Biogeosciences, 10, 7081694 2013
www.biogeosciences.net/10/7081/2013/
doi:10.5194/bg-10-7081-2013

© Author(s) 2013. CC Attribution 3.0 License.

$S900y uadQ

Contribution to a bio-optical model for remote sensing of Lena
River water

H. Orek?!, R. Doerfferl, R. Réttgerst, M. Boersmé&?, and K. H. Wiltshire 2

IHelmholtz-Zentrum Geesthacht, Centre for Materials and Research, Institute for Coastal Research, Max-Planck-Str. 1.,
21502 Geesthacht, Germany

2Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Biologische Anstalt Helgoland, P.O. Box 180,
27483 Helgoland, Germany

Correspondence tdR. Réttgers (ruediger.roettgers@hzg.de)

Received: 18 January 2013 — Published in Biogeosciences Discuss.: 11 March 2013
Revised: 2 September 2013 — Accepted: 16 September 2013 — Published: 8 November 2013

Abstract. Bio-optical measurements and sampling were car-concentration. The period of maximum river runoff in June
ried out in the delta of the Lena River (northern Siberia, was chosen to obtain bio-optical data when maximum water
Russia) between 26 June and 4 July 2011. The aim otonstituents are transported into the Laptev Sea. However,
this study was to determine the inherent optical propertiesve are aware that more data from other seasons and other
of the Lena water, i.e., absorption, attenuation, and scatyears need to be collected to establish a general bio-optical
tering coefficients, during the period of maximum runoff. model of the Lena water and conclusively characterize the
This aimed to contribute to the development of a bio- light climate with respect to primary production.

optical model for use as the basis for optical remote sens-

ing of coastal water of the Arctic. In this context the ab-

sorption by CDOM (colored dissolved organic matter) and

particles, and the concentrations of total suspended matted Introduction

phytoplankton-pigments, and carbon were measured. CDOM

was found to be the most dominant parameter affecting thef he Lena River with its extensive delta is the pathway for
optical properties of the river, with an absorption coeffi- transport of large amounts of organic and inorganic mate-
cient of 4.5-5m?! at 442 nm, which was almost four times rial, in diverse forms of carbon, from its huge catchment
higher than total particle absorption values at visible wave-area of about 2486 000 Khinto the Arctic Ocean, partic-
length range. The wavelenght-dependence of absorption dilarly into the Laptev Sea (Kattner et al., 1999). It has an an-
the different water constituents was chracterized by deternual fresh water discharge of around 500°kBmitrenko et
mining the semi logarithmic spectral slope. Mean CDOM, al-, 2008; http://www.feow.org/ecoregion_details.php?eco=
and detritus slopes were 0.0149 nhstandard deviation 608. Of all major arctic rivers it dominates the supply
(stdev)= 0.0003, = 18), and 0.0057 nm* (stdev=0.0017, ~ ©of the Arctic Ocean with dissolved organic carbon, DOC,
n=19), respectively, values which are typical for water and colored dissolved organic matter, CDOM (Stedmon et
bodies with high concentrations of dissolved and particu-al-» 2011;http://www.arcticgreatrivers.org/index.himPer-

late carbon. Mean chlorophydl and total suspended mat- mafrost thawing and diminishing sea ice coverage are dis-
ter were 1.8 mgm? (stdev=0.734n = 18) and 31.9gm3 tinctive indicators of global warming in the Arctic (Walsh,
(stdev=19.94, n = 27), respectively. DOC (dissolved or- 1991; Payette et al., 2004; Morison et al., 2012) and the in-
ganic carbon) was in the range 8-10ghand the total par-  Put of carbon may increase with the thawing of Siberian per-
ticulate carbon (PC) in the range 0.25-1.5tfmThe light mafrost due to global warming. Changes in hydrographic and
penetration depth (Secchi disc depth) was in the range 3pneteorological conditions have been observed in the Lena

90 cm and was highly correlated with the suspended matteP€lta, which in turn influence the Arctic Ocean (Morison
et al., 2012). Considerable water budget, geomorphological
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and ecosystem changes are expected in the near future (M@able 1. Summary of the phytoplankton composition, size fraction,
Clelland et al., 2006; Dmitrenko et al., 2008; Morison et al., and total production in the Lena River.

2012). Currently, however, it is not so easy to predict the fu-
ture of the Lena Delta and its output with the current lack of Picocyano-  Nanophyto-  larger

. . bacteria plankton microalgae
present, past and perhgps most |mportantly continuous mea- ~3um 3-10pm > 10pm
surement data. Gathering of relevant data is not always pos— —
sible by in situ sampling in such inaccessible areas like the , Fraction of Chia in Lena 0.07 0.16 0.77

. Fraction of phae in Lena 0.16 0.21 0.63
Lena Delta. Here remote sensing tools can.be gseful anq CON-2 \yet weight mg T3 19 36 207
tribute to the understanding of the current riverine conditions 2 prim. prod. mg ¢ m3day2 50-126
and facilitate a continuous monitoring program. Neverthe- ! Chla concentration mgmt 1.5-45

less, as the basis for optical remote sensing of water is théHeiskanen and keck (1996),
. . . e . Sorokin and Sorokin (1996).

knowledge of its optical properties, it is imperative that the

relationship between these and the concentrations of the wa-

ter constituents is measured in situ. Such optical data, apagky percent to the total particulate matter. The main sources
from underpinning remote sensing studies, are important fogy ¢t suspended matter (TSM) are eroded land and the

determining primary production. thawing permafrost (Rachold et al., 1996; Lobbes et al.,
Previous studies of optical properties in the Lena Delta r€-2000).

gion are mainly focused on the characterization and quantifi- - gimilar studies in the Kara Sea about optical properties, re-
cation of CDOM, POM (particulate organic matter), phyto- mote sensing, and carbon content were carried out by Pozd-
plankton distribution, and primary production (Cauwet and nyakov et al. (2005), Hessen et al. (2010), and Korosov et
Sidorov, 1996; Heiskanen and Keck, 1996; Sorokin andy (2011).

