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Abstract. A data set of radiometric measurements collectedTherefore, other parts of the spectrum (e.g., the red) should
in the Beaufort Sea (Canadian Arctic) in August 2009 (Ma- be explored if one aims at quantifying interannual changes
lina project) is analyzed in order to describe apparent op-in chlorophyll in the Arctic from space. The very peculiar
tical properties (AOPs) in this sea, which has been subjecAOPs in the Beaufort Sea also advocate for developing spe-
to dramatic environmental changes for several decades. Theific light propagation models when attempting to predict
two properties derived from the measurements are the spedight availability for photosynthesis at depth.

tral diffuse attenuation coefficient for downward irradiance,
K4, and the spectral remote sensing reflectaRge, The for-
mer controls light propagation in the upper water column. {1 |ntroduction

The latter determines how light is backscattered out of the

water and becomes eventually observable from a satelliteurrent dramatic evolutions of the Arctic environment in-
ocean color sensor. The data set includes offshore clear waijude an increase in atmosphere temperature larger than else-
ters of the Beaufort Basin as well as highly turbid waters of where (zZhang, 2005), a summer ice melting that acceler-
the Mackenzie River plumes. In the clear waters, we showates as compared to current model predictions (Stroeve et
Kq values that are much larger in the ultraviolet and blueal., 2005), carbon-rich permafrost thawing on most coastal
parts of the spectrum than what could be anticipated considfringes (Schuur et al., 2008), and cloudiness changes (East-
ering the chlorophyll concentration. A larger contribution of man and Warren, 2010). These major changes in physical
absorption by colored dissolved organic matter (CDOM) isand chemical forcing inevitably lead to significant modifi-
responsible for these higkig values, as compared to other cations of the underwater light environment of Arctic wa-
oligotrophic areas. In turbid waters, attenuation reaches exters, through their impact on seawater optical properties. A
tremely high values, driven by high loads of particulate mate-cascade of effects is to be expected on all light-mediated
rials and also by a large CDOM content. In these two extremeor light-controlled processes, including photosynthesis and
types of waters, current satellite chlorophyll algorithms fail. photochemical reactions, and the heating rate of the upper
This questions the role of ocean color remote sensing in thé¢ayers.

Arctic whenR,s from only the blue and green bands are used.
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Quantifying the impact of current changes in optical prop- The objective is to describe the data set in terms of the spec-
erties requires knowledge of them prior to these changes. Edral diffuse attenuation coefficient for downward irradiance,
tablishing such a baseline is actually difficult because op-Kq(1), and the spectral remote sensing reflectamzg).).
tical properties of Arctic waters have been scarcely sam-The former controls light propagation in the upper water col-
pled until now. Reports have been made of inherent opti-umn and therefore modulates the heating rate and the light
cal properties (IOPs, sensu Preisendorfer, 1961), for instancavailability for photosynthesis or photochemical reactions.
in surface waters of the Chukchi Plateau (Pegau, 2002) oif he latter is a measure of the light backscattered out of the
in the Beaufort and Chukchi seas in August 2000 (Wangwater and eventually observable from a satellite ocean color
et al., 2005). The Malina Leg2b cruise has brought addi-sensor.
tional IOP observations, in particular of particulate absorp- The different light environments that were encountered are
tion (Bélanger et al., 2013), absorption by colored dissolvedfirst described, and a classification is proposed for the sta-
organic matter (CDOM; Matsuoka et al., 2013), and partic-tions that were sampled in a variety of environments. Spectral
ulate backscattering (Doxaran et al., 2012). Other data wereharacteristics and membership to either case-1 or case-2 wa-
essentially collected in relation to quantifying upper oceanters is discussed, and the results from a search for bio-optical
heating rates close to or below sea ice (Pegau, 2002, and refelationships are presented. The implications of our findings
erences therein). Observations of apparent optical propertiesn the modeling of primary production and the remote sens-
(AOPs) in the Arctic are even more rare. Smith (1973) re-ing of Chla in the Arctic are finally discussed.
ported irradiance measurements made below a 5 m thick ice- A second objective of this paper and especially of its com-
cap in the central Arctic (on Fletcher's ice island T-3), and panion part Il paper (Hooker et al., 2013) is to illustrate
Maykut and Grenfell (1975) reported irradiance measure-the capabilities of a next-generation profiler system that we
ments also made under sea ieel-2 m thick) near Point used for collection of the radiometric data. This instrument
Barrow, Alaska. Smith (1973) concluded that Arctic waters provides high-quality radiometric measurements over an ex-
were among the clearest in the world known at that time. Thetended spectral range as compared to previously used pro-
rationale in the 1970s and 1980s was definitely to understaniling systems, which is particularly adapted to the multi-
under-ice conditions, which were prevailing and consideredfaceted Arctic environment.
as the typical Arctic environment, whereas a different per-
spective now emerges because large areas are free of ice in
summer. 2 Methods

In the 1980s, Topliss et al. (1989) performed speckial
measurements in the northern Baffin Bay, eastern Canadiap.1 Deriving AOPs from in-water profiles of
Arctic, suggesting that the waters from this region departed radiometric quantities
significantly from the so-called case-1 waters (Morel and
Prieur, 1977) because of the presence of an anomalously hig¥ertical profiles of radiometric quantities were collected dur-
particulate scattering background, as well as a greater contring Malina Leg2b using a biospherical Compact-Optical Pro-
bution of the degradation products to blue light attenuation filing System (C-OPS). The rationale for the development of
Accordingly, Mitchell (1992) noticed an important contribu- this next-generation in-water profiling system is provided in
tion of yellow substances to the blue light attenuation in Framthe companion paper (Hooker et al., 2013), along with de-
Strait and in the Barents Sea relative to the polar Antarctictailed description of its design and operation, and further
waters. He showed that polar phytoplankton tend to presendemonstration of its capability in deriving high-accuracy ra-
higher pigment-packaging effect relative to temperate lati-diometric data in particular just below the surface. Suffice it
tudes that reduces their efficiency to absorb light for a givento say here that this instrument allows getting high-resolution
concentration of chlorophylt (Chl a). vertical profiles of the downward plane irradiandg;, and

