobleaching affecting CDOM, and the photoproduction of DIC (and CO) from
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the dissolved organic pool, and to make tentative synoptic estimates of these rates for selected re-
gions, using optical remote sensing information and appropriate models. The ocean module, simple
enough to allow calculations at basin scale, uses up-to-date bio-optical relationships to represent the
water optical properties. The other inherent optical properties (IOPs) account for phytoplankton,
non-algal particles and chromophoric dissolved organic matter (CDOM). To obtain basin-scale as-
sessments, satellite-derived distributions of IOPs based on SeaWiFS/MODIS are produced with a
quasi-analytical bio-optical algorithm (Lee et al. 2002), and include absorption by phytoplankton
and the sum of absorption by CDOM and non algal particles. Two test basins were chosen for this
exercise: the Mediterranean and the Norwegian seas. The former has the advantage of representing
a miniature ocean with a highly diversified biological and physical regime receiving large fluxes of
solar radiations. The Norwegian Sea is an example of subarctic to arctic basin, having a pronounced
solar flux seasonal cycle, as well as very transparent waters for short wavelengths (Højerslev and Aas
1991). Moreover, its geographical position can serve as a test basin for ozone-related analyses.

The first part of this report deals with the description of the spatial distribution of satellite
derived colored dissolved and detrital organic materials absorption coefficient (adg(λ), m−1) and its
relative importance for the absorption budget in the selected basins. The second part of this report
is related to the description of the different parameterizations and models currently available for
the estimation of the selected photochemical and photobiological effects of UVR, with a peculiar
attention given to the modelling of photobleaching, DIC (and CO) photoproduction and primary
production inhibition rates. The third part of the document concerns the characterization of the
general patterns of the UVR-dependent photobiological and photochemical processes. For instance,
the dependence of these processes on the water masses (biological and/or optical) and atmosphere
(i.e. ozone concentration) characteristics have been estimated. Moreover, the variations in DIC,
CO and/or primary production inhibition rates along the vertical, temporal and spectral dimensions
have been illustrated. In the fourth part, the results of several sensitivity analyses, performed in
order to appreciate the relative importance of the model definition (in terms of AQYs and BWF
or ERC), the choice of the spatio-temporal resolution (vertical and/or spectral), the description of
the water column vertical structure (for CDOM and phytoplankton biomass) and mixing regime for
the estimation of both UV photochemical and photobiological effects, are presented. Finally, the
last part of the document illustrates various straightforward models recently developed to quantify
some of the UV-related effects on marine ecosystems at large temporal and/or spatial scales and a
discussion on their limits of application.
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Chapter 1

Satellite derived colored dissolved and
detrital organic materials absorption

1.1 adg(λ) spatial distribution and relative contribution to

the absorption budget

During the last 20 years, several algorithms have been developed to derive some inherent optical
properties (IOPs) from satellite remote sensing reflectance spectra (e.g. Carder et al. 1999; Lee et al.
2002). The various models currently available for partitioning the Visible Spectral Sea Reflectance
(VSSR) signal measured by the satellite-borne sensors into various IOPs are however designed to
derive the absorption coefficient of detrital material as a whole, without an explicit distinction of
its particulate (or non-algal particles, NAP) and dissolved (CDOM) components. Indeed, the high
similarity in CDOM and NAP absorption spectral shapes makes them very difficult to separate us-
ing classical analytical inversion methods which require additional information on the NAP optical
properties (e.g. absorption vs backscattering ratio). Empirical algorithms have been recently devel-
oped in order to overcome this limitation (Bélanger et al. 2006). Generally, current optical models
usually regroup aCDOM(λ) and aNAP (λ) into a unique absorption coefficient referred to as adg(λ)
(for absorption of non-algal detritus + Gelbstoff) or aCDM(λ) (for absorption of Colored Detrital
Material).

The absorption by phytoplankton (aph(λ)) and adg(λ) has been recently archived for the Eu-
ropean oceanic domain for the period 1998-2006 (SeaWiFS and MODIS data) using the multiband
quasi-analytical algorithm developed by Lee et al. (2002). The latter has been subject to a recent
validation exercise in the northern Adriatic waters (Mélin et al. 2007).

The characterization of CDOM spatio-temporal variability represents a key element in the con-
text of this study. Indeed, knowledge of CDOM distribution is critical for (i) estimating the distribu-
tion of the ultraviolet and visible radiation spectrum at the ocean surface and interior, (ii) mapping
the depth of its penetration, and (iii) calculating the levels of exposure in the water column. Fur-
thermore, the accurate description of CDOM absorption coefficient is essential since the dissolved
material represents the source element for the various photochemical processes that we plan to model.

The Figure 1.1 illustrates the spatial distribution of adg(443) obtained from SeaWiFS observation
in the Mediterranean Sea and Subarctic Atlantic region (SARC region, Longhurst 1995). Classical
coastal to offshore decreasing gradients are observed in both basins. In the Mediterranean Sea,
adg(443) ranges from < 0.01 m−1 in the clear waters of the Levantine basin to ≈ 0.3 m−1 in the more
turbid coastal ecosystems. Similarly, in the SARC province high adg(443) are located in the Baltic
Sea while the lowest values are found in the Atlantic offshore waters.
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Figure 1.1: Field of colored detrital material absorption coefficient at 443 nm (adg(443)) in September
2003 in the Mediterranean Sea and subarctic Atlantic region given by Lee et al. (2002) inversion
algorithm applied to SeaWiFS data.
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On the temporal scale, monthly time series of SeaWiFS products including the concentration of
chlorophyll a (chla), adg(443) and aph(443) averages for each basin clearly emphasize the presence
of a seasonal cycle for all parameters (Figures 1.2 and 1.3). The Mediterranean Sea is characterized
by winter maxima and summer minima while adg(443) in the Norwegian Sea globally exhibits an
opposite trend. Note that these patterns are submitted to a low interannual variability.

Figure 1.2: Monthly average time series of various SeaWiFS and MODIS products . The r-ratio
represents : adg(443)/( aph(443)+ adg(443)). The S and A extensions refer to SeaWiFS and MODIS
respectively. at is total absorption and bbp is particulate backscattering.

The comparison between adg(443) and phytoplankton biomass and/ or absorption coefficient
dynamics can provide relevant information on the origin of CDOM in open ocean which still remains
poorly known. Indeed, some authors currently consider that CDOM in marine waters is predom-
inantly of terrestrial origin while others argue that marine CDOM is mainly a by-product of in
situ phytoplankton cells lysis, zooplankton grazing or bacterial activity. In the Mediterranean and
Norwegian Seas, the apparent coupling existing between adg(443) and aph(443) (or chla) monthly
climatology (Figures 1.2 and 1.3) might confirm the relevant influence of the autochthonous biolog-
ical activity for CDOM dynamics. However, more detailed analyses should be performed to derive
relevant conclusions on the relationships existing between phytoplankton and CDOM evolution. In
particularly, it would be necessary to identify more precisely the presence or the absence of a rela-
tionship at a lower spatial scale (regional) and further, in the case of the presence of a significant
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Figure 1.3: Monthly average time series of various SeaWiFS products in the subarctic Atlantic region.
The r-ratio represents : adg(443)/( aph(443)+ adg(443)). The S and A extensions refer to SeaWiFS
and MODIS respectively. at is total absorption and bbp is particulate backscattering.

covariation between aph(443) and adg(443) time series, to determine the eventual phase shift existing
between these seasonal cycles considering a higher temporal resolution (e.g. weekly time series).
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Figure 1.4: Monthly mean fields of the adg(443)/( aph(443)+ adg(443)) ratio in 2003 in the Mediter-
ranean Sea.
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The contribution of the absorption of the colored detrital material with respect to total absorp-
tion of the seawater (expect pure water) at 443 nm (adg(443)/( aph(443)+ adg(443))) varies spatially
and temporally. At the basin scale, the adg(443)/( aph(443)+ adg(443)) ratio ranges from ≈ 0.55 to
0.85 in the Mediterranean Sea and SARC region (Figures 1.5 and 1.4). Similar ranges of variation are
observed on the temporal scale, with basin average for the adg(443)/( aph(443)+ adg(443)) ratio os-
cillating between 0.65 and 0.8 for the Mediterranean and between 0.55 and 0.8 in the Norwegian Sea.
Interestingly, the seasonal cycle of the adg(443)/( aph(443)+ adg(443)) ratio in the Mediterranean Sea
closely follows that of chla, aph(443), adg(443) while in the Norwegian Sea high adg(443)/( aph(443)+
adg(443)) values are found in late winter-early spring period when aph(443) and adg(443) minima are
observed. This feature might indicate regional variations in the parameters controlling CDOM sink
(photobleaching, bacterial activity) or source (terrestrial inputs, biologically mediated production)
terms. The decrease observed in the adg(443)/( aph(443)+ adg(443)) values from May to September
in the Mediterranean Sea seems to start earlier in the eastern part than in the western part of the
basin (Figure 1.4). This feature might be related to spatial differences in terms of water clarity and
therefore in the magnitude of summer photobleaching processes between these two areas. Moreover,
the relatively low adg(443)/( aph(443)+ adg(443)) values (< 0.6) found in the Gulf of Lion from March
to May, with respect to the overall Mediterranean Sea figure (Figure 1.4), might be related to the
peculiar hydro-biological characteristics of this part of the Mediterranean Sea (upwelling zone and
intense spring bloom event). Note that this feature is also clearly visible on the associated adg(443)/(
aph(443)+ adg(443)) monthly time series with the presence of a short spring minimum (Figure 1.6)
coinciding with the regional chla maximum. The potential influence of spring bloom events is also
illustrated by the similar situations found in April in the southern Adriatic as well as in the western
part of the North Levantine basin.

Although there are significant spatio-temporal variations, the relative part of CDOM absorption
in the overall absorption budget is much greater than previously thought, having relevant implications
for optical modelling. Indeed, CDOM absorption is classically expressed in bio-optical models by its
relative contribution to the total absorption coefficient of seawater, assuming that CDOM variation
is related to that of particulate material and therefore to phytoplankton dynamics. More precisely,
in the absence of any reliable alternative the ratio aCDOM(440)/(aCDOM(440)/ + aw(440) + ap(440))
has been often assumed constant and equal to 0.2 (Prieur and Sathyendranath 1981; Morel 1991).
Hence, our results seems to confirm the slight underestimation made by this general assumption as
already documented by various authors (e.g. Siegel et al. 2002; Siegel et al. 2005; Hu et al. 2006).

1.2 Relative contribution of NAP absorption to adg(λ) esti-

mated from satellite remote sensing

In the context of studies applied to the quantification of UV photochemical effects, it is useful
to estimate the relative part of adg which can be effectively attributed to CDOM only and therefore
to correct adg for the absorption of NAP. For this purpose, we estimated the relative proportion
represented by NAP in the adg(443) coefficient by calculating aNAP (443) from chla concentrations
using an empirical parameterization from Bricaud et al. (1998):

aNAP = 0.0124.chla0.724.e−SNAP (λ−440) (1.1)

with SNAP = 0.011 nm−1.
NAP can account for ≈ 5 to 25% of the absorption of the colored detrital material at 443 nm
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Figure 1.5: Monthly mean fields of the adg(443)/( aph(443)+ adg(443)) ratio in 2003 in the Atlantic
subarctic province.
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Figure 1.6: Monthly average time series of various SeaWiFS products in the Gulf of Lions. The
r-ratio represents : adg(443)/( aph(443)+ adg(443)). The S and A extensions refer to SeaWiFS and
MODIS respectively. at is total absorption and bbp is particulate backscattering.

with an average of 15 % (SD = 2.7%) and 16 % (SD = 7.8%) in the Mediterranean Sea and SARC
region respectively (Figures 1.7, 1.8). These values obviously represent rough estimates since this
estimation of aNAP (443) depends on the algorithm used to derived chla concentrations as well as on
the choice of the NAP spectral slope. Moreover, these calculations do not explicitly take into account
the presence of inorganic material including mineral particles from terrestrial inputs, and therefore
certainly underestimate the relative influence of NAP in the coastal waters. However, these results
are in agreement with the global estimations by Siegel et al. (2002; 2005) who reported an average
aCDOM contribution for adg of ≈ 81.7 ± 13.7 % at 440 nm from field measurements.
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Figure 1.7: Monthly mean fields of the relative importance of NAP in the colored material absorption
coefficient at 443 nm in 2003 in the Mediterranean Sea.
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Figure 1.8: Monthly mean fields of the relative importance of NAP in the colored material absorption
coefficient at 443 nm in 2003 in the SARC region.
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Chapter 2

UV photochemical and photobiological
effects: models description

2.1 CDOM Photobleaching

”Photobleaching” reactions refer to the process by which CDOM chromophores are altered due
to their exposition to sunlight and especially to UV radiations. This alteration results in a decrease
in the absorption (and flurorescence) coefficient also associated with changes in CDOM absorption
spectra shape (Vodacek et al. 1997; Del Vecchio and Blough 2002; Twardowski and Donaghay 2002).
CDOM photobleaching, which represents the ”visible” manifestation of UVR degradation of CDOM,
has been recently examined through numerous laboratory and field studies (Vodacek et al. 1997 ;
Nelson et al. 1998; Whitehead et al. 2000; Vähätalo et al. 2000; Osburn et al. 2001; Del Vecchio
and Blough 2002; Vähätalo et al. 2002; Goldstone et al. 2004; Vähätalo and Wetzel 2004). This
process has been shown to represent the primary sink of CDOM in natural waters being responsible
for an important part of the spatio-temporal dynamics of this optically active component of seawater
(Nelson et al. 1998; Siegel et al. 2002; Del Vecchio and Blough 2004 ; Siegel et al. 2005; Hu et al.
2006). Moreover, the loss of CDOM absorption might lead to significant changes in the transparency
of the surface waters for UVR and visible radiations (Morris and Hargreaves 1997; Vodacek et al.
1997; Nelson et al. 1998; Siegel et al. 2002) and therefore have significant ecological consequences
(Zepp et al. 1998) by modifiying the level of exposure of marine compounds and organisms to UVR
and therefore the extent of UVR damage and/or photo-repair processes.