Sorokin, 1996; Kattner et al., 1999; Gueguen et al., 2005). The goal of our study was to determine the optical proper-
Investigations in the Laptev Sea were mostly limited to thejes of the Lena River water during the period of maximum
marine areas, and did not include the Lena River itself oryj e runoff, i.e., when most of the annual water load is trans-
its shallow coastal region of freshwater influence. Thus, theported into the Laptev Sea. The intention was to set up a
Lena River ecosystem is not well documented in terms ofyeliminary bio-optical model, which describes the dominant
bio-optical properties. _ _ components and which determines the optical properties, the

According to these limited previous studies, the car-ranges of their concentrations, their absorption and scattering
bon budget of the Lena River varies a great deal. Duringgpecira, and the relationships between concentrations and the
the flood period TOC (total organic carbon) can be up t0gptica| coefficients. A bio-optical model is the basis for op-
14.4gnT* (June-July), while during the low water level pe- ica| remote sensing and light climate related phytoplankton
riod (November—April) this value is reported to be around gy gies.

_3 . .
4gm®, and the annual mean concentration is 10.2§mM  The selected investigation site was at the entrance of the
(Cauwet and Sidorov, 1996). Along the river the TOC con- | ona Delta, where the river water is divided up into different
centration remains almost constant from Yakutsk (2000 KM:pannels and flows via many arms into the coastal sea. The
upstream) to the Laptev Sea (Lara et al., 1998). Turbidity ofyerjod and site of our investigation was selected to match the
the water is higher during the flood period with concentra- yaximum concentrations of water constituents before they
tions of suspended matter dry weight of 50—7_0_§mThe diffuse into the coastal sea. Unfortunately, the maximum wa-
concentration of phosphate was found to be similar to othete jeve| was earlier in 2011 than predicted, so that we missed
Arctic rivers but silicate and nitrate are three times higherhe extreme phase by 7—10 days, but which on the other hand

(Cauwet and Sidorov, 1996). o _ allowed us to study both the end of the high-water period as
The phytoplankton community of the Lena River is domi- el a5 the beginning of the summer period, thus yielding
nated by fresh water diatoms and picocyanobacteria (Heiskantormation for different situations.

nen and Keck, 1996; Sorokin and Sorokin, 1996). Reported
wet weights of the dominant groups and size-fractionated
chlorophyll concentrations are given below (Table 1). 2 Investigation site and methods

Bio-optical data of the Lena River are scarce. In some
studies Secchi disk depths and light attenuation coefficienté\ll measurements were carried out in the vicinity of
were measured or calculated (Sorokin and Sorokin, 1996)Samoylov Island, which is located at the entrance of the delta
The DOM (dissolved organic matter) composition in the (Fig. 1). Daily water samples were collected from the Lena
Lena is well documented (Lara et al., 1998; Kattner et al.,River two times a day. The first sampling point was located at
1999; Lobbes et al., 2000). Particulate matter of the Lenahe Samoylov Island coast (Station 2 in Fig. 1 and Table 2),
River is composed of a lithogenic fraction, which stems from and the second sampling location (Station 1 in Fig. 1 and Ta-
erosion by the river, and of detritus, which is formed mainly ble 2) was in the main stream of the Lena, close to the small
by the debris of organisms. Phytoplankton contributes only arock island of Stolp. Samples were taken from a small boat.
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3 Measurements and post processing

The ACS is designed for in situ measurements. It has two
different cuvettes, one for measuring the beam attenuation
coefficientc and the other for measuring the absorption coef-
ficienta. To measure the samples at the station the instrument
was installed in the lab and fixed upright to the bench leg. Sil-
icon tubings were attached to the inlets of the cuvettes and the
samples were poured from the lower inlet to avoid or mini-
mize bubbles (schematic setup can be found in Sullivan et
al., 2006). The absorption and beam attenuation spectra were
‘ s recorded. Three replicates were measured for each sample
< ooy together with a blank, which was recorded between the indi-
[ 74\ vidual measurements to check the stability of the instrument.
‘ ‘ Temperature and scattering corrections were done by post
processing of the raw data (Zaneveld et al., 1994; Sullivan
BhoE DY0E DEODE 1500E  1e00E DROVE  DNOE 1000 1000E et al., 2006; Boss et al., 2009). Blank values were not used
for the calculations, because it was not possible to produce
or store optically clean water at the station; instead previous
blank values — measured before the campaign — were used

In addition to these positions another branch of the Lenafor post processing of the raw data. However, this step was
River was sampled once (Stations 3—6 in Fig. 1 and Table 2)not critical, since blanks are less important for such highly
Samples were taken usually between 10:30 and 15:30 locabsorbing water bodies.
time when the sun elevation was relatively high and over- The spectral shape of total absorption and that of the fil-
passes of the ENVISAT satellite were expected. At the timetered water, which represents CDOM, were parameterized by
of sampling we measured water and air temperatures, Seccfitting an exponential curve to the measured spectrum for the
disk depths, reflectance spectra, phytoplankton fluorescend¥avelength range 400-500 nm, which is the most important
profiles, and GPS coordinates (Table 2). range for optical remote sensing of CDOM. This method was
Measurements of the in vivo fluorescence profiles wereintroduced by Jerlov in 1957. The spectral slope of the semi-
carried out with the Fluoroprobe Algae Analyser (BBE logarithmic CDOM curve is variable and depends on the kind
Moldaenke, Kiel, Germanywww.bbe-moldaenke.deThis of matter being measured. Thus, the exponrenhich is the

instrument allows the differentiation of algal groups by us- Spectral slope on a semi-logarithmic plot, is an important pa-
ing the different fluorescent spectra of them (Beutler et al.,fameter for the characterization of CDOM. The absorption at
2002). other wavelengths can then be computed using (Eq. 1):

All samples were processed at the Samoylov research sta-,,, _
tion. Filters were prepared for measuring particle absorption,a()t) = aGo)expi=s(+ — o)}, @
total suspended matter dry weight, and phytoplankton pig-wherea is absorptiona is wavelengthjg is the reference
ment concentrations by HPLC later in the home laboratory.wavelength, and is the spectral slope.

