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ABSTRACT

species (ROs) by ultraviolet-A radiation (UVR-A: 315–400 nm)
(8). On the other hand, DNA damages can be repaired through
photoenzymatic repairs (PERs) via the action of photolyase,
induced by both UVR-A (380 nm) and PAR (9–11). Moreover,
UVR impacts the carbon cycle by modifying the biological availability of dissolved organic matter (DOM) for bacterioplankton
(12). The penetration depth, intensity and spectral distribution of
solar radiation in the water column depend on the amount and
quality of optically active seawater constituents or inherent optical
properties (IOPs), and on the quality and intensity of the surface
solar irradiance, which is strongly inﬂuenced by solar zenith angle
(SZA), meteorological conditions and sea surface roughness. Also,
the depth of the mixed layer (Zm), i.e. the depth at which cells can
be transported within the upper water column, is a key factor in
assessing the actual impact of UVR on living organisms in surface
marine waters (13).
Several IOPs contribute to the overall attenuation of PAR and
UVR in the water column, including the absorption [a(k)] and
backscattering [bb(k)] processes that concern the water itself
[aw(k), bbw(k)], the phytoplankton [(aph(k), bbph(k)], the nonalgal
particulate [(aNAP(k), bbNAP(k)] and the chromophoric DOM
[aCDOM(k)]. The scattering contribution of CDOM is very small
relative to the other terms and is usually neglected. The absorption and backscattering coefﬁcients of pure water were recently
re-assessed (14). Pure water absorbs very little blue light and
absorbs higher amounts of red and UV radiation. Phytoplankton
absorption varies signiﬁcantly relative to community composition. Peaks are typically found in the PAR domain, at approximately 440 and 675 nm and are linked to total chlorophyll a
(TChl a) (15–18). Conversely, CDOM and NAP absorption
increase steadily (exponentially) from PAR to UVR wavelengths
(19–22). Therefore, in the ocean, while chromophoric detrital
matter (CDM = CDOM + NAP) is the major contributor to total
absorption in the UV domain (~60–95%), in the blue region
(440–490 nm), the contributions of CDM and phytoplankton
tend to be equivalent (~40–50%) (23–26).
Due to its weak cloud cover, the Mediterranean atmosphere is
characterized by higher solar radiation levels than those found at
similar latitudes in the Atlantic Ocean (27–29) and by high seasonal variations in normalized water leaving radiances in the visible domain (30). The Mediterranean Sea, which is known as a low
chlorophyll low nutrient (LNLC) oligotrophic system, is characterized by a blue color that does not extend as deep as predicted by

Atmospheric and in-water solar radiation, including UVR-B,
UVR-A and PAR, as well as chromophoric dissolved organic
matter absorption [aCDOM(k)] in surface waters were monthly
measured from November 2007 to December 2008 at a
coastal station in the Northwestern Mediterranean Sea (Bay
of Marseilles, France). Our results showed that the UVR-B/
UVR–A ratio followed the same trend in the atmosphere and
at 2 m depth in the water (P < 0.0001) with an increase
(eight-fold higher) during summer. The low diffuse attenuation coefﬁcients for downward irradiance [Kd(k)] of UVR-B,
UVR-A and PAR indicated that the waters were highly
transparent throughout the year. The relationships between
aCDOM(k) and Kd(k) in this oligotrophic system suggested that
CDOM contributed to UVR attenuation in the UVA domain,
but also played a signiﬁcant role in PAR attenuation. Mean
UV doses received in the mixed layer depth were higher by a
factor 1.4–33 relative to doses received at ﬁxed depths (5 and
10 m) in summer (stratiﬁed period), while the inverse pattern
was found in winter (mixing period). This shows the importance of taking into account the vertical mixing in the evaluation of UVR effects on marine organisms.

INTRODUCTION
Solar radiation strongly inﬂuences biogeochemical cycles and ecosystem functions in the ocean (1). Photosynthetically available
radiation (PAR: 400–700 nm) provides energy for photosynthesis,
which is responsible for marine primary production and represents
the main input of energy into marine ecosystems (2). In contrast,
energetic ultraviolet radiation (UVR: 280–400 nm) has numerous
deleterious effects on a variety of marine organisms, including primary producers, heterotrophic bacteria, zooplankton and secondary
consumers (1,3). Well-known UVR effects are inhibition of primary production and inhibition of bacterial production (4–7). UVR
can affect plankton by inducing (1) direct damages to DNA,
namely cyclobutane pyrimidine dimers (CPDs), by ultraviolet-B
radiation (UVR-B: 280 to 315 nm) or (2) oxidative damages to
DNA, lipids and proteins via the generation of reactive oxygen
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its TChl a content alone. This discrepancy between ocean color
and TChl a concentration was suggested to be attributed to either
an “excessive” level of CDOM (31–35) or to the presence of Saharan dust in the upper layer (36). For a given TChl a concentration,
the amount of CDOM is systematically higher in the Mediterranean Sea than in the Atlantic and Paciﬁc Oceans (33,37). The
higher amounts of CDOM in this semi-enclosed sea may be
explained by important river discharges [for example, the relative
ﬂuvial load of total organic carbon (TOC) to the Mediterranean
Sea is 8 to 30 times higher than that in other oceans] (38) and by
the winter deep vertical mixing that occurs in the northern parts of
the Mediterranean basins (33). Therefore, CDOM would signiﬁcantly impact the attenuation of UVR and PAR in the Mediterranean Sea. Although the attenuation of PAR has been already
documented offshore (39), very few data are available concerning
the attenuation of UVR in Mediterranean surface waters (29).
The goals of this study are as follows: (1) to describe the temporal variability of CDOM absorption and spectral slope coefﬁcients, (2) to assess the temporal variability of UVR and PAR
surface irradiances as well as of their attenuation in the water
column, (3) to examine the relationships between UVR and PAR
attenuation and CDOM absorption and (4) to determine underwater UVR-B and UVR-A doses received at ﬁxed depth and within
the mixed layer to highlight the signiﬁcant role of vertical
mixing in the UVR effects on the marine organisms in the
Northwestern Mediterranean Sea (Bay of Marseilles, France).