The magnitude of photobleaching rates is expected to vary widely at the spatial and seasonal
scale (Siegel et al. 2002) according to various parameters such as the water optical characteristics,
the stratification of the water column, the seasonal changes in sunlight exposure, the origin and
chemical composition of CDOM (e.g. Twardowski and Donaghay 2002).

As a matter of fact, the photobleaching rates and/or photobleaching half-life (time necessary to
induce a reduction of 50 % of the CDOM absorption coefficient) currently reported in the literature
for various aquatic ecosystems present large variations (Table 2.1).

Recently, several parametrisations have been proposed to characterize the kinetics of UVR pho-
tobleaching process:

1. Osburn et al. (2001)

Osburn et al. (2001) have proposed a spectral weighting function for CDOM photobleaching in
temperate lakes. The computation of CDOM photobleaching rates considers the solar energy
absorbed by CDOM during a defined period ( Ea in J.m−2):
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Reference λ Area t1/2 Rate

Twardowski and Donaghay (2002) 412 nm WA USA 28 d 0.9145 d−1 RF

0.0248 d−1 SF

Vodacek et al. (1997) 350 nm Delaware Bay Mid-Atlantic 23.4 d 0.624 d−1 RF

0.0072 d−1 SF

Whitehead et al. (2000) 280 nm Saint-Laurent estuary 36.4 d

450 nm 13.5 d

Nelson et al. (1998) N.D. Sargasso sea 90 d 0.011 d−1

Boss et al. (2001) N.D. Mid-atlantic bight ≈ 1 month

Vähätalo et al. (2002) 280 nm Lakes 120-455 d

Table 2.1: Examples of CDOM photobleaching rates and photobleaching half-life currently published
in the literature. Twardowski and Donaghay (2002) identified two fractions of CDOM showing
differences in their sensitivity to photobleaching processes: RF: rapid fraction, SF: slow fraction.

Ea(λ) = Ed(λ).aCDOM(λ)avg.0.0177 (2.1)

where Ed(λ) is the spectrum of incident energy (Jm−2), aCDOM(λ)avg is the geometric mean of
the initial and final (after UV exposition) dissolved absorption coefficients and 0.0177 represents
the optical pathlength of the quartz tube used in these experiments. The weighting function
is described by:

W (λ) = W (300).e(−SW .[λ−300]) (2.2)

where W (λ) is the weight (in m.J−1) at λ, W (300) is the weight at the reference wavelength
(300 nm) and SW the slope of the exponential function. Then the predicted photobleaching
(PBpred in m−1) is obtained by multiplying the absorbed energy (Ea in J.m−2) by the spectral
weight which converts the absorbed energy in photobleaching at each wavelength between 280
and 500 nm:

PBpred(λ) = W (λ).Ea(λ) (2.3)

The integrated photobleaching effect is obtained by:

PBpred =
500
∑

280

PBpred(λ)dλ (2.4)

The mean SW value given by Osburn et al. (2001) is 0.0103 (± 0.006) while the mean W (300)
is equal to 4.34.10−6 m.J−1 (± −1.79.10−6)

2. Vähätalo and Wetzel (2004)

The rate of photobleaching of CDOM at the depth z (blez, m−1m−3d−1) is defined by:

blez =
∫ λmax

λmin

φble,λQS,λ,zaCDOM,λdλ (2.5)
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where φble,λ represents the spectrum of apparent quantum yield at wavelength λ (m−1E−1),
QS,λ,z is the scalar photon density at wavelength λ and depth z (Em−1d−1) and aCDOM,λ is
the absorption spectrum of CDOM (m−1). λmin and λmax are the limits of the wavelengths
contributing to photochemical decomposition.

For a deep water column this photodecomposition rate (ble) becomes:

ble =
∫ λmax

λmin

φble,λQa,λaCDOM,λ/atot,λdλ (2.6)

where Qa,λ is the photons absorbed to the water column at the wavelength λ (Em−2d−1) and
the ratio aCDOM,λ/atot,λ is the contribution of CDOM to the total absorption.

The apparent quantum yield is spectrally dependent and described as:

φble,λ = c.e−dλ (2.7)

where c (m−1E−1) and d (nm−1) are constants determined experimentally. The coefficient c
range from 0.145 to 0.161 m−1E−1 (c̄ = 0.1551 m−1E−1) and d ranged from 0.00813 to 0.01096
nm−1 (d̄ = 0.009637 nm−1).

3. Del Vecchio and Blough (2002)

Recent experimental studies have emphasized that the loss of CDOM absorption at a defined
wavelength might be induced by the absorption of the energy of photons from multiple wave-
lengths (Whitehead et al. 2000 ; Osburn et al. 2001). The model developed by Del Vecchio and
Blough (2002) differs from the two previous models since it considers explicitly these indirect
photobleaching processes through the definition of a cross-section matrix (Table 2.2, Figure
2.1).

(10−20) λirr λirr λirr λirr λirr λirr λirr λirr λirr λirr λirr

σP 300 310 320 330 340 350 360 370 380 390 400

λobs 300 0.117 0.061 0.046 0.030 0.024 0.019 0.013 0.007 0.007 0.006 0.006

λobs 310 0.115 0.065 0.049 0.034 0.027 0.021 0.015 0.009 0.008 0.007 0.006

λobs 320 0.113 0.067 0.052 0.036 0.030 0.023 0.017 0.010 0.009 0.007 0.006

λobs 330 0.108 0.062 0.050 0.037 0.031 0.025 0.019 0.012 0.010 0.009 0.007

λobs 340 0.104 0.060 0.048 0.037 0.037 0.025 0.020 0.013 0.012 0.010 0.008

λobs 350 0.100 0.057 0.046 0.035 0.029 0.025 0.020 0.015 0.013 0.011 0.009

λobs 360 0.095 0.054 0.043 0.032 0.028 0.024 0.020 0.015 0.014 0.012 0.011

λobs 370 0.092 0.052 0.042 0.030 0.026 0.023 0.019 0.015 0.015 0.014 0.013

λobs 380 0.091 0.050 0.039 0.027 0.025 0.022 0.019 0.016 0.016 0.015 0.015

λobs 390 0.089 0.049 0.037 0.026 0.023 0.020 0.018 0.015 0.016 0.016 0.017

λobs 400 0.089 0.047 0.035 0.024 0.021 0.019 0.017 0.014 0.016 0.017 0.018

Table 2.2: CDOM photobleaching cross-section (cm−2s−1) from Del Vecchio and Blough (2002). λirr

and λobs represent the irradiation and observation wavelengths respectively.

The depth and wavelength dependent photobleaching rate coefficients F (λ, z) are obtained
from:
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Figure 2.1: Photobleachimg cross section σP (x10−20) matrix (Del Vecchio & Blough, 2002).

F (λ, z) = σP (λ).Ed(λ, z) (2.8)

where σP (λ) corresponds to the matrix of photobleaching cross-section (cm2.photon−1) reported
in table 2.2 and Ed(λ, z) is the solar irradiance at depth z (photons.cm−2.s−1). The absorption
of CDOM obtained after an exposition to UV radiation for a short time interval (∆t) is obtained
by:

aCDOM(λ, z, ∆t) = aCDOM(λ, z).e−F (λ,z).(∆t) (2.9)

The average absorption of photobleached CDOM across the mixed layer is calculated as follows:

aCDOM(λ) =
∑

n

aCDOMn
(λ, z)/(#n) (2.10)

where #n is the number of depth intervals. In this model, the new CDOM absorption obtained
after a ∆t interval was used to compute the new Kd(λ, z).

2.2 CDOM photodegradation products

The quantification of the photochemical fluxes induced by the exposure of CDOM to solar
irradiance needs knowledge on the efficiency of each absorbed photon to induce the photoproduction
of a defined compound. The relationship between a defined photoproduct production rate and the
spectral irradiance is represented by an ”apparent quantum yield”, usually noted AQY (λ) or φ(λ).
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The term ”apparent” reflects the fact that the specific concentrations of CDOM chromophores in
aquatic ecosytems are usually unknown and that therefore the quantum yields refer to the absorption
of the entire CDOM. More precisely, the AQY represents the ratio between the number of molecules
of photoproducts and the amount of photons effectively absorbed by the compound, from which the
photoproduct is originating:

AQY (λ) =
Nphotoproduct

Nphotons(λ)
(2.11)

where AQY (λ) is the spectral quantum yield for a defined photoproduct (e.g. CO or DIC
in mol(photoproduct). mol(photons)−1), Nphotoproduct is the number of moles of photoproduct and
Nphotons(λ) is the number of moles of photons absorbed by CDOM at the wavelength λ.

The photomineralisation rates are then derived by combining the AQY to the irradiance effec-
tively absorbed by the reactive compound (e.g. CDOM). For a depth resolved model, the general
formulation can be expressed as:

dP/dt(z) =
∫ λmax

λmin

E̊(λ, z).aCDOM(λ, z).φ(λ)dλ (2.12)

where dP/dt(z) is the photomineralisation rate at a defined depth (z) integrated through the
spectral range [λmin,λmax] which might vary according to the model considered. E̊(λ, z) represents
the scalar irradiance , aCDOM(λ, z) the absorption coefficient of CDOM at the wavelength λ and
depth z, and φ(λ) the AQY specific to the photoproduct considered.

2.2.1 CO photoproduction

The photoproduction of carbon monoxide (CO) is the second largest identified product of CDOM
photolysis after carbon dioxide (Miller and Zepp 1995; Mopper and Kieber 2000; Stubbins et al.
2006). CO fluxes have been used as a key tracer used to test models of photochemistry, bio-optics,
mixing, air-sea exchanges (see Stubbins et al. 2006 and references therein). Recently, several quantum
yields and CO photoproduction models have been documented in the literature. These quantum
yields are usually described by an exponential or double exponential functions (see Figure 2.2):

1. Ziolkowski (2000):

φCO(λ) = e−[9.1341+0.0425(λ−290)] + e−[11.3155+0.01425(λ−290)] (2.13)

2. Zafiriou et al. (2003):

• λ ∈ [290-360]

φCO(λ) = 5.78.10−6e−0.05(λ−360) − 6.99.10−7 (2.14)

• λ ∈ [360-490]

φCO(λ) = 5.24.10−6e−0.0229(λ−360) (2.15)

• Broadband formulation

φCO(λ) = 9.18.10−6e−0.0353(λ−360) (2.16)
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The spectral CO production rates estimated from the models of Ziolkowski (2000) and Zafiriou
et al. (2003) are integrated through the [280-490nm] domain following the equation 2.12.

3. Miller et al. (2002):

• Sapelo Islan (Georgia):
φCO(λ) = e−(8.001+0.037(λ−290)) (2.17)

• Altamaha River:
φCO(λ) = e−(8.004+0.059(λ−290)) (2.18)

The rate of CO photoproduction is integrated over the [280-450nm] spectral domain (equation
2.12).

Further, Miller et al. (2002) also defined the photoproduct flux which corresponds to the

integrated cross product of the net downwelling irradiance just under the surface ( ~E0(λ)),
considered equal to the downwelling irradiance according to Kirk (1994):

Flux =
∫

~E0(λ).φCO(λ)dλ (2.19)

Figure 2.2: AQY for CO photoproduction currently reported in the literature.

2.2.2 DIC photoproduction and labile photoproducts

The photochemical oxidation of CDOM results in the formation of dissolved inorganic carbon
(DIC) participating significantly to the global marine carbon cycle (Miller and Zepp 1995). The direct
photoproduction of DIC (measured as the sum of CO2, HCO−

3 and CO2−
3 ) from CDOM exposure
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to solar radiations represents a mineralization pathway independent from the microbial oxidation.
Further, CDOM photo-oxidation can lead to the formation of biologically labile photoproducts (BLP)
which include a variety of compounds such as ammonium and amino acids and low molecular weight
organic compounds (Kieber et al. 1990; Moran and Zepp 1997; Miller et al. 2002).

The quantum yields for the formation of DIC and/or labile photoproducts are currently less
characterized than for the CO photoproduction, in particularly for the marine ecosystems (see Figure
2.2):

1. Vähätalo et al. (2000), cf section 2.1 for the whole model description:

φ(λ) = 7.52.10−0.0122.λ (2.20)

2. Johannessen and Miller (2001)

The quantum yield of DIC production (measured as the sum of CO2, HCO−

3 and CO−2
3 ) given

by Johannessen and Miller (2001) is expressed as:

φ(λ) = e−(m1+m2.(λ−290)) (2.21)

The production rate dP/dt (moles DIC produced m−3s−1) in an optical thin solution is then
computed as followed:

dP/dt =
∫ 480

280
(E0(λ).aCDOM(λ).φ(λ)dλ) (2.22)

where E0(λ) is the scalar irradiance (moles photons m−2s−1nm−1, aCDOM(λ) is the absorption
coefficient of CDOM.

These latter authors proposed parametrisations of the DIC quantum yield for three distinct
water mass types distinguished from salinity criteria (Inshore waters: S <31 psu, Coastal waters
31 < S <35 psu, Offshore waters: S > 35 psu):

• Inshore waters

φ(λ) = e−(6.66+0.0285.(λ−290)) (2.23)

• Coastal waters

φ(λ) = e−(6.36+0.014.(λ−290)) (2.24)

• Open Ocean waters

φ(λ) = e−(5.53+0.00914.(λ−290)) (2.25)

3. Miller et al. (2002)

Similarly, Miller et al. (2002) proposed quantum yields for the formation of biologically labile
products from CDOM photodegradation in the SE US estuarine waters.

• Sapelo marsh

φ(λ) = e−(5.633+0.0298.(λ−290) (2.26)
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Figure 2.3: AQY for DIC photoproduction according to Johannessen & Miller (2001).

