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Kongsfjorden—Krossfjorden and the adjacent West Spitsbergen Shelf
meet at the common mouth of the two fjord arms. This paper presents our
most up-to-date information about the physical environment of this fjord
system and identifies important gaps in knowledge. Particular attention is
given to the steep physical gradients along the main fjord axis, as well as
to seasonal environmental changes. Physical processes on different scales
control the large-scale circulation and small-scale (irreversible) mixing of
water and its constituents. It is shown that, in addition to the tide, run-off
(glacier ablation, snowmelt, summer rainfall and ice calving) and local
winds are the main driving forces acting on the upper water masses in the
fjord system. The tide is dominated by the semi-diurnal component and
the freshwater supply shows a marked seasonal variation pattern and also
varies interannually. The wind conditions are characterized by prevailing
katabatic winds, which at times are strengthened by the geostrophic wind
field over Svalbard. Rotational dynamics have a considerable influence
on the circulation patterns within the fjord system and give rise to a
strong interaction between the fjord arms. Such dynamics are also the
main reason why variations in the shelf water density field, caused by
remote forces (tide and coastal winds), propagate as a Kelvin wave into
the fjord system. This exchange affects mainly the intermediate and deep
water, which is also affected by vertical convection processes driven by
cooling of the surface and brine release during ice formation in the inner
reaches of the fjord arms. Further aspects covered by this paper include
the geological and geomorphological characteristics of the Kongsfjorden
area, climate and meteorology, the influence of glaciers, freshwater
supply, sea ice conditions, sedimentation processes as well as underwater
radiation conditions. The fjord system is assumed to be vulnerable
to possible climate changes. and thus is very suitable as a site for the
demonstration and investigation of phenomena related to climate change.
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During the last decade various working
groups have undertaken great efforts to study
the physical environment of Kongsfjorden—
Krossfjorden and the adjacent shelf area (Figs. 1,
2). Interaction between the groups, however, has
been modest or totally absent. To rectify this, a
multidisciplinary Kongsfjorden Ecosystem Work-
shop was held at the facilities of the University
Courses on Svalbard in Longyearbyen, Svalbard,
from 30 October to 5 November 2000. Current
information about both the physical environment
and the biological ecosystem (Hop et al. 2002
[this issue]) was assembled, discussed and
compared to assess the state of our knowledge
about the area.

It is believed that in the event of climate change
it will most likely be first perceptible in the polar
regions due to alterations in ice conditions. To
identify such changes it is appropriate to choose
the most vulnerable sites, consolidate the state of
our knowledge for the sites and develop a plan for
sampling of time series of selected parameters.
The Kongsfjorden—Krossfjorden system is in
this respect a very suitable site. Climate change
will most likely influence the fjord system from
two directions—the ends opening out into the
sea and the inner ends abutting the glaciers—
rendering the fjord system a sensitive indicator
of climate change phenomena. Alteration of
melting of the glaciers will change the run-off
pattern, and temperature and/or salinity changes
in the adjacent Atlantic and Arctic water will
cause changes in the fjords through exchange
processes.

The main objective with this paper is to give
an overview of the most current knowledge of the
physical, non-biological conditions in the gradient
from the glaciers at the head of Kongsfjorden,
along the fjord and across the shelf, including
the shelf slope. It is hoped that this will serve
as a basis for future research, filling current
gaps in our knowledge. Special focus is given
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Fig. 1. Map of Svalbard showing the major currents. Off the
coast of western Spitsbergen is the West Spitsbergen Cur-
rent (thick red) and the Arctic-type coastal water (blue). The
dashed black line indicates the frontal area between the two
currents.

to circulation and exchange processes. It is also
hoped that the paper proves useful for biologists
requiring information on the abiotic environment
for interpretation of their data. While the paper
is predominantly concerned with Kongsfjorden,
where most of the knowledge has been assembled,
the section on physical oceanographic processes
also incorporates data from Krossfjorden.
Oceanographic conditions in the western
Spitsbergen fjords are strongly related to the
characteristics of the currents flowing around the
Svalbard Archipelago (Fig. 1). Great amounts of
heat (between 35 and 70 TW; P. M. Haugan, pers.
comm.) and salt are transported into the Arctic
Ocean by the West Spitsbergen Current (WSC),
the northernmost extension of the Norwegian
Atlantic Current. Warm and saline Atlantic
Water (AW) occupies the upper ca. 600 m of the
WSC branch, which follows the continental slope
of west Spitsbergen northward. The area west of
the shelf is therefore essentially ice-free (Aagaard
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Fig. 2. Map of Kongsfjorden—Krossfjorden.
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et al. 1987; Gascard et al. 1995). In recent years
the Arctic ice extent has diminished (Vinje 2001)
and the temperature of the AW in the WSC has
increased; these changes are apparently linked to
changes in the atmospheric circulation towards
north-western Europe, which are related to an
increased North Atlantic Oscillation index. On
the shelf, cold and relatively fresh Arctic Water
(ArW) flows northward in a coastal current. The
current flows from Storfjorden, and rounds the
southern tip of Spitsbergen (Fig. 1).

The Kongsfjorden—Krossfjorden system and
the shelf meet at the common mouth of the two
fjords. Rather than a sill in the mouth, there is
a prominent trench of decreasing depth towards
the shallow shelf. Exchanges in this active shelf—
fjord boundary have a decisive impact on both
the hydrophysical and biological variability in the
fjord system. The exchanges replace intermediate
and deep fjord water with ArW and AW. At
present, the temporal and spatial scales of the
flux exchange are not known. The exchange
varies on time scales of days, weeks or longer
and is controlled by the geostrophic coastal flow
regimes, as suggested by Klinck et al. (1981).

Kongsfjorden—Krossfjorden is a glacial fjord
system, which has some characteristics specific
to Arctic fjords and others which it shares with
other broad fjords. Features common to broad
fjords relate to the freshwater supply and water
temperature, which have a seasonal pattern,
dominating wind directions (down-fjord in the
winter season and up-fjord in summer with
orographic precipitation), and the corresponding
impact on the stratification and circulation, which
varies considerably during the year, (see e.g.
Pickard 1961; Gade 1970; Svendsen 1981; Farmer
& Freeland 1983). Another shared feature relates
to the rotational dynamics (Coriolis effect),
which have been shown to have an important
impact on fjord dynamics in wide and stratified
fjords such as Kongsfjorden—Krossfjorden
(Proehl & Rattray 1984; Cushman-Roisin et al.
1994; Asplin 1995; Svendsen 1995; Asplin et al.
1999).

The specifically Arctic features of the fjord
system are primarily related to the way the
freshwater is supplied to the fjords. Freshwater
is supplied as meltwater from the surface and at
deeper levels as icebergs from calving glaciers.
The latter implies that the fjords are influenced
by freshwater throughout the year, although
only to a slight degree in the long winter season.
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The influence on the estuarine circulation and
mixing processes from an active glacier system is
significant (Matthews & Quinlan 1975; Matthews
1981). Freezing and melting of fast ice, which
take place in the inner part of the fjord arms, have
a two-fold effect on the fjord dynamics: removal
and supply of freshwater from the surface layer
during freezing and melting, respectively; and
the homogenization of the water masses due
to vertical convection initiated by salt rejection
during freezing.

