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The Arctic Shelf Regions as a Source of Freshwater
and Brine-Enriched Waters as Revealed
from Stable Oxygen Isotopes

by Dorothea Bauch'?, Jens Holemann®, Nils Andersen®, Elena Dobrotina®,
Anna Nikulina'? and Heidemarie Kassens'

Abstract: The water masses of the Arctic Ocean shelf regions are signifi-
cantly influenced by river water and sea-ice processes. Since river water is
highly depleted in 9'*O relative to marine waters as well as to sea-ice, the 9"*O
composition and salinity of a water sample can be used to separate the differ-
ent freshwater water sources. In this paper the distributions of river water,
sea-ice melt water or sea-ice formation are discussed for the Kara, Laptev and
Beaufort shelves based on 9"O and salinity data. Depending on the average
depth the observed fields of salinity and 9"O values are different for each
region. But comparing the overall 9O and salinity correlations reveals a
remarkable similarity for these three Arctic shelf regions as similar local
bottom-water masses are formed by sea-ice processes. Remnants of these sea-
ice derived bottom water masses are found on all shelves during summer at a
salinity of about 30.

Investigations at the shelf break of the Kara Sea and Laptev Sea show that
river water as well as brine waters are exported to the Arctic Ocean halocline.
This export shows inter-annual variability in correlation with wind forcing
during summer.

Zusammenfassung: Die Wassermassen der arktischen Schelfregionen sind
mafgeblich durch den Eintrag von Flusswasser und Prozessen der Meereisbil-
dung und Schmelze bestimmt. Die 9"O-Signatur und der Salzgehalt des
Wassers kann iiber eine Massenbilanz zur Quantifizierung der verschiedenen
SiiBwasserquellen genutzt werden, da Flusswasser relativ zu Meerwasser im
9"%0-Signal stark abgereichert ist. In dieser Studie wird die rdumliche Vertei-
lung von Flusswasser, Meereisschmelzwasser und dem Signal von Meereisbil-
dung in Karasee, Laptewsee und Beaufortsee, basierend auf 9'*O- und
Salzgehalten diskutiert. In diesen Regionen sind die auftretenden 9'*O- und
Salzgehalts-Wertebereiche sehr unterschiedlich in Abhéngigkeit von den stark
unterschiedlichen mittleren Schelftiefen. Dennoch ist jeweils die Korrelation
zwischen 9'*O-Gehalt und Salzgehalt in allen drei Schelfgebieten bemerkens-
wert dhnlich. Aus der Korrelation 9'*0-Gehalt und Salzgehalt kann auf lokal
gebildetes Bodenwasser geschlossen werden, welches durch Meereisbildung
geprigt ist. Uberreste dieses Bodenwassers sind in allen Schelfgebieten im
Sommer bei einem Salzgehalt von etwa 30 identifizierbar. Untersuchungen an
der Schelfkante von Karasee und Laptewsee zeigen, dass sowohl Flusswasser
als auch durch Meereisbildung geprigtes Bodenwasser in die arktische Salz-
gehaltsschichtung (Halokline) exportiert werden. Dieser Export variiert jahr-
lich und wird durch den jeweils wihrend der Sommermonate vorherrschenden
Windantrieb gesteuert.
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INTRODUCTION

The Arctic Ocean is a region most sensitive to global climatic
processes and changes (e.g. DICKSON 1999). An important part
of the Arctic environment is the vast area of continental
shelves. While the Arctic Ocean is covered by sea-ice all year,
the shelf regions are free of sea-ice during summer. On the
shelves river-runoff is introduced and most of the Arctic sea-
ice is formed here (AAGAARD & CARMACK 1989); thereby
water of a wide range of salinities is supplied to the Arctic
Ocean halocline (AAGAARD et al. 1981) and deep and bottom
water formation is assumed to occur on the deeper shelf of the
Kara Sea (e.g. AAGAARD & CARMACK 1989, BAUCH et al.
1995). The Arctic shelf regions are also important carbon
reservoirs (ANDERSON et al. 1998) and planktic 9"°C data indi-
cates that the shelf areas are taking up a significant portion of
anthropogenic CO, (Bauch et al. 2000). Understanding the
processes and the exchange of water masses between the
Arctic Ocean basin and the shelf areas are important in respect
to halocline stability. A weaker halocline may impede sea-ice
formation and enhance the ocean atmosphere heat flux thereby
feeding back positively on Arctic climate warming.

Analysis of the freshwater content and its anomalies in the
Laptev and East Siberian seas reveals a considerable fresh-
water storage and movement between the two areas correlated
with atmospheric forcing (DMITRENKO et al. 2008). Observa-
tions have shown that the summer atmospheric circulation
pattern in the region can strongly influence the contribution of
river water to the halocline of the Arctic Ocean (e.g. GUAY et
al. 2001, DMITRENKO et al. 2005). In the climatically extreme
summer 2007 a significantly different distribution of the sea-
ice derived brine signal was observed in the Laptev Sea
compared to previous observations in summer 1994. A shift in
the distribution of brine waters in the eastern Laptev Sea from
the bottom layer to the surface layer altered the salinity range
of waters exported into the Arctic Ocean (BAUCH et al. 2009,
2010). If this change in brine water distribution becomes more
frequent or persists, it may have long-term consequences on
the structure and stability of the Arctic Ocean halocline.

River water is highly depleted in 9O relative to marine waters
as well as to sea-ice. Therefore the 9"*O composition of the
water is a good measure for the amount of river-runoff within
the water column. By combining 9O and salinity data the
fractions of all freshwater sources can be deduced, i.e. river
runoff, sea-ice melting or formation. In this paper the fresh-
water signature of the Arctic shelf regions will be discussed
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based on 9'*O and salinity data from the southern and northern
Kara Sea, the Laptev Sea and the adjacent continental slopes
and from the Beaufort Shelf.