MATERIALS AND METHODS
Field measurements and sampling. Field measurements and water collection were performed monthly from November 2007 to December 2008 at
the SOLEMIO coastal station (5°170 30″E; 43°140 30″N; 60 m depth)
located in the Bay of Marseilles near the Frioul Islands (~8 km off Marseilles) in the Northwestern Mediterranean Sea (Fig. 1). SOLEMIO is a
nearshore observation site of the national Service d’Observation en
Milieu LITtoral (SOMLIT; http://www.domino.u-bordeaux.fr/somlit_national/) and is sampled bi-monthly for hydrological and biogeochemical parameters for about 20 years. The ﬁeld measurements, which
included conductivity-temperature-depth (CTD) proﬁles, and atmospheric
and in-water radiometric measurements, were conducted at solar noon
under sunny and overcast skies and during low wind conditions on board
the R/V Antedon II. Along with these measurements, discrete samples
for TOC and CDOM analyses were collected at 2 m depth with a 4 L
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Niskin bottle that was equipped with silicon ribbons and Viton o-rings to
minimize organic carbon contamination. In situ temperature, salinity,
TChl a concentrations and turbidity proﬁles were obtained with a 19plus
SeaBird Electronics CTD instrument that was equipped with a WETStar
Chla ﬂuorometer (WETLabs, Inc.) and an STM turbidity meter (Seapoint,
Inc.). Mixed layer depth (Zm in m) was determined from the CTD proﬁles. It corresponded to the average of the depth at which the density difference with that of surface reached 0.1 kg m3. The aerosol optical
depth (AOD) at 440 nm at solar noon was estimated by the automatic
sunphotometer of the PHOTONS network (French part of the AERONET
network operated by the LOA) (40) installed in Toulon, which is the
closest station from Marseilles (Fig. 1). The sunphotometer is calibrated
every year and the AOD is derived with an uncertainty of 0.01 (41).
Two consecutive proﬁles of downward irradiance [Ed(Z,k) in
lW cm2] were conducted at solar noon with a MicroPro free-fall proﬁler (Satlantic, Inc.) that was equipped with pressure, temperature and tilt
sensors and OCR-504 downward irradiance sensors for the UVR-B
(305 nm), UVR-A (325, 340 and 380 nm) and PAR (412, 443, 490 and
565 nm) spectral domains (42,43). Surface irradiance [Es(k) in
lW cm2], which is equivalent to the downward irradiance just above
the sea surface [Ed(0+,k)], was simultaneously measured in the same
channels from the ship deck with other OCR-504 downward irradiance
sensors (surface reference). These measurements were made to account
for the variations in cloud conditions that occurred during measurement.
For the in-water sensors, the full width at half maximum (FWHM) of the
wavelengths was 2 nm for 305, 325, and 340 nm and 10 nm for 380,
412, 443, 490, and 565 nm. For the in-air sensors, the FWHM was 2 nm
for 305, 325 and 340 nm, 10 nm for 380 nm and 20 nm for 412, 443,
490 and 565 nm. The cosine response accuracy for downward UV irradiance from 0–60° was 4% and 8% for the in-air and in-water sensors
respectively. Similarly, the cosine response accuracy for downward visible irradiance from 0–60° was 3% for both sensors. The typical noise
equivalent irradiances were 1.5.103 (UVR-B), 4.5.103 (UVR-A) and
2.5.103 lW cm2 (PAR). The proﬁler was operated at a sampling rate
of 7 Hz (sampling resolution of 10 cm) from the rear of the ship and
was deployed 30 m from the ship to minimize the shadowing and disturbance effects of the ship. Each cast was accompanied by a measurement
of the dark current (instrument on the deck) and a pressure tare (instrument at sea surface). The free-fall descent rate of the proﬁler ranged from
0.5 to 0.8 m s1. The surface reference was set up at the top of the mast
of the ship (~10 m above water) to avoid shadowing or reﬂecting obstacles. Calibration of the in-air and in-water irradiance sensors was conducted by Satlantic just before this study.
Radiometric data processing and determination of Kd(k) and underwater doses. Radiometric measurements were logged with Satlantic’s Satview 2.6 software, and the data were prepared and processed with the
Satlantic’s ProSoft 7.6 software. The ProSoft software was used for initial data processing, such as radiometric calibration, dark correction,
immersion coefﬁcient and pressure tare calculations and the removal of
data with a tilt >5°. The data interpolation option of the software was not
used to avoid smoothing the raw radiometric data.
Vertical diffuse attenuation coefﬁcients for downward irradiance
[Kd(k) in m1] were calculated from homogeneous surface water masses
from the Ed(Z, k) data by using either the standard method, i.e. Kd(k) calculated from the slope of the linear regression of the log-transformed
downward irradiance vs depth (Eq. 1), or the method of Zaneveld (44).
The Zaneveld method was used when variation of irradiance values were
higher than 100% over ca. 70 cm in near-surface waters. For the standard
method, we applied the formula:
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Figure 1. Location of the SOLEMIO station in the Northwestern
Mediterranean Sea (Bay of Marseilles, France).