Geology and geomorphology

The system formed by Kongsfjorden and Kross-
fjorden is located between 78°40° and 77°30’N
and 11°3” and 13°6” E. Kongsfjorden is oriented
from south-east to north-west and Krossfjorden
from north to south. The fjords consist of two
submarine channels, which converge to a deep
glacial basin, the Kongsfjordrenna. The total area
of both drainage basins is 3074 km?, a land area
of 2257 km? with 1651 km? or 74% covered by
glaciers and a marine area of 817 km? (Table 1).

Kongsfjorden is 20 km long, its width varying
from 4 to 10 km reached at the mouth between
Kvadehuken and Kapp Guissez. There is a well-
marked inner fjord with relatively shallow water
less than 100 m deep (zone 4 and a large part of
zone 3 in Fig. 1b in Hop et al. 2002) and a deeper
fjord (zones 2 and 3, in Fig. 1b in Hop et al. 2002).
The total volume of Kongsfjorden is estimated
as 29.4 km? (Ito & Kudoh 1997).

Krossfjorden is about 30 km long. Its width
varies between 3 and 6 km. Kong Haakons Halv-
oya (King Haakon Peninsula) divides the inner
part of the fjord into two parts, Lillichokfjorden
and Mollerfjorden. The volume of Krossfjorden
is estimated to about 25 km?.

Both Kongsfjorden and Krossfjorden are
strongly influenced by the presence of tidewater
glaciers: Lillichodkbreen at the head of Kross-
fjorden (Lilliechookfjorden), five other calving
glaciers along its eastern coast; Kronebreen
and Kongsvegen at the head of Kongsfjorden,
and Conwaybreen and Blomstrandbreen on its
northern coast.

Geology

Kongsfjorden is situated on a major tectonic
boundary between the Tertiary fold-thrust belt
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of western Spitsbergen to the south-west and the
Northwestern Basement Province of Svalbard to
the north-east (Bergh et al. 2000). The glacier
Kongsvegen, and its deglaciated prolongation,
Kongsfjorden, have probably been formed in
a morphological depression caused by strong
fracturing of the bedrock in a zone paralleling
the thrust front.

The bedrock north of Kongsfjorden and on
the islands in the fjord consists of medium-
grade metamorphic rocks of most probably
Middle Proterozoic age, mainly marbles, mica-
schists, and minor amounts of quartzites. In a
north—south trending zone comprising the island
known as Blomstrandhalveya and the islands
named Lovéneyane, slices of unmetamorphosed
rocks of Devonian age—red conglomerates and
sandstones—are tectonically interlayered with
marbles. South of Kongsfjorden, on Bregger-
halveya (Bregger Peninsula), structurally above
the basal Tertiary thrust, sedimentary rocks
of Late Palacozoic and—Ilocally—Tertiary
Age prevail, although some Proterozoic, low-
and medium-grade metamorphic rocks (mica-
schists, marbles, phyllites, quartzites) occur in
a few thrust sheets in the south-eastern part of
Broggerhalveya. Late Palaeozoic rocks comprise
conglomerates, sandstones, carbonate rocks
of both calcitic and dolomitic composition,
as well as spiculitic rocks (cherts, siliceous
limestones). Tertiary rocks occur only in two
thrust sheets in the vicinity of Ny-Alesund.
They are conglomerates, sandstones and shales
with numerous interbedded coal seams. An
approximate total of 1.43 million tonnes of coal
was exported from Ny-Alesund between 1917
and 1962 (Hjelle et al. 1999).

Geomorphology

Landforms around Kongsfjorden are shaped by
glacial activity. The extent of the last glaciation
is still being discussed but Broggerhalveya and
the areas to the north were probably completely
ice-covered prior to 13 600 BP. The Kongsfjorden
area shows a more complete glacial sedimentary
record—back to ages older than Eemian (the
last interglacial)—than most other places in
Svalbard. Sections on Breggerhalveya show four
isostatically induced cycles of emergence during
the Weichselian glaciation (Miller et al. 1989).
By 9500 BP, all glaciers had started to retreat.
It is likely that the area was completely ice-

Svendsen et al. 2002: Polar Research 21(1), 133-166

free during a long period until the “neoglacial”
advance. This started at an unknown date and is
thought to be not older than 4500 BP, but could
be younger. The maximum ice extent during the
Holocene occurred during the Little Ice Age.
Large ice-cored moraines in front of the glaciers
in the inner part of Kongsfjorden derive from the
youngest ice advances in the 1800s, although
they contain redeposited, much older material
from a glacial stage with a smaller extent (Hjelle
et al. 1999). As is the case for Kongsbreen, the
maximum extent of glaciers may result from
surge dynamics.

On Breggerhalveya, Kvadehuksletta shows
splendid exposures of post-glacial beach ridges
up to the marine limit at 80 m. These provide
information on the uplift history of the last
290000 years; only ridges below 44 m elevation
are derived from the post-glacial period (ca.
12000 years ago) (Forman & Miller 1984).

The area is characterized by a contrast between
the alpine relief and coastal platforms. Active
glacial, hydro-glacial, periglacial and coastal
processes influence the landscape. In front of
terrestial glaciers streams rework the moraine
deposits. The rivers form braided drainage
systems that create wide sandurs with a number
of small channels that are seasonally active, and
with coarse fluvial deposits and limited vegetation.
Three rivers—Scheteligelva, Kvadehukelva and
Bayelva—have cut permanent valleys. Large
deltas are built up at the mouths of the rivers.
An example on Kongsfjorden’s southern coast,
the delta closest to the front of Kongsvegen
was almost completely formed between 1975
and 1983. In those eight years, the delta built
out nearly 180 m. Its volume is estimated to be
about 4.5x10® m? (Lefauconnier 1987). The
main sedimentation source is from the subglacial
meltwater discharge from the tidewater glaciers.
The amount of sediments discharged over a
summer at the front of Kronebreen—Kongsvegen
was estimated to be about 0.25 x 10 m? (Elverhoi
et al. 1980), and the corresponding erosion rate
over the same period was between 0.3 and 0.6
mm over a basin of 800 km?. Rates of silt/clay
sedimentation (unconsolidated sediments) at the
ice front are >10 cm a’. Elverhei et al. (1980)
estimated that these sediments could fill the inner
fjord in 500 years.

Permafrost is continuous in Svalbard, with
depths varying between 200 and 450 m in the
interior. In Kongsfjorden, permafrost has been
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Fig. 3. Monthly mean values of (a) air temperature and (b) precipitation in Ny-Alesund, 1994 and 1995.

measured down to 140 m in a borehole in front
of Broggerbreen (Brogger Glacier) (Liestol
1976, 1980). Periglacial processes on the slopes
generate talus deposits at the transition between
slopes and coastal platforms. Some of these form
pro-talus ramparts and rock glaciers, e.g. at the
foot of Zeppelinfjellet (Zeppelin Mountain) and
at Stuphallet (Stup CIliff) on Breggerhalveya,
and in the northern part of Blomstrandhalveya.
The rock glaciers move very slowly (3-4 cm a’!
or less; Sollid & Serbel 1992). Patterned ground
and sorted circles are well developed in the
lowland areas of Breggerhalveya, especially on
the coastal platform of Kvadehuken. Lagoons
(e.g. Brandallaguna) and single bars are found
along all the coasts, especially on the emerged
strandflats.