HYDROGRAPHIC SETTING OF THE ARCTIC OCEAN
SHELF AREAS

The Arctic shelf areas comprise more than 1/3 of the total
Arctic Ocean area. The investigated areas, the Kara, Laptev
and Beaufort shelves, all receive huge amounts of river water
(Fig. 1) and are seasonally sea-ice covered, but their bathyme-
tries and latitudinal spreading are quite different. The Laptev
Sea has an average depth of about 20 m and is the shallowest
shelf region. It receives runoff mainly from the Lena River.
The southern Kara Sea, with the Yenisey and Ob rivers, has a
water depth of about 50 m and smooth topography while the
northeastern part is generally deeper including troughs with
more than 500 m water depth. The Beaufort Shelf, with the
Mackenzie River, is about 50 to 100 m deep and a rather
narrow Arctic shelf region. Even though comparable amounts
of river water are discharged into each of these regions (Fig. 1)
the different topographic settings lead to quite different sali-
nity ranges. The shallowest of the Arctic shelf region, the
Laptev Sea, has the lowest salinities measured as the average
value from shore to shelf break (see BAucH 1995, for average
salinities of Arctic shelf regions). The average salinity of the
southern Kara Sea is slightly higher in correspondence with
deeper waters. The Beaufort shelf has the highest salinity,
which corresponds with its deeper water depth and its narrow
setting. The salinities in the northern Kara Sea are comparable
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Fig. 1: Geographic map of the Arctic Ocean. Indi-
cated is the mean annual river runoff to the Arctic
Ocean in km® per year for the 11 largest rivers. The
size of each fan represents the amount of runoff in
proportion (discharge values from RIMS database).
Also indicated are the mean 9"O values: flow-
weighted values for Ob, Yenisey, Lena, Kolyma,
Mackenzie rivers (COOPER et al., 2008); summer
values for Severnaya Dvina, Pechora, Olenek, Yana,
Indigirka (EKWURZEL et al. 2001).

Abb. 1: Geographische Karte des Arktischen Oze-
ans. Fiir die elf groften arktischen Fliisse ist der
jéhrliche Gesamtabfluss in km’ pro Jahr eingetra-
gen und durch die GroBe des jeweiligen Fachers re-
prasentiert (Abflusswerte der RIMS Datenbank).
Ebenfalls eingetragen sind die mittleren 9'*O-Wer-
te: Abflussgewichtete Werte fiir Ob, Yenisey, Lena,
Kolyma, Mackenzie (COOPER et al. 2008); Som-
merwerte fiir Severnaya Dvina, Pechora, Olenek,
Yana, Indigirka nach EKWURZEL et al. (2001).

to the values found on the Beaufort shelf.

The shelf regions are free of a permanent sea-ice cover during
summer and melt water is released during this time while sea-
ice and brine waters are formed during winter. Maximal
discharge of Arctic rivers occurs in summer with extremely
strong seasonality. For the Lena River the main outflow during
June and July is about 4 to 5 times higher than the annual
mean discharge of about 529 km?® a' (Fig. 1, discharge data
taken from the R-ARCTICNET (2011). During winter when the
shelves are covered by sea-ice river runoff nearly ceases (e.g.
LETOLLE et al. 1993).

Due to condensation at low temperatures and successive preci-
pitation over the Eurasian Continent, Arctic river runoff is
depleted in stable oxygen isotopes. The Mackenzie River on
the Beaufort Shelf has a 9'*O value of about -19 %o (COOPER et
al. 2008), and is thereby highly depleted relative to marine
waters with about 0 %o in 9'*O. The same is the case for the
Siberian rivers also highly depleted in 9'*O that have different
freshwater 9'°O values between about -14 to -24 %o (Fig. 1).
These differences are in accordance with their geographically
different drainage areas and successive precipitation from the
water vapor moving roughly from west to east across the
Eurasian continent (e.g. DANSGAARD 1964; Fig 1) and which is
thereby getting progressively depleted in "*O. The 9'*O value of
the Kolyma River with about -22 %o in the far east of Siberia
already reflects the imprint of the Pacific regime and is
slightly less depleted compared to the Indigirka with about -24
%o slightly further to the west (Fig 1).
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MATERIAL AND METHODS

Background information on stable oxygen isotopes and
sampling procedure

The most abundant isotope of oxygen is '*O. Further stable
oxygen isotopes are O and "O. The natural abundances are
99.76 %, 0.04 % and 0.2 % for O, 7O and "0, respectively.
For analysis the ratio of '*O/'°O (R) is measured and for ocean
waters it is given as the permille deviation relative to the stan-
dard VSMOW in the usual d-notation (CRAIG 1961):

9" Ogmpte = (Rampte / Rianaara = 1) X 1000.

Since "0 is heavier a water molecule with H,"*O will behave
slightly different, e.g. it will evaporate less easy than its lighter
counterpart but it will condense earlier than H,"O. Therefore
there are isotopically different water masses. In the Arctic the
isotopic composition of river water (fed by evaporation and
successive precipitation of clouds) is most pronounced with a
90 value for the Arctic rivers of about -20 %o, while Atlantic
water in the Arctic Ocean has a 9"*O value of about 0.3 %o at
about 34.92 salinity (BAUCH et al. 1995).

Since 9"0O is measured on the oxygen of the H,O itself, it is
not a trace element and its sampling and conservation is rela-
tively easy (Fig. 2). No poisoning of the water is necessary and
some gas-exchange on a short time scale (e.g. bubbling while
sampling) is of no harm. Only evaporation has to be prevented
and therefore water samples for 9O analysis are sampled and
stored in glass-bottles closed with caps made from high-
density Polyethylen with relatively low permeability for H,O.

0”0 and salinity data

Water samples from the Kara Sea (Fig. 3a) were collected

Fig. 2: Oceanographers prepare for lowering a CTD rosette into the Laptev Sea
on board the Russian research vessel “Ivan Petrov” during TRANSDRIFT-XII
expedition in 2007. This measuring device collects water samples from diffe-
rent water depths in sample Niskin bottles sealed by remote control. Measure-
ments of conductivity, temperature and pressure are continuously collected by
CTD sensors.

Abb. 2: Eine CTD-Rosette wird wihrend der TRANSDRIFT-XII-Expedition
im Sommer 2007 auf dem russichen Forschungsschiff “Ivan Petrov” vorberei-
tet. Dieses Messgerit sammelt Wasserproben in den rosettenformig angeordne-
ten Niskin-Flaschen, die in unterschiedlichen Wassertiefen elektronisch ge-
schlossen werden. Leitfahigkeit, Temperatur und Druck werden dabei kontinu-
ierlich in der CTD-Messeinheit aufgezeichnet.
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during expeditions of RV “Akademik Boris Petrov” in the
summers of 1999 (BP99, STEIN & STEPANETS 2000, BAUCH et
al. 2003), 2000 (BP0O, STEIN & STEPANETS 2001) and 2001
(BPO1, STEIN & STEPANETS 2002); for station locations see
Fig. 3a). Oxygen isotopes were analyzed at the Leibniz Labo-
ratory (Kiel, Germany) applying the CO,- water isotope equili-
bration technique. The measurement precision for 9'*O
analysis is £0.05 %o, £0.07 %0 and £0.04 %o for BP99, BP0O
and BP01 samples, respectively.