ð1Þ

where Ed(0, k), the downward irradiance beneath the sea surface, was
theoretically computed from deck measurements by using the following
formula (45):

Ed ð0 ; kÞ ¼

Ed ð0þ ; kÞ
ð1 þ aÞ

ð2Þ

where a is the Fresnel reﬂection albedo for irradiance from the sun and
sky computed from a ‘look up table’ available online at http://wwwcave.larc.nasa.gov/cave/ (46,47). a values ranged from 0.045 to 0.114.

Photochemistry and Photobiology
Kd(k) was calculated for a depth range of 0–5 m to 0–30 m depended on
the wavelengths. In the Zaneveld method, Kd(k) was determined from the
upward integration of Ed(Z, k) beginning at the focal depth (Z0, m). At
this point, wave focusing is not considered to affect the irradiance proﬁle
at successively shallower depths, as shown in the following formula:

ZZ

0

I ðZ; kÞ ¼

Ed ðZ; kÞdZ

ð3Þ

Z0
0

where the slope of ln dIdZðZÞ is Kd(k). The method for determining Z0 was
to assess how much the following point (depth) changes the Kd(k) calculation. If adding the next depth (Z + 1) changed Kd(k, Z) by less than
5%, then Z0 was reached. In our study, Z0 ranged from 5 to 9.5 m. The
coefﬁcients of variation (CV) for mean Kd(k) derived from the two irradiance proﬁles were less than 6%.
The depth of the euphotique zone (Zeu in m), deﬁned as the depth
where the PAR is reduced to 1% of its surface value, was determined
using the formula:

Zeu ¼

lnð100Þ
Kd ðPARÞ

ð4Þ

where Kd(PAR) (in m1) is the vertical diffuse attenuation coefﬁcient for
downward irradiance in the spectral range of PAR. Kd(PAR) was computed as decribed above for Kd(k) from downward irradiances in the
spectral range of PAR [Ed(Z, PAR) in quanta cm2 s1]. Ed(Z, PAR)
was estimated from the four visible channels using Satlantic’s Prosoft
software. Ed(Z, k) was ﬁrst interpolated onto an 1 nm interval from 400
to 700 nm and then integrated using the formula:
700nm
Z

Ed ðZ; PARÞ ¼

k
Ed ðZ; kÞdk
hc

ð5Þ

where k is the wavelength (nm), h is the Planck’s constant
(6.63.1034 J s), c is the speed of light in the vacuum (3.108 m s1) and
Ed(Z, k) is the downward irradiance at depth Z.
We determined UVR-B and UVR-A doses received beneath the sea
surface [H(0, k)], at 5 and 10 m into the water column [H(5, k) H(10,
k) in kJ m2] as well as the mean UVR-B and UVR-A doses received
within the mixed layer [H(m, k) in kJ m2]. H(Z, k) was assessed using
the following formula:

HðZ; kÞ ¼ Hð0 ; kÞeKd ðkÞZ

ð6Þ

where H(0, k) is the dose beneath the sea surface, Kd(k) is the vertical
diffuse attenuation coefﬁcient for downward irradiance and Z is 5 or
10 m. On the other hand, H(m, k) was evaluated using an equation, taking into account the mixed layer depth (47,48):

Hðm; kÞ ¼

Hð0 ; kÞð1  eKd ðkÞZm Þ
Kd ðkÞ  Zm

ð7Þ

where Zm is the mixed layer depth. H(0,k) was obtained by integrating
downward irradiance beneath the sea surface [Ed(0,k), in lW cm2]
over the exposure period:

Hð0 ; kÞ ¼

X

Ed ð0 ; kÞDt

380 nm is used as biologically effective wavelength for the induction of
photorepairs (PERs) (8–11,49). We ﬁnally determined the Q factor (in
%), which corresponds to the ratio (in %) of the dose at 305 to 380 nm.
The Q factor is used as an index of the importance of CPDs relative to
PERs (47).
CDOM and TOC analyses. Samples were ﬁltered immediately after
collection, in dim light, using 0.2 lm Millipore ﬁlters prerinsed with
Milli-Q water. Filtered samples were stored in the dark at 4°C until
analyses, conducted within 24 h. CDOM absorbance measurements were
performed from 275 to 700 nm with an Ultrapath multiple pathlength,
liquid core waveguide system (MPLCW, World Precision Instruments,
Inc.). Absorbance spectra were obtained with the longest pathlength (2 m
length) and with a ﬁltered reference salt solution prepared with Milli-Q
water and precombusted NaCl (Sigma). This method reproduced the
refractive index of the samples to minimize the baseline offsets in the
absorption spectra (50). Reference salt solutions and samples were
brought to room temperature before analysis. The sample cell was ﬂushed
with successively diluted detergent (cleaning solution concentrate, WPI
Inc.), high reagent grade MeOH, 2 M HCl and Milli-Q water between
each sample. Trapped microbubbles were minimized by using a peristaltic pump to draw the sample into the sample cell. Precision of Ultrapath
measurements was 1.6% at 280 nm, 1.9% at 300 nm, 3.1% at
400 nm and 0.2% at 500 nm. The CDOM absorption coefﬁcients,
aCDOM(k) (m1), were determined by using the following relationship:

aCDOM ðkÞ ¼

2:303AðkÞ
L

ð8Þ

Although radiometric measurements were conducted only at solar
noon for about 20 min, we integrated the mean Ed(0, k) values during
2 h to compute underwater doses [H(0, k), H(5, k), H(10, k) and H(m,
k)] quite representative of those actually received during 2 h around solar
noon. For UVR-B and UVR-A, we chose the wavelengths 305 and
380 nm, respectively. The wavelength 305 nm is used as biologically
effective wavelength for the induction of DNA damages (CPDs), while