Dissolution of bedrock in limestone areas
has in places resulted in a landscape with karst
features. Most of these are small-scale surface
features, but some larger features also occur, e.g.
on Blomstrandhalveya, where small caves can be
observed (Bliimel 1971).

Climate and meteorology

General characteristics

The climate of Svalbard is strongly influenced
by the atmospheric general circulation, the
annual variation in light conditions, Arctic sea
ice extent and ocean currents. The large-scale
circulation is governed by the Icelandic Low and
the high pressures over Greenland and the Arctic
Ocean, which force warm and humid air from the
North Atlantic Ocean along the cyclone tracks
to the Norwegian and Barents seas. The large
difference in temperature between air masses of
Arctic or Atlantic origin cause great fluctuations
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in weather conditions, especially during winter
(Hansen-Bauer et al. 1990; Forland et al. 1997).
The WSC causes ice-free conditions along the
western coast throughout the year and partially
ice-free waters north of Svalbard even during
winter (Vinje 1982).

In Kongsfjorden, as elsewhere in Svalbard,
the number of overcast days and the frequency
of Arctic sea fog formed by the advection of
mild maritime air over colder surfaces, is highest
during summer, especially along the coast. The
number of clear days in Ny-Alesund is highest
(5-8 days/month) during the winter months and
lowest (only 1 day/month) during the summer
(June to September), with a sharp transition
occurring from May to June (Forland et al. 1997).
Typical seasonal temperature and precipitation
distributions for the Ny-Alesund area are shown
in Fig. 3. Hansen-Bauer et al. (1990) found that the
winter temperatures show relatively high values
and large fluctuations similar to the more central
part of the island (e.g. Longyearbyen), whereas
the summer temperatures are more representative
of the coastal stations. They concluded that Ny-
Alesund has a more continental climate during
the winters and a coastal climate during the
summers because Kongsfjorden is frozen during

Table 1. Area of the drainage basins to Krossfjorden and
Kongsfjorden and volume of the glaciers.

Basin Land Glaciers Glaciers Ice-free Sea
(km?) (km?) (km?) (km’) (km? (km?)
Kongsfj. 1428 1100 214 329
(77 %)
Krossfj. 829 551 94 278
(67 %)
Total 3074 2257 1651 308 607 817
(74 %)

The physical environment of Kongsfjorden—Krossfjorden



winter, but open and strongly influenced by the
ocean during the summer. A recent study of a
17-year (1981-1997) record of surface albedo in
Ny-Alesund suggests that the snow-free season
typically lasts 94 days (Winther et al. 2002).

Wind patterns

The most common wind direction on Spitsbergen
is always along valleys or fjords from inland to
the sea, and the prevailing winds are from the
north-east to the south-east sectors, except during
summer (Hansen-Bauer et al. 1990; Forland et al.
1997). The wind conditions in Kongsfjorden are
to a large extent governed by orographic steering
of the large-scale wind fields and katabatic winds
transporting cold dense air from the inland
glaciers to the warmer fjords. Prevailing winds
at Ny-Alesund flow from the south-east (120°,
from the head of the fjord toward its mouth),
with a second mode from north-west (310-330°,
into the fjord). This is confirmed by the ARTIST
(Arctic Radiation and Turbulence Interaction
Study) scatter plots of the wind speed against
wind direction which are assembled based on the
sodar for 65 m and 224 m altitude, respectively
(Argentini et al. 2000) (Fig. 4).

Hartmann et al. (1999) used sodar and other
ground-based instruments to characterize the
boundary layer of the Kongsfjorden area. They
confirmed that the observed predominant atmos-
pheric conditions involved spiky structures
(gusts/highly variable winds) and waves. The
spiky structures were observed during forced
convection when the atmospheric stratum experi-
enced continued strong wind shear in katabatic
flow. Spiky structures prevailed in the first part
of the field experiment, coincident with strong
synoptic south-easterly winds. Internal gravity
waves, on the other hand, were produced by
gentle dynamic instabilities in the statically stable
layer. These two features generally alternated
depending on the local wind field, cloud cover,
sunshine and geostrophic circulation (Argentini
et al. 2000).

The direction and speed at 1200 LST of the
geostrophic and low level winds are plotted as
a function of time in Fig. 5 (from Argentini et
al. 2000). A difference between the two wind
regimes of about 30°-40° is observed from
24-30 March, when the wind speed at both levels
is about 10-14 m s’!. In this case the geostrophic
wind enhances the katabatic flow. Between 6
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Fig. 4. Scatter plot of the wind speed versus the wind direction
during ARTIST (Arctic Radiation and Turbulence Interaction
Study) given by the sodar for (a) 65 m and (b) 214 m altitude.
(from Argentini et al. 2000; printed with permission of the
author and the Societa’ Italiana di Fisica; copyright Societa’
Italiana di Fisica))

and 12 April, the geostrophic wind rotates to the
northern sector with a decline in wind intensity,
although low level winds still persist from the
east—south-east. A large deviation (50°-180°)
is observed between the two flows; in this case
the geostrophic wind does not influence the
flow from Kongsvegen, which is simply gravity
driven down the slope of the glacier. This large
difference in the wind direction between the
surface and geostrophic flows is determined by
the position of the high—low pressure system
over Svalbard, which causes a coupling of the
low level and geostrophic circulation when the
low pressure centre is located south-west of
Svalbard and a decoupling when the centre is
farther north.

Wind conditions in the inner part of Kongs-
fjorden have been measured by Gerland et al.
(unpubl. data) with an automatic weather station
installed on Gerdeya from February to August
1998. The measurements showed reasonable
agreement with the general wind pattern
observed in Ny-Alesund, and wind speeds
above 12 m s (gusts) were registered in mid-
February and during the second half of March,
with prevailing winds from the south-east (120 °).
These winds were accompanied by an increase
in air temperature, occasionally reaching values
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April 1998 (from Argentini et al.
2000; printed with permission of
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above 0°C in the second half of March. Other
prominent wind directions were registered from
the north-west (290°, 310°) with increased wind
speed for shorter times. This mode is likely to be
controlled by the hills of Blomstrandhalveya, less
than 1 km west of Gerdeya.

Radiation conditions

The radiation regime in Ny-Alesund is influenced
by the open ocean climate to the west (and south)
of Svalbard during summer and autumn, with
Arctic sea fog and low albedo playing a key
role (Orbxk et al. 1999). During late winter
and spring, the radiation regime is more of a
continental type, similar to the central mainland
climate, due to the frozen fjords, drifting sea ice
and seasonal snow cover. There are significant
differences between these two radiation regimes
induced by the large annual variation of surface
albedo (land—ocean) and sea ice cover, as well as
the ocean-related Arctic fog conditions during
summer. The heterogeneous surfaces found in
the Ny-Alesund area (partly ice-covered fjord,
vegetated tundra and glaciers) induce local
variations in the radiation regime, especially
during the melting season in spring.