Historical observations were complemented only muchthe upwelling radiance at nadit,,, in the following 19 spec-
more recently by measurements made in ice-free watergral bands: 320, 340, 380, 395, 412, 443, 465, 490, 510, 532,
(Wang and Cota, 2003; Matsuoka et al., 2007, 2009, 2011555, 560, 625, 665, 670, 683, 710, 780 nm and photosynthet-
Hill, 2008; Ben Mustapha et al., 2012; Brunelle et al., 2012), ically active radiation (PAR). The high dynamic range of the
and no other measurements have been reported in betweentnicroradiometers used in the C-OPS in principle allows get-
the open literature, at least to our knowledge. Therefore, atting Eq andLL, over 8 orders of magnitude, from high irradi-
tenuation and reflectance properties of Arctic waters are stillances typical of the surface layer during a sunny day in clear
poorly known. waters to dim irradiances under cloudy skies or at large depth

Here we report on an intense program of radiometric dateor in extremely turbid waters. The C-OPS was deployed from
collection that was carried out during the Malina Leg2b a 12 m barge in parallel to, but at distance from, Ameund-
cruise in the Canadian Beaufort Sea in August of 2009. Thesenicebreaker main operations. This protocol allowed avoid-
large number of sampled stations makes this effort appropriing any ship perturbation, either due to shadowing from the
ate to characterize the underwater light field in this region.hull and superstructures or due to mixing of the upper layers.

Biogeosciences, 10, 4493509 2013 www.biogeosciences.net/10/4493/2013/
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It also allowed an easy and unobstructed deployment of thesolar reference using

deck reference using a telescoping mast (Hooker, 2010) for

collection of above-surface downward irradian&(@*) or ~ Ed(07, 1) =0.97E4(0", 1), 2
Es; see below), and getting close to icecaps for specific casts. ) )

The processing of these data is based here on a welwhere the constant 0.97 represents the applicable air-sea
established methodology (Smith and Baker, 1984) that wadransmittance, Fresnel reflectances, and the irradiance re-
evaluated in an international round robin (Hooker et al.,fléctance £u/Eq), and is determined to an accuracy better
2001) and shown to be capable of agreement at the 1 % levdhan 1% for solar elevations above°add low-to-moderate
when the processing options were as similar as possible¥ind speeds. The distribution dfq measurements at any
Complete details of the terms and dependencies are avaifepth z influenced by wave-focusing effects does not fol-
able in the Ocean Optics Protocols (hereafter, the ProtocolsfOW @ Gaussian distribution, so linear fitting B in a near-
which initially adhered to the Joint Global Ocean Flux Study Surface layer is poorly constrained, especially if the number
(JGOFS) sampling procedures (JGOFS, 1991) and defineBf samples is small. The application of (2) to the fitting pro-
the standards for NASA calibration and validation activities C€SS establishesomundary conditioror constraintfor the fit
(Mueller and Austin, 1992). Over time, the Protocols were (Hooker and Brown, 2013). o o
initially revised (Mueller and Austin, 1995) and then updated ~ The appropriateness of théy extrapolation interval, ini-
annually (Mueller 2000, 2002, 2003). tially established by, andzy, is evaluated by determining

The Protocols are detailed, so only a brief overview for ob-if (2) is satisfied to within approximately the uncertainty of
taining data products from vertical profiles of upwelling radi- the calibrations (a few percent); if na andz2 are redeter-
ance () plus upward and downward irradiandg,(andEg, mined — while keeping the selected depths within the shal-
respectively) is presented here. In-water radiometric quantilowest homogeneous layer possible — until the disagreement
ties in physical unitsi (i.e., Ly, Eu, or Eg), are normalized 1S minimized (usually to within 59%). The linear decay of
with respect to simultaneous measurements of the global sdn[® (z, )] for all light parameters in the chosen near-surface
lar irradiance,Eq(0*, A, 1), with ¢ explicitly expressing the layer is then evaluated, and if linearity is acceptable, the en-

time dependence, according to tire process is repeated on a cast-by-cast basis. Subsurface
primary quantities at null deptk, (0~, 1), are obtained from
E4(0%, A, 10) the slope and intercept given by the least-squares linear re-

R(z, A, to) = R(z, A, 1) (1) gression of Inf (z, )] versus z within the extrapolation in-

terval specified by1 andzo.

where R (z, 1, 7o) identifies the radiometric parameters as The processing uses two extrapolation ir_]tervals, one for
they would have been recorded at all depthat the same  the UV-green and one for the red-NIR. Both intervals start at
time 1o, and is generally chosen to coincide with the start the same depth, butthe UV-green is allowed to extend deeper,
of data acquisition. For simplicity, the variablés omitted in ~ Pecause the attenuation is frequently less, as long as that part
the following text. In addition, any data collected when the Of the water column that is involved remains homogeneous.
vertical tilt of the profiler exceeds®5re excluded from the The average extrapolation intervals are in the top 1.5-3m of
ensuing analysis. the water column. for the UV-green, and in the top 1-2 m for
After normalization and tilt filtering, a near-surface por- the red and nearinfrared. . _
tion of Eq (z,1) centered ato and having homogeneous The water-leaving radiance is obtained directly from
optical properties (verified with temperature and attenuation _
parameters) extending from =zo+ Az andzpy=z0— Az Lw(3) =0.54Lu(07, 1), @)

is established separately for the blue-green and red WaV&ihere the constant 0.54 accurately accounts for the partial
lengths; the ultraviolet (UV) is included in the interval most ) y P

similar to the UV attenuation scales. Both intervals begin atreflectlon and transmission of the upwelled radiance through

. . the sea surface, as confirmed by Mobley (1999). To account
the same shallowest depth, but the blue-green interval is alfor the aforementioned dependencelgf on the solar flux
lowed to extend deeper if the linearity ih | (z, A)], as deter- P '

. o ; : . which is a function of atmospheric conditions and time of
mined statistically, is thereby improved. The negative valueOla Ly, is normalized by the (average) global solar irradi-
of the slope of the regression yields the diffuse attenuation Y, Ew y 9¢) ¢

coefficient,K4(1), which is used to extrapolate the fitted por- ance measured during the time interval corresponding to

Eq(0F, A, 1)’

tion of the Eq profile through the near-surface layer to null andzz:
depth,z =0". Lw()
Fluctuations caused by surface waves and so-cédlest  Rrs(A) = Ea0%. ) (4)

effectsprevent accurate measurementszgti) close to the

surface (Zaneveld et al., 2001). A value just below the surfacavhereR,s is the remote sensing reflectance. Normalized vari-
(at null depthy = 07) can be compared to that measured con-ables are the primary input parameters for inverting T&hl
temporaneously above the surfacez(at 0™) with a separate  concentration from in situ optical measurements as part of

www.biogeosciences.net/10/4493/2013/ Biogeosciences, 10, 48082013
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the “OC” class of algorithms (O’Reilly et al., 1998), which 2.2 Inherent optical properties and geophysical
means they are central variables for validation exercises. quantities

