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and Qúebec-Oćean, Universit́e Laval, Pavillon Alexandre-Vachon 1045, Avenue de la Médecine, Local 2078,
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Abstract. Surface waters from the Beaufort Sea in the Arctic
Ocean were evaluated for dissolved organic carbon (DOC),
and optical characteristics including UV (ultraviolet) radia-
tion and PAR (photosynthetically active radiation) diffuse at-
tenuation (Kd), and chromophoric and fluorescent dissolved
organic matter (CDOM and FDOM) as part of the MALINA
field campaign (30 July to 27 August). Spectral absorption
coefficients (aCDOM (350 nm) (m−1)) were significantly cor-
related 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 both UV and PAR
solar radiation and suggests its use as an optical proxy for
DOC concentrations in this region. While the Mackenzie in-
put is the main driver of CDOM dynamics in low salinity
waters, locally, primary production can create significant in-
creases in CDOM. Extrapolating CDOM to DOC relation-
ships, we estimate that∼ 16 % of the DOC in the Macken-
zie River does not absorb radiation at 350 nm. The dis-
charges of DOC and its chromophoric subset (CDOM) 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 fluores-
cence excitation/emission matrix spectroscopy (EEMS) and
parallel factor (PARAFAC) analysis. Our results showed an
aquatic dissolved organic matter (DOM) component (C1),
probably produced in the numerous lakes of the watershed,

that co-dominated with a terrestrial humic-like component
(C2) in the Mackenzie Delta Sector. This aquatic DOM could
partially explain the high CDOM spectral slopes observed in
the Beaufort Sea.

1 Introduction

Even though the Arctic Ocean comprises only∼ 1 % of the
earth’s total ocean volume and∼ 3 % of its surface area,
it currently receives∼ 11 % of the global river runoff (Op-
sahl et al., 1999). Moreover, the effects of climate change
are more pronounced toward the earth’s poles. Increasing
air temperatures (+3 to 4◦C; IPCC, 2007) enhance numer-
ous biogeochemical changes, particularly by affecting the in-
tegrity 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 per-
mafrost regions (Tarnocai et al., 2009) that are now warming
(Foley, 2005). Therefore, increases 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 Hanesiak, 2004).
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Arctic rivers usually exhibit high organic matter content and
low nutrient concentrations, especially for nitrogen and phos-
phorus (Dittmar and Kattner, 2003). The DOM content in
the Western Arctic region of the Beaufort Sea is strongly im-
pacted by freshwater inputs from the Mackenzie River, which
currently contributes the fourth-largest freshwater discharge
to the Arctic (Gordeev, 2006) and is the dominant source
of terrestrial DOM to this region. River discharge, approx-
imately 330 km3 yr−1varies 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).