The radiation climate of Kongsfjorden is
marked by pronounced seasonal variations. The
sun stays below the horizon from 25 October to
17 February, the polar day lasts from 18 April
to 23 August, and twilight conditions prevail
during spring and autumn. Solar radiation is
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29 Apr.

highly variable during the summer season and
is influenced by a number of atmospheric factors
such as the weather conditions (clouds and fog),
aerosols in the atmosphere and stratospheric
ozone (affecting the UV-B intensity). The annual
maximum of atmospheric sunshine duration
(SSD) is 4474.6 h a! (data derived from the
Baseline Surface Radiation Network station
in Ny-Alesund; see Konig-Langlo & Marx
1997). On an annual basis for the period 1996—
2000, the mean SSD at ground level was about
933.3ha’!, witha maximum in 1997 (1327.0 ha'")
and minimum in 1998 (722.1 h a™h).

In the period 1996-98, the mean yearly
flux of visible radiation (370-695 nm), was
1042.6 MJ m?2. Daily mean measurements
of visible radiation, calculated from 1 March
to 31 October exhibited maximum values of
543 W m?in 1998 (see Hanelt et al. 2001).
Maximum irradiances were always recorded
during June and July (Fig. 6). Under sunny
conditions, irradiances of photosynthetically
active radiation (PAR, 400-700 nm) can increase
to 1300 pmol ms™!' (Bischof et al. 1998). During
this time, maximum daily mean of visible
radiation (370-695 nm) up to 170 W m can be
measured. In parallel, a daily irradiance of UV
radiation (300-370 nm) of about 16.8 W m™ has
been detected (Hanelt et al. 2001).

Sensitive UV-A and UV-B spectroradiometers
have shown that maximum daily doses of UV-
A radiation (320-400 nm) in Ny-Alesund can
reach up to about 1600 kJ m?2, with maximum
irradiance levels at about 19 W m (Bischof et al.

The physical environment of Kongsfjorden—Krossfjorden



Fig. 6. Daily averaged solar 1
irradiance in Ny-Alesund: 160+ 1.00
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1999; Grof3 et al. 2001).

Continuous measurements of UV-B (280-320
nm) during the summer seasons 1998-2000
revealed a maximum daily dose of 52.6 kJ m
on 24 June 1998, which is equal to a daily mean
of irradiance of 0.6 W m>. On that day, the
maximum irradiance of 1.2 W m? UV-B was
recorded in Ny-Alesund (Bischof et al. 1999). The
high variability of UV-B irradiance is reflected by
the fact that the maximum daily dose, averaged
for the last three years, was only 38.8 kJ m?2, or
0.45 W m2 (GroB et al. 2001).

In the context of seasonal depletion of the
stratospheric ozone layer, it is also important to
monitor changes in spectral irradiance. Inter-
comparison of spectroradiometric measurements
and data derived from TOMS (Total Ozone Map-
ping Spectrometer) and ozone probes revealed
the UV-B response to ozone variations in the
atmosphere over the Kongsfjorden area. A
decrease in total column ozone by 10 DU (Dobson
units) resulted in a 12 % increase in irradiance at
300 nm (GrofB3 et al. 2001). The biological con-
sequences of this increase in harmful radiation
are subject to intensive investigations in the
Kongsfjorden environment (Hop et al. 2002).

Long-wave radiation and influence of clouds
on the surface radiation is not addressed in this
paper since it is expected that long-wave radiation
has relatively little influence on the fjord system’s
underwater life or physical processes compared
to the effect of short wave radiation. However,
during the winter and early spring when the
solar elevation is low, the long-wave radiation
components totally dominate the surface radia-
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tion and heat budget.

Glaciers and freshwater supply

Data about the drainage basins feeding Kongs-
fjorden and Krossfjorden and the areas covered
by glaciers are shown in Table 1. The main
glacierized area consists of the large glacier
complex in the inner part of the fjords, with
several calving fronts at the head of the fjords.
These glaciers drain the large icefields of Isach-
senfonna and Holtedalfonna. On the northern
side of Kongsfjorden, Blomstrandbreen also has
a calving front. On the southern side there are
several valley or cirque glaciers. None of them
reach the fjord.

Temperature regime

The temperature conditions in the glaciers are of
great importance for their flow and the hydrology.
Like most of Svalbard’s glaciers, glaciers in the
Kongsfjorden basin are subpolar or polythermal,
which means that parts are temperate (above or
close to zero) where meltwater can be present and
parts are cold (below zero). In the accumulation
area during the melting period, water percolates
down into the snow and firn layers. Due to the
negative temperature in these layers, the water
refreezes, releasing latent heat and raising the
temperature to the melting point early in the
melt season. In the accumulation area, the
deep firn and ice layers remain at the pressure
melting point throughout the year, resulting in
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an unfrozen sub-glacial talik in the permafrost
under the central, thickest part of the glaciers.
Thus, water can penetrate to the bed of the glacier
and feed the groundwater below the permafrost.
In the ablation area, meltwater drains across the
ice surface into either ice-marginal channels or
moulins. No refreezing occurs within the ice and,
as the annual mean atmospheric temperature
is negative (Fig. 3), the ice temperature stays
below zero. In glaciers ending on land, the
temperate layer does not reach the ice front
where there is continuous permafrost. Calving
glaciers influenced by the temperature of the sea
have partly or completely temperate tidewater
tongues. The thermal regime has been confirmed
by measurements in boreholes drilled to bedrock
and by the interpretation of radar echo-soundings
carried out from the glacier surface (Bjornsson
et al. 1996).

The water in the temperate layers also drains
during winter. In front of glaciers ending on
land, this winter discharge refreezes and builds
up ‘“naled ice” (icing). Since all the glaciers
in Svalbard are either cold or polythermal
(subpolar), the presence of naled ice strongly
suggests that the glacier is a sub-polar glacier. At
the front of tidewater glaciers the winter run-off
is released directly into the fjord.

Mass balances

Glaciers contribute to the freshwater supply to
the fjord by melting and calving. Glacier melting
is best estimated by measurements of summer
mass balance. The net balance (bn) is the sum
of accumulation (bw) and ablation (bs), and
gives the gain or loss of ice over one year. Snow
accumulation may also occur in the higher parts
of the glaciers during summer, while melting
occurs in the lower parts. The summer balance

measures the transfer of water during one year
(one summer).

Glacier mass balance measurements have
been carried out continually since 1967 on
two small glaciers, Austre Breggerbreen and
Midre Lovénbreen (both ca. 5 km?), and since
1987 on Kongsvegen (100 km?) (Hagen &
Liestol 1990; Lefauconnier et al. 1999) (Table
2, Fig. 7). The net balance of Breggerbreen and
Lovénbreen has generally been negative during
the nearly 30 years of observations, with mean
net balances of -0.45 m w.e. (water equivalent)
and -0.35 m w.e., respectively. Only two years
have resulted in positive balance. Kongsvegen,
however, has a larger area at higher altitudes
than the other measured glaciers, and the mean
net balance over the twelve years period has been
slightly positive, +0.11 m w.e. The area/altitude
distribution of the ice masses is important for
their sensitivity to climate changes.

