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Abstract

A recurrent polynya is known to form in Storfjorden in winter time with associated formation of brine-enriched shelf

water (BSW). Hydrographic observations made in spring and autumn 1998 to 2002 are studied to reveal watermass

compositions and transformations in Storfjorden and to document the seasonal formation, build-up and subsequent

drainage of BSW in the fjord basin. A new compiled bathymetry model of Storfjorden recovers the approximately

120 m deep and 40 km wide sill at about 771N, and the total area and volume are 12; 882 km2 and 850 km3; respectively.

The cyclonic coastal current in Storfjorden has a typical geostrophic velocity of 0.1–0:2 m s�1 and a total baroclinic

transport of 0.04–0.11 Sv. The core of the North Atlantic water (NAW) inflow is at 60–70 m depth, and the amount

varies interannually and seasonally. The total heat and freshwater content are in the range of 41–93 � 1017 J and

80–156 � 108 m3: Normally, Arctic water (ArW) is the source water of BSW, and in years with extremely high BSW

salinity, also modified NAW, Polar Front water or East Spitsbergen water are possible candidates. The maximum

observed BSW salinity varies interannually by more than 1. The BSW overflow is confined to the western side of the sill

entrance, and its transport estimates give that the overflow is geostrophically (rotationally) and not hydraulically

controlled. The overflow has a mean geostrophic velocity in the range of 0.1–0:2 m s�1 with a corresponding mean

geostrophic transport of 0.01–0.21 Sv. A higher density difference between the BSW and the overlying water can result

in stronger overflow in autumn than in winter. In addition to wind, freshwater supply and large-scale pressure

gradients, the overflow seems to drive a compensating inflow with warmer ArW up to 1.7 1C above freezing temperature

on the western side of the sill entrance, and the strength of the estuarine circulation. The overflow of dense water is

determined by the production of dense water in the fjord, not by any restriction of the overflow at the sill.
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1. Introduction

The Arctic Ocean includes shallow continental
shelves that constitute more than 50% of the total
area (Jakobsson, 2002). The only deep and
intermediate water exchange between the Arctic
Ocean and the surrounding oceans occurs through
the Fram Strait. Important areas for the main-
tenance of this exchange are the broad continental
shelves where active watermass transformations
occur during winter, especially in their coastal,
latent heat polynyas. Due to large ice production
and subsequent brine release, the coastal polynyas
are important contributors to the cold halocline
layer in the Arctic Ocean (Aagaard et al., 1981;
Martin and Cavalieri, 1989). Deep and bottom
waters in the world ocean are partly explained
by shelf convection (Killworth, 1983). In the
Arctic Ocean about 0.5 Sv ð1 Sv � 1 � 106 m3 s�1Þ

of deep water is estimated to form through shelf
convection (Rudels and Quadfasel, 1991). Accord-
ing to Cavalieri and Martin (1994), the Arctic
coastal polynyas generate about 0.7–1.2 Sv of
dense water, which is comparable to open-ocean
convection in the Greenland Sea (Smethie et al.,
1986).

Storfjorden is a large semi-enclosed bay situated
southeast in the Svalbard Archipelago (Fig. 1) in
the northwestern Barents Sea. The fjord is
supplied by cold and fresh Arctic water and
occasionally by warm and saline Atlantic water.
These are modified by mixing with each other and
by heat and water exchange with the atmosphere.
Freshwater supply from melted sea ice, glaciers
and river runoff is of importance when mixed into
the Arctic and Atlantic waters. Storfjorden con-
stitutes a relatively small area in which watermass
transformations can be studied in order to get
further insights into the processes of the western
Barents Sea and other continental shelf areas in
the Arctic Ocean.

The objective of this paper is to quantify
watermasses, interpret their variability and origin,
modification and transport using a hydrographic
database collected during 1998–2002. The motiva-
tion for the work is to better understand processes
controlling properties and rates of formation and
export of brine-enriched shelf water (BSW) formed
by ice production and subsequent brine release
and shelf convection in Storfjorden.

The remaining sections of the paper are
organized as follows: description of Storfjorden
and its current system, polynya and hydrography
(Section 2), overview of the hydrographical data
and presentation of the Storfjorden hypsometry
and of quantitative methods (Section 3), descrip-
tion and initial analysis of observations (Section
4), presentation and discussion of the results
(Section 5), and finally summary and conclusions
(Section 6).
2. Storfjorden

2.1. Site

Storfjorden is situated between the islands
Spitsbergen, Barentsøya and Edgeøya in the
Svalbard Archipelago and is defined by a 120 m
deep sill at about 771N in the south, a shallow
bank Storfjordbanken in the southeast and a
submarine ridge in the southwest (Fig. 1). Heley-
sundet and Freemansundet, two sounds in the
north and northeast, connect Storfjorden with
northwestern Barents Sea. The deepest part of
Storfjorden is about 190 m deep, and the length is
approximately 190 km. Fig. 1 shows the bathyme-
try and location of Storfjorden. Due to the
seafloor morphology, watermass exchanges below
70 m depth are guided through the channel
between about 191and 20�300E from the sill to
the trough Storfjordrenna.

Atlantic water enters Storfjordrenna in a
cyclonic manner (Schauer, 1995; Fer et al.,
2003a), following the bathymetry with shallow
depth to the right due to the earth rotation
(Fig. 1). Hence, the Polar Front is located
along the slope of Storfjordrenna (Loeng, 1991)
separating the Arctic and Atlantic waters. The
variable location of the Polar Front results in
rapid transformations of watermasses in Storfjor-
den. A renewal time of two months has been
estimated for the water of the entire Storfjorden
(Schauer, 1995).

The fresh surface layer in summer is advected by
a cyclonic coastal current flowing into Storfjorden
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Fig. 1. The bathymetry of Storfjorden and surroundings as portrayed by the compiled 500 � 500 m grid model. The white stippled line

encloses the region subjected to area and volume calculations and defines the area of Storfjorden. The black stippled line illustrates the

possible path of the coastal current (CC) in Storfjorden emerging from the East Spitsbergen Current (ESC). At Sørkapp, the CC is

called Sørkappstrømmen (SC). The inflow of Atlantic water into Storfjordrenna by a branch of the Norwegian Atlantic Current

(NAC) is illustrated by the red stippled line based on hydrographical observations.
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along Edgeøya where it is called the East
Spitsbergen Current (Loeng, 1991), and out of
Storfjorden along Sørkapp where it is called
Sørkappstrømmen (Sjøkartverk, 1990) (Fig. 1).
No current measurements are available to properly
document this surface current, only ship-borne
ADCP data and a few surface drifter tracks
support the general current pattern (Haarpaintner
et al., 2001c).

2.2. Polynya and brine-enriched shelf water

During the polynya events in Storfjorden, large
amounts of ice is produced and corresponding
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Table 1

Watermasses in Storfjorden and Storfjordrenna

Watermass names Watermass characteristics

T (3C) S

Main watermasses

North Atlantic water NAW 43:0 435:0
(34.95)

Arctic water ArW o0:0 34.3 to 34.8

Locally formed

watermasses

Melt water MW 40:0 o34:2
Polar front water PW �0.5 to 2.0 34.8 to 35.0

East Spitsbergen water ESW �1.0 to 0.5 34.8 to 34.9

Brine-enriched shelf

water

BSW o� 1:5 434:8

Storfjorden surface

water

SSW 1.0 to 3.0 o34:4

Modified atlantic water MAW 40 434:8

R. Skogseth et al. / Continental Shelf Research 25 (2005) 667–695670
brine is released to the underlying water (Haar-
paintner et al., 2001a) resulting in BSW (Schauer,
1995). In the winters 1998 to 2002, high inter-
annual variability of the ice cover, ice production
and brine release are found, while the volume
of BSW reveal less variability (Skogseth et al.,
2004a,b). Total ice production and initial
salinity probably govern the salinity of BSW
(Schauer, 1995). Also, the location of the polynya
is important for the salinity of BSW accu-
mulated in the deeper depressions, giving higher
salinities when produced over shallower (the
brine is injected in a smaller volume) and
less steep (less entrainment of low-salinity am-
bient water towards the deeper basins) areas
(Haarpaintner et al., 2001b). Further, the
large interannual range in BSW salinity is re-
lated to the surface salinity variability in the
northwestern Barents Sea (Maus, 2003). In addi-
tion, the regional atmospheric circulation, the ice
cover in the western Barents Sea and the large-
scale atmospheric circulation in the North Atlantic
are linked to this variability (Skogseth et al.,
2004b).