Between 200 and 1500 mL of the water samples was filtered At each station the Secchi disc depth (SD) was determined.
through pre-combusted GF/F filters and kept in a deep freezebue to the low transparency of Lena water and the high cur-
(—18°C) until transfer in the freezer to Germany. These sam-rent speed a standard device with a marked cable could not be
ples were analyzed as soon as received from Siberia 6-dsed. Instead a white disc was mounted at the tip of a pole of
months later, to prevent or reduce further degradation of the2 m length, which was marked with a centimeter scale. This
biological material. pole was deployed from the boat by hand.

The absorption and scattering spectra of the fresh samples The absorption of particulate matter was measured using
were measured before and after filtration at Samoylov usinghe filter pad technique, which is a standard method to deter-
a Wetlabs hyperspectral absorption-attenuation meter (ACmine the absorption spectra of total suspended matter, detri-
S). Using these measurements the absorption and scatteririgs and phytoplankton (details in Mitchell et al., 2000). The
coefficients of particulate matter and the dissolved fractionmain difficulty with the filter pad technique is the aggregat-
(CDOM) could be determined. ing of particles in a small cross section, reasoning an artificial

amplification of absorption. This amplification is corrected
by an amplification factor. In this study we used the method
of measurement and correction described in Roéttgers and
Gehnke (2012). Measurements were made in a dual-beam
UV/VIS spectrophotometer (Lambda 950, Perkin Elmer) that

73°30'N

73°00'N

72°30'N

7Z°OO‘N||

Tiksi

Fig. 1. Study area and location of sampling stations.
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Table 2. Sampling protocol, complementary data, and filtered volume of the collected samples. (Station locations can be found in Fig. 1).
n.a.: not available.

Location, Time and Station Information \ Complementary Data \ Filtered Volumes (mL)

Date Time (local) Latitude Longitude Station NumbbrSecchi (cm) Water Temp  Air Temp TSM HPLC PABS

26 Jun 2011 10:00:00 72.37 126.48 2 70 n.a. n.a. 500 750 550
26 Jun 2011 15:35:00 72.39 126.64 1 75 n.a. n.a. 1000 n.a. 1000
27 Jun 2011 10:30:00 72.37 126.48 2 70 13 1000 1000 1000
27 Jun 2011 15:30:00 72.39 126.64 1 60 13.2 7.5 1000 1000 1000
28 Jun 2011 10:50:00 72.33 126.29 6 80 12.5 8.2 1000 1000 500
28 Jun 2011 11:20:00 72.35 126.33 5 85 12.3 9.5 1000 1000 500
28 Jun 2011 11:53:00 72.37 126.38 4 80 12.2 8.4 1000 1000 500
28 Jun 2011 12:10:00 72.38 126.43 3 75 12.2 8.6 1000 1000 500
29 Jun 2011 10:30:00 72.37 126.48 2 75 13.5 8.8 1500 n.a. n.a.
29 Jun 2011 15:30:00 72.39 126.66 1 70 13.6 8.9 1500 1500 500
30 Jun 2011 10:30:00 72.37 126.48 2 n.a. n.a. n.a. 1500 1500 500
30 Jun 2011 15:30:00 72.39 126.64 1 n.a. n.a. n.a. 1500 1000 500
1Jul 2011 10:30:00 72.37 126.48 2 70 13.4 7.3 1500 1000 500
1Jul 2011 16:00:00 72.39 126.64 1 70 13 8.5 1500 1500 500
2 Jul 2011 10:30:00 72.37 126.48 2 70 13.3 8.4 1500 1000 500
2 Jul 2011 15:50:00 72.39 126.66 1 50 13.3 12 1000 1000 250
3Jul 2011 19:30:00 72.37 126.46 2 35 13.7 17.8 700 700 200
3Jul 2011 20:00:00 72.39 126.66 1 30 13.8 16 700 700 200
4 Jul 2011 09:00:00 72.37 126.47 2 40 14 18 1000 1000 250
4 Jul 2011 15:30:00 72.39 126.66 1 30 14.2 17.9 700 700 200

was equipped with a 150 mm integrating sphere (Labsphereinsed with ultrapure water (Milli-Q Integral Water Purifica-
Inc.). A piece of filter ¢ 1 x 2 cn?) was cut out and placed tion System, Millipore).
in the middle of the integrating sphere. The filter was de- The wavelength dependent total scattering coefficients
frosted for 30—45 min before measurement. Measured filteb were obtained by subtracting total absorptian ¢f
pieces were then bleached for several minutes by sodium hy€DOM + water + particles) from the beam attenuatien
peroxide to destroy the phytoplankton pigments. Blanks werewith b = ¢ — a wherec is the beam attenuation coefficient,
treated with the same procedure. The absorption by detritug; is the absorption andl is the scattering coefficient. By us-
also called non-algal particulate matter, are determined fromng b of particles only, the single scatter albede= b/c can
the bleached filters directly, while the difference between un-be calculated, which provides information about the nature
treated and bleached filters provides the absorption spectraf particles. A highwg indicates inorganic suspended matter
of phytoplankton pigments. The absorption spectra resemwith a relatively low absorption coefficient.
bled the CDOM curves and were analyzed in the same way. Phytoplankton pigments were determined using HPLC
The wavelength exponent of the absorption spectra of detri{high performance liquid chromatography) and the method
tus was computed in the same way as CDOM by fitting andeveloped by Zapata et al. (2000). A total of 29 different
exponential curve to the measured spectrum with the sampigments, including chlorophyll and degradation products,
reference wavelength of 442 nm. could be separated from the Lena samples. Pigment concen-
Samples for total particulate carbon (PC), which is thetrations were computed from the area of the concentration
sum of inorganic (PIC) and organic (POC) particulate car-peaks relative to pigment standards (DHI and Sigma). Filters
bon, were taken daily by filtering 500—-1000 mL of water onto were extracted for 24 h at40°C with 100 % acetone (chro-
pre-combusted and washed Whatman GF/F filters. The camatography grade), then filtered through Whatman Spartan
bon content of the samples was measured with an Elementdilters (13mm @, 0.2 um pore size) and transferred to the
Vario MICRO cube CHN analyser (Elementar Analysensys-vials for chromatography.
teme www.elementar.de TSM dry weight was determined by filtering the sampled
DOC was analyzed in the filtrates of the samples. The fil-water through pre-combusted (48D) and pre-weighted
trate was acidified by the addition of 100 uL of HCI (25 %) GF/F filters (Whatman). The nominal pore size of 0.7 um
before being sealed and stored in a dark fridge &€ 4in- of these filters defines the separation of dissolved and partic-
til analysis (Elementar Analysensysteme Vario TOC cube;ulate matter for this study. Before weighting the filters were
www.elementar.de). All glassware used in the preparation ofdried at 60°C for 24 h and cooled to room temperature in
the DOC sample were previously washed in 10 % HCI anda desiccator to prevent any change in weight due to humid-
ity. The difference between the pre- and post-filter weights