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 Mackenzie River.
During the spring freshet and ice break-up, this increased
amount of terrestrial CDOM in coastal areas can have nu-
merous biological, chemical and physical effects. The pres-
ence of terrestrial CDOM decreases the euphotic depth for
primary production, increases photo-oxidation (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 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 biological reactivity in
relation to season (Emmerton et al., 2008) all create a com-
plex and highly variable photochemical environment over the
Canadian shelf (Johannessen and Miller, 2001; Osburn et
al., 2009). Consequently, in this Arctic environment that is
so susceptible to the forcings of future climate change, bet-
ter knowledge of the source, composition and surface dis-
tribution of CDOM, along with its effects on in situ optical
characteristics, is crucial to better quantify the processes in-
volved 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-water sunlight optical characteris-
tics, 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 com-
bination with three-dimensional excitation/emission matrix
spectroscopy (EEMS) and parallel factor (PARAFAC) anal-
ysis, were also examined to (i) define CDOM spectral ab-
sorbance features, (ii) identify and 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 Canadian shelf of the Beaufort Sea on-
board the research ice-breaker CCGSAmundsenduring the
Mackenzie Light and Carbon (MALINA) cruise held from
30 July to 27 August 2009 (Fig. 1 and 2). During this open
water study period, the Mackenzie discharge was approxi-
mately 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. According to
the freshwater influence of the Mackenzie River estimated
from the salinity (S), three different sectors were defined in-
cluding Mackenzie Delta sector (S < 15), North West sector
(S < 23) and North East sector (S > 23). Samples were col-
lected using Niskin bottles equipped with Teflon O-rings and
silicon tubes to avoid chemical contamination. For fluores-
cence determination, samples were directly transferred from
the Niskin bottle through a Polycap AS 75 (Whatman®)
0.2 µm nylon filter membrane cartridge into precombusted
(6 h at 450◦C) glass ampoules and stored at−20◦C in the
dark until analyses. Polycap AS 75 were washed with HCL
5 %, then with 5 L of Milli-Q (Millipore®) water and finally
rinsed with 4–5 L of sea water before sampling. A new Poly-
cap AS 75 filter was used for each sample. The 0.2 µm filtra-
tion avoids rupture of microbial cells during the freeze–thaw
cycle and thus minimized changes in fluorescence proper-
ties due to storage (Yamashita et al., 2010). However, la-
bile protein-like materials could be degraded during stor-
age, thus protein-like C3 fluorophore will not be discussed
in this article. For CDOM, samples were transferred from
Niskin bottles into 10 % HCl-washed and precombusted (6 h
at 450◦C) glass bottles covered with aluminium foil and di-
rectly filtered in dim light using 0.2 µm GHP filters (Acrodisc
Inc.) pre-rinsed with 200 mL of Milli-Q water. DOC samples
were sampled online with the Niskin bottle using a Milli-
pore Swinnex-47 cartridge holder equipped with a precom-
busted (6 h at 450◦C) 0.7 µm GF/F filters, which had been
pre-rinsed with Milli-Q water and with samples. Ampoules
were immediately acidified with 85 % H3PO4 (final pH 2)
and flame sealed. During sampling, in situ hydrological con-
text (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 performed, under mainly overcast
skies, at 16 sampling stations (Fig. 1) using a Satlantic
MicroPro® free-fall profiler equipped with OCR-504 irra-
diance sensors that measure the UV-B (305 nm), UV-A (325,
340 and 380 nm) and PAR (photosynthetically active radia-
tion; 412, 443, 490 and 565 nm) spectral domains (Tedetti
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http://www.ec.gc.ca/rhc-wsc/


J. Para et al.: UV/PAR radiation and DOM properties in surface coastal waters 2763

32	  
	  

 707	  
 708	  

 709	  

Figure 1. Location and station number investigated during the MALINA cruise in the 710	  

Canadian Shelf of the Beaufort Sea. Yellow stars represent the stations where profiles of 711	  

downward irradiance were performed. 712	  
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Fig. 1. Locations and station numbers investigated during the MALINA cruise over the Canadian shelf of the Beaufort Sea. Yellow stars
represent the stations where profiles of downward irradiance were performed.

et al., 2007). Surface irradiance (Es(λ) in µW cm−2 nm−1)

was simultaneously measured at the same wavebands on the
ship’s roof with matching 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 at 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, tem-
perature and tilt sensors, was deployed from the front of the
ship and profiled∼ 50 m away to minimize shadowing ef-
fects and disturbances.

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 measurements as pos-
sible (i.e. tilt< 5◦), the profiler was nose ballasted to provide
a descent 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. This allowed for
initial data processing, such as channel integration for PAR
calculations, radiometric calibration, dark correction, pres-
sure tare application and the removal of data with tilt> 5◦.
Satview®’s data interpolation option was not used, choosing

rather to work with the raw radiometric data forKd calcu-
lations. 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 UV ra-
diation and PAR irradiances (Kd(λ) m−1) were calculated,
assuming a homogeneous surface mixed layer, as the slope
of the best-fit linear regression for the log-transformed down-
welling irradiance data vs. depth relationship defined by the
following 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 relationship
defined by Smith and Baker (1984):

Ed
(
0−,λ

)
= Ed

(
0+,λ

)
/(1+ α), (2)

where α is is the Fresnel reflection albedo for irradiance
from sun and sky determined using a “look-up table” (Jin
et al., 2004;http://snowdog.larc.nasa.gov/jin/getocnlut.html)
based on the validated Coupled Ocean–Atmosphere Radia-
tive Transfer (COART) model. Because attenuation in natu-
ral waters is known to decrease with increasing wavelength
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Table 1. Bottom depth, temperature, salinity, DOC and absorbance properties, including CDOM absorption coefficient, specific absorption
coefficient at 350 nm (aCDOM*(350)) and the spectral slope determined in surface waters of each sampling station and among the different
sectors investigated (i.e. North East, North West and Mackenzie Delta sectors) observed.