Additional salinity and 9'*O data from the southern and north-
ern Kara Sea originates from summer expeditions carried out
by the Institute of Water Problems (IVP) in 1976 and 1977
(BREZGUNOV et al. 1980, 1983; Fig. 3a); no information about
measurement precision is available.

Water samples from the St. Anna and Voronin troughs located
at the Kara Sea shelf break (Fig. 3a) were collected during
ARK-XII on board RV “Polarstern” in July 1996. Analysis of
d"0 from this cruise was conducted at the University of
Heidelberg, Germany (M. Mensch and M. Frank pers. com.).
The measurement precision for 9"*O analysis is £0.03 %o.

Salinity and 9'*O data from the Laptev Sea are from expedi-
tions of RV “Prof. Multanovski” in summer 1994 (MULLER-
Lupp et al. 2003) and RV “Ivan Petrov” during Transdrift
Expedition TDXII in summer 2007 (BaucH et al. 2010; Fig.
3b). Oxygen isotopes were analyzed at the Leibniz Laboratory
(Kiel, Germany) applying the CO,- water isotope equilibration
technique. The measurement precision for 9'*O analysis is
+0.07 %o and +0.03 %o for data from 1994 and 2007, respec-
tively.

Samples from the Beaufort Shelf were taken in summer 1984
and 1990 (for station locations see Fig. 3c) and salinity and
9'30 data published by OSTLUND & GRALL (1993) and MAcCDO-
NALD et al. (1995), respectively.

Salinity and 9"*O data from the Laptev Sea shelf break are
from expeditions of RV “Polarstern” in summers of 1993 and
1995 (FRANK 1996) and analysed at the University of Heidel-
berg, Germany. Additional samples were collected during
NABOS expeditions in September 2005 and 2006 and
analyzed at the Stable Isotope Laboratory of the Alfred
Wegener Institute (Bremerhaven, Germany) and at the Leibniz
Laboratory (Kiel, Germany), respectively. The overall meas-
urement precision for all 9"*O analysis is £0.03 %o.

In addition to CTD measurements taken on all expeditions
salinity was determined directly within the water samples
taken for 0"*O analysis for most stations on the shallow shelf.
While all CTD salinity data have a sufficiently high precision,
CTD and bottle data on a shallow shelf are sometimes not well
matched when aligned by depth due to slight differences in
spatial and temporal alignment of the instruments during
sampling and due to averaging of the water column at least
over the length of each rosette bottle (BAUCH et al. 2010). For a
quantitative interpretation of our data an exact match of sali-
nity and 0"O value is essential. For direct comparison of 9"*O
and salinity values, salinity was therefore re-measured directly
in the same sample also used for "0 analysis. For samples
from the southern Kara Sea (BP99, BP00, BP01) these salinity
measurements were made using a conductivity meter

129



28.10.2011 21:21 Uhr Seite 130

Eurasian Basin//
~ iy -

e

2001 (gro1)
1976 (vmy
1977 (v
1996 (arkx

—w

Fig. 3: Geographic position of stations in the Kara Sea (A), Laptev Sea (B) and
Beaufort Sea (C). The marked area of index maps shows the position of each
shelf area within the Arctic Ocean. The position of the main discharge channels
of the Lena River and the Mackenzie River are indicated by black triangles.
The shaded purple area in the Laptev Sea (C) indicates the average position of
the reoccurring coastal polynya during winter (ZHAKHAROV 1997).

Abb. 3: Geographischen Positionen der Stationen in der Karasee (A), Laptew-
see (B) und Beaufortsee (C). Die Lage der Gebiete ist in den jeweiligen Uber-
sichtskarten des Arktischen Ozeans markiert. Die Hauptausstromarme der Le-
na und des Mackenzie sind durch schwarze Dreiecke markierte. Die violett
schattierte Fliche in der Laptewsee (B) zeigt die mittlere Position der wieder-
kehrenden Kiisten-Polynya in der winterlichen Eisbedeckung (ZHAKHAROV
1997).

(LF340/SET from WTW, Weilheim, Germany) with an accu-
racy of 0.1 salinity. For the 2007 Laptev Sea samples salinity
was determined using an AutoSal 8400A salinometer (Fa.
Guildline) with a precision of 0.003 and an accuracy of at least
0.005.

RESULTS
Kara Sea

In the southern Kara Sea and in the Ob and Yenisey estuaries
the water column is sharply divided into two vertical layers
(Fig. 4). Within the low salinity upper layer there is a strong
gradient from the river estuaries to the north, with surface sali-
nities of up to 13 at 74.5 °N (BP99) and up to 28 at 77 °N
(BP00). The salinity of the bottom layer increases from about
20 within the estuaries up to 33 at 74.5 °N (BP99) and up to
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34.5 at 77 °N (BP00) in the western Kara Sea. In the BP99
dataset the pronounced two-layer structure is extending far to
the north, while in the BPOO dataset the water column is consi-
derably less stratified. While the 10 and 20 salinity isolines are
found at 10 to 5 m water depth at about 75 °N in the BP99
dataset, they are found at the water surface at about 72.5 °N in
the BPOO dataset.

Concurrent with salinity the 9O composition shows a similar
distribution. All data taken during BP99, BP00, BPO1 and the
IVP data set have a roughly linear S/0"O correlation with an
average freshwater end member of about -17.0 %o (Fig. 5). At
low salinities near the river estuaries some regional differences
as well as inter-annual differences of about =1 %o (Tab. 1) are
apparent. Overall the S/9"*O correlation in bottom layer (Fig.
5) forms two linear lines with a discontinuity at about 30 sali-
nity and about -4 %o in 9'*O.

Kara Sea shelf break

Data from the Kara Sea shelf break (RV “Polarstern” ARK-
XII) show high salinities (Fig. 6) compared to data sampled at
similar depth in the Kara Sea further south (see ranges in Fig.
5 and Fig. 6). Below ~34 salinity the S/3"O correlation shows
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Fig. 4: Salinity data from summer expeditions of RV “Akademic Boris Petrov” to the Kara Sea in September 1999 (BP99) and 2000 (BP00) on sections running
from the Yenisey Estuary northwards at about 80 to 85 °E. The dots give position of bottle data and grey shading marks parallel parts of sections.

