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Abstract. Climate change significantly impacts Arctic shelf and monitoring the extension and dynamics of the Macken-
regions in terms of air temperature, ultraviolet radiation, zie River surface plume in 2009, 2010 and 2011. Good agree-
melting of sea ice, precipitation, thawing of permafrost andment is obtained with field observations representative of the
coastal erosion. Direct consequences have been observed arole water column in the river delta zone where terrigenous
the increasing Arctic river flow and a large amount of organic SPM is mainly constrained (out of short periods of maxi-
carbon sequestered in soils at high latitudes since the lashum river outflow). Most of the seaward export of SPM is
glacial maximum can be expected to be delivered to the Arc-observed to occur within the west side of the river mouth.
tic Ocean during the coming decade. Monitoring the fluxes Future work will require the validation of the developed
and fate of this terrigenous organic carbon is problematic inSPM regional algorithm based on match-ups with field mea-
such sparsely populated regions unless remote sensing techdrements, then the routine application to ocean colour satel-
nigues can be developed and proved to be operational. lite data in order to better estimate the fluxes and fate of
The main objective of this study is to develop an oceanSPM and POC delivered by the Mackenzie River to the Arc-
colour algorithm to operationally monitor dynamics of sus- tic Ocean.
pended particulate matter (SPM) on the Mackenzie River.
continental shelf (Canadian Arctic Ocean) using satellite im-
agery. The water optical properties are documented across
the study area and related to concentrations of SPM and pat Introduction
ticulate organic carbon (POC). Robust SPM and POC : SPM
proxies are identified, such as the light backscattering and'he Arctic Ocean is strongly influenced by direct river inputs
attenuation coefficients, and relationships are established bdfreshwater, nutrients, terrigenous suspended and dissolved
tween these optical and biogeochemical parameters. Followsubstances). Polar amplification of climate change signifi-
ing a semi-analytical approach, a regional SPM quantifica-cantly impacts the Arctic Ocean with repercussions on both
tion relationship is obtained for the inversion of the water the regional and global carbon cyclesww.acia.uaf.edy
reflectance signal into SPM concentration. This relationshipThe melting of ice and permafrost, increasing precipitation
is reproduced based on independent field optical measureand hydrological processes at high latitudes are changing
ments. It is successfully applied to a selection of MODIS freshwater discharge and the amount of terrestrial organic
satellite data which allow estimating fluxes at the river mouthand inorganic matter that is delivered to the ocean (Peter-
son et al., 2002; Frey and McClelland, 2009). The fate of the
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presumably highly refractory terrigenous particulate organic The first step in the present study is to document the con-
carbon (POg), expected to be resistant to degradation intent in organic carbon of SPM exported by the Mackenzie
coastal waters until burial in marine sediments, is quite un-River in the Canadian Beaufort Sea, and then follow the spa-
certain (Hedges et al., 1997; Schlunz and Schneider, 2000jal variations of this content along the river plume to the lim-
and warrants careful monitoring in coming years. its of its extension. Taking into account variations of particle
The bulk of river discharge into the Arctic Ocean occurs composition, a second step is to determine the mass-specific
during a relatively short (3—4 months) summer period. Dur-1OPs of the SPM. The results obtained are used to establish
ing the rest of the year river outflow is greatly reduced by a regional SPM quantification relationship for the MODIS
the presence of land-fast ice at the river mouths (McClel-ocean colour satellite sensor. This relationship is established
land et al., 2012). Monitoring Arctic coastal environments is using a semi-analytical then an empirical method, then ap-
difficult and costly as they constitute remote sparsely popu-plied to selected MODIS satellite data to remotely sense
lated areas affected by extreme meteorological conditionsthe dynamics of SPM within surface waters of the Macken-
Due to limited field observations of concentrations of ter- zie River plume. Satellite observations are complemented by
rigenous substances transported by rivers to estuarine zonefigld bio-optical measurements carried out in the delta zone
current estimates of fluxes delivered by rivers to the Arcticto document the dynamics of SPM within the whole water
Ocean are associated with dramatic uncertainties which precolumn and estimate the monthly SPM and POC fluxes ex-
vent operational monitoring (Schlunz and Schneider, 2000ported to the coastal Arctic Ocean.
Lefouest et al., 2011). Ocean colour remote sensing obser-
vations represent a great potential for monitoring the fluxes
of coloured terrigenous substances delivered by rivers int® Data and methods
the Arctic Ocean, i.e. it can be employed to quantify fluxes
at monthly, yearly and multi-year temporal scales and de2.1 Study area
tect significant variations induced by changes in Arctic river
regimes and draining basins. Such monitoring requires a calThe southeast of the Beaufort Sea is characterized by the
ibration of existing ocean colour algorithms to account for presence of a large continental shelf occupying more than
the specific inherent optical properties (IOPs) of the coloureds0 000 kn?, bordered to the east by the Amundsen Gulf,
suspended and dissolved matters detected within the riveto the west by the Mackenzie Canyon, to the south by the
mouth and turbid plume areas. delta of the Mackenzie River, and by the Beaufort Sea and
The Malina oceanographic expedition was conducted inCanada Basin to the north (Fig. 1, Carmack and MacDon-
the Beaufort Sea (Canadian Arctic ocean) onboard the Canaald, 2002). North of the Mackenzie Shelf, the circulation is
dian research ice-break®CGS Amundseim August 2009  highly variable and often linked to the seasonality of the out-
(Fig. 1). The overall goal of the Malina project is to under- flow of the Mackenzie River which discharges330 kn?
stand how biodiversity and biogeochemical fluxes in the Arc-of freshwater within a relatively short temporal window (3—
tic Ocean are controlled by light penetration and how they are4 months, with a peak at the end of June) (e.g. O'Brien
affected by ongoing climate change in the Arctic. The objec-et al., 2006). This discharge typically varies from about
tive of the present study is to develop an algorithm to quantify4000 n? s~ during a long winter period (from December to
and monitor the concentrations of suspended particulate matay) to about 25000 s~ during summer (from June to
ter (SPM) in the Arctic coastal waters directly influenced by August) (Fig. 1c).
the discharge of the Mackenzie River (Canada) and to apply At the end of winter, thermodynamically grown land-fast
this algorithm to ocean colour satellite data. ice reaches a thickness of approximately 2 m and extends to
The Mackenzie River on its own delivers more terrige- the 20 m isobath. The external margin of the land-fast ice
nous SPM to the Arctic Ocean than all the other Arctic riversis subject to dynamic interactions with the Arctic pack ice,
combined (Rachold et al., 2004; O'Brien et al., 2006), andwhich results in the formation of a ridged ice barrier of con-
is the main source of PQ& (Rachold et al., 2004). How- siderable thickness=20 m) (Macdonald et al., 1995). This
ever, spatial and temporal variations in these fluxes remairzone of ice accumulation, known as the stamukhi zone, forms
poorly documented. Lack of regular measurements made a barrier that traps fresh waters from the Mackenzie River.
the mouth of the Mackenzie River prevents the operationalThe river water accumulates behind the stamukhi zone dur-
monitoring of the solid (SPM and PQg fluxes delivered ing winter and forms what is essentially a lake (unofficially
by the river to the Arctic Ocean. Based on field data collectedcalled Lake Herlinveaux) containing approximately 70%km
episodically more than ten years ago, Yunker et al. (1993) obof turbid freshwater (Carmack and Macdonald, 2002). Pri-
served an approximately stable SPM content of REthe  mary production under the land-fast ice is weak during this
river mouth (14 £ 0.2 %) during spring and summer floods; period due to light limitation caused by solar cycle, ice and
the annual fluxes of SPM and P@ghave been roughly es- intensive vertical mixing.
timated (Macdonald et al., 1998; O'Brien et al., 2006). The spring ice break-up begins with the flooding of
the Mackenzie River. By June, river flow is maximal and
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Fig. 1. Study area and sampling stations: whole study &gand river transecté). Sampling stations (white points) and river transects
stations (black points). Mackenzie River freshwater discharge in 2009, 2010 andc2®ith the Malina field experiment period (in grey)
and dates of the selected MODIS satellite images (dashed lines).