Station Bottom Temperature Salinity DOCaCDOM (350) aCDOM*(350) SCDOM
depth (m) (◦C) (µM) (m−1) (m2 µmol−1) (nm−1)

North East Sector

150 65 3.55 29.41 84 0.29 3.51 0.020

170 37 3.19 29.37 115 0.56 4.89 0.018
260 59 4.61 29.26 80 0.19 2.32 0.019
110 407 4.36 28.93 75 0.14 1.89 0.019
240 475 3.23 28.90 62
130 310 4.63 28.22 68 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 0.21 2.88 0.019
280 41 4.71 27.63 89 0.38 4.21 0.019
223 940 −0.07 27.54 66 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 0.13 2.09 0.020
320 1134 −0.78 26.52 58 0.13 2.28 0.019
360 76 −0.17 26.47 62 0.12 2.01 0.021
540 1511 −0.41 25.73 61 0.16 2.60 0.023
430 1282 −0.78 25.96 59. 0.14 2.37 0.022
460 357 −0.09 24.78 58 0.19 3.26 0.021

Mean 478 2.04 27.58 71 0.20 2.71 0.020
SD 471 2.18 1.38 15 0.12 0.86 0.001

North West Sector

760 543 0.54 22.52 73 0.43 5.80 0.019
620 1541 2.07 22.06 94 0.77 8.20 0.019
660 259 4.25 21.90 104 0.77 7.38 0.019
670 124 5.39 21.86 105
394 11 8.81 21.45 200 2.28 11.42 0.017
780 49 4.10 21.08 110 0.77 6.97 0.019

Mean 421 4.19 21.81 114 1.00 7.95 0.019
SD 581 2.85 0.50 44 0.73 2.12 0.001

Mackenzie Delta Sector

680 121 8.05 14.76 188. 2.35 12.49 0.018
694 11 9.28 9.43 316. 5.05 15.96 0.019
695 4 9.56 7.56 342 5.60 16.39 0.019
696 3 10.08 0.23 394 6.36 16.13 0.020

Mean 35 9.24 8.00 293 4.84 15.24 0.019
SD 58 0.86 6.01 120 1.74 1.84 0.001

in the UV range, anyKd(λ) value that was lower than those at
longer wavelengths was deleted. Values ofKd(λ) at 305 nm
were particularly prone to error. The mean variability (CV %)
of Kd(UV) andKd(PAR) determined between duplicate pro-
files was within 3 %.

2.3 DOC analysis

The Shimadzu instrument used in this study is the commer-
cially available model TOC-5000 Total Organic Carbon An-
alyzer with a quartz combustion column filled with 1.2 % Pt
on silica pillows with modifications previously described in
Sohrin and Semṕeŕe (2005).

Calibration of the instrument was performed daily using
Milli-Q acidified with H3PO4 water as blank and potassium

Biogeosciences, 10, 2761–2774, 2013 www.biogeosciences.net/10/2761/2013/
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Figure 2. Map of the sea surface salinity illustrating the different surface salinity sectors 722	  

observed during the study: Mackenzie Delta Sector (salinity < 15), North West Sector (15 < 723	  

salinity < 25) and North East Sector (salinity > 25). Isohalines 15 and 25 mark the boundaries 724	  

of these sectors. 725	  
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Fig. 2. Map of the sea surface salinity illustrating the different sur-
face 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.

hydrogen phthalate diluted in Milli-Q water and acidified
with H3PO4 (range 0–400 µMC, five points) prepared just
before sample analysis as a standard. The running blank was
determined as the average of the peak area of the Milli-Q wa-
ter acidified with H3PO4. The DOC concentrations were de-
termined by subtracting the running blank from the average
peak area of the samples (n = 4 or 5) and dividing the result
by the slope of the calibration curve. The acidified Milli-Q
water was injected in triplicate after every 4 samples. The
measurement accuracy and the system blank of our instru-
ment were determined by the analysis of seawater reference
material (D. Hansell, Rosenstiel School of Marine and At-
mospheric Science, Miami, USA), including Deep Atlantic
Water (DAW) and Low Carbon Water (LCW) reference stan-
dards. 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 an-
alytical precision for the procedure was 2 % or less.

2.4 CDOM optical properties

2.4.1 Absorbance measurements

After collection and filtration of the samples, CDOM ab-
sorbance (280–700 nm) was measured onboard (within 24 h)
using a multiple pathlength, liquid core UltraPath 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) (this is-
sue). Spectral absorption coefficients,aCDOM(λ) (m−1) were
obtained using the following relationship:

aCDOM(λ) = 2.303A(λ)/L, (3)

where A(λ) (dimensionless) is the absorbance at wavelength
λ (nm) andL is the pathlength 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 originalaCDOM(λ) data over the 350–500 nm spectral
range (Stedmon et al., 2000; Babin et al., 2003; Matsuoka
et al., 2011, 2012). TheaCDOM(λ) at 350 nm (aCDOM(350))
was used as a proxy for the absorbent DOC. The specific ab-
sorption coefficient at 350 nm,aCDOM*(350), was calculated
asaCDOM(350)/DOC (m2 µMC−1) to estimate the efficiency
with which DOC absorbs UV radiation and is used in this
study to provide insight on the origin and types of CDOM in
the Beaufort Sea.

