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Abstract

Water masses from the Beaufort Sea in the Arctic Ocean were evaluated for dissolved
organic carbon (DOC), and optical characteristics including UV and PAR diffuse atten-
uation (Kd), and chromophoric and fluorescent dissolved organic matter (CDOM and
FDOM) as part of the MALINA field campaign (30 July to 27 August). Even with rela-5

tively low mean daily solar radiation incident on the sea surface (0.12 ± 0.03, 8.46 ± 1.64
and 18.09 ± 4.20 kJ m−2 for UV-B (305 nm), UV-A (380 nm) and PAR, respectively), we
report significant light penetration with 10 % irradiance depths (Z10% (λ)) reaching 9.5 m
for 340 nm (UV-A) radiation in the Eastern sector and 4.5 m in the Mackenzie River influ-
enced area (Western sector). Spectral absorption coefficients (aCDOM (350 nm) (m−1))10

were significantly correlated to both diffuse attenuation coefficients (Kd) in the UV-A and
UV-B and to DOC concentrations. This indicates CDOM as the dominant attenuator of
UV solar radiation and suggests its use as an optical proxy for DOC concentrations
in this region. Extrapolating CDOM to DOC relationships, we estimate that ∼16 %
of the DOC in the Mackenzie River does not absorb radiation at 350 nm. DOC and15

CDOM discharges by the Mackenzie River during the MALINA Cruise are estimated as
∼0.22 TgC and 0.18 TgC, respectively. Three dissolved fluorescent components (C1–
C3) were identified by fluorescence Excitation/Emission Matrix Spectroscopy (EEMS)
and PARAFAC analysis. Our results showed an in-situ biological component (C1) that
co-dominated with a terrestrial humic-like component (C2) in the Mackenzie Delta sec-20

tor, whereas the protein-like (C3) component dominated in the saltiest waters of the
North East sector.

1 Introduction

Even though the Arctic Ocean comprises only ∼1 % of the Earth’s total ocean vol-
ume and ∼3 % of its surface area, it currently receives ∼11 % of the global river runoff25

(Opsahl et al., 1999). Moreover, the effects of climate change are more pronounced
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toward the Earth’s poles. Increasing air temperatures (+3 to 4 ◦C; IPCC, 2007) en-
hance numerous biogeochemical changes, particularly by affecting the integrity of the
permafrost (Guo et al., 2007; Walvoord and Striegl, 2007). Approximately 50 % of the
global terrestrial organic carbon pool is trapped in Arctic and sub-Arctic permafrost re-
gions (Tarnocai et al., 2009) that are now warming (Foley, 2005). Therefore, increases5

in freshwater discharge coupled with changes in the mobility of terrestrial dissolved
organic matter (DOM) are expected to increase DOM flux at high latitudes (Lawrence
and Slater, 2005). This could lead to increased delivery of terrestrial DOM to the Arctic
Ocean, as well as modified water circulation and sea ice coverage (Barber and Hane-
siak, 2004).10

Arctic rivers usually exhibit high organic matter content and low nutrient concentra-
tions especially for nitrogen and phosphorus (Dittmar and Kattner, 2003). The DOM
content in the Western Arctic region of the Beaufort Sea is strongly impacted by fresh-
water inputs from the Mackenzie River, which currently contributes the fourth largest
freshwater discharge to the Arctic (Gordeev, 2006) and is the dominant source of ter-15

restrial DOM to this region. River discharge, approximately 330 km3 yr−1 varies from
4000 m3 s−1 during winter (from December to May) to about 25 000 m3 s−1 during sum-
mer (from June to August) (e.g. O’Brien et al., 2006). The Mackenzie’s flux of dissolved
organic carbon (DOC) to the coastal Beaufort Sea is estimated to be ∼1.04–1.76 TgC
per year (Raymond et al., 2007).20

The chromophoric fraction of DOM (CDOM) that absorbs solar irradiation over a
broad range of ultraviolet (UV) and visible wavelengths is also delivered by the Macken-
zie River. During the spring freshet and ice break up this increased amount of ter-
restrial CDOM in coastal areas can have numerous biological, chemical and physi-
cal effects. The presence of terrestrial CDOM decreases the euphotic depth for pri-25

mary production, increases photooxidation (i.e. CO and CO2 production) and increases
mineralization of terrestrial DOC by stimulation of heterotrophic bacteria through the
photo-production of labile organic substrates (Osburn et al., 2009). The combination
of low sunlight intensity due to high solar zenith angles, large variations in seasonal
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day length, the influence of sea ice cover on sunlight penetration in surface waters,
plume dynamics of the Mackenzie, and the changing DOM photochemical and biolog-
ical reactivity in relation to season (Emmerton et al., 2008) all create a complex and
highly variable photochemical environment over the Canadian shelf (Johannessen and
Miller, 2001; Osburn et al., 2009). Consequently, in this Arctic environment that is so5

susceptible to the forcings of future climate change, better knowledge of the source,
composition and surface distribution of CDOM, along with its effects on in situ optical
characteristics is crucial to better quantify the processes involved in the organic carbon
cycle in surface waters and at the land/sea interface.

Here, we report the spatial distribution of CDOM optical properties, in-air and in-10

water sunlight optical characteristics and their evolving patterns in surface coastal
waters of the Canadian shelf of the Beaufort Sea during the summer of 2009.
CDOM optical properties in sampled water, in combination of three-dimensional Exci-
tation/Emission Matrix Spectroscopy (EEMS) with Parallel Factor Analysis (PARAFAC),
was also examined to (i) define CDOM spectral absorbance features, (ii) identify and15

characterize the primary DOM fluorescent components and (iii) trace the correspond-
ing spatial distributions of these signals in surface waters of the Canadian Arctic shelf.