The Equilibrium Line Altitude (ELA) is the
altitude where ablation equals accumulation or
where all the winter snow, but no more, is melted
in summer. The ELA of Kongsvegen is about 100
m higher than the ELA of Austre Broggerbreen
and Midre Lovénbreen. Satellite data have also
been used to study glacier characteristics and
positioning of the ELA on these glaciers (Winther
1993). This is an index of relative continentality,
which increases from west to east. Between sea
level and 500 m a.s.l., Kongsvegen receives a little
less snow than the glaciers located further west in
the fjord, and higher atmospheric temperature in
summer leads to more melting.

There are no calculations of the balance of the
large glacier, Kronebreen (700 km?). Rough esti-
mates give a net surface balance between -0.10
and -0.15 m w.e., but due to the iceberg calving
(see below) the net balance is more markedly
negative.

As shown in Fig. 7, there is little year-to-year

Table 2. Mean specific glacier balance values, total run-off and volume change.

Glacier Bw bs bn ELA Annual Annual

(period) (mwe.) (mwe.) (mwe.) (mas.l) meltwater volume
production change

(m’) (m?)

Austre Broggerbreen 0.69 -1.14 -0.45 417 5700 -2260

(1967-1998)

Midre Lovénbreen  0.73 -1.08 -0.35 396 6500 -2100

(1968-1998)

Kongsvegen 0.79 -0.74 +0.11 505 75000 +11500

(1987-1998)
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Fig. 7. Annual mass balance
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variation in the winter balance and high variation
in the summer balance, showing that the summer
temperature mainly drives the interannual vari-
ability in the net balance. There is no trend in
the net balance, nor in the winter and summer
balances, over the observation period. This
corresponds well with a lack of observed trend in
the atmospheric temperature.

Based on meteorological data, one empirical
model indicates that an increase of 1°C in the
atmospheric summer temperature will induce
a net balance of -0.7 and -0.55 m w.e. for
Austre Breoggerbreen and Midre Lovénbreen,
respectively, while the glaciers may reach a
new equilibrium with a summer temperature
decrease of 0.7 °C (Lefauconnier et al. 1993). The
model does not take into account the effect of the
gradual change in glacier area. Energy balance
modelling shows similar results (Flemming et al.
1997). In the event of climate warming, higher
precipitation and melting rates are anticipated,
and therefore the transfer of water to the fjords is
expected to increase.

Flow velocity—calving rate

The flow rate of Svalbard glaciers is generally
low due to the low ice temperatures. In general,
glaciers ending on land flow much slower than
calving glaciers. Measurements indicate that the
maximum surface velocity is about 2 m, 4.5 m
and 7 m per year for Austre Broggerbreen, Midre
Lovénbreen and Austre Lovénbreen, respectively.
The ice velocities of Blomstrandbreen and
Conwaybreen are not known. With a velocity of
between 2 and 3 m a! all over its basin, Kongs-
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1980
1985
1990
1995
2000

vegen is a slow moving glacier. The neighbouring
Kronebreen is a fast flowing glacier. The accumu-
lation area of Isachsenfonna moves 0.2 m d! (or
about 70 m a’') over a distance of 25 km, and the
velocity of Holtedahlfonna increases from near
zero at the top to 0.5 m d!' (180 m a!) at 15 km
from the calving front (Lefauconnier et al. 2001).
The mean annual velocity in the central part of
the front of Kronebreen is 2 m d!, with a peak
of 4.5 m d! at the beginning of July. The high
velocities indicate that basal sliding is important
and that the glacier sole is at the melting point.
Such conditions must lead to a substantial amount
of water discharge and sediment transport to the
fjord. The annual front movement (800 m a™!),
together with the retreat of the front, induces
an important calving comprising between 0.20
and 0.25 km? a’! (Lefauconnier et al. 1994). Due
to the bathymetry beneath the glacier tongue,
velocity and calving rate are expected to decrease
slightly in the coming 30 to 50 years.
Kronebreen delivers only small icebergs or
bits to the fjords. Some of the largest bergs
regularly strand on the eastern part of the
Lovéngyane or on the threshold, which delimits
the boundary between the inner and intermediate
fjord. Icebergs are also frequently stranded on
the northern part of this threshold between the
Lovéneyane and Blomstrandhalveya.

Surges

Surging glaciers are widespread in the study
area. In a non-surging glacier, there is an
approximate balance between accumulation
above the ELA and the ice flux into the ablation
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area. Hence, the glacier maintains a near steady
state longitudinal profile. In a surge-type glacier,
the ice flux is smaller than the accumulation in
the quiescent phase. Thus, the surface gradient
gradually increases, causing the basal shear
stress to increase in turn. When the shear stress
reaches a critical (but unknown) value, a surge
commences and sliding increases rapidly. The
surge results in a large ice flux from the higher to
the lower part of the glacier, usually accompanied
by a rapid advance of the glacier front. Often,
the surge is also accompanied by considerable
sub-glacial water and sediment flux and, in the
case of tidewater glaciers, by increased iceberg
production. When the climate is stable, surges
are not triggered by climatic variations, and the
morphological evidence of past glacier maximum
extent is not necessarily directly linked to
climatic conditions, but rather indicate a surge
advance (Lefauconnier & Hagen 1991).

Various surveys and morphological observa-
tions indicate that all the calving glaciers have
surged and that the cirque glaciers Pedersenbreen,
Midre Lovénbreen and Austre Breggerbreen
have probably surged. Kongsvegen is building up
towards a surge at the moment, but it is difficult
to predict when a new surge will be triggered
(Melvold & Hagen 1998).

Change in front positions

The glaciers in Kongsfjorden had their maximum
Holocene extent in the last part of the 18th century
and started to retreat around 1900 (Liestel 1988).
Since then the retreat has been almost continuous,
only interrupted by some surge advances. For the
glaciers ending on land, well-preserved ice-cored
moraines clearly indicate the maximum extent.
These glaciers have retreated between 1 and 2 km
over the last 100 years. The tidewater glaciers both
retreat and advance much faster. The maximum
extent is more difficult to locate precisely, but can
be mapped from sub-sea moraines (Whittington
etal. 1997) and direct observations. Liestal (1988)
studied old maps and expedition notes and made
maps of the maximum positions and retreats of all
calving fronts in the fjord.

The maximum extent of Blomstrandbreen
occurred at an unknown date probably before
1861. Since then the total retreat has been about 3
km. Advances of the front due to surges of Blom-
strandbreen itself or of its tributaries occurred
between 1907 and 1928 as well as around
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1960. Since then, annual submarine moraines
deposited after the last event indicate a mean
retreat rate of 35 m a’'. The front retreated from
Blomstrandhalveya in 1992, and the retreat rate
has increased since then. Today there is a passage
of more than 500 m between the glacier front and
the island.

The maximum extent of Kronebreen in 1869
was about 11 km beyond the present day front.
Over the last 50 years the front has retreated
about 150 m a™l.

The maximum position of Conwaybreen, which
occurred ca. 1870—1880, probably corresponds
to a submarine moraine ridge about 3.5 km
from today’s front. Since then, the glacier has
undergone a regular retreat, apart from a probable
limited advance between 1936 and 1948.