2.4.2 Fluorescence measurements

For fluorescence measurements, samples were stored in the
dark at−20◦C, transported frozen to the MIO laboratory,
and analyzed within 3 months of sampling. Thawed sam-
ples were transferred to a 1 cm pathlength far UV silica
quartz cuvette (170–2600 nm; LEADER LAB), thermostated
at 4◦C and analyzed with a Hitachi (Japan) Model F-7000
spectrofluorometer. Instrument settings, measurement proto-
col and spectral correction procedures are fully described in
Tedetti et al. (2010) and Para et al. (2011). Briefly, the spec-
tral correction for the instrumental response was conducted
according to the procedure recommended by Hitachi (Hitachi
F-7000 Instruction Manual). First, the excitation (Ex) instru-
mental response was obtained by using a rhodamine B stan-
dard and a single-side frosted red filter in the Ex scan mode.
The emission (Em) calibration was performed with a diffuser
in synchronous scan mode. The Ex and Em spectra obtained
over the range 240–550 nm were applied internally as the in-
strument blank to correct subsequent spectra.

EEM spectra were generated using Ex wavelengths from
240 to 550 nm (5 nm 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 at half maximum; FWHM)
for both Ex and Em. Milli-Q water was analyzed to nor-
malize all fluorescence data (blanks, standards, 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 sul-
fate (Fluka) in 0.05 M H2SO4 (1–10 ppb) were also analyzed
and fluorescent dissolved organic matter (FDOM) data were
converted into quinine sulfate units (QSU) to further normal-
ize fluorescence results and to allow comparison to previ-
ously 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 statisti-
cal tool based on an alternating least squares (ALS) algo-
rithm (Stedmon et al., 2003). The analysis was carried out
in MATLAB 7.1 with the DOMFluor toolbox (Stedmon and
Bro, 2008), freely downloadable from the Chemometrics site
at the University of Copenhagen (www.models.life.ku.dk).
Implementation of the toolbox for our data set followed

www.biogeosciences.net/10/2761/2013/ Biogeosciences, 10, 2761–2774, 2013
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Figure 3. Diffuse attenuation coefficient of light for Kd at 325 nm as a function of surface 735	  

salinity in the North East (circles) and North West (squares) sectors. Station 170 was 736	  

characterized by high DOC (115 µM), Chlorophyll a (1.72 µg l-1), primary productivity (37.9 737	  

mgC m-3 d-1) and aCDOM(350) (0.56 m-1) content. Similar pattern was observed for 340 and 738	  

380 nm wavelengths and for PAR spectral domain. 739	  
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Fig. 3. Diffuse attenuation coefficient of light forKd at 325 nm
as a function of surface salinity in the North East (circles) and
North West (squares) sectors. Station 170 was characterized by high
DOC (115 µM), chlorophylla (1.72 µg L−1), primary productivity
(37.9 mgC m−3 d−1) andaCDOM(350) (0.56 m−1) content. A sim-
ilar pattern was observed for 340 and 380 nm wavelengths and for
PAR spectral domain.

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 confirming the model’s ability to ex-
tract the majority of the samples’ fluorescent features and ap-
propriately 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 waters

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 constant throughout the study pe-
riod due to the presence of persistent clouds that reduced the
overall incident solar radiation and particularly the UV-B.
Thus, photochemical processes were probably limited dur-
ing the summer of 2009 in the Beaufort Sea. For comparison,
such daily doses for UV-B (305 nm), UV-A (380) and PAR
(490 nm) were 10-, 2- and 1.5-fold lower, respectively, than
those received at the sea surface in the South Pacific gyre
during (austral) summer cloudy days (Sempéŕe et al., 2008).