ð9Þ

where A(k) is the absorbance at wavelength k (dimensionless) and L is
the pathlength (m). Spectral slope coefﬁcient, S (nm1), was computed
according to the equation:

aCDOM ðkÞ ¼ aCDOM ðk0 Þ  eSðkk0 Þ

400nm

3

ð10Þ

where aCDOM(k) is the absorption coefﬁcient at the wavelength k,
aCDOM(k0) is the absorption coefﬁcient at reference wavelength k0 and S
is the spectral slope coefﬁcient in the spectral range from k0 to k (with
k0 < k). Three spectral ranges were used for the S calculation: 290–
500 nm (S290–500), 275–295 nm (S275–295) and 350–400 nm (S350–400).
The slope ratio (SR) was calculated as the ratio of S275–295 to S350–400 as
described by Helms et al. (51). S290–500 and S350–400 were determined by
applying a nonlinear (exponential) least-squares ﬁt on the raw aCDOM(k)
data, while S275–295 was obtained by applying a linear least-squares ﬁt to
the log-transformed aCDOM(k) data. The mean determination coefﬁcients
(R2) of the least-squares ﬁts were ~0.99.
Samples were acidiﬁed and analyzed for TOC by using a TOC-5000
total carbon analyzer (52). The accuracy of the instrument and the system
blank were determined by analyzing reference materials (D. Hansell, Rosenstiel School of Marine and Atmospheric Science, Miami, USA),
including the Deep Atlantic Water (DAW) and low carbon water (LCW)
reference materials. The average DOC concentrations in the DAW and
LCW reference standards were 45  2 lM C, n = 24 and 1  0.3 lM
C, n = 24 respectively. The nominal analytical precision of the procedure
was within 2%.

RESULTS AND DISCUSSION
Atmospheric, hydrological and biogeochemical characteristics
Measurements were conducted under sunny sky except for
3 days (06/05, 23/09 and 04/12/08) for which an overcast sky
was encountered (Table 1). For sunny days, SZA ranged from
22° (10/07/08) to 67° (19/12/07). AOD at 440 nm varied from
0.06 (25/11/08) to 0.55 (06/05/08). Seawater temperature at 2 m
depth was as low as 13.2°C in February and reached 22.2°C in
September. Salinity at 2 m depth was in the range 37.9–38.4
psu, except on 06/05 and 23/06/08 where it was 37.1 and 37.5
psu respectively (Table 1). These lower salinities have been
attributed to the intrusion of Rh^
one River freshwater lenses in

4

re
 et al.
Richard Sempe

Table 1. Sampling dates, atmospheric conditions (sky, SZA, AOD at 440 nm), hydrological conditions (T, S, Zm) and biogeochemical conditions (Zeu,
TChl a, turbidity, TOC) at the SOLEMIO station (Bay of Marseilles, Northwestern Mediterranean Sea).
Date

Sky
condition

SZA (°)

AOD at
440 nm

T*,† (°C)

S*,† (psu)

Zm (m)

Zeu (m)

[TChl a]*,† (μg L1)

Turbidity*,† (FTU)

[TOC]* (μM)

07/11/07
19/12/07
05/02//08
14/02/08
26/03/08
29/04/08
06/05/08
23/06/08
10/07/08
23/09/08
14/10/08
25/11/08
04/12/08

Sunny
Sunny
Sunny
Sunny
Sunny
Sunny
Overcast
Sunny
Sunny
Overcast
Sunny
Sunny
Overcast

61
67
63
59
41
30
na
26
22
na
52
64
na

0.19
0.09
0.12
0.28
0.12
0.20
0.55
0.14
0.14
na
0.49
0.06
0.11

17.8
14.4
13.2
13.2
12.8
14.5
16.1
21.4
18.6
22.2
19.4
15.3
16.1

38.1
38.2
38.1
38.1
38.1
38.1
37.1
37.5
37.9
38.4
38.2
38.2
38.1

50
50
50
50
9
28
6
6
6
13
37
50
50

44
54
42
44
42
47
44
51
54
64
55
37
52

na
na
0.9
0.2
0.2
0.9
1.6
1.4
0.2
0.4
0.3
0.6
0.8

na
na
na
na
0.7
4.8
5.3
7.7
0.6
3.9
0.1
4.8
5.5

68
60
55
78
56
70
65
79
67
72
70
55
63

SZA, solar zenith angle; AOD, aerosol optical depth; T, temperature; S, salinity; Zm, mixed layer depth; Zeu, depth of the euphotique zone; [TChl a],
total chlorophyll a concentration;
[TOC], total organic carbon concentration; psu, practical salinity unit; FTU, formazin turbidity unit; na, not avail†
able. *Measured at 2 m depth. Measured from CTD proﬁles.