2 Materials and methods

2.1 Study site and sample collection

Hydrological samples were collected from surface waters at 27 stations over the Cana-20

dian shelf of the Beaufort Sea onboard the research ice-breaker CCGS Amundsen
during the Mackenzie Light and Carbon (MALINA) cruise held from 30 July to 27 Au-
gust 2009 (Fig. 1). During this open water study period, the Mackenzie discharge was
approximately 12 000 m3 s−1 (http://www.ec.gc.ca/rhc-wsc/) and the area investigated
was characterized by an unusual ice cover extent and predominately overcast weather.25
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Samples were collected using Niskin bottles equipped with Teflon O-rings and radia-
tion in the Eastern sector contamination. For DOC determination, samples were directly

transferred from the Niskin bottle through a Polycap AS75 (Whatman®) 0.2 µm nylon fil-
ter membrane cartridge into precombusted (6 h at 450 ◦C) glass ampoules, immediately
acidified with 85 % H3PO4 (final pH ∼2) and flame sealed. Samples for CDOM and5

FDOM analysis were transferred from Niskin bottles into 10 % HCl-washed and pre-
combusted (6 h at 450 ◦C) glass bottles and directly filtered in dim light through precom-

busted 0.7 µm GF/F filters, which had been pre-rinsed with Milli-Q water (Millipore®)

water and with sample and then through 0.2 µm Nuclepore® polycarbonate filters that
had been presoaked in 10 % HCl solution and rinsed with Milli-Q water and with sam-10

ple according to the SeaWiFS protocols (Mueller and Austin, 1995). During sampling,
in situ hydrological context (temperature and salinity vs. depth) was determined with a
SeaBird Electronics 911 CTD profiler (Table 1).

2.2 Radiometric measurements

Duplicate in situ profiles of downward irradiance (Ed(z,λ); µW cm−2 nm−1) were per-15

formed, under mainly overcast skies, at 16 sampling stations (Fig. 1) using a Satlantic

MicroPro® free-fall profiler equipped with OCR-504 irradiance sensors that measure
the UV-B (305 nm), UV-A (325, 340 and 380 nm) and PAR (412, 443, 490 and 565 nm)
spectral domains (Tedetti et al., 2009). Surface irradiance (Es (λ) in µW cm−2 nm−1)
was simultaneously measured at the same wavebands on the ship’s roof with match-20

ing OCR-504 sensors to account for variations in the sky conditions during the cast as
well as to monitor UV and PAR solar irradiance during the day. For both the in-water
and in-air OCR-504 sensors, the Full-Width Half-Maximum (FWHM) was 2 nm for the

305, 325 and 340 nm channels and 10 nm for the PAR channels. The MicroPro® free-
fall profiler, equipped with pressure, temperature and tilt sensors, was deployed from25
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the front of the ship and profiled ∼50 m away to minimize shadowing effects and dis-
turbances.

Each cast was accompanied by a measurement of the dark current (instrument on
deck) and a pressure tare (instrument at sea surface). To obtain as many valid mea-
surements as possible (i.e. tilt < 5◦), the profiler was nose ballasted to provide a de-5

scent rate of ∼70 cm s−1 at a sampling rate of 7 Hz (i.e., sampling resolution of 10 cm).

Measurements were logged using Satlantic’s Satview® 2.6 software. The latter allowed
for initial data processing, such as channel integration for PAR calculations, radiomet-
ric calibration, dark correction, pressure tare application and the removal of data with

tilt < 5◦. Satview®’s data interpolation option was not used, choosing rather to work10

with the raw radiometric data for Kd calculations. Profiles of downwelling irradiance in
the total PAR range were calculated by Prosoft Satlantic software from the four PAR
channels.

The diffuse attenuation coefficients for downwelling UVR and PAR irradiances (Kd

(λ) m−1) were calculated, assuming a homogeneous surface mixed layer, as the slope15

of the best fit linear regression for the log-transformed downwelling irradiance data vs.
depth relationship defined by the equation:

Ed(z,λ) = Ed(0−,λ)exp(−Kd(λ)z) (1)

Ed (0−,λ), the downwelling irradiance just beneath the sea surface, was computed from
above-water deck irradiance measurements, Ed (0+,λ), using the theoretical relation-20

ship defined by Smith and Baker (1984):

Ed(0−,λ) = Ed(0+,λ)/(1+α) (2)

where α is the ocean surface albedo (OSA) determined using a “look up table”
(Jin et al., 2004; http://snowdog.larc.nasa.gov/jin/getocnlut.html) based on the vali-
dated Coupled Ocean-Atmosphere Radiative Transfer (COART) model. Three of the25

4 model parameters (SZA, cloud optical depth and wind speed) required to retrieve α
15572
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at any band of the solar spectrum are reported in Table 2 for our stations. The fourth
required parameter, chlorophyll a concentration, was set at a value of 0.1 µg l−1 for
all stations (S. Bélanger, personal communication, 2012). Accordingly, mean α values
at 305, 325, 340, 380 nm and PAR were 0.062 ± 0.005, 0.062 ± 0.005, 0.065 ± 0.006,
0.069 ± 0.008 and 0.055 ± 0.001, respectively. Because attenuation in natural waters is5

known to decrease with increasing wavelength in the UV range, any Kd (λ) value that
was lower than those at longer wavelengths was deleted. Values of Kd (λ) at 305 nm
were particularly prone to error. The mean variability (CV %) of Kd (UV) and Kd (PAR)
determined between duplicate profiles was within 3 %.

2.3 DOC analysis10

The Shimadzu instrument used in this study is the commercially available model TOC-
5000 Total Carbon Analyzer with a quartz combustion column filled with 1.2 % Pt on
silica pillows with modifications previously described in Sohrin and Sempéré (2005).
The accuracy and the system blank of our instrument were determined by the analysis
of seawater reference material (Hansell, D., Rosenstiel School of Marine and Atmo-15

spheric Science, Miami, USA), including Deep Atlantic Water (DAW) and Low Carbon
Water (LCW) reference standards. The average DOC concentrations in the DAW and
in the LCW reference standards were 45 ± 2 µM C (n = 24) and 1 ± 0.3 µM C (n = 24),
respectively. Carbon levels in the LCW ampoules were similar to and often higher than
the Milli-Q water produced in our laboratory. The nominal analytical precision for the20

procedure was less than 2 %.