• Estuarine waters

φ(λ) = e−(5.486+0.0273.(λ−290) (2.27)

2.2.3 Illustration of other selected AQYs

In addition to CO and DIC photoproduction, UVR have been shown to have a significant
influence on the sulfured molecules such as Dimethyl sulfide (DMS) and carbonyl sulfide (COS)
(Zepp and Andreae 1994; Weiss et al. 1995, Toole et al. 2003; Bouillon and Miller 2004). COS
is an important gas for stratospheric processes and the oceans are considered as a sizable portion
of the source term through photolysis of DOM by UVR. The DMS cycle has received particular
attention since the description of potential climate feedbacks (Charlson et al. 1987) and is closely
related to photobiological and photochemical processes for both production and removal. Since the
quantification of the photolysis of DMS and/or photoproduction of COS rates are not considered in
the context of this project, we briefly presented the parametrisations describing these processes in
order to illustrate the similarities existing in the shape of these AQYs when compared to those for
DIC and/or CO photoproduction (Figure 2.5).
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Figure 2.4: AQY for DIC and photolabile products.

Figure 2.5: AQY for COS photoproduction and DMS photolysis.
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Summary

The various AQYs illustrated previously present a strong spectral dependence, with the highest
values observed in the UVB region. Conversely, the radiations at the highest wavelength in the
near visible region do not have a sufficient energy to induce CDOM photodegradation processes and
therefore the AQYs are falling to zero. However, the AQYs reported for a defined photoproduct also
exhibit a strong inter-site variability as illustrated, for example, by the parameterizations reported
by Johannessen and Miller (2001) for DIC photoproduction. According to these authors, CDOM in
the open ocean water is more photosensitive to UV radiations for DIC production than the coastal
and inland waters. This result is a priori surprising as one might expect that the highly colored
terrestrial CDOM in estuarine and coastal waters is less degraded and therefore more sensitive to
UVR. However, Johannessen and Miller (2001) attributed the higher efficiency in open waters to the
structure of aromatic compounds forming CDOM molecules and more precisely to spatial variations
in the proportions of DIC-producing and non-DIC producing chromophores. Indeed, they assumed
that the terrestrially derived CDOM contains a high proportion of non-DIC producing chromophores
contributing to a great part of CDOM absorbance. From the estuarine and coastal waters to the
oceanic systems, the ratio between DIC producing and non-DIC producing chromophores increases
due to the loss of aromatic non-DIC producing chromophores by fading and/or in reason of the dom-
ination of marine-derived CDOM. However, opposite results have been recently reported by White
et al. (2006) and Bélanger et al. (2006) who obtained decreasing rates of DIC photoproduction from
estuarine to oceanic ecosystems. Similarly, Zhang et al. (2006) recently documented that terrestrial
CDOM is more efficient for photochemically producing CO than marine algae-derived CDOM. This
apparent discrepancy between the recent studies underlines the current need of additional param-
eterizations in order to elucidate the high heterogeneity in the CDOM photolability according to
variations in its origin and/or light history. The latter parameter in particular, which implicitly
includes the influence of the vertical mixing on CDOM photolability, seems to be crucial for an ac-
curate estimation of the spatio-temporal UV photochemical effects variability (Bélanger et al. 2006;
Stubbins et al. 2006; Zhang et al. 2006). In addition, environmental conditions, which might vary
spatially and seasonally for a defined site, have also been shown to have a significant influence on the
efficiency of UVR for the production of DIC and/or CO. In particularly, a recent study from Zhang
et al. (2006) demonstrates that the AQYs for CO production in the St Lawrence estuarine system
are strongly affected, in addition to CDOM origin and light history, by the seasonal changes in the
water temperature.

Ideally, an accurate modelling of DIC and/or CO photoproduction should take into account all
these peculiarities by restraining the application of the AQY to the conditions (temperature, exposure
dose) in which it has been determined in the laboratory. However, in practice, this approach is almost
not feasible due to the complexity of an accurate determination of CDOM light history in natural
environments where numerous timescales have to be considered. It is interesting to note that the
global variability in CO AQYs is lower than that documented for the DIC photoproduction rates.
Additionally, the fact that CO concentrations and production rates are relatively easy to measure
explains that CO photoproduction has been proposed to be used as a proxy for the production of the
other compounds resulting from the photodegradation of CDOM such as DIC and/or biologically
labile photoproducts (see Stubbins et al. 2006 and references therein).
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2.3 Primary production inhibition

Figure 2.6: Selected Biological Weighting Functions (BWF) for UV inhibition of phytoplankton
primary production. These BWFs are for weighted irradiance (E model,(mW.m−2)−1) estimated for
average daily irradiance on a coastal Antarctic assemblage (Boucher and Prezelin, 1996), the UV
effect on a diatom (Phaeodactylum sp., Cullen et al., 1992) and a dinoflagellate (Prorocentrum micans,
Cullen et al., 1992) and phytoplankton assemblage from the southern ocean for 1 h of exposure (Neale
and Kieber, 2000).

The optimal rate of primary production, i.e. without inhibition processes (PB
opt(z) in mgC.m−3.h−1),

is classically determined from Production-Irradiance (P-I) curves describing the kinetics of photo-
synthesis according to light changes. These P-I curves have been parametrised using various formu-
lations:

• Smith (1936):

PB
opt(z) =

Π(z)
√

1 + (Π(z)/PB
m )2

(2.28)

Π(z) =
∫ 700

400
αB(z, λ).E̊(z, λ).dλ (2.29)

αB(z, λ) = αB.aph(z, λ).
∫ 700

400
dλ/

∫ 700

400
aph(z, λ)dλ (2.30)

• Jassby and Platt (1976) :

PB
opt(z) = PB

m .tanh(αB.E(z)/PB
m ) (2.31)
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• Exponential (Webb et al. 1974 ; Platt et al. 1980):

PB
opt(z) = PB

m .(1 − e(−αB .E(z)/P B
m)) (2.32)

where, E(z) can correspond to PAR(z) or PUR(z), αB is the initial slope of the production-
irradiance curve and PB

m the saturation rate of photosynthesis, both normalised by the biomass.

Numerous works on various aquatic systems have shown that the environmental UVR, indepen-
dently of changes in ozone phenomena, represents an important ecological stress for the organisms
populating the surface layer of the oceanic and freshwater ecosystems. This high influence of UVR
on marine photosynthesis has recently induced the development of diverse parameterizations de-
scribing the dependence of these inhibition phenomena on the UV exposure rate. The relationships,
called Biological Weighting Functions (BWF), have been determined experimentally for various phy-
toplankton species and environmental conditions (Behrenfeld et al. 1993, Cullen et al. 1992; Boucher
and Prézelin 1996 ; Neale et al. 1998a; Neale and Kieber 2000; Neale 2000; Banaszak and Neale
2001). In spite of the large variations reported for the weighting functions according to phytoplank-
ton species, region, water mass characteristics or season, BWFs present a conservative shape, with
biological weighting decreasing from the UVB to the UVA and visible spectral domain (Figure 2.6).
Boucher and Prézelin (1996) reported negative BWFs for irradiance at wavelengths greater than ±
380 nm emphasizing that UVR radiations are not necessarily detrimental for primary production
(Williamson et al. 2001; Mengelt and Prézelin 2005) and illustrating the great complexity of the
related physiological processes.

In addition to the BWF, the quantitative estimation of the UVR impact on phytoplankton
primary production requires the definition of an Exposure-Response Curve (ERC) describing the
variation of the UV effect on phytoplankton with exposure (Cullen and Neale 1997a; (Cullen and
Neale 1997b). The ERC definition implicitly depends on the balance between damage and repair pro-
cesses and therefore on the time scale considered. More precisely, to determine the ERC adapted for
a defined model, one must define if the measured damage on photosynthesis is function of cumulative
exposure of phytoplankton to UVR or whether it is function of instantaneous exposure rate.

Two distinct model formulations can be therefore distinguished:

• BWFEP − I model

If repair is active and if the objective is to estimate the steady-state response of photosynthesis
during UVR and visible exposure, the adapted approach is to calculate the inhibitory irradiance
E∗

inh(z) for a depth z corresponding to the sum over a series of narrow wavelength bands (∆λ)
of the product between spectral irradiance (E(λ, z), in mWm−2nm−1) and the BWF(∈ (λ), in
(mWm−2)−1):

E∗

inh(z) =
λmax
∑

λmin

∈ (λ).E(λ, z).∆(λ) (2.33)

The response at a defined depth z is then obtained using an hyperbolic function of this weighted
irradiance allowing to correct the optimal rate of photosynthesis (PB

opt(z)) for UV inhibition:

PB(z) = PB
opt(z).

(

1

1 + E∗

inh(z)

)

(2.34)
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where PB
opt(z) is the maximum potential rate of photosynthesis in the absence of photoinhibition.

Theoritically, the weighted irradiance for inhibition E∗

inh can be determined for UV and PAR
radiations since visible radiations can also have an inhibitory effect on primary production
(Neale 2000). In practice, the damaging effect of PAR is poorly known and this parameter is
represented by a single average weighting coefficient for the whole PAR (∈ (PAR)), or is not
considered.

• BWFHP − I model

The previous BWF-PI model is modified if it is assumed that repair processes are not active
and if the objective is to estimate the average photosynthetic rate over a period of exposure
(Neale et al., 1998b). In this case, the approach is to compute the weight radiant exposure
(H(λ), J.m−2nm−1) used to determine the weighted exposure (H∗

inh) for inhibition:

H∗

inh(z) =
λmin
∑

λmax

∈H (λ).H(λ, z).∆(λ) (2.35)

where H(λ, z) =
∫

E0(λ, z, t).dt. Then the average production over the period of cumulative
exposure is obtained by:

PB
avg(z) = PB

opt(z).
(1 − eH∗

inh
(z))

H∗

inh

(2.36)

This model is called the BWFH −PI model because it depends on the parameter H while the
previous model is denoted BWFE − PI model.

The BWFEP − I and BWFHP − I models are both useful for the description of inhibition
processes occurring in phytoplankton assemblages. However, the development of these models and
their application have resulted in the definition of two classes of BWFs which are not directly com-
parable (Neale et al. 2001). Moreover, the choice of the ERC (Exposure Response Curve) depends
on the kinetic of damage-repair processes (Cullen et al. 1992; Neale et al., 1998a; Neale et al., 1998b;
Neale 2001). If repair is active and the exposure time is sufficiently long to attain a steady state
response of photosynthesis during UV exposure, e.g. as it has been observed in cultures of temperate
phytoplankton (Lesser et al. 1994), the appropriated approach is to use the weighted irradiance
and describe the response using an hyperbolic function of this irradiance (Eq. 2.3). If the objective
is to predict the average inhibited photosynthetic rate over a certain exposure period, the radiant
exposure should be used to compute H∗

inh(z). The temporal scale considered is therefore critical to
justify the use of a H or E model. A model applied to well-mixed waters should consider a model
based on the duration of the exposure, since phytoplankton response is function of its cumulative
exposure to UVR along its vertical movements and repair rates are considered to be slow. Conversely,
a steady state model should be used when recovery rates are rapid and when inhibition is function
of irradiance level (reciprocity principle fails).
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Chapter 3

UV effects: General characteristics

The following computations performed to quantify the selected UVR photochemical and pho-
tobiological effects are based on a synthetic dataset covering various water types (N=42) obtained
by combining each of 6 chla concentrations (0.03, 0.1, 0.3, 1, 3, 10 mg.m−3) to each of 7 CDOM
concentrations (with CDOM absorption coefficient used as a proxy for CDOM concentration) repre-
sentative of the average ranges of variation observed on natural marine ecosystems. The bio-optical
model is detailed in Vantrepotte and Mélin (2006). Briefly, CDOM absorption is expressed through
the relative proportion of the absportion at 440 nm of dissolved material with respect to the absorp-
tion of particulate matter (aCDOM(440) /ap(440) = %CDOM = 0., 0.15, 0.30, 0.45, 0.60, 0.75, 0.9,
see the detailed method in Vantrepotte and Mélin 2006). In a first approximation, vertical profiles
of chla and related dissolved and particulate matter absorptions have been considered to be homo-
geneous throughout the water column. We considered fixed P-I curve parameters corresponding to
those classically reported for the Mediterranean Sea (PB

m = 4 mgC (mgchla)−1 h−1 , αB = 0.099
mgC (mgchla)−1 h−1(W m−2)−1).

The atmosphere characteristics considered for these computations were globally representative of
an average European atmosphere under clear sky conditions. Reference calculations were performed
with an ozone of 325 DU. Finally, for the sun geometry we considered a latitude of 45oN and summer
soltice conditions (Julian day : 180).

3.1 CDOM photobleaching

We simulated the decrease of CDOM absorption due to photobleaching processes considering
the models defined by Osburn et al. (2001) and Del Vecchio and Blough (2002) for a 1 day exposure.
In practice, the CDOM absorption coefficient obtained at the time t has been used as an input to
the spectral irradiance propagation model at the time t+1.

Figures 3.1, 3.2, 3.3 and 3.4 illustrate the variations of CDOM photobleaching along the spectral
and water column vertical dimensions estimated using the two models considered. The estimations
provided by these two different models are globally in good agreement especially for surface values.
After 1 day of exposure CDOM absorption can be reduced by up to 6% at the surface of the water
body. Then, the influence of photobleaching rapidly decreases within the first meters of the water
column becoming negligible below ≈ 5 to 20 m depth according to the water transparency.

In all cases (Figures 3.3 and 3.4), the relative loss of CDOM absorption is greater at longer
wavelengths, despite the lower efficiency of these photons for inducing photobleaching. According to
Del Vecchio and Blough (2002) this feature can be related to two factors: (i) the greater amount of
longer-wavelength photon penetrating in the water column (ii) the higher rates of indirect absorption
loss produced at longer wavelengths by the influence of short wavelength photons absorbed by the
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Figure 3.1: Influence of photobleaching on the CDOM absorption vertical profile at 380 nm after 1
day of exposure according to the model by DelVecchio and Blough 2002.