Because the overall surface irradiance Es(UV-B) was no-
tably weak, the determination ofKd(UV-B) for approxi-
mately 50 % of the stations sampled was not possible, par-
ticularly for the “organic-rich stations” located mostly in the
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Figure 4. Dissolved organic carbon (A) and spectral absorption coefficients aCDOM(350) (B) as 743	  

a function of surface salinity in the North East (circles), North West (squares) and Mackenzie 744	  

Delta (triangles) sectors. Linear regressions are given for the North West and Mackenzie delta 745	  

sectors. 746	  
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Fig. 4. Dissolved organic carbon(A) and spectral absorption co-
efficientsaCDOM(350) (B) as a function of surface salinity in the
North East (circles), North West (squares) and Mackenzie Delta (tri-
angles) sectors. Linear regressions are given for the North West and
Mackenzie Delta sectors.

vicinity of the Mackenzie Delta (salinity≤ 25; Table 2). Con-
sequently,Kd (305 nm) is not discussed extensively in the
following section.Kd(λ) values determined in both the UV-
A and PAR spectral domains showed strong variation among
the 16 sampling stations monitored in the North West Sector.
Both Kd(UV-A) and Kd(PAR) increased with lower salin-
ity, whereas values remained roughly constant or increased
slightly for stations with 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 Sector appeared
to be mainly controlled and strongly impacted by CDOM
carried by the Mackenzie River plume, while in the salti-
est surface waters (North East Sector) other CDOM sources
(primary production, CDOM production by bacterioplank-
ton) appeared to have the ability to increase attenuation of
both UV-A and PAR almost as strongly as the river plume.
Note that the effect on light attenuation by the Mackenzie
River discharge can be more important at other times of the
year, since the discharge during the MALINA study period
was relatively moderate (12 000 m3 s−1).
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Figure 5. Relationship between specific absorption coefficient at 350 nm (aCDOM*(350)) and 752	  

aCDOM(350) in the Mackenzie delta and North west sectors 753	  
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Fig. 5. Relationship between specific absorption coefficient at
350 nm (aCDOM*(350)) andaCDOM(350) in the Mackenzie Delta
and North West sectors.

3.2 DOM characteristics

3.2.1 Dissolved organic carbon (DOC) and
chromophoric DOM

DOC concentration varied from 58 to 394 µM in surface wa-
ter of the Beaufort Sea during summer 2009 (Table 1), within
the range reported by Emmerton et al. (2008). The minimum
DOC value (46 µM) was measured in the deep waters at sta-
tion 620 (1750 m depth). This value can be considered as
the deep refractory component of the DOC pool in this area.
The DOC distribution among the three surface water salin-
ity sectors observed for the Canadian shelf increased from
71± 15 µM C in the North East Sector (salinity≥ 25) to
106± 45 and 310± 87 µM C in the North West (15< salinity
< 25) and Mackenzie Delta (salinity< 15) sectors, respec-
tively (Table 1, Fig. 4). As shown by salinity distribution
(Fig. 2), the western channel was more influenced by the river
plume than the eastern channel. Relationships between DOC
and salinity indicated a near-conservative behaviour when
salinity was less than 25.

Similar to the DOC distributions,aCDOM(350) in-
creased from 0.20± 0.12 in the North East Sector (salin-
ity ≥ 25) to 1.00± 0.73 m−1 in the North West Sector
(15< salinity< 25) and 4.84± 1.74 m−1 in the Mackenzie
Delta (salinity< 15) Sector, being maximum near the river
mouth (Table 1; Fig. 4). We found a negative correlation be-
tweenaCDOM(350) and salinity for S< 25 that indicates a
near-conservative behaviour of CDOM in the river plume.

A similar pattern was observed for the specific absorption
coefficient at 350 nm (aCDOM*(350)) with salinity, which
is consistent with previous observations reported in the
South Atlantic Bight and Mid-Atlantic Bight (Del Vec-
chio and Blough, 2004; Kowalczuk et al., 2009). Plotting
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Figure 6. Relationship between aCDOM(350) and the CDOM spectral slope in the Beaufort Sea. 756	  
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Fig. 6. Relationship between the CDOM spectral slope and
aCDOM(350) in the Beaufort Sea.

aCDOM*(350) vs. DOC (Fig. 5) revealed a hyperbolic re-
lationship (R2

= 0.98). This observation is in good agree-
ment with optical theory, where absorption does not covary
with increasing CDOM concentration. This may result from
high riverine DOM concentrations that cause shelf shading
effects that decrease CDOM light absorption efficiency, as
suggested by Kowalczuk et al. (2010). Such results demon-
strate the different optical properties between the eastern and
western channels, and suggest that the Mackenzie River is a
significant source of CDOM in the coastal area.