An additional refinement includes the bidirectional nature
of the upwelled radiance field, which is to a first approx- 2.2.1 Absorption by colored dissolved organic matter
imation dependent on the solar zenith angle. An early at- (CDOM)
tempt to account for the bidirectionality df,, by Gordon ) ) .
and Clark (1981), following Austin (1974), defined a nor- The light absorbance of golored d|ssolved_ organic ma'Fter
malized water-leaving radiance, ,(»)]n, as the hypotheti- (CDOM) was measured using an UItrgP_ath liquid waveguide
cal water-leaving radiance that would be measured in the abSyStém manufactured by World Precision Instruments, Inc.
sence of any atmospheric loss with a zenith Sun at the mea_(TSarasota, Florida). The detailed methpdology is de_scrlbed
Earth-Sun distance. The latter is accomplished by adjustind? Matsuoka et al. (2012), so only a brief summary is pre-
Ris(%) with the time-dependent mean extraterrestrial solar ir_sented here. Water samples were collected from a Niskin bot-

radiance,Fy (ignoring all dependencies except wavelength tle or a clean plastic container (for surface samples) into pre-
for brevity): rinsed glass bottles covered with aluminium foil. Water sam-

ples were immediately filtered after sampling using 0.2 um
[Lw()IN = Fo(A) Ris(1), (5) GHP filters (Acrodisc Inc.) pre-rinsed with 200 mL of pure
water. Absorbance spectra of the filtered waters were then
where Fy() is usually formulated to depend on the day of measured at sea from 200 to 735 nm with 1nm increments
the year and is derived from look-up tables (Thuillier et al., with reference to a salt solution (the salinity of the reference
2003). An additional correction for a so-calledactnormal-  was adjusted to that of the sample, to within 2 salinity units),
ized water-leaving radiance is required for satellite and seaprepared with pure water and granular NaCl pre-combusted
truth matchups (Mueller and Morel, 2003), but that level of in an oven (at 450C for 4 h).
completeness is not needed here. An UltraPath allows four optical path lengths ranging from
The solar zenith angle for the Malina data set ranged from0.05 to 2m (i.e., 0.05, 0.1, 0.5, and 2m) to be selected. In
53 to 79 and had an average value of°62vhich is within most cases, a 2 m path length was used, except for coastal wa-
or close to the 75threshold for some of the data processing ters at the Mackenzie River mouth, where a 0.1 m path length
corrections, e.g., computing the bidirectional correction forwas used. The absorption coefficient of CDOdpom(2),
the exact form of the normalized water-leaving radiance. Then units per meter, was calculated from the measured values
vast majority of the Malina data were collected under over-of absorbanceA), or optical density, as follows:
cast (i.e., diffuse) conditions, wherein the Fresnel reflectance _
does not vary appreciably (i.e., literature values are to within coom(L) = 2.30314(?») — A(689) ’ %
2 % of the value used in the data processing scheme). In ad- 1
dition, the majority of the data were collected in quiescent

) where 2.303 is a factor for converting from natural to base
waters from a small vessel, so wave-focusing effects wer

erLO logarithms, | is the optical path length (in meters), and

Yor each absorbance spectrum the 5 nm average of the mea-
sured values ofi (1) centered around 685 nm, (685), was
assumed to be zero and tA€A) spectrum was shifted ac-
cordingly (Pegau et al., 1997; Babin et al., 2003).

the extrapolated in-wateEy(0~) values taken through the
air-sea interface for comparison wila (0™) (per the bound-
ing condition used in the processor) is easily satisfied with
minimum manipulation of the extrapolation interval (assum-
ing the interval is defined in a homogenous layer, which is5 5 5 T4ta) chlorophyll @ (TChl a)
required).
When needed, the irradiance reflectaité= Eu/Eq) iS  Seawater filtration through 25mm GF/F filters under low
derived fromR;s following vacuum was used to collect particulate matter for phyto-
OnR plankton pigment analyses. Filters were flash-frozen in lig-
nors (6)  uid nitrogen and kept a+-80°C until analyses. The pig-
R ment concentrations were determined by high-performance
where the nadiQ factor (Qy) is a function of Chlz and the  liquid chromatography (HPLC), following Van Heukelem
Sun zenith angle (Morel and Gentili, 1993) aftdncludes ~ and Thomas (2001) as modified by Ras et al. (2008). Total

all reflection and refraction effects at the air—sea interfaceChl a is calculated here as the sum of Chloroplayltiviny!
(Morel and Gentili, 1996). Chlorophyll @ and Chlorophillidea, as recommended by

the National Aeronautics and Space Administration (NASA)
protocol for ocean color algorithm development and valida-
tion (Hooker et al., 2005).

R\ =

Biogeosciences, 10, 4493509 2013 www.biogeosciences.net/10/4493/2013/
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Fig. 1. Map of the sampling area of the Malina Leg2b cruise (31 July to 29 August 2009). The meaning of symbols for stations is given in
legend of Fig. 4.

2.2.3 Suspended particulate matter (SPM) during Leg2b of the cruise. These stations were organized

along seven approximately north—south transects, the east-
Suspended particle matter (SPM) concentrations were mearnmost being identified as transect 100, followed by 200
sured following Doxaran et al. (2012). Triplicate low vacuum and so on when progressing to the west. Only one or two
(Van der Linde, 1998) filtrations of known volumes,(in L) stations were occupied on transects 400, 500 and 700. Over-
of seawater (0.2 to 6L, depending on turbidity) were per-all, twenty-one (21) stations were located on the continen-
formed through pre-ashed (1h at 4%0) and pre-weighed tal shelf (bottom depth< 250 m; delineated by the thick red
(MO in mg) 25 mm glass-fibre filters (Whatman, GF/F 0.7 um curve in Fig. 1), among which the two river transects had
nominal pore size). The filters were rinsed with Milli-Q wa- depths< 10 m (stations 691696 for what will be referred to
ter, dried for 12 h at 60C, and finally stored at-80°C in as the western Mackenzie transect and stations 394—398 for
clean Petri slides covered with aluminium foil. Back in the the eastern Mackenzie transect). The other 15 stations are at
laboratory, filters were dried again and then weighed (M1),open-ocean locations, with water depths greater than 250 m,
and SPM was calculated by dividing the difference betweenand reaching a maximum of 1670 m at station 620. The deep-
MO and M1 by the volume filtered. est part of the Beaufort Basin (depth2000 m) was covered

by a thick multi-year icecap, and it was not sampled during

Malina (see Fig. 1 in Blanger et al., 2013).