2.4 CDOM optical properties

2.4.1 Absorbance measurements

After collection and filtration of the samples, CDOM absorbance (280–700 nm) was
measured onboard (within 24 h) using a multiple pathlength, liquid core Ultrapath25
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waveguide system (MPLCW; WPI Inc.). The detailed methodology for determining light
absorbance of CDOM (280–735 nm) using this system is documented in Matsuoka et
al. (2012). Spectral absorption coefficients, aCDOM (λ) (m−1) were obtained using the
following relationship :

aCDOM(λ) = 2.303A(λ)/L (3)5

where A (λ) (dimensionless) is the absorbance at wavelength λ (nm) and L is the path-
length in meters. The value of the spectral slope coefficient for the CDOM spectrum
(SCDOM) was determined by fitting a non-linear exponential regression to the original
aCDOM(λ) data over the 350–500 nmspectral range (Babin et al., 2003; Matsuoka et al.,
2011, 2012).10

2.4.2 Fluorescence measurements

For fluorescence measurements, samples were stored in the dark at 4 ◦C, transported
to the laboratory and analyzed in the Mediterranean Institute of Oceanography by MIO
within 3 months of sampling. Samples were transferred to a 1 cm pathlength far UV sil-
ica quartz cuvette (170–2600 nm; LEADER LAB), thermostated at 4 ◦C and analyzed15

with a Hitachi (Japan) Model F-7000 spectrofluorometer. Instrument settings, mea-
surement protocol and spectral correction procedures are fully described in Tedetti et
al. (2010) and Para et al. (2011). Briefly, the spectral correction for the instrumental
response was conducted according to the procedure recommended by Hitachi (Hi-
tachi F-7000 Instruction Manual). First, the excitation (Ex) instrumental response was20

obtained by using a Rhodamine B standard and a single-side frosted red filter in the
Ex scan mode. The emission (Em) calibration was performed with a diffuser in syn-
chronous scan mode. The Ex and Em spectra obtained over the range 240–550 nm
were applied internally as the instrument blank to correct subsequent spectra.

EEM spectra were generated using Ex wavelengths from 240 to 550 nm (5 nm25

intervals), Em wavelengths from 300 to 550 nm (2 nm intervals), a scan speed of
2400 nm min−1 and 5 nm bandwidths (Full-Width Half-Maximum; FWHMs) for both
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Ex and Em. Milli-Q water was analyzed to allow all fluorescence data (blanks, stan-
dards, samples) to be normalized to the intensity of the Raman scatter peak at Ex/Em:
275/303 nm (5 nm bandwidths) (Coble et al., 1993; Coble, 1996; Belzile et al., 2006).
Solutions of quinine sulfate (Fluka) in 0.05 M H2SO4 (1–10 ppb) were also analyzed
and FDOM data were converted into quinine sulfate units (QSU) to further normalize5

fluorescence results and to allow comparison to previously published work.
The complex mixture of fluorophores that contribute to the total FDOM signal was

then statistically decomposed into its primary components using the PARAFAC statis-
tical tool based on an alternating least square (ALS) algorithm (Stedmon et al., 2003).
The analysis was carried out in MATLAB 7.1 with the DOMFluor toolbox (Stedmon and10

Bro, 2008), freely downloadable from the Chemometrics site at the University of Copen-
hagen (www.models.life.ku.dk). Implementation of the toolbox for our data set followed
protocols presented in Stedmon and Bro (2008). A three-component PARAFAC model
was validated using split-half analysis (Stedmon et al., 2003) and provided low residual
values when compared to EEM spectra obtained from the original samples, thus con-15

firming the model’s ability to extract the majority of the samples’ fluorescent features
and appropriately characterize the surface FDOM composition for this area.

3 Results and discussion

3.1 Surface irradiance at sea surface and diffuse attenuation coefficient of light
in surface waters20

During the MALINA cruise, the mean daily doses (kJ m−2) of UV-B (305 nm), UV-
A (380 nm) and PAR incident on the sea surface were 0.12 ± 0.03, 8.46 ± 1.64 and
18.09 ± 4.20 kJ m−2, respectively. These mean daily doses were low and relatively con-
stant throughout the study period due to the presence of persistent clouds that re-
duced the overall incident solar radiation and particularly the UV-B. Such daily doses25

for UV-B (305 nm), UV-A (380 nm) and PAR (490 nm) were 10-, 2- and 1.5-fold lower,
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respectively, than that received at the sea surface in the south Pacific gyre during
(austral) summer cloudy days (Sempéré et al., 2008).

The UV-B Kd (305 nm) values in the North East sector averaged 0.380 ± 0.055 m−1.
Because the overall Es (UV-B) was notably weak, the determination of Kd (UV-B) for ap-
proximately 50 % of the stations sampled was not possible, particularly for the ‘organic-5

rich stations’ located mostly in the vicinity of the Mackenzie Delta (salinity ≤25; Ta-
ble 2). Consequently, Kd (305 nm) is not discussed extensively in the following section.
However, it is interesting to notice that Kd (305 nm) values are in the range of those
reported for other marine areas including Arctic Baffin Bay (0.58 m−1), Antarctic wa-
ters (0.29–1.15 m−1) and the Mediterranean Sea (0.14–0.92 m−1) but significantly lower10

than those reported for Arctic Sammanger fjord (1.91–3.8 m−1) (Tedetti and Sempéré,
2006). For reference, the lowest Kd (305 nm) values ever recorded in the surface ocean
(0.083 m−1) were reported for the center of the East Pacific Gyre (Tedetti et al., 2007).
Kd (λ) values determined in both the UV-A and PAR (Table 2) spectral domains

showed strong variation among the 16 sampling stations monitored (Fig. 2). Maximum15

