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Abstract. Enhanced permafrost warming and increased Arc- We compared the field-based measurements with the satel-
tic river discharges have heightened concern about the inpuite data that are closest in time. The match-up analyses re-
of terrigenous matter into Arctic coastal waters. We used op{ated to LENA2008 and LENA2010 expedition data show
tical operational satellite data from the ocean colour sensothe technical limits of matching in optically highly heteroge-
MERIS (Medium-Resolution Imaging Spectrometer) aboardneous and dynamic shallow inner-shelf waters. The match-
the ENVISAT satellite mission for synoptic monitoring of up analyses using the data from the marine TRANSDRIFT
the pathways of terrigenous matter on the shallow Laptev Seaxpedition were constrained by several days’ difference be-
shelf. Despite the high cloud coverage in summer that is intween a match-up pair of satellite-derived and in situ param-
herent to this Arctic region, time series from MERIS satellite eters but are also based on the more stable hydrodynamic
data from 2006 on to 2011 could be acquired and were pro€onditions of the deeper inner- and the outer-shelf waters.
cessed using the Case-2 Regional Processor (C2R) for opFhe relationship of satellite-derived turbidity-related param-
tically complex surface waters installed in the open-sourceeters versus in situ suspended matter from TRANSDRIFT
software ESA BEAM-VISAT. data shows that the backscattering coefficient C2R_bb_spm
Since optical remote sensing using ocean colour satellitecan be used to derive a Laptev-Sea-adapted SPM algorithm.
data has seen little application in Siberian Arctic coastalSatellite-derived Cht estimates are highly overestimated by
and shelf waters, we assess the applicability of the calcua minimum factor of 10 if applied to the inner-shelf region
lated MERIS C2R parameters with surface water samplingdue to elevated concentrations of terrestrial organic matter.
data from the Russian—German ship expeditions LENA2008, To evaluate the applicability of ocean colour remote sens-
LENA2010 and TRANSDRIFT-XVII taking place in August ing, we include the visual analysis of lateral hydrographical
2008 and August and September 2010 in the southern Laptefeatures. The mapped turbidity-related MERIS C2R param-
Sea. The shallow Siberian shelf waters are optically not com-eters show that the Laptev Sea is dominated by resuspension
parable to the deeper, more transparent waters of the Arctiabove submarine shallow banks and by frontal instabilities
Ocean. The inner-shelf waters are characterized by low transsuch as frontal meanders with amplitudes up to 30 km and
parencies, due to turbid river water input, terrestrial inputeddies and filaments with horizontal scales up to 100 km that
by coastal erosion, resuspension events and, therefore, higrevail throughout the sea-ice-free season. The widespread
background concentrations of suspended particulate mattedurbidity above submarine shallow banks indicates inner-
and coloured dissolved organic matter. shelf vertical mixing that seems frequently to reach down to
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submarine depths of a minimum of 10 m. The resuspensionhat the river spring freshets and the sea ice are the main
events and the frontal meanders, filaments and eddies indiransport pathways.
cate enhanced vertical mixing being widespread on the inner Can ocean colour remote sensing reveal new informa-
shelf. tion on the Laptev Sea hydrography and its spatio-temporal
Itis a new finding for the Laptev Sea that numerous frontaldynamics? Ocean colour remote sensing uses spectroradio-
instabilities are made visible, and how highly time-dependentmetrically high-performance optical sensomsww.ioccg.
and turbulent the Laptev Sea shelf is. The meanders, filaorg/) with high-temporal-resolution and long-term time se-
ments and eddies revealed by the ocean colour parametergs, such as the Coastal Zone Colour Scanner, CZCS;
indicate the lateral transportation pathways of terrestrial andSea-viewing Wide Field-of-view Sensor, SeaWiFS; Moder-
living biological material in surface waters. ate Resolution Imaging Spectroradiometer, MODIS; and the
Medium Resolution Imaging Spectrometer, MERIS satel-
lite missions. The two MODIS space missions on the satel-
lite platforms TERRA and AQUA are currently the most
important operating polar-orbiting ocean colour missions
1 Introduction (http://modis.gsfc.nasa.ggv/Operational ocean colour re-
mote sensing products are quantitative optical parameters
The objective of this paper is to depict the bio- and geo-such as attenuation and absorption coefficients, and concen-
optical characteristics of the southern Laptev Sea coastal antlations of chlorophyll (Chk), Suspended Particulate Matter
inner-shelf waters and to discuss the applicability of ocean(SPM), and cDOM.
colour remote sensing for the shallow Laptev Sea shelf re- Ocean colour remote sensing has the potential to provide
gion. Together with the eastern Siberian shelf the Laptev Seéarge-scale estimates of these optical parameters in this re-
region is part of the world’s broadest shelf system. Freshwamote region. The use of ocean colour remote sensing in
ter river input (Gordeev et al., 1996; Rachold et al., 2000;polar regions is, however, impeded by a number of diffi-
Lobbes et al., 2000; Fedorova et al., this volume) and terreseulties and limitations that was summarized by the Inter-
trial fluxes from the coastal zone (e.g. Schirrmeister et al.,national Ocean Colour Coordinating Group (IOCGGyw.
2002; Charkin et al., 2011; Vonk et al, 2010; Lantuit et al., ioccg.org): among other challenging factors, the waters over
2011, 2012; Vonk et al., 2012; Rachold et al., 2004; Glntherthe Arctic shelves are optically complex because of the im-
et al., 2013a, this volume, b) deliver large volumes of terres-portant freshwater inputs. Previous studies in the Beaufort
trial matter in particulate and dissolved form into the Laptev Sea (Canadian Arctic) indicated that National Aeronautics
Sea shelf system. Semiletov et al. (this volume) present and Space Administration (NASA) standard algorithms for
summary on their multi-year investigations in the Laptev SeaSeaWiFS and MODIS overestimated the Ghtoncentra-
and Eastern Siberian Sea shelf system, discussing the sourtien as a result of different optical properties of the phyto-
of elevated coloured Dissolved Organic Matter (cDOM) that plankton and the presence of cDOM (Cota et al., 2004; Mat-
they find all over on the Laptev Sea shelf being mainly re-suoka et al., 2007, 2012a, b, 2013; Mustapha et al. 2012).
lated to the runoff of the large Siberian river systems, andFew optical studies of Arctic waters exist up to date. Cur-
coastal erosion providing the elevated concentrations of Parrently, the Malina project investigated how biodiversity and
ticulate Organic Matter Carbon (POC) and nutrients. Karls-biogeochemical fluxes in the Arctic Ocean are controlled by
son et al. (2011), Sanchez-Garcia et al. (2011), and Vonk dight penetration and gave new insights into the biogeochem-
al. (2012) showed that old POC in the Laptev Sea shelf waical optical peculiarities of the Beaufort Sea (Bélanger et al.,
ters originates from Ice Complex desposits, the younger td2008, 2013; Matsuoka et al., 2012a, b, 2013; Doxaran et al.,
modern POC originating from fluvial discharge. 2012; Antoine et al., 2013). Antoine et al. (2013) show in
We know that the main far-reaching transport processes otheir observational overview and assessment of bio-optical
terrestrial particles are regulated (i) with the sea ice transwater column relationships that a larger contribution of ab-
port with sediments scraped up from the numerous submasorption by cDOM is responsible for high attenuation co-
rine shallows, from the coastal zone and suspended particlefficients as compared to other oligotrophic areas. The au-
late matter from the water column incorporated into sea icethors discuss that specifically in turbid waters, where atten-
(Aagaard and Armack, 1989; Eicken et al., 1997, 2000; Weg-uation reaches high values, driven by high loads of particu-
ner et al., 2005), and (ii) within the bottom nepheloid layer, alate materials and also by high cDOM, the current satellite
layer of increased suspended matter concentration in submazhl a algorithms fail. The 3rd report (2000) of the IOCCG
rine valley structures that serve as transport pipes (Wegnedescribed the phenomenon of optically complex surface wa-
et al., 2003, 2005). The input of terrestrial matter into the ters (coastal waters, fluvial and limnic systems) designating
shallow Laptev Sea shelf system seems to be far-reachingsuch surface waters as Case-2 waters in contrast to Case-
Vonk et al. (2012), Gustavson et al. (2011), and Lobbes etl waters dominated optically by phytoplankton. The ocean
al. (2000) showed that terrestrial markers such as lignin andolour processing linked to Case-2 waters requires specific
others are present over the whole Siberian shelf and assumedmospheric correction schemes due to non-zero upwelling

Biogeosciences, 11, 4194210 2014 www.biogeosciences.net/11/4191/2014/


www.ioccg.org/
www.ioccg.org/
http://modis.gsfc.nasa.gov/
www.ioccg.org/
www.ioccg.org/