BSW drains out of Storfjorden as an overflow
towards Storfjordrenna and the shelf break, and
the yearly transport is estimated to be 0.05 Sv in
winter 1992 (Schauer, 1995). Along the path, the
Storfjorden overflow entrains and mixes with
overlying water, changing the characteristics of
the overflow (Quadfasel et al., 1988; Schauer and
Fahrbach, 1999; Fer et al., 2003a,b) and the
surrounding waters. Observations of the Storfjor-
den overflow in spring 2001, reveals a net volume
transport of 0.06 Sv through the section closest to
the sill and by the section furthest downstream the
transport is almost doubled due to entrainment
(Fer et al., 2003b). In August 2002, observations
give a net volume transport of 0:12 � 0:04 Sv
through a section close to the sill (Fer et al.,
2003a).

2.3. Hydrographical review

From the definition and extent of watermasses
in the Barents Sea, Storfjorden and Storfjordrenna
are occupied by Arctic Water (ArW), North
Atlantic Water (NAW) and a product of
these called Polar Front Water (PW) (Loeng,
1991). The water mass characteristics are listed in
Table 1.

During winter, the ArW occupies the upper
150 m of the water column, while a 5–20 m thick
surface layer of melt water (MW) is present in
summer. Modified Atlantic Water (MAW) is
observed to propagate along the Polar Front in a
cyclonic sense in southern Storfjorden (Schauer,
1995).

A watermass called East Spitsbergen Water
(ESW) is transported with the East Spitsbergen
Current (Quadfasel et al., 1988), which might
appear as a salinity minimum layer above the
Storfjorden overflow as reported by Fer et al.
(2003b).

In a recent work, Haarpaintner et al. (2001c)
separate Storfjorden into three layers in summer:
(1) Storfjorden Surface Water (SSW) occupies
the upper 60 m. (2) An Arctic intermediate
layer exists down to about the sill level. (3) A
bottom layer with BSW occupies the water column
below sill level. In winter, the water column
in Storfjorden is considered to be close to the
freezing point and the salinity increases mainly in
the surface layer by processes involved in ice
formation.
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3. Data and methods

3.1. Hydrographical data

This work is based on a subset of Conductivity
Temperature Depth (CTD) data gathered on the
cruises listed in Table 2. The corresponding
locations are shown in Fig. 2 for the summer
and autumn cruises by research vessels, and in
Fig. 3 for the winter and spring cruises by
helicopter. The database of hydrographical data
from Storfjorden and Storfjordrenna is calibrated
and quality checked (Maus, 2003).

On all research vessel cruises, CTD data
were collected by use of a SeaBird Electronics
SBE911plus sonde. Profiles were usually run
to within 2 m of the bottom. The accuracy is
1 dbar, 0.002 1C and 0:0003 S m�1 for the pre-
ssure, temperature and conductivity sensor, re-
spectively. The CTD instruments were cali-
brated with bottle samples, and the uncertainty
Table 2

List of subset of CTD data gathered on cruises with research vessels a

summer and autumn in 1998 to 2002. In addition to the station numb

the profiles taken from the database organized by Maus (2003). Also,

references are given in the footnote

Date Cruise

15.04.1998a Helicopter

12.09.1998b R/V Lance

09.02.1999c R/V Lance

25.02.1999c Helicopter

25.03.1999c Helicopter

16.04.1999c Helicopter

22–23.07.1999c R/V Lance

17–18.09.1999c R/V Lance

05–08.10.1999c R/V Håkon Mosby

13.04.2000c Helicopter

17.05.2000c Database

22.09.–05.10.2000 R/V Håkon Mosby

06.04.2001 Helicopter

23.04.2001 Helicopter

28.05.–03.06.2001 R/V Lance

17–31.08.2001 R/V Håkon Mosby

06–10.05.2002 R/V Jan Mayen

03–15.08.2002 R/V Håkon Mosby

aHaarpaintner et al. (2001a).
bHaarpaintner et al. (2001c).
cDatabase (Maus, 2003).
of the CTD salinities after calibration is typically
0.001.

The hydrographical data in April 2001 were
obtained by a SeaBird Electronics SBE19 (un-
pumped) sonde. The sensor was lowered at a speed
about 1 m s�1 through a hole in the ice. Using this
descent rate, the temperature and conductivity
sensors were aligned +0.50 and +0.38 s in
advance to pressure, respectively. The accuracy
for the pressure, temperature and conductivity
sensors is 0.1% of full scale range, 0.005 1C and
0:0005 S m�1; respectively. The CTD was cali-
brated by use of salinity bottle samples at each
station, and the uncertainty of the CTD salinities
after calibration is typically 0.01.

A current meter mooring was placed in Storf-
jorden at position 77�57:8420N and 20�17:7320E in
97 m water depth from September 12 1998 to July
23 1999 (Fig. 2) and was equipped with an
Aan-deraa recording current meter (RCM-9) in
84 m water depth. The RCM-9 sensors (current,
nd helicopter in Storfjorden and Storfjordrenna during spring,

ers of the selected CTD profiles, the ship numbers are given for

the type of CTD instrument used during the casts is given. Data

(Ship nr) Station CTD type

1:3 SBE19

3 Neil Brown

(20) 16:22 SBE911plus

(21) 101:103 SBE19

(21) 202 SBE19

(21) 300:303 SBE19

(20) 44:52 SBE911plus

(20) 1:8 SBE911plus

(24) 21:94 SBE911plus

(22) 1:6 SBE19

(19) 16:24 SBE911plus

6:34, 74:161, 179:221 SBE911plus

(HI) 2:4 SBE19

(HII) 1:5 SBE19

29:45 SBE911plus

3:138 SBE911plus

448:459 SBE911plus

264:358 SBE911plus
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Edgeøya

Barents-
øya

Spitsbergen

Fig. 2. The positions of hydrographical stations from the summer and autumn cruises in 1999 to 2002. Also, the position of the section

south of Sørkapp in May 2002 is indicated. The topography is taken from the standard IBCAO 2:5 � 2:5 km grid model (Jakobsson et

al., 2000). The position of the mooring is indicated by the large white star.
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temperature, conductivity, pressure and turbidity)
were calibrated by manufacturer before deploy-
ment and after recovery and collected data every
hour. Uncertainties of typically 0.05 1C and 0.05 in
RCM-9 temperature and salinity resulted, respec-
tively. The compass for measuring velocity direc-
tion failed. The RCM-9 temperature data have
been shown by Haarpaintner et al. (2001c).

3.2. Hypsometry

The hypsometry and volume are calculated for
Storfjorden, using a bathymetric model especially
compiled for this purpose from the International
Bathymetric Chart of the Arctic Ocean (IBCAO)
database. The reason for constructing a new
bathymetric model of Storfjorden instead of using
the already available IBCAO grid model (Jakobs-
son et al., 2000), is that enough data exists in
this area to improve the IBCAO grid by increasing
the horizontal resolution from 2:5 � 2:5 km to
500 � 500 m:

Fig. 1 shows a shaded relief of the new compiled
bathymetric grid model, and the data are available
in Supplementary Fig. 1 and at http://filetransfer.
unis.no/files/sfj-geo.zip. A comparison of Figs. 2

http://filetransfer.unis.no/files/sfj-geo.zip
http://filetransfer.unis.no/files/sfj-geo.zip
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Spitsbergen

Barentsøya

Edgeøya

Fig. 3. The positions of hydrographical stations from the winter and spring cruises to Storfjorden in 1998 to 2002. For years with

similar station numbers, the year is indicated behind a slash. The bathymetry is portrayed using the 500 � 500 m grid model of

Storfjorden compiled in this study and described in Section 3.2.
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and 3 shows that a refinement of the bathymetric
portrayal of Storfjorden is necessary to recover the
sill at about 771N. From the standard IBCAO grid
model (Fig. 2), the sill seems to be situated further
south at about 76�500N:

The area and volume calculations for every 5 m
depth interval from surface to bottom are
available in Supplementary Fig. 2 and at
http://filetransfer.unis.no/files/Hypsometry.zip. From
this, the hypsometric function can be calculated,
defined as the area distribution versus depth. The
total area and corresponding volume of Storfjor-
den within the defined area (Fig. 1) are 12; 882 km2

and 850 km3; respectively. About 55% of the area
is shallower than 70 m, and only 16% of the area is
deeper than the sill. The volume below sill level
occupies roughly 5% of the total volume.
3.3. Watermass volume

To find the volume of each watermass present in
Storfjorden and Storfjordrenna, the hydrographi-
cal data of the autumn cruise in 1999 to 2002 are
gridded horizontally into 3 � 3 min bins using
linear interpolation between neighboring data
points. The vertical distance between the horizon-
tal fields is 1 m. To find the volume of the T and S

characteristics, the resulting T and S fields are
organized into 0.11C and 0.1 bins, respectively.
Close to the bottom and on the shallow areas
along the coastline, data points have not been
collected in Storfjorden (Fig. 2). The linear
interpolation fails when neighboring points are
missing, and the watermass volumes are under-
estimated in shallow areas and close to the bottom.

http://filetransfer.unis.no/files/Hypsometry.zip
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To account for the above, volume correction of
the T and S characteristics in Storfjorden is done.
From the hypsometry of Storfjorden (see Supple-
mentary Fig. 2), every 5 m depth is assigned a total
volume. Then, a volume factor for every 5 m depth
is found by dividing the volume from hypsometry
by the volume of the linearly interpolated hydro-
graphy. The watermass volume from the linear
interpolation is then multiplied by the volume
factor. From the depth where the linear inter-
polation gives zero volume down to the bottom
of Storfjorden, the volume of T and S character-
istics every 5 m depth is found from the mean T

and S profiles in Storfjorden (Fig. 6) and the
hypsometry.
3.4. Heat and freshwater content

The fields of the vertically integrated heat
content H and freshwater content F per unit
horizontal area relative to a reference water with
density rref ¼ rðSref ;Tref Þ are calculated in Storf-
jorden every 10 m from surface to bottom, using
hydrographical data described in Section 3.1. The
definitions used are:

H ¼ rref CP

Z D2

D1

ðT � Tref Þdz; (1)

F ¼

Z D2

D1

Sref � S

Sref

dz; (2)

where D1 and D2 are the upper and lower
boundaries for every 10 m layer, T is the tempera-
ture, CP is the specific heat of seawater and S is the
salinity. The reference temperature and salinity are
set to �0:9 �C and 34.9, respectively, which are
close to the deep water properties of the Nordic
Seas (Björk et al., 2001).

The layer averaged H ðHAÞ and F ðF AÞ

in Storfjorden are found by weighting the
hydrographical profiles equally because of the
even distribution (Fig. 2). The layer volume
content of heat ðHV Þ and freshwater ðFV Þ in
Storfjorden are found by multiplying HA and FA

for each layer by the corresponding areas (see
Supplementary Fig. 2) at the center depth ðDcÞ of
the layers.
3.5. Geostrophy

3.5.1. Geostrophic velocity in the coastal current,

BSW overflow and NAW inflow

To find the geostrophic current through the
hydrographical sections in Storfjorden and Storf-
jordrenna, the thermal wind equation is used
between two succeeding hydrographical profiles
in the sections. For the coastal current, the velocity
is put to zero at the bottom of the shallowest of
two neighboring profiles, because the coastal
current is assumed to increase towards the surface.
All sections crossing the coastal current are used
for the mean estimates. The geostrophic velocity is
set to zero at the surface for the Storfjorden
overflow, because the overflow velocity is assumed
to increase towards the bottom. For the mean
estimates, all sections across the overflow at the sill
and in Storfjordrenna are used. The geostrophic
velocity in the inflow of NAW to Storfjorden is
found from the sections along the sill latitude.

3.5.2. Geostrophic transport in the coastal current

The potential energy P per unit horizontal area
is used to find the baroclinically driven geostrophic
flow Q over the depth interval D1 to D2 in the
coastal current through the relation

Q ¼
DP

f
: (3)

Here, DP is the difference in P across the section of
the coastal flow and f is the Coriolis parameter. P

in the depth interval D1 to D2 and relative to a
reference water is given by

P ¼ g

Z D2

D1

rref � r

rref

z dz; (4)

where r is the density, g is the acceleration of
gravity and the other symbols are as defined for
Eqs. (1) and (2) (Björk et al., 2001).

3.5.3. Geostrophic transport in the BSW overflow

Overflow of BSW from the sill to Storfjordrenna
is defined as water with yp� 0:5 �C and SX34:9
ðsyX28:05Þ to distinguish from PW and ESW.
From the mean geostrophic velocity, thickness and
width of the BSW overflow, the mean geostrophic
transport is estimated.
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3.6. Brine-enriched shelf water

3.6.1. Exchange

From profiles at the deepest stations in Storf-
jorden (Fig. 4), the BSW interface ðDiÞ is found.

The respective volumes of BSW ðV iÞ is desig-
nated from the hypsometry of Storfjorden (see
Supplementary Fig. 2). Further, the corrected
BSW volumes ðV bswÞ in autumn 1999 to 2001 are
used to find corresponding correction factors for
V i ð f bswÞ the respective years in winter and
summer. Having f bsw;Vbsw for the winter, summer
and autumn cruises in 1998 to 2001 is calculated.
(a)

(c)

Fig. 4. Profiles of S ((a) and (c)) and y ((b) and (d)) at the deepest sta

((c) and (d)) cruises in 1998 to 2001. The straight stippled lines show S

respective profiles.
Exchange of BSW is discussed in Section 5.4.1
based on the estimated Vbsw:

3.6.2. Methods for calculating controlled transport

across the sill

Maximum allowed transport of BSW across the
sill is estimated by three approaches described
below.

Non-rotational, frictionless and steady overflow:
We can obtain an upper limit for transport of
BSW across the sill from assuming frictionless
conversion of potential energy upstream, i.e. in the
interior of Storfjorden, to kinetic energy at the sill.
(b)

(d)

tions in Storfjorden during the winter ((a) and (b)) and autumn

¼ 34:8 and y ¼ �1:5 �C to indicate the interface of BSW in the
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Vertically integrated over the overflow layer, the
steady-state Bernoulli equation becomes:Z Di

HbswþDi

1

2
rU2 dz ¼

Z Di

HbswþDi

ðpu � psÞdz ¼ Dpi;

(5)

where U is the velocity of the BSW overflow at the
sill directed in or out of Storfjorden, r is the
density of BSW, pu is the upstream and ps is
the downstream (sill) pressure, Di is the depth of
the overflow interface, and Hbsw is the height of the
overflow layer above sill level. That means Hbsw þ

Di is the sill depth (120 m). The density above
sill level referred to atmospheric pressure ðr0Þ

is assumed to be constant at the sill and further
downstream (i.e. r ¼ r0; and Hbsw ¼ 0 at the
sill). Upstream, i.e. in Storfjorden, the density
structure is assumed to be a two-layer system.
The upper layer has linearly increasing density
from r0 in the surface to r ¼ r0 þ Dr at Di: The
BSW layer with height Hbsw above sill level is
assumed to have a constant density r: In this
approximation, the integrated pressure difference
is given by

Dpi ¼
1
2
DrgHbswðDi þ HbswÞ: (6)

Further, assuming a rectangular cross section with
constant velocity in the overflow layer, Eqs. (5)
and (6) implies a volume flux or transport of

QH ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
Dpi

r
Hbsw

s
W ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g0ðHbsw þ DiÞ

p
HbswW ;

(7)

where g0 ¼ gDr=r is the reduced gravity and W is
the width of the sill. For further description of the
model including friction, see (Hansen et al., 2001).
Hydrographical sections at the sill in the autumn
cruises reveal a sill width of about 40 km. Hbsw and
Di are found from CTD profiles that give sy ¼
28:05 kg m3 at the largest Hbsw upstream of the sill.
In April 2002, the interface is chosen to be at sy ¼
28:10 kg m�3; because the whole water column is
denser than sy ¼ 28:05 kg m�3 (Anderson et al.,
2004).