3 Results Sampling was constrained by the presence of ice in the
_ southern Beaufort Sea and by the overall cruise objectives,
3.1 Sampling area which implied collecting data both as close as possible to

o . the Mackenzie River outflows and as far offshore as possi-
The map in Fig. 1 shows the location and bathymetry of thep|e in the deep part of the Beaufort Sea. The different sym-
sampling area of the Malina program in the Beaufort Seapo|s in Fig. 1 mostly reflect where the stations are located
(Canadian Arctic), and displays sampling stations occupied

www.biogeosciences.net/10/4493/2013/ Biogeosciences, 10, 48082013
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with respect to the coast and the shelf, with black symbols
(squares and circles) for the two river transects and open
symbols for open-ocean stations. Intermediate coastal loca-
tions are depicted in gray. This purely geographical split of
stations actually also corresponds to well-identified clusters
of stations based on optical criteria (see later on). Red stars
in Fig. 1 indicate the stations with the clearest surface wa-
ters, i.e., 0.024 m! < K4(443)<0.1nT L. The lower bound 40 1
corresponds to what the Morel and Maritorena (2001) bio-
optical model would predict for a case-1 water with a @hl
concentration of 0.05 mgn¥.

Depth [m]

60

3.2 The different light environments sampled during
the cruise

80 1

The combination of the sampling constraints described above 24 20 16  -12 08 o4 -0_0
with the characteristics of water masses and bottom topog- l0g3o(E4(2)/E,), at 443 nm

raphy led to the exploration of a large range of conditions | | | | | | |

in terms of water turbidity and optical complexity. This is 002 004 008 016 032 063 13 25 50
illustrated in Fig. 2, which shows the exponential decrease Surface Ky(443) [m™]

of downward irradiance normalized to its value just below _ _ i _ _
the sea surface, sorted as a function of the diffuse attenud-'9: 2 Vertical profiles of the decimal logarithm of the downward
tion coefficient for downward irradiance at 443 nffy(443) irradiance normallzeq to its value just below the sea surface. Data
o . are sorted as a function of th€4(443) value for the surface layer.
(see Sect. 2.1 for determination &#). The right part OT thg Discontinuities are due to sorting the profiles as a function of the
plot, for Kq(443) > ~0.6 nT%, corresponds to sampling in surfaceK 4 only.
the two river transects (station numbers from 680 in the west
Mackenzie transect and 394 to 398 for the east transect; see
Fig. 1). At these very turbid stations, the one-percent light
level (z105) for A =443 nm is at depths from about 1 to 5m. located near Cape Bathurst where moderate L£Ctbncen-
At a few intermediate stations, where0.3nm ! < K4(443) trations were observed (i.e., 0.5 to 1.7 mgin(Fig. 3b). At
<~0.6nT%, this depth is of about 20-30 m. For the clearest other stations, there is either not enough &bt too much of
stations K¢(443) < ~0.2nTY), 7194 varies from about 50 to  the light is absorbed in the blue-green by CDOM to produce
70m. The data set is therefore essentially made, on the ona significant fluorescence signal.
hand, of clear waters of the deep Beaufort Basin and shelf The large range of optical characteristics encountered dur-
waters with water depths greater than about 50 m (17 staing Malina Leg2b can actually be depicted by the relation-
tions over a total of 36) and, on the other hand, of very turbidship between the diffuse attenuation coefficient for down-
waters from the Mackenzie outflows (11 stations). Eight sta-ward irradiance Kg) at the two extremes of the spectrum
tions represent intermediate situations, some of them beingampled here, i.e., at 320 and 780 nm. The rationale for
classified as “coastal”. using these two values as a classification tool is fully ex-
Four stations have been selected to illustrate in more deplored in the companion paper of this study (Hooker et al.,
tail the underwater light environments that were sampled dur2013). Here it is used to show how the data set is distributed
ing Malina Leg2b. The corresponding downward irradianceamong different light regimes, and to identify stations clus-
spectra at various depths, normalized to the maximum valugers and assign them symbols that will be used from now
found in the shallowest spectrum, are displayed in Fig. 3.on in this study to facilitate data interpretation. When plot-
They show, as expected, the progressive shift of the maxiting K4(780) as a function 0K 4(320) (Fig. 4), a first group
mum transmission from the blue wavelengths{490nm)  of stations clearly shows up with lowy values for both
for the clear station (Fig. 3b) to the green for mesotrophic stawavelengths. They correspond to the more offshore stations,
tions (Fig. 3b), and to the green and red for the highly turbidand they will be identified by open circles. A number of sta-
stations of the river transect (Fig. 3c and d). The underwadions that would intuitively fall in the same category if they
ter environment at these turbid stations is nearly depleted ofvere classified on the basis of their geographical proximity
UV radiation, which is absorbed within the first meter (less with open-ocean stations actually separately appear in Fig. 4.
than 1% radiation foih <400nm at a depth of 1m). The They show lowK4(320) but moderat& y(780) values. They
Eq4 peak due to Chk fluorescence appears at the depth of also correspond to clear waters but were characterized by the
the deep chlorophyll maximum for the clearest station, i.e.,presence of an ice floe close to where the radiometry pro-
at about 50 m (Fig. 3a), and, to lesser extent, at station 17@iles were performed. These “ice-edge” stations are identified

Biogeosciences, 10, 4493509 2013 www.biogeosciences.net/10/4493/2013/



D. Antoine et al.: Apparent optical properties of the Canadian Beaufort Sea 4499

10° 10° B 00 o0 T o
10—1 i 10—1 JMOC ﬁﬁg%}.—igﬁ qo\\o
5n

< 1072 102 4 g: %ﬂﬁ O/O_«\ R

Y

il ] e

IS i - i -

g Lo / Station| 345-2 K;;;i\ Lo é/% j Station|170-1 \@%OE] s»
107 Jﬂ 5 Q 10° 184 s
N N

300 400 500 600 700 800 300 400 500 600 700 800
100 c oo \O\@1 100 5 !
1071 ﬁ/@ ﬁ 3n:\ 1071 o UO/O\ O\
/e, / N

2 102 7z Do 0l 107 o

E 1078 }%’ 1073 f Iof XX

E J /?/ f@c 693 &\ // Station| 398

2 10 107

LN R L 2AY \
10°° U@ M 1075 O\/ 13 3
S/
10_6300 400 500 600 700 800 10_6300 400 500 600 700 800
Wavelength [nm] Wavelength [nm]