B. Heim et al.: Ocean colour remote sensing in the southern Laptev Sea 4193

radiances in the near-infrared (NIR) wavelength region andhope to gain insights from optically visible events towards
specific bio-optical algorithms to account for cDOM and par- information on surface water processes.

ticulates in particular. Since 2010, the CoastColour project

of the European Space Agency (ESA) has incorporated the

Kara Sea and Laptev Sea regions into its program for evalfiydrography of the Laptev Sea

uating the applicability of ocean colour remote sensing in_l_h Laptev Sea i inal fthe Arctic O
Arctic coastal waters. In support of this programme, the op- € Laptev Sea Is an open marginal sea ot the Arctic cean

tical remote sensing parameters were calculated within thi&’Ounded by the Taymyr Peninsula on the west and the New

study from the ocean colour sensor MERIS using a Coast>iberian Islands on the east. The sedimented shelf material

Colour processing method: the Case-2 Regional Processdf'd the sedimentary-ice-rich parts of the central and east-

module (C2R; Doerffer and Schiller, 2007, 2008) installed ern Siberian coastline (Lantuit et al., 2011; Schirrmeister et
in BEAM-VISAT (Brockmann Consul,t) was used to process al., 2002) steam from the extreme climatic conditions dur-

the MERIS top-of-atmosphere (TOA) radiances to obtain Op_|ng the late Pleistocene during which the large unglaciated
tical variables and concentrations of GhEPM. and cDOM shelves were exposed. This triggered the accumulation of the
The first step in the present study, is to ’depict the bio_northern Siberian Ice Complex and of fluvial sediments on

geochemical characteristics from the shallow Laptev Seefhe exposed shelves. Gavrilov _et al. (2003) discuss that the
shelf waters with collected in situ data from the Russian-"YMerous present-day submarine shallows represent former

German ship expeditions LENAO8 (L08), LENALO (L10) Ice Complex islands that have been destroyed during the last

and TRANSDRIFT-XVII in 2008 and 2010. The expeditions :20“355‘”0' years. SZ"_elrg' S‘.Jbrga:ih”e gta”tkSGarel de."”f’,f‘/lted by
were not specifically designed for the validation of optical re- e—om,—uman m isobaths (State Geological Map

mote sensing; they investigated the hydrographical dynamic%c Russian Federation, 1999) on the Laptev Sea shelf and in

and bio- and geochemistry in the Laptev Sea. Their worth lies iwestgrPhpa[t of tfg Easdtelrtn SII?\E) eran tsegggg Ifd(F|g. .ta)'
in providing field-based optical parameters such as transmis- round the Lena River defla, Reimnitz ( ) 'eSCrbes
sivity, SPM, cDOM, and Chi. Exact match-up analyses take a wide shallow submarine bank that is characteristic of Arc-
the remote sensing value from the pixel location on the sam ic deltas most probably generated by bottom-fast ice cover.
day of the ship-based in situ measurement. However, opti- he Lena River delta is the largest delta in the Arctic and
cal remote sensing applications in polar regions are severel ndergoehs condsgjer.able blocr uphlf:t.theitbc_otn;roll_s theéi_elta_s
limited by the prevailing low solar elevations and the persis- opography and drainage system (Fig. 1b); the Lena River is

tence of clouds and fog (IOCCG, 2000). Also for the Laptev thetsecond-lﬁrgel_slt 'IA‘rCt'C rlvelr a;g ltgscgalrgeg 581 kesh-

Sea region, south of the sea ice boundary, continuous cloud e’ ?nnéj_a y (t 10 mtesfezoaf,l\/lt R ), h ek;vetrmlg gr(;oa;/er_lailr?e
coverage prevails north of 75! at a longitude of 130E and annual sediment input of £ (Rachold etal., ). The
westwards of it during the sea-ice-free summer months. Alsgnan modern Lena River branches enter the southern Laptev
south of 75 N the temporal resolution of usable optical satel- Sea (Buor-Khaya Gulf) through the northern and eastern

lite data may be as low as one successful area-wide acquisp"t of the Lena Riyer delta: the Trofimovsko-Sardakhskaya
Y q channel systems with 60—75 %, and the Bykovskaya channel

tion per month in some years. Therefore, we rarely had the”.
temporal coincidence of one day but used the satellite daté{v'th 20-25%. The Olenyeksky and Tumatskaya branches

o 100 .
that are closest in time for comparing the value ranges of opyv ith 5-10 % of water discharge flow westwards, (Fedorova et

tical parameters from field-based sampling. We investigateal" this volume). Fedorova et al. (this volume) distinguished

whether the value ranges of the derived MERIS C2R Satel_three periods with various water volumes and intensity of flu-
lite products seem to be valid for the specific water types. vial processes from 1977 on. Most of the freshwater river in-

As a second step, we include the visual analysis of Iat-put is discharged during the end of May and beginning of

: : , when the ice in the rivers breaks up, while the Laptev
| hyd hical features. Lateral hyd hical feat sé“”e_‘”_ .
era ycrographical features. -atera hydrographical featuire ea is still covered by sea ice (Holmes et al., 2012). In the

of this shallow Siberian shelf system cannot be made vis- o . .
ible from sampling from shipbome platforms alone, be- sea, the prevailing atmospheric systems of the cyclonic or

cause high-sea Arctic ship expeditions are forced to stay ir1’;\nti-cyclonic Arctic cirf:ulation are the main driving forces
deeper waters due to their draft. Even with grid samplingOf_the coast.al and marine Laptey Se_a currents (Wegner etal.,
from shallow-water-going ships it would be difficult to cap- this volume; Bauch et al., 2009; Dmitrenko et al., 2005).

ture these spatial features as sampling cannot logistically be

done with a good-enough spatial resolution. Since ship-based aterial and methods

sampling is logistically constrained in spatial and tempo-

ral coverage, optical satellite data provide additional data in2.1  Surface water sampling and analyses

space and time. Since the turbidity-related parameters dis-

play frontal features with value changes of one magnitude,The coastal LO8 expedition sampled along the Bykovskaya
a visual interpretation of the spatio-temporal pattern of theLena River mouth and the western Buor-Khaya Gulf from
mapped ocean colour parameters is feasible. Like this, w® to 14 August 2008 (Fig. 1a, b) (Wagner et al., 2012).
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conductivity—temperature—depth meter (CTD) sensor casts
on L10 and on TRANSDRIFT. On L10, CTD vertical pro-
files were taken with a Sea and Sun Technology GmbH
device, on TRANSDRIFT with a CTD of type SeaBird
Electronics SBE19+ connected to a carousel water sampler
SBE32C equipped with additional sensors for measuring wa-
ter turbidity (Seapoint OBS), dissolved oxygen concentra-
tion (SBE43) and Chk fluorescence (WETlabs WETstar,
USA). A second CTD cast was operated with a CDOM sen-
sor (WETstar, USA) but could technically not be operated at
all stations.

SPM [L08, TRANSDRIFT]: in 2008 on L08, 1L was fil-
tered through 0.45 pm pore size preweighed cellulose-acetate
with the elutable portion of the used filter,s0.2 mg L1,

In 2010 on TRANSDRIFT, 0.5L was filtered for SPM
through 0.45um pore size MILLIPORE Durapore mem-
brane filters, with the elutable portion of the used filters
<0.3mg L. On both expeditions, SPM filters were oven-
dried and preweighed and were redried prior to weighting
under a dry atmosphere.

cDOM [LO08, L10, TRANSDRIFT]: cDOM is opera-
tionally defined by the chosen filter pore size. Investigations
of other authors (e.g. Laanen et al., 2011) comparing labora-
tory cuvette absorption measurements with absorption mea-
surements in a calibrated point-source integrating-cavity ab-
sorption meter (PSICAM) found that filtration over 0.7 um
pore size caused a systematic 8 % overestimation of cDOM
measured in the cuvette caused by the residual scattering. By
filtering over 0.2 um cDOM cuvette values were 6 % under-
estimated because also a significant fraction of absorption
was removed from the sample. Marine DOC measurement
protocols are based on 0.7 um pore size glass-fibre (GF) fil-
trates. We consistently filtered through 0.7 um pore size GF/F

Figure 1. (a) The Southern Laptev Sea, Arctic Siberia (Russian fIters for cDOM and DOC for matching comparable filtrates.
Federation). Stations of the LENA2008 and the LENA2010 ship ex- Caré was taken that the first 200 ml of the filtrate with the
peditions (August 2008 and August 2010) in the Buor-Khaya Gulf €lutable portion from filters was discarded. cDOM filtrates
are displayed as small symbols of crosses and squares. Stations wfere stored in brown quartz glass bottles, put in the dark
the TRANSDRIFT-XVII ship expedition (from 9 to 20 September and measured following each expedition using a dual-beam
2010) from the inner- to the outer-shelf waters are displayed as tri-Specord200 (Jena Analytik). Optical density (OD) spectra of
angles.(b) The overview on the Lena River delta and the Buor- the filtrates were measured from 300 to 750 nm using acid-
Khaya Gulf area shows the Lena River branches and the Bykovskyjeaned quartz cuvettes mode according to the absorption in-
Peninsula sheltering the Tiksi Bay. Stations of the LENA2008 Shiptensity of the samples. OD of each sample was measured

expedition southeast of the Lena River delta (from 9 to 14 August . . )

200) s ey s s, St f e LENAO10 s 11 (19 30811 U ure ater 1t wes changes vy

pedition in the Buor-Khaya Gulf (from 29 July to 7 August 2010)

are displayed as squares. at thg same temperature as the room-warmed sample. Ab-
sorption per metre was calculated based on the averaged OD
value of each sample using 2.3R30D/ 0.1 for the 10cm
cuvette, and 2.308 OD/ 0.05 for the 5 cm cuvette.