Rotational, frictionless and steady maximized

overflow (zero potential vorticity): An expression
for the maximum volume flux over a sill with a
rectangular opening is obtained by Whitehead
(1998). He uses a two-layer approximation with
constant density in each layer and ignore friction.
By integrating the combined geostrophic and zero
potential vorticity equations horizontally along
the fjord axis towards the sill, he achieves two
constants of integration. One of these is eliminated
by use of Bernoulli’s equation, which denotes a
balance between the change of momentum and
pressure. To solve the remaining constant of
integration they impose a critical condition that
volume flux is maximized through the sill. Max-
imizing volume flux results in the following
predictions for volume flux for a rectangular
opening:

QW ¼
g0h2

u

2f
; W4

ffiffiffiffiffiffiffiffiffiffiffi
2g0hu

f 2

s
or Ri; (8)

QW ¼ W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g0

2

3
hu �

f 2W 2

8g0

� �� �3
s

; otherwise: (9)

Here, hu is the upstream dense fluid surface height
above sill depth. Following the procedure of
Whitehead (1998), hu is found to be the height
above sill level where the upstream and down-
stream density profiles bifurcates, and Drud is
taken to be the largest density difference between
the upstream and downstream density profiles in
the dense lower layer. Then, the reduced gravity
g0 ¼ gDrud=r is found from the largest density r
in the lower layer. The internal Rossby radius ðRiÞ

is less than the sill width ðW ¼ 40 kmÞ in all
cases and consequently, Equation (8) is used to
estimate QW :

Hydraulically controlled (non-rotational) over-

flow: Farmer and Armi (1986) showed that for a
two-layered flow over a sill connecting sufficiently
deep and wide reservoirs, the transport in the
lower layer is hydraulically controlled by a critical
lower layer thickness of

H2;c ¼ 0:375Hs: (10)

Here, Hs is the water column thickness in meters
at the sill. This gives a maximum transport
capacity in the lower layer of

M2;max ¼ 0:208

ffiffiffiffiffiffiffiffiffiffi
g0H3

s

q
W ; (11)
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where W ¼ 40 km is the width of the sill and g0 is
the reduced gravity found from the density
difference between the lower and upper layers at
the sill. The depth of the sill in Storfjorden is about
120 m that gives a critical lower layer thickness of
45 m. To find the density difference between the
plume and the overlying water, the mean density in
the plume height and in the 40 m layer above H2;c

are used, respectively. CTD profiles in spring and
autumn at the deepest part of the sill are used for
the estimations.
Fig. 5. Potential temperature and salinity diagrams with

contours of corresponding sy every 0:5 kg m�3 of all hydro-

graphical profiles in (a) Storfjorden and (b) Storfjordrenna in

October 1999 and 2000, and August 2001 and 2002. The

stippled gray line shows the freezing point temperature as a

function of salinity relative to surface pressure. The water-

masses listed in Table 1 are indicated by solid and stippled black

line boxes giving the range of y and S.
4. Observations

4.1. Summer and fall: 1999– 2002

Fig. 5 shows that MW is present in Storfjorden
and Storfjordrenna in August but largely absent
by October, indicating that the warm and fresh
surface layer gradually flushes out of Storfjorden
during autumn. Still, interannual variations are
possible. In Storfjorden, NAW is barely present
and in August 2001, even MAW is absent.

The mean hydrographical profiles for each
autumn cruise in 1999 to 2002 in Storfjorden are
shown in Fig. 6, and to present the variability, the
mean � 1 standard deviation profiles are also
shown. Further, the general layer distribution of
watermasses in Storfjorden is indicated.

Storfjorden and Storfjordrenna are covered by a
surface layer with MW and SSW. The hydro-
graphical data show that the presence of under-
lying NAW and MAW increases towards the sill
and further southward and decreases northward
and towards the coast, whereas the opposite is the
case for ArW. Towards the sill, ArW exist in
deeper layers between PW and ESW. BSW is the
deepest layer and reaches above sill level, which
results in a dense overflow. Fig. 7 adds the
information on general watermass placement and
corresponding mixing in Storfjorden and Storfjor-
drenna.

Mixing is visible as straight lines between
watermasses in the yS diagram in Fig. 5. Due to
wind and currents the surface layer with meltwater
mixes with underlying Arctic water (Storfjorden)
or Atlantic water (Storfjordrenna) resulting in a
mixing layer underneath the surface layer that is
influenced by colder Arctic water in Storfjorden
and gradually more mixed with Atlantic water
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towards the sill. The BSW overflow introduces
corresponding mixing downstream of the sill,
where Arctic water mixes with Polar Front water
and BSW resulting in East Spitsbergen water. This
layer is visible as a salinity minimum above the
Storfjorden overflow. Below the ESW layer, a
mixture layer of BSW and ESW evolves, which is
treated as the upper layer of the BSW overflow,
whereas the underlying BSW layer is defined as the
lower layer of the Storfjorden overflow (Fer et al.,
2003b).

4.2. Winter and spring: 1998– 2002

From Fig. 8, Arctic water seems to be the source
water of BSW, being cooled to freezing point and
added salt by freezing. In April 2002 (not shown),
the whole water column has the characteristics of
BSW with SX34:8 and in the deep basin closest to
the sill S ¼ 35:83 (Anderson et al., 2004). This
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probably indicates an exceptionally saline source
water in combination with large frazil ice production
or polynya activity in winter 2002 compared to the
other winters (Skogseth et al., 2004a). The source
water may therefore in addition to ArW, be cooled
modified Atlantic water, Polar Front water or ESW
in winters with extremely high BSW salinity.

Generally, y is close to freezing point and S

increases from ArW values in the surface to BSW
in the bottom, if the station is deep enough. In
some profiles especially in April 2001, y above
freezing temperature are visible at intermediate
depths. Corresponding S; y and sy profiles (Fig. 9)
confirm that the warm layers are present at
intermediate depths. Water up to 0.1 and 0:3 �C
above freezing point is seen at 33 and 105 m depth,
respectively, in Station 1 (1998). In April 2001,
Station HI-4 shows the warmest layer from 80 to
110 m depth with y � 1:7 �C above freezing tem-
perature.
Looking at the station map in Fig. 3, we note
that the stations with the warmest water are
positioned at the western side of the sill entrance
and Storfjorden. Confirmed by profiles of y at
Stations HI-2 and HI-3 (not shown), y decreases
gradually northward in the warm layers, indicating
that the warm layers are due to inflow of warmer
ArW from the western Barents Sea. Probably, the
inflow is a compensating current to the BSW
overflow, and the thickness of the inflow depends
on the amount of BSW draining out of Storfjorden.

In Station 300 (1999), y � 0:1 �C above freezing
temperature throughout the whole water column.
This might be due to admixture of relatively
warmer water transported through Heleysundet,
because the water column at the stations further
south is at freezing point. Thus, compensating
inflow to the BSW overflow might come from the
northwestern Barents Sea through Heleysundet
and Freemansundet.
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Inflowing compensating water to Storfjorden
from Heleysundet and across the sill from the
south might be warmer and more saline than
inflowing water through Freemansundet due to
possible admixture of warm and saline water of
Atlantic origin in, respectively, the strait Hinlo-
penstredet and in Storfjordrenna.

Salinity profiles obtained in the shallow areas in
northern and eastern Storfjorden (Fig. 3) indicate
that the shallow areas are sites for effective dense
water formation compared to the deeper parts of
Storfjorden, and that the dense water from the
shallow areas are draining into the deep pools of
Storfjorden.
4.3. Mooring observations: 1998/1999

The evolution of the watermass present in the
current meter position in 84 m water depth north-
east in Storfjorden (Fig. 2) is presented from Figs.
10 and 11.

From September 12 to October 1 1998, the
Arctic water gets warmer and fresher due to
mixing with meltwater that have developed in the
surface during summer, and on October 1, the
water is warmest during the measuring period.
During October, the water changes between MW
and a mixture of ArW, Storfjorden Surface water
and MW, and the water is at its freshest on
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October 24. From November 21 to 25, y and S

drop, and the water has become less dense,
indicating advection rather than convection. By
December 13, the water becomes gradually war-
mer, more saline and denser with a loop between
November 29 and December 2. The loop might be
due to both advection and convection since the
watermass becomes denser.