Kd (UV-A) and Kd (PAR) values were observed in the North West and North East sec-
tors at stations 670 (closest station to the Mackenzie Delta) and 170 (Cape Bathurst
area; Fig. 1), respectively. Minimum Kd (UV-A) and Kd (PAR) values were observed
at stations 345–360 and 460, respectively (Table 2). In the North West sector, the
mean Kd (UV-A) at 325, 340 and 380 nm and Kd (PAR) values were 1.268 ± 0.383,20

1.055 ± 0.318, 0.512 ± 0.2145 and 0.136 ± 0.025 m−1, respectively, while the corre-
sponding values in the saltiest sector (North East sector; salinity >25) were approx-
imately 2.5- and 1.5-fold lower for UV-A and PAR, respectively (Fig. 3; Table 2). Just
as was discussed for Kd (305 nm) above, Kd values for UV-A and PAR are also in the
range of those reported for other marine areas including Arctic and Antarctic waters25

(0.29–1.15 m−1) and the Mediterranean Sea (0.14–0.92 m−1) (Tedetti and Sempéré,
2006).

The weak solar UV intensity measured at the sea surface suggests that there was
a limited amount of in situ photochemical degradation involving CDOM during the
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MALINA cruise, regardless of solar radiation penetration depth. Regardless, the 10 %
irradiance depth, (Z10% (λ) in m), defined as the depth where the downward irradiance
is 10 % of its surface value (Z10% (λ) = 2.3/Kd (λ)), in the North East sector had a mean
Z10% (305) value of 6 m with this value reaching 9.5 m for Z10% (340) (Station 540).
In the Mackenzie influenced area (Western sector), Z10% (305) may still reach 4.5 m5

which can be considered a significant depth for photochemical reactions in this riverine
setting.

During the relatively moderate Mackenzie discharge (12 000 m3 s−1; Carmack and
Macdonald, 2002) observed during the study period, the significant contribution of ter-
restrial CDOM was expected to control the overall spatial distribution of both Kd (UV-A)10

and Kd (PAR) values on the Canadian shelf and should correlate with the surface salin-
ity gradients induced by the Mackenzie’s plume. Indeed, in the North West sector both
Kd (UV-A) and Kd (PAR) increased with lower salinity, whereas values remained roughly
constant or slightly increased for salinity higher than 28 in the North East sector (Fig. 3;
Table 2). The downwelling attenuation of both UV-A and PAR in the North West sector15

appeared to be mainly controlled and strongly impacted by CDOM and particles carried
by the Mackenzie plume, while in the saltiest surface waters (North East sector) other
CDOM sources (primary production, CDOM production by bacterioplankton) appeared
to have the ability to increase attenuation of both UV-A and PAR almost as strongly as
the river plume.20

3.2 DOM characteristics

3.2.1 Chromophoric DOM

The overall DOM characteristics varied greatly among the three surface water salin-
ity sectors observed for the Canadian shelf during the summer of 2009 (Figs. 4–
5; Table 1). Surface mean DOC concentrations increased from 71 ± 15 µM C in the25

North East sector (salinity≥25) to 106 ± 45 and 310 ± 87 muM C in the North West
(15< salinity<25) and Mackenzie Delta (salinity<15) sectors, respectively (Fig. 4).
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Surface mean DOC and aCDOM (350) values in the Mackenzie Delta sector were up
to 4 and 20 times higher, respectively, than in the saltiest surface waters (North East
sector; Table 1). In the Mackenzie Delta and North West sectors (salinity<25), both
aCDOM (350) and DOC values decreased linearly with salinity. These co-trending re-
lationships with the surface salinity gradient (Fig. 6) highlight the fact that in surface5

waters, during the study period, aCDOM (350) was a good proxy for DOC in the Macken-
zie dilution plume area (Fig. 6). Matsuoka et al. (2012) observed a similar relationship
between DOC content and aCDOM (440). Although, the correlation between DOC and
aCDOM (350) is less significant for the saltiest waters of the North East sector (salin-
ity≥25), aCDOM (350) remained an acceptable proxy for DOC (Fig. 6).10

Based on the aCDOM (350) and DOC distributions alone, it appears that the ori-
gin of DOM in each region is shifted throughout the shelf system. In the Mackenzie
Delta and North West sectors (salinity<25), the origin of the DOM appears to be
mostly allochthonous and reflects the mixing process of the Mackenzie’s terrestrial
input, while in the saltiest surface waters (North East sector), autochthonous DOM15

appears to dominate. Sea ice formation/brine rejection and upwelling processes are
common physical features in this salty area and have the capacity to both deliver
new DOM and enhance surface in situ production of DOM (Carmack and Macdonald,
2002; Barber and Hanesiak, 2004; Guéguen et al., 2007; Walker et al., 2009; Mucci et
al., 2010). Additional CDOM could be produced by zooplankton and bacterioplankton20

communities (Nelson et al., 2004). DOM introduced by either process could have the
capacity to create the attenuation patterns for both UV-A and PAR seen in Fig. 3. An up-
welling event close to the Cape Bathurst area (Fig. 1) was clearly identified during our
sampling period and has been previously observed by Mucci et al. (2010). It enhanced
primary production in the surface waters surrounding Cape Bathurst, manifested as the25

overall highest surface chlorophyll a concentrations (∼7 µg l−1) observed at station 170
(S. Bélanger, personal communication, 2012). Subsequent organic by-products from
this productive area could explain the high values for DOC, aCDOM (350) and Kd (UV-A
and PAR) observed at this station (Tables 1 and 2).
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In general, these results suggest both allochthonous and autochthonous origins for
DOM in the surface waters of the Canadian Shelf. An additional feature of the source
material can be seen in the estimation of the optically inactive fraction of the DOC pool
in the study area. Using the y-intercept in Fig. 6 (i.e. aCDOM(350) = 0 m−1) 63.8 µM of
DOC do not absorb radiation at 350 nm in the Mackenzie River. Such results indicated5

that, on average, ∼16 % of the DOC are optically inactive at 350 nm in the Macken-
zie River, being in line with aCDOM (440) Matsuoka et al. (2012) results. Based on a
carbon content of ∼400 µM C in the river mouth (Table 1) the DOC discharge by the
Mackenzie River can be estimated, during the MALINA Cruise (30 July–27 August) to
approximately 0.22 TgC (i.e. 10 to 20 % of annual DOC fluxes and 6 to 10 % of annual10