Figure 3.2: Influence of photobleaching on the CDOM absorption vertical profile at 380 nm after 1
day of exposure according to the model by Osburn et al., 2001.

CDOM molecules. Thus, this preferential loss of absorption would lead to an increase in the CDOM
spectral slope in agreement with field observations (e.g. Vodacek et al. 1997; Twardowski and
Donaghay 2002).
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Figure 3.3: Spectral and vertical dependence of the relative rates of CDOM photobleaching after 1
day of exposure according to the model by DelVecchio and Blough 2002.

Figure 3.4: Spectral and vertical dependence of the relative rates of CDOM photobleaching after 1
day of exposure according to the model by Osburn et al., 2001.
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3.2 DIC-CO photoproduction

Reference Area Product Rate

Granéli et al. (1996) Swedish Lakes DIC 50-171 mgC m−2 d−1

Johannessen and Miller (2001) Gulf Stream DIC Order of x.10−3 mol DIC m−3

White et al. (2006) NW Atl., Delaware estu. DIC (CO2) Riverine: ≈ 1.4 µmol l−1 h−1

Coastal: ≈ 0.18-0.75 µmol l−1 h−1

Oceanic: ≤ 0.1 µmol l−1 h−1

Bertilsson and Tranvik (2000) Swedish Lakes DIC 0.5-158 µC l−1 h−1

Miller and Moran (1997) Sapelo Island DIC 0.3 − 2.3µmol C h−1(vol N.D.)

CO 40 − 147nmol C h−1(vol N.D.)

Bélanger et al. (2006) Arctic coast. DIC 2-3.6 mgC m−2 d−1

Miller et al. (2002) SW US shelf CO Surface (graphic) 3.10−7 mol l−1 d−1

Labile Photop. Surface (graphic) 4.10−6 mol l−1 d−1

Fichot (2004) Surface (graphic) CO Oligo: 0.05.10−4 mol CO m−3 d−1

Estuarine : 1.10−4mol CO m−3 d−1

1-6 10−5mol CO m−2 d−1

Table 3.1: Examples of some referenced CO and DIC production rates for various sites and aquatic
ecosystems.

After several decades of research into CO (and/or DIC) production in various aquatic ecosystems
(Table 3.1), it is now widely recognized that CDOM photomineralisation processes play an important
role for the global marine carbon cycle. However, the actual amount of carbon actually represented
by the total photochemical sources of CO and DIC at the global ocean scale is still poorly constrained
and remains an open field of study. Indeed, estimates of global oceanic CO photoproduction vary
between 30 and 820 TgCO − C.yr−1 (see the review by Stubbins et al. 2006). The most recent
estimates suggest however that the earlier work may have largely overestimated the actual oceanic
CO photoproduction which should rather fall into the narrow range of 30-50 TgCO−C.yr−1 (Zafiriou
et al. 2003; Fichot 2004; Stubbins et al. 2006). Similarly, estimates for the global oceanic flux of
photoproduced DIC range from 2.7 PgC.yr−1 (Mopper and Kieber 2000) to ≈ 12 PgC.yr−1 (Kudela
2000).

Note that these quantifications are usually based on spatial extrapolations considering the prod-
uct of local estimations of the water column photoproduction rates by the surface of the whole ocean.
To date only few studies are related to the quantification of DIC and/or CO annual photoproduction
at global or basin scales using satellite remote sensing techniques (Fichot 2004; Bélanger et al. 2006).
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The relative importance of UVB, UVA and PAR domain for the photodegradation of CDOM
reflects the combination between photon effectiveness and the amount of photons penetrating within
the water column. As a matter of fact, the DIC photoproduction rate seems to be negligible below
300 nm, even in the clearest water bodies (Figure 3.5) in spite of the high efficiency of the shortest
radiations for inducing a photodegradation of CDOM.

Photodegradation processes can be mainly attributed to photons in the UVA domain (Figures
3.6 and 3.7, Table 3.2). Note that the strong contribution of UVA radiations is slightly sensitive to
changes in the dissolved and particulate material loads as underlined by the relatively low variations
around average values in Table 3.2. The relative proportion of the DIC and CO photoproduction
which can be attributed to UVB and PAR radiations presents large variations according to the AQYs
definition, reflecting the diversity existing in AQYs shape and spectral ranges of application. The
relative importance of UVB radiations remains relatively low and varies between 3-32 % according
to the different AQYs models reflecting the high attenuation of UVB radiations both within the
atmosphere and through the water column.

UVB UVA PAR

Johannessen Ocean 4.80 (0.69) 56.64 (3.19) 38.56 (3.73)

Johannessen Coastal 2.97 (0.48) 46.76 (3.54) 50.27 (3.93)

Johannessen Inshore 7.05 (0.88) 67.40 (2.31) 25.55 (2.99)

Miller labile 14.57 (1.29) 75.38 (0.91) 10.05 (1.49)

Miller labile river 13.24 (1.24) 74.92 (1.03) 11.84 (1.71)

Vähätalo 13.65 (1.26) 75.10 (0.99) 11.25 (1.64)

Ziokolowski CO 15.40 (1.44) 69.12 (1.38) 15.48 (2.22)

Zafiriou CO 17.50 (1.40) 74.88 (0.89) 7.62 (1.17)

Miller CO 18.61 (1.43) 75.28 (0.90) 6.11 (0.96)

Miller CO river 31.70 (1.63) 67.18 (1.48) 1.12 (0.20)

Table 3.2: Means and standard deviations of the relative contribution (in %) of UVB, UVA and PAR
domain to the daily DIC production.
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Figure 3.5: Spectral dependence of daily DIC production for different loads of phytoplankton biomass
and CDOM proportions.
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Figure 3.6: Relative contribution of UVB, UVA and PAR domains to the DIC photoproduction
(average values on the 42 water types of the synthetic dataset).
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Figure 3.7: Relative contribution of UVB, UVA and PAR domains to the CO photoproduction
(average values on the 42 water types of the synthetic dataset).
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Figure 3.8: Example of daily DIC profiles for different water types obtained from Johannessen and
Miller (2001) Open-ocean AQY model.

DIC production rates rapidly decrease from the surface to the deep waters (Figure 3.8) following
a quasi exponential shape. In the context of a depth-resolved modelling of UV photochemical effects,
it is interesting to evaluate the layer of the water column in which the major part of the DIC
production is performed. For this purpose, the Z(90%)DIC depth, representing the depth range in
which 90 % of the total depth-integrated DIC photoproduction occurs, is defined by (Fichot, 2004):

∫ Z(90%)DIC

0
PDIC(z)dz = 0.90PDICt (3.1)

The Figure 3.9 represents the variations of the Z(90%)DIC depth according to changes in chla
and CDOM loads. Z(90%)DIC values can range from several tens (up to 80 m) for the clearest
(oligotrophic) waters to few meters only (< 5 m) for the more turbid ones.

This feature reflects obviously changes in the water transparency as described by the significant
relationships found between Z(90%)DIC and UVA, UVB or PAR 1% penetration depths (Figure
3.10, Table 3.3).

Furthermore, changes in the underwater light field quality with depth (Vantrepotte and Mélin
2006) induce vertical variations in the relative importance of each spectral domain to the total DIC
production throughout the water column. As a matter of fact, the relative contribution of UVB
radiations to the DIC production quickly decays in the first meters of the water column due to
the very low penetration of the short wavelength radiations in the water body. Conversely, the
PAR contribution increases from the surface to the deep waters (Figure 3.11) as UVA contribution
decreases even though this spectral domain remains the main contributor for the photodegradation of
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Figure 3.9: Z(90%)DIC depth which corresponds to the depth at which the vertically integrated
DIC production is equal to 90% of the water column integrated value.

CDOM within the surface productive layer, independently of the water mass characteristics (Figure
3.11).
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Figure 3.10: Relationships between the 90% depth for DIC production and UVB, UVA and PAR
penetration. The equation corresponding to the linear regression illustrated by the solid lines are
reported in the Table 3.3.

UVB UVA PAR

A B R2 A B R2 A B R2

Johannessen Ocean 2.66 1.39 0.96 -0.26 0.61 0.99 -9.05 0.50 1.00

Johannessen Coastal 3.51 1.53 0.96 0.20 0.68 0.99 -9.70 0.56 1.00

Johannessen Inshore 1.19 1.22 0.97 -1.20 0.54 1.00 -8.53 0.44 0.99

Ziokolowski CO 0.89 0.98 0.98 -0.97 0.43 1.00 -6.71 0.35 0.99

Zafiriou CO 0.13 0.85 0.99 -1.33 0.37 1.00 -5.99 0.29 0.98

Miller CO -0.19 0.83 0.99 -1.58 0.36 1.00 -6.03 0.29 0.97

Table 3.3: Linear regression parameters for the relationships between Z(90%)DIC and the 1 % UVB,
UVA and PAR penetration depths: Z(90%)DIC = A +B. Z10(UVB, UVA, PAR), (N=42).
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Figure 3.11: Vertical profiles of the relative contribution of UVB, UVA and PAR radiations to
the total DIC production. The shaded area correspond to the area where the verticaly integrated
production is < to 90 % of the total production of the water column.
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3.3 UV inhibition of primary production

Figure 3.12: Example of Einh spectrum in surface (left side) and along the water column (right side)

Figure 3.13: Vertical distribution of the relative contribution of UVB and UVA radiations to the
Einh inhibition parameter of primary production for the several BWFs models at noon.

The Figure 3.12 presents an example of the spectral distribution of the weighted irradiance Einh

illustrating the combined effect of the irradiance spectral quality at a defined depth and biological
weightings (see section 2.3). In this example, the most inhibiting effects in surface are related to
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the UV radiations located around 330 nm while the values of Einh are negligible for the shortest
wavelengths in the UVB as well as in the near visible region. However, this pattern varies along the
vertical scale. Indeed, there is a small shift of the most efficient radiations from the wavelengths
around 330 nm to those around 360 nm from the surface to the bottom of the water column respec-
tively (Figure 3.12). The same pattern is clearly illustrated by Figure 3.13 with a net increase of the
relative contribution of UVA for Einh (and a reciprocal decrease of UVB impact) with depth. This
spectral dependence of UV inhibiting effects varies according to the BWFs definition as illustrated
by the greater weight given to UVA radiations when considering the Boucher and Prézelin (1996)’s
formulation.

Figure 3.14: Time course of primary production inhibition at 5 m depth for different chla concen-
tration and for the various BWFs.

Figure 3.14 presents some examples of the time course of UV inhibition of primary production
during the day at 5m depth. In the clearest waters, the inhibition induced by the exposure of
phytoplankton to UVR can lead to a decrease of up to 60 % of the initial primary production
rates at noon. Conversely, the exposure of phytoplankton to UVR in the more turbid waters has a
more restricted impact on the photosynthetic process since the relative inhibition rates of primary
production account for less than 10 % at noon.
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Figure 3.15: Daily primary production vertical profiles with and without UV inhibition for various
chla levels and BWFs (%CDOM =45).

On the daily scale, the phytoplankton exposure to UVR can induce a decrease in the uninhibited
production (PP-UV) by ≈ 5% to 30 % from the more turbid to the clearest ecosystems (Figure 3.17).
Similar relative inhibition rates are usually reported in the literature from in situ laboratory and/or
modelling studies (Furgal and Smith 1997; Neale et al. 1998a; Neale et al. 1998b; Neale et al.
2001). These results provide the evidence of the importance of the integration of an UV-dependent
inhibition term for the study of marine global carbon cycling.

UV inhibition processes obviously modify the shape of the vertical profiles of primary production.
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Figure 3.16: Daily profile of UV inhibition of primary production (%) (%CDOM =45).

Indeed, the consideration of the influence of the exposure of phytoplankton to UVR leads to a sharp
decrease of the water column production level in the first meters of the water column (Figure 3.15).
At the surface of the water column, UV inhibition can for instance induce a decrease of up to 60
% of the optimal carbon fixation rates. Then, the relative inhibition rate of primary production
(PP+UV-PP-UV)/PP-UV.100) decreases exponentially with depth (Figure 3.16).

The vertical extent of UV primary production inhibition processes can be characterised by
the definition of the ZPP50% depth corresponding to the depth at which the primary production
is reduced to half of its uninhibited value. Variations in the ZPP50% are related to the water
transparency for UVR with values ranging from up to 15 m to less than 2 m (Figure 3.18). In the
more turbid water bodies, the ZPP50% depth is not reached since the penetration of UVR is not
sufficient enough to induce a large inhibition of phytoplankton primary production.
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Figure 3.17: Daily water column inhibition variations according variations in chla and CDOM loads.

Figure 3.18: Depth corresponding to a level of UVR inhibition of primary production of 50% at noon
(%CDOM =45).
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Chapter 4

Sensitivity analyses

4.1 Influence of the AQY definition on UV DIC and CO

photoproduction rates

The impact of the AQYs definition on DIC and CO daily and vertically integrated photoproduc-
tion rates has been quantified by considering the various AQYs formulations reported in the section
2.2.

• DIC photoproduction rates

Col./Row Johan. Ocean Johan. Coastal Johan. Inshore Vähätalo BLP (SAP) BLP (ALT)

Johan. Ocean 1 0.61 0.26 0.12 0.18 0.25

Johan. Coastal 1.64 1 0.43 0.20 0.30 0.40

Johan. Inshore 3.79 2.31 1 0.47 0.69 0.93

Vähätalo 8.16 4.98 2.15 1 1.48 2.00

BLP (SAP) 5.52 3.37 1.45 0.68 1 1.35

BLP (ALT) 4.08 2.49 1.08 0.50 0.74 1

Table 4.1: DIC production mean ratios. Biological Labile Photoproduct production (BLP) has been
added for comparison. Note that the BLP vs DIC photoproduction rates is usually assumed to be
approximately equal to 1 (e.g., Stubbins et al., 2006).