the Bay of Marseilles (53–55). The water column was quite well
stratiﬁed in spring and summer (Zm ranging from 6 to 13 m),
except on 29/04/08 (Zm = 28 m), whereas it was strongly mixed
in autumn and winter periods (Zm: ~50 m). Zeu varied from
37 m (25/11/08) to 64 m (23/09/08) (Table 1). TChl a concentration, turbidity (acquired from CTD proﬁles) and TOC concentration at 2 m depth ranged from 0.2 to 1.6 lg L1, from 0.1 to
7.7 FTU and from 55 to 79 lM C, respectively, the highest values being observed on 06/05/08 or on 23/06/08, i.e. during the
freshwater intrusion events. Indeed, it has been shown that these
Rh^one River freshwater lenses, enriched in nutrients, enhanced
the phytoplankton biomass accumulation in the Bay of Marseilles, leading to an increase in particulate matter and organic
carbon (53).
Temporal variability of CDOM
CDOM absorption at 350 nm [aCDOM(350)] was chosen to
describe the changes in CDOM quantity. During the study period, aCDOM(350) ranged from 0.069 m1 (23/09/08) to
0.133 m1 (06/05/08) (Table 2). The relatively high aCDOM(350)
observed on 06/05/08 and on 23/06/08 (0.133 and 0.123 m1
respectively) may be related to the Rh^one River freshwater intrusions and the subsequent enhancement of the phytoplankton biomass accumulation (53). By contrast, the relatively high
aCDOM(350) recorded on 25/11/08 (0.128 m1) when a strong
vertical mixing occurred (Zm = 50 m; Table 1) may be due to
the input of deeper CDOM in the surface waters. The
aCDOM(350) values measured here in the surface waters of the
Bay of Marseilles are in the lowest range of aCDOM(350) values
reported for coastal waters (56–59). These values are closer to
those encountered in the open ocean (26,60,61). Our relatively
low CDOM absorptions (for coastal waters) are consistent with
the “low” TOC concentrations measured (55–79 lM C; Table 1)
and with the fact that the Bay of Marseilles is not under the
direct inﬂuence of terrestrial DOM inputs, although, as mentioned above, sporadic intrusions of Rh^one River freshwater
lenses may stimulate the marine productivity through nutrient
enrichments.
The spectral slope coefﬁcients, S290–500, S275–295 and S350–400,
varied in the ranges 0.015–0.032, 0.020–0.039 and 0.015–

0.025 nm1, respectively (Table 2). The highest values were
found from June to September when the water column was quite
well stratiﬁed (Zm: 6–13 m; Table 1) and the UVR and PAR surface irradiances were the most important (see paragraph 3.3),
which highlights a CDOM photobleaching process in summer.
Indeed, increases in spectral slope coefﬁcients including
S250650, S275295, S280312, S290350, S300700, S320–400 and
S350–500 in various coastal and open ocean environments have
been ascribed to a decrease in the molecular weight and aromaticity of CDOM due to photobleaching and/or to a shift in the
nature of organic matter, from terrestrial to marine (frequently
observed via an increase in salinity) (51,56,61–66). For instance,
in the frame of a 2-year time-series, Organelli et al. (67) reported
in the surface waters of the BOUSSOLE site (Northwestern
Mediterranean Sea) S350–500 very close to our S350–400 (i.e.
0.014–0.022 nm1), with, in the same way, the highest values
recorded in summer as the result of photobleaching. Conversely,
we observed the lowest S290–500, S275–295 and S350–400 on 25/11/
08 or 04/12/08 (Table 2) during the strong vertical mixing
(Zm = 50 m; Table 1), which emphasizes the input of deeper
CDOM, very likely of higher molecular weight and of higher
aromaticity, in the surface waters as proposed by Para et al.
(53).
The S275–295/S350–400 ratio (SR) varied from 1.2 (04/12/08) to
2.1 (25/11/08) (Table 2). Even though in this work SR cannot be
used as index of photobleaching (if it was the case, the highest
values would be observed in the summer), it allows to show that
CDOM is clearly of marine origin and not of terrestrial origin.
According to Helms et al. (51) and Pavlov et al. (68), SR < 1 is
indicative of terrestrial matter while SR > 1 is representative of
marine CDOM. Interestingly, the three spectral slope coefﬁcients
co-varied linearly and positively (R2 = 0.51–0.93, n = 12,
P < 0.01), S275–295 being systematically higher than S290–500 and
S350–400. This suggests that in the surface waters of the Bay of
Marseilles, the CDOM absorption spectra did not present a constant spectral slope coefﬁcient but steeper slope coefﬁcients
towards the short UV wavelengths, as it has been observed for
the South East Paciﬁc waters (42). Due to our very low ranges
of salinity, CDOM absorption coefﬁcients and TOC concentrations, no signiﬁcant relationship was ascertained between these
parameters and the three spectral slope coefﬁcients.
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Table 2. CDOM absorption and spectral slope coefﬁcients determined
on samples collected at 2 m depth at the SOLEMIO station (Bay of Marseilles, Northwestern Mediterranean Sea).
Date
07/11/07
19/12/07
05/02//08
14/02/08
26/03/08
29/04/08
06/05/08
23/06/08
10/07/08
23/09/08
14/10/08
25/11/08
04/12/08

aCDOM(350)
(m1)

S290–500
(nm1)

S275–295
(nm1)