Biogeosciences, 10, 7081694 2013 www.biogeosciences.net/10/7081/2013/
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Fig. 2. Mean and standard deviations of the absorption coefficienta)oEDOM, (B) particulate detritus, an¢C) total particulate matter,
and(D) of the beam attenuation of the samples.

divided by filtered sample volume is the dry weight of sus- s
—{—CDOM ——Total Particle

pended matter per unit water volume. W

o

4 Results £t
3 /ﬁ\\ /o
3
4.1 Absorption s <Y
< /
, : . 22 /
Of all water constituents CDOM is the main source of ab- < (/\\\\ L
sorption in the visible wavelength range in the Lena River. : O\\V*_«w**«/ N

During the first week of our campaign CDOM absorption
was almost uniform within the sampling area (Fig. 2a). At
442 nm it was in the range 4.25-5.25# with a standard
deviation of+0.36 nT. The decrease over time (Fig. 3) is
not significant. Contrary to this slight decrease, an increaséig. 3. COOM and total particle absorption variability at 442 nm

of the spectral slope was found (Fig. 4, Table 3). It varied be-during the sampling period.

tween 0.0142 and 0.0158 mhwith a standard deviation of

+0.0003 nntt,

The absorption coefficients of TSM and of the detrital frac- acerbated by the fact that the bleaching process does not
tion (after bleaching) are very close to each other (Fig. 2c andnly eliminate the absorption by pigments, but also partly of
b, respectively). Thus, the difference between both, whichother organic matter. Another way to determine the absorp-
is assumed to be the absorption by phytoplankton pigmentgjon by chlorophyll is to calculate the difference between the
is low and noisy and thus not represented here. This is exabsorption maximum of chlorophyll at 676 and 710nm to

o

06-26
06-26

06-27
06-27
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Table 3.Slopes of CDOM and detritus absorption and concentrations of total suspended mattet,ragd.chlorophylk pg L= (including
all degradation products). Given below are the overall means and standard deviations.

Date Time (local) CDOM Detritus TSM  Ch&*

26 Jun 2011 10:00:00 No Data 0.00622 15.06 0.920
26 Jun 2011 15:35:00 0.014323 0.006039 21.66 No Data
26 Jun 2011 10:30:00 0.014676  0.00527 19.51 2.184
27 Jun 2011 15:30:00 0.014781 0.004893 30.42 2.100
28 Jun 2011 10:00:00 No Data No Data 15.43 No Data
28 Jun 2011 10:50:00 0.014859 0.008914 7.92 0.939
28 Jun 2011 11:20:00 0.014801 0.008649 9.36 1.610
28 Jun 2011 11:53:00 0.014711 0.00866 9.08 0.315
28 Jun 2011 12:10:00 0.014816 0.008331 8.45 2.306
29 Jun 2011 10:30:00 No Data No Data 24.27 No Data
29 Jun 2011 15:30:00 0.014849 0.005714 27.25 2.043
30 Jun 2011 10:30:00 0.015026 0.004277 52.94 2.904
30 Jun 2011 15:30:00 0.014944 0.004771 37.34 2.995
1Jul 2011 10:30:00 0.014958 0.005967 25.87 2.902
1Jul 2011 16:00:00 0.015219 0.005387 28.63 1.930
2 Jul 2011 10:30:00 0.015159 0.005364 25.95 2.215
2 Jul 2011 15:50:00 0.015241 0.004244 54.77 1.888
3Jul 2011 19:30:00 0.015369 0.004785 55.58 1.336
3Jul 2011 20:00:00 0.01559 0.003884 58.81 1.380
4 Jul 2011 09:00:00 0.014992 0.003885 48.77 1.613
4 Jul 2011 15:30:00 0.015324 0.0040567.59 1.192
Mean 0.01498 0.005753 31.89 1.820627
Stdev 0.0003 0.001688 19.94 0.733779

compensate for non-pigmented detritus absorption. For the o.01s8 ,
Lena samples this reduces the uncertainty in the mass spe 0.0156 -
cific absorption coefficient from 60 to 34 %. 0.0154 -
The absorption by TSM increased by a factor of three dur-  o.0152 -
ing the sampling period (Fig. 3, Table 3). The spectral slopes 00150 |
of detritus absorption are listed in Table 3. A decreasing trend § 0.014s -
of these slopes was observed over the sampling period. Ex-§ 00146 -
ceptions were seen for stations 3—-6, which were located in< 0.0144 -
a tributary branching off from the main Lena stream, the 00142 |
“Kurungnakh arm”. All other samples were collected from  o.0140 -
the main stream and off Samoylov Island (Fig. 1). Slopes 00138 -
of the four Kurungnakh stations are almost twice those of o0.0136
the other samples (Fig. 5). Slopes in the main stream var-
ied from 0.0038 to 0.0062 nmt, while Kurungnakh station Date (month-day)
slopes varied between 0.0083 and 0.0089 hm

06-26
06-27
06-27 |
06-28 |
06-28
06-28 |
06-28 |
06-29 |
06-30 |
06-30
07-1
071
072 |
07-2 |
073
07-3
07-4
07-4

Fig. 4. CDOM semi-logarithmic slopes calculated between 400 and

4.2 Phytoplankton pigments 500 nm with 442 nm as reference wavelength using a nonlinear fit.

The major plgment_s, which we fognd in phytoplankton of up chlorophylla and all of its degradation products. On av-
the Lena River during our campaign, were chlorophull . ;

. I erage the degradation products added 33 % (min 15 %, max
fucoxanthin (fuco), and chlorophyb (Chl b). Diadinox- : . .