inundates the coastal zone until the stamukhi gives way unwaters along river transects. Only the barge and Zodiac were
der the pressure and melting generated by the warm mass afsed along the river transects stations (Fig. 1b).
freshwater collecting upstream. Rapidly, the warm and very At each station, a standard frame comprising a CTD and
turbid plume can extend over an area of several thousald kmoptical sensors was deployed from the barge using a hand
(Macdonald et al., 1995). winch and a davit along vertical profiles from surface to 40 m
During the summer, melting ice and continual inputs from depth (at 0.2 m per second). Temperature, pressure and salin-
the Mackenzie River form a 5 to 10 m layer of freshwater ity were measured using a Seabird Fastcat SBE-49. The opti-
which occupies the shelf. It should be noted that it is not un-cal sensors included: two absorption and attenuation meters
usual to find ice above the continental shelf up until the end(Wetlabs ac-9) equipped with 10 and 25 cm long tubes, two
of July. In September, however, the shelf is typically com- backscattering meters (Wetlabs ECO-BB3), one chlorophyll
pletely free of ice (up to around 7X). The movement of fluorescence sensor (Chelsea) and one CDOM fluorescence
the Mackenzie River freshwater plume depends principallysensor (Wetlabs ECO-FL2). Light absorption and attenua-
on the wind conditions. Under calm or westerly winds, the tion were measured at 14 wavelengths covering the visible
Coriolis effect tends to maintain the freshwater stream alongand near-infrared spectral regions: 412, 440, 488, 510, 532,
the coast in an eastward direction, while easterly winds transs55, 630, 676, 715, 730, 750, 767, 820 and 870 nm. Light
port the waters offshore towards the Canada Basin (e.g. Maddackscattering was measured at 6 wavelengths within a sim-

donald et al., 2002). ilar spectral range (440, 532, 650, 720, 770 and 870 nm).
Apparent optical properties were measured using a
2.2 Sampling strategy Compact-Optical Profiling System (C-OPS) built by Bio-

spherical Instruments Inc. (San Diego, California). The C-
A network of sampling stations (Fig. 1) was set up to coverOP.S sy;tem was equipped with an above-water 9'°b7°" S0
T . lar irradiance sensorHg) and two in-water downward ir-
the Mackenzie River mouth, delta and continental shelfup to _ . . . i
. i . . radiance and upwelling radianc&{ and L, respectively)
the limit of the Arctic pack ice extent. A total of 74 stations . . :
T sensors. The three radiometers were equipped with the fol-
were sampled at least once: (i) using the CTD-rosette fro

the research ice-breaker; (ii) from a barge which was s g]owing common 18 optical wavebands: 320, 340, 380, 395,
. ’ . rge w Y 412, 443, 465, 490, 510, 532, 555, 560, 625, 665, 670, 683,
tematically deployed from the ship for bio-optical measure-

ments; and (iii) from a Zodiac to collect water in the shallow 710, and 780 nm. At each station, C-OPS data were recorded

www.biogeosciences.net/9/3213/2012/ Biogeosciences, 9, 32283-2012
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during at least three consecutive downcasts between the seaCTD-IOP frame— the CTD, absorption, attenuation and
surface and a variable water depth corresponding to the 1 %uorescence signals recorded using the instruments carried
light level. by the CTD-IOP frame were binned over 1-s periods, which
At the end of each cast, water samples were collected fronis imposed by the instrument with the lowest acquisition rate,
selected depths using Niskin bottles mounted on the CTD4.e. the ECO-BB3. A time lag of 0.5 s was imposed to mea-
rosette and from surface waters (0.2 m depth) using a watesurements made on pumped water (CTD and ac-9). Taking
sampling bottle from the barge and Zodiac. Water samplesnto account the down and upward speed of the frame, a re-
were kept stored in the cold and dark (up to two hours) untilsulting minimum of 5 measurements was obtained every me-
returning to the ship for immediate filtration and analyses. ter along the water column.
The ac-9 sensors were regularly calibrated using pure
2.3 Biogeochemical measurements (Milli-Q) water, i.e. before, during and after the Malina
field campaign. The raw absorption and attenuation spec-
SPM concentration- known volumes ¥, in ) of seawa- tral values were corrected for temperature and salinity ef-
ter (0.2 to 61, depending on turbidity) were filtered in trip- fects following the recommended procedure (Wetlabs ac-9
licate through pre-ashed (1h at 480) and pre-weighed User's Guide, 2008) using correction coefficients provided
(mass M0, in mg) 25-mm glass-fibre filters (Whatman, by Sullivan et al. (2006) and Langford et al. (2001), respec-
GF/F 0.7 um nominal pore size) at low vacuum (Van Der tively, in the visible and near-infrared spectral regions. The
Linde, 1998). Each filter was then rinsed with Milli-Q wa- “proportional” method was then used to correct for resid-
ter, dried for 12h at 60C and then stored at80°C in a  ual scattering effects on absorption measurements (Zaneveld
clean Petri dish covered with aluminium foil. In the labora- et al., 1994). Wavelength 870 nm was used as the reference
tory, filters were dried for 24 h at 6@, prior to weighing  wavelength where particulate absorption was assumed to be
under a dry atmosphere (ma#d, in mg) to obtain the SPM  negligible.

concentration (in gmd) as The total volume scattering function measured at°117
with the ECO-BB3 sensorsg (117) in m~1sr 1, was first
SPM=(M1—-MO0)/V. (1) corrected for absorption losses along the scattered photon

pathway (Wetlabs ECO BB User’s Guide, 2007). Then, tak-

The average coefficient of variation of SPM for triplicates ing into account the measured water temperature, molecular
was=+16 %, 10 % and 2 %, respectively, for SPM concentra-scattering by water was calculated (Morel, 1974) and sub-
tions in the ranges 0.04-1, 1-10 and 10-100§The rela-  tracted from the absorption-corrected values to retrieve the
tive uncertainty on measured SPM concentrations was thereparticulate scattering signagp (117). Finally, the partic-
fore higher for minimum SPM concentrations, possibly due ulate backscattering coefficiertpp(2) in m=1, was deter-
to (i) insufficient volume of water filtered, so that the increase mined through estimation g#p (117) using they factor
in the filter mass #1-M0) was negligible; (ii) increased proposed by Boss and Pegau (2001) based on measurements
variability in spatial distributions of particulates in the clear- of the volume scattering function with high angular resolu-
est sampled waters. It was not practical to filter larger vol-tion in a diversity of water types. The different steps in the
umes of water as filtrations were done until near cloggingprocessing of the ECO-BB data are summarized as
of the filters. Thus, a reduction in uncertainty would require _ 0.0391a
more replicate sampling, however, this was limited by thebbp(/\) =2rx(BALT. %, a)e ~ w117, 2) 2)
volume of water available and the number of filters preparedwherex, in nm, is the wavelengta; in m=2, is the absorption

Particulate organic carbon (POC) concentrations werecoefficient measured with ac-9 sensors at the corresponding
measured on the same GF/F filters used for SPM determiwavelength; angq has a fixed value of 1.1.
nation. The filters were acidified with 200-350 WIHCI2N to ~ The particulate scattering coefficienp in m~1, was sim-
remove carbonates, dried at®D overnight and then burned ply obtained as the difference between the measured attenu-
on a pre-calibrated CHN analyzer (Perkin Elmer, 2400, com-ation and absorption coefficients:
bustion at 925C) for determination of the C®produced.

The average coefficient of variation of POC for triplicates bp(h) = c(h) —a (). ®)

was 11 %, and it was 7 % for the POC : SPM ratio. As a result, the vertical profiles of water temperature, salin-
ity and fully-corrected multi-spectral optical properties (ab-

2.4 Optical measurements sorption, attenuation, particulate scattering and backscatter-

ing coefficients, CDOM and Clal fluorescence signals) were
In this section we describe successively the measurements abtained at each station.
the inherent optical properties (IOPs, measured in situ and in Laboratory measurementswater samples collected from
laboratory) and apparent optical properties (AOPs, namelythe barge and Zodiac were transported to the ship for mea-
the remote sensing reflectands in sr1, measured in the  surements of particulate absorption using the filter-pad tech-
field). nique. A known volume of sampled water was filtered

Biogeosciences, 9, 3213229 2012 www.biogeosciences.net/9/3213/2012/
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through Whatmann GF/F glass-fibre filters. Each filter wasat 1 nm increments. This instrument allows selection of the
then placed in the centre of a 150-mm integrating spheranmost appropriate optical path length ranging from 0.05 to
(Labsphere) equipped with a home-made filter-holder (se€ m (i.e. 0.05, 0.1, 0.5 or 2m). In most cases, a 2m optical
Rottgers and Gehnke (2012) for technical details). Thispath length was used for the measurement, except for coastal
method does not require near-infrared correction as scattewaters at the Mackenzie River mouth where a 0.1 m optical
ing effects are negligible. The optical density (QDf parti- path length was used. The absorption coefficient of CDOM,
cles retained on the filter was then measured using a Perkintcpom in m—1, was then calculated (Matsuoka et al., 2012).
Elmer Lambda-19 spectrophotometer, from 300 to 800 nm. In situ AOP measurements the Rs signal is defined
OD; was converted into particulate absorption coefficientas the ratio between the water-leaving radiante, in