TOC fluxes, Raymond et al., 2007; MacDonald et al., 1998). Considering that ∼64 µM C
does not absorb radiation in the UV (Fig. 6), CDOM discharge can be estimated to be
0.186 TgC. Previous study showed comparable discharge for particulate and dissolved
organic carbon on an annual basis (Macdonald et al., 1998; Dittmar and Kattner, 2003).
Kd (UV-A) and Kd (PAR) in the North West and North East sectors (i.e., at salin-15

ity>20; where radiometric measurements were performed) were significantly corre-
lated to aCDOM (350) values (Fig. 7) except for the single Kd (PAR) value observed at
station 170 (Fig. 7) where the highest chlorophyll-a content occurred (7 µg l−1, data not
shown and aCDOM (350)=0.56 m−1). Interestingly, the y-intercept values of these re-
lationships (Fig. 7) were in the range of attenuation coefficient values found for pure20

water, Kw (λ), determined by Baker and Smith (1982). Therefore, it can be argued that
CDOM is the dominant attenuator for not only UV-A radiation, but also for PAR. This is
in good agreement with Retamal et al. (2008) and their report of control of PAR-light
absorbance by CDOM in the Beaufort Sea.

The spatial evolution of SCDOM values and the specific absorption coefficient at25

350 nm, aCDOM (350), (calculated as aCDOM (350)/DOC; Table 2) are both expected
to change to reflect DOM origin and chemical structure and should reinforce the hy-
pothesis of a restricted spatial dominance of the allochthonous DOM in the Mackenzie
Delta sector (salinity <15). Interestingly, during the MALINA study period there was no

15579

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/15567/2012/bgd-9-15567-2012-print.pdf
http://www.biogeosciences-discuss.net/9/15567/2012/bgd-9-15567-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 15567–15602, 2012

UV/PAR radiations
and DOM properties
in surface coastal

waters

J. Para et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

significant difference among mean SCDOM values for each salinity sector (Table 1) de-
spite the relative scatter of SCDOM values observed at salinity >25 (Fig. 5c). This could
be attributed to the high SCDOM values determined for the allochthonous CDOM of the
Mackenzie Delta sector (SCDOM = 0.019±0.001 nm−1) that are more typical of marine
CDOM thus preventing a clear spatial contrast in SCDOM values throughout the system.5

However, the high SCDOM values for the Mackenzie Delta sector are similar to values
previously reported for CDOM from the Mackenzie River during summer (Retamal et
al., 2007; Osburn et al., 2009; Stedmon et al., 2011). Stedmon et al. (2011) and Os-
burn et al. (2009) attributed these high SCDOM values to preferential adsorption by high
molecular weight, hydrophobic DOM components of the abundant suspended sedi-10

ments as well as more extensive photodegradation of the high molecular weight frac-
tion in the important Mackenzie watershed. Interestingly, aCDOM (350) values which can
be used as a proxy of terrestrial/aromatic CDOM in the DOC pool (Belzile et al., 2002;
Gareis et al., 2010), were 5–6 times higher (15.24 ± 1.84 m2 µmol−1) in the Mackenzie
Delta sector than in the North East sector (2.71 ± 0.86 m2 µmol−1).15

3.2.2 Fluorescent DOM – fluorescent component characteristics

Three fluorescent components (Fig. 8) were identified with PARAFAC analysis using
a total of 54 EEM spectra collected from surface waters and the deep chlorophyll
maximum (DCM) for the 27 stations investigated during the MALINA cruise. Excita-
tion/Emission (Ex/Em) maxima wavelengths of the three components are presented in20

Table 3 and compared to recent Arctic and sub-Arctic studies (Stedmon et al., 2007;
Walker et al., 2009; Fellman et al., 2010). The Ex/Em maxima of component 1 (C1)
are close to the marine humic-like (M peak) proposed by Coble (1996) and has been
reported to be a ubiquitous component derived from the microbial degradation of phyto-
plankton by-products (Nagata, 2000; Stedmon and Markager, 2005; Zhang et al., 2009)25

and from specific Arctic terrestrial sources at low salinity (Walker et al., 2009). Compo-
nent 2 (C2) presents a similar pattern to peaks A and C of Coble et al. (1998) and have
been previously associated with high molecular weight and aromatic terrestrial organic
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matter (Stedmon et al., 2003; Walker et al., 2009). The low Ex/Em maxima of C3 are
comparable to protein-like components previously observed in surface waters of fresh
and marine systems (Coble, 1996; Yamashita et al., 2003; Para et al., 2010).

Our results showed that the C1 and C2 components are significantly correlated
with both salinity (negative linear correlation) and aCDOM (350) (positive linear corre-5

lation) in the Delta and North West sectors (Figs. 9–10). Interestingly, at higher salinity
(S ≥25, North-East sector) the correlations are no longer observed. The C3 compo-
nent did not exhibit any correlation with either salinity or aCDOM (350). In the North East
sector (salinity>25), the relative contribution of fluorescent components was clearly
dominated by the protein-like C3 (57 ± 7 %), followed by the ubiquitous humic-like C110

(30 ± 4 %) and the terrestrial C2 (13 ± 4 %), respectively. In surface waters of the North
West sector (15< salinity<25), we observed a co-dominance of both C1 (40 ± 8 %)
and C3 (40 ± 13 %) while the relative contribution of the terrestrial component C2 was
around two times lower (20 ± 6 %). In the Mackenzie Delta sector (salinity<15), the
relative contribution of the in-situ biological component C1 (52 ± 2 %) and terrestrial15

component C2 (36 ± 6 %) reached their highest contribution, while C3 (12 ± 7 %) was
around 5 times lower than the same component determined for the saltiest surface
waters.