From 29 July to 8 August 2010, the L10 ship expedition Because the spectrophotometrically measured cDOM ab-

sampled along several transects throughout the Buor-Khayaorption values cover more sampling stations, the data anal-

Gulf (Fig. 1a, b). The marine ship expedition TRANSDRIFT- yses presented in this paper used the spectrophotometrical

XVII took place on the inner shelf and outer shelf from cDOM data.

9 to 20 September 2010 (Fig. 1a). Table 1 provides an Chla [TRANSDRIFT]: on TRANSDRIFT 1L water was

overview on data taken and match-ups used of the three expditered for Chla through 0.7 um pore size Whatman GF fil-

ditions. Hydrographical investigations were carried out with ters with a pressure of not more than 0.2 bar. ThedGliters
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Table 1. LENAO08, LENA10, TRANSDRIFT-XVII: in situ parameters and stations used in this study.

Expedition Code Eates In situ parameters Stations used for match-ups
used for this study (date): stations
LENAO8 LO8 8-14 cDOM, SPM -
August Secchi-depth
2008
LENA1O L10 29 July— cDOM, (4 Aug 2010): 1, 2,4,5
7 August CTD (Sea and Sun (5 Aug 2010): 9, 11
2010 Technology), (6 Aug 2010): 26

(transmissivityf)
*technical problems

TANSDRIFT- TRANS 9-20 cDOM, SPM, Chi (9 Sep 2010): NE10-01, 2, 3,4, 5
XVII DRIFT  September CTD (SeaBird SBE19+) (10 Sep 2010): NE10-06
2010 (12 Sep 2010): NE10-08, 9, 10, 13

(13 Sep 2010): NE10-14, 15, 16, 17, 19
(16 Sep 2010): NE10-20, 21, 22, 23
(17 Sep 2010): NE10-27, 28

(18 Sep 2010): NE10-29, 30, 34

(19 Sep 2010): NE10-35

were immediately frozen on site. Chfrom filters was mea-  processing modules use neural networks to inversely model
sured after extraction with the non-acidification techniquewater-leaving reflectances of MERIS spectral bands 1-8
using a TD-700 fluorimeter according to the US Environ- from calculated TOA reflectances after ozone, water vapour
mental Protection Agency Method 445.0 (Rev. 1.2) for de-and surface pressure correction. Inverse modelling using neu-
termination of Chk by fluorescence. According to previous ral networks is then used to derive C2R aquatic parame-
TRANSDRIFT expeditions the WETIlabs in situ Chlfluo- ters from the water-leaving reflectances. The bio-optical for-

rescence values showed an overestimation of a factor of 3.%ard model is parameterized with spectroradiometric co-

compared to in situ Chk from filters and was accordingly efficients specific to coastal Case-2 waters (Doerffer and

corrected by this factor. The Chilfluorescence profiles were Schiller, 2007, 2008). The C2R processing modules are con-
only used to investigate the mixing or stratification regime tinuously updated and optimized.

from the shape of the vertical profile. The Ghimatch-up C2R output parameters are estimated atmospheric and

analyses carried out within this study are based on the fluoriaquatic parameters, such as the water-leaving reflectances,

metrically measured Chl from the Chla filters. the attenuation, absorption and backscattering coefficients,
and calculated concentrations of Chl (C2R_Chl a),

2.2 Satellite data processing and analyses SPM (C2R_TSM (total suspended matter)), and cDOM

(C2R_a_ys (yellow substance absorption)). The C2R 4Chl
MERIS was operated on the European Space Agency's ENstandard product is determined from an empirically derived
VISAT satellite platform from 2002 to 2012 as a wide field- global relationship between absorption (a_pig) and &hl
of-view (68.5) push broom imaging spectrometer with a concentration with a conversion factor of 21. In this study,
swath width of 1150 km. MERIS measured the solar radi-ye applied a regionally specific relationship for phytoplank-
ation reflected by the Earth’s surface in the visible and NIRtgp adapted to dark waters (due to cDOM absorption) de-
wavelength ranges in 15 spectral bands from 390 to 1040 nnjyed from Orek et al. (this volume) with a conversion factor
MERIS Reduced Resolution (RR) data are approximatelysf7.8. That is a lower conversion factor than normally found
1 km at nadir (1040 nx 1200 m pixel) and are available with g, open and coastal water phytoplankton.
a global daily coverage until 2012. The MERIS RR Level- e also calculated the parameter GHirom operational
1B TOA radiances can be acquired from the ESA afChiVe-empirical algorithms such as the global Ghalgorithm for
For the time window of the sea-ice-free season from 2006 ta\ER|S, the OC4Mev6 and the Arctic Chl algorithms of
2011 in the months of July, August and September we foungdhe SeaWiFs algorithm (OC4L and OC4P) from the water-
between 5 and 15 MERIS acquisitions per year that ShOV‘{eaving C2R reflectance®s (sr1) (Appendix A). The Arc-
relatively large cloud-free areas of the Laptev Sea region. tjc Chl 4 algorithms Arctic OCAL (Wang and Cota, 2003)

MERIS RR Level-1B data were processed using BEAM- g3nq OC4P (Cota et al., 2004) are a polynomial and a linear
VISAT4.10° with the MERIS C2R processor for coastal

application (Doerffer and Schiller, 2007, 2008). The C2R

www.biogeosciences.net/11/4191/2014/ Biogeosciences, 11, 4791-2014
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version based on in situ measurements in Canadian Arction 3 August 2010, changing to more transparency with val-
waters (Appendix A). ues C2R_Z90 of+2 m only within 1 to 2 days due to frontal
We investigated the relationship between the backscatterehanges. Therefore, match-up pairs in coastal waters were
ing coefficient, C2R_bb_spm, the band rakig778/ R;s560 chosen from the same day of the MERIS acquisition.
and the TRANSDRIFT in situ SPM values. We also applied The TRANSDRIFT expedition covered water types from
the Beaufort-Sea/Mackenzie-specific SPM algorithm devel-outer-shelf to inner-shelf waters. The temporal differences
oped by Doxaran et al. (2013) (Appendix A) based on a mul-for match-ups on TRANSDRIFT accounted for 2 to 11 days.
titude of in situ measurements along the Mackenzie RiverThe best matching coordinate pairs in time were selected for
plume, Beaufort Sea. the match-up analyses. The temporal delay of up to 11 days
All the calculated remote sensing optical parameters anaccurred only for the TRANSDRIFT transects in the non-
concentrations are representative of the first attenuationurbid outer-shelf waters. The outer-shelf is out of the reach
depth that is equivalent to the water depth layer where-of the dynamical frontal changes of the turbidity-influenced
from 90 % of the water-leaving signal originat&&gp. It is shallow water zones (Fig. 3).
the depth at which the surface light field reduces 4 or The in situ expedition data taken for the match-up analyses
~ 37 % of its initial value according to Beer’s law. The C2R were averaged over the first 2m water layer from discrete
parameter of the first attenuation depth, C2R_Z90, is calsamples for cDOM, SPM and Chl L10 and TRANSDRIFT
culated according to the two-flow model from Gordon and CTD data show a homogenous, mixed layer in every case
McCluney (1975). C2Rknmin, the diffuse coefficient of the within this depth.
minimum attenuation, is calculated within the photosyntheti-
cally active radiation (PAR) wavelength region. The euphotic
depth, Zgy, down to which significant phytoplankton photo- 3 Results
synthesis can occur, is set to the depth where the incide
surface light falls to 1 %. (Appendix A).
For the Laptev Sea region, a problem is undetected thin
clouds and fog that cannot be detected within the automati% 11
processing. These artefacts are visible in the atmospherically ™

processed Level-2 products as sharply outlined features with-he shallow waters above the submarine banks around the
under- and overestimated parameters. The choice of raising;siern Lena River delta were well mixed down to the sea
the cloud-detection threshold level for the TOA radiancesyitom at to a depth of 5 to 8 m. Stratification due to the river-
would essentially exclude large areas of coastal and innerie freshwater occurred in the Buor-Khaya Gulf with a sharp
shelf turbid waters. Therefore, the sharply outlined features,5iocline below 5 to 8 m in August 2010 (L10), and below 12
were manually extracted and excluded from the match-upy, with surface temperature around@in September 2010

n . - :
§.1 Ranges of optically visible water parameters in the
southern Laptev Sea