Abb. 4: Die Salzgehalte in den Sommern 1999 und 2000 in ozeanographischen Schnitten von RV ,,Akademic Boris Petrov vom Astuar des Yenisey nordwirts bei
etwa 80 bis 85 °E. Die graue Schattierung markiert den parallelen Teil der Schnitte; die Punkte zeigen die Beprobungstiefen.
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slight regional differences. But overall the S/9'*O correlation

28 30 %
Salinity

Laptev Sea

of the shelf break data fits the correlation of the southern Kara

Sea data and blends into the roughly linear correlation of high

salinity bottom values.

Fig. 5: 9"°0 versus salinity for stations in the Kara
Sea: circles = BP99, squares = BP0O, triangles =
BPO1. All station data divided by surface layer
(open symbols) and bottom layer (closed symbols).
The crosses indicate the values of waters entering
from the Arctic Ocean and the Barents Sea. The
grey lines indicate potential mixing lines, for furt-
her explanation see text. The inset (stippled box)
shows the same data as enlargement for >20 salini-
ty. In the upper panel the idealized mixing (black
line) between river water with -20 %o in 9"*0 and
Atlantic source water with 34.92 salinity and 0.3
%o in "0 is also indicated for orientation.

Abb. 5: Die 9"*O-Werte in Abhingigkeit von den
Salzgehalten in der Karasee fiir die “Akademic Bo-
ris Petrov” Expeditionen BP99 = Kreise, BP0 =
Quadrate, BPO1 = Dreiecke. Fiir alle Stationsdaten
werden Proben aus der Oberfldchenschicht (offene
Symbole) und der Bodenschicht (gefiillte Symbo-
le) unterschieden. Die Kreuze markieren die Sig-
naturen der einstrémenden Wassermassen aus dem
Arktischen Ozean und der Barentssee. Die potenti-
ellen Mischungslinien (grau) werden im Text wei-
ter erldutert. Die eingebettet Karte zeigt eine Ver-
groferung fir Salzgehalte >20. Zur Orientierung
ist im oberen Teil ebenfalls die idealisierte Mi-
schungsgerade (schwarze Linie) zwischen reinem
Flusswasser (-20 %o im 9'*0) und reinem “Atlantik
Wasser” (Salzgehalt 34.92 und 0.3 %o im 9'*O) ein-
getragen.

The data from the Laptev Sea resembles the data set from the

Kara Sea and also shows strong vertical gradients within the
water column (not shown). Also similar to the Kara Sea the
spread of low salinity and low 9"*O shows inter-annual varia-
tions (Fig. 7). River water remained in both years mostly
within the southern Laptev Sea and a predominantly west to
east oriented surface salinity front developed within the
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Fig. 6: "0 versus salinity for stations from ARK-XII 1996 located along the
shelf break of the Kara Sea. Stations are divided by region: western slope of St
Anna Trough = open circles, central and eastern slope = closed dots, stations
in the vicinity of Voronin Trough = crosses.

Abb. 6: Die 9"*O-Werte in Abhédngigkeit von den Salzgehalten fiir Expedition
ARK-XII 1996 mit Stationen entlang des Kontinentalhanges der Karasee. Die
Stationen sind regional unterteilt in: offene Kreise = westlicher Hang des St.
Anna-Grabens, gefiillte Kreise = zentraler und 6stlicher Hang des St. Anna-
Grabens, Kreuze = Umgebung des Voronin-Grabens.

Laptev Sea inner and mid-shelf (Fig. 7) in contrast to years
with offshore atmospheric forcing (GuAy et al. 2001) in which
a significantly different north to west oriented salinity front
prevails within the Laptev Sea (BAUCH et al. 2009). However,
river water spread slightly further to the north in 1994, and
further towards the east in 2007 (Fig. 7). The 9'*O value of the
Lena River is lower compared to the Ob and Yenisey rivers
further to the west (Fig. 8). Therefore the general S/9'*O corre-
lation is similar to that of the Kara Sea, but 9"*O values are
lower at low salinities. Similar to the Kara Sea data the Laptev
Sea data also shows a discontinuity at roughly 30 salinity for
1994 and ~32 salinity in 2007 (Fig. 8).

30

2007&“'

Surface salinity

120°g 130°E 140°E °

Fig. 7: Surface salinity and surface 9'*O (%o) distribution in the Laptev Sea during summer expeditions in September 1994 (left hand panels) and September 2007
(right hand panels).

Abb. 7: Geographische Verteilung der Salzgehalte und der 9O Werte (%o) im Oberflachenwasser der Laptewsee fiir Sommer 1994 (links) und 2007 (rechts).
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Fig. 8: Property plot of 9"°O versus salinity in the Laptev Sea during summers
1994 and 2007 as well as data from the south eastern Laptev Sea from summer
1989 (LETOLLE et al. 1993) and three stations from April 1992 (BAucH 1995).
The line indicates the idealized mixing between river water with -20 %o in 'O
and Atlantic source water with 34.92 salinity and 0.3 %o in 9"*O.

Abb. 8: Die 9'"*O-Werte in Abhéngigkeit vom Salzgehalt in der Laptewsee fiir
Sommerdaten aus dem Jahren 1994 und 2007, ergidnzt durch Daten aus der
siidostlichen Laptewsee des Sommers 1989 (LETOLLE et al. 1993) und drei
Stationen vom April 1992 (BaucH 1995). Die Gerade reprisentiert eine Mi-
schung zwischen reinem Flusswasser (-20 %o im 9"0) und reinem “Atlantik
Wasser” (Salzgehalt 34.92 und 0.3 %o im 9'*O).
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Fig. 9: 0”0 versus salinity for stations in the Laptev Sea: blue dots = 1994, red
dot = 2007; Beaufort Sea = orange crosses; Kara Sea (BP99, BP00, BP01) =
black dots. Mixing lines as also shown in Figure 5 are indicated.

Abb. 9: Die 9"*O-Werte in Abhidngigkeit von den Salzgehalten in der Laptew-
see: blaue Punkte = 1994, rote Punkte = 2007; Beaufort See = orange Kreuze;
Karasee (BP99, BP00, BP01) = schwarze Punkte. Mischungslinien wie in Ab-
bildung 5.
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Laptev Sea shelf break

Data from the Laptev Sea continental shelf break (RV “Polar-
stern” 1993 and 1995 and NABOS 2005 and 2006) are close
to the marine endmember in 9'*O, salinity and have a similar
S/9"™0 correlation (not shown; for positions refer to Fig. 13).
Data have typical ranges of ~-3-0.3 in 9'*O and ~30-34.95 sali-
nity.