Fig. 3. Example spectra of the downward irradiance at various depths and four stations as indicated. Values are normalized to the maximum
Eg4 found just below the sea surface.

by open triangles. Most of the stations corresponding to thecoastal stations, where water turbidity was high. A few of the
two river transects hav&4(320) values greater than 3th open-ocean stations would also fall in the same category, at
Therefore they very clearly separate from other stations (darkeast with the criterion used here. It is known, however, that
circles and squares). Stations of the northern part of the westhe theoretical threshold poorly performs for low Ghand

ern Mackenzie transect (640 to 680) represent an intermedidoes not distinguish yellow-substance-dominated case-2 wa-
ate situation (cluster of black squares #6§(320) ~2m1 ters (Morel and Blanger, 2006). The ice-edge stations all fall
and K4(780) ~3m~1). Gray diamonds identify the coastal below the theoretical line, which indicates that closeness of

stations. an ice floe would not enhance scattering in the green part of
the spectrum, which is the parameter that essentially drives
3.3 Case-1/case-2 water classification the theoretical threshold used here. Another possibility is that

enhanced scattering is counterbalanced by enhanced absorp-
The irradiance reflectance at 560 nR(560), is plotted as tion in these particular situations (see Sect. 3.3.2ataBger
a function of the Chk concentration, Chl, in Fig. 5a. The etal., 2013).
theoretical maximum value aR(560) above which waters Another look at the case-1/case-2 classification is given
would belong to the sediment-dominated case-2 categoryn Fig. 5b, where the ratio of remote sensing reflectances
(Morel and Prieur, 1977) has been computed from ghl at 412 and 443Rs(412)/Rs(443), is plotted as a function
following Morel and Belanger (2006) (continuous curve in Of the Ris(555) /Rrs(490) ratio (as in Lee and Hu, 2006; see
Fig. 5a). Clearly, a large part of the Malina Leg2b data setalso Morel and Gentili, 2009). A monotonic relationship ex-
is made of so-called case-2-S waters. As expected, these wits between both ratios when they are determined from a
ters essentially correspond to the two river transects and théase-1 water bio-optical model. Lee and Hu (2006) derived

www.biogeosciences.net/10/4493/2013/ Biogeosciences, 10, 48082013



4500 D. Antoine et al.: Apparent optical properties of the Canadian Beaufort Sea

4.5
| A
°d
| 0.1
4.0 7 —
o
g
7; A &
g 35 | 2
i’;og 1 &ig fﬂ 0.01 4 |
P 1
o8 r @

3.0 ’—ﬁlj ‘ ‘
] ) mg [ 0.01 0.1 1 10

TChla [mg m™]

] o 2.0
25 : B
1 10
K4(320) [m™] 154 i
g
Fig. 4. K4(780) as a function 0K §(320). The grouping of points g
shown here was used to group stations into different clusters as fol- & 10 L
lows: offshore clear-water stations (open circles), coastal stations &
(gray diamonds), the western Mackenzie transect (black squares), <,
the eastern Mackenzie transect (black circles), and ice-edge stations®
(open triangles). 0.5 |
. . . . 0.0 T T T
such a relationship from the Chl-based bio-optical model of 0.0 05 10 15 20

Morel and Maritorena (2001) (MMO1). The corresponding
curve is superimposed on the Malina data points in Fig. 5b. R(555) / Ris(490)
Casg—l water .statlc.)ns ShOU|d. be d.lsmbUted WitiibO % Fig. 5. (A) Irradiance reflectance at 560 nrR(560), as a func-
of Fhls.theoretlcal line (see Fig. 1 ',n Lee and Hu, 2006), tion of the Chla concentration. The curve corresponds to the the-
which is not the case here. The entire data set, on the COnsyeticq) limit between case-1 and case-2 waters, computed from
trary, falls well below the average curve and outside of thech) 4 following Morel and Belanger (2006)B) Rrs(412)/Rs(443)
+10% variability, which indicates a much lower than ex- as a function ofRys(555)/Rrs(490). The solid line corresponds to
pectedRs(412) / Rs(443) ratio. This is a clear indication of Eq. (2a) in Lee and Hu (2006), and the dashed curves10 %
an excess of absorption by CDOM. around this line.

Therefore, although the more offshore stations of Malina
Leg2b can be ascribed to the case-1 water category when
looking at a criterion essentially based on scattering (Fig. 5a)make Rrs varying over about three decades. TR values
none of the stations would belong to this category when thefor open-ocean and coastal stations vary over slightly more
classification is based on the relative proportion of CDOM than two decades. Thiq values in the UV bands can be as

with respect to scattering (or Ch). high as 20 m? in the innermost part of the Mackenzie River
mouth. In the visible spectral domain, the lowest values are
3.4 Spectral characteristics of about 0.035 m*. They expectedly correspond to the blue

bands (490 nm in particular) of the open-ocean stations.
A few stations have been selected as exemplary of spectral The case-1/case-2 delineation examined in Fig. 5 is insuf-
shapes present in our data set. The corresponding spectra fi€ient to fully characterize the optical regimes. It cannot, in
normalizedR;s and K4's are displayed in Fig. 6a and b, re- particular, indicate whether or not the waters classified here
spectively, for stations 394398 (east transect), 380 (coastalps case-1 have similar spectral characteristics as case-1 wa-
320, 340 and 360 (open-ocean clear waters), and 460 and 786rs of other oceanic areas. It has already been shown that
(ice-edge stations). For the river stations, extremely Ry~ optical properties of low-chlorophyll clear waters can sig-
in the UV bands, around % 10~°sr-1, combined with large  nificantly vary at a given Chk concentration (Morel et al.,
values in the red part of the spectrum (about 20-2sr 1) 2007a; Brown et al., 2008). Therefore, the spectral shape of
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Rrs and much lowerKy in the near UV and blue parts of
the spectrum than what was measured in the Beaufort Sea
during Malina Leg2b (by about50 % at 443 nm, and by a
factor of about 2 at 412 nm, for instance). What is referred
to as open-ocean clear water here for the Beaufort Sea is ac-

_.\.‘\ A
\\:\\‘X\s tually much less blue than what can be found in other low-
N Y
i\\\
\@@6 LY
>

75,

N\

chlorophyll waters around the world. A similar depression
of Rys below 450 nm has been reported for the Beaufort Sea
by previous authors (Wang and Cota, 2003; Matsuoka et al.,
2007; Belanger et al., 2007). A higher absorption by CDOM
at a given Chlk concentration is likely responsible for this
difference. This can be illustrated by computing théactor
from Morel and Gentili (2009), which expresses the excess or
deficit in CDOM absorption as compared to what the Morel
and Maritorena (2001) model would predict for a given &hl
concentration. With a ratiR(412)/R (443 of about 0.95