Hydrography

analyses. (TRANSDRIFT). The east-west transect north of the Lena
) River delta (samples 8-16) shows transitional hydrological
2.3 Match-up analyses with MERIS C2R parameters values with temperatures arouné@, and an averaged salin-

o ity of 22.6 at most stations. The outer-shelf waters showed a
The MERIS acquisitions on 31 July, 3—6 August and 10 Au- salinity of 32.

gust 2010 show low cloud coverage and are close in time to
the L10 ship expedition in the Buor-Khaya Gulf that took 3.1.2 Transparency and SPM
place from 29 July to 7 August 2010. A MERIS acquisition
on 7 September 2010 is the cloud-free acquisition closest inena River and near-shore waters in 2008 and 2010 had in
time to the TRANSDRIFT expedition that took place from 9 situ Secchi-depths of less than 0.5 m with value ranges of 5 to
to 20 September 2010. The next usable MERIS acquisition®0 mg L1 SPM (within the upper 2 m water layer). The shal-
on 18 and 20 September 2010 have higher cloud coverage. low water types (up te~ 8 m water depth) around the Lena
Exact match-up analyses take the remote sensing valuRiver delta and in the Buor-Khaya Gulf were characterized
from the pixel location on the same day of the ship-basedby a wide range of SPM concentrations from 3 to 18 mg,L
in situ measurement. For the Laptev Sea region this is notn situ Secchi-depths of 1 to 1.5m in 2008 and measured
feasible due to frequent cloud coverage. Match-up analysegansmissivity ranging from 60 to 75% in 2010. Figure 4a
using spatial averages of pixels could be a technical solutiondisplays the TRANSDRIFT SPM concentrations at the sta-
However, for the Laptev Sea, the high spatial and high tem-+ions. SPM ranges in 2010 in the deeper central Buor-Khaya
poral horizontal heterogeneity confounds the spatially aver-Gulf (samples 1,3,5,6> 8 m water depth) showed concen-
aged match-up analyses. Figure 2a—c show the difficulty otrations of 1.5 to 3mg . Equivalent to this SPM concen-
match-up analyses and high variability for the coastal wa-tration range, deeper Buor-Khaya Gulf watess§m water
ters. For example, the L10 sampling stations 1 to 3 and 25lepth) had in situ Secchi-depths of up to 2m in 2008. On
are of the turbid water type with values C2R_Z90~ofl m TRANSDRIFT, also peaks of SPM concentrations of 5 to
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Figure 2. MERIS colour-coded maps of C2R_Z90, the first attenuation depth, of the Buor-Khaya Gulf with the land and detected clouds
transparently masked. The transparent masks display the GoogIeTMEIartti mosaic and the IBCAO bathymetr@lOlO Google, Image

©2012 TerraMetrics, Image IBCAO) as backgrou(a).3 August 2010; the salinity isoline = 8 is schematically displayed as red outline close

to the most northeastern L10 stations (6, 7, 24). Southwards, freshwater dominates (sd@iniand(b) 4 August 2010 andc) 5 August

2010 are the cloud-free MERIS acquisitions within the time window of the L10 expedition (from 29 July to 7 August 2010).

6mg L1 occurred in the Buor-Khaya Gulf (samples 4, 12, on measured salinities and SPM. In summary, the low salin-
15). TRANSDRIFT SPM ranges in 2010 showed SPM con-ities occurred together with a wide value range of SPM con-
centrations between 0.5 and 1 mg'Lon the outer shelf to-  centrations covering the Lena River waters, coastal waters
gether with marine salinities of 32. Table 2 gives an overviewand inner-shelf waters.

www.biogeosciences.net/11/4191/2014/ Biogeosciences, 11, 4910-2014
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Figure 3. MERIS colour-coded map of C2R_Z90, the first atten-
uation depth, 7 September 2010 at 10:48 a.m. (local time) with
the land and detected clouds transparently masked. The transpa
ent masks display the Google Earthand mosaic and the IBCAO
bathymetry £2010 Google, Imag€2012 TerraMetrics, Image 1B-
CAO) as background. Stations of the TRANSDRIFT-XVII ship ex-
pedition in September 2010 are displayed as triangles.

3.1.3 cDOM

Measured cDOM values in Lena River waters and in the 775
surface waters of the Buor-Khaya Gulf were of high mag-
nitudes during the summers 2008 and 2010. Coastal watet
close to melt water outflows of the permafrost coast showec(C) e
the highest a443 0w values: 3-7 m'. The TRANSDRIFT
samples in September 2010 also show the elevated surfac
water cDOM concentrations in inner-shelf waters. Ranges
for the absorption of cDOM at 443nm, a443m, were - : g
as follows: Lena River, a448om: 1.3-3.5n71; mixed on- -
shore waters, a448om: 2.5-4 mr1; stratified offshore wa- ‘
ters & 8 m water depth) in the Buor-Khaya Gulf, a443wm:
1.5-3n71; on the inner shelf: 1-1.5m; and on the outer
shelf: 0.4—-0.6 m? (Table 2). Figure 4b displays the TRANS- 7
DRIFT cDOM concentrations at the stations. More than 100
km north of the Lena River delta along the east—west tran-
sect, high cDOM concentrations of 1.2fwere still en- 7
countered (samples 8-16). A cDOM maximum of 1.7"m 120 130E o
occurred north of the New Siberian Islands (sample 19).

The cDOM values showed a nearly conservative mixingFigure 4. The overview on the TRANSDRIFT-XVII in-situ vari-
within a wide salinity range (0-32) (Loginova et al., 2011). ables(a) SPM (mgL™1), (b) cDOM (absorption at 443 nm, 1),
The relationship of cDOM versus salinity on the L10 and and(c) Chl a (ugL pgL~1) (upper 2m). The concentrations are
TRANSDRIFT ship expeditions in 2010 (Fig. 5) shows the colour-coded. The numbers indicate the TRANSDRIFT sampling
guasi-conservative mixing behaviour of spectroradiometri-StatiO”S NE10-01 to NE10-45: black-numbered stgtions could be
cally measured cDOM over a wide range of salinities from used for the match-up analyses; red—n.um'ber'ed stat|0n§ could not be
the inner- to the outer-shelf surface waters and the suitabilit;}lsed due to cloud coverage (the blge line indicates continuous cloud
of using cDOM as the freshwater proxy. A conservative mix- coverage throughout most. years in the northwestern Laptey Sea).
. e Please note that not all variables could be covered at all stations.
ing of riverine DOC for the Laptev Sea has been reported,

Ocean Data View
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Table 2. Ranges of in situ measured variables (LENA2008, LENA2010, TRANSDRIFT) for different hydrogeographical regions.