(ap, m1) using the following expression: Wm~2srnm~1, and the global solar irradiance signal
2303 A in Wm~2nm~1, both just above the sea surfacezatOt
ap=— x (ODf — ODpjank) X % (4) (Mobley, 1994). At each station, thg, and Eq signals were

respectively derived and measured using a C-OPS. This in-
where ODQyank is the absorbance of a blank filte#, the  strument is based on a cluster of 19 state-of-the-art micro-
clearance area of the particles on the filtef(n¥ the vol-  radiometers spanning 320-780nm and a new kite-shaped
ume filtered (), ande a path length amplification factor. packplane design (Morrow et al., 2010) which includes tune-
ODpiank Was determined by averaging the absorbance specable ballast and buoyancy plus pitch and roll adjustments,
tra of 12 blank-filters measured during the course of theto provide unprecedented stability and vertical resolution in
field campaign (e.g. Ofhnk (550) =—0.005+£0.002). While  near-surface waters. Data sets collected as part of the devel-
« is within the range 2 to 2.5 when OD is determined us- opment activity to produce the first C-OPS instrument and
ing the common transmittance technique (Roesler, 1998); ithe Malina expedition were of sufficient resolution and qual-
reaches~4 to ~4.5 when OD is determined using an in- ity to show uncertainties in the execution of apparent optical
tegrating sphere @tgers and Gehnke, 2012)0fgers and  properties; sampling protocols are measurable at the 1% and
Gehnke (2012) observed a linear relationship betweep OD1 cm level with C-OPS (Hooker et al., 2012).
andap, with the condition O < 0.1 and recommended a  During three consecutive C-OPS downcasts, the upwelling
value of 4.5 fora; however,a tends to decrease when D radiance was measured as function of water depth and ex-
increases beyond 0.1 gRgers and Gehnke, 2012). Since it trapolated up to the water surface (at null dept0~) over
was not always possible to keep @B 0.1 due to the large  a near-surface interval with homogenous water properties
number of samples processed onboard, we adopt the followtverified with temperature and attenuation parameters). The
ing relationship betweea and OQ derived from batch cul-  water-leaving radiance signal,,, was obtained fromL,
tures (Rottgers, personal communication): (07) as

o= 2.90Df2—4.76OD +4.5. (5) Lw(x,0M) = 0.54L (%, 07) (6)
Pigments were then extracted within 24 h, using methanol .
(Kishino et al., 1985), which essentially removes all pig- where the constant 0.54 accurately accounts for the partial

ments (95 % of sample). The filter was once again place eflection and transmission of the upwelled radiance through

in the centre of the integrating sphere to measure the al the sea surface, as confirmed by Mobley (1999). A verifica-

. _ . ) tion of the extrapolation process used to determine(A,
sorption coefficient of non-algal particlegpin m=*. The - . : : A
. - . 1 07) was provided by comparing the in-water determination
absorption coefficient of phytoplanktongny in M=, was . /- (», 07) to the above-water solar irradiance signal usin
obtained by subtractingnap from the total particulate ab- dit 9 9

sorption coefficient. For some exceptiongsp data were fit-
ted between 300-380, 521-640 and 700-750 nm to eliminate;,(» 0-) = 0.97E4(%, 0™) @)
residue of pigment absorption (see Babin et al., 2003a). For
a few samples, nanapdata were available and thgny spec-  where the constant 0.97 represents the applicable air-sea
trum was obtained numerically following Bricaud and Stram- transmittance, Fresnel reflectances, and the irradiance re-
ski (1990). flectance, and is determined to an accuracy better than 1%
The detailed methodology to determine the light absorp-for solar elevations above 3tand low-to-moderate wind
tion coefficient of CDOM is described in Matsuoka et speeds.
al. (2012). Briefly, water samples from the barge and Zo- The appropriateness of the extrapolation interval was eval-
diac were collected using cleaned plastic bucket or glassuated by determining if Eq. (7) was satisfied to within ap-
bottles and kept stored in the cold and dark until our returnproximately the uncertainty of the calibrations (a few per-
to the ship. Water samples were then immediately filteredcent); if not, the extrapolation interval was redetermined
using 0.2 um GHP filters (Acrodisc Inc.) to measure light ab-while keeping the selected depths within a homogeneous
sorbance by CDOM using a liquid waveguide system, Ultra-layer until the disagreement was minimized (usually to
Path (World Precision Instruments, Inc.), from 200 to 735 nmwithin 5 %).

www.biogeosciences.net/9/3213/2012/ Biogeosciences, 9, 32283-2012
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3 Results and discussion

[V

3.1 Concentration and composition (organic carbon
content) of suspended particles

During the Malina field campaign, SPM concentrations
within surface waters (0—1 m depth) were observed to vary

urface POC (g m)

w0

-
)

-
L

0.1 -

0.01 -
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v =0214x%
R?* =0,8457, W =51

y=00248x + 0,1551
RZ=05069, v =12

y = 0,008% + 0,2912
R?=09963 1 =5

between 0.05 and 142 g, with arithmetic and geometric
mean values of 2.9 and 0.6 g®) respectively. Suspended
particles from the river delta, river plume and from the Beau-
fort Sea away from direct influence of the river plume could

be considered separately and were distinguished based ¢ b
their SPM concentration range: 10-150gi1-10gnt3
and 0.05-1gmd, respectively. The surface POC concen-
tration was observed to vary between 0.01 and 2dm
with arithmetic and geometric mean values of 0.11 and
0.05gnT3, respectively.

Interestingly, linear relationships were found between the
SPM and POC concentrations, in each of the water masse
(delta, plume and open waters) (Fig. 2). A determination co-
efficient close to 1§ =5) and a slope of 0.0089 were found
in the river delta (Fig. 2a), indicating a stable composition
of suspended particles (a priori mineral-rich particles, av-Fig. 2. Relationship between the POC and SPM concentrations in
erage POC: SPM=2.2%). The robustness of this relationthe Mackenzie continental she(f) within surface waters (0—4m
ship could not be assessed in detail as only two river trandepth) andb) within the water column (0-150m depth). The fol-
sects were conducted (west and east river mouths). In th wmtg?’three ra_mges ofSF3>M concentrations are d|st:_|;ngwshed: 0.02—
river plume, the determination coefficient of the linear rela- g (blue); 1-10gm* (yellow) and 10-200g m* (red).
tionship is much lowerg?=0.51,N = 12) indicating higher
variations of the SPM composition in this transition zone be-
tween mineral-rich particles in turbid river waters and po-
tentially organic-rich particles in open ocean waters (aver-ocean waters (slope of 0.20 instead of 0.21) with a slight de-
age POC:SPM=12.2%). This last statement is confirmectrease of the determination coefficigtt of 0.79 (v = 101)
by a high determination coefficienRf=0.85, N =51, av- instead of 0.85 =51). However, in the river plume wa-
erage POC:SPM=21%) observed between the SPM antkrs, the linear relationship between SPM and POC becomes
POC concentrations in open ocean waters (probably due thighly scattered 2 of 0.18, N = 21); this is most probably
reduced variability in particle composition). due to the wide range of particles sampled in the river plume