Freshwater discharge into Kongsfjorden

The four main sources for freshwater run-off are
glacier ablation, snowmelt, and summer rainfall
and ice calving. The main freshwater input to
the fjord occurs in the summer season, mainly as
melting of snow and ice. The inflow comes from
point sources such as outlet channels from the
glaciers.

The input data for run-off calculations are:
1) run-off measurements in Bayelva; 2) meteor-
ological data from Ny-Alesund; and 3) mass
balance measurements on Austre Broggerbreen,
midre Lovénbreen and Kongsvegen.

Empirical regression approach—As men-
tioned above, the glacier mass balance measure-
ments have provided information about the
precipitation gradient and the melt rate gradient
by altitude and can therefore be used to estimate
the total freshwater input to Kongsfjorden. In
combination with digital elevation models, these
gradients have been used to estimate the run-off
contribution from the different sources as well as

Table 3. Mean annual run-off from different sources.

Source Specific (mm/area) Total (10° m?)
Qi 530 (300-755) 766 (437-1096)
Qs 53 (44-62) 77 (64-90)
Qp 206 (180-250) 300 (260-360)
Qb 172 (138-207) 250 (200-300)
Qg 0 (unknown but small) 0

Qc 10 12

Qe 20 29

Qtotal 951 (652-1264) 1376 (944- 1829)
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the total amount. The freshwater input to the fjord
system can be estimated and discussed from the
following water balance equation:

Q=Qs+Qp+Qi+Qb+Qg+Qc-Qe

where Q is the potential total run-off, Qs is
snowmelt from ice-free areas, Qp is run-off from
rainfall, Qi is the glacial component of discharge
which includes ice-melt, firn-melt and snowmelt
from the ice-covered areas, Qb is fresh water
from icebergs calving from the glaciers, Qg is
groundwater discharge, Qc is condensed water
vapour and Qe is evaporation. The last three
sources are small and provide together an almost
negligible contribution. Applying this to the small
basin of Bayelva, where both run-off and mass
balance are measured, indicates that the glacier
mass balance data provide a reliable estimate of
the run-off (Hagen & Lefauconnier 1995).

By this method, the current mean annual total
run-off to Kongsfjorden is estimated to be about
950 mm a’', or about 1370x 10° m?, or close to
1.4 km3. The year-to-year variations are large,
about 30 % (Table 3).

The annual freshwater input from Bayelva
alone is calculated to be 7x10° m? (Hagen &
Lefauconnier 1995).

Modelling approach—Based on observations
of temperature and precipitation, the terrestrial
run-off response can be calculated using a
precipitation—run-off model. Such a model called
the HBV model (Bergstrom 1972) has been
calibrated and applied successfully to several
catchments on Svalbard (Bruland & Sand 1994).
Calibrated parameters for these catchments are
very similar, indicating comparable hydrological
conditions in spite of large distances between
them and the very different extents of glaciation.
It is therefore likely that these conditions are com-
parable over large areas of Svalbard. Assuming
that representative meteorological observations
are available, the model can therefore be used
successfully for a large number of catchments

Table 4. Annual simulated run-off to the Kongsfjorden basins
(106 m?).

Year Kronebreen, Lovén-and Bayelva Total to the
and Pedersen Kongsfjorden
Kongsvegen glaciers basins
Max. 1100 57 43 1200
Min. 450 23 20 493
Mean 800 42 32 874
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on Svalbard. The advantage of using a model
like this is that daily run-off can be calculated
from daily observations of temperature and
precipitation, and run-off can be predicted for
days to come based on weather forecasts. Based
on meteorological observations in Ny-Alesund,
annual run-off to the Kongsfjorden basins was
calculated using this model (Table 4).

Sea ice conditions

Ice concentration

Data on sea ice extent in Kongsfjorden (i.e. spring
seasons 1981-83, 1985—-86: Mehlum 1991; spring
1984: Lydersen & Gjertz 1986) indicate that the
break up of the sea ice cover occurs between
April and July. These data and observations by
Gerland (unpubl.), between 1997 and 2001, show
high interannual variation of the position of the
ice edge and the timing of melting and break up.
However, no systematic monitoring of the sea
ice situation in Kongsfjorden has been carried
out; the above-mentioned studies therefore give
only an indication of the conditions occurring
in certain years. A Landsat TM satellite image
reveals the sea ice extent in Kongsfjorden and
Krossfjorden on 5 May 1998 (Fig. 8). In 1998, the
sea ice extent in Kongsfjorden was above average
in spring, with the ice edge in the south located
near Ny-Alesund until mid June; even so, another
Landsat image (15 July 1998) shows relatively
little sea ice in the fjord. Wind, waves and
tides create a highly variable ice situation in the
middle part of the fjord in spring. The situation
can change completely within a few hours. Large
waves entering the fjord from the west break
up the ice cover, and subsequent easterly winds
will efficiently remove large amounts of ice in
Kongsfjorden. In 1997, 1998 and 2000, the inner
part of the fjord was completely covered with fast
ice until the onset of melt. The outer part of the
fjord was either ice-free or covered with drift
ice (ice concentration between 1/10 and 8/10).
In both May 1997 and 2000, the fast-ice edge in
the southern part of the fjord was located near
the Lovéneyane. These islands also constrained
the ice edge position in April 1984 (Lydersen &
Gjertz 1986), July 1981, June 1982, 1983, 1985
and 1986 (Mehlum 1991) (Fig. 8). West of the
Lovéneyane, the fjord was open or covered by
drift ice. Often, the concentration of drift ice was
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observed to be patchy or aligned in stripes along
the fjord. In the north, the fast ice in May 1997
extended to the coast of Blomstrandhalveya,
near Elefantsteinen. This area was free of first-
year fast ice in 2000, and was covered only by
drift ice or young grey ice. The area even became
entirely ice-free occasionally during the spring.
In 2001, sea ice formation started very late, and
only the inner part of the fjord was covered with
ice (inner zone 4 in Fig. 1b in Hop et al. 2002).
Most of Kongsfjorden remained open throughout
the winter and spring, which is considered as an
exceptional case.

Ice types

The dominant ice type in Kongsfjorden in winter
is young ice, later in early spring it is first-year
fast ice, and after the onset of melting it is a
combination of fast ice and drift ice. In addition,
icebergs and ice pieces from surrounding glaciers
can be found frozen into the fast ice or drifting in
open water. The latter is a typical situation once
all fast ice disappears in summer.

Fast ice—Some details about the fast ice in
Kongsfjorden from 1997 and 1998 are given by
Gerland et al. (1999a). Due to the geometrical
setting of Kongsfjorden, first-year fast ice is the
dominant sea ice type in Kongsfjorden in early
spring. The ice thickness at Dyrevika at the end
of the freezing season was observed to be about
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Fig. 8. Landsat TM image of
Kongsfjorden, taken 5 May
1998 (channels 4, 3 and 2).
Dark blue lines show present
coastlines, and light blue

lines represent sea ice edges

in summer 1986, on dates
indicated (Mehlum 1991).

On 22 June, there was also
some open water around the
island Eskjeret. Note that at
that time, the channel north

of Blomstrandeya was still
obstructed by the glacier
Blomstrandbreen, which since
then has retreated further north,
as can be seen from the satellite
image from 1998. Sea ice types
are indicated as D: drift ice; P:
pack ice; F: undisturbed fast
ice; and R: rafted and ridged
fast ice with icebergs and
blocks. Ice types were assigned
using both the satellite image
and visual observations on site.