S . . 50 %) to the total chlorophyll concentration. Relatively high
anthin (diadino), alloxanthin (alloxan), zeaxanthin (zeaxan), . . .
and lutein were found in lower concentrations at all stations concentrations of fucoxanthin and chloropfiyldicate that
Some other pigments such as chloropagllc2 (Chlcl, c2) ‘the majority of the species in the Lena River were composed
P19 paglle A of green algae (Chlorophyta) and diatoms (Bacillariophyta).

neoxanthin (neoxan), and violoxanthin (viola) were not al- _, : ' S .
This was confirmed by the measurements in situ using the
ways found and when they were, only at lower concentra- .
BBE multialgal-fluorescence probe.

tions (Fig. 6). Total chlorophyll was calculated by summing

Biogeosciences, 10, 7081694 2013 www.biogeosciences.net/10/7081/2013/
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0.01 4 n=26. In the second half of August these values were
0.009 ~ more variable with a range of 0.2—6.0 gfand a mean of
0.008 1 1.07+1.08gn3, n = 36.

- 0.007

500 | 4.5 Beam attenuation and scattering

Z 0.

é gggg | The variability of the beam attenuation coefficienof the
0.002 | Lena River water was determined mainly by the scatter-
0.001 - ing and to less extent by the absorption of TSM, while the

o+ CDOM absorption was relatively constant (Fig. 8a, b). Simi-
seassRRIRISE LA LT lar to TSM dry weight the beam attenuation coefficient in-
§8888888888°°°9°989895° : : :
Date (month-day) creased by a factor of four during the observation period
(Fig. 8b).

Fig. 5. Detritus semi-logarithmic slopes calculated between 400 and  The scattering spectrum is given in Fig. 9a. The relation-

500 nm with 442 nm as reference wavelength using a nonlinear fit. ships between the concentrations of TSM and the beam atten-
uation and absorption coefficients, respectively, show similar

037 scatter.

0.25 \

4.6 Mass specific inherent optical properties
0.2 4

The mass specific absorption and scattering coefficients were

0.15 4

ug/l

02 computed from the slope of the linear regressions between
011 0075 § concentrations of chlorophyll, TSM, DOC, and PC and
0054 0033 oo § § the correspondlng absorptlor? an<_j scattering coefficients at
N & N \ N 442 nm. The relative uncertainty is calculated from the re-
To o R gression on the logarithm scale to get a mean relative error
RooR 53 ¢ over the entire range. Due to the limited number of data and

the narrow concentration ranges these coefficients have to
Fig. 6. Mean pigment concentrations, chlorophylinot included be _re_garded as prel_lmlnary. .F.or chlorophyll th_e.proble.m n
here. deriving the absorption coefficients from the minimal differ-
ence between the total and the absorption after bleaching, led
to a high uncertainty in the concentration specific absorption

4.3 Total suspended matter coefficient.

Pigment absorption:
Total suspgnded mgtter concentrgtion was spatially and_ tem- a_pig_442 [M1] =0.128 [t mg~1] - < Chl_a
porally variable during the sampling period. Concentrations ~[mgm 3], +0.08 [nTl], +60% relative uncer-
in samples, which were taken from the Kurungnakh arm (sta- tainty.
tions 3-6, Fig. 1), were lower than those of the samples of the
main channel (Fig. 7). During the observation period concen- a_pig_676 ] =0.05[m mg~!]- <Chl_a
trations of TSM increased by a factor of four and reached its >[mgm=3] +0.025[mY], +£34% relative un-
maximum at the last days of the campaign. certainty.

CDOM absorption:

a_cdom_442[m!]=0.56[nfg~1]- < DOC
The concentration of DOC was constant over the observa- >[gm~3] +0.2 [m1], £5 % relative uncertainty.
tion period in June/July at all stations with values of around\ypen converting umol DOC into a_cdom_442 the conver-
9.4+ 0.45gnT3 when omitting one value at 16gT™.  sjon factor is 0.00672 [Fumory. -
These values were double those from samples taken in the Absorption by bleached TSM (detritus):
second half of August 2011 at the same stations, with values

4.4 Carbon concentrations

17 _ 1 -3

of around 4.6+ 0.46 g nT3 (n = 38), also when omitting one a_det_4f112 [m-] = 0.07[nfg~1]. <TSM>[gm~?]
potential erroneous value at 16 g(data not included in £0.4[m™7], £42% relative uncertainty.

the publication). Scattering by particles at 442 nm derived from a linear re-

In contrast, the values of the sum of organic and inor-gression (Fig. 9¢), which has a bias of 1.07'm

ganic particulate garbpn (PC) were much more varlable. b_tsm_442 nm [mY] = 0.45[n?g~Y] - < TSM > [gm~J]
During the campaign in June/July PC values were in the £5.8[m1], £35 % relative uncertainty
range 0.3-1.9gm with a mean of 0.8%0.44gnT3, ' ’ '
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Absorption by all particles (TSM) at 442 nm derived from optical remote sensing of the coastal waters of the Arctic
a linear regression (Fig. 9d), which has a bias of 0.23:m Sea with an eye on other rivers besides the Lena, namely the
B Yenisei, Ob, and Mackenzie, which also determine the fresh
a—‘sm—g“‘z nm 1[m1] » 0.040[rﬁ’- g7 < T.SM water flux into the Arctic Sea.
>[gm™] +0.43 [n7], £31 % relative uncertainty. Most striking in Lena water is the high concentration of all
Particulate carbon [gn¥] related absorption coefficient of kinds of humic substances (see also Kattner et al., 1999), de-
particulate matter: fined here as organic degradation products and whereby dis-
solved and particulate matter are merely defined by the pore
ap_442nm [m']=0.83[mPg™']- <PC>  sjze of the filter (see data http://www.feow.org/ecoregion_
[gm~3] +0.43 [nT1], £37 % relative uncertainty. details.php?eco=608These dominate the optical properties
of all major Arctic estuaries in the form of CDOM and de-
tritus. The DOC concentrations of Ob and Yenisei, close to
their mouths, where river water is not diluted by marine wa-