Until December 19, the water varies rapidly, but
from December 19 to 25, the watermass is ArW
that gradually develops into BSW. Before this, the
air temperature at Hopen Island is minimum
ð�25 �CÞ: After this, the watermass is BSW with
salinity between 34.80 and 35.61. The maximum
salinity occurs on February 26 shortly after the
second lowest air temperature ð�23 �CÞ at Hopen
Island. A comparison of the time series of S and
air temperature at Hopen Island after December
25, shows that increase in S follows from decrease
in air temperature, indicating that S increases due
to more freezing of sea water. Also, lower air
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temperature at Hopen Island in winter indicates
northeasterly wind in the northwestern Barents
Sea, which results in polynya activity in Storfjor-
den and subsequent frazil ice production and brine
release (Skogseth et al., 2004b).

In the same period, spikes in turbidity and
velocity happen almost simultaneously with spikes
in salinity, indicating that the salinity increases are
most likely due to advection from shallower parts
of Storfjorden further north and northeast. From
mid April, the velocity reveals less spikes, and the
salinity stays almost constant at 35.45, indicating a
production rate of BSW comparable to the BSW
Table 3

Maximum salinity ðSmaxÞ and corresponding y; sy and depth ðDÞ

observations are indicated by footnotes

Cruise Date Station

R/V G.O. Sarsa;b 1981.08.29 805

Databaseb 1983.09.24 75730

R/V Lanceb 1984.08.12 183

R/V Lanceb 1985.07.24 37

R/V Lanceb;c 1986.07.25 156

Databaseb 1987.09.08 1311

R/V Lanceb 1988.09.07 42

Databaseb 1989.09.08 1103

Databaseb 1991.06.27 16696

Mooringd 1992.04.25 AWI407

Mooringe 1994.03�07 F1

Databaseb 1994.09.15 1061

R/V Antarcticaf 1995.10.16 6

Helicopterf 1998.04.15 2

R/V Lancef 1998.09.12 3

Helicopterb;f 1999.04.16 302

R/V Lanceb;f 1999.07.23 49

R/V Lanceb 1999.09.17 5

R/V Håkon Mosbyb 1999.10.07 67

Helicopterb 2000.04.13 5

R/V Håkon Mosby 2000.09.25 78

R/V Håkon Mosby 2000.10.02 196

Helicopter 2001.04.23 HII-5

R/V Håkon Mosby 2001.08.23 7

R/V Håkon Mosby 2001.08.25 45

R/V ODENg 2002.04.27 5

R/V Håkon Mosby 2002.08.07 270

aMidttun (1985).
bDatabase (Maus, 2003).
cAnderson et al. (2004) and Quadfasel et al. (1988).
dSchauer (1995).
eSchauer and Fahrbach (1999).
fHaarpaintner et al. (2001a, c).
gAnderson et al. (2004).
overflow. From mid May, y gradually increases
and S decreases, most likely a result of gradual
emptying of BSW in Storfjorden, and mixing and
diffusion with ambient water. During this period,
the air temperature at Hopen Island rises above
zero. Thus, the refill of BSW due to ice freezing,
stops.

4.4. Brine-enriched shelf water

Table 3 lists the maximum salinity ðSmaxÞ and
corresponding y;sy and depth of the observed
BSW since 1981. The stations in Table 3 are those
of observed BSW in Storfjorden since 1981. References of

Smax y (3C) sy ðkg m�3Þ D (dbar)

35.26 �1.91 28.39 160

35.13 �1.83 28.29 165

35.06 �1.88 28.23 161

35.16 �1.85 28.32 183

35.51 �1.89 28.60 180

35.17 �1.81 28.32 150

35.49 �1.89 28.58 178

34.71 �1.84 27.95 185

35.13 �1.86 28.29 187

35.13 �1.90 28.29 144

35.00 �1.90 28.18 100

34.79 �1.79 28.01 132

34.86 �1.50 28.09 161

35.05 �1.91 28.23 161

34.89 �1.83 28.09 169

35.07 �1.83 28.24 161

35.19 �1.89 28.34 168

35.10 �1.86 28.27 151

35.15 �1.87 28.30 171

35.45 �1.94 28.55 178

35.45 �1.86 28.55 167

35.44 �1.85 28.54 169

35.17 �1.92 28.32 176

35.24 �1.86 28.38 168

35.22 �1.85 28.36 169

35.83 �1.96 28.87 159

35.53 �1.89 28.62 169
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closest to the deep basins in Storfjorden or the
stations with the highest S and lowest y during the
respective cruises. Mooring data south of the sill
(Schauer, 1995; Schauer and Fahrbach, 1999) are
shown in 1992 and 1994. Due to entrainment of
warmer and less saline overlying water, the
mooring data gives a smaller Smax than in the
deep basin. The date and depth of the stations are
varying and thus, the interannual comparison of
Smax becomes inaccurate. Nevertheless, all stations
are deeper than sill depth and are indicating the
variability in Smax since 1981. From Table 3, it is
seen that Smax varies by more than 1 interannually.

Fig. 12(a) and corresponding contour plots of
the other autumns (not shown) show that the
densest BSW is visible in the deepest basins in
Storfjorden. BSW is draining southward from the
northern part to the deeper basins further south
along the � 100 m deep channel close to the east
coast of Spitsbergen (Fig. 1). The BSW overflow is
mostly present on the western side of the sill
entrance indicating a geostrophic controlled over-
flow continuing along the northern slope of
Storfjordrenna leaving dense remnants of BSW
in deep depressions along its path (Fer et al.,
2003b).
5. Results and discussion

5.1. Water mass volume

From Fig. 13, it is possible to see that meltwater,
Storfjorden Surface water, modified Atlantic water
and their mixing products occupy most of the
volume in Storfjorden and Storfjordrenna. Also,
BSW shows distinctive peaks in V, and in August
2001, the maximum peak is BSW, and ArW is
more present than in the other years.

The volume of the T and S characteristics of
each watermass has been summarized to give the
volume of each watermass present in Storfjorden
and Storfjordrenna in Table 4. The estimated total
volume in Storfjordrenna varies due to the
variable coverage of hydrographical profiles (Fig.
2). The higher volume of MAW in August 2002
indicate a larger inflow of NAW to Storfjordrenna
and Storfjorden this year. The positioning of the
Polar Front controls the availability of NAW and
hence, which watermasses are present in Storfjor-
den and Storfjordrenna. As seen in Table 4, the
amount of ArW varies opposite to the amount of
NAW and their mixing products (modified Atlan-
tic water, Polar Front water and East Spitsbergen
water). Rapid changes in watermass composition
take place as the Polar Front is moving during the
seasons. Large presence of ArW indicate a south-
western location of the Polar Front in Storfjor-
drenna preventing NAW to enter Storfjorden. If
NAW is strongly present, most likely the Polar
Front is situated along the northeastern part of
Storfjordrenna as far north as to the sill. The
positioning of the Polar Front is partly governed
by the Barents Sea ice cover last winter (Maus,
2003), and partly by the atmospheric circulation in
the North Atlantic (Skogseth et al., 2004b), which
plays an important role in the northward transport
of NAW with the NAC (Orvik and Skagseth,
2003).

5.2. Heat and freshwater content

Corresponding fields of those in Figs. 12(b)–(d)
in every 10 m layer from 6 to 145 m depth are
plotted for each autumn (not shown) and from
these, different watermass zones and flow fields are
established and illustrated in Fig. 14.

5.2.1. The coastal current zone

The relatively cold and fresh coastal current is
visible in the upper layers in all years along the
shoreline of Storfjorden entering Storfjorden south
of Edgeøya and in the north, through the sounds
Freemansundet and Heleysundet. Along its cyclo-
nic path, the coastal current becomes gradually
fresher and warmer before it exits by the southern
tip of Spitsbergen. The increase in F is due to
melting of sea ice and runoff from rivers and
glaciers in summer.

The width and content of heat and freshwater in
the coastal current vary interannually and season-
ally. The coastal current reaches 65–75 m depth
during the four autumn cruises. In August, H and
F in the 10 m layers decrease with depth indicating
admixture of cold and saline ambient water,
whereas in October, H has a maximum for the
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Fig. 12. Contours of (a) sy along the surface 10 m above bottom (a. b.), and (b) the heat content ðHÞ; (c) the freshwater content ðF Þ;
and (d) the potential energy ðPÞ from 6 to 15 m depth in October 2000. Black dots are station positions, and in (a) solid lines are depth
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depth. The stippled lines are the contour lines of sy every 0:3 kg m�3; H every 2:5 � 107 J m�2; F every 0.1 m, and P every 0:1 m3 s�2; all

corresponding to the respective colorbar values. For P the colorbar values are negative.
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10 m layers between 26 and 55 m depth most likely
from admixture of a warm and saline intruding
layer into Storfjorden at similar depth in late
autumn.