Our results indicated no significant difference among
mean SCDOM values between each salinity sector
(0.019± 0.001 nm−1, Fig. 6, Table 1) and a general scatter
for salinity values greater than 25 (0.018 to 0.023 nm−1).
This could be attributed to the unusually highSCDOM
values determined for the allochthonous CDOM of the
Mackenzie Delta Sector that are more typical of marine
CDOM, thus preventing a clear spatial contrast inSCDOM
values throughout the system. However, highSCDOM val-
ues for the Mackenzie Delta Sector during MALINA 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 Osburn et al. (2009) suggested that such
high SCDOM values might be due to preferential adsorption
by high molecular weight hydrophobic DOM components
in abundant suspended sediments or to more extensive
photodegradation of the high molecular weight fraction in
the important Mackenzie River watershed. These results
may also reflect high biological activity occurring in the
numerous lakes within the Mackenzie catchment that could
serve as a source of the CDOM characterized by a high
CDOM spectral slope (Squires et al., 2009). We found no
relationship betweenaCDOM(350) and the spectral slope
SCDOM as reported by Stedmond and Markager (2001).
Consequently, contributions of origin and transformations
for CDOM absorption properties usingSCDOM are difficult
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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 solar zenith
angle (SZA), wind speed, and cloud optical depth estimation are also reported, as well as the maximal depth range from which surfaceKd(λ)

values were derived.

Station SZA Wind Cloud Depth Kd Kd Kd Kd Kd
(deg) speed optical range (305 nm) (325 nm) (340 nm) (380 nm) (PAR)

(m−1) depth (m) (m−1) (m−1) (m−1) (m−1) (m−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 0.264 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 0.224 0.111 0.072
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

Table 3. Spectral characteristics of the three components identified by PARAFAC analysis compared 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 (allochthonous) (autochthonous)

to determine, a result consistent with observations made by
Matsuoka et al. (2012) foraCDOM(440 nm).

There was a linear relationship between DOC and
aCDOM(350) with salinity for the North West and Mackenzie
Delta sectors (Fig. 4), whereas values remained constant for

salinities>25 in the North East Sector. DOC oraCDOM(350)
residuals calculated as the vertical distance to the regres-
sion line represent non-conservative variations in DOC or
aCDOM(350), where positive values indicate production of
DOC or CDOM and negative values degradation (Markager
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Figure 7. Relationships between surface diffuse attenuation coefficient of light (Kd) 766	  

determined in the UVR-A (325, 340 and 380 nm) and PAR spectral domains with absorption 767	  

coefficient of CDOM at 350 nm (aCDOM(350)) observed in the two saltiest surface salinity 768	  

sectors [North West (squares) and North East sectors (circles)]. Kw =diffuse attenuation 769	  

coefficient values for pure water (Kw(λ)) determined by Baker and Smith (1982). 770	  
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Fig. 7. Relationships between surface diffuse attenuation coefficient of light (Kd) determined in the UV-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).

et al., 2011). The highest DOC andaCDOM(350) residuals (+
80 µM and+1.2 m−1, respectively) were observed at the sta-
tion 394 (salinity 21.45) where the primary production was
high (11.1 mgC m−3 d−1, Patrick Raimbault, unpublished re-
sults), five-fold higher than primary production for other sta-
tions with similar salinity. Unfortunately, primary produc-
tion was not available for all stations. Negative DOC and
aCDOM(350) residuals correspond, except at station 696, to
the lowest chlorophyll values (data not shown).

In order to quantify the relationship between DOC and
aCDOM(350), we plotted theses two parameters for all salin-
ities. A significant correlation was found for the North West
and Mackenzie Delta sectors (r2

= 0.99, data not shown), in-
dicating that 99 % of DOC variability is explained by that
in the colored fraction of DOM. Matsuoka et al. (2012),
during the same cruise, observed a similar relationship
between DOC content andaCDOM (440). The correlation
was lower (R2

= 0.86) in the North East Sector. The so-
lar radiation reaching the sea surface was, due to the pres-
ence of persistent clouds, low during summer 2009 (see
Sect. 3.1). This low light availability probably prevented
CDOM from photobleaching processes, and thus preserved
theaCDOM(350)/DOC relationship.