A major question underpinning our investigations on the bio-t€F: i in the range of 5-109 CTd with extreme values of

3 . . .
optical properties of the Lena water is as to how the resultst® 9 € T~ The concentrations in the Kara Sea, where salin-

; 3
compare to other Arctic rivers and estuaries. This leads orly €xceeds 30ppt, isc1gCnt* (Korosov et al., 2011),
to whether a generic bio-optical model can be derived foralso reported by Hessen et al. (2010). The concentrations, we

5 Discussion

Biogeosciences, 10, 7081694 2013 www.biogeosciences.net/10/7081/2013/


http://www.feow.org/ecoregion_details.php?eco=608
http://www.feow.org/ecoregion_details.php?eco=608

H. Orek et al.: Contribution to a bio-optical model for remote sensing 7089

30 14
—
M
25 TTTT T T e 0.9 -
- 20 A o 0.8
0
£ [
i =
> Tt c
£ 151 T S 071
[} [=4
= [}
g £
@ 10 A O 061
~LL|
5 LU 0.5 -
0 T T T T T T T T T T 1 0.4 T T T T T T T T T T 1
390 420 450 480 510 540 570 600 630 660 690 720 390 420 450 480 510 540 570 600 630 660 690 720
Wavelength (nm) Wavelength (nm)
A B
50 4
45 L 35 . |
40 1()=0,445x + 1,071 (x) = 0,040 + 0,226 n_-
R2=0,703 A 3 Re=0777 _—
35 n — s R P
= . " _— 7 i _—
£ —
é 25 - - g 2 _— - ]
Z‘ 20 _— . M) ﬁ//
15 (' ./ . 1 ’ ! /i/ [ ] -
10 -
_a" mm y ]
. - e~
R 0
0 10 20 EY 0 50 60 7 80 0 0 B o o %0 60 o 8
TSM[gm-3] TSM (g m-3]
C D

Fig. 9. Means and standard deviations (@) scattering andB) the single scatter albedo, as well as the relationship between the total
suspended matter concentrations @Byscattering angdD) absorption coefficients.

found during our campaign in the fresh water region of the Absorption coefficients for the Mackenzie Delta (Canada)
Lena were rather constant with a range of 8.5-10.5g€.m are reported in Bélanger et al. (2006). Values close to the
When including the measurements of August 2011 at thecoast are in the range of 4.5-5.4tat 330nm with a
same stations with a mean of 4:8.46gnT3, we found  spectral slope of around 0.02. The corresponding values for
almost the same range of DOC as reported for the Ob and42 nm using this slope would be 0.45-0.55'm
Yenisei whereby even our extreme values of 16gCm Mean spectral slopes of the absorption coefficients are
agree. In contrast, the values of the sum of organic and inavailable for the Great Whale River and Mackenzie River
organic PC were much more variable. Here one has to conin the Canadian Arctic (Retamal et al., 2007) at 0.016 and
sider that also the absorption by minerals may contribute0.0185 n1?1, respectively. However, they were derived from
to the overall absorption coefficient of TSM (Estapa et al.,the wavelength range 300-650 nm with a reference wave-
2012). During the campaign in June/July PC values were inength of 320 nm. Slopes derived from the UV spectral range
the range 0.3-1.9 gn? with a mean of 0.8%0.44gn73, are normally higher (Diehl & Haardt, 1980), since they are
n=26. In the second half of August these values were everdetermined by other components of CDOM. Also the spec-
more variable with a range of 0.2-6.0 gfhand a mean of tral slopes in Bélanger et al. (2006) with values in the range
1.07+1.08gn73, n = 36. of 0.019-0.02m! have obviously been derived from the
The absorption coefficients of CDOM are easier to com-UV part of the spectrum (but not explicitly mentioned in the
pare. In the paper of Hessen et al. (2010) the downwellingpaper). Similar CDOM spectral slope values can be found
irradiance attenuation coefficieiy is included for some for different coastal and river waters worldwide. Helms et
wavelengths in the ultraviolet (UV) spectral range, which al. (2008) reported values between 0.0158 and 0.0186'nm
are around 10 m! for 380 nm for the Ob and Yenisei. Since from the Great Dismal Swamp and the Suwanbnbee River.
for highly absorbing waterq is mainly determined by the The mean CDOM spectral slope of Elbe river water is re-
absorption coefficient, it can be transferred to an absorptiorported to be 0.0188 (Helmholtz Center Geesthacht, unpub-
coefficient of 4! at 442 nm assuming a spectral slope of lished data) or 0.014 nit (Doerffer, 1979). More reports of
0.015. For the Lena we found the corresponding coefficienthis parameter can be found in Wozniak and Dera (2007).
in the range 4-5 mt. Slopes of CDOM, which we found for the Lena, are in
the range 0.0145-0.0155 nth They were derived from the
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spectral range of 400-500 nm, which is the most relevant part 90—~

for optical remote sensing. 80 \!\ i

Variability of the slopes of detritus absorption (range 7 - o+ 9L
0.004-0.009 nm?) can be attributed to variations in parti- E o \-F\\\
cle size and/or composition including inorganic particles and § so \\\
content of organic carbon (detritus). Compared to spectra ofé 0 . \\\
Estapa et al. (2012) the shape of the spectra of Lena watef 3o m a
does not indicate a significant contribution by iron. The spec- 5 T
tral slopes are lower compared to mean Baltic and North Sea 1
detritus absorption slopes, which are 0.013 and 0.0116'nm 0
respectively (Babin et al., 2003a). Ferrari et al. (2003) re- ¢ o w ¥ TSM[:Z ; oo ®