S350–400 (nm1)

SR

0.107
0.098
0.106
0.086
0.096
0.112
0.133
0.123
0.091
0.069
0.088
0.128
0.112

0.021
0.019
0.017
0.020
0.018
0.019
0.019
0.032
0.026
0.023
0.020
0.015
0.018

na
0.029
0.023
0.032
0.031
0.028
0.031
0.037
0.036
0.039
0.037
0.022
0.020

0.017
0.017
0.016
0.017
0.016
0.018
0.019
0.025
0.022
0.021
0.018
0.015
0.017

na
1.7
1.4
1.9
1.9
1.6
1.6
1.5
1.6
1.9
2.1
1.5
1.2

na: not available (CDOM
700 nm). SR = S275–295/S350–400.

spectrum

acquired

from

290

to

Temporal variability of UVR and PAR surface irradiances
Es(k) presented a large temporal variability, with as expected, the
lowest values recorded in December (04/12/08; from
0.15 lW cm2 at 305 nm to 30 lW cm2 at 490 nm) and the
highest values recorded in June and July (23/06 and 10/07/08;
from 4.6 lW cm2 at 305 nm to 159 lW cm2 at 490 nm)
(Fig. 2). The important decreases in surface irradiance occurring
on 06/05/08 and 23/09/08 were due to strong cloud covers. The
UVR surface irradiances that were measured in this study in the
summer under a clear sky (from 4.6 lW cm2 at 305 nm to
78 lW cm2 at 380 nm) were higher than those recorded in
Southern Spain (36°520 N, 2°120 W) in September 1996 with the
same type of narrowband radiometer (from 1.3 lW cm2 at
305 nm to 74 lW cm2 at 380 nm) (69) and were also higher
than those measured in the northern Bafﬁn Bay from April 1998
through September 1999 (from 0.80 lW cm2 at 305 nm to
22 lW cm2 at 380 nm) (70) and in the Beaufort Sea in July–
August 2009 (from 0.13 lW cm2 at 305 nm to 9.79 lW cm2
at 380 nm) (43). In contrast, our UVR irradiances were lower
than those acquired from the Malaysian peninsula (2°490 –
5°120 N, 104°090 –103°160 W) in August 2007 (from
7.8 lW cm2 at 305 nm to 86 lW cm2 at 380 nm) (71) and
from the South Paciﬁc Gyre (25°540 S, 114° W) during the summer 2004 (from 9.8 lW cm2 at 305 nm to 98 lW cm2 at
380 nm) (72).
The Es(340)/Es(490) ratio did not display great variation during the year, ranging from 0.28 (25/11/08) to 0.40 (06/05 and
23/09/08) (Fig. 3). On the contrary, the Es(305)/Es(340) and
Es(305)/Es(490) ratios varied by a factor ~10 (0.008–0.82 and
0.003–0.03, respectively) between the dates 19/12/07 and 23/06/
08 (Fig. 3). These ratios indicated that UVR-A and PAR
evolved similarly during the year. In contrast, the UVR-B
increased 10 to 12 fold more than its UVR-A and PAR counterparts during the summer. Such temporal evolution of UVR irradiances and ratios has been reported by Seckmeyer et al. (28).
The strong temporal variability of UVR-B may be explained by
its higher dependence on direct/diffuse irradiance ratios than
UVR-A and PAR. The signiﬁcant inverse relationships observed
between the Es(305)/Es(340) (R² = 0.91, n = 14, P < 0.001) and
Es(305)/Es(490) ratios (R² = 0.93, n = 14, P < 0.001) and the
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SZA reinforced this explanation. It is worth noting that no relationships were observed between the surface irradiances and
AOD at 440 nm, even considering only data for which SZA
was similar.
Temporal variability of UVR and PAR attenuation in surface
waters and relationships with CDOM
The lowest Kd(305) (0.214 m1) was observed in winter (on 05/
02/08), while the lowest Kd(325–525) (0.044–0.215 m1) were
recorded at the end of summer (on 23/09/08) (Fig. 4). While
aCDOM(350) was averaged on 05/02/08 (0.106 m1; Table 2), it
displayed the lowest value on 23/09/08 (0.069 m1; Table 2),
associated with quite high spectral slope coefﬁcients (0.023,
0.039 and 0.021 nm1 for S290–500, S275–295 and S350–400, respectively; Table 2). Hence, the low Kd(k) obtained at the end of
summer and in winter were very likely related to CDOM photobleaching (end of summer) and to a lower biological production
(end of summer and winter). The highest Kd(305–380) were
recorded during the two episodic Rh^
one River plume intrusion
events (06/05 and 23/06/08; from 0.170 m1 at 380 nm to
0.484 m1 at 305 nm) (Fig. 4), which also presented high
aCDOM(350) (0.133 and 0.123 m1; Table 2). Similar increase in
Kd(305–380) has been reported for coastal Arctic Beaufort Sea
in relation with Mackenzie River intrusions (43). However, the
highest Kd(412–565) were measured after the entire water column was mixed from twelve consecutive days of Mistrals’ wind
(25/11/08; from 0.083 m1 at 490 nm to 0.140 m1 at 565 nm;
Zm: 50 m) (Fig. 4). Interestingly aCDOM(350) was also high at
this date (0.128 m1; Table 2). Therefore, Kd(k) increased at the
beginning of the stratiﬁcation period (March–June; Zm: 6 m).
This increase was triggered by the extension of the Rh^
one River
plume, the phytoplankton blooms (highest TChl a values:
1.6 lg L1; Table 1) (48) and the subsequent CDOM increase.
Then, Kd(k) diminished during the summer (from July) as a
result of decreased primary production (nutrient depletion) (TChl
a: 0.2–0.4 lg L1; Table 1) and CDOM photobleaching. In the
fall (November), Kd(k) increased as a result of vertical mixing,
which led to CDOM and nutrient inputs in the surface waters
(Fig. 4).
The Kd(PAR) values measured in this work were similar to
those reported for the western Mediterranean basin (73) and were
higher than those reported for the eastern basin (74). In contrast,
the Kd(UVR) values were lower than those found in the North
Aegean Sea (75), the Adriatic Sea (76) and in the coastal waters
of Southern Spain (69), but were higher than those determined in
the South Aegean Sea (75) and in the Algerian Basin (77). In
Rh^
one River fresh water lenses, higher Kd(UVR) were reported
(78). It is important to note that the Kd(UVR) values reported in
this study and in the Mediterranean Sea were higher than those
reported in the Paciﬁc Ocean at the same TChl a concentrations
(37,42).
We examined the linear relationships between Kd(k) and
aCDOM(350) (Fig. 5). The correlation coefﬁcients increased from
Kd(305) (R2 = 0.11, P = 0.2) to Kd(340) (R2 = 0.76,
P < 0.0001) before decreasing to Kd(565) (R2 = 0.26, P = 0.08)
(Fig. 5). While the highest correlations were found at 340 and
380 nm, weak correlations were surprisingly observed at 305
and 325 nm. Our CDOM spectra did not contain any speciﬁc
“bumps” in the 300–330 nm spectral domain. Also, the correlations were not better when plotting Kd(305) vs aCDOM(305) and
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Figure 2. Temporal variability of surface irradiance [Es(k)] in the UVR-B (305 nm), UVR-A (325, 340, 380 nm) and PAR (412, 443, 490, 565 nm)
domains measured at solar noon at the SOLEMIO station. Es(k) at 305 nm is represented on the secondary axis.
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Figure 3. Temporal variability of surface irradiance [Es(k)] ratios measured at solar noon at the SOLEMIO station, including UVR-B/UVR-A
(305/340 nm), UVR-B/PAR (305/490 nm) and UVR-A/PAR (340/490 nm). The ratio 340/490 nm is represented on the secondary axis.