5.2.2. The exchange zone

The contour plots of H, F and P in the deeper
10 m layers (not shown), support the topographi-
cally guided main exchange flow between Storf-
jorden and Storfjordrenna through the channel
between the submarine ridge and Storfjordbanken
(Section 2.1). In this area, the Polar Front is visible
below the surface layer, resulting in fluctuating
watermass properties in the exchange zone.
An east–west gradient with generally warmer
and more saline water to the east and colder and
fresher water to the west in August, indicate a
topographically guided flow with inflow on the
eastern side and modified outflow on the western
side of the exchange zone. This cyclonic flow has
been reported earlier (Schauer, 1995; Fer et al.,
2003a).

Due to less influence of meltwater with depth, F

and H in the 10 m layers decreases accordingly, but
in October, the layers between 36 and 75 m
depths has a maximum H indicating inflow of
warm NAW in these layers. The heat content in
the inflowing water varies interannually and
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Table 4

Volume of each watermass present in (A) only Storfjorden, and (B) both Storfjorden and Storfjordrenna, calculated from the

hydrographical data in the autumn cruises in 1999 to 2002. The different total volumes of Storfjordrenna are caused by different areal

coverage of the cruises. At each station, all data points in the profiles belong to one of the watermasses defined in Table 1

Water mass October 1999 ðkm3
Þ October 2000 ðkm3

Þ August 2001 ðkm3
Þ August 2002 ðkm3

Þ

(A) (B) (A) (B) (A) (B) (A) (B)

NAW 0.2 214.4 15.3 419.6 0.0 123.8 48.9 369.9

ArW 16.5 16.5 4.0 4.0 135.9 174.8 2.1 2.1

MW 279.5 411.4 413.4 783.9 448.3 787.7 268.0 397.1

PW 40.4 69.0 70.1 113.6 2.5 99.8 92.2 212.2

ESW 14.7 18.3 24.2 30.8 4.4 15.9 18.4 22.3

SSW 431.0 644.3 451.6 814.3 313.0 584.6 152.0 184.5

MAW 79.9 481.6 130.2 740.8 1.0 521.6 223.6 1796.3

BSW 20.5 20.5 42.6 42.7 66.6 66.6 19.6 19.7

Total 850.0 1912.0 850.0 2374.0 850.0 2337.0 850.0 1858.0

Fig. 14. Illustration of the general watermass zones and

corresponding flow fields in late summer and autumn estab-

lished from contour plots of H, F and P. The limits between the

zones are not fixed and the total flow field is also dependent on

wind, atmospheric pressure and tides.
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seasonally, where August 2002 is the warmest and
saltiest of the four years.

5.2.3. The transformation zone

Between the coastal current and the exchange
zones, the watermasses gradually transform from
inflowing to coastal watermass properties during
its cyclonic path. The surface water characteristics
in the transition zone are varying with the coastal
current extent and properties, and the properties
of the inflowing water in the exchange zone.

Water in the deeper parts of the transformation
zone will partly replace the BSW during the
depiction (Schauer, 1995). During autumn, the
coastal water is flushed out of Storfjorden and will
be replaced by water from the upper part of the
transformation zone. At onset of freezing, the
surface layer of the transformation zone most
likely will be the source water of the BSW. As for
the coastal current and the exchange zones, inflow
of warmer water is visible in the layers between 26
and 75 m depth in October.

5.2.4. Layer averaged and volume content in

Storfjorden

From Fig. 15, it is seen that the freshwater and
heat content decreases with depth, and they
indicate that the depth range of the fresh and
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from the hypsometry.
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warm surface layer is to about 70 m depth. The
total heat and freshwater content are in the range
of 41–93 � 1017 J and 80–156 � 108 m3: In August
2002, the total heat and freshwater content are,
respectively, about 2 times larger and smaller than
in 2001 due to the large inflow of NAW (Section
5.2.2). The variability in freshwater and heat
content decrease with depth partly due to stability.
Further, the water below sill depth in Storfjorden
is prevented to advect as freely as the water above
sill level, which reduces the variability in F V and
HV at depths below the sill. Still, there is some
variability in the freshwater content, and the
largest source to this variability is the BSW
salinity.

A comparison of the profiles of F A and HA

during the autumn cruises in 1999 to 2002 is shown
in Fig. 16. It is shown that F A and HA vary
seasonally and interannually, and FA decreases
with depth in all years. Above sill level, the large
inflow of NAW results in the smallest FA and
relatively large HA in August 2002. Normally,
ArW probably dominates the water column above
sill depth in August, as in August 2001. The
surface is heated in August and started to cool by
October. The variability in FA below sill level
correspond to the variability in BSW salinity
(Table 3).

Figs. 16 and 15 show that Storfjorden is
stratified (F A decreases with depth) down to
160 m depth even if the temperature (HA) is almost
constant below sill level. We interpret this as an
analog to the cold halocline in the Arctic Ocean. In
the Arctic Ocean the halocline is overlying a warm
layer of Atlantic origin, whereas in Storfjorden the
halocline is overlying a cold bottom layer of BSW.
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The analog is the making of the halocline, where
the halocline in Storfjorden is created by shelf
convection due to ice freezing and brine release on
the nearby shallow areas as in the Arctic Ocean.
This is supported by hydrographical winter
profiles, which reveal more saline water through-
out the water column on the shallow areas in
northern and eastern Storfjorden than in the
deeper parts in the middle of Storfjorden down
to at least sill depth (Section 4.2). The distinct
decrease in heat content at sill depth indicates
weak vertical mixing below sill level since warmer
water has been present above sill level.

5.3. Geostrophy

5.3.1. Geostrophic velocity in the coastal current,

BSW overflow and NAW inflow

The cyclonic coastal current is generally nar-
rower and faster on the western side of Storfjor-
den. This is due to the steeper topography in the
west, especially south of about 77�300N where
Storfjordbanken is situated in the east (Fig. 1).
From Table 5 it is shown that the CC is faster,
warmer and fresher in August than in October
resulting from the diminishing heating and melting
in late autumn.

In all years, a geostrophic current directed into
Storfjorden from Freemansundet is visible from
the sections. This means that a positive net
baroclinic geostrophic transport from the north-
western Barents Sea via Freemansundet might be
possible. A section of light transmission across the
inlet of Freemansundet in October 2000 (not
shown), reveals a core with 20% reduced visibility
at 25–45 m depth due to suspended particles
indicating a turbulent flow through Freemansun-
det. When the sediments settle, the core probably
becomes less dense than the ambient water and
starts to convect towards the surface. Thus, the
flow through Freemansundet might enhance the
vertical mixing in the surface layers in Storfjorden.

The geostrophic velocity of the Storfjorden
overflow is highest in August 2002, having a
pronounced overflow of BSW in all sections south
of the sill. The temperature is close to freezing and
the salinity is higher than any of the other years,
which corresponds to the extremely high BSW
salinity in April 2002 (Table 3). In October 1999,
the numbers are only based on the section at the
sill latitude, because BSW is not present with
yo� 0:5 �C in the sections across Storfjordrenna.

Inflow of NAW to Storfjorden is present in all
hydrographical surveys except for August 2001.
The range of the NAW inflow depth varies a bit
each year, but the core seems to be placed at about
60–70 m depth. In August 2002, the depth range is
larger than in the other years, and NAW is visible
as far north as 77�300N: Observations across the
Norwegian Atlantic Current reveal a larger trans-
port with warmer and more saline NAW in 2002
compared to earlier years since 1995 (Orvik and
Skagseth, 2003). Presumably, this is the reason for
the extreme conditions in Storfjorden in 2002.