Lena River Coastal shallow  Buor- Inner-shelf/ Outer-shelf/
mouth waters (mixed, Khaya  anomalies anomalies
(Bykovskaya <5-8m Gulf
Channel) water depth)
Salinity 0 0 0-6 20-23 32
(August 2008, August
and September 2010)
SPM (mgL™1) 5-20 3-18 01.5-3/ 15-2 0.5-1
(August 2008, 5-6
September 2010)
cDOM (aggz3m~1) 1.3-35 2.5-4/7 153 1-15 0.4-0.6/1.7
(August 2008, August Nof Siberian
and September 2010) Islands
Chla (pgL™1) 1-4*(spring - 1.9-25 1/8(NE10-11) 0.5/1.5-2
(September 2010) flood; Orek et " bf Lena (NE10-29, 30)
al., 2013) River delta
5 3.1.4 Phytoplankton
4 Investigations on phytoplankton (fluorimetrically derived
_ from filters and in situ fluorescence-derived Ghlof multi-
E year TRANSDRIFT expedition data always report low to
g 3 medium Chlz concentrations in surface waters from onshore
5 ] to offshore waters. Figure 4c and Table 2 give an overview on
g, | X % y=-0x+3.1 measured TRANSDRIFT Clal concentrations in September
£ : R?=095 2010. The concentrations of TRANSDRIFT Ghivere from
z ><>><X>‘<<>§ 1.9 to 2.5ugL™* Chl a in the Buor-Khaya Gulf (samples
o 1 « 1-4). The east—-west transect north of the Lena River delta
. W% (samples 8-16) showed transitional hydrological values and
0 ‘ , ‘ ‘ ‘ « % about 1 pug 1 Chla at most stations. An exceptionally high
0 5 10 15 20 25 30 35 Chl a concentration occurred at station 11 with a maximum
salinity PSU value of 8 ug 1. In the outer-shelf waters Chlconcentra-

Figure 5. The relationship of the spectroradiometrically measured tions of the surface layer fluctuated around O'S_F@Chl a.
cDOM (absorption at 443 nm, ™) vs. salinity on the L10 Samples 29—_30 showed el_evated glebncentrations on the
(squares) and TRANSDRIFT XVII (crosses) ship expeditions in Outer shelf with concentrations up to 1.5 to 2 ugChla in
2010 shows the quasi-conservative mixing behaviour of cDOM overmarine waters with salinity of 32.

a wide range of salinities from the inner- to the outer-shelf surface

waters. 3.2 Evaluation of MERIS C2R parameters

i i The match-up analyses in the Buor-Khaya Gulf show the
e.g. in Kattner et al. (1999), Lobbes et al. (2000), Semiletoviacnnical limits of matching in optically highly heteroge-

etal. (2011), and Semiletov et al. (this volume). In summary,neqs and dynamic coastal waters. Therefore, no samples of
cDOM background concentrations were high, including they,o | og expedition could be used for the match-up analy-

offshore inner-shelf waters, and were connected to the freshs—es_ The match-up analyses using TRANSDRIFT data show
water signal. The cDOM concentrations of the Lena River in ,ore stable hydrodynamic conditions.

August 2008 and 2010 were of the same magnitude as the ~qoured dissolved organic matter, cDOM: In situ

cDOM concentrations of the coastal waters in August 20087R ANSDRIFT cDOM is underestimated as C2R a ys with

and 2010, and in September 2010. CDOM= ays - 4.9 (R? = 0.6). But we know from L8, L10
and TRANSDRIFT in situ data that high cDOM concentra-
tions are widespread in coastal waters and on the inner shelf
(Table 2). Total absorption, C2R_a_total, is a better-fitting

www.biogeosciences.net/11/4191/2014/ Biogeosciences, 11, 4791-2014
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TRANSDRIFT SPM [mg I1] and SPM (e.g. Fig. 6a, C2R_Z90 versus SPM), indicat-
0 2 4 6 8 10 ing that the turbidity/particulate matter is the dominating
0 ‘ o optically visible aquatic component influencing the quality

0 0090 @ of satellite-derived parameters in turbid waters. There is a

close correlation between the optical C2R parameters con-
o nected to suspended matter (e.g. CRBRy, C2R_bb_spm
o (scattering of SPM), C2R_Z90, C2R_TSM) although there
10 © is a temporal difference between the in situ sampling and
O
€]

-5 O

MERISZ90 [m]

the MERIS acquisition on 7 September 2010. Figure 7a
and b show the relationship of TRANSDRIFT SPM ver-

-15 sus the optical parameters C2R;, and C2R_bb_spm.

P The looser relationship between in situ TRANSDRIFT
30 | SPM and C2Rkmin (Fig. 7a), also between the band ratio
LENA10 & TRANSDRIFT cDOM absorption 443 [m"] Ris778/ Ris560 and in situ TRANSDRIFT SPM (not shown)

0 1 2 3 4 5 indicates the additional absorption by organic material at

0 these sampling points. The relationships between TRANS-

DRIFT in situ SPM ar;gs the band rati®s778/R,s560
. R 2 _ in-
are (i) SPM= 35.1-@20.3 (R =0.77) for the lin

. . N Ris778\2
ea;7r8elat|onsh|p and (ii) SPM —83.18- (%560 +47.80-
Ris

Rr5560—0.7 (R? = 0.78) for the polynomial relationship. The
calculated SPM using the formula provided by Doxaran
et al. (2012) shows a high intercept and a low linear
slope, also indicating that the Laptev Sea shelf waters
are more absorbing and darker then the Beaufort Sea
surface waters: SPMaufortses= 0.6 SPMrransDRIFT+ 3.5
(R?=0.73). C2R_bb_spm shows a close relationship with
TRANSDRIFT SPM: SPMgransprirT= 5231 bb_SPM
0.09 (R? =0.98) (Fig. 7b). C2R_TSM is calculated based
Figure 6. (a) In situ SPM (TRANSDRIFT data from 9 to onthe C2R backscattering, bb_spm, showing a good perfor-
20 September 2010) vs. MERIS C2R_Z90 (calculated frommance, with C2R TSM=1.6 SPMansprIET+ 0.2 (R =

the MERIS acquisition on 7 September 2010=21). All 0.98) (Fig. 7c), however with an overall SPM overestima-
selected MERIS values are without cloud contaminati).  tion with the factor around 1.7. Therefore, a regional SPM
cDOMy43 (TRANSDRIFT & LENA2010) vs. MERIS C2R_Z90.  gig0rithm should use only the backscattering component
L10C2R_290 was taken from the MERIS concomitant acqui- yat js not influenced by absorption. A preliminary calcula-
sitions closest in time to the sampling: 3, 4 and 6 August tion for the Laptev Sea using the TRANSDRIFT SPM data

2010 were matched with LENA2010 cDQjys, n = 7. TRANS- . 2
DRIFTC2R_Z90 was taken from 7 September 2010 and matched©M 2010 gives SPMhprevsea= 50.78- bbspm (R” = 0.98)

with cDOM_43 (9 to 20 September 2010) using all available pixels (Fig: 7¢). Based on limited data, the regional SPM algorithm

within relatively homogenous environments, but of satellite acqui-S€ems to perform for the Laptev Sea waters. This regional
sition 2 to 5 days later; = 22. SPM algorithm can be consolidated in future with TRANS-

DRIFT expedition data from other years.

Chlorophyll, Chla: the group of inner-shelf and coastal
parameter for cDOM with cDOM- arotar- 1.5 (R2 = 0.6) stations display high Chl overestimation for all processing
and can be better used for visualizing cDOM. The matc’h_upmethods and algorithms. The outer-shelf stations in transpar-
analyses show that the relationship of satellite-derived ap€Nnt waters display reasonable value ranges for moswChl

sorption versus in situ L10 cDOM is disturbed by the fre- algorithms. Table 3 gives an overview on the relationships of

quent frontal changes and the water colour dominating turih€ satellite-derived Chi vs. in situ TRANSDRIFT Chk.

bidity. The relationship of C2R_Z90 (indicative for trans- DesPite the in situ TRANSDRIFT Chl stations that could

parency) versus in situ cDOM (L10 & TRANSDRIFT) (e.g. be used for the match-up analyses covering the in.ner- and the
Fig. 6b) shows that cDOM influences the transparency pa_outer—shelf water types (Table 1) the value range is low from

. _1 1 .
rameters (C2R_kmin, C2R_Z90) but is not as dominating ag"n 0-4 kg L™ to max 2.5pg L= Operational C2R_Chi
SPM (Fig. 6a). values processed with the standard conversion factor of 21

Suspended particulate matter, SPM: The match-up anal@re overestimated 15-fold in inner-shelf and coastal waters.

yses for cDOM and SPM versus C2R_kmin and C2R_290|” general, calculated C2R_C&1boncelntrations in the Buor-
show that a close correlation exists between transparencifnaya Gulf show up to 20 to 30 ugt: C2R_Chla for all

'
wv

Jary
o

MERIS 290 [m]

-15

-20 -

Biogeosciences, 11, 4194210 2014 www.biogeosciences.net/11/4191/2014/



B. Heim et al.: Ocean colour remote sensing in the southern Laptev Sea 4201

10 5
8 - R 4]
_ +2 A i
%ﬂ 6 4 A g 3 4
£ Al =
s AAA O - 5
w
24 +2 A O c o,
S 1 1YY O Z
+4-5 O & E:
2 @ B O =1 4
] O ] N
£ +9-11 R*=0.98
o@@@%*-*.“... R
0 1 2 3 4 5 0.05 01
TRANSDRIFT SPM [mg I1] MERIS C2R backscattering [m™]
5
4 MR
= ® +2
Eb *
= 3 @
a L 4
% ) +2 ¢
a
2
2 * ¢’
=1 o +4-5
¢°
o Lo 911 : . .
0.05 0.1

MERIS C2R attenuation k_min [m-1]