The estimation of the water column DIC daily production (dPDIC, molDIC.m−2.d−1) varies
widely according to the AQY definition (Figure 4.2). Discrepancies in dPDIC calculations are
particularly marked between results obtained from AQYs defined for different aquatic bodies
(from freshwaters to oceanic waters) but also between estimations derived from AQYs deter-
mined for a same water type. For example, the mean ratio between DIC productions derived
from Johannessen and Miller (2001) coastal and offshore AQYs reaches 1.64 while a ratio of
3.79 has been found between the offshore and inshore AQY formulations (Table 4.1, Figure
4.1). Moreover, a relatively high ratio of 2.15 was obtained between computations derived from
the freshwater AQYs described by Johannessen and Miller (2001) and Vähätalo et al. (2000).
This result reflects the high spatial heterogeneity of CDOM photolability for DIC production
(see section 2.2) and emphasizes the current need to document AQY in order to understand its
variations according to changes in environmental forcing. Therefore, it is clear that a peculiar
attention should be paid on the choice of the AQY considered in the photochemical model
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Figure 4.1: Comparison of the DIC daily production considering the AQYs (Apparent Quantum
Yields) from Johannessen and Miller (2001).

which should ideally be adapted to the characteristics of CDOM (origin, light history...) in the
area selected. However, the current lack of AQY documentation represents a strong limitation
for achieving this goal. Nevertheless, it seems necessary, at least in a first approximation, to
consider in a separated way the oceanic and coastal water masses (Traykovski et al. 2002).
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Figure 4.2: Comparison of DIC daily production according to the various existing parametrisations
(chla = 0.3 mg.m−3, %CDOM = 0.45).
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• CO photoproduction rates

Figure 4.3: Comparison of CO daily production according to the various existing parametrisations
(chla = 0.3 mg.m−3, %CDOM = 0.45).

C/R Zafiriou Ziolkowski Miller SAP Miller ALT

Zafiriou 1 0.86 2.39 0.84

Ziolkowski 1.17 1 2.79 0.98

Miller SAP 0.42 0.36 1 0.35

Miller ALT 1.19 1.02 2.84 1

Table 4.2: CO daily photoproduction mean ratios.

The influence of the AQY definition has a lower impact for the estimation of the water column
daily CO production (dPCO, molDIC.m−2.d−1) than for the computation of DIC production
(Figure 4.3, Table 4.2). Indeed, if we except the AQY from Miller et al. (2002) in the Sapelo
marsh which leads to at least twice greater CO production estimation when compared to the
other models, a broad consistency exists in the dPCO estimations obtained from the different
AQYs as illustrated by the ratios ≈ 1 in Table 4.2 (Fichot 2004, Stubbins et al. 2006).
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4.2 Effect of the model definition on UV inhibition of pri-

mary production estimation

This section describes the results of the sensitivity analyses performed on the different steps of
photobiological model used to compute the daily UV inhibited primary production rates.

• P-I curves definition

The impact of the choice of the P-I curve description for the computation of the water column
daily integrated primary production optimal rate (i.e., without inhibition) has been estimated
using 3 formalisms described in the section 2.3: (i) the quadratic (eq. 2.30, ”Quadra”) (ii) the
hyperbolic tangent (eq. 2.31, ”Tan”) and (iii) the exponential (eq. 2.32, ”Exp”) formulations.

Figure 4.4 illustrates the primary production profiles obtained from these 3 formalisms. The
relative differences the between the 3 P-I curves remain relatively low for the daily uninhibited
(”PP-UV”), inhibited (”PP+UV”) or the PP relative inhibition rate (∆ PP). Indeed, differences
between the quadratic model and the other ones are lower than ≈ 5 % while the greatest
discrepancies are observed between the hyperbolic tangent and the exponential formulation (<
9.8% for the daily PP-UV, PP+UV or PP relative inhibition rate, Table 4.3). These results
are in agreement with the values reported by Frenette et al. (1993) for uninhibited primary
production estimations. Note that the extent of the differences between the P-I curve models
varies only weakly with the water mass characteristics.

Quadra. (eq. 2.30) Tan.(eq. 2.31) Exp. (eq. 2.32)

PP-UV Quadra (eq. 2.30) / -4.36 4.94

Tan. (eq. 2.31) / / 8.92

Quadra. (eq. 2.30) Tan. (eq. 2.31) Exp. (eq. 2.32)

PP+UV Quadra. (eq. 2.30) / -4.63 5.62

Tan. (eq. 2.31) / / 9.80

Quadr. (eq. 2.30) Tan. (eq. 2.31) Exp. (eq. 2.32)

Rel. Inhib. (%) Quadra. (eq. 2.30) / 2.13 -5.56

Tan. (eq. 2.31) / / -7.9

Table 4.3: Relative differences (%) between PI curve formalisms for the estimation of primary produc-
tion without UV inhibition (PP), with PP inhibition (PPUV) and the relative amount of inhibition
((PP-UV)-(PP+UV))/(PP-UV).100 (with PUR considered in the calculations).

• Biological Weighting Function (BWF) definition

The choice of the BWF parametrization can have a significant effect on the computation of
PP+UV as illustrated in Figures 4.5 and 4.6. Variations in the estimation of PP UV inhibition
rates from one BWF formulation to the others are particularly marked in the surface of the
water column where the difference between maximum and minimum values relative to the
overall average can reach up to 38 %. Conversely the variation in BWF has a weaker impact on
water column integrated daily primary production since maximal relative differences range from
19 % for the clearest waters to less than 5 % in the more turbid ones. Similar effects of BWF
variability on PP+UV have been reported by Neale (2001) in the Rhode river where variations
in the phytoplankton sensitivity to UV can induce a variation of ± 8% in the estimation
of primary production inhibition (4.4). The importance of the accurate definition of BWF
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Figure 4.4: Comparison of the daily PP profile considering the various PI models.

is further underlined by Neale et al. (1998b) who reported that under some conditions the
variability in the sensitivity of phytoplankton to UV radiation (i.e BWF) in the Weddel-Scotia
confluence can induce variations in PP+UV by as much as ± 46 % depending on the BWF of
the assemblage (more typically ± 25 %).

Boucher P. Cullen Ph. Cullen Pr. Neale K.

Boucher P. /

Cullen Ph. 2.93 [-3.44; 7.52] /

Cullen Pr. 7.74 [-0.72; 13.97] 5.00 [2.35; 6.96] /

Neale K. 12.38 [2.84; 19.38] 9.80 [5.51; 12.82] 5.07 [3.23; 6.29] /

Table 4.4: Effect of the BWF on the estimation of the inhibited water column daily primary pro-
duction. Results (average [minimum;maximum]) are quantified as the relative differences existing
between the various estimations: (PP + UV (Coli) − PP + UV (Rowj))/PP + UV (Coli).100.

• Exposure-Response-Curve definition

The comparison of the water column inhibition rates of primary production obtained with the
BWFE and BWFH models shows that the choice of the Exposure-Response Curve (ERC),
on the basis of two distinct concepts and assumptions (see section 2.3), can have a significant
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Figure 4.5: Daily water column inhibited primary production variations obtained according to the
variations in Biological Weighting Functions (BWFs) definition.

influence on the estimation of the rate of primary production inhibition for a same exposure to
UV radiations (Figure 4.7). Indeed, the BWFH model tends to lower the PP+UV estimation of
about 20% when compared to the BWFE model. This result is in agreement with Neale (2001)
who reported that the Hinh values has to be about 32 % higher than Einh to result in the same
relative inhibition of photosynthesis (i.e. (1 − exp(−Hinh.1.32))/(Hinh.1.32) ≈ 1/1 + Einh).
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Figure 4.6: Variation in daily inhibited primary production profile (PP+UV) and relative UV inhi-
bition rate according to the Biological Weighting Functions (BWFs) for different chla values.

Figure 4.7: Influence of the ERC on primary production inhibition (mean differences ≈ 20% ,
E/H ≈ 1.32 (cf Neale et al., 2001). The thin line represents the first bissectrice while the dashed
line corresponds to the UV effect with a modified exposure: Hinh is multiplied by a scaling factor
1.32 which brings the two ERCs into a close agreement.
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4.3 Effect of ozone concentration changes on UV DIC pro-

duction and phytoplankton primary production inhibi-

tion

Several computations have been performed in order to appreciate the influence of changes in
the amount of ozone in the atmosphere on the UVR photochemical and photobiological effects. For
this purpose, series of simulations were undertaken considering variations in the total atmospheric
ozone amount ranging from 125 to 575 DU by 25 DU increments. The ”reference” calculation was
performed by considering an ozone amount of 325 DU that is globally representative of an average
European atmosphere.

Our results underline that changes in the atmospheric ozone concentrations have only a restricted
effect on both UV DIC photoproduction and primary production inhibition (Figures 4.8, 4.9). Indeed,
a decrease in ozone concentrations from 325 DU to 125 DU would induce an increase of the daily water
column integrated DIC production and primary production inhibition of 4 % and 8 % respectively.
Similarly, an increase in the ozone concentration from 325 DU to 575 DU limiting the amount of UV
reaching the surface of the sea would induce a decrease of less than 3 and 5 % of DIC photoproduction
and phytoplankton photosynthesis inhibition rates respectively.

This feature, already reported in several studies dedicated especially to UV photobiological ef-
fects (Neale et al. 1998a; Neale et al. 1998b, Neale 2000, Neale 2001), reflects the limited transparency
of the water column to UVR and in particularly to UVB which are the more affected by changes in
the atmospheric ozone amount (Vantrepotte and Mélin 2006). Moreover, this result might indicate
that short term variations in the ozone amount might be obscured by concomitant changes in the
other atmospheric conditions. In particularly, changes in cloud cover, which are expected to greatly
modulate the amount of UVA radiations reaching the surface of the sea, might have a more relevant
impact on these processes. Interestingly, the highest influence of ozone concentration changes on the
relative rate of inhibition of primary production was not observed at the surface of the water column
(Figure 4.10) illustrating that modification in the ozone concentration also influence the underwater
light quality, however according to a nonlinear pattern.
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Figure 4.8: Influence of ozone concentration changes on the water column daily DIC photoproduction
(325 DU taken for reference calculation).
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Figure 4.9: Influence of ozone concentration changes on the water column daily primary production
inhibition (325 DU taken for reference calculation).
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Figure 4.10: Influence of ozone concentration changes on the vertical profile of primary production
inhibition (325 DU taken for the reference calculation).

4.4 Effect of water column vertical structure on UV DIC

photoproduction and phytoplankton primary produc-

tion inhibition

Several algorithms are currently available to derive chla concentrations and estimate IOPs at
the surface of the ocean from satellite remote sensing data (e.g. Carder et al. 1999 ; Lee et al. 2002).
However, in the context of photochemical and/or photobiological applications based on satellite in-
formation, the consideration of the sub-surface layer accessible from satellite measurements (i.e.,
Zeu/4.6) is not sufficient and a description of the vertical distribution of phytoplankton biomass
(and/or of particulate matter and CDOM concentrations) is needed. Several models have been pro-
posed to derive the marine vertical chla profile from the surface concentration. Morel and Berthon
(1989) proposed an heuristic model for case 1 waters based on 4000 vertical chla profile measurements
from fluorometric technique. This model allows the derivation of the chla vertical profile for diverse
trophic regimes classified according to the surface layer chla concentration and characterized by spe-
cific parameterizations. Very recently, Uitz et al. (2006) have proposed similar parameterizations
of the vertical profiles of chla considering different marine trophic states in case 1 (oceanic) waters
from a dataset of 2419 profiles of HPLC pigment concentrations (with [chla] ranging from 0.03 to
6 mg.m−3). These revised parametrizations are in a broad agreement with the previous findings of
Morel and Berthon (1989). Another approach developed by Longhurst (1995) considers that the
global ocean can be partitioned in several provinces or biomes on the basis of diverse factors includ-
ing the light climate, the physical circulation patterns, the inputs of macro- and micro-nutrients, the
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distance to continental masses... . From the analysis of more than 21000 chla profiles, each province
has been characterized by a set of parameters allowing the derivation of the vertical structure of
biomass from a general Gaussian-shape formulation (see Mélin and Hoepffner 2004).

Conversely, no equivalent general parameterization is currently available for the CDOM vertical
structure due to the presence of numerous controlling factors such as the photobleaching process
that modulates the CDOM absorption in the surface layer of the water column (Twardowski and
Donaghay 2002; Oubelkheir et al. 2005). The amount of measurements of vertical profiles of CDOM
is also much lower than for chla. Therefore, in absence of reliable alternative, the actual modelling
approaches used to compute CDOM vertical distribution are based on many assumptions. Globally,
two major approaches can be distinguished:

• Homogeneous vertical profile of CDOM:

A first approximation is to consider a homogeneous vertical profile of CDOM from the surface
to the bottom of the water column. This approach has been used in recent studies on UVR
penetration and biogeochemical effects (Vasilkov et al. 2002; Vasilkov et al. 2005).

• CDOM absorption profile inferred from chla vertical distribution:

Another classical approach is to relate the CDOM absorption to that of particulate matter
absorption and therefore to derive the vertical CDOM distribution from the vertical structure
of chla concentration. This method considers that the CDOM in open-ocean originates from an
autochthonous biological marine production. More precisely, aCDOM(440) estimation is based
on a general bio-optical assumption (Prieur and Sathyendranath 1981, Morel 1991) which
considers that (i) a covariation exist between cha and CDOM concentration, (ii) the relative
proportion of the absorption due to CDOM with respect to the sum of the absorption of other
absorbing compounds at 440 nm is globally constant (previously fixed at 20 % of the sum of pure
water and particulate matter absorption). However, several authors (Carder et al. 1989, Nelson
et al. 1998, Siegel et al. 2002, 2005) have underlined the limits of this general assumption (see
discussion in Vantrepotte and Mélin 2006). Focusing on the vertical scale, Oubelkheir et al.
(2005) have reported an absence of direct covariation between CDOM absorption coefficient and
the chla concentration in the Mediterranean Sea due to the occurrence of surface photobleaching
or bacterial activity. However, the current lack of similar in situ comparison does not allow
general conclusions and an improved determination of CDOM vertical structure still remains
a complex and open field of studies.