5.3.2. Geostrophic transport in the coastal current

The baroclinically driven gcostrophic transport
Q for every 10 m layer in the coastal current is
calculated (Section 3.5.2). Generally, Q decreases
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Table 5

Mean geostrophic velocity ðV GÞ; range in y and S, depth range ðD122Þ from shallowest to deepest depth, and mean thickness ðDZÞ and

width ðDX Þ of the coastal current (CC), the Storfjorden overflow (BSW) and inflow of NAW across the sill (NAW) during the

hydrographical surveys in 1999 to 2002. Mean properties of the CC and the BSW overflow are found from hydrographical sections in

Storfjorden and across Storfjordrenna, respectively, while those of the NAW inflow are from sections at the sill. Also listed is the

baroclinically driven geostrophic transport Q. For CC, Q is estimated from the difference in potential energy ðDPÞ; which is found

across the coastal current in Storfjorden from contour plots of P

Year Current V G ðm s�1Þ y (3C) S D122 (m) DZ (m) DX (km) Q (Sv)

1999 CC 0.10 0–4 33.1–34.7 0–100 60 30 0.04

BSW �0.13 o� 0:5 34.9–35.0 140–190 20 5 0.01

NAW 0.02 3 34.9–35.0 60–70 10 20

2000 CC 0.08 1–4 33.3–34.7 0–70 55 40 0.04

BSW �0.08 o� 0:5 34.9–35.0 95–325 30 18 0.04

NAW 0.02 3–4 34.9–35.0 45–80 35 15

2001 CC 0.16 0–5 31.5–34.5 0–60 50 34 0.11

BSW �0.08 o� 0:5 34.9–35.1 110–320 35 16 0.05

NAW — — — — — —

2002 CC 0.11 0–6 32.1–34.9 0–80 60 40 0.04

BSW �0.15 o� 0:5 34.9–35.4 80–270 55 25 0.21

NAW 0.07 3–5 34.9–35.1 30–100 40 40
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towards the surface and the interface at about
65–75 m depth, and is highest at about 26–45 m
depth. Table 5 lists the total Q of the coastal
current (the 10 m layers are summarized), which
seems to be 2–3 times larger in August 2001 than in
the other years. The coastal current is probably
decreasing from August to October due to the
gradual disappearance of the fresh surface layer by
late autumn, indicating a smaller transport in 2002.

5.3.3. Geostrophic transport in the BSW overflow

In summer and autumn, the overflow of BSW
occurs in pulses partly explaining the variability in
mean geostrophic transport of the BSW overflow
(Q) listed in Table 5. The large mean velocity,
thickness and width of the overflow in 2002
(Table 5) result in the strongest geostrophic
transport this year.

In May/June 2001, the net volume transport
associated with the overflow of BSW is estimated
to be 0.06 Sv closest to the sill and 0.12 Sv through
the section furthest downstream in Storfjordrenna
(Fer et al., 2003b). In August 2001, the mean
geostrophic transport is 0.05 Sv, which compares
well with the results in May/June 2001 when
taking into account that the sections in August
2001 were obtained further upstream. Fer et al.
(2003b) defined the Storfjorden overflow with two
layers with 27:95osyp28:1 and sy428:1; respec-
tively, while in this study the Storfjorden overflow
is defined with syX28:05 reducing the volume
transport of BSW.

The geostrophic transport estimate in August
2002 is almost 2 times larger than the estimated
overflow transport from mooring observations in
August 2002 (Fer et al., 2003a). Observations
across the outer part of Storfjordrenna in May
2002, reveal a pronounced plume with yp�

0:5 �C; S up to 35.30, sy428:0; light transmission
down to 76%, and geostrophic velocity up to
0:30 m s�1 (Fig. 17). The about 8% less visibility in
the overflow compared to the ambient water
indicates a turbulent current entraining sediments
from the bottom along the path. The width of the
overflow is about 50 km and the mean height is
50 m, which gives a mean geostrophic transport up
to 0.75 Sv. Salinity up to 35.30 has never been
observed this far west in Storfjordrenna.
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(a)

(c)
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Fig. 17. (a) Potential temperature (3C), (b) salinity, (c) potential density ðkg m�3Þ; (d) light transmission (%), (e) geostrophic velocity

ðm s�1Þ and (f) corresponding station map of the section at about 16�150E south of Sørkapp across the outer part of Storfjordrenna in

May 2002.
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5.4. Brine-enriched shelf water

5.4.1. Exchange

During the freezing period, which is assumed to
endure until mid-May (Haarpaintner et al., 2001b;
Skogseth et al., 2004b), V bsw is reduced by BSW
overflow and increased by ice production. From
mid-May, Vbsw begin to decrease monotonically,
which is seen in Fig. 18.

The BSW interface is governed by the rate
of overflow and production, being deep in
periods with strong overflow and low pro-
duction and vice versa. In Fig. 18, it is seen that
Di varies with the modelled volume of produced
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BSW ðV totÞ and becomes generally shallower with
increasing V tot:

Assuming only the volume below sill level
ð42 km3

Þ is filled with BSW during the overflow,
the deep basins of Storfjorden are yearly flushed
between 20 and 26 times during 1998 to 2001. If
the entire volume of Storfjorden ð850 km3

Þ is filled
with BSW during the overflow, Storfjorden is
flushed between 1.0 and 1.3 times.

Due to conservation of mass, inflow of water to
Storfjorden is increased to compensate for the
BSW overflow. As pointed out earlier, ArW seems
to enter Storfjorden from the south with warmer
water on the western side of the sill entrance in
spring. Probably, increased inflow of cold ArW is
set up through Heleysundet and Freemansundet in
the north and northeast and by the East Spitsber-
gen Current in the east. Inflow of water with y
slightly above freezing temperature is observed in
winter profiles in northern Storfjorden (Section
4.2). The compensating inflow continues until the
overflow ceases, and if the Polar Front during this
time moves enough northward, ArW may be
replaced by MAW and NAW.

By comparing the transports of the coastal
current and the BSW overflow in August 2001 and
2002, it is striking to see that the coastal current is
weaker when the BSW overflow is stronger, as in
August 2002. This indicates that the BSW overflow
is also compensated by the estuarine circulation,
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with less entrainment in a weaker coastal current
when the BSW overflow is large and vice versa.

Assuming the density of the ambient water has
an insignificant interannual variability, the over-
flow of BSW will use less time to reach the outer
part of Storfjordrenna in years with denser BSW
as in winter 2002, due to higher velocity of the
overflow. A comparison of the BSW volume in
Storfjorden in August 2001 and 2002 (Table 4)
indicates that the BSW in Storfjorden is emptied
much faster in years with very dense BSW. The
total volume of produced BSW is varying inter-
annually (Fig. 18), and in years with large
production as in winter 2000, a longer time is
needed to empty Storfjorden as long as the volume
flux is relatively small.

5.4.2. Controlled transport across the sill

Non-rotational, frictionless and steady overflow:
Table 6 lists the quantities in Eq. (7) estimated by
Table 7

Predicted transport of BSW across the sill ðQW Þ; bifurcation depth ðh

and downstream ðStad Þ density profiles, internal Rossby radius ðRiÞ;

Time Stau Stad hu (m) Drud

Jul. 1999 20–48 20–44 80 0.40

Sep. 1999 20–4 20–8 40 0.37

Oct. 1999 20–61 20–89 50 0.21

Oct. 2000 78 14 90 0.68

Aug. 2001 46 92 60 0.50

Aug. 2002 270 329 90 0.74

Table 6

Upstream station (Sta), height of lower layer above sill level ðHbsw

interface and surface ðDrÞ; overflow density ðrÞ; and estimated transp

2002 are shown in Anderson et al. (2004)

Time Sta Hbsw (m) Di (m)

Apr. 1999 21–302 17 103

Jul. 1999 20–48 29 91

Sep. 1999 20–4 6 114

Oct. 1999 24–61 2 118

Apr. 2000 22–5 47 73

Oct. 2000 77 33 87

Apr. 2001 HII-5 38 82

Aug. 2001 6 41 79

Apr. 2002 3 94 26

Aug. 2002 271 34 86
the method described in Section 3.6.2 from spring
and autumn data in 1999 to 2002. The density
difference between the BSW and the overlying
water in Storfjorden, and hence, QH ; increases
during summer and autumn. From July to
October 1999, this method gives a monotonically
decreasing QH : By letting the overflow only
depend on the pressure difference between inner
Storfjorden and the sill, which means that all
potential energy in Storfjorden is transformed to
kinetic energy by the sill, the transport estimates in
April and August 2001, and August 2002 get more
than an order of magnitude larger than the
estimated transport of the overflow in May/June
2001 (Fer et al., 2003b) and August 2002 (Fer
et al., 2003a).