0 800 and a ratioR (490)/ R (555 of about 3.5, as derived from the
spectra shown in Fig. 6, and for Chl=0.05mg n13, the ®
factor would be close to 5 (see Fig. 2b in Morel and Gen-
tili, 2009). This is a clear indication that CDOM absorption
is much higher in the clear waters of the Beaufort Sea than
it is elsewhere (see alsceBnger et al., 2013, and references
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The spectra identified by open triangles in Fig. 6 cor-
respond to two of the ice-edge stations. The surface
Chl a concentration for these two stations is in the same
range as for the three open-ocean stations also displayed
in Fig. 6 (open circles), namely values from 0.035 to
0.05mg(Chl) nT3. Their R,s spectra differ for wavelengths
lower than~ 500 nm, however, with lower values for the ice-
edge stations. A much more significant difference is observed
for the K4 spectra, by at least a factor of two, and not only for
blue bands but across the entire spectrum. The enhanced par-
ticulate absorption in the top 2 m of the water column iden-

R

0.1

Kg() [m™]
o
o

Ly

Z

0.01 tified by Belanger et al. (2013) is likely responsible for this
300 400 500 600 700 800 increase inkKgq. In addition, the spectral shapes of the two
Wavelength [nm] ice-edgeKy spectra are different, indicating that the proxim-

, , ity of ice does not always lead to the same perturbation of
Fig. 6. ExampleRys (A) and Kg (B) spectra, for stations 320, 340 ,ica| properties. It may depend on the proximity of the ice

and 360 (open waters), 235 and 460 (ice edge), 380 (coastal), an . . - ”
394-398 (eastern Mackenzie transect). The open diamonds shov%dge’ on the thickness of the ice sheet, the mixing conditions

modeled values from Morel and Maritorena (2001). prior tp measgrement anq on the chemical qomposmon of the
material that is released in the water when ice melts.

3.5 Bio-optical relationships
offshore stations in the Beaufort Sea have been compared to
the prediction of the MMO1 bio-optical model, in order to Radiometry measurements are not only used for character-
see how this particular sea behaves with respect to the meamation of the underwater light field. They are also largely
conditions encountered in the world ocean. The model wasised as inputs to bio-optical models aiming at quantify-
fed with the average Chl concentration and Sun zenith an- ing geophysical parameters such as the Cbbncentration.
gle of the 3 stations shown in Fig. 6 (Chk=0.05mgnt3, We have accordingly examined whether existing bio-optical
0s=62°). The resultingR,s and K4 are displayed in Fig. 6a models that were developed for global ocean case-1 waters
and b as open diamonds connected by a dotted line (note thabuld apply to the clear waters of the Beaufort Sea, either in
the spectral range of the model is limited to 350—-700 nm).their forward mode (i.e., deriving AOPs from Ch} or in
They show a close coincidence with the measured spectréheir inverse forms to derive Chlfrom combinations — usu-
for all spectral bands from 490 to 700 nm, but a much higherally ratios — of AOPs. We used the MMO1 as a typical model
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10 log-transformed data, which shows a slope close to 0 (from
A —0.19 in Fig. 7a to—0.08 in Fig. 7c). Clearly, the MMO01
5] i model cannot be used to predict reflectance ratios fronaChl
_ \@%O\ in clear waters of the Beaufort Sea. Because the MMO1
3 21 S A i model is the basis for the OC4Me “satellite chl” maximum-
A e | band-ratio algorithm (Morel et al., 2007b), using the latter
) " 0: n to derive Chla from the reflectance ratios is also invalid,
& 05 r regardless of whether these ratios are obtained from field
um ° l..' o0 @ or satellite remote sensing observations (OC4Me was con-
0.2 - ceived to apply to observations from the European Medium

Resolution Imaging Spectrometer — MERIS — ocean colour
sensor). This comment can be actually extended to any simi-
10 larly derived algorithm such as the OC4-like algorithms used
by the NASA Sea-viewing Wide Field-of-view Sensor (Sea-
WIFS) and Moderate Resolution Imaging Spectroradiome-

0.1

s ter (MODIS) ocean color missions. As a consequence, ac-

8 curately deriving Chk in these clear waters from current

% ocean color remote sensing algorithms based on global data

2 05 us o g, 00 @ | sets seems illusory. The Chl retrievals obtained via such al-

e gorithms are shown in Fig. 8, for the OC4Me (Morel et al.,
02 | 2007) and GSM (Garver and Siegel, 1997; Maritorena et
' al., 2002) global algorithms, and for an algorithm locally
0.1 tuned to the southeast Beaufort Sea waters (Ben Mustapha

10 et al., 2012). The GSM algorithm performs better than the
OC4Me because it allows for a varying CDOM component,
whereas OC4Me assumes proportionality between Chl and
CDOM absorption. Both algorithms overestimate the field
determinations, however. The local and empirical algorithm
performs clearly better for Ck} ~ 0.2 mgn13, yet it largely
underestimates Chl in clear waters.

For the river transects, the reflectance ratios are also close
to being insensitive to Cht when it is greater than about
0.2 - L 0.2mgnt3. This is rather expected, however, because op-
tical properties at these stations are essentially under the
01 0‘05 0‘1 0‘2 0‘5 ‘l 2‘ 5 influence of sediments. However, when the three panels in

' ' ' ' Fig. 7 are redrawn as a function of SPM instead of £fiot
Chl [mg m™] shown), a similar grouping of stations appears, with thresh-
Fig. 7. Reflectance ratios for the wavelengths indicated, as a func-OId.S of about 0.5 and 2 g_n;’r, r.eSpeCtNely’ below and aboye
tion of the Chla concentration. The thick solid curves show mod- Wh'_Ch the r?ﬂ?Ctance ratios little Va:ry. _Therefore’ two optical
eled values from Morel and Maritorena (2001). The thin solid F€9!Mes exist in the Beaufort Sea, inside which neither«Chl
curves are linear fits using the log-transformed data, for the clearNor SPM have a significant influence on the reflectance ra-
water stations only. tios, at least in the wavelength range examined here (440 to
560 nm). So, deriving these quantities from AOP ratios (or
other AOP combinations) probably necessitates embracing a
for case-1 waters. The results are displayed on the three pafroader spectral range.
els of Fig. 7, where three reflectance ratios are plotted as a Therefore, a thorough exploration of the relationships be-
function of Chla, using either the field data (symbols) or the tween AOPs or ratios of AOPs, and either IOPs or geophysi-
model (solid curve). None of the three reflectance ratios arecal quantities such as particulate absorption,dCéhd SPM,
appropriately reproduced by the model. The predicted averhas been performed. Considering the high value we got for
age of the reflectance ratio is closer to the field values wherthe ® parameter (see above), absorption by CDOM has been
using the 510-t0-560 band ratio, but still with a significant considered as well. Because the range of optical regimes was
overestimation (15-20%). For the open-ocean stations théarge in the Leg2b data set, and because those waters that
measured reflectance ratios are actually close to being insemvould belong to the case-1 category when using adatri-
sitive to Chla when it is lower than about 0.15 mgth This terion actually behave differently from average models, the
is illustrated by plotting the regression curve obtained on thelogic was to search for bio-optical relationships that would