In this context of an application of the model to ocean color data, we performed several simu-
lations in order to estimate the relative importance of the description of both phytoplankton biomass
and CDOM absorption vertical structure on the computation of UV photochemical and photobiologi-
cal effects. For this purpose, we compared the calculations of the daily DIC production and PP+UV
rates obtained with uniform and stratified vertical profiles considering:

• the Gaussian formulation reported for the Atlantic subarctic (SARC) and Mediterranean sea
(MED) provinces defined by Longhurst (1995).

• the trophic status from Uitz et al. (2006):

chla profiles have been derived from Uitz et al. (2006) formulation by defining 9 cases of study
(Figure 4.12) corresponding to the different stratified water types (”trophic states”) defined by
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Figure 4.11: Vertical biomass profiles in the Mediterranean Sea (MED) and Atlantic Subarctic
(SARC) areas according to Longhurst (1995) climatology (provided by the Biological Institute for
Oceanography, Halifax), with [chla(z=0)] = 1 mg.m−3.

Mean(‖X‖) SD(‖X‖) Min Max

DIC 0.61 0.43 -1.98 -0.14

MED PP 10.73 5.05 -20.01 -2.36

PPUV 12.46 6.70 -25.02 -2.09

%Inh 5.53 2.98 -4.39 12.19

DIC 0.42 0.27 -1.27 0.68

SARC PP 6.68 4.85 -16.34 22.16

PPUV 6.79 4.88 -17.50 22.35

%Inh 5.11 4.18 -18.43 8.60

Table 4.5: Influence of the vertical structure of biomass on PP, PP inhibition and PDIC estimation
for the Mediterranean sea and SARC area ((P(Homog)-P(Stratif))/P(Homog) .100). Average (‖X),
standard deviation (SD), minimum and maximum (Min and Max respectively) values have been
calculated considering the various water types (N = 42) defined in the synthetic dataset (6 chla
concentration and 7 CDOM proportions), DIC production rates have been calculated using the AQY
by Johannessen and Miller (2001) for oceanic waters.

the latter authors ([chlasurf ] = 0.03, 0.06, 0.1, 0.16, 0.25, 0.35, 0.6, 1.5 and 3.0 mg.m−3). Statis-
tics on the differences observed between stratified and homogeneous simulations are reported
in Table 4.6.
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Figure 4.12: Vertical biomass profiles for the different trophic states defined by Uitz et al., 2006. The
dotted lines represent the corresponding homogeneous profiles.

The approximation of a homogeneous vertical profile of chla (and therefore CDOM) has only
a restricted effect on the estimation of DIC photoproduction rates. Indeed, the relative differences
in the DIC water column integrated daily production obtained from homogeneous and stratified
simulations remain lower than 4 % considering both vertical profile models (Tables 4.5 and 4.6).
This feature can be explained by the fact that the major part of the DIC production occurs in the
first meters of the water column (see Figures 3.9 and 4.13). As a matter of fact, the shape of the
vertical DIC production profiles seems to be mainly related to the vertical decrease of irradiance
throughout the water column (Figure 4.13).

Conversely, the description of the water column vertical structure is more relevant for the estima-
tion of primary production with and/or without UV inhibition (PP+UV and PP-UV respectively).
Indeed, mean differences between water column daily primary production estimations computed with
homogeneous and/or stratified vertical profiles can reach ≈ 90 % for PP-UV and ≈ 65 % for PP+UV
(Table 4.6, Figure 4.14) in absolute values. The higher impact of the vertical structure description
for the primary production than for the DIC photoproduction estimation can be explained by the dif-
ference existing in the thickness of the productive layer between these two photodependent processes
(see sections 3.2, 3.3).

Moreover, the relative importance of the vertical structure description for the primary produc-
tion modelling varies according to the water mass characteristics (Table 4.6, Figure 4.15). Indeed,
differences between homogeneous and stratified simulations are relatively low for the high chla con-
centrations, when the major part of the primary production is performed within the top layer of
the water column. Conversely, the impact of the vertical structure is greater when the primary pro-
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Figure 4.13: Example of the vertical distribution of the CDOM absorption coefficient at 320 nm, the
daily profile of DIC photoproduction (mol.m−3.d−1 and the relative difference between homogeneous
and stratified profiles with [chlasurf ] = 0.25 mg.m−3 and %CDOM = 60. The horizontal lines
represent the Z(90%)DIC depths for both homogeneous (solid line) and stratified (dashed line)
distributions.

duction occurs within a deep layer. Further, the sign of these relative differences is also related to
the trophic state. Indeed, the consideration of homogenous rather than stratified water columns can
lead to a large underestimation of the water column daily primary production for the oligotrophic
waters characterized by a deep mixed layer (e.g. from S1 to S6, Figure 4.15). On the opposite, in
the more eutrophic waters, for which the chlorophyll maximum is located near the surface of the
water column, the consideration of a homogeneous profile tends to overestimate the water integrated
primary production (e.g. S7 to S9, Figure 4.15). Note that the same feature is observed for the
SARC Gaussian profiles formulation in spring and/or summer when the chlorophyll maximum is
located in the 20 first meters of the water column.
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Figure 4.14: Example of the vertical distribution of chla, primary production without UV effects (PP-
UV), primary production with UV inhibition (PP+UV), (PP-UV) and (PP+UV) for homogeneous
and stratified profiles and relative differences between (PP-UV) and (PP+UV) considering stratified
and/or homogenous profiles. The horizontal lines represent the Z01(PAR) depth for both stratified
and homogeneous profiles (S3, %CDOM = 60).
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S1 S2 S3 S4 S5 S6 S7 S8 S9 all

[chlasurf ] 0.03 0.06 0.1 0.16 0.25 0.35 0.6 1.5 3.0 /

DIC Mean(‖X‖) 2.09 1.23 0.67 0.66 0.48 0.48 0.11 0.03 0.13 0.65

SD(‖X‖) 0.92 0.64 0.44 0.34 0.19 0.10 0.05 0.03 0.07 0.73

Min -3.67 -2.34 -1.44 -1.26 -0.82 -0.65 -0.14 -0.03 -0.21 -3.67

Max -1.20 -0.64 -0.28 -0.35 -0.30 -0.38 -0.01 0.09 0.06 0.09

PP Mean(‖X‖) 87.53 50.85 31.76 21.13 11.76 5.70 2.95 5.48 3.34 24.50

SD(‖X‖) 15.69 6.72 3.03 0.69 1.94 2.52 2.29 1.88 1.19 27.70

Min -110.39 -59.77 -35.64 -21.88 -13.27 -8.22 0.54 3.37 2.18 -110.39

Max -67.53 -41.70 -27.50 -20.04 -8.02 -1.15 6.98 8.65 5.36 8.65

PPUV Mean(‖X‖) 64.94 40.58 28.58 21.06 14.33 9.32 1.25 3.83 2.12 20.67

SD(‖X‖) 15.20 8.26 4.52 1.96 0.69 1.53 1.24 1.60 0.96 20.92

Min -89.66 -53.35 -35.21 -23.37 -14.98 -10.46 -1.14 2.17 1.24 -89.66

Max -47.62 -30.67 -22.88 -18.35 -12.98 -6.21 3.78 6.69 3.87 6.69

dPP (%) Mean(‖X‖) 27.13 21.62 19.01 12.63 8.84 5.33 1.33 2.57 1.03 11.06

SD(‖X‖) 3.54 2.06 3.22 2.97 3.48 2.86 1.12 1.15 1.00 9.46

Min -31.53 -23.82 -21.03 -14.65 -11.82 -8.46 -1.26 1.14 -0.12 -31.53

Max -21.72 -18.18 -12.26 -6.58 -2.20 0.83 3.40 4.25 2.63 4.25

Table 4.6: Influence of the vertical structure of biomass on PP, PP inhibition and PDIC es-
timation considering the various trophic states defined by Uitz et al. (2006) ((P(Homog)-
P(Stratif))/P(Homog) .100).

Figure 4.15: Relationship between chlasurf concentration and the relative differences between ho-
mogenous and stratified vertical profiles description calculated for PP-UV, PP+UV and PDIC (Rel.
Diff. = (Homogeneous-Stratified)/Homogeneous.100).
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4.5 Effect of Mixing on UV DIC production and primary

production inhibition

Mixing effects have been shown to be relevant for the description of UV photochemical and pho-
tobiological effects on aquatic ecosystems and they are recognized to represent a major complication
in attempting to quantify them (Cullen and Lesser 1991; Neale et al. 1998b; Simó and Pedrós-Alió
1999; Neale 2001; Bélanger et al. 2006).

Phytoplankton cells are exposed to different irradiance intensities and spectral fields during
their vertical motions. This feature induces that the exposure dose as well as the balance between
damage and repair processes will be modulated by the mixing depth and vertical velocity (Belzile
et al. 1998; Neale 2001). The importance of the vertical mixing events is further increased by
the fact that phytoplankton blooms are often associated with a seasonal stratification of the water
column which usually coincides with periods of high irradiance, including both PAR and UVR. The
various experimental and modelling studies which have been conducted in the recent years in order
to evaluate the effects of vertical mixing on phytoplankton photosynthetic response have emphasized
the high complexity of this environmental forcing (Helbling et al. 1994; Neale et al. 1998b; Köhler
et al. 2001; Barbieri et al. 2002; Hernandom and Ferreyra 2005). Indeed, works by Helbling et al.
(1994), Prezelin et al. (1994) or Neale et al. (1998b) have demonstrated that the sign as well as the
magnitude of the differences for primary production inhibition existing between static and vertically
mixed situations can vary widely according to the position of the vertical stratification, the velocity
of phytoplankton vertical movements and the water column optical quality (i.e. the thickness of the
photic layer).

Figure 4.16: Dependence of the relative water column daily inhibition rates (PP+UV/PP-UV) on
changes in the MLD, the dotted line represents the results obtained for static conditions.
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In particular, Neale et al. (1998b), using a cumulative exposure model (H-model) allowing to
consider the phytoplankton cells light history, have reported variations in PP+UV rates ranging from
-43.8 to 30.9 % due to the action of vertical mixing. Further, they demonstrated that mixing within
the photic zone has a global negative effect on PP+UV since it brings less inhibited cells to the
surface of the water column, increasing therefore the overall phytoplankton community inhibition
(Figure 4.16). Further, in the same time inhibited cells are transported to the lower photic zone
where light-limited rates are low with respect to static conditions.

Conversely, deep mixing condition is assumed to have a net positive effect on the daily PP+UV
levels since (i) it lessens the overall rate of photoinhibition (Figure 4.16) and (ii) it transports deep
phytoplankton, unproductive during static conditions, to the surface productive layer.

However, these general patterns might be significantly modulated since the impact of vertical
mixing on a defined biological response is related to the time scale considered and therefore to the
specific kinetic of the photodependent process (e.g. phytoplankton balance between damage and
repair processes). Indeed, if the time scale for a photodependent process (e.g. UV inhibition of
primary production) is short when compared to that for the vertical mixing, phytoplankton will
exhibit a vertical gradient of this photodependent response (Lewis et al. 1984). On the contrary, if
the biological response occurs on a time scale longer than that for vertical mixing, the gradient of
the photodependent response is not observed.

From a modelling point of view, diverse approaches are possible in order to simulate the water
column vertical mixing:

• Single-multiple layer model

A first approximation is to average, across the mixed layer (ML), the irradiance and/or the
concentration of the compound concerned by a defined photodependent effect. This idealized
approach can be applied by considering the ML as a whole or be more detailed by considering
different layers within the ML in order to take into account the decrease of mixing magnitude
with depth. Such single and/or multilayer models have been applied by several authors in order
to examine the effects of mixing on CDOM photobleaching (Del Vecchio and Blough 2002, single
layer with average of bleached aCDOM ), phytoplankton UV photoprotection process (Morrison
and Nelson 2004, single and multilayer, irradiance averaged) or UV inhibition of photosynthesis
(Neale et al. 1998b using ”effective phytoplankton biomass” averages).

• Lagrangian mixing model

A more detailed approach is to simulate vertical mixing by using a Lagrangian mixing model
reproducing the vertical trajectory of individual marine organisms or compounds and therefore
the temporal variation in their exposure to various levels of irradiance (e.g. Neale et al. 1998b
for UV effects on photosynthesis, Farmer and McNeil 1999; Han et al. 2000; Oliver et al. 2003
for phytoplankton photo-adaptation to changes in visible radiations).

The effects of mixing on CDOM photomineralization processes are currently poorly known. We
simulated mixing conditions by setting the exposure at all depths in the ML equal to the mean
irradiance within this layer (from 0 m to the MLD) at each time step of the daily calculation. In the
deep layer, from the MLD to the bottom of the water column (max 400 m), the irradiance vertical
decrease was classically described by an exponential function (Figure 4.17). Thus, using this approach
we assume that irradiance exposure in a completely mixed layer is not dependent on depth and that
the total exposure should be equivalent for both mixed and homogeneous conditions. For this simple
case study, the vertical distribution of chla related CDOM is assumed to be homogeneous along the
water column while three MLD have been considered: 10 m, 50 m and 100 m. The results of the
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Figure 4.17: Vertical profiles of DIC fluxes (see eq. 2.19) for mixed and static conditions.

mixing simulations have been compared to those obtained with the classical ”static” description of
the light penetration within the water column (i.e. an exponential decrease of irradiance with depth
from the surface to the bottom ).