Therefore, during our study period, the FDOM content in surface waters of the Cana-
dian shelf was strongly influenced by allochthonous DOM that originated from the20

Mackenzie, except in the saltiest waters where autochthonous in-situ biological FDOM
prevailed. Surprisingly, the allochthonous fluorescent DOM carried by the Mackenzie
into the Beaufort Sea presents both a terrestrial humic and a in-situ biological signature.
Indeed, the fluorescence intensity of the in-situ biological component C1 co-dominated
with the terrestrial humic-like component C2 in controlling the overall allochthonous flu-25

orescent DOM pool of the Mackenzie Delta sector. Interestingly, the overall distribution
of the terrestrial component C2 appeared restricted to the Mackenzie Delta sector and
correlated well with the strongly absorbing allochthonous DOM observed, while the
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surface distribution of the in-situ biological component C1 appeared more widespread
in the whole system.

The Mackenzie Delta is composed of numerous (∼45 000) shallow (1.6 m depth on
average) macrophyte-rich lakes (Emmerton et al., 2007; Squires et al., 2009) that sig-
nificantly influence the Mackenzie DOM content prior to its marine discharge in summer5

(Emmerton et al., 2008; Gareis et al., 2010). In addition, macrophyte and phytoplank-
ton degradation/exudation processes in fresh shallow (Zhang et al., 2009) and marine
systems can lead to the production of a marine humic-like fluorescent component (M
peak; Coble, 1996) comparable to our C1. Therefore, the strong in situ biological flu-
orescent DOM fraction observed in the Mackenzie Delta sector during this study may10

partly originate from strong biological activity (Squires et al., 2009) occurring in these
catchments. This finding complements previous work and provides valuable evidence
concerning the Mackenzie organic matter quality which is depleted in humic material as
reported previously during summer time; this depletion is attributed to (i) a long fresh-
water residence time in Mackenzie catchments (Retamal et al., 2007), (ii) a preferen-15

tial sorption of the high molecular weight hydrophobic DOM components to abundant
suspended sediments (Stedmon et al., 2011) and (iii) a more extensive photodegrada-
tion of the high molecular weight fraction occurring in the Mackenzie watershed during
summer (Osburn et al., 2009).

4 Conclusions20

In this study, the specific absorbance (aCDOM (350)) and the magnitude of CDOM in the
Mackenzie Delta sector (salinity<15) were significantly higher than those observed in
the saltiest waters (salinity>25) while the values for the intermediate salinity sector
(15< salinity<25) were characteristic of a DOM transition zone. Surface CDOM, that
could be considered the dominant attenuator of UV-A and PAR radiation, was a good25

proxy for DOC in both the Mackenzie dilution plume area (salinity<25 conservative
behavior) and in the saltiest waters (salinity>25; in situ DOM production coupled with
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a limited DOM photodegradation process). Despite SCDOM values being similar across
the different surface salinity sectors, two distinct origins of the absorbent DOM content
were observed throughout this system. The reactive allochthonous DOM dominated
only in the Mackenzie Delta sector (salinity<15) and the autochthonous DOM was
prevalent in the North East sector (salinity>25).5

The EEM composition was surprisingly dominated by both biological components
through the system. The spatial distribution of the protein-like component C3 was rela-
tively homogeneous throughout the system except at specific off shore stations where
processes leading to its in situ production occurred. In contrast, the overall distribution
of the terrestrial component C2 appeared was restricted to the Mackenzie Delta sec-10

tor and paralleled exactly the highly absorbing allochthonous CDOM observed. The
surface distribution of the in-situ biological component C1 appeared more widespread
than the terrestrial component C2 throughout the system, most likely due to the ubiq-
uitous nature of its formation. However, it is clear and surprising that the strongest C1
signature was observed in the Mackenzie Delta sector. This in-situ biological compo-15

nent probably originates from the important phytoplanktonic and macrophytic activity
(Squires et al., 2009) occurring in the open waters of the Mackenzie’s freshwater catch-
ment prior its marine discharge.

This finding provides valuable information concerning the Mackenzie River’s organic
matter quality which appears to be depleted in humic terrestrial materials as noted pre-20

viously during summer, this depletion is attributed to (i) a high freshwater residence
time in Mackenzie catchments (Retamal et al., 2007), (ii) a preferential adsorption of
the high molecular hydrophobic DOM components to abundant suspended sediments
(Stedmon et al., 2011) and (iii) a more extensive photodegradation of the high molecu-
lar weight fraction occurring in the vast Mackenzie watershed during the summer period25

(Osburn et al., 2009). Moreover, these statements taken as a whole will help explain
the large proportion of autochthonous CDOM recently evidenced in surface waters of
the Canadian Basin (Stedmon et al., 2011) compared to the more riverine findings for
the Eurasian Basin. Therefore, the apparent autochthonous CDOM evolution in surface
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waters of the Canadian Basin may be the result of a biological CDOM mixture produced
either in the watershed (terrestrial) and in-situ.
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Table 1. Bottom depth, temperature, salinity, DOC and absorbance properties, includ-
ing CDOM absorption coefficient, spectral slope and the specific absorption coefficient at
350 nm(aCDOM *(350) determined in surface waters of each sampling stations and among the
different sectors investigated (i.e. North East, North West and Mackenzie Delta sectors) ob-
served.