R(510)/R(560)

Biogeosciences, 10, 4493509 2013 www.biogeosciences.net/10/4493/2013/



D. Antoine et al.: Apparent optical properties of the Canadian Beaufort Sea 4503

100 -

02| Fo i

0.1 - .
0.05 1 .

002l OC4Me
oor L 0.01 0.1

0.010.02 0050102 05 1 2 5 R(555) [sr!]

Chl, model [mg m3]

Chl, field [mg m™2] B
10 | PR SRy | —daaaal — 17

57 B ' T

0.5 g = -
0.2 - 0. -
0.1 1 @O .

0.05 - -

0024 ¢ GSM | 0.01 ‘
0oL L | 0.4 05 06 07 08 09 1

001002 0050102 05 1 2 5 R(412)/R (443)
Chl, field [mg m™2]

S

0.1 4

O
acpom(440) [m™]

Chl, model [mg m™3]

2 ] B

1 el

0.1 5
0.2 ]

o
"
0.1 1 l‘.ge 3
A

0.05 A 'd

acpom(440) [m™]

Chl, model [mg m™3]

0.01

0024 - : BM12
10

0.01 + LB UL LB UL LI 0.01
0.010.02 0050102 05 1 2 5 K,(320)/K,(780)

i -3
Chl, field [mg m~] Fig. 9. Bio-optical relationships in the Malina Leg2b data set. Solid

Fig. 8.Chl concentrations retrieved frof) OC4Me,(B) GSM and curves are regression fits on the log-transformed data, and the dotted
(C) Ben Mustapha et al. (2012) algorithms (see text), as a function°U"ves show the RMSE around the regress{@)skrs(555)nm as a

of the Chl value determined from field samples. functiop of SPM concentratipr@B) ratio of Rys(412) t.oRrs(443) as
a function of CDOM absorption at 440 nm, aft@) ratio of K4(320)
to K4(780), as a function of CDOM absorption at 440 nm.

www.biogeosciences.net/10/4493/2013/ Biogeosciences, 10, 48082013



4504 D. Antoine et al.: Apparent optical properties of the Canadian Beaufort Sea

1 i
a
[ ] L
24 @8 e
T bl
E o %t
x ryL]
A=320 nm A=340 nm
0.01 ——rr ‘ ——rrrr
1 n
iy
o 1
s’ 1 a oo
[ , &9
T o INEI
Z “9hS0
O
' y
A=380 nm A=490 nm
0.01 0.1 1 10 0.01 0.1 1 10
Chl [mg m3] Chl [mg m3]

Fig. 10. Kg as a function of Chk, and for selected wavelengths as indicated (redrawn from Morel et al., 2007a, with addition of the data
from Malina Leg2b). The open symbols are for the Malina Leg2b clear-water stations, the gray symbols for the Mediterranean Sea, and the
black symbols for South Pacific data. The continuous black curve represents the MMO1 prediction.

encompass the entire range of conditions encountered herd, Discussion
recognizing however that they could not be as accurate as
specific relationships that would be established on more hoit has been previously reported that the contribution of ab-
mogeneous subsets of data (e.g., only the clear-water staorption by CDOM relative to other absorbing material, in
tions). The latter might show a better predictive accuracy lo-particular phytoplankton, is higher in the absorption budget
cally, yet they would have less general applicability. of Arctic waters than in other parts of the world ocean (Pe-
This exercise revealed only three relationships valid forgau, 2002; Hill, 2008; Matsuoka et al., 2007, 201 &ja@hger
the entire data set and with an acceptable predictive accuet al., 2008, 2013; Ben Mustapha et al., 2012). Our re-
racy. They emphasize the SPM concentration as a function ofults (Figs. 5, 6) confirm these specific characteristics, which
Rys(555) (Fig. 9a), the CDOM absorption as a function of the were also quantified through the calculation of thepa-
Rrs(412) I R;5(443) ratio (Fig. 9b), and the CDOM absorption rameter from Morel and Gentili (2009). A synthetic view
as a function of thek4(320)/K4(780) ratio (Fig. 9c). The  of the anomalously high attenuation in the UV and blue
relative predictive skill of the linear regressions is given hereparts of the spectrum is provided in Fig. 18 as a func-
as the root mean square error (RMSE) of the log-log regrestion of Chla), where theky values for clear waters of Ma-
sion. It is of about 50 % for derivation of SPM directly from |ina Leg2b (open symbols) are superimposed on values from
Ri5(555), of about 35 % for derivation @icpom(440) from  other oceans (gray and black symbols), as redrawn from
the Rrs(412) / Rrs(443) ratio, and of about 20 % for derivation Morel et al. (2007a). This figure clearly shows that the Beau-
of acpom(440) from theK(320) /K ¢(780) ratio. The latter  fort Sea clear waters have more absorption in the UV-blue
provides an interesting opportunity to derigepom from  for given low Chla levels than any other clear waters we
field radiometry only, which is of great help, considering the have previously sampled (when “clear water” is defined with
difficulty in accurately measuringcpom from field samples.  respect to Cht).
This relationship would not, however, be of great help in a  Among Malina’s objectives is the determination of net pri-
remote sensing context where speck@lvalues have to be mary production (NPP) in the Arctic from ocean color re-
determined indirectly from the sole quantity amenable to re-mote sensing observations. When doing so using so-called
mote sensing, i.e., from spectrRls. The less-accurate yet “satellite-chl” algorithms (Carr et al., 2006), one undergoes
still-acceptable relationship shown in Fig. 9b would have tothree main initial steps: (1) deriving surface Ghlfrom
be used from satellit&s. spectral Ris (O'Reilly et al., 1998; Morel et al., 2007b),
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of the deep chlorophyll maximum (DCM). The percentage is de-

termined either from the radiometry profiles (black dots) or from Fig. 13.Predicted (MMO01) versus measured depth of the 1% (top)