It appears that the presence of vertical mixing could induce an significant increase (up to 40%)
of the water column daily DIC photoproduction with respect to static conditions (Figure 4.18).
Simply, although mixing events lessen the maximal rates of DIC production, the water column
PDIC is greater in mixed waters due to the presence of a significant DIC production even in the
deep water for which the production levels are negligible when the water column is considered to
be static. Further, the impact of vertical mixing is varying according to the ratio between the
magnitude of the propagation of photosensitizing radiations in the water column (described by the
1% penetration depth for the UVA radiations, Z01UVA) and the amplitude of the MLD. Indeed,
relative differences between static and mixed cases decrease with decreasing MLD/Z01UVA ratio
(Figure 4.18). Therefore, if the stratification of the water column is located within the upper most
productive part, mixing effect will be small (< 10% for MLD/ Z01UVA < 1). Conversely, mixing
well below the productive zone would conduct to increase significantly water column DIC production
since significant PDIC rates are distributed over a greater depth.

Independently of the MLD/ Z01UVA ratio, the location of the MLD itself might also be rele-
vant for modulating the impact of vertical mixing. Indeed, considering a fixed MLD/ Z01UVA we
observed that the more the stratification is located near the surface of the water column, (e.g. 10
m) the more the effects of mixing will be pronounced (Figure 4.18). This feature reflects the fact
that the average level of photosensitizing irradiance to which CDOM is exposed within a thin ML is
greater than for deeply mixed waters.

This simple approach is obviously based on many assumptions and the previous analysis under-
lines some of the needs to correct properly for vertical mixing effects in the context of a basin scale
modelling:

• the consideration of the mean irradiance within the mixed layer can be representative if the
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vertical velocity is sufficient enough to induce a homogeneous vertical distribution of the water
constituents during the time scale (i.e. daily time steps) considered in the model.

• the vertical velocity is expected to change according to variation in the location of the MLD.
Therefore, a simple average might not be relevant since it implicitly considers that the time
needed to perform a complete vertical excursion from the surface to the bottom of the ML is
equal for a MLD of 10 or 100 m, and that therefore the vertical velocity is inversely correlated
to the MLD.

• the CDOM photolability is assumed to be constant with variations in the mixing regime.
However, in the case of surface mixing conditions CDOM photolability is expected to be low
and therefore the previous results might be greatly modulated. This feature should be ideally
reflected in the AQY definition (Bélanger et al. 2006).

Therefore, the significance of this kind of approach, which considers a simple arithmetic mean,
might be improved by calculating a weighted average taking into account changes in the mixing
velocity, the MLD and the water optical quality. This could be done by confronting these results to
those of a Lagrangian mixing model describing more precisely the hydrodynamical characteristics of
the selected basins.

Figure 4.18: Dependence of the relative influence of vertical mixing (1 layer model) for the estima-
tion of DIC water column daily integrated photoproduction on changes in the MLD/Z01UVA ratio,
(dPDIC(mix)-dPDIC(static)/dPDIC(static) x 100).
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4.6 Influence of the spectral and vertical resolution

In order to optimize the computational performance of the depth and spectrally resolved model
which will be used for quantifying primary production (including UV inhibition) and/or DIC (and
CO) photoproduction rates, it is useful to determine the relative impact of both spectral and vertical
resolutions, which greatly modulate the computational time needed to derive large scale calculations,
on the model outputs. For this purpose, several simulations have been performed by considering vari-
ous spectral and temporal steps for the calculations (1, 2, 5, 10, 20 nm and 1, 2, 5, 10 m respectively).
The quantification of the impact of the degradation of both the vertical and spectral resolutions has
been performed by calculating the relative differences between the simulations performed at the high-
est resolution (1 m and 1 nm respectively) and the results of the other calculations. For this exercise,
Uitz et al. (2006) profiles have been considered in order to take into account the heterogeneity of
the biomass and CDOM vertical distribution.

From Figure 4.19 it appears that the degradation of the spectral resolution have a very restricted
influence on the estimation of water column dPDIC and PP+UV since relative differences remain
lower than 4% for the two processes.

Conversely, the degradation of the vertical resolution is particularly relevant since it might
conduct to significant overestimations of both dPDIC and/or PP+UV production rates (Figures
4.20 and 4.21, respectively). The relative importance of the vertical resolution is however related
to the water transparency and therefore to the thickness of the ”productive” layer. Indeed, in the
clearest waters the PP+UV estimations are only weakly affected by the choice of the vertical step
(< 4 % for chla < 0.25 mg.m−3) whereas differences can reach up to 40 % in the more turbid
ecosystems (chla = 3 mg.m−3). The same feature is observed for the DIC production estimations
with differences ranging between ≈ 25 and 400 % for chla concentration varying from 0.03 and 3
mg.m−3 respectively for a resolution of 20 m.

Figure 4.19: Influence of the degradation of the spectral resolution on the estimation of DIC and PP
daily production (P(dλ)-P(1 nm))/P(1nm)*100.
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Figure 4.20: Influence of the degradation of the vertical resolution on the estimation of DIC daily
production (PDIC(dz)-P(1 m))/P(dz)*100.

Figure 4.21: Influence of the degradation of the vertical resolution on the estimation of PP daily
production (PP(dz)-P(1 m))/PP(dz)*100.
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Summary
The choice of the parameterization needed for quantifying the selected photochemical or pho-

tobiological response according to changes in the amount of underwater irradiance (i.e. AQYs and
BWFs) is obviously a key element to perform an accurate modelling. In particularly, the DIC
photoproduction rates estimations strongly depend on the definition of the AQYs. Conversely, the
estimations of CO production rates are in a broad agreement, reflecting the higher consistency of
the AQYs for this photodependent process. This result obviously underlines the fundamental need
to document extensively the variability of AQY for DIC photoproduction in various marine water
types. Indeed, DIC photoproduction is certainly the photochemical process which is currently the less
documented. Therefore, it appears necessary to better characterize the variations in the efficiency of
UV photons for producing DIC according to changes in environmental conditions (e.g. water column
mixing regime, temperature, water mass optical quality) but also in relation with variations in the
CDOM origin and light history. Nevertheless, taking into account the variability in the AQY cur-
rently available in the literature, it appears necessary to distinguish at least, in a first approximation,
the coastal waters from the open ocean for modelling application at basin scale (Johannessen and
Miller 2001; Bélanger et al. 2006; White et al. 2006).

The description of the CDOM vertical profile is still problematic since no reliable global parame-
terization of CDOM vertical structure is currently available. However, it seems that the estimation of
CDOM photoproduction will be only weakly affected by the consideration of a homogeneous descrip-
tion of the water column vertical structure. The latter feature is however not valid for the estimation
of phytoplankton primary production which is significantly modulated by the chla vertical structure.

The computational time needed to perform large scale calculation from a spectral and depth
resolved model could be significantly reduced without modifying the accuracy of the model outputs
by considering a relatively low spectral resolution (e.g. 20 nm). Conversely, the definition of the
vertical steps for these calculations is more critical since it might induce severe biases in the estimation
of both UV photochemical and photobiological effects. An good compromise between the need to
optimize the computational performance of the model and the necessity to consider a relatively high
vertical resolution could be to consider a vertical step varying with depth. Indeed, if a relatively high
resolution is needed in the first meters of the water column, in particular for the modelling of DIC (or
CO) production rates, a lower resolution could be reasonably considered to perform the calculations
in the deep layer of the water column. Such an approach should however take into account variations
in the water transparency and therefore in the thickness of the productive layer.

Further, the results of the sensitivity analyses can also serve to emphasize how environmental
forcing can affect the marine primary production and/or CDOM photomineralization processes. For
instance, it clearly appears that spatio-temporal variations in the water masses mixing regime would
significantly modify both water column primary production and DIC photoproduction rates. On
the contrary, changes in the atmospheric ozone amount, at least when considering short time scale
estimations, would have a more restricted impact on these UV-dependent processes.
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Chapter 5

Straightforward model for the estimation
of UV inhibition of primary production
estimation

In recent years, several straightforward methods have been proposed in order to reduce the
computational time needed for the calculation of marine UV photochemical and photobiological
effects at large scales (e.g. global) using for example a depth and/or spectrally resolved models:

• Weighted Transparency

The concept of weighted transparency has been initially used to define an indicator of the
effects of UVR in sub-arctic lakes through the description of the transmission of solar irradiance
within the water column (Pienitz and Vincent 2000). Recently, this indicator has been shown
to represent a potential effective tool for predicting phytoplankton primary production and
UVR photoinhibition rates (Neale 2001; Lehmann et al. 2004).

According to the recent works from Neale (2001), the rate of inhibition of photosynthesis
induced by UVR can be related to the water column optical quality, through the calculation
of the transparency for inhibiting irradiance (TPIR, m) estimated using a formulation initially
proposed by Pienitz and Vincent (2000) and modified by Cullen et al. (2001):

TPIR =
395
∑

290

1

Kd(λ)
.
∈ (λ).E(λ, 0)

E∗

inh(0)
.∆λ (5.1)

In a similar manner, it is possible to define the transparency for PAR radiation which modu-
lates the primary production rates (Pienitz and Vincent 2000): TPAR = 1/KPAR.

Combining these parameters, Neale (2001) found a good correlation between the inhibition of
water column production (Inhz) and the product of the ratio between the transparencies for
inhibiting irradiance and for PAR UV inhibition and PAR and surface inhibition (Inh0):

Inhz = Inh0.
TPIR

TPAR

(5.2)

More recently, Lehmann et al. (2004) have developed this approach on a synthetic dataset by
defining a straightforward method for the assessment of the water column primary production
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(with and without inhibition) as well as the relative rates of inhibition processes. For this
purpose, the latter authors have defined two distinct weighted transparencies. The first one,
TW

PUR(inm), corresponds to the transparency weighted for photosynthetically usable radiation
(PUR):

TW
PUR =

700
∑

400

1

Kd(λ)
.
aph(λ)

āph

.
E(0−, λ)

PAR(0−)
.∆λ (5.3)

where Kd is the diffuse attenuation coefficient (m−1), aph(λ) is the absorption coefficient of
phytoplankton (m−1), āph is the mean absorption of phytoplankton between 400 and 700 nm
(āph = 1/301.

∑

aph(λ)), and E(0−, λ) and PAR(0−) are the surface spectral irradiance and
integrated visible irradiance, respectively.

The second transparency parameter, TW
PIR(inm), corresponds to the weighted water trans-

parency for photosynthesis-inhibiting radiations and which is equivalent to that proposed by
Neale (2001):

TW
PIR =

700
∑

280

1

Kd(λ)
. ∈ (λ).E(0−, λ).∆λ (5.4)

where ∈ (λ) is the biological weighting function (BWF) describing the effectiveness of UVR for
inhibiting primary production (in (µ molquanta.m−2.s−1)−1).

TW
PIR and TW

PUR are then used to determine simple empirical parameterizations that predict
the uninhibited (P ∗

opt) and inhibited (P ∗) phytoplankton primary production rates normalized
by the product of biomass, and the maximum attainable rate of primary production per unit
of biomass in the absence of photoinhibition (PB

m , in mgC[mg.chla]−1.h−1, see equations 2.31,
2.32, 2.30). For a latitude of 45oN at solar noon the obtained parameterizations are:

∫

P ∗

opt = 2.91.(TW
PUR)1.09

∫

P ∗ = 2.38.(TW
PUR)1.19.(TW

PIR)−0.09 (5.5)

∆P/Popt = 0.24.(TW
PUR)−1.08.(TW

PIR)1.01

where ∆P/Popt = 1 −
∫

P ∗

∫

P ∗

opt

.

Similar relationships can be derived from our synthetic dataset, as illustrated by the good
relationships obtained between TW

PUR and normalized water column uninhibited P ∗

opt, inhibited
P ∗ primary production or between the TW

PUR/TW
PIR ratio and relative inhibition ∆P/Popt rates

(Figure 5.1). However, these relationships should account for a strong temporal dependence.
For instance, TW

PUR vs P ∗

opt relationships vary strongly according to the hour of the day due to
the fact that TW

PUR is only weakly changing with time whereas P ∗

opt increases with increasing
irradiance, with the maximal production rates obtained at noon.
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Figure 5.1: Relationship between TPUR and the inhibited and unhibited hourly production rates
and between the PP inhibition rate and the TPIR/TPUR ratio considering the different time steps
defined in the model from dawn to noon (t1 to t7).
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Figure 5.2: Comparison between the PP rate calculated and estimated from Lehmann et al. (2004)
parameterization.

Further, the empirical functions used to predict P ∗

opt, P ∗ rates are strongly constrained by the
definition of the optical model used to construct the training dataset as underlined by the dif-
ferences existing between the estimations of primary production rates obtained from Lehmann
et al. (2004) parametrizations and those computed from our simulations with the same optical
conditions (45oN , at noon, Figure 5.2). This feature is further illustrated by the differences
existing in the ZeuPUR vs TW

PUR relationships (Figure 5.4) considering our results and those
from the latter authors.

Interestingly, a good agreement is found between our estimation of the relative inhibition of the
water column and the results derived from the parameterization of Lehmann et al. (2004), at
least if we restrict the comparison to the points corresponding to the same incident light condi-
tions (at noon). This higher stability of the parameterization describing the relative inhibition
rates might be explained by the fact that this parameter is not based on a single transparency
but depends on the ratio between TW

PUR and TW
PIR as indicated by the values of the exponents

in the equation 5.5 (≈ 1 and -1 respectively). Conversely, the estimation of the uninhibited
primary production rate is related to TW

PUR only, while most of the variability in the inhibited
primary production rate is also mainly explained by the TW

PUR variability as indicated by the
very low exponent for TW

PIR (almost 0) in the equation 5.5.

As suggested by Lehmann et al. (2004) the water transparency approach could be used to
predict any photobiological and/or photochemical effects of UVR for which spectral weighting
functions exist. As a matter of fact, we applied the weighted transparency concept for esti-
mating the DIC photochemical production rates. For this purpose, the corresponding water
transparency (TW

DIC) is defined by:
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Figure 5.3: Comparison between the PP inhibition rate calculated and estimated from Lehmann et
al. (2004) parameterization.