Rotational, frictionless and steady maximized

overflow (zero potential vorticity): In Table 7, the
quantities in Eq. (8) estimated by the method
presented in Section 3.6.2 from upstream ðStauÞ
uÞ; maximum density difference ðDrud Þ between upstream ðStauÞ

and time of the observations

ðkg m�3Þ ru ðkg m�3Þ Ri (km) QW (Sv)

1028.34 5.5 0.09

1028.26 3.7 0.02

1028.24 3.2 0.02

1028.55 7.6 0.19

1028.38 5.3 0.06

1028.62 8.0 0.20

Þ; BSW interface depth ðDiÞ; density difference between BSW

ort of BSW across the sill from Eq. (7) ðQH Þ: Data from April

Dr ðkg m�3Þ r ðkg m�3Þ QH (Sv)

0.18 1028.05 0.31

1.35 1028.05 1.44

1.27 1028.05 0.29

0.80 1028.05 0.08

0.13 1028.05 0.73

1.06 1028.05 1.45

0.34 1028.05 0.95

1.23 1028.05 1.95

0.02 1028.10 0.56

1.17 1028.05 1.58
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and downstream ðStadÞ CTD profiles in summer
and autumn 1999 to 2002, are listed.

Due to missing observations downstream of the
sill, no estimates were possible in spring. Compar-
ison of the density profiles upstream and at the sill
in spring shows that generally, the density in the
whole water column in Storfjorden is larger than
at the sill, which makes it impossible to decide any
bifurcation depth.

The transport estimate by this method in August
2001 gets concordant with the estimated transport
of the overflow in May/June 2001 (Fer et al.,
2003b). Also this method reveals a decrease in the
transport from July to October 1999.

Hydraulically controlled (non-rotational) over-

flow: The estimated maximum hydraulically con-
trolled transports in Table 8 (Section 3.6.2) are up
to 7 times larger than the mooring estimated
transport in 1992 further downstream (Schauer,
1995). The large transport capacity across the sill is
due to the width of the sill ð� 40 kmÞ: According to
Schauer (1995), the mean width of the overflow is
15 km downstream of the sill during 1992. Sections
at the sill (not shown) reveal that the width of the
overflow during the autumn cruises in 1999 to
2002 is about 15–20 km. Hence, the above
indicates that the overflow is not hydraulically
controlled, but is geostrophic. The density differ-
ence between the plume and the ambient water
increases during summer and autumn. This
indicates that the overflow might be stronger in
summer and autumn than in spring when the
ambient water is denser.

Including rotational effects give transport esti-
mates concordant with the geostrophic transport
Table 8

Mean density in the plume ðsy; pÞ and the ambient water ðsy; aÞ; mea

ðDsy; p�aÞ; and corresponding maximum hydraulically controlled tra

profiles at the sill in spring and autumn 1999 to 2002. Data from spr

Year Spring (April)

sy; p ðkg m�3Þ sy; a ðkg m�3Þ Dsy; p�a ðkg m�3Þ M2;max (Sv)

1999 28.07 27.83 0.24 0.52

2000 28.28 27.87 0.41 0.68

2001 28.09 27.83 0.26 0.55

2002 28.61 28.14 0.47 0.73
estimates (Table 5), and overflow transport esti-
mates from current measurements (Schauer, 1995;
Fer et al., 2003b). This leads to a rotationally
controlled overflow determined by the internal
Rossby radius, which in turn is controlled by the
density difference and the thickness of the over-
flow at the sill. Since the overflow is not
hydraulically controlled, Storfjorden is potentially
able to deliver much more dense water than it has
done during observations in 1992 (Schauer, 1995),
2001 (Fer et al., 2003b) and 2002 (Fer et al.,
2003a). The polynya activity and ice formation,
and the intensity of the background circulation
through Storfjorden are important factors that will
prevent the dense overflow from becoming so large
that it is restricted by a hydraulic control.
6. Summary and conclusions

An increase of the Storfjorden topography
resolution from 2:5 � 2:5 to 0:5 � 0:5 km is neces-
sary to recover the 120 m deep and 40 km wide sill
at about 77�N: The total area of Storfjorden is
12; 882 km2 and the volume is 850 km3:

During the autumn cruises in 1999 to 2002, the
presence of ArW changes opposite to the amount
of NAW, MAW, PW and ESW, being closely
related to the Polar Front position and the
associated mixing. SSW and MW constitute most
of the total volume in autumn, except for August
2002 when MAW and NAW dominate.

The cyclonic coastal current reaches down to
65–75 m depth, where the strongest flow is between
26 and 45 m depth. The range of the total
n density difference between the plume and the ambient water

nsport of the plume ðM2;maxÞ estimated from hydrographical

ing 2002 are shown in Anderson et al. (2004)

Autumn(August & October)

sy; p ðkg m�3Þ sy; a ðkg m�3Þ Dsy; p�a ðkg m�3Þ M2;max (Sv)

28.15 27.66 0.49 0.75

28.25 27.66 0.59 0.82

28.13 27.79 0.34 0.62

28.44 27.76 0.68 0.88
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baroclinic transport is 0.04–0.11 Sv. The mean
geostrophic velocity varies between 0.1 and
0:2 m s�1 and is generally narrower and faster on
the western side of Storfjorden. A positive net
baroclinic geostrophic transport through Free-
mansundet indicates admission of water from the
northwestern Barents Sea into Storfjorden
through Freemansundet.

Due to topography, watermass exchanges below
70 m depth are guided through the channel
between the submarine ridge and Storfjordbanken.
Inflow is on the eastern side and modified outflow
is on the western side of the sill entrance in
autumn. The heat and freshwater content indicate
inflow of NAW in the layers between 36 and 75 m
depth with a core at about 60–70 m.

In the transformation zone, the surface water
characteristics are governed by the properties of
the coastal current and the inflowing water in the
exchange zone, indicating a link between the
surface water characteristics in Storfjorden in
autumn and the ice cover in Storfjorden and
northwestern Barents Sea the preceding winter.

Respectively, the total heat and freshwater
content are in the range of 41–93 � 1017 J and
80–156 � 108 m3: A Storfjorden analog to the cold
halocline in the Arctic Ocean is observed from layer
averaged heat and freshwater content, and is created
by shelf convection on the nearby shallow areas.

Generally, ArW seems to be the source water of
BSW, but in years with extremely high BSW salinity
as in 2002, also cooled MAW, PW or ESW are
possible candidates. The maximum observed BSW
salinity vary interannually by more than 1, which is
partly due to the changing presence of watermasses
during production and overflow of BSW.

The volume of the overflow of BSW each year
from 1998 to 2001 corresponds to 20–26 times the
volume below sill level or 1–1.3 times the entire
volume of Storfjorden. The overflow is confined to
the western side of the sill entrance, indicating a
geostrophic controlled flow. The mean geostrophic
velocity is in the range of 0.1–0:2 m s�1 with a
mean width less than 25 km and a mean height of
20–55 m. The corresponding mean geostrophic
transport range between 0.01 and 0.21 Sv.

Estimates of controlled transport of BSW across
the sill due to a pressure gradient along Storfjor-
den show that the overflow is rotationally con-
trolled determined by the internal Rossby radius,
which in turn is controlled by the density
difference and the thickness of the overflow at
the sill. The density difference between the BSW
and the overlying water increases during summer,
resulting in larger overflow transport as long as
BSW is available. The transport estimates includ-
ing rotation are between 0.02 and 0.20 Sv, being
strongest in autumn 2002. The hydraulic control
estimates of the overflow at the sill reveal transport
capacities that are nearly an order of magnitude
larger than the observed transports. Since the
overflow is not hydraulically controlled, Storfjor-
den is potentially able to deliver much more dense
water than observed.

During the BSW overflow, a compensating
inflow must occur to conserve mass in Storfjorden.
Hydrographical profiles in winter indicate that
ArW enters Storfjorden from the south with
warmer water on the western side of the sill
entrance. Probably, increased inflow through He-
leysundet and Freemansundet and by the East
Spitsbergen Current develops. The compensating
inflow continues until the overflow ceases, and if the
Polar Front retreats enough northward during this
time, ArW might be mixed with MAW and NAW.
Additionally, it seems like the BSW overflow is
compensated by the estuarine circulation, resulting
in less entrainment in a weaker coastal current
when the overflow is large and vice versa. Current
observations and model studies should be made to
conclude any further on the compensating current.
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