Kd(325) vs aCDOM(325) (Figure not shown). Therefore, the low
correlations found between CDOM and Kd(k) in the shortest UV
wavelengths were not issued from speciﬁc features in the CDOM
spectra, although Organelli et al. (67) observed bumps around
310–320 nm in CDOM spectra recorded in the Northwestern
Mediterranean Sea and attributed them to the presence of dissolved absorbing pigments released by phytoplankton cells,
namely mycosporine-like amino acids (MAAs). Our weak correlations could thus result from a contribution of non-algal particulate (NAP). Indeed, NAP, which comprises all the colored
particulate material except pigments (i.e. detritus, heterotrophic
organisms and minerals), presents the same absorption spectra
than CDOM: an exponential increase in absorption coefﬁcients
towards the short UV wavelengths (19–22). For this reason, both

CDOM and NAP (deﬁned as the chromophoric detrital matter
pool, CDM) contribute to UVR attenuation in marine waters. It
is unambiguous that CDOM is the major contributor accounting
for ~80–95% of CDM in the UV and blue ranges (23–26). Nevertheless, we may make the assumption that in our case (low
CDOM content) the absorption of NAP at 305 and 325 nm
could explain the discrepancy between Kd(k) at CDOM absorption at these wavelengths. Besides UVR, CDOM signiﬁcantly
contributed to PAR attenuation at 412 and 443 nm (Fig. 5). This
has been already observed in several works (23,24). Thus,
CDOM appeared to be a main contributor to UVR attenuation in
the UVA domain (at 340 and 380 nm) but not in the UVB
domain (at 305 and 325 nm), while it also played a signiﬁcant
role in PAR attenuation (at 412 and 443 nm).
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Figure 4. Temporal variability of diffuse attenuation coefﬁcient for downward irradiance [Kd(k)] in the UVR-B (305 nm), UVR-A (325, 340, 380 nm)
and PAR (412, 443, 490, 565 nm) domains measured at solar noon at the SOLEMIO station.
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Figure 5. Linear relationships between the CDOM absorption coefﬁcients at 350 nm [aCDOM(350)] and the diffuse attenuation coefﬁcients for downward irradiance [Kd(k)] in the UVR-B (305 nm), UVR-A (325, 340, 380 nm) and PAR (412, 443, 490, 565 nm) domains.
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Figure 6. Doses received beneath the sea surface [H(0, k)], doses
received at 5 and 10 m depths into the water column [H(5, k) and H(10,
k)] and mean doses received within the mixed layer [H(m, k)] in the
UVR-B (305 nm) and UVR-A (380 nm) domains during 2 h at solar
noon at the SOLEMIO station at two different dates: 23 June and 04
December 2008. The wavelength 305 nm is used as biologically effective
wavelength for the induction of DNA damages (CPDs), while 380 nm is
used as biologically effective wavelength for the induction of photorepairs (PERs). Note the different dose scales between June and December.
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Figure 6 shows the doses received beneath the sea surface [H
(0,k)], the doses received at 5 and 10 m depths [H(5,k) and H
(10,k)] and the mean doses received within the mixed layer [H
(m,k)] at 305 and 380 nm during 2 hours at solar noon at two
different dates: 23 June and 04 December 2008. The wavelength
305 and 380 nm have been chosen as biologically effective
wavelengths for the induction of DNA damages (CPDs) and photorepairs (PERs), respectively. These samples (23 June and 04
December) are representative of two contrasted situations. H
(0,305) and H(0,380) were much higher in June (0.32 and
5.3 kJ m2) than in December (0.013 and 1.1 kJ m2) as a consequence of much higher levels of surface irradiance in June
(sunny day) relative to December (cloudy day) (Table 1; Fig. 2).
Obviously, these much higher H(0,305) and H(0,380) in June
explained the much higher doses received in the water column
(5 and 10 m and mean in the mixed layer depth) compared to
December. From 0 m, the doses decreased with depth. H
(10,305) and H(10,380) were 0.0025 and 0.97 kJ m2 in June
and 0.0008 and 0.28 kJ m2 in December (Fig. 6). The June
sample was characterized by a higher CDOM content
[aCDOM(350) = 0.12 m1] and a higher UVR attenuation
[Kd(305) = 0.48 m1, Kd(380) = 0.17 m1) compared to the