TW
DIC =

λmax
∑

λmin

1

Kd(λ)
.AQY (λ).E(0−, λ).∆λ (5.6)

where AQY (λ) is the quantum yield for the DIC production. In this example the AQY defined
by Johannessen and Miller (2001) for oceanic waters has been considered. The spectral range
of integration (from λmin to λmax) is defined by the experimental domain of application of
the quantum yield (in this case from 280 to 480 nm). TW

DIC values are then confronted to PDIC
rates normalized by the CDOM absorption coefficient (at 412 nm).

Further, in the scope of the application of a photochemical model coupled to satellite remote
sensing data, it could be interesting to relate the weighted DIC transparency to the DIC pro-
duction of the water column at a single wavelength corresponding, in particular, to a SeaWiFS
spectral band (e.g. 412 nm):

P ∗

DIC = PDIC/aCDOM(412, 0−) (5.7)
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Figure 5.4: Relationship between ZeuPUR and the ZeuPAR/ZeuPUR ratio. The relationship defined
by Lehman et al. (2004) is represented by the solid line.

TW
DIC(412) =

1

Kd(412)
.AQY (412).E(0−, 412) (5.8)

A good agreement has been found between both TW
DIC and TW

DIC(412) and P ∗

DIC (Figure 5.5).
This feature indicates that the use of the water transparency approach might provides satis-
factory and rapid estimations of UV dependent photochemical processes.

• Fichot(2004) model

Another straightforward approach has been recently proposed by Fichot (2004) for the esti-
mation of CO production rates at global scale. This method aims to derive a single measure
describing the rate of decrease of the CO photoproduction with depth from the surface rates.

The general shape of CO (and/or DIC) daily production vertical profiles (Figure 3.8) seems to
indicate that the production rates vertical decrease can be explained using a single exponential
function. However, plotting the natural logarithm of DIC production profiles (Figure 5.6), it
appears that the rate of the vertical decrease itself is also function of depth (Fichot 2004), as
illustrated by the non-linearity of the curves in Figure 5.6. This feature, which occurs even for
homogeneous very clear waters, is attributable to the variation of the relative contribution of
each spectral domain to the total DIC (and CO) production rates with depth (see Figure 5.6).
Based on these observations, Fichot (2004) proposed a relationship which takes into account
this vertical dependence:

−ln

(

dPDIC(z)

dPDIC(0−)

)

= ξDIC .z2 + Ψ(0−).z (5.9)

or
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Figure 5.5: Relationships between TW
DIC(412) and P ∗

DIC(412) and between TW
DIC and P ∗

DIC .

dPDIC(z) = dPDIC(0−).e−(ξDIC .z2+Ψ(0−).z) (5.10)

where ξDIC and Ψ(0−) are determined by a non-linear regression considering the ratio between
the DIC production at a depth z vs the daily DIC production rate just below the surface of
the sea dPDIC(0−).

The parameters of the regression ξDIC and Ψ(0−) vary according to the water mass loads in
chla and CDOM (Figure 5.7 and 5.8), and thus according to the optical quality of the water
body (Figure 5.9). As a matter of fact, Fichot (2004) demonstrated that ξDIC and Ψ(0−) can
be well approximated from a single value of diffuse attenuation at 320 nm (Kd(320), in m−1).
However, the use of a similar method for the retrieval of CO (or DIC) photoproduction rates is
obviously constrained by the choice of the AQYs (Fichot 2004). In particularly, large variations
in the spectral shape of the AQYs would be expected to have a strong influence on the final
relationships (Figures 5.7 and 5.8).

Further, the performance of the parametrizations used for the description of DIC/CO produc-
tion vertical profiles depends on the vertical layer considered in the regression analysis. Indeed,
the consideration in the fit procedure of a very deep water column would induce a sharp decrease
of the significance of the parameterization for the most productive surface layer by giving an
important weight in the regression analysis to the deep (less productive) points (Figure 5.10).
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Thus the application of this method should consider the variations in the thickness of the DIC
”productive layer” by limiting, for example, the analysis to the UVA 1% penetration depth
(Figure 5.10).

Figure 5.6: Decrease of the DIC production rates with depth for different water types and photomin-
eralization models.
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Figure 5.7: Dependence of ξ on model and water optical characteristics.
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Figure 5.8: Dependence of Ψ on model and water optical characteristics.
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Figure 5.9: Relationship between Ψ and ξ and the 1% penetation depth of UVA radiation.

Figure 5.10: dPDIC(z) calculted vs dPDIC(z) estimated using Fichot (2004) parametrization applied
to a water column layer of 20m, 50m or equal to the 1% UVA penetration depth.
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Conclusions and future work

The objective of the research project is to derive, using the information provided by satellite
remote sensing measurements, a distribution of visible and ultraviolet radiation in marine waters
and to quantify, for selected basins, some of its biological and chemical impacts of relevance for the
functioning of ecosystems and biogeochemical cycles.

In this context, the accurate assessment of CDOM distribution, and the understanding of the
external factors driving its variability, are essential since this optically active component of seawater
strongly influence the penetration of UVR in the water column that in turn is the central param-
eter of numerous UV-driven photochemical processes. Thus, the first objective of this report was
to characterize, using a SeaWiFS archive recently produced for the period 1998-2004, the spatio-
temporal variations of CDOM absorption coefficient (i.e. adg(443)) in the two test basins selected
for this study: the Mediterranean Sea and subarctic Atlantic region. The variability existing in
adg(443) at both temporal and spatial scales can be related to the influence of various environmental
forcings (hydrodynamics, water optical quality, incident irradiance) regulating the balance between
photobleaching losses and CDOM sources (e.g. terrestrial and/or autochthonous). Moreover, the co-
variation found in the two basins between adg(443) and aph(443) average values might indicate that
CDOM is mainly originating from an in situ biological production. This result should be however
characterized more precisely and further analyses will be undertaken on the satellite data archive
by considering higher spatial and temporal resolutions. Moreover, it could be useful to evaluate
the actual impact of photobleaching on CDOM turnover in the selected basins using, for instance,
the model proposed by Del Vecchio and Blough (2002) which presents the advantage of considering
explicitly both spectrally direct and indirect photobleaching processes. The relative contribution of
the colored detrital material for the non-water absorption budget (i.e. the ratio adg(443) / (adg(443)
+ aph(443)) also vary spatially and seasonally. In general, the fact that in both the Mediterranean
Sea and subarctic Atlantic region (adg(443) / (adg(443) + aph(443)) values are much greater than
previously thought (more likely ≈ 60 % instead of 20 %, Prieur and Sathyendranath 1981; Morel
1991) is of a particular interest and will be considered for the definition of the ocean module of the
model.

Furthermore, our results have provided clear evidence of the importance of both UV photo-
chemical and photobiological effects for studying marine ecosystem functioning and biogeochemical
cycle. In particular, the undersea UVR climate can dramatically influence the rate of carbon fixation
by phytoplankton cells through photosynthesis by inducing a decrease of up to 25 % of the water
column daily primary production. Conversely, the carbon released through photomineralization pro-
cesses can represent a significant term in the global carbon cycle (Figure 5.11). At the global scale,
annual DOC photomineralization processes (including CO and DIC photoproduction) are currently
estimated to represent from 3% of the carbon fixed by primary production for the lowest estimates
(Stubbins et al. 2006) to 10% (Mopper and Kieber 2000) or even 30% (Miller and Zepp 1995) for
the highest estimates.
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Figure 5.11: Comparison between the water column carbon fluxes from DIC photoproduction and
primary production processes at the daily scale (in %).
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In this report, we also underlined the main uncertainties related to the modelling of UV impacts
on marine waters and therefore the current key aspects of the modelling efforts. The use of IOPs
derived from satellite remote sensing techniques for modelling UV penetration depth and its selected
impacts on marine ecosystems, entails a partition of the colored detrital matter absorption (adg(λ) =
aCDOM(λ) + aNAP (λ)) leading to the determinatio of CDOM absorption . The vast majority of
adg(443) in the open ocean could be attributed to CDOM as already pointed out by previous studies
at the global scale (e.g. Siegel et al. 2002, ≈ 81.7 ± 13.7 %). Our rough estimations of NAP
contribution to adg(443) are globally in agreement with the latter results. However, for the extremes
cases NAP can account for 25% of adg(443) in both selected basins. This would therefore lead to a
significant overestimation of UV photomineralisation processes (e.g. approx 20% for a variation of
CDOM percentage from 0.6 to 0.45 and a chla = 0.3 mg.m−3 using Johannessen and Miller 2001,
AQY for oceanic water). Note that some in situ measurements have indicated that the contribution
of NAP for the adg(443) coefficient can be substantially greater than the previous average value,
representing up to 95 % of the colored detrital material in some coastal waters (see Bélanger et al.
2006 and references therein).

Diverse parameterizations have been recently developed in order to quantify the various effects
of UVR on marine ecosystems, including its influence on bio-optical properties (i.e. CDOM photo-
bleaching), photochemistry (i.e. DIC and CO photoproduction) and photobiology (primary produc-
tion inhibition). All these functions (BWF and AQY), present a conservative pattern with photons
from the shorter wavelengths having a greater efficiency for photosensitizing CDOM and/or for in-
hibiting photosynthesis than those at the longer wavelengths. However, the effective contribution
of UVB, UVA and PAR radiations for these photo-dependent processes depend on the combina-
tion between photons efficiency and the water transparency for these radiations. As a matter of
fact, UVA represents the main contributor to CDOM photomineralization processes. Conversely, the
effective action of UVB is limited to the first meters of the water column, while a non negligible
contribution of PAR irradiance for CDOM photo-oxidation processes has been identified. The latter
feature underlines the importance of describing both UV and visible radiations with a common opti-
cal framework using the same forcing (the light field impinging on the ocean surface) and a common
bio-optical model for the light propagation through the water column. The accurate description
of how marine organisms and/or compounds respond to changes in the underwater light field (i.e.
BWF and AQY) is obviously a crucial element for the quantification of the selected UV dependent
processes. The choice of the AQY for DIC photoproduction rates seems to be particularly critical
since the photon efficiency for producing DIC has been shown to vary widely according to CDOM
origin and light history. However, the current scarcity of information on AQY variability according
to changes in environmental forcing represents a major limitation for quantifying accurately this UV
photochemical effect. Nevertheless, the actual knowledge on AQY for DIC production emphasizes
the necessity to distinguish, in the context of modelling approaches, at least the coastal and oceanic
waters since CDOM photolability for producing DIC shows clear discrepancies between these two
marine domains.

Further, as already reported by numerous authors, the consideration of vertical mixing events
represents a major challenge for deriving an accurate quantification of the UV impacts on marine
ecosystems. Obviously, the ideal situation should be to develop a coupled physical-biological model
allowing to reproduce precisely this environmental forcing. However, the current high uncertainties
in AQY (including along the water column) need to be taken into account and reduced before the
development of such a model is envisaged. A rough approximation could be to describe the DIC
production within the mixed layer by its average value. However, instead of a simple arithmetic
average it would be preferable to define a weighted mean taking into account the ratio between the
UVA penetration depth and the MLD which seems to modulate the magnitude of the mixing effects.
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However, the development of such parameterization would require additional knowledge on the MLD
climatology and the vertical velocity at a regional scale.

Conversely, it seems that the current uncertainties on CDOM vertical distribution might be
less limiting for the estimation of CDOM photomineralization processes, while the description of
the water compounds (especially chla) vertical structure is a key element for the estimation of the
primary production rates. Moreover, abrupt changes in ozone concentration in the atmosphere would
have only a restricted impact on the daily calculations.

Focusing on the optimization of the computational performance of the spectral and depth re-
solved model in the perspective of the estimation of UV photochemical and/or photobiological effects
at large scale, we emphasized that a reasonable degradation of the spectral resolution could be envis-
aged with a limited impact on the model outputs. Conversely, the definition of the vertical resolution
in the ocean module is critical since its degradation might induce severe biases in the calculations
of the daily primary production and CDOM photomineralization rates. A practical approach could
be to consider vertical steps varying with depth. Indeed, a high vertical resolution is needed for the
description of the UV dependent processes in the first tens of meters of the water column while it
is less so in the deep waters. The significant relationships found between the penetration depth and
the thickness of the productive layer for DIC photomineralization processes (Z(90%)DIC) might be
helpful to determine an appropriated decision criterion.

Finally, the various straightforward methods recently proposed in the literature to derive the UV
impacts on marine waters could eventually represent an interesting alternative modelling approach.
Indeed, coupling these models to satellite remote sensing information (e.g. Kd(412)) might provide
rapid estimations of water column DIC photoproduction rates in particular. However, the robustness
of these models should be examined more precisely considering larger changes in both atmospheric
(i.e. cloudiness) and marine water characteristics.
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Simó, R. and C. Pedrós-Alió (1999). Role of vertical mixing in controlling the oceanic production
of dimethyl sulphide. Nature, 402, 396–399.
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Abstract 

 

In the recent years, numerous efforts have been performed in order to characterize the impacts of UVR on 
marine photobiology and photochemistry. The quantification of these UV-dependent processes through 
modelling approaches requires (i) an accurate description of UV underwater light field (ii) an adapted 
parameterization of the response of marine water compounds and/or organisms to spatio-temporal 
changes in solar radiations. The spatial and temporal variability of the absorption coefficient of the colored 
detrital material, which is a key element for studying undersea UV climate, has been characterized in the 
two basins selected for this study (the Mediterranean Sea and the Norwegian Seas) using the SeaWiFS 
products archive recently achieved for the period 1998-2006. Moreover, the various models currently 
available for the description of selected optical (CDOM photobleaching), photochemical (CO and DIC 
production) and photobiological (primary production inhibition) effects of UVR on marine waters have been 
described. Further, the general characteristics of these UV-dependent processes have been presented 
focusing, in particularly, on their variability along the daily, vertical and spectral dimensions. Several 
sensitivity analyses have been performed in order to define the relative importance of the various inputs of 
the spectral and depth resolved model on the final estimations. Finally, some of the straightforward models 
recently proposed in order to estimate some of the UV impacts at large temporal and or spatial scales 
have been tested and their limits of application have been discussed. 
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