Figure 7. (upper left) Comparison of SPM (TRANSDRIFT data from 9 to 20 September 2010) vs. satellite-derived SPM (calculated from
the MERIS acquisition on 7 September 2040+ 19). SPM calculated as C2R_TSM is marked as triangles and shows the relationship
C2RTSM=1.6 SPMRraNSDRIFT+ 0.2 (R2 = 0.98). SPM calculated using the Laptev Sea algorithm ( SPM =5@@pm, R? = 0.98)
is marked as open circles. Numbers indicate the temporal differences in days of the in situ sampling in relation to 7 September 2010.
All selected MERIS values are without cloud contaminatiepper right) Comparison of in situ SPM (TRANSDRIFT data from 9 to 20
September 2010) vs. satellite-derived backscattering, C2R_bb_SPﬂﬂ (salculated from the MERIS acquisition on 7 September 2010,
n =19). SPMRANSDRIFT = 52.31: bb_SPM-0.09, RZ = 0.98.
(lower centre) Comparison of in situ SPM (TRANSDRIFT-XVII data from 9 to 20 September 2010) vs. satellite-derived attenuation, C2R
kmin (m_l) (calculated from the MERIS acquisition on 7 Septzember 2010, MERIS T5M19). SPMRANSDRIFT = 5.15 - kmijn — 0.04,

R4 =0.79.

the years 2006 to 2011. A 10-fold Chloverestimation is Even if C2R_Chl is processed using the regionally spe-
also characteristic of the MODIS Level-3 binned Glgrod- cific relationship for phytoplankton adapted to dark waters
ucts for September 2010 (9 km spatial pixel resolution). As(due to cDOM absorption) derived from Orek et al. (this vol-
an example, we also included the empirical operationakChl ume) with the much lower conversion factor of 7.8, the over-
algorithms for MERIS, OC4Me, and the Arctic Chlalgo- estimation is still 5-fold for water pixels of the inner shelf. In
rithms OC4L and OC4P. OC4Me shows a 10-fold overesti-the case of this dark-water-adapted processing the outer-shelf
mation for inner-shelf water pixels; the Arctic Chlalgo- Chl a values are underestimated by a factor of 0.6.

rithms OC4L and OC4P show even higher Gldverestima- The strong absorption in the visible wavelength range
tion (Table 3). However, the inner-shelf waters are turbidity- that occurs due to the high ¢cDOM concentrations is for
and cDOM-influenced Case-2 waters wkhs670 consider-  global remote sensing products operationally attributed to-
ably higher than 0.005st. In contrast, all satellite-derived wards high Chlk concentrations. Based on this evaluation for
Chl a values of the more transparent outer-shelf water pixelsthe Laptev See we see that the overestimation ot:@ltlcurs
show value ranges 2mg L~ Chl a (with the exception of  with all standard NASA and ESA processing algorithms be-
the 3-fold overestimation left in the case of the OC4L). cause the standard assumption in all operational ocean colour

www.biogeosciences.net/11/4191/2014/ Biogeosciences, 11, 4791-2014
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Table 3. Relationships of satellite-derived Chlvs. in situ TRANSDRIFT Chk, with the mean normalized bias (NB) (systematic error),
the mean absolute difference (AD), and with the standard deviations (SD).

Algorithm NB (mean, SD) AD (mean, SD)
C2R_Chla global vs. TRANSDRIFT-XVII Chla

all (n=19) 9.4,8.7 9.6, 8.6
inner-shelf watersK;s670> 0.005 srl, n=11) 15.3,6.9 15.3,6.9
outer-shelf watersgys670< 0.005sr1, n = 8) 1.3,1.6 1.6,1.3
C2R Chla Laptev Sea vs. TRANSDRIFT-XVII Cht

all (n=19) 3.2,35 3.5,3.3
inner-shelf watersK;s670> 0.005 srln= 11) 5.6,2.8 5.6,2.8
outer-shelf watersK;s670< 0.005 sr_l, n=28) -0.1,0.6 0.6,0.3
OC4Me v6 Chla vs. TRANSDRIFT-XVII Chla

all (n=19) 6.4,5.5 6.4,5.5
inner-shelf watersgs670> 0.005sr1, n =11) 10.0, 4.6 10.0, 4.6
outer-shelf watersK;s670< 0.005 srln= 8) 1.5,1.5 1.6,1.3
MODIS L3 binned Chlk vs. TRANSDRIFT-XVII Chla

all (n=12) 7.7,3.1 7.8,2.9
inner-shelf waters(=11) 85,20 8.5,2.0
outer-shelf watersi(=1) -0.3, - 0.3, -
OCA4L vs. TRANSDRIFT-XVII Chla

all (n=19) 14.1,11.8 14.1,11.8
inner-shelf watersK;s670> 0.005 srl, n=11) 21.9,9.5 21.9,9.5
outer-shelf watersK;s670< 0.005 srln =8) 3.3,-29 3.4,-2.8
OCA4P vs. TRANSDRIFT-XVII Chk

all (n=19) 34.8,37.0 35.0, 36.8
inner-shelf watersg;s670> 0.005 srln= 11) 59.4, 30.5 59.4, 30.5
outer-shelf watersK;s670< 0.005 sr_l, n=28) 1.0,—-1.8 15-13

algorithms contributes the main share of absorption towarddime series show that the filaments may be cut off the front
the phytoplankton absorption. For Ghtelated applications, and travel through the southern part of the Buor-Khaya Gulf.
the absolute error becomes important. For the Siberian shalfhe temporal duration of all these spatially well-defined fea-
low shelf system, operational satellite-derived €products  tures is very short between one and a few days. During this
should not be used. time span, filaments and meanders may change abruptly (e.g.
Fig. 2a—c).

Figure 8 shows C2R_TSM (mg1), C2R_Z90 (m), and
C2R_absorption (m') of a cloud-free MERIS acquisition
on 25 September 2009. High absorption is widespread in the
southern Laptev Sea. Intense meandering between turbid wa-

em Laptev Sea can be visualized using the mapped MERI ers and less turbid waters is predominately found around the

C2R variables. For the Laptev Sea region, the temporal reso_i_ﬁna River dfléazgm_jr'sanoggg GO]; sf;z;lllo(\)/v gu?mgr(;ne bgnks.
lution of usable MERIS satellite data time series lies between', ¢ 'an9€ 0 — ( 0 ) in turbid regions

daily (in the case of low cloud coverage) and monthly resolu-ShOWS concentrations from 5 to 12mgi.and a calculated

tion (in the case of high cloud coverage, as is common durinqZEu of ma>_<|mal 5m. Calculatedg, outside the turbld_wa-
the ice-free season). er zones in the centre of the Buor-Khaya Gulf indicate a

The mapped optical and concentration parameters providérom euphotic water layer. In August 2010, an irregularly
haped, transparent eddy system showed up in the central

information on meso-scale spatial structures, such as mean: . . .
ders with amplitudes of 20 to 30 km and of filaments and ed%l;grr-};haya Gulf (Fig. 2b, ¢) with 13 m of the euphotic depth
» ZEu-

dies with diameters up to 100 km (e.g. Figs. 2a—c, 3, 8). Fil- Hiah turbidity i larlv visibl th bmarine bank
aments of the turbid water type with low transparencies (low 'gh tUTbICILY 1S reguiarly visibie on the submarine banks
around the Lena River delta and in the vicinity around

C2R_Z90, high C2Rkpin) and high SPM (high C2R_TSM) L Y
frequently developed within the Buor-Khaya Gulf. MERIS the New Siberian Islands. Frequently, the turbidity zones

3.3 Spatio-temporel patterns of MERIS
C2R variables

The spatial distribution of different water types in the south-
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rameters and absorption with the spatial outline of a plume
would be visible only in the very rare case of no sea ice cov-
erage, such as was the case in July 2011. In all other investi-
gated years there was still sea ice coverage around the Lena
River delta in June and early July with the Lena River out-
flow visible on top of the seaice.

After the high flood conditions during summer months,
from mid-July until the end of September in all investigated
years, the Lena River freshwater plume seems to be not out-
lined and detectable as a spatially outlined plume structure.
Instead, on the wide submarine bank around the Lena River
delta and on the shallows directly northeast of the Lena River
delta, turbid waters are regularly visible. Northeast of the
Lena River delta at the outlets of the Lena River branches,
regularly, meanders and filaments, sometimes of a dipole
type (with meander crests and filaments developing in more
than one direction), are developing and being pushed out-
wards. Also west of the Yana River delta frequently occur-
ring and changing meanders and filaments indicate frontal
instabilities.