ported values between 0.0095 and 0.0125 Hiar the Baltic
Sea. These are similar to values found in the NOMAD Fig. 10.Relationship between TSM dry weight and the Secchi disc
database (Werdell and Bailey, 2005) which are in the rangelepth for all Lena stations.
0.007-0.015m! (5-95 % percentile).
Concentrations of phytoplankton pigments found are sim-
ilar to previous studies carried out in the Lena River (Heiska-  ** | o .
nen and Keck, 1996; Sorokin and Sorokin, 1996). Total 51
chlorophyll @ concentration was variable within our sam-
pling period with values between 0.5 and 3mginThe
time series does not show any significant trend during our &
campaign. The samples taken from the Kurungnakh river
arm were not significantly different from the major river.
These values match the data of Hessen et al. (2010) for the ‘ ‘ ‘ ‘ ‘ ‘ ‘
Ob (0.4-3.4mgm?3) and Yenisei (0.6—-2.9 mgnt). Chloro- 87 89 o1 o3 05 o7 %0 101
phyll values derived from satellite data are in most cases poCgm?
overestimated due to the difficult separation between CDOM _ ) _ o
and phytoplankton pigment absorption spectra (Heim et a|.’F|g. 11_. Relationship betwe_en DOC and the absorption coefficient
this volume). In Hessen et al. (2010) chlorophyll values de-°' the filtrate at 442nm against pure water as blank.
rived from MODIS satellite data are up to 15 mgrfor the
Yenisei and up to 8 mg i for the Ob. The chlorophyll val-
ues derived from MERIS satellite data (Korosov et al., 2011)(Whitmire et al., 2007) and the backscattering ratio (Boss et
are even higher with values up to 30 mg#rfor the Ob and  al., 2004).
Yenisei. The relationship between the beam attenuation and the
The concentration of TSM was variable in the Lena River TSM concentration could be compared with results of Hill et
and its side arms. We assume that the variability is mainlyal. (2011), who analyzed the effect of different particle sizes.
due to differences in water turbulence, which, however, couldThey found a mean conversion factor of 0.22tPnwith a
only be rated visually. TSM ranged from 10-60 g¥rdur- range between 0.2 and 0.4 for a wavelength of 670 nm. For
ing the observation period and did not co-vary with the the Lena water we found a corresponding factor (for 670 nm)
chlorophyll concentration (Fig. 7). Due to the high variabil- of 0.37 gnT2 (see Figs. 8a and 2d).
ity, which depends on local currents, water depth, and river The relationship between the TSM dry weight and the
runoff, a direct comparison with corresponding snapshot obscattering coefficient of TSM shows a clear linear rela-
servations of other Arctic rivers does not help in assessmentionship (Fig. 9¢) when we omit the measurements of
of these values. the first day. The mass specific scattering coefficient is
The calculated single scattering albedo of the Lena River0.45 n? g—1 -+ 35 %. Babin et al. (2003b) found average val-
was lower in the short and higher in the long wavelengthues of 1.0 and 0.5fg 1 in optical case 1 and case 2 wa-
range. This effect is caused by the strong absorption byters, respectively, of the North Sea and Baltic Sea. The scat-
CDOM at shorter wavelengths (Fig. 9b), which reduces theter diagram of TSM concentration and the detritus absorption
number of photons to be scattered at these wavelengths. Tret 442 nm (Fig. 12) shows a logarithmic relationship, which
spectrum of scattering coefficient shows an increase in thenight be due to changes in the composition of TSM at dif-
short wavelength range and remains flat at longer waveferent concentration levels.
lengths (Fig. 9a). This type of spectral shape is determined by For the mass specific absorption coefficient of TSM
the particle composition and concentration. Especially smallof samples from coastal Louisiana and the Mississippi
lithogenic particles can increase the scattering coefficient@and Atchafalaya Rivers, Estapa et al. (2012) found val-
ues between 0.01 and 0.03gr! at 550nm. For the