Beaufort shelf

The salinities of waters on the Beaufort shelf are overall
higher than those on the Kara and Laptev shelves (Fig. 9). The
general S/9"0O correlation is however similar to the Kara and
Laptev Sea and also indicates a discontinuity at about 30 sali-
nity (Fig. 9).

DISCUSSION

The water structure of all Arctic shelves is governed by inflow-
ing water from the Arctic Basin, continental runoff and sea-ice
processes (BAUCH et al. 1995, MACDONALD et al. 1995) and is
characterized by an estuarine circulation (MACDONALD 2000,
DMITRENKO et al. 2001). This estuarine structure is docu-
mented in the vertical structure (see Fig. 4 for Kara Sea
sectional data), but stratification might nevertheless be differ-
ent between years due to the different spread of the summer
river plume (see Fig. 6 for Laptev Sea surface data). These
differences are caused by general inter-annual variations in
atmospheric forcing which determines the surface hydrology
in the shallow Laptev Sea (DMITRENKO et al. 2005, SHPAIKHER
1972). Also onshore winds cause a “counter current” at the
bottom during summer which transports bottom water from
north to south in the Arctic shelf areas as is typical for estuar-
ies. A counter current was detected in mooring results for the
Laptev Sea during certain “offshore” atmospheric conditions
in summer (DMITRENKO et al. 2001) and described in modeling
results for the Kara Sea during summer season, while it was
generally absent during autumn (HARMS et al. 1999, 2003).

Variation in 9”0 of arctic river water

By linear interpolation of 9'*O to zero salinity of inner shelf
data the average 9'*O value of each river can be determined
(Tab. 1). The Ob, Yenisey and Lena rivers have slightly differ-
ent freshwater 9O values in accordance with their geogra-
phically different drainage areas and successive precipitation
from the clouds moving mainly from west to east across the
Eurasian continent (e.g. DANSGAARD 1964; see Fig. 1). For the
Kara Sea, we have the densest data set covering several years
(1976, 1977, 1999-2001). In all these years the isotopic
composition of the Yenisey River is about 1 %o lighter than that
of the Ob River, but absolute values may vary between the
years (Tab. 1). Based on these five summer datasets within the
river estuaries it can be concluded that inter-annual variation
between summer values of the isotopic composition is about 1
%o for both the Ob and Yenisey rivers and that there is a
constant isotopic difference of about 1 %o between these two
rivers (BAUCH et al. 2005). It can be further presumed that the
strong seasonal variation in discharge volume of each river is
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year season Ob River Yenisey River 8”0 data source
3"0
2001 August/September -15.7 %o -17.0 %o BAUCH et al. 2005
2000 August/September -16.1 %o -17.0 %o BAUCH et al. 2005
1999 August/September -16.8 %o -18.1 %o BAUCH et al. 2003
1977 August-October -15.9 %o -18.2 %o BREZGUNOV et al. 1983
1977 August-October -17.0%+0.4 %o BREZGUNOV et al. 1983
1977 March -14.6%0.5 %o BREZGUNOV et al. 1983
1976 August-October -16.2 %o -17.0 %o BREZUNOVg et al. 1983
2003-2006 | flow-weighted average -14.9 %o* -18.4 %o* COOPER et al. 2008
year season Lena River 80 (%o) data source
1989 September -19.6 %o all stations at about 130°E LETOLLE et al. 1993
1992 April -20.8 %o 3 stations only BAUCH 1995
1994 September -18.7 %o MULLER-LUPP et al. 2003
2007 September -19.8 %o BAUCH et al. 2010
2003-2006 flow-weighted average 20.5%0* COOPER et al. 2008

Tab. 1: Endmember §"0 values of (top) the Ob and Yenisey rivers derived from linear interpolation of inner estuary data and
(bottom) the Lena River interpolated from linear salinity/8'%O correlations from Laptev Sea data south of 75 °N. Additional data

based on locally sampled river water are marked with an asterisk.

Tab. 1: Endglieder 8O Signaturen (oben) des Ob and Yenisey abgeleitet durch lineare Interpolation von Daten aus den in-
neren Astuaren und (unten) der Lena abgeleitet durch lineare Interpolation von Salzgehalts/3'°0 Daten aus der Laptewsee siid-
lich von 75 °N. Daten basierend auf lokal beprobten Flusswasser sind mit einem Sternchen gekennzeichnet.

also accompanied with seasonal 9'*O changes. COOPER et al.
(2008) used seasonal measurements directly within the river to
determine flow weighted average 9'°O for the Ob, Yenisey,
Lena, and Kolyma rivers as well as for the Yukon, and
Mackenzie rivers (see Fig. 1). COOPER at al. found a seasonal
variation of ~2 %o, but no inter-annual variations for the years
2003-2006 (Cooper et al. 2008) in contrast to our results
based on interpolation of inner shelf data.

Inter-annual variation in summer 9O for the Lena River also
indicates about £1 %o (BaucH et al. 2010; see Tab 1). The
inter-annual data from the Laptev Sea has to be interpreted
with more caution because only the database for 1994 and
2007 are comparable and have somewhat sufficient coverage.

Both surface and bottom layer of the Arctic shelf regions are
the result of mixing between marine water with high O and
riverine water with low 9O (Figs. 5, 8 and 9). Relative to the
direct mixing line between river and marine water (see black
lines in Figs. 5 and 8) all data from the Arctic shelves usually
fall below this line at lower 'O and/or higher salinities. The
deviation of single data points from the direct mixing line is up
to 1 %o in 9'*0 or up to 5 in salinity (see e.g. BP99 data set in
Fig. 5) and thus far beyond the analytical uncertainty and
documents the admixture of an additional water mass with ~30
salinity and ~-4 %o 9'*O. Theoretically also a low 9'*O source
might cause the observed deviation, but there is no such
process adding a low 9"O signal without adding an appre-
ciable amount of freshwater as well (as does river water). The
only possible explanation is the addition of brine water from
sea-ice formation. When ice forms from seawater most of the
salt is rejected and resulting brines are injected into the remain-
ing water, while the 9'*O composition of the water is preserved
with a small fractionation only (sea-ice was found to be about
2.6 %o higher in 9'*O than its source water; MELLING & MOORE
1995). The influence of sea-ice melting and formation is
thereby seen in a shift to lower and higher salinities, respec-
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tively, at about similar 9'*0. Therefore we can consider the
water masses in the Kara, Laptev and Beaufort shelf regions to
be a mixture of river water and marine water entering from the
Arctic Ocean and also of brine waters produced by net sea-ice
formation.