MMO1 (dashed curves) fed with the measured vertical £pfo- and 10 % (bottom) light levels. Symbols are as for previous figures,

file. i.e., circles for open-ocean stations and triangles for ice-edge sta-
tions. Pink, blue, green, red, and black symbols arerfer380,

o ) ) 443, 555, 670 nm and PAR, respectively.
(2) estimating the depth profile of Chl from its surface

value (e.g., Morel and Berthon, 1989; Uitz et al., 2006), and

(3) propagating incoming spectral irradiance using thisd€Chl

vertical profile and a bio-optical model (MMO1 for instance).  The inappropriateness of current bio-optical algorithms re-

Subsequent steps that are not considered here are the estimported here (Fig. 7) shows that step 1 would be wrongly

tion of absorption of the available light at any depth by phy- achieved if using them, resulting in a large overestimation

toplankton, and the transfer of the absorbed energy to photosf Chl a (Fig. 8). Solving this issue requires using either

synthesis (through parameterization of the production versufocally tuned Chla algorithms or NPP algorithms that are

irradiance curve). not Chl-based (e.g., Hirawake et al., 2012; Mouw and Yoder,
2005). Combining the retrieval of non-water absorptian,
from inversion of spectrak,s with locally tuned models for
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acpom (Matsuoka et al., 2013) might help in providing an as those shown here (Fig. 9) are more likely to be used for
estimate of particulate absorptionyE ar — acpom), from remote sensing of CDOM absorption. The difficulty in get-
which phytoplankton absorption,,, could be derived (e.g., ting Chla from ocean color could be solved by exploiting
Bricaud and Stramski, 1990) and used as an inpusdoesed  other parts of the spectrum, e.g., the red (Dal'Olmo et al.,
models. 2006; Shen et al., 2010). This could prove useful for moder-
Step 2 would also be wrongly achieved because the:Chl ately to highly turbid waters but not for clear waters, where
vertical profile is not correctly reproduced by existing pa- the marine reflectance in the red is extremely small (Fig. 6a).
rameterizations, which in particular largely overestimate the Our AOP data set is likely one of the most extensive for
depth of the deep chlorophyll maximum (DCM). This is il- the Arctic, and relationships were derivable that can provide
lustrated here using the Morel and Berthon (1989) modelregional-scale distribution of CDOM from satellite remote
which predicts the shape of the vertical Ghprofile from sensing, assuming that the upstream issue of atmospheric
knowledge of the surface value only. For clear-water sta-corrections has been solved. This data set is, however, still
tions, the overestimation is generally at least by a factor ofrestricted to the Beaufort Sea in August. Additional data are
two (Fig. 11). Using such a parameterization would largely therefore desirable if one aims at a comprehensive view of
underestimate the contribution of the DCM to the integratedoptical properties in the entire Arctic Ocean, at least during
NPP over the productive column. the periods of the year when ocean color remote sensing is
Finally, step 3 (irradiance propagation) would also be per-possible.
formed incorrectly (see Fig. 6). This is further illustrated
here by comparing the amount and spectral composition of
downward irradiance at the measured depth of the DCMAcknowledgementsiVe are grateful to the captain and crew
This composition is determined either from thg(1) spec-  ©f the Canadian Icebreaker CCGSnundsen This study was
tra measured at the DCM depth or from spectra modeledonducted as part of the Malina Scientific Program funded_ by
from MMO1 when fed with the measured Chiz) profile ANR (Agence nationale de la recherche), INSU-CNRS (Institut

Fig. 12). Thi . learly sh that th . hnational des sciences de l'univers — Centre national de la recherche
(Fig. 12). This comparison clearly shows that there is muc scientifique), CNES (Centre nationaledides spatiales) and ESA

less radiation in the near UV and blue part of the spectrum(Europealn Space Agency). We thank&tine Ras for the HPLC
that reaches the DCM in clear waters of the Beaufort Sea thaRjgment analyses and David Doxaran for providing the SPM data.

what the model predicts. This further illustrates the strong
dimming effect of CDOM absorption in these waters. An- Edited by: K. Suzuki
other consequence of this effect is that the depth of the pro-
ductive layer is much reduced as compared to what the mode
would predict. This is shown in Fig. 13, where the measured
and modeled depths of the 1 % and 10 % light levels are com
pared for different wavelengths and also for PAR. As a con-
sequence, conclusions about the importance of the DCM ir
the NPP budget of Arctic waters may need to be revised in
light of these very peculiar attenuation properties. That as-
pect was ignored in Arrigo et al. (2011), for instance. Com-
pensating effects may occur among the various parameteriza3€erences
tions’ however, eventually decreasing errors in NPP F)re‘jicb\rrigo, K. R., Matrai, P. A., and Van Dijken G. L.: Primary produc-
tions ‘T"S C_Ompamd to what an be expected from the separa}te tivity in the Arctic Ocean: impacts of complex optical properties
examination of the steps outlined above. NPP cannot be reli- ang subsurface chlorophyll maxima on large-scale estimates, J.
ably estimated, however, by hoping that such effects indeed Geophys. Res., 116, C11022, ddi:1029/2011JC007273011.
occur, which advocates for developing Arctic-specific NPP Austin, R. W.: The remote sensing of spectral radiance from below
models. the ocean surface, in: Optical Aspects of Oceanography, edited
Another overarching objective of the Malina programisto  by: Jerlov, N. G. and Nielsen, E. S., Academic Press, London,
address interannual to decadal changes of the phytoplank- 317-344, 1974.
ton communities in the Arctic, in particular by assessing Babin, M., Stramski, D., Ferrari, G. M., Claustre, H., Bricaud, A,
Chl a concentrations from ocean color remote sensing ob- ©OPolensky, G., and Hoepffner, N.: Variations in the light absorp-
servations. The results reported here confirm, however, that 0" coefficients of phytoplankton, nonalgal particles, and dis-
remote sensing of Chi is likely infeasible in the clear wa- solved organic matter in coastal waters around Europe, J. Geo-
. . . . phys. Res., 108, 3211, dd0.1029/2001JC000882003.
ters of 'the .AI’C'[IC using conventional techniques based OfBglanger, S., Ehn, J., and Babin, M.: Impact of Sea Ice on
absorption in the blue part of the spectrum, because of the he ™ Retrieval of Water-leaving Reflectance, Chlorophyll a
dominance of absorption by CDOM in this spectral domain.  concentration and Inherent Optical Properties from Satel-
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