Fapietics L10 expedition data show that a strong stratification with
a mixed layer of 5 to 8 m depth existed in the Buor-Khaya
Gulf in the beginning of August 2010. Brackish surface wa-
ter (salinity > 8) occurred only at the two northeasternmost
stations outside the Buor-Khaya Gulf (Fig. 2a). The sam-
pling on the onshore transects (stations 15 to 18) on 1 August
2010 along the Lena River delta proves a fully mixed layer
of high turbidity. This turbidity zone above the submarine
shallow Lena River delta banks incorporates both freshwa-
ter surface stations (salinity 1) and freshwater-influenced
stations but not yet brackish-water salinities (salinit).

The freshwater-dominated salinities can be found within

Figure 8. MERIS colour-coded maps of the southern Laptev Sea, ony, \\iqe range of turbidity. This indicates that the Lena River
25 September 2009 at 11:55 (local time) visualize the fields of me-, . . . . S
anders and filaments. The mapped C2R paramete@pHERIS freshwater signal is not directly linked to turbidity in coastal

C2R_TSM (gnT3), (b) MERIS C2R_Z90 (m), andc) MERIS waters. It is an important finding that the riverine turbid-
C2R_absorption (r%l)_ - ' ity of the Lena River is optically hidden in the turbidity of

coastal waters due to resuspension above the shallow subma-
rine banks.

considerably enlarge along the coastlines, and on the east-

ern Siberian shallow shelf. Turbidity events also occur above4 Value and validity of ocean colour applications for

the shallows in the central southern Laptev Sea. The turbid- the Siberian shelf

ity zones suggest that remobilization of sea surface sediments

and resuspension events occur in such shallow regions.  Ocean colour remote sensing reveals how highly time-
We also investigated whether the outline of a freshwaterdependent and turbulent the shallow Siberian inner-shelf and

plume is visible in the mapped MERIS C2R variables, ex- coastal waters are. The spatial and temporal undersampling

pecting to detect high SPM, high attenuation and absorptiorby ground-based observing tools causes data gaps. Highly

and low transparencies. Unfortunately, the event of the springlynamically changing spatial patterns and complex features

freshet is mostly hidden for optical remote sensing applica-are usually averaged out through the data interpolation pro-

tions under the continuous cloud coverage in the months otesses and cannot be mapped as the temporal snapshots they

June and early July. From 2006 to 2011, only very few acqui-are. In the following sections we discuss the value and va-

sitions in early summer, 1 July 2009 and 3 July 2011, capturdidity of the ocean colour visualization for biogeoscientific

the spring freshet. The Lena River outflow during the springapplications: (i) the regional validity of satellite-derived vari-

freshet appears onto the surrounding ice-free waters in earlgbles; (ii) the hydrographic pattern of meanders, eddies and

July. During the spring freshet, elevated turbidity-related pa-filaments that indicate a widespread lateral advection in the

www.biogeosciences.net/11/4191/2014/ Biogeosciences, 11, 4791-2014
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sea-ice-free season; and (iii) resuspension zones that potept al. (2012) in their study of the southeastern Beaufort Sea
tially indicate vertical transport pathways of nutrients, car- also assume that the widespread higher particle background

bon, sediments and heat. in Beaufort Sea coastal waters increases the backscattering
and potentially contributes to the large overestimation of op-
4.1 Regional validity of operational products erational Chlk products.

The first evaluation experiments show that the turbidity-4.2 Widespread lateral surface advection in the sea
related variables can be used reliably to trace the surface hy-  ice-free season
drodynamics of the Laptev Sea region. However, care must
be taken when using operational Chlproducts for the  Wegner et al. (this volume) discuss how the freshwater from
Siberian inner-shelf regions. Bio-optical measurements fromhe Lena River and other Siberian rivers is widespread on
Orek et al. (this volume) in the Lena River waters showed thathe Laptev Sea shelf. The authors describe a SPM-enriched
the specific phytoplankton absorption coefficient is aroundfreshwater surface layer up to latitude of 76.8°N, north of
three times higher and more effective than global mean phythe Lena River delta, and 77.Bl on the eastern shelf in
toplankton absorption coefficients. The authors discuss th&eptember 2008. The year 2008 was an abnormal one of
difficulty of the calculation of phytoplankton from the water- anti-cyclonic atmospheric circulation pattern with dominat-
leaving reflectances because phytoplankton absorption coring offshore winds. In September 2007, a quasi-normal year
tributed only < 10 % to the overall absorption. We incorpo- of cyclonic atmospheric circulation pattern, with dominat-
rated the regionally specific phytoplankton absorption capacing onshore winds and eastward, non-cross-shelf transport of
ity in the C2R processing by using the conversion factor fromthe riverine freshwater, the authors describe SPM-enriched
phytoplankton absorption to Clal of 7.8 (Orek et al., this  freshwater having been measured up to latitude OfNZ5
volume) instead of using the standard conversion factor ofThe authors showed that this spatially contrasting freshwater
21. However, the elevated cDOM concentrations still lead totransport could also be made visible in the mapped MERIS
a 5-fold Chla overestimation for inner-shelf water pixels. C2R parameters: in 2008, the outer-shelf areas show less
All global ESA and NASA Chla products show an overes- transmissivity (higher C2Ryin, lower C2R_Z90) compared
timation by at least a factor of 10 for the coastal and inner-to more transparent waters on the outer shelf in 2007 (Weg-
shelf waters. This regional overestimation is the highest rener et al., this volume).
ported to date for Arctic coastal waters, but also the cDOM However, we cannot observe a well-defined Lena River
inner-shelf concentrations in the Laptev Sea are the highegtlume in the distribution of turbidity-related and absorption-
reported for Arctic coastal waters. related C2R variables. Multi-year expedition data show that
Vetrov et al. (2008) discussed a Ghbverestimation fac-  the southern Laptev Sea is characterized by a high freshwater
tor of around 5 for the Laptev Sea, however, the authors designal and background cDOM concentrations (e.g. add
scribe the large difficulties of their match-up analyses forrange in the Buor-Khaya Gulf is 2 to 2.5th and that
the inner-shelf area due to cloudiness. It remains uncleacDOM and SPM of the Lena River in August are of the
how many and which samples were used to estimate thsame magnitude as in the coastal waters surrounding the
factor. Matsuoka et al. (2007, 2012a, b) report that ocearLena River delta in the August and September months. That
colour Chla retrievals for the western Beaufort and Chukchi the magnitude of concentrations is the same in the Buor-
seas were within 25 and 30% accuracy; Wang and Cot&haya Gulf compared to Lena riverine waters is also a find-
(2003) report an overestimation factor of 1.5 for this re- ing related to POC, nutrients (NOPQy), pCO, and oxygen
gion. However, for the southeastern Beaufort Sea cDOMsaturation from multi-year expedition data (Semiletov et al.,
background concentrations are higher on the inner shelf2013).
Mustapha et al. (2012) evaluated operational £ptoducts Due to continuous cloud coverage north of°Rbat a
of various ocean colour sensors using the large in situ datéongitude of 130E and westwards of it, the most trans-
set of the Canadian Arctic Shelf Exchange Study (CASES).parent, lowest cDOM and SPM water type is only visible
The authors report an overestimation by a factor of 3 to 5,within a few small cloud-free patches in the MERIS time
the highest overestimation being based on match-up anakeries. Regularly, the high optical contrast between high-
yses reported they found for coastal waters under a fresheDOM freshwater-influenced surface waters and low-cDOM
water influence. Hessen et al. (2010) describe Chl concenmarine-background waters seems to lie northwards of the
trations of an order of magnitude too high for Levenberg-cloud-free mapped areas always under continuous cloud cov-
Marquadt-based processed MODIS products from summeerage.
2003 (Pozdnyakov et al., 2005) covering the southern Kara The horizontal meander fields and filament fields in the
Sea with the Ob Estuary. That may technically also be duesouthern Laptev Sea suggest that a high frontal instabil-
to the high concentrations of dissolved organic matter fority is continuously being generated. The frontal instability
the coastal Kara Sea waters with reported in situ concentramay be shed from the Lena River inflow and from unstable
tions of >5mgL~1DOC (Hessen et al., 2010). Mustapha coastal currents. Meanders, filaments and eddies horizontally
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transport material within the surface water layer due to hy-
drodynamical equilibrium forces. Hydrodynamical model
simulations and mooring current measurements show that
these horizontal structures also provide vertical motion and
indicate the vertical mixing of a surface layer (e.g. Chao
and Shaw, 2002; Ralph, 2002; Sutherland et al., 2011; Fong
et al., 2002). The rich hydrographic spatio-temporal pattern
of filament fields, meander fields and eddies suggests tha
they carry chemical and biological fields and could trigger a
high patchiness of phytoplankton in the Laptev See region.
Kraberg et al. (this volume) discuss a high spatial hetero-
geneity in phytoplankton composition in August 2010 in the
Buor-Khaya Gulf probably resulting from the out-flushing
from the Lena River.