The bottom waters from the Arctic shelf data sets show a
systematic division into two separate mixing lines (Fig. 9 and
Figs. 5, 8) indicating a distinct water mass at about 30 salinity
and -4 %o 0"0. This is most clearly seen for stations taken at
about 35 m water depth in the Kara Sea (see BP99 data within
Fig. 5, when sampling density was highest in this region).
During BP00 and BPO1 9"O signatures are generally less
depleted relative to the direct mixing line between marine and
riverine water (see Fig. 5 black line) and a discontinuity in the
S/8"™0 correlation is observed at slightly higher 9'*O values in
both years. Surface data with a salinity range above 30 in the
northern Kara and Laptev seas do not exhibit a discontinuity
in the S/9"0 correlation as described for the bottom waters. A
discontinuity at a salinity of ~30 is also seen within the Kara
Sea, the Laptev Sea and the Beaufort Shelf data (Fig. 9). We
interpret this discontinuity to reflect the remnant of a water
mass formed in winter during enhanced sea-ice formation in
flaw polynyas (BAucH et al. 2003, BAuCH et al. 2005). Sea-ice
formation can occur repetitively, especially in flaw polynyas,
which are kept open by offshore winds and produce large
amounts of sea-ice (BAREISS et al. 2005, ZAKHAROV 1997) and
thereby release brine waters into the water column.

In agreement with the general movement of water from west to
east along the Eurasian continental slope (NEWTON et al. 2008)
higher salinity bottom waters of ~32 to 32.5 are generally
advected from west to east in the Laptev Sea (BAUCH et al.
2010). This advected water is considerably higher in salinity
compared to brine enriched bottom water at ~30 salinity. Even
though sea-ice formation releases brines to the water column it
has to be kept in mind that wind-driven polynya-openings and
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subsequent sea-ice formation events on a shallow shelf may
lead to a freshening of bottom waters (Fig. 10). The initial
bottom salinity decreases when predominantly wind-driven
vertical mixing occurs between the still relatively fresh surface
and the saltier bottom waters (Fig. 10). As brine-enriched
waters did not dominate the bottom layer in summer 2007 but
were found in the surface layer instead (BAucH et al. 2010) the
Laptev Sea data from 2007 shows a discontinuity at a higher
salinity of about 32 (see Fig. 8).

Depth

vertically averagedjsalinity

g_

Salinity

Fig. 10: Schematic drawing of a salinity profile transformed by a predomi-
nantly wind driven polynya. The typical salinity structure of the water column
on the Arctic shelves with a distinct low salinity surface layer and a high sali-
nity bottom layer (grey curve) is transformed into a uniform profile at the
average salinity of the initial water column (light grey stippled line and arro-
ws) increased by the amount of brines released to the water column by sea-ice
formation (dark grey line and arrows). As a result (black arrows) salinity in-
creases in the surface layer and decreases in the bottom layer when the effect
of wind stress exceeds the effect of brine release.

Abb. 10: Schema zur Verdnderung eines Salzgehaltprofils in einer iiberwie-
gend windgesteuerten Polynya. Die typische Salzgehaltsstruktur auf den arkti-
schen Schelfgebieten mit einer niedrig salinen Oberflichenschicht und einer
hoch salinen Bodenschicht (graue Kurve) wird zu einer einheizlichen Salinitdt
transformier bei einem Salzgehalt, der durch den Mittelwert der urspriingli-
chen Schichtung (hellgrau gestrichelte Linie und Pfeile), erh6ht von den durch
Meereisbildung in die Wassersdule abgegeben Salzlaken (Brines) (dunkel-
graue Linie und Pfeile), bestimmt wird. Im Endeffekt (schwarze Pfeile) wird
der Salzgehalt der Oberflichenschicht erhoht und der Salzgehalt der Boden-
schicht verringert.

Exchange of waters at St. Anna Trough (Kara Sea)

The branch of Atlantic Water flowing across the Barents Sea
enters the Arctic Ocean at St. Anna Trough. This region is
generally considered to be a region of exchange between the
shelf area and the Arctic Ocean interior (Schauer et al. 2002,
RUDELS et al. 2004). Data from stations located along the Kara
Sea continental slope at about 81 °N (ARK-XII; Figs. 6 and 7)
all have higher salinities, indicating that there is no direct
import of waters to the southern Kara Sea at 30 salinity. This
finding also implies that there is no direct export of southern
Kara Sea bottom waters into the Arctic Ocean halocline within
the ARK-XII 1996 summer observations. The stations from
the western slope of the St. Anna Trough (open circles in Fig.
6) have higher isotope values (at constant salinity) than those
from the eastern slope (closed dots in Fig. 6). As the station

4

data further to the east (crosses in Fig. 6) show no indication
of further admixture of waters with low 9*O value this docu-
ments an admixture of waters with low 9'*O values from the
Kara or Barents Sea to the branch of Atlantic-derived waters
flowing from south to north along the eastern slope of the St.
Anna Trough (SCHAUER et al. 2002).

Exchange of water at the Laptev Sea continental margin

For data obtained at the Laptev Sea continental slope (Fig. 11)
further analysis of the S and 9'*O data is conducted to derive a
quantitative evaluation. Since the salinity and 0"O are first
order linearly correlated, the 9"O data on a sectional distribu-
tion gives little additional information compared to salinity
(see Fig. 11 for sections at ~125 °E taken in 1995). By
applying a mass-balance calculation to the salinity and 9"O
data the deviation between salinity and 9'°O can be quantified
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Fig. 11: Sections along about 125 °E of salinity and 9'*O as well as the calcu-
lated fractions of river water (fr) and sea-ice melt water (fi). Data are from
summer 1995 with “offshore” atmospheric forcing (BAucH et al. 2011). In-
ventory values of river water and sea-ice melt water (m) are shown on top of
sections.