Based on theaCDOM(350) and DOC distributions alone,
it appears that the origin of DOM in each region is shifted
throughout the shelf system. In the Mackenzie Delta and
North West sectors (salinity< 25), the concentrations re-

flect the mixing process of the Mackenzie’s terrestrial in-
put, except locally (station 394) where primary production
enhanced both DOC andaCDOM(350), while in the saltiest
surface waters (North East Sector), autochthonous DOM ap-
pears to dominate. Sea ice formation/brine rejection and up-
welling 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). Addi-
tional CDOM could be produced by zooplankton and bacte-
rioplankton communities (Nelson et al., 2004). DOM intro-
duced by either process could have the capacity to create the
attenuation patterns for both UV-A and PAR seen in Fig. 3.
An upwelling 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 (37.9 mgC m−3 d−1, P. Raimbault, un-
published results) in the surface waters surrounding Cape
Bathurst, manifested as the second highest surface chloro-
phyll a concentrations (∼ 1.72 µg L−1) observed at station
170 (Josephine Ras, LOV, personal communication). Subse-
quent organic by-products from this productive area could
explain the high values for DOC,aCDOM(350) andKd (UV-
A and PAR) observed at this station (Tables 1 and 2).

In general, these results highlighted both allochthonous
and autochthonous origins for DOM in the surface waters
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Figure 8. Emission (dashed line) and Excitation (solid line) spectra (left panels) and contour 774	  

plots (right panels) of the three main fluorescent components identified in the dataset (n = 54). 775	  

Ex/Em Component 1: 240 (300)/404; Ex/Em Component 2: 240 (340)/472 and Ex/Em 776	  

Component 3: 240 (275)/314. 777	  
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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 fluo-
rescent components identified in the data set (n = 54). Ex/Em com-
ponent 1: 240 (300)/404; Ex/Em component 2: 240 (340)/472 and
Ex/Em component 3: 240 (275)/314.

of the Canadian shelf. An additional feature of the source
material can be seen in the estimation of the optically in-
active fraction of the DOC pool in the study area. Using
the y-intercept of the DOC vs.aCDOM(350) relationship (i.e.
aCDOM(350)= 0 m−1), we estimate that about 64 µM of the
DOC do not absorb radiation at 350 nm in the Mackenzie
River. Such results indicated that, on average,∼ 16 % of
the DOC is optically inactive at 350 nm in the Mackenzie
River, with a result similar foraCDOM(440) from Matsuoka
et al. (2012). Based on a carbon content of∼ 400 µM C in the
river mouth (Table 1), the DOC discharged by the Mackenzie
River can be estimated during the MALINA cruise (30 July–
27 August) to be approximately 0.22 TgC (i.e. 10 to 20 % of
annual DOC fluxes and 6 to 10 % of annual total organic car-
bon fluxes; Raymond et al., 2007; MacDonald et al;, 1998).
Considering that∼ 64 µM C does not absorb radiation in the
UV, we can estimate that about 0.18 TgC of the DOC dis-
charge can be categorized as CDOM.

Kd(UV-A) and Kd(PAR) in the North West and North
East sectors (i.e. at salinity>20; where radiometric mea-
surements were performed) were significantly correlated to
aCDOM(350) values (Fig. 7), except for the singleKd(PAR)
value observed at station 170 where the second highest
chlorophyll a content and highest primary production oc-

curred (1.72 µg L−1 and 37.9 mgC m−3 d−1, respectively,
data not shown), andaCDOM(350)= 0.56 m−1. Interestingly,
the y-intercept values of these relationships (Fig. 7) were in
the range of attenuation coefficient values found for pure wa-
ter, Kw(λ), determined by Baker and Smith (1982). There-
fore, 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 con-
trol of PAR-light absorbance by CDOM in the Beaufort Sea.

3.2.2 Fluorescent DOM

Three fluorescent components (Fig. 8, Table 3) were iden-
tified with PARAFAC analysis using a total of 54 EEM
spectra collected from surface waters and the deep chloro-
phyll maximum (DCM) for the stations investigated during
the MALINA cruise. The low number of fluorescent com-
pounds identified is probably due to the degradation pro-
cesses of labile material during storage. Thus, C3 component
data should be taken with caution due to possible degrada-
tion processes during storage. In the Mackenzie Delta Sec-
tor (salinity< 15), the relative contribution of the aquatic
DOM component C1 (52± 2 %) and terrestrial component
C2 (36± 6 %) reached their highest contribution, while C3
(12± 7 %) was around 5 times lower than the same compo-
nent determined for the saltiest surface waters. In the North
East Sector (salinity> 25), the relative contribution of flu-
orescent components was clearly dominated by the protein-
like C3 (57± 7 %), followed by the ubiquitous humic-like
C1 (30± 4 %) and the terrestrial C2 (13± 4 %). In surface
waters of the North West Sector (15< salinity< 25), we
observed a co-dominance of both C1 (40± 8 %) and C3
(36± 13 %) while the relative contribution of the terrestrial
component C2 was around two times lower (23± 6 %).