December one [aCDOM(350) = 0.11 m1, Kd(305) = 0.28 m1,
Kd(380) = 0.14 m1). This explained the fact that the decrease
rate of doses from 0 to 10 m was more important in June than
in December. H(m,305) and H(m,380) were 0.10 and 3.3 kJ m2
in June and 0.0008 and 0.28 kJ m2 in December. H(m, k) were
thus higher than H(5,k) and H(10,k) in June, while the inverse
pattern was observed in December (Fig. 6). This was due to the
mixed layer depth (Zm) that was low in June (6 m) and high in
December (50 m). Indeed, an increase in Zm leads mechanically
to a reduction of H(m,k) according to Eq. 7. Hence, we ﬁnd that
the mean UVR doses received in the mixed layer were lower
than UVR doses beneath the sea surface by a factor 1.6–18,
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Figure 7. Ratio of the mean doses received within the mixed layer at 305 and 380 nm [Q in % = H(m,305)]/H(m,380) 9 100] along with mixed layer
depth (Zm in m) at solar noon at the SOLEMIO station.
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which is in line with previous studies (4,47,48). Also, measuring
UVR doses at 5 or 10 m depth induces underestimations (in
June) or overestimations (in December) of mean doses received
within the mixed layer. These discrepancies underscore the
importance of taking into account the vertical mixing to determine the actual UVR doses received by organisms in the surface
oceanic waters. Interestingly, the mean doses received within the
mixed layer during 2 h at solar noon in June 2008 in the Bay of
Marseilles [H(m,305) and H(m,380) = 0.10 and 3.3 kJ m2]
were of the same order of magnitude than mean doses received
within the mixed layer during the whole day (6:00–18:00) in
October 2004 in the vicinity of Marquesas Islands in the South
East Paciﬁc ([H(m,305) and H(m,380) = 0.11 and 4.2 kJ m2)]
(47). This was due to the fact that in this latter environment,
although surface irradiances were much higher and the UVR
attenuation much lower, Zm was deeper (89 m) leading, ultimately, to quite equivalent UVR doses in the mixed layer. It is
worth noting that a recent work has underlined the impact of the
vertical mixing on the inhibitory effect of UVR on primary and
bacterial productions in the coastal Mediterranean Sea (79).
The ratio of the mean doses received within the mixed layer
at 305 and 380 nm [Q in % = H(m,305)]/H(m,380) 9 100]
along with the mixed layer depth (Zm) are presented in Fig. 7.
We use this Q ratio as an indicator of changes in the balance
between DNA damages (CPDs) and repairs (PERs), i.e. when Q
increases, the importance of CPDs should increase relative to
PERs.
Clearly, Q increased with the stratiﬁcation of the water column (from March to September), and thus the importance of
CPDs, to reach a maximal value of 3.0 in June (Fig. 7). The
increase in Zm (enhancement of vertical mixing) caused a drastically reduction of Q (<1.0) in autumn-winter.

CONCLUSION
This study showed clear temporal variations in the amount of
UVR-B that reached the sea surface. The UVR-B intensities
were seven- to eight-fold greater in the summer (water stratiﬁcation period) than in the winter. Fairly low and constant Kd(UVR)
and Kd(PAR) values were observed throughout the study period,
which illustrated the high transparency of these coastal waters
and indicated that UVR is an important physical force that may
inﬂuence the overall biogeochemistry of this area. CDOM was
the dominant factor that controlled UVR attenuation in the UVA
domain, but not at shorter UV wavelengths. CDOM also played
a signiﬁcant role in the PAR underwater light ﬁeld. Undoubtedly,
our conclusions are based on a limited number of samples, and
additional measurements of CDOM absorption and UVR/PAR
attenuation in the Mediterranean Sea are required to conﬁrm
these ﬁndings. The analyses of the mean doses received within
the mixed layer at 305 and 380 nm (Q in %) along with the
mixed layer depth (Zm) indicate the importance of taking into
account the vertical mixing to determine the actual UVR doses
received by organisms in the surface oceanic waters. Such an
approach is very likely necessary for an appropriate estimate of
the Mediterranean Sea biogeochemistry in a global warming context.
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