Abb. 11: Ozeanographischer Schnitt senkrecht zur Schelfkante der Laptewsee
bei etwa 125 °E. Dargestellt sind Salzgehalte und 9O Werte und die daraus
berechneten Fraktionen von Flusswasser (fr) und Meereisschmelzwasser (f1).
Die dargestellten Daten des Sommers 1995 standen unter ablandig (,,offsho-
re) atmosphérischem Antrieb. Die Budgetwerte von Flusswasser und Mee-
reisschmelzwasser (m) der einzelnen Stationen stehen oberhalb der jeweiligen
Abbildungsteile.
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and the fractions of sea-ice melt water, river water and marine
water of each water parcel can be calculated. The balance is
governed by the following equations:
f+f+f=1

f,eS,+feS +1S =S

£f,0,+f+0,+f0,=0,.
Where f,, f, and f, are the fractions of marine water, river-
runoff and sea-ice melt water in a water parcel, and S, S, S,
0,,, O, and O are the corresponding salinities and 9'*O values.
S, and O,,.,, are the measured salinity and 9"*O of the water
samples. This concept was applied in several studies to the
waters of the Arctic Ocean halocline (e.g. OsTLUND & Hut
1984, BAucH et al. 1995, MACDONALD et al. 1995, EKWURZEL
et al. 2001). Specific endmember values have to be chosen for
the investigated area (see Tab. 2).

endmember salinity 80 (%0)
marine (f,.) 34.92 0.3
river (f,) -20
sea-ice (f;) surface +2.6 or -7+2.6

Tab. 2: Endmember values used for mass-balance calculations.

Marine water: The choice of this parameter is most critical in terms of abso-
lute values observed in the calculation for the freshwater fractions. However,
the choice of this parameter does not influence the relative values between
the fractions. We will calculate the fractions relative to Atlantic Inflow water
with S = 34.92 and 8"0 = 0.3 %o which is the average value of the Atlantic
layer in the southern Nansen Basin (OSTLUND & HUT 1984, BAUCH et al.
1995).

River-runoff: The average 8'30 of arctic runoff and precipitation is about -20
Yeo.

Sea-ice melt water: The salinity of multi-year sea-ice is known to be about 4
(e.g. PFIRMAN et al. 1995). The 8'%0 value of sea-ice is set to the measured
8'80 value of surface waters measured at the station multiplied with a frac-
tionation factor of 1.0026 (MELLING & MOORE 1995). To avoid artefacts in
the direct vicinity of the river mouth during summer surface values below -7
%o were substituted by -7 %o (BAUCH et al. 2010).

Tab. 2: Werte der Endglieder fiir die Massenbilanzberechnungen.
Meerwasser: Dieser Parameter bestimmt maBgeblich die absoluten Werte
der berechneten Siiwasserfraktionen, wobei die relativen Werte jedoch un-
verindert bleiben. Die Fraktionen werden hier relativ zum Mittelwert des At-
lantikwassers im siidlichen Nansen-Becken mit S = 34.92 und 8'%0 = 0.3 %o
(OSTLUND & HUT 1984, BAUCH et al. 1995) berechnet.

Flusswasser: Mit -20 %o entspricht dies dem mittleren 8'O Wert des arkti-
schen Flusswassers und Niederschlags.

Meereisschmelzwasser: Der Salzgehalt von etwa 4 entspricht dem von mehr-
jihrigem Eis (e.g. PFIRMAN et al. 1995). Fiir die §'*0-Signatur des Eises
wird der Oberflichenwert der jeweiligen Station mit einem Fraktionierungs-
faktor von 1.0026 (MELLING & MOORE 1995) multipliziert. Um Artefakte in
der direkten Umgebung der Flussmiindungen durch die sommerliche Fluss-
wasserfahne zu vermeiden werden Oberflichenwerte kleiner als -7 %o durch
den festen Wert -7 %o ersetzt (BAUCH et al. 2010).

Salinity, 9"*O data, and the results of the fraction calculations
are presented in Figure 11 for data obtained in 1995. The frac-
tion of river water and sea-ice melt water is given in % water
volume for each water parcel; the fraction of the marine source
is not shown and is the difference of the other fractions to 100
% (f, (%) =100 - £, (%) - £, (%)). Positive fractions of sea-ice
reflect an addition of melt water, and negative fractions reflect
a removal of water from the water column by sea-ice forma-
tion. At the surface river water fractions are between 15 to 10
% and sea-ice melt water fractions are variable with positive
values up 2 % and negative values of about -1 %.
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At the Laptev Sea margin at about 30 to 50 m water depth a
pronounced signal is seen in the brine influence with about -4
% in sea-ice melt water fractions (Fig. 11). The origin of this
brine-enriched water can be identified to originate at the
southeastern Laptev Sea shelf. The brine-enriched waters on
the Laptev Sea shelf fall on two different mixing lines in
dependence on their salinities (see dashed mixing lines in Fig.
12). The waters at ~30 salinity contain the highest amount of
brines (about 20 to 30 %) and are all bottom waters in the
southern Laptev Sea below 20 m water depth (red squares in
Fig. 12). These waters are all found within the region of the
winter polynya (compare Fig. 3b). Since sea-ice is produced
within the polynya at high rates and continuously throughout
the winter, the polynya region is likely the production area for
this brine-enriched bottom water (BEBW). But brine-enriched
waters may also be formed during initial freeze-up beneath the
land-fast ice in the southern Laptev Sea during October to
December. A remnant of brine waters produced below the fast
ice at considerable lower salinities is seen at two stations at
salinities of about 27 and 28 (purple dots in Fig. 12) in a
depression imbedded around a shallow bank in the southern
Laptev Sea. But clearly the brine enriched bottom water at ~30
salinity is dominating the hydrography within the Laptev Sea
as documented by the mixing lines in 9'*O / salinity data (Figs.
12 and Fig. 9).

Towards the north BEBW mixes with higher salinity water and
is found either at the bottom (symbols with green numbers in
Fig. 12) or at about 50 m water depth at the shelf break of the
northeastern Laptev Sea (yellow triangles with orange and red
numbers in Fig. 12). This indicates the entrainment of BEBW
from the southern Laptev Sea into the Arctic Ocean halocline
as also seen in the sectional data in 1995 at ~125 °E (Fig. 11).
In the western Laptev Sea brine-enriched waters are found at
the bottom (blue dots in Fig. 12) and at the shelf break at
higher salinities and correspondingly deeper water depth.