These three components have been previously identified
in various natural waters. Indeed, component C1 has been
reported as a ubiquitous FDOM component derived from
the microbial degradation of phytoplankton by-products (Na-
gata, 2000; Stedmon and Markager, 2005; Zhang et al.,
2009), as well as originating from specific Arctic terrestrial
sources at low salinity (Walker et al., 2009) and various
coastal and estuarine environments reported in Japan (Ya-
mashita et al., 2008), the southeastern USA coast (Kowal-
czuk et al., 2009), in Liverpool Bay (Yamashita et al., 2011),
and in Hudson Bay (Gúeguen et al., 2011). Component 2
(C2) has been previously associated with high molecular
weight and aromatic terrestrial organic matter (Stedmon et
al., 2003; Walker et al. (2009). The low Ex/Em maxima of
component 3 (C3) is comparable with protein-like compo-
nents previously observed in surface waters for both fresh
and marine systems (Coble, 1996; Yamashita and Tanoue,
2003; Para et al., 2010). There were significant linear rela-
tionships between C1 and C2 fluorescence and salinity (neg-
ative linear correlation, Fig. 9), indicating that C1 and C2
are certainly controlled by mixing processes even if local
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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).

primary production impact can not be precluded. The fluo-
rescence intensity of C1 and C2 components are strongly cor-
related (R2

= 0.89) within the Mackenzie Delta and North
West sectors, but this correlation decreased with increasing
salinity in the North West Sector (R2

= 0.77 and 0.33, re-
spectively). This decoupling reinforces the hypothesis that
there is a common (terrestrial) origin for both the C1 and
C2 components in the Mackenzie Delta Sector, whereas the
C1 component is probably contributed by in situ marine pro-
duction with increasing salinity (> 15). The positive linear
relations between both C1 and C2 andaCDOM(350) in the
Mackenzie Delta and North West sectors (R2

= 0.95, Fig. 9)
suggest that fluorescence may be used as a proxy for the ab-
sorption coefficient. The fluorescence/salinity residuals for
C1 and C2 did not match chlorophylla content or primary
production.

Therefore, during our study period, the FDOM content in
surface waters of the Canadian shelf was strongly influenced
by allochthonous DOM that originated from the Macken-
zie River, except in the saltiest waters where autochthonous
in situ biological FDOM prevailed. Surprisingly, the al-
lochthonous fluorescent DOM carried by the Mackenzie into
the Beaufort Sea presents both a terrestrial humic and an
aquatic DOM signature. Indeed, the fluorescence intensity
of the aquatic DOM component C1 co-dominated with the
terrestrial humic-like component C2 in controlling the over-
all allochthonous fluorescent DOM pool of the Mackenzie
Delta Sector. Interestingly, the overall distribution of the ter-
restrial component C2 appeared restricted to the Mackenzie
Delta Sector and correlated well with the strongly absorb-
ing allochthonous DOM observed, while the surface distri-
bution of the aquatic DOM 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
significantly influence the Mackenzie DOM content prior
to its marine discharge in summer (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
aquatic fluorescent DOM fraction observed in the Mackenzie
Delta Sector during this study may partly originate from
high 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 freshwater residence time in Macken-
zie catchments (Retamal et al., 2007), (ii) a preferential
sorption of the high molecular weight hydrophobic DOM
components to abundant suspended sediments (Stedmon et
al., 2011) and (iii) a more extensive photodegradation of the
high molecular weight fraction occurring in the Mackenzie
watershed during summer (Osburn et al., 2009).

4 Summary

In the present study we reported radiometric and biogeo-
chemical data in the Beaufort Sea during summer 2009.
This period was, due to cloud coverage, characterized by
low atmospheric solar radiation that very likely limited
DOM photodegradation processes in surface waters. In the
water column, light behaviour was mainly controlled by
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CDOM content both for UV-A and PAR radiation. Along
the Mackenzie Delta and North West sectors of the Beaufort
Sea, the DOC and CDOM dynamic is controlled by mixing
processes, although, locally, primary productivity can con-
tribute to the CDOM signal. In this studyaCDOM(350) can be
used as a DOC proxy over the studied area. During the sum-
mer period 16 % of the DOC did not absorb light at 350 nm.
Fluorescent DOM in the Mackenzie Delta Sector exhibited
both a terrestrial “humic-like” signature (component C2) and
an in situ aquatic signature (component C1). Fluorescent C1
and C2 components can be used asaCDOM(350) proxy in the
Mackenzie Delta and North West sectors.
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