A major implication in terms of operational monitoring and oceanic waters below it (i.e. mineral-rich suspended sed-
is that if surface SPM concentrations can be retrieved fromiments, organic-rich phytoplankton cells, aggregates of min-
either ocean colour remote sensing or field optical measureeral and organic particles) corresponding to wide variations
ments over the study area, the corresponding POC concerof the POC : SPM ratio from 2 to 25%. This explains why
tration can be reasonably well estimated using the empiricathere is no relationship between the measured POC and SPM
linear relationships presented here (Fig. 2a). This statementoncentrations.
remains valid when considering SPM which was sampled at A simple way to examine the variations of SPM compo-
various water depths from 0 to 150 m, including the deepsition in the study area is to use the POC : SPM ratio, ex-
chlorophyll maximum (DCM) (Fig. 2b). Based on chloro- pressed in %. In open ocean waters, an average relation-
phyll fluorescence data (not shown), there was no DCM inship has been observed relating the POC content of ma-
the very shallow waters of the delta zone. Along the conti-rine particles to their mean organic matter composition:
nental shelf (water depths ranging from 20 to 200 m) directly SPMyg: POC = 2.6 (Copin-Moréigut, 1980; Van Raaphorst
influenced by the river plume, a DCM was usually located and Melschaert, 1996; see also Babin et al., 2003b). In the
at depths varying from 15 to 40 m. It was systematically de-case of organic-rich particles (SPMSPMyg), the inverse
tected within 60 and 90 m depth in open ocean waters (dataatio POC : SPM would be equal to 38.5 %, i.e 448 %. On
not shown). Compared with results obtained for surface wa-the other hand, mineral-rich particles, such as suspended sed-
ters, the relationship between SPM and POC within the wateiments delivered by rivers to the ocean, are expected to have
column: (i) is the same in the river delta (as only surface wa-a low POC : SPM ratio, e.g. between 1 and 2 % in the case of
ters were sampled); or (ii) only slightly changes in the openthe Mackenzie River (Yunker et al., 1993).
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In the Malina dataset (Fig. 3), suspended particles sample "a
in the river delta present a POC : SPM ratio af£ 2 %, with _ 40
extreme values of 1 and 4%, which is in close agreemen‘ﬁ- 35 1

o2 e
) ) ) = 50 :’ 25 6 %
with previous observations of Yunker et al. (1993). Inversely, & g g
) oﬁ

in open ocean waters, the POC: SPM ratio presents stron § 257

variations from 15 to 40 %, indicating that some of the partic- E f: | ® o“%@ 146%
ulate samples in the Beaufort Sea were almost 100 % organic g 10 4 o O éjg el
Again the river plume waters appear as a transition zone® s - ®op
where the POC : SPM ratio varies from 5 to 16 %, i.e. from 0 ‘ ' ‘ e
mineral-rich to organic-dominated particles. When consider- 0.1 01 ! 10 100 1000
ing SPM sampled at all waters depths, maximum POC : SPV Surface SPM (g m?)
ratios are observed (corresponding to almost entirely organis
particles in the DCM). 42 |

S 40 8 & 24+8%
3.2 Characterisation of the inherent optical properties % gg | L

9 25

The inherent and apparent optical properties of surface wa g fg | ’.r v RAEERC

ters in the Mackenzie continental shelf are analysed in or- 1o ' .‘ C%O 41 %

der to establish proxies for the quantification of SPM from 5 . © oo M

in situ and satellite remote sensing measurements. The ir 001 04 ] 10 100 1000

herent optical properties which directly impact on the ocean
colour remote sensing signak) are the absorption and
backscattering coefficients (e.g. Gordon et al., 1975; Morelrig. 3. variations of the POC : SPM ratio (in %) in the Mackenzie
and Prieur, 1977). Inherent optical properties commonly use@ontinental shelf as a function of the SPM concentratjapwithin
in field measurements for quantifying SPM concentration aresurface waters (0—4 m depth) afig) within the water column (0—
the attenuation, and particulate scattering and backscatteringp0 m depth). The following three ranges of SPM concentrations
coefficients. In this section, only measurements carried ougre distinguished: 0.02-1gm (blue); 1-10gm?3 (yellow) and
along the river transects and in the most turbid stations of thé.0-200g T (red).
river plume (SPM-1gm3) are considered, as the objec-
tive of the study is to monitor the SPM dynamics in the river
mouth and plume areas. dominant over that of CDOM. The inverse exercise (i.e. re-
Firstly, consistency between absorption measurementtrieving the CDOM absorption coefficient from the total ab-
made in situ with ac-9 sensors and in the laboratory withsorption signal) was successfully achieved in the Mackenzie
bench spectrophotometers is assessed. As the ac-9 sensoRwer plume by Elanger et al. (2008). Except at the river
calibrated using pure water, the measured absorption signahouth where the water optical properties were observed to
is only representative of the CDOM plus SPM contributions. be SPM-dominated, the CDOM contribution to total absorp-
Absorption values measured within the first meter below thetion proved to be predominant at short visible wavelengths
water surface (0—1m depth) were averaged for direct com{< 550 nm) (Fig. 4a). Therefore, longer wavelengths should
parison with laboratory absorption measurements on watebe preferably used to avoid a major influence of CDOM.
samples collected at the same water depth. A satisfactory re- The respective contributions of phytoplankton pigments
sult was obtained when plotting the absorption coefficientand non-algal particles to particulate absorption were then
from the ac-9 vs. the CDOM absorption coefficient (from assessed using spectrophotometer measurements on parti-
the UltraPath) plus the total particulate absorption coefficientcles retained on glass-fibre filters, before and after bleach-
(from the spectrophotometer equipped with the integratinging for depigmentation. The spectral variations of the ratio
sphere). At 440, 555 and 715 nm, linear relationships wereinap: ap (Fig. 4b) show as expected that spectral bands cen-
obtained with slopes close to 1 (in the range 0.96 to 0.98)tred around the Chk absorption peaks (440 and 675 nm)
negligible intercepts and determination coefficients close to I1should be avoided. The contribution of phytoplankton pig-
(R? > 0.96,N =16). A direct implication is that the total par- ments is minimum € 20 %) in the near-infrared spectral re-
ticulate absorption coefficient can be retrieved by subtractinggion (> 700 nm) but also within a visible spectral window
theacpowm signal (UltraPath) from the absorption coefficient (530—-650 nm).
measured with the ac-9 sensors. Taking into account the spectral contributions of CDOM
As the total absorption coefficient is obtained from the and phytoplankton pigments to total absorption, wavebands
inversion of theRs signal, i.e. from atmospherically cor- in the near-infrared and in between 530 and 650 nm should
rected ocean colour satellite data, the next step was to iderbe used to retrieve the SPM concentration in the Mackenzie
tify spectral bands where the contribution of SPM is pre- River plume fromR,s measurements.

SPM (g m?)
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termination coefficient both close to 1, and a negligible in-
tercept (Fig. 5a). This 1:1 relationship makes the beam at-
tenuation coefficient at 555nm an excellent proxy for the
SPM concentration in the Mackenzie River plume. Note
that results are only presented up to SPM concentrations of
20gnT 3, as the ac-9 sensors did saturate at the highest SPM
concentrations encountered at the river mouth (west side).
A linear relationship with null intercept and a determination
coefficient close to 1 is obtained betwegn(555) and SPM
(Fig. 5b) (R?=0.98, N =35, RMSE =0.61 m?); however,

the slope (0.88 fg~1) is lower than that obtained fe{555)
indicating that at 555 nm, light scattering by particles con-
tributes to almost 90 % of the total attenuation signal. These
results are quite consistent with those reported by Babin et
al. (2003b) and recently Neukermans et al. (2012) in Case 2
waters.

Finally, a third linear relationship is established between
the particulate backscattering coefficiebhp, and SPM,
which is a fundamental relationship for the remote sens-
ing of SPM in the Mackenzie River plume. This linear
relationship is obtained at all the considered visible and
near-infrared wavebandgf > 0.94, N = 35), with the high-
est determination coefficient and lowest RMSE2 £0.98,

0 ‘ ‘ ' N =35, RMSE =0.012 m') in the near-infrared spectral re-
400 500 600 700 gion, e.g. at 715nm (Fig. 5¢). Note that the value of the
Wavelength (nm) SPM-specific backscattering coefficient obtained at 715 nm
(0.0179nd g1, i.e. the slope of the linear regression estab-
Fig. 4. Spectral contribution of particulate light absorption to par- lished betweety,y(715) and SPM, Fig. 5¢) is slightly higher
ticulate plus CDOM light absorptio(a). Spectral contribution of  than values reported by Neukermans et al. (2012) in the
light absorption by NAP to particulate light absorpti). Results North Sea and French Guyana coastal waters, most proba-

were obtained from CDOM and particulate light absorption mea-y,\, o¢ o dataset is mainly representative of the mineral-rich

surements carried out in laboratory on surface waters sampled in - .. | f the Mackenzie delt The i i
the field (see the text for details) Fa_rnc es of the _ac enzie de azgn_e. e |n\_/erse inear re-
ationship (SPM=54.%bp(715), R=0.98, N =35, mean

RMSE =1.05 g m3) can be used to derive the SPM concen-
tration frombpp measurements.