70 cm in 1997 and 60 cm in 1998, and the snow
layer on top of the ice in both years was about
20 cm thick at the onset of the melt. Very little
lateral thickness variations were observed. The
ice consisted of a granular ice layer near the
surface (ca. 11 cm) and columnar ice below a 2 cm
thick transitional zone. The latter exhibited very
long, regular crystals, indicating undisturbed ice
growth.

Young ice.—Early in winter, a large portion
of the fjord surface is covered with young ice,
which immediately affects the energy exchange
between the atmosphere and ocean. Young ice
was also observed later in spring. It forms during
short periods when sheltered areas in the inner
part of the fjord (e.g. between or on the lee side of
the islands Lovéngyane) become ice free due to
wind, waves or currents.

Drift ice—Specific meteorological conditions
combined with tidal currents can lead to large
amounts of drift ice in the fjord. Floes typical
vary in size between 1 and 10 m, and they
originate from either fast ice in Kongsfjorden
or Krossfjorden, or from ice that has been
formed outside the fjord system. Distribution of
drift ice in Kongsfjorden may change very fast.
In the ice characterization (Fig. 8), a distinction
is made between drift ice (D) and pack ice (P).
Here, drift ice corresponds with “very open
pack ice”, and pack ice represents drift ice that
has been pushed together by wind and currents,
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Fig. 9. Photograph taken on the
fast ice in Kongsfjorden in spring
1997, showing level sea ice and
frozen-in freshwater ice pieces
originating from surrounding
glaciers. Photo: S. Gerland.

thus becoming “compact pack ice” (nomenclature
in Steffen 1986).

Processes

Influence of glaciers and the coastline.— Glaciers,
the land surrounding Kongsfjorden and the islands
in it have a direct influence on sea ice properties.
As mentioned above, the glaciers contribute with
icebergs and ice pieces from calving events (Fig.
9). This is meteoric ice (freshwater), and it can
contain ice-rafted debris and sediments entrained
during grounding and scouring (e.g. Dowdeswell
& Forsberg 1992; Whittington et al. 1997). This
affects the optical and mechanical properties of
the sea ice and the melting processes. The faster
moving glaciers (e.g. Kronebreen) cause rafting
and ridging some kilometres downstream from
their fronts. At the transition between fast ice
and land, tides and movement of the ice layer
create cracks in the ice, and occasionally ridging.
Both here and in shallow areas, pebbles and
other rock debris can become incorporated into
the ice. How the changes of the coastline north
of Blomstrandhalveya and the retreat of the
glacier Blomstrandbreen have affected the sea
ice concentration and its properties have not yet
been studied.

Freezing and melting—The inner part of
Kongsfjorden wusually becomes ice-covered
around December/January. In general, the melting
of the surface snow reduces albedo, leading to
enhanced melting followed by weakening of
the mechanical strength of the ice, but normally
with little reduction of thickness. In June 1997,
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the ice porosity was observed to be increasing
significantly within one month, whereas the ice
thickness decreased only little (Gerland et al.
1999a). Comparably thin fast ice during spring
(about 25 % of corresponding fast ice thicknesses
in northern Canada; Brown & Cote 1992) can
be accounted for late and slow freezing and ice
growth, due to mild air temperatures and the
warm water influence from the WSC (Gerland &
Winther 2000).

Ice-surface flooding, ponds.—In spring, ponds
and holes first develop around icebergs and large
freshwater ice pieces frozen into the fast ice.
Once the ice reaches negative freeboard, surface
flooding by seawater occurs (Gerland et al.
1999a). The break-up and final vanishing of the
fast ice is facilitated by the formation of cracks
and pores in the ice.

Formation of snow ice and superimposed ice.—
Formation of snow ice or superimposed ice, as it
is known, e.g. from the Antarctic (e.g. Eicken
1992), was also observed in Kongsfjorden in late
May and early June 1998 (Gerland et al. 1999a).
This layer changes the surface properties of the
ice and could also influence biota associated with
the sea ice environment.

Physical oceanography

Forcing mechanisms

Interactions between forces governing the fjord
circulation, coupled with the complex bottom
topography and coastline, result in a complicated
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flow pattern and distribution of different water
masses within the fjord system. There are
variations in the forcing on a wide range of time
scales, the major ones being the year-to-year
variations in atmospheric climate conditions and
heat transport in the WSC, the seasonal change in
radiation from the sun, the wind varying over time
scales of days, and the daily tidal variations. The
following description of circulation conditions
is based on summer field investigations in 1995,
made by the Geophysical Institute, University of
Bergen (GIUB) (hydrographic mapping with CTD
and current drifters) and between 1996 and 2000
by the Institute of Oceanology, Polish Academy
of Science (IOPAS) (hydrographic mapping with
undulating CTD, and ship-mounted Acoustic
Doppler Current Profiler [ADCP]). In addition,
the Princeton Ocean Model (Blumberg & Mellor
1987) was applied to simulate the upper layer
circulation in response to the two local forcing
mechanisms, wind and freshwater run-off. The
model is a three-dimensional, primitive equation,
o-coordinate model with free surface and a flat
bottom at depth 100 m (for detailed description
see Ingvaldsen et al. 2001). In reality, most of
the fjord is deeper than 100 m, but the bottom
depth variation is not likely to affect the surface
circulation, particularly not in the summer when
there is a strongly stratified brackish layer. The
turbulent momentum transfer from the wind is
not able to penetrate the stable pycnocline present
during the summer, and the wind forcing affects
only the low density surface layer which “slides”
on top of the pycnocline independently of the
deeper circulation. The wind effect penetrates
deeper in situations of less stable stratification,
but will still affect mainly the upper layer, which
is an order of magnitude smaller than the depth of
the fjord system.

The tide travels as a transient Kelvin wave
along the west Spitsbergen coast (Gjevik &
Straume 1989). The tide inside the Kongsfjorden—
Krossfjorden system is a response to the tidal
elevation of the ocean surface outside the fjord
where the amplitude is about 0.5 m. The dominant
component is the semi-diurnal lunar (M), but
there is also a solar component (S,), which
constitutes about 50% of the M, component,
causing the amplitude to vary considerably during
the fortnightly spring-neap period. There is also
an even smaller diurnal tidal (K,) component in
the area (Kasajima & Svendsen in press), which
in some parts of the shelf generates shelf waves.

148

These waves are characterized by oscillations in
the current but hardly any in surface elevation.
Recent measurements (not published) indicate
that such oscillations can also be found in
Kongsfjorden, possibly as a response to shelf
wave motion on the adjacent shelf.

Winds at the west Spitsbergen coast cause
Ekman drift to either pile up or remove surface
water from the coast. The result is an altering of
the stratification of the water outside the fjord
system in the form of down-welling or up-welling.
This builds up a horizontal pressure gradient
between the coast and the fjord system, forcing
water in or out of the fjord area. Conservation
of volume demands that exchange takes place in
both directions.