a) m

4.3 Resuspension zones above shallows b)

The visualization of resuspension events in the mapped
MERIS C2R variables highlights vertical mixing events
down to the sea bottom of shallow submarine banks in the
southern Laptev Sea region. The depth of the mixing zone
is related to the regional wind fields, with the turbidity-
influenced zones growing larger in response to strong and
frequently changing winds. This can be frequently observed
above the submarine shallows and along the deeper easter
coastline of the Buor-Khaya Gulf. Such is the case in early
August 2010 with transparent coastal waters along the east
ern Buor-Khaya coast. The transparent coastal waters indi-
cate no intense resuspension within this region characterized
by a steeper submarine slope and a near-shore bathymetry beigure 9. MERIS satellite dataa: 8 August 2010h: 27 August
low 5m. The eastern coast delivers freshwater sources fronr@010) and RapidEye satellite data 8 August 2010h: 27 August
the eastern side (e.g. station 8, salinityl). The turbid river ~ 2010) of the eastern Buor-Khaya Gulf coast. The RapidEye false-
inflow into transparent coastal waters can even optically pecolour NIR composite has a spatial resolution of 6.5 m. The colour-
traced, e.g. MERIS acquisition on 8 August 2010 (Fig. 9a). coded MERIS map shows C2R_Z90 {. At the beginning of
After several storm events (Giinther et al., 2013b) in theAugust the coastal waters along the eastern Buor-Khaya Gulf coast

S how a high transparency, and a spatially confined turbid river in-
southern Laptev Sea region in August and September 201 fow into the Buor-Khaya Gulf is visible. After storm events at the

the mixed upper layer became deeper and the mixed Iayeénd of August 2010 a turbidity zone along the eastern Buor-Khaya
went down to a depth of at least 10 to 12m in Septemberg i coast above the shallow submarine slope is visible.

2010, as it was measured on the TRANSDRIFT XVII expe-
dition. With a mixed upper layer reaching down to the seabed
bottom of 10 to 12 m, resuspension occurs. The MERIS ac- Charkin et al. (2011) state that, for the shallow Laptev Sea,
quisition on 27 August 2010 makes resuspension visible inthe impacted zone by resuspension events should be on aver-
wide areas on the inner shelf and also along the easteraige down to the 10 m bathymetry (with an estimation of aver-
coastline of the the Buor-Khaya Gulf (Fig. 9b). The high age wave height of 1 m), accounting for the only short dura-
spatial resolution of the RapidEye satellite data (5m pertion of strong waves. They describe how the dominating sand
pixel at nadir) on 8 and 27 August 2010 confirms the hy- to sandy silt fraction that they found on the shallows supports
drodynamic interpretation of the coarser-scale MERIS satelthe theory of vertical mixing events down to these bathymet-
lite data (Fig. 9a, b). The resuspension events along theic depths. Gavrilov et al. (2003) cite observations made on
eastern coastline of the Buor-Khaya Gulf indicate intenseRussian seismic expeditions during the summer months that
vertical mixing down to a submarine bottom depth of a prove that high local turbidity can be observed above these
minimum of 10 m. submarine banks (in Lisitsin et al., 2000; Dmitrenko et al.,
2001).

! ©RapidEye

o A
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Wegner et al. (this volume) report that data based on The high turbidity above shallows and the widespread high
current speeds of the ANABAR mooring station {39 N, cDOM concentrations is the reason why we cannot outline
12720 E) in the Laptev Sea show that within 2 years during a Lena River plume in the distribution of turbidity-related
one time period following a storm event currents exceededand absorption-related satellite-derived parameters. The spa-
the critical shear stress velocity, and therefore resuspensiotial turbidity pattern well visible in the mapped remote sens-
of bottom material could take place even down to depths ofing parameters provides the information on how turbulent
around 30 m. Also Vonk et al. (2012) confine a potential sed-and hydrodynamically complex the southern Laptev Sea re-
imentational regime to below 30 m bathymetric depth, relat-gion is. The mapped optical parameters show that the Laptev
ing to the occurrence of pelite below those depths. Sea is dominated by frontal meanders with amplitudes up to

To facilitate further understanding of the processes of de-30 km and eddies and filaments with horizontal scales up to
position of terrestrial material on the Laptev Sea and easterri00 km that prevail throughout the sea-ice-free season. The
Siberian shelf regions, ocean colour remote sensing may praresuspension above the submarine banks and the frontal me-
vide the necessary information on the submarine depths oénders, flaments and eddies indicate enhanced vertical mix-
regular submarine seabed erosion and entrainment and on ttireg being widespread on the inner shelf. The vertical mixing
submarine depths where abrasion only occurs when causeglents seem frequently to reach down to submarine depths of
by strong storm events. a minimum of 10 m.

The spatio-temporal pattern of the ocean colour parame-
ters indicate a strong potential for lateral advection of ter-
restrial (dissolved and fine particulates) and living biological

After the event of the spring freshet, the Lena River flows material during the ice-free season. To date, the recqgmzed
. e . lateral pathways in the Laptev Sea are known to function by
out into coastal waters of similar concentrations of SPM and

¢DOM during mid-July to September. The similar ranges Oftransport within and on the seaice (Eicken et al., 1997, 2000)

SPM are due to the vertical mixing down to the bottom, and"’md via t.he b°“°“.“ ngphelmd layer (Wegner et al., 2003,
) - 2005). It is a new finding for the Laptev Sea that numerous
therefore resuspension occurs above the shallow submari

) ; . "Mfontal instabilities are made visible and that strong lateral
bank around the Lena River delta. Widespread vertical mix- . . .

. . surface advection may occur during the ice-free season. The
ing down to the sea bottom, and therefore resuspension, oc-

. ) meanders, filaments and eddies revealed by the ocean colour
curs on the numerous submarine shallows in the Laptev Sea, - .
. . . . Parameters indicate lateral transportation pathways for ter-
A first evaluation of the value ranges of satellite-derived . : .
. restrial material but also vertical blockades.
parameters for the Laptev Sea shelf is presented. Match-up
analyses were constrained by high cloud coverage. The rela-
tionship of satellite-derived turbidity-related parameters ver-
sus in situ TRANSDRIFT SPM shows that the backscattering
coefficient C2R_bb_spm can be used to derive a Laptev-Sea-
adapted SPM algorithm. Satellite-derived Ghstimates are
highly overestimated by a minimum factor of 10 if applied
to the inner-shelf region due to elevated concentrations of
terrestrial organic matter. The shallow Siberian shelf region
requires bio-optical measurement campaigns to develop re-
gionally adapted algorithms for cDOM, SPM and Ghl

5 Conclusions
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Appendix A: Ocean Colour algorithms

(i) Eutrophic depth,Zg, is calculated from the C2R- OC4Me= exp1Q0.3252—2.767-Log10Q(R;s510/ R;s560)

processed C2Riin as 4 2.44.L0g10(Ris510/ Rrs560)2
46 B . 5

Zeu(A) = k-—A’ m. (A]_) 1.128- Log1Q(Rrs510/ RrsS60)
min(A) —0.499- Log10(Rs510/ Ris560%).

(ii) The Mackenzie/Beaufort Sea SPM algorithm (Doxaran
et al. 2013) is calculated using the band ratio of the C2R
processed;s (sr1) of MERIS band 12 (centre wavelength:
778 nm) and MERIS band 5 (centre wavelength: 560 nm):

(iv) The OCA4L (Cota et al., 2004) is calculated using the band
ratio of the C2R-processe®}s (sr1) of MERIS band 4 (cen-
tre wavelength: 510 nm) and MERIS band 5 (centre wave-
length: 560 nm):

_ 2
SPMvackenzie= 95.883- (Ris778/ Rrs560) B2 ocaL= exp 100.592— 3.607- Log10(Rs510/ R;s560)).
+ 12733 (Ris778/ R;s560) + 3.2567.

. i (v) The OC4P (Wang and Cota, 2003) is calculated using the
(i) The MERIS Ocean Colour algorithm, newest version, band ratio of the C2R-process& (sr1) of MERIS band

OC4Mevs6, is calculated using the band ratio of the C2R-, (centre wavelength: 510nm) and MERIS band 5 (centre
processed®;s (sr1) of MERIS band 4 (centre wavelength: wavelength: 560 nm):

510 nm) and MERIS band 5 (centre wavelength: 560 nm):
OC4P=exp100.271— 0.628- Log10(R(s510/ Rs560)

+2.629: Log10(Rs510/ R;s560)2
+ 0.6094- Log10(R;s510/ Rys560)°
—0.453- Log10(Rs510/ R;s560%).
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