To determine the SPM-specific absorption coefficiept, Additionally, the particulate backscattering ratigy : bp
in m?g~1, the measured absorption signal from the ac-9 mi-in %, is known to be to some extent representative of the SPM
nus CDOM absorption, i.e. the differeneg{s—acpom], was  composition. This ratio is typically lower or equal to 1% in
regressed as a function of SPM concentration. Linear relaphytoplankton-dominated waters (Twardowski et al., 2001)
tionships R2 > 0.95,N =16, mean RMSE =0.15m)were  and higher or equal to 2% in coastal waters (McKee et
obtained at visible and near-infrared wavelengths (440, 555l., 2009) (see also Boss et al., 2004 for the theoretical foun-
and 715nm) which show that as a first approximation, adation). The Malina dataset reveals that SPM in the Macken-
unigue SPM-specific absorption coefficient can be derivedzie River plume typically consists of mineral-rich particles
which is representative of the most turbid waters in thespecific of so-called Case 2 waters, wittbg: bp ratio at
Mackenzie River plume and delta. The megh (440) value  715nm of 2.2 %, which is the slope of the linear regression
obtained (0.0611 Aqg—1) is well in the range of previous val- established betweebyp(715) andbp(715) (R%=1, N =35,
ues reported for mineral-rich suspended particles in coastaRMSE =0.056 m?) (Fig. 5d). This ratio significantly de-
waters (Babin and Stramski, 2004; Estapa et al., 2012). creases to 1.5% in the clearest waters sampled offshore the

The next step, in the scope of quantifying SPM from field river plume, i.e. forby(715)< 0.05 m1 (1.5% is the slope
and remote sensing bio-optical measurements, was to relatef the linear relationship??=0.68,N = 13, RMSE = 0.0005
the attenuation, particulate scattering and backscattering can—1) as SPM transitions from mineral-rich to phytoplankton
efficients (respectively, bp and byp, in m-1) to the SPM  dominated.
concentration.

A linear relationship is obtained betweefb55) and SPM
(R?=0.97,N =35, RMSE =0.77 m%), with a slope and de-

a

ap : (@p +acdon) (%)

@nap : ap(%) (%)
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Fig. 5. Attenuation(a), particulate scatterin¢p) and backscatter-
ing (c) coefficients as a function of the SPM concentration. Results
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limited to the visible spectral domain, these measurements
support the use of a spectrally-flat Q-factor in our model.
Both ¢ andby, coefficients are the sums of the contributions
by the main optically active water constituents: pure seawa-
ter (w), CDOM and SPM (p) (which can be subdivided into
Chl a, for phytoplankton, and non-algal particles):

a(}) = aw(2) +acpom(r) + SPMx ap* (1)
bo(A) = bpw(r) + SPMx bpp* (1)

©)
(10)

whereap* andbpp* are respectively the SPM mass-specific
absorption and backscattering coefficients, fhgmt.

In moderately turbid waters, visible wavebands have been
considered in the scope of developing general relationships
between theR,s signal and SPM concentration, e.g. Stumpf
and Pennock (1989) and more recently Nechad et al. (2010).
In highly turbid sediment-dominated waters, robust SPM
guantification relationships can be established ugigépand
ratios between the near-infrared (ergyr =800 or 850 nm)

are presented at 555nm (attenuation and scattering) and 715n@nd Visible (€.g.Avis =550 or 650nm) spectral regions
(backscattering). Relationship between particulate light scatterindDoxaran et al., 2002, 2003, 2006). Considering the near-

and backscattering at 715 n{ah).

3.3 Ocean colour SPM quantification algorithm

infrared spectral region is required in such waters where the
Rys signal tends to saturate at visible wavebands (Doxaran et
al., 2002). As a first approximation, assuming limited spec-
tral variations of bi-directional effects, such a ratio can be
written as

Characterization of the inherent optical properties in waters

directly influenced by the Mackenzie River plume has there-

fore allowed (i) establishment of direct bio-optical proxies

for SPM concentration, namely the attenuation and backscat-

tering coefficients; and (ii) identification of the most appro-
priate spectral bands for remotely sensing SPM using,
MODIS or MERIS satellite data.

Taking into account the results obtained (Sect. 3.2),

Rrs(ANIR) _ Pop(ANIR)

Rrs(ivis)  bop(Avis)

y aw(Avis) +acpom(Avis) + SPMx [ap* + bpp*1(Avis)
aw(ANIR) + SPMx [ap* + bpp*1(ANIR)

(11)

€-Yvhere light absorption by CDOM is assumed to be negligible

in the near-infrared; the contribution by pure water to light

abackscattering is also negligible compared to that of SPM

semi-analytical approach is used to develop a robust SPN{for SPM=> 1gnr3)

quantification relationship for the Mackenzie River plume.
Following the approach developed by Doxaran et al. (2006)
the spectraR,s signal can be related to the SPM concentra-
tion according to

0.176  bp(r)
Q) a(r) +bp(2)

with a andby the total absorption and backscattering coeffi-
cients (including the pure water contribution) afidhe ratio

of upwelling irradiance to upwelling radiance (to a first ap-
proximation, a constant Q-value of 3.6 sr was considered).

Ris(A) = (8)

This simple model was run selecting 560 and 780 nm, re-
'spectively, as visible and near-infrared wavelengths (as they
match available C-OPS bands). The spectral pure water ab-
sorption coefficients are taken from Kou et al. (1993). The
SPM-specific absorption and backscattering coefficients are
set to the mean values documented in the present study:
0,0198 and 0,0031#g ! for the mass-specific absorption
coefficients at 560 and 780 nm; 0.0187 and 0.017§nt
for the mass-specific backscattering coefficients at 560 and
780nm. The contribution of CDOM to light absorption
is determined based on results reported in Fig. g+

Note that there are currently no agreed look-up tables foracpom](560) = 1.30 x ap(560) and p + acpom](780) =
the Q-factor in turbid coastal waters, but see the simulationsl.05 x ap(780). Using these values as inputs in the semi-

made by Loisel and Morel (2001) and Park and Ruddick

analytical model Eq. (11), the resulting relationship ob-

(2005). The Q-factors measured along river transects duringained betweenRs(780) : R;s(560) and the SPM concen-

the Malina field campaign, using a miniaturized multispec-
tral (406, 438, 494, 510, 560 and 628 nm) radiance camer
(see Antoine et al., 2012 for measurement details), showe
very limited spectral variations: maximum variations of 10 %

tration (Fig. 6a) is of the same type as those obtained in
a@everal European sediment-dominated estuaries, namely the
&ironde, Loire and Tamar (Doxaran et al., 2006).

An empirical SPM quantification relationship is obtained

between 406 and 628 nm, 7% on average, at nadir. Whildy regressing th&,s(780) : R,s(560) values measured using

www.biogeosciences.net/9/3213/2012/
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3222 D. Doxaran et al.: Optical characterisation of suspended particles

the semi-analytical model which only slightly underesti-
mates the field-measured SPM (considered here as ground-
truth). The averaged absolute differences observed between
the computed and measured SPM concentrations (46 % (all
data), 18% (SPM-5gm3) and 7% (SPM>-10gnt?3))
confirm the good performance of the semi-analytical model

y =-5E-05x° +0,0149x - 0,0114 . . . .

R =0.9922. N =45 at least in the turbid waters of the Mackenzie River plume
: : associated to high SPM concentrations. The inverse relation-
0 50 100 150 ship allows retrieval of the surface SPM concentration in the

SPM (g m”) Mackenzie River mouth and turbid plume fraRps measure-

ments around 560 and 780 nm (Fig. 6b).