The mixing scheme as suggested by the 9'*O / salinity data is
compatible with an estuarine-like circulation on the Laptev
Sea shelf (MACDONALD 2000, DMITRENKO et al. 2001) and is
also in agreement with inter-annual variation in response to
summer atmospheric forcing (DMITRENKO et al. 2005, GUAY et
al. 2001). Inventories of river water (I;,) and sea-ice melt water
(I..) calculated for stations at the Laptev Sea continental slope
for 1993, 1995, 2005 and 2006 (Fig. 13) show considerable
inter-annual variation in correlation with summer atmospheric
forcing (BAuCH et al. 2011). Nevertheless river inventories and
sea-ice melt water inventories show a common pattern for all
investigated years (Fig. 13). The increase of I, within the
Eurasian Basin from the west to the east along the Laptev Sea
continental slope is in accordance with the addition of river
water from the Lena River at the Laptev Sea continental
margin. The concurrent decrease of [, from positive values in
the northwest of the Laptev Sea to increasingly negative inven-
tory values towards the northeast documents the related addi-
tion of brine waters to the Arctic Ocean halocline from the
eastern Laptev Sea (BAUCH et al. 2009).

The common pattern in river and sea-ice melt water invento-
ries is found in all years despite the observed strong inter-
annual variations. A correlation between river and sea-ice melt
water patterns was also observed at the continental slope of the
Beaufort shelf (YamMamoTo-Kawar et al. 2008). The correla-
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Fig. 12: Property plot of 9O versus salinity for
data with salinities above 25 from summers 1993,
1994 and 1995. Data points on the light grey mi-
xing line between Atlantic Water and brine-enri-
ched bottom water were labelled according to their
geographical distribution. The numbers given on
the map next to the colour labelled positions give

380 (%o0)

(0]

-10 T =

26 28 30

Salinity

the depth of the brine-enriched waters in m. Green
numbers are brine enriched waters found at bottom
depth. Orange and red numbers are brine-enriched
waters found above bottom depth. Stations in the
south of the polynya region are shallower than 20
m and marked with a shaded green box.

Abb. 12: Die 9”0 Werte in Abhingigkeit von den
Salzgehalten groBer 25 fir Sommerdaten 1993,
1994 und 1995 in der Laptev See. Die Werte ent-
lang der Mischungslinie zwischen Atlantischem
Wasser und meereisgeprigtem Bodenwasser sind
entsprechend ihrer geographischen Lage gekenn-
zeichnet. Die eingebettete Karte zeigt neben den
jeweiligen Symbolen die Wassertiefe (m) der je-
weiligen Probe. Die griinen Zahlen kennzeichnen
Bodenwerte und die roten und orangen Zahlen
kennzeichnen Meereis geprégtes Wasser oberhalb
des Bodens. Stationen siidlich der Polynya-Region
sind flacher als 20 m und mit einem griinen Recht-

tion of river and sea-ice melt water inventories at the Laptev
Sea continental slope suggests that source region and transport
mechanisms are closely linked over the relatively shallow
Laptev Sea shelf. This is in agreement with the concept that
both river water and sea-ice melt water (in this case negative
fi) are transported by polynyas activity into the shelf’s bottom
layer and are released from the shelf by offshore wind forcing
(BAucH et al. 2009). The observed inter-annual differences in
freshwater distributions (see also GUAY et al. 2001) are consist-
ent with model results, which have demonstrated a potential
for different freshwater spreading in correlation to the atmos-
pheric forcing (JOHNSON & Poryakov 2001) With the calcu-
lated fractions we additionally derive quantitative information
on the amount of river water and on the brine components
contained in subsurface waters. The distribution of river water
and sea-ice melt water fractions along the Laptev Sea conti-
nental slope documents the input of river water and a contribu-
tion of brine enriched waters from the Laptev Sea both east of
125 °E.

CONCLUSIONS

On all discussed Arctic shelf areas the net sea-ice production
exceeds local sea-ice melting. The combined 9O / salinity
summer data demonstrate that the influence of sea-ice produc-
tion and sea-ice export is predominant within the Kara Sea, the
Laptev Sea and the Beaufort Sea even during summer season
when sea-ice is melting locally.

A brine enriched bottom water mass at about 30 salinity is
observed in the S/9'*0 correlation of all shelves. Local bottom
water is formed by sea-ice formation processes and remnants
of these bottom water masses are found on all shelves during
summer. Despite the differences in topography between the

14{I] B eck unterlegt.
Kara, Laptev and Beaufort seas and considerably different

salinity ranges brine-enriched bottom water with similar sali-
nities of ~30 is found on all these shelves.

An admixture of river water to the Arctic Ocean is observed
within St. Anna Trough at the Kara Sea continental margin. At
the Laptev Sea continental margin an export of river water
within the surface layer as well as an export of brine water
below the surface layer at about 30-50 m water depth is
observed. Both the export of river water and brine-enriched
waters is controlled by summer atmospheric forcing and varies
inter-annually in correlation with wind forcing accordingly.

The Arctic Ocean is a region most sensitive to global climatic
change, which recently reflected most prominently in the
decline of summer sea-ice coverage. In the climatically
extreme summer 2007, with a so far unknown minimum in
sea-ice cover, a significant change in brine production on the
Laptev Sea shelf with an inverted distribution in the water
column relative to previous observations was observed
(BAucH et al. 2010). A shift in the distribution of brine waters
in the eastern Laptev Sea from the bottom layer to the surface
layer alters the salinity range of waters exported into the Arctic
Ocean (BaucH et al. 2009). If this change in brine water distri-
bution becomes more frequent or persists, it may have long-
term consequences on the structure and stratification of the
Arctic Ocean halocline. Therefore a further understanding of
the processes and the exchange of water masses between the
Arctic Ocean basin and the shelf areas is important in respect
to halocline stability. A weaker halocline may impede sea-ice
formation and enhance the ocean atmosphere heat flux thereby
feeding back positively on Arctic climate warming.
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Fig. 13: Inventories of (a) sea-ice melt water and (b) river water. While “onshore” atmospheric forcing prevailed during summers 1993 and
2006, summers 1995 and 2005 were dominated by “offshore” atmospheric forcing (GuAy et al. 2001). The grey line indicates the 500 m iso-
bath and the position of the continental slope.

Abb. 13: Budgetwerte von (a) Meereisschmelzwasser und (b) Flusswasser. Wéhrend der atmosphérische Antrieb in den Sommern 1993 und
2006 landwirts (,,onshore) geprigt war, waren die Sommer 1995 und 2005 ablandig (,,offshore*) geprigt (Guay et al. 2001). Die 500 m Tie-
fenlinie in Grau zeigt die Position des Kontinentalhanges.
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