Station Bottom depth Temperature Salinity DOC aCDOM (350) aCDOM *(350) SCDOM

(m) (◦C) (µM) (m−1) (m2 µmol−1) (nm−1)

North East sector

150 65 3.55 29.41 83.6 0.29 3.51 0.020
170 37 3.19 29.37 114.7 0.56 4.89 0.018
260 59 4.61 29.26 79.9 0.19 2.32 0.019
110 407 4.36 28.93 75.2 0.14 1.89 0.019
240 475 3.23 28.90 61.9
130 310 4.63 28.22 67.5 0.17 2.53 0.019
135 227 2.24 28.05 67 0.15 2.19 0.020
380 62 4.41 27.67 74.2 0.21 2.88 0.019
280 41 4.71 27.63 89.3 0.38 4.21 0.019
223 940 −0.07 27.54 65.7 0.15 2.31 0.019
345 586 1.96 27.49 62 0.12 1.95 0.020
340 559 0.13 26.87 61.1 0.13 2.09 0.020
320 1134 −0.78 26.52 58.4 0.13 2.28 0.019
360 76 −0.17 26.47 61.9 0.12 2.01 0.021
540 1511 −0.41 25.73 61.4 0.16 2.60 0.023
430 1282 −0.78 25.96 59.2 0.14 2.37 0.022
460 357 −0.09 24.78 58.1 0.19 3.26 0.021

Mean 478 2.04 27.58 70.6 0.20 2.71 0.020
SD 471 2.18 1.38 14.7 0.12 0.86 0.001

North West sector

760 543 0.54 22.52 73.4 0.43 5.80 0.019
620 1541 2.07 22.06 93.7 0.77 8.20 0.019
660 259 4.25 21.90 104.3 0.77 7.38 0.019
670 124 5.39 21.86 105.2
394 11 8.81 21.45 199.7 2.28 11.42 0.017
780 49 4.10 21.08 110.3 0.77 6.97 0.019

Mean 421 4.19 21.81 114.4 1.00 7.95 0.019
SD 581 2.85 0.50 43.8 0.73 2.12 0.001

Mackenzie Delta sector

680 121 8.05 14.76 118.5 2.35 12.49 0.018
694 11 9.28 9.43 316.3 5.05 15.96 0.019
695 4 9.56 7.56 341.7 5.60 16.39 0.019
696 3 10.08 0.23 394.2 6.36 16.13 0.020

Mean 35 9.24 8.00 292.9 4.84 15.24 0.019
SD 58 0.86 6.01 120.5 1.74 1.84 0.001
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Table 2. Values of diffuse attenuation coefficient of light in the UV-B (305 nm), UV-A (325, 340
and 380 nm) and PAR spectral domains determined in surface waters of each sampling stations
and among the different sectors. Environmental conditions, including SZA, wind speed, cloud
optical depth estimation are also reported as well as the maximal depth range from which
surface Kd (λ) values were derived.

Station SZA (Deg.) Wind speed Cloud optical Depth range Kd (305 nm) Kd (325 nm) Kd (340 nm) Kd (380 nm) Kd (PAR)
(ms-1) depth (m) (ms-1) (ms-1) (ms-1) (ms-1) (ms-1)

North East sector

150 71 13 20 0–10 – 0.477 0.367 0.199 0.101
170 56 5 20 0–7 – 1.135 0.959 1.582 0.235
260 58 2 5 0–30 0.461 0.403 0.304 0.159 0.088
110 56 13 15 0–30 0.448 0.346 0.260 0.129 0.076
240 68 9 15 0–30 – 0.342 0.257 0.129 0.071
135 59 9 10 0–30 0.359 0.352 0.135 0.070
380 66 3 10 0–6 – 0.635 0.495 0.241 0.093
345 58 3 15 0–30 0.366 0.296 0.111
360 57 4 10 0–30 0.306 0.283 0.229 0.117 0.063
540 58 3 10 0–30 0.361 0.316 0.241 0.112 0.064
460 66 5 5 0–30 0.360 0.337 0.266 0.127 0.070
Mean 0.380 0.447 0.351 0.276 0.091
SD 0.055 0.249 0.216 0.458 0.049

North West sector

760 62 2 10 0–8 – 0.790 0.620 0.298 0.100
620 66 3 5 0–5 – 1.135 0.927 0.423 0.122
660 79 4 5 0–8 – – 0.999 0.609 0.146
670 55 7 5 0–5 – 1.641 1.414 0.615 0.163
780 80 2 10 0–6 – 1.504 1.316 0.616 0.150
Mean 1.268 1.055 0.512 0.136
SD 0.383 0.318 0.145 0.025
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Table 3. Spectral characteristics of the three components identified by PARAFAC analysis com-
pared to previously identified components including Arctic and sub-Arctic studies (Stedmon et
al., 2007; Walker et al., 2009; Fellman et al., 2010). Position of Ex/Em maxima of C1, C2 and
C3 are deduced from their corresponding spectra reported in Fig. 8.

Components

C1 C2 C3

Ex. Maxima (nm) <240 (300) <240 (340) <240 (275)
Em. Maxima (nm) 404 472 314

Coble et al. (1998) M A and © B and T
Stedmon et al. (2007) C3 C1 C4 and C5
Walker et al. (2009) BERC6 BERC3 BERC5
Fellman et al. (2010) C5 CA and (C2) C8 and C7
Source Marine and Terrestrial Amino acids

Terrestrial (allochtonous) (allochtonous)
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 690	  
 691	  

 692	  

Figure 1. Location and station number investigated during the MALINA cruise in the 693	  

Canadian Shelf of the Beaufort Sea. Yellow stars represent the stations where profiles of 694	  

downward irradiance were performed. 695	  

 696	  

 697	  

 698	  

 699	  

 700	  

Depth

Mackenzie
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Fig. 1. Location and station number investigated during the MALINA cruise in the Canadian
Shelf of the Beaufort Sea. Yellow stars represent the stations where profiles of downward irra-
diance were performed.
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 701	  