We further examine the sensitivity of the mean semi-
analytical relationship to the variations in the SPM-specific
IOPs and the CDOM contribution to total absorption. The
sensitivity of theRs(780) : R;s(560) ratio to variations in (i)
ap®, (ii) bpp* and (iii) CDOM contribution to light absorp-
tion by CDOM plus SPM was investigated using the semi-

: ; . | analytical model Eq. (11). Based on the IOPs and SPM con-
0 0.2 04 06 08 ! 12 centrations measured in the fietg)} andbp,* were observed
Ri<(780) : R(560) to vary within £25 % and+15 %, respectively, around their
mean values at 560 and 780 nm. The CDOM contribution to
light absorption by CDOM plus SPM was observed to vary
from 10 % to 50 % at 560 nm, and from 1% to 5 % at 780 nm.
These natural changesdp* andbyp* have rather limited im-
pacts on the computefts(780) :R;s(560) ratio (variations
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20 | [8, /{3, + 3, 4 1660)= 0.4 of 10% and 15%, respectively). Changes in the CDOM
0 : . . ; ; contribution to light absorption by CDOM plus SPM have
0 02 0.4 08 08 1 12 a higher impact (25 % variations in ths(780) : Rys(560)
R..(780) : R (560) ratio). Using the established quantification relationship be-

tween R;s(780) :R,5(560) and SPM, a changing contribu-
Fig. 6. Relationship between thRys(780) : Rys(560) ratio and SPM  tion of light absorption by CDOM is therefore the main
concentration along the two river transedts. Empirical relation-  factor inducing uncertainties in the estimated SPM concen-
ship (black points) with the associated best second order polynomiajration. Based on results reported on Figure 4a, the ratio
fit and semi-analytical relationship (grey point@)) Inverse rela- [(ap + acpowm) / acpow] at 560 nm varies from 1.10 to 1.60
tionship givingchf_Sle’M conc;antre_ttitc_)n frqmérlg%KASO) :1§r§é5t§0) t around the mean value initially set at 1.30. Taking into ac-
ratio. (c) Potential influence of variations in contribution to o —
light e(lb)sorption at 560 nm on the established SPM quantification?Ount these varlatlong of th.e cboM contrl'butlon to absorp-
relationship (grey lines). ion, thg extreme relatlonshlps used to _retrleve the SPM con-
centration from theR(780) : Rys(560) ratio can be computed
(Fig. 6¢), which provide a first estimation of the uncertainties
associated with the recovered SPM concentration.
the C-OPS system as a function of measured SPM concentra-
tions. A second order polynomial equation fits this empirical
relationship over the whole range of SPM observed in situ
(0.1-150 g m3) and closely reproduces the semi-analytical
relationship established using the mean SPM-specific inher-
ent optical properties (Fig. 6a). Note that the semi-analyticalThe next step is to apply the empirical SPM quantification
model tends to overestimate the lowest SPM concentrarelationship to ocean colour images. MODIS-Aqua satellite
tions (< 1gn23) where some of the assumptions made in data were selected in this study because of their (i) temporal
Eq. (9)—(11) are no longer valid. In order to compare theseresolution (at least one image recorded every day, depend-
empirical and semi-analytical relationships, the measuredng on cloud cover), (ii) spectral resolution (providing one
Ris(780) :Rs(560) values were used as inputs in Eq. (11) waveband at 555 nm and one at 748 nm, i.e. close to those
to compute SPM concentrations. The statistics of the linearequired: 560 and 780 nm) and (iii) availability of several
regression established between the measured and computbdnds in the near-infrared and short-wave infrared spectral
SPM concentrationsR?=0.98, N =45, slope =0.94, mean regions, which are useful for atmospheric corrections over
RMSE =6.1gnt3) shows the overall good performance of turbid coastal waters (Wang and Shi, 2007).

3.4 Remote sensing of SPM dynamics in the Mackenzie
River plume

Biogeosciences, 9, 3213229 2012 www.biogeosciences.net/9/3213/2012/
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MODIS-scenes were selected in 2009, 2010 and 2011 tqeem
provide a synoptic view of the seasonal to multi-annual dy-§
namics of SPM in the Mackenzie River plume. The selectedig
dates are: 26 July, 31 July and 21 August 2009 (the 200¢ 2 : ] , <
summer period when the Malina campaign took place waszsozzo0s ' . " 3tozz000 ' . 21082009
associated with high cloud coverage); 4 August, 17 Augus
and 7 September 2010; 28 June, 26 August and 12 Septemb
2011. Two multi-scattering atmospheric corrections meth-
ods were tested on the selected MODIS data: (i) the near
infrared correction (two bands) suitable for the case of mod
erately turbid waters and (ii) the near-infrared/shortwave-
infrared switching method better adapted to highly turbid wa-
ters (Wang and Shi, 2007). The first correction proved to be . : P Sl
suitable for the majority of the turbid waters of the Macken- aseeon ** . zsomeon 0 to09m0m
zie River plume with only the most turbid waters located at '
the river mouth being sometimes flagged. The second corredsig- 7. Maps of SPM concentrations retrieved from selected
tion produced very similar results as the switch to shortwave MOD!S-Aqua satellite data recorded in 2009 (top), 2010 (middle)
infrared wavelengths was only required for a few pixels cor-ad 2011 (bottom).
responding to the most turbid waters at the river mouth. The
two correction methods were assumed to provide satisfactory
results in the turbid waters of the Mackenzie River plume Fig. 1c) is consistent with the observed variation of SPM con-
as they allowed retrieving similaR,s values and spectral centrations.
variations (500-800 nm) within the range observed in situ On the 4 August 2010, high SPM concentrations were lo-
based on C-OPS measurements (Hooker et al., 2012). Theated at a maximum turbidity zone in the river delta, as in
first correction method was thus selected to retrieveRRe  August 2009. Thirteen days later (17 August 2010), the river
signal at 555 and 748 nm, compute tRe(780) : R;5(560) plume was extending north with SPM concentrations higher
ratio and finally apply the established SPM quantificationthan 10 gnT2 observed 250 km offshore (Fig. 7). A simi-
relationship (Fig. 6b). Clouds and sea-ice were systematilar plume extension could be observed three weeks later (7
cally flagged. Results proved to be satisfactory in terms ofSeptember 2010) but now with slightly lower SPM concen-
retrieved ranges aRs(780) : R;s(560) values and SPM con- trations and a plume extending 200 km offshore (instead of
centrations (Fig. 7). 250 km mid-August).

Only the summer period (June—September) is suitable for In 2011, one cloud-free image offered a view of the ex-
ocean colour satellite observations of the Mackenzie Rivertension of the river plume at the end of June (Figs. 1c and
plume due to limits imposed by solar light availability and 7). At this time the offshore extension was the largest ob-
sea-ice cover. However, this short period represents most aderved and corresponded to the highest surface SPM concen-
the variability observed in the region, such as the breakingtrations retrieved along the continental shelf, mainly along a
up of the stamukhi (natural ice barrier at the river mouth), channel from the west river mouth to the Mackenzie Canyon.
development and offshore extension of the Mackenzie turbidThis situation most probably resulted from the recent break-
waters over the continental shelf and the progressive settlingng of the stamukhi. The next available cloud-free images,
of the SPM on the shelf, which depends mainly on wind, measured at the end of August and beginning of September
tides, sea-ice and regional circulation conditions. after a progressive decrease of the river outflow, showed the

Very few cloud-free images were recorded coincidently typical situation of a concentrated maximum turbidity zone
with the Malina field experiment, i.e. between June and Au-surrounding the river mouth and only extending over the river
gust 2009 (Fig. 1c). SPM maps derived from MODIS-Aqua delta.
data at the end of July show high SPM concentrations (from Due to the absence of match-ups between satellite and
10 to 50gnT3) extending 200 km offshore from the river field measurements in 2009, the SPM quantification algo-
mouth (Fig. 7). SPM tended to be transported westwardsrithm developed here and applied to MODIS data could
following the bottom morphology to the Mackenzie Canyon. not be fully validated. However, a good correlation was ob-
One month later, at the end of August, the extension of theained between the SPM quantification relationships estab-
plume was more limited and SPM was clearly concentratedished using the semi-analytical then empirical approaches. It
around the river mouth, resulting in the development of ais potentially affected by variations of CDOM concentrations
maximum turbidity zone along the west side of the delta.which significantly impact on light absorption at 555nm
The progressive decrease of freshwater river discharge iand induce uncertainties on satellite-derived SPM concen-
June (23900 rhs™1), July (20200 M s 1), and then August  trations. Nonetheless, concentrations retrieved from MODIS
to September (13300 and 14 408sn!, respectively, see data proved to be consistent with field observations.