4.8 1

at 442nm m-t

4,6 1

44

OM Aborpt

42 A
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Lena the corresponding specific absorption coefficient is
0.027 nf g1+ 31% at 550 nm. tween 49 and 73 Aumol~1 for 355 nm, which depend on the
A high correlation was also found for the relationship be- DOC analysis technique (see their Table 6). When we convert
tween TSM dry weight and the Secchi disc depth (Fig. 10).our values to a wavelength of 355 nm using a spectral slope
CDOM contributes also to the light penetration, but since itsof 0.014 nT1, we get a conversion factor of 4€mmot~1.
concentration was rather constant during the observation pd-ichot and Benner (2011) measured the absorption at 275
riod, the variability in the Secchi disc depth was mainly de- and 295 nm in the northern Gulf of Mexico and Beaufort
termined by suspended particles. Sea. For their conversion from CDOM absorption to DOC
Of further interest was the relationship between particulateon the log scale they used the absorption at both wavelengths:
organic carbon and TSM, which is shown in Figs. 13 andlog(DOC)=a + b -log(ag275H- ¢ - log(ag295). The conver-
14. These figures show that the three samples with very higlsion factors for the concentration range ag_273.5nm 1
concentrations of TSM have lower amount of PC, since theywerea =2.9,b=2.77, andc = —2.04 for the northern Gulf
presumably consist mainly of mineral suspended matter.  of Mexico anda =2.36, b =3.04, andc =—2.13 for the
Due to the dominating effect of absorption mainly by Beaufort Sea. When we transfer our values to a wave-
organic particulate matter and the low chlorophyll con- length of 285 nm using again a spectral slope of 0.014m
centration, it was difficult to derive the specific phyto- we get corresponding conversion factors for the log scale
plankton pigment absorption coefficient using the filter padlog(DOC)=a + b - log(ag285) oti = 4.73 and = 0.52 with
and bleaching method. The relationship between chloro-an uncertainty of£3 % on the logarithmic scale.
phyll « and the pigment absorption coefficient at 442 nm was:
< Chl_a>[mgm3] =7.8[m? mg1] - apig_442 nm [rm1],
which is a lower conversion factor than normally found for 6 Summary and conclusions
open and coastal water phytoplankton.
The relationship between DOC and the absorption byThe primary goal of this investigation was to determine the
CDOM at 442 nm (Fig. 11) were compared to measurementdio-optical properties of Lena River water during the phase
in the Baltic Sea. Ferrari et al. (1996) found mean values beof maximum runoff in order to obtain a basis for optical
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remote sensing and primary production studies. The invesbe important to introduce not only one spectral slope but two,
tigation site, where we expected maximum concentrationsyhich bracket the mean minimum and maximum values.
was the entrance of the Lena Delta before the water enters Since the organic matter dominates the absorption of Lena
the coast of the Laptev Sea. The measured variables includeater, it will be difficult to identify phytoplankton from re-
absorption and scattering coefficients of water samples beflectance measurements, since its absorption contributes less
fore and after filtration to separate the particulate from thethan 10 % to the overall absorption. Due to the high absorp-
dissolved fraction of water constituents. The absorption bytion by CDOM in the blue part of the spectrum the sunlight-
particulate matter was further split into the absorption co-induced fluorescence of chlorophyll will also be low and thus
efficients of phytoplankton pigments and detritus. Also the difficult to determine from reflectance spectra.
concentrations of total suspended matter dry weight and of Although we have sampled at only a few locations and for
phytoplankton pigments were determined. a short period we expect no significant differences at other lo-
Although the short investigation period could provide us cations in the Lena Delta during this time, since the environ-
with only a snapshot of Lena River optical properties, it was mental conditions elsewhere were very similar, as indicated
the first time that crucial bio-optical properties of the Lena also by satellite data (Heim et al., this volume).
River were studied during the most dynamic period when the It was possible to establish a preliminary bio-optical model
flow and material transport are at a maximum. Furthermore pf the Lena water, which can be used for optical remote sens-
the data were already important for the evaluation of satelliteing. This model links the concentration of different water
data (Heim et al., this volume). constituents with their optical properties. Where a compar-
Most remarkable was the extremely high absorption ofison with other areas was possible, in particular with the Ob
light by the dissolved and particulate fraction of humic sub- and Yenisei, the values of Lena were found to be similar. The
stances. Secchi disc depths (SD) showed a maximum o€oncentration range of phytoplankton and CDOM was small,
about 90 cm. According to our visual inspection of the wa- which limits the general application of the results. However,
ter and the regression (Fig. 10) we have to attribute thissince our observation period was during the phase with the
maximum SD to the dissolved organic matter fraction. Thismaximum runoff, the data can be used for estimating the in-
depth was then reduced to 30 cm by variable concentrationput of substances from the Lena into the coastal water of the
of TSM in the range of 8-70 g ¥ with a linear relationship  Laptev Sea and related to remote sensing data.
between TSM and SD. However, for this phase of maximum
river runoff we expected higher TSM concentrations com-
pared to late summer conditions with low water. Visual tur-
bidity observations in August 2008 in the same area and als@ur present bio-optical model for the Lena water consists of
satellite data of summer periods indicate much higher TSMfour components:1) absorption by phytoplankton pigments,
concentrations than during this campaign. (2) absorption by CDOM, (3) absorption by bleached total
The linear relationship between DOC and the CDOM ab-suspended matter (detritus), and (4) scattering by TSM, all
sorption at 442 nm allows the determination of DOC also defined for 442 nm.
from optical remote sensing data, from which CDOM ab- The mean ranges and conversion factors are the following.
sorption can be determined (see Heim et al., this volume). Range of chlorophyll: 0.0-10 mgTd
More difficult is the determination of PC from optical data, = Conversion to absorption by pigments at 442 nm:
since the scattering as well as the absorption coefficient is
also determined by particulate matter without carbon. a_pig_442 [m']=0.128[mg*m?] - < Chl_a >
With respect to the light climate, which is determined by [mg m™3].

the extremely high absorption in the blue spectral range, Absorption by CDOM at 442 nm range: up to 5
the chlorophyll concentration of 1-4 mgrhwas relatively Spectral slope of CDOM: 0.015 '

high. Since the water depth of the Lena at the sampling sta- Relationship between DOC [gT] and absorption coef-
tions was around 6 m with a range of 4-21m, the questionriCient of CDOM:

that arises is how phytoplankton can develop under these

poor light conditions. a_cdom_442nnfim~11=0.56[g" 1 m?]- < DOC >
Of interest for remote sensing applications are the spec- [gm~3].

tral slopes of the absorption coefficients of organic matter. _

The mean value of about 0.015corresponds to whatwas ~ Absorption by bleached TSM range: up to 5_}“

found in many other estuaries, e.g., the river Elbe. The slight Spectrlal slope of bleached TSM absorption spectrum:

but clear trend over our observation period is presumabl;p-Ooerrr ] .

due to changes in the composition of organic matter with the COnversion: absorption by bleached TSM as

Appendix A

river runoff. This corresponds to an increase of the absorp- a_det 442 [m']=0.07[g"t m?]- < TSM > [gm~3].
tion by TSM and a decrease of the absorption by dissolved -~
organic matter. Thus, for remote sensing algorithms it might Scattering by particles b_tsm_442 range: 5-5¢m
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Conversion: scattering by particles as Cauwet, G. and Sidorov, |.: The biogeochemistry of Lena River:
1 1.2 organic carbon and nutrients distribution, Mar. Chem., 53, 211—
b_tsm_442nm [m*] =0.45[g" m‘] - < TSM > 227, 1996.
l9 mfs]- Diehl, P. and Haardt, H.: Measurement of the spectral attenuation

L . . to support biological research in a plankton tube experiment,
Conversion: particulate carbon [g1# and absorption co- Oceanol. Acta, 3, 89-96, 1980.

efficient of bleached TSM (detritus) as Dmitrenko 1. A., Sergey, A., Kirillov, L., and Tremblay,

a det 442 nm [m'] =0.83[g"! m?] - < PC> B.: The long-term and interannual vari_abili_ty of summer

[g—m_g,—] fresh water storage over the eastern Siberian shelf: Impli-
’ cation for climatic change, J. Geophys. Res., 113, C03007,

doi:10.1029/2007JC004302008.
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