 702	  

 703	  

 704	  

Figure 2. Map of the sea surface salinity illustrating the different surface salinity sectors 705	  

observed during the study: Mackenzie Delta Sector (salinity < 15), North West Sector (15 < 706	  

salinity < 25) and North East Sector (salinity > 25). Isohalines 15 and 25 mark the boundaries 707	  

of these sectors. 708	  

 709	  

 710	  

 711	  

 712	  

 713	  

 714	  

25

North East
Sector

North West
Sector

Mackenzie Delta
Sector

SEA SURFACE SALINITY SECTORS

Fig. 2. Map of the sea surface salinity illustrating the different surface salinity sectors observed
during the study: Mackenzie Delta sector (salinity<15), North West sector (15< salinity<25)
and North East sector (salinity>25). Isohalines 15 and 25 mark the boundaries of these
sectors.
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 715	  

 716	  

 717	  

Figure 3. Diffuse attenuation coefficient of light (Kd) at 325, 340, 380 nm and PAR as a 718	  

function of surface salinity in the North East (circles) and North West (squares) sectors. 719	  

Station 170 was characterized by high DOC (117 µM), Chlorophyll a (~7 µg l-1) and 720	  

aCDOM(350 nm) (0.56 m-1) content. 721	  
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Fig. 3. Diffuse attenuation coefficient of light (Kd) at 325, 340, 380 nmand PAR as a function of
surface salinity in the North East (circles) and North West (squares) sectors. Station 170 was
characterized by high DOC (117 µM), Chlorophyll a (∼7 µg l−1) and aCDOM (350 nm) (0.56 m−1)
content.
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 723	  

Figure 4. Map of the surface DOC (µM) distribution in Beaufort Sea during the MALINA 724	  

cruise. 725	  
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Fig. 4. Map of the surface DOC (µM) distribution in Beaufort Sea during the MALINA cruise.
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 727	  

Figure 5. Dissolved organic carbon (DOC) (A), absorption coefficient at 350 nm (aCDOM(350)) 728	  

(B) and spectral slope (SCDOM) (C) as a function of surface salinity in the North East (circles), 729	  

North West (squares) and Mackenzie Delta (triangles) sectors. 730	  
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Fig. 5. Dissolved organic carbon (DOC) (A), absorption coefficient at 350 nm(aCDOM (350)) (B)
and spectral slope (SCDOM) (C) as a function of surface salinity in the North East (circles), North
West (squares) and Mackenzie Delta (triangles) sectors.
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 733	  

 734	  

 735	  

Figure 6. Relationships observed between dissolved organic carbon (DOC) concentration and 736	  

absorption coefficient of CDOM at 350 nm (aCDOM(350)) determined in the Mackenzie Delta 737	  

and North West sectors (salinity < 25, triangles and squares) and in the North East Sector 738	  

(salinity > 25, circles). 739	  
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Fig. 6. Relationships observed between dissolved organic carbon (DOC) concentration and
absorption coefficient of CDOM at 350 nm (aCDOM (350)) determined in the Mackenzie Delta
and North West sectors (salinity<25, triangles and squares) and in the North East sector
(salinity>25, circles).
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 744	  

Figure 7. Relationships between surface diffuse attenuation coefficient of light (Kd) 745	  

determined in the UVR-A (325, 340 and 380 nm) and PAR spectral domains with absorption 746	  

coefficient of CDOM at 350 nm (aCDOM(350)) observed in the two saltiest surface salinity 747	  

sectors [North West (squares) and North East sectors (circles)]. Kw =diffuse attenuation 748	  

coefficient values for pure water (Kw(λ)) determined by Baker and Smith (1982). 749	  
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Fig. 7. Relationships between surface diffuse attenuation coefficient of light (Kd) determined
in the UVR-A (325, 340 and 380 nm) and PAR spectral domains with absorption coefficient of
CDOM at 350 nm (aCDOM (350)) observed in the two saltiest surface salinity sectors [North West
(squares) and North East sectors (circles)]. Kw =diffuse attenuation coefficient values for pure
water (Kw (λ)) determined by Baker and Smith (1982).
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 752	  

Figure 8. Emission (dashed line) and Excitation (solid line) spectra (left panels) and contour 753	  

plots (right panels) of the three main fluorescent components identified in the dataset (n = 54). 754	  

Ex/Em Component 1: 240 (300)/404; Ex/Em Component 2: 240 (340)/472 and Ex/Em 755	  

Component 3: 240 (275)/314. 756	  
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Fig. 8. Emission (dashed line) and Excitation (solid line) spectra (left panels) and contour plots
(right panels) of the three main fluorescent components identified in the dataset (n = 54). Ex/Em
Component 1: 240 (300)/404; Ex/Em Component 2: 240 340)/472 and Ex/Em Component 3:
240 (275)/314.
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 759	  

Figure 9. Relationships observed between C1 (A, B) and C2 (C, D) components with 760	  

absorption coefficient of CDOM at 350 nm [aCDOM(350)] and salinity determined in the 761	  

Mackenzie Delta (triangles) and North West sectors (squares). 762	  
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Fig. 9. Relationships observed between C1 (A, B) and C2 (C, D) components with absorption
coefficient of CDOM at 350 nm [aCDOM (350)] and salinity determined in the Mackenzie Delta
(triangles) and North West sectors (squares).
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 764	  

 765	  

 766	  

Figure 10. Spatial distribution of fluorescence intensity (QSU) of the component 1, 2 and 3 767	  

identified in surface waters of the Canadian shelf in the Beaufort Sea.  768	  

 769	  
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Fig. 10. Spatial distribution of fluorescence intensity (QSU) of the component 1, 2 and 3 iden-
tified in surface waters of the Canadian Shelf in the Beaufort Sea.
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