b

04/08/2010 " 17/08/2010 .
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3.5 \Vertical dynamics of SPM in the Mackenzie River ticles in the surface layer and (ii) suspended sediments in the
delta bottom layer. The maximum turbidity zone was strictly con-
fined within the river delta up to the 10 m isobath. Offshore,
Ocean colour satellite data proved to provide useful infor-the water mass remained slightly stratified, both in terms of
mation about the extension and dynamics of the Mackenziesalinity and SPM, with significantly lower SPM concentra-
River plume, through the estimation of surface SPM concendions (< 5gnr3).
trations. However, remote sensing observations also present Along the east river transect (Fig. 9), the freshwater influ-
two major limits in the scope of studying SPM dynamics in ence was less pronounced (with minimum water salinity of
a river plume. Firstly, they are limited to surface waters, i.e. 10) and SPM concentrations were approximately half those
the layer below the air-water interface where the solar lightobserved on the west side of the mouth. In terms of vertical
penetrates and is reflected towards satellite sensors. Depengrofiles of turbidity and salinity, the water mass was rather
ing on water turbidity and on the wavelength considered, thishomogeneous at the river mouth then progressively stratified
layer can be of depth less than 1 m and therefore no inforto highly stratified from the river mouth to 50 km offshore
mation is obtained concerning the vertical variations of SPM(10 m isobath). With increasing distance from the mouth, the
within the water column. Secondly, such passive radiometricsurface plume progressively declined, while the bottom layer
measurements are dependent on the level of cloud coveragbecame thicker with higher SPM concentrations, most prob-
which may prevent observations from being collected dur-ably resulting from flocculation processes which enhanced
ing key periods associated with the export of particles fromSPM settling. This assumption is supported by the observed
rivers to the ocean (e.g. the summer 2009 period over thevariation trend in the shape of the attenuation coefficient
Mackenzie continental shelf). Field observations are therespectrum (1) = ALY, with y the spectral slope): typ-
fore necessary to provide regular measurements within thécally decreases from 1.5 within surface waters to 0.8 in the
whole water column, e.g. to detect bottom and intermediatébottom layer (not shown). These variations are representa-
nepheloid layers. tive of changes in the particle size distribution along the wa-
The Malina dataset was used specifically to document theer column, with an increasing proportion of coarse particles
vertical distribution of SPM in the Mackenzie River delta occurring for decreasing-values (Boss et al., 2001).
apparently associated with a permanent maximum turbidity The flocculation and settling of fine particles exported by
zone. CTD and bio-optical measurements were carried outhe Mackenzie River onto the shelf seems to occur for water
along river transects on 13 August 2009 (west side) and 1&alinity varying from 0 to 4: the SPM concentration measured
August 2009 (east side), at a distance greater than 50 km offwithin surface waters was observed to decrease by a factor of
shore from the river mouth (salinity of 0, water depths of 7 from the river mouth (west side) to adjacent coastal waters
2m (west), and 8 m (east)). For both transects bifp¢715)  with salinity of 4, i.e. along a distance of 30 km (Fig. 10a). As
coefficient was used as a proxy for the SPM concentrationa first approximationg? = 0.83,N = 10), a power-law func-
The water mass was well mixed and almost homogeneoution can be used to model the decrease in SPM concentration
in terms of temperature and salinity at the river mouth, while with increasing water salinity. These results suggest that set-
the stratification between fresh and salted waters started 5 kriling of SPM (which is enhanced by flocculation) occurs very
offshore (Figs. 8 and 9). rapidly close to the river mouth (typically within a 10-km off-
The most turbid waters were located in shallow regionsshore distance) mainly at very low salinity (0O—1). Therefore,
of the western river mouth where predominantly freshwatersmost of the SPM exported at the river mouth settle down in
(salinity < 10) extend up to 20 km offshore (Fig. 8). This area the shallow delta zone. Despite these intensive flocculation
is characterized by almost homogeneous vertical profiles oprocesses, a significant amount of SPM appears to remain
SPM, at least along a 10 km distance. From 10 to 35 km off-in suspension and be transported offshore, as highlighted by
shore from the mouth, fresh and saline water masses werthe observed SPM concentrations which smoothly decrease
stratified and two turbidity layers clearly formed: a 4 m thick from about 10 to 1 gm? as water salinity increases from 5
surface layer and a thinner but more turbid bottom layerto about 25 (Fig. 10a). This phenomenon is apparently inde-
probably associated with different kinds of SPM (fine par- pendent of the river outflow as observed on both west and
ticles at the surface and coarse aggregates close to the batast river transects.
tom). This assumption is confirmed by the measured vertical A linear relationship g%=0.83, N =19) is observed be-
variations of the particulate backscattering ratigy,:bp, at  tween the SPM concentration and water salinity, for salinity
532 and 715nm. In the delta zone, this ratio typically in- values ranging from 1 to 25 (Fig. 10b), in close agreement
creases from 2% within surface waters to 3.5 % within thewith previous observations (Emmerton et al., 2008). It sug-
bottom nepheloid layer. In deeper waters (15 to 40 m watergests that mixing, thus dilution of the turbid freshwater, is the
depth), this ratio typically increases from 0.5-1.5% within main process involved in the offshore transport of the SPM
surface waters to 2% close to the bottom. These variationsvhich did not rapidly settle down in the delta zone. Variations
reflect the presence of different types of particles along theof water salinity in the delta zone also appear as a reasonably
water column: (i) mixed phytoplankton and mineral-rich par- good (R?=0.83, N = 10) indicator of the POC : SPM ratio,
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SPM {g n3) measurements carried out in 2004 during the Canadian Arc-
0 ’é@ i tic Shelf Exchange Study @anger et al., 2008). Dilution
. : - ! seems to be the main process controlling the variations of the
POC : SPM ratio from the river mouth up to a water salinity

| I
N ] [ im of 20 (see also Emmerton et al., 2008 for similar observa-
!

tions). Above this salinity value, suspended particles become
5 phytoplankton-dominated with a POC : SPM ratio rapidly in-
creasing up to 25 % (Fig. 3).

Field measurements and satellite observations are qualita-
tively in agreement: both locate majority of the SPM on the
west part of the river mouth, with a maximum turbidity zone
confined in the river delta (water depth10 m). The verti-
cal homogeneity of water turbidity results from the high river
outflow, as up to 80 % of the Mackenzie freshwater discharge
into the Beaufort Sea occurs through the west mouth. During
the sampling period, the outflow through the east river mouth
was too low to homogeneously maintain particles in suspen-
sion, so that stratification of turbidity rapidly occurred.

Water depth {m)

40

50

Salinity

Western river mouth

Water depth (m)

o 10 20 30
Section distance (km)

3.6 Estimation of SPM and POC fluxes at the
Fig. 8. Spatial variations obyp(715)-derived SPM concentration, river mouth
ing m—3 (see the text for details), and water salinity along the
Mackenzie River mouth (west side). Measurements were carried outVe finally attempt to estimate the fluxes of SPM and POC
on the 13 August 2009. at the mouth of the Mackenzie River. For that we use (i)
the freshwater discharge (monthly averages) measured by
the Canadian Water Office, (ii) SPM concentrations retrieved
SPMgm?) from MODIS satellite data and (iii) POC : SPM ratio values
\ documented based on field observations (river transects) dur-
: 20 ing the Malina campaign. Estimations are therefore limited to

the 2009, 2010 and 2011 summer periods (June to Septem-
ber). Available satellite observations are averaged within
each month to produce monthly averages of SPM concen-
trations at the river mouth (i.e. within the pixels containing
the two most upstream stations sampled along the river tran-
sects). It implies that the averaged SPM concentration ob-
tained is more or less representative of the monthly averages
depending on the number of satellite observations available.
The SPM concentration retrieved from satellite data is as-
Eastern river - sumed to be equal to the mean SPM concentration within
mouth the water column at the river mouth where water depths are
respectively 2m (west side) and 8 m (east side). This as-
sumption is supported by our field optical measurements (see
Figs. 8 and 9). The POC:SPM ratio at the river mouth is

e Eastern river S i 10
mouth H

Water depth (m)

&

=
Ty
T
= =

Salinity

Water depth (m)

’ E‘f:.ction distance (km)m set to 2% based on our field dataset. According to previous

studies in similar highly turbid estuarine waters (Doxaran et

Fig. 9. Spatial variations obpp(715)-derived SPM concentration, al., 2004, 2009), both bottom reflection and adjacency effects

in gm~3 (see the text for details), and water salinity along the on R, retrieved from satellite data can be assumed to be neg-
Mackenzie River mouth (east side). Measurements were carried OYigible at 550 and 780 nm, as a first approximation.

on the 16 August 2009. MODIS-Aqua satellite images providing cloud-free views

of the whole Mackenzie River mouth were processed for
the 2009, 2010 and 2011 summer periods. It allowed the
with ratio values close to 2 % at the river mouth (salinity of estimation of the monthly-averaged SPM concentration in
0) almost linearly increasing to values of about 10 % for wa- (i) July and August 2009 (3 and 2 MODIS-Aqua images,
ter salinities of 20 (Fig. 10c). Note that this relationship is respectively), (ii) June, August and September 2010 (2,
obtained when combining the Malina dataset with previousl and 2 images, respectively) and (iii) June, August and
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a and September 2010 and (iii) (295) x 10'2g in June, Au-
gust and September 2011. Assuming a constant POC : SPM
,,,,,, ratio of 2 % at the river mouth during these periods, the corre-
sponding POC fluxes are (i) @4+ 0.2) x 10'2g in July and
"""""""""""""""""""""""""""""""""""""""""""" August 2009; (i) (06+0.2) x 102g in June, August and
................................................................................. September 2010; and (jii) (6+0.3) x 10*?g in June, Au-
gust and September 2011 (Table 1).

These monthly fluxes can be compared to previous rough
: : ——c ‘ _Og—nm | estimates of SPM and POC delivered annually by the
b Mackenzie River to the delta: 12710'?g and 2x 10'?g,
respectively (Macdonald et al., 1998 and references therein).
Our estimates are in the good order of magnitude but are
lower than expected considering that most of the freshwa-
ter and SPM are discharged between May and September.
Our SPM algorithm still requires a full validation based on
match-ups with field measurements at the river mouth. Also
the monthly-averaged SPM concentrations estimated from
ocean colour remote sensing data depend on the number of
available cloud-free satellite images; this number can signif-
icantly increase by using MERIS and MODIS-Terra satellite
observations in addition to MODIS-Aqua. Third, the high-
est SPM concentrations at the Mackenzie River mouth are
certainly found in May and June during the breaking-up of
the stamukhi, periods during which few cloud-free satel-
lite observations were available in 2009, 2010 and 2011.
This may partly explain the rather low SPM fluxes estimated
based on remote sensing data in the present study. More-
over, previous estimates were based on field measurements
Salinity made in the Mackenzie River, i.e. upstream the river delta,
while our remote sensing observations concerned the mouth
concentration (values lower than 25g#) (b) and POC : SPM of the Mackenzie River, i.e. the exact limit b_etween the river
ratio (c) as a function of water salinity. Only stations along the and adjacent coastal Wat_ers. In order to esUmate_SPM fluxes
two river transects where the water salinity, SPM and POC con-€Xported to the ocean, field measurements carried out sev-
centrations were measured simultaneously are reported. Black an@ral km upstream the river mouth tend to underestimate the
grey circles respectively represent the west and east river trantrapping of SPM within the delta zone (e.g. Seitzinger et
sects. For comparison measurements of salinity and SPM conceral., 2005; Doxaran et al., 2009). The advantage of remote
trations carried out along the same river transects during the Canasensing data is their capability to estimate SPM concentra-
dian Arctic Shelf Exchange Study (CASES) in June and July 2004tjons exactly at the river mouth.
(see Eelanger et al., 2008 for exact sampling locations) (black and
grey squares, respectively for the west and east river transects) are
included. Th(_a _power-lav(a) _and linear(b) re_gre_ssions betv_veen 4 Summary and conclusions
SPM and salinity were obtained when considering the Malina and
CASES measurements.

y = 29,647x0:569
R2=0,83 N=22

SPM (g m?)

SPM (g m3)
a

O
=

12 71|y = 0,377dx + 0,8275[ E """
104 RE=0886 N=10 R

POC:SPM (%)

Fig. 10. Observed variations of the SPM concentrat{ajy SPM

This study first allowed documentation of the organic carbon

content of particles in suspension in the Mackenzie River

delta, turbid plume and adjacent Beaufort Sea waters dur-
September 2011 (3, 3 and 2 images, respectively). The reing the summer 2009. The content was shown to vary from
sulting monthly-averaged SPM concentrations were: 245 anene extreme to another, i.e. from the mineral-rich particles
145 g n13 (2009), 315, 175 and 145 gTh (2010), 345, 145  at the river mouth (POC : SPM ratio of 2% on average) to
and 130gm? (2011). Taking into account the uncertain- organic-rich particles away from the river plume (POC : SPM
ties associated with the estimated SPM concentration withirratio in the range 10-45 %). The river plume waters appeared
the whole water column at the river mouth (s&25 %) as a complex transition zone with mixed mineral and or-
(Doxaran et al., 2009), these values were multiplied by theganic particles and a POC: SPM ratio typically increasing
volume (in n¥) of freshwater discharged each month to ob- with decreasing SPM concentration. Our results have high-
tain an estimation of the SPM fluxes: (i) (384) x 102g in lighted the potential of combined field optical measurements
July and August 2009, (i) (23 4) x 102g in June, August and ocean colour satellite data to estimate SPM and POC
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Table 1. Monthly-averaged SPM concentration (g#) atthe river A permanent maximum turbidity zone was identified in the
mouth, based on MODIS-Aqua satellite observations, and correfiver delta (up to the 10 m isobath), while the offshore exten-
sponding monthly-averaged freshwater dischargé m). The sion of the plume (predominantly westwards or northwards)
monthly-averaged SPM flux<(10'?g) at the river mouth is esti-  was observed to closely respond to variations in the Macken-
mated as the product between the monthly-averaged SPM conceryie freshwater discharge.

tration and monthly freshwater discharge; the associated monthly- The |ocation of the maximum turbidity zone in the river
averaged POC fluxx( 10'?g) at the river mouth is estimated as- gejta was confirmed by field measurements which also al-
suming a constant POC : SPM ratio of 2 %. lowed detection of the presence of mineral-rich particles
within surface waters of the Beaufort Sea, up to 300 km

Period Mean SPM Mean freshwater  SPMflux  POC flux K A

concentration discharge  x(10'2g) (x 1012g) offshore. Moreover, SPM concentrations at the river mouth

gm=3 m-3s1 were observed to exhibit weak vertical variations along the

July 2009 250t 50 20200 133  03+01 water column, highlighting the potential of ocean colour re-
August 2009 15630 13300 5:2 0101 mote sensing data to provide new estimates of SPM and POC
Total 2009 - - 183 04+02 fl db he Mack ie Ri . he B f
June 2010 32870 14500 123 02401 uxes exporte yF e Mackenzie River into the Beau .or'.[
August 2010 186 40 12900 6:2 01401 Sea. The fluxes estimated in this study as part of a prelimi-
?gt’;ezrgigr 2010 15830 12500 25&*; géigé nary exercise proved to be in the good range but further work
June 2010 35870 19970 18:3 04402 (i.e. field and satellite observations) is necessary to quantify
August iOlO 15630 16483 6:2  01£01 the particulate fluxes during the spring (May—June) period.
September 2010 13930 12483 42 01401 L - ;
Total 2010 i - 293 06403 Additional field measurements are required to assess the

robustness of the optical proxies identified in this study, and
the validity of the SPM quantification algorithm developed
for ocean colour remote sensing. In an optimal scenario, in-
concentrations at the Mackenzie River mouth and also withinsitu field data would be acquired coincidentally with satellite
the river plume. imagery (a so called match-up). The next step will be the
Regional proxies were identified to estimate SPM con-routine application of the developed quantification algorithm
centrations in the Mackenzie River delta and turbid plumeto MODIS and MERIS satellite data recorded since 2002 for
from bio-optical measurements, namely based on the attenwperational monitoring of the SPM and POC fluxes delivered
ation and particulate backscattering coefficients. Our resultdy the Mackenzie and other major rivers to the Arctic Ocean.
proved to be consistent with SPM-specific inherent optical
properties typical of coastal waters (e.g. Babin et al., 2003b;
Neukermans et al., 2012). Moreover, a robust quantificatiorf\*cknowledgementsThis study was funded by ANR, the French
relationship was developed to estimate SPM concentration§9ence Nationale de la Recherche (Malina project, P. I. M. Babin),
from remote sensing reflectancR.4) measurements (i.e. ei- 2y the Centre National d'Etudes Spatiales (CNES-France)

ther from field or atmospherically-corrected ocean coIourthrough the Provpanache project and by the Groupe Mission
P y MERCATOR/CORIOLIS (France). We acknowledge the NASA
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fully-empirical approach used to relaRgs and SPM concen-  of the Mackenzie River main tributaries. We finally thank two
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proved to be robust but still potentially affected by variations
in CDOM concentrations.

The application of this relationship to ocean colour satel-
lite data requires the accurate retrieval of thg signal in
visible (around 560 nm) and near-infrared (around 780 nm)
spectral bands. It was tested on a selection of cloud-free
MODIS-Aqua satellite data recorded in 2009, 2010 and o . C
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