It is evident that the exchanged coastal water
also includes AW. Since AW in the WSC is
constrained by geostrophy to flow along the shelf
slope, the flux of AW water towards the fjord
mouth must be a consequence of ageostrophic
processes in the Arctic Front, which marks
the boundary between the WSC and the ArW
(shelf water). Like the shelf—fjord exchange,
measurements across the front indicate that
the exchange in the frontal area takes place on
varying temporal and spatial scales.

Inside the fjord system, the circulation is
strongly influenced by the Coriolis effect
because the fjord width exceeds the baroclinic
(internal) Rossby radius of deformation. In a two
layer model the definition of this parameter is
al-=Cf/f, where

S8,
i H
is the phase speed of the baroclinic wave,
PPy
g =8
P2

is the reduced gravity, p,, p, and H,, H, are
densities and depths of the upper and lower
layer respectively, H=H,+H, is the total depth
and f is the Coriolis parameter. A summer
situation simplified by a two-layer model with
p,=1026.4 kg m3, p,=1026.4 kg m>3, H =30
m and A,=220 m gives a rough estimation of
a,=4 km, about half the average width of the
Kongsfjorden. Similar values ranging from 3
to 4 km were obtained on basis of the vertical
density profiles observed every summer in 1996—
2000 in the middle basin. Generally, the currents
tend to turn to the right, and the tidal response
is a tidal Kelvin wave propagating with land to
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the right around the fjord. According to Kelvin
wave theory the tidal current also is along lateral
boundaries (coastlines).

Upper layer circulation

The seasonal variation in freshwater input creates
a very stable stratification in summer and very
weak stratification in winter. Atmospheric
heating during summer and cooling during winter
enhance this effect. The upper layer circulation in
summer is confined to a shallow surface layer.
Field investigations by researchers from the
IOPAS and additional field investigations and
model simulations by the GIUB allow a general
description of the brackish flow, transporting the
meltwater down-fjord. In most cases, the 34 psu
isohaline reaches the fjord outlet at a depth of a
few metres whereas the 33 psu isohaline outcrops
at the surface within the fjord basin, manifesting
the frontal area between coastal and fjord surface
waters. In the inner basin, the salinity of the upper
layer of both fjords drops below 30 psu at the
surface. Usually the thickness of the upper layer
bordered by the 33 psu isohaline is a few metres.
The speed of the brackish current, measured in
July 1999 in the constriction between the inner
and middle basin, ranges from 10 to 30 cm s
! (confirmed by many drifter experiments, e.g.
Fig 13). The down-fjord advection of freshened
water is maintained throughout the whole
tidal period, but the tide modifies the strength
of the flow. Maximum velocity is an effect of
superimposed tidal-, freshwater- and wind-driven
currents. A rough estimation of the freshwater
transport, assuming advection with speed of
20 cm s*! within a surface layer of 5-m thickness,
an average salinity of 32.8 psu, and using a
reference salinity of open sea waters equal to
34.9 gives ca. 200 m?® s”! taking in to account the
width of the measured constriction. Considering
that 90% of the freshwater is supplied to the
fjord during three summer months, we obtain
its volume equal to ca. 1800 10° m3, confirming
the maximum estimates given in Table 3.
(However this value is probably overestimated
because of the assumption of a steady down-
fjord surface flow.) Small amounts of brackish
water, not considered above, flow through the
opening between Blomstrandhalveya and the
glacier Blomstrandbreen. This branch of the
brackish water stream flows partly farther along
the northern side of Kongsfjorden and partly
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recirculates around Blomstrandhalveya, where
it can be identified as a small pattern of cold and
less saline water entering the inner fjord at the
northernmost side of the constriction.

The interactive effects of freshwater and
local wind are illustrated by model runs. The
simulated freshwater driven case (Fig. 10a)
reveals a flow pattern down-fjord that is confined
to the northern side in the outer basin. This flow
is intensified under the down-fjord wind when
the brackish current is also narrower and more
confined to the northern side (Fig. 10b). Since
down-fjord winds prevail over the area (see
Fig. 4), this would be the predominant situation
during summer. This is manifested in the surface
salinity distribution observed 15 August 1995,
which was established by a down-fjord wind (Fig.
11a ). The brackish flow along the northern coast
of Kongsfjorden can be clearly recognized. A
strong current component to the northern side is
also clearly apparent in drifter experiments (Fig.
11b). A similar dynamic response to the wind
is also seen in Krossfjorden where the down-
fjord flow follows the western side of the fjord.
The simulations indicate an active interaction
between the fjord arms.

Simulations of the model with up-fjord wind
give up-fjord surface currents (Fig. 12) stacking
up the brackish water at the fjord head, which
subsequently results in the development of an
across-fjord front and a down-fjord pressure
gradient. The down-fjord pressure gradient
eventually becomes strong enough to overcome
the wind action and turn the flow down-fjord. A
sudden relaxation of the wind would likely set
up an internal seiche, which may cause shear-
induced mixing. Stigebrandt (1976), however,
showed theoretically that a seiche in Oslofjorden
would not survive more than one oscillation. This
has also been observed, e.g. by Svendsen (1969).
The up-fjord winds are rare and short-lasting
events, as indicated by Fig. 4, but one evidence
for such a flow pattern is the development of a
front between the fresher and the more saline
surface waters in August 1995 (Fig. 13a). The
drifter vectors in the constriction show up-fjord
flow enhanced to the right (Fig. 13b).

Observations of the brackish flow, e.g. in July
2000, show how the joint effect of wind- and
wave-induced mixing and entrainment from
the underlying, more saline fjord waters, erode
the upper layer, leading to a higher salinity and
a deeper brackish layer in the outer part of the
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Fig. 10. Simulated surface circulation patterns. (a) Freshwater-driven with run-off from three sources, 55 m* s! from the head
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Fig. 11. (a) Surface
salinity distribution

9L (b)

15.08.95

and (b) surface current
during a period with
down-fjord wind

in 1995. The heavy
arrows on land
represent the wind
conditions during the
mapping (rough scale:
lem=4ms™.

16.08.95

fjord. The rotational effects can also create a
cross-fjord gradient in the layer thickness; the
depth of 34 psu isohaline deepened from 5 m at
the southern coast to almost 20 m at the northern
side of the outer part of Kongsfjorden. The
autumn cooling destabilizes the stratification and
this increases the effect of wind mixing, which
further destabilizes the water column.

In winter, usually only part of the fjord is
covered with sea ice because of the exchange
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with warm AW near the coast. The wind does
not directly affect the circulation in the ice-
covered area, but it may indirectly set up a
circulation under the ice cover. The most typical
wind direction out of the fjord removes surface
water from the ice edge, creating a horizontal
down-fjord pressure gradient under the ice cover.
This gradient may drive water out from the ice-
covered area, setting up a return flow that may
supply Atlantic influenced water to the underside
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Fig. 12. Simulated surface circulation pattern: freshwater and up-fjord wind-driven with the same run-off and wind speed as in
Fig. 10 after (a) 198 hours and (b) 360 hours of simulation time. The wind forcing is present in the period of 192-240 hours. The

Surface height coutours are given in 0.005 m intervals.

17.08.95

(b)
14.08.95

Fig. 13. (a) Surface salinity distribution and (b) surface current during a period with up-fjord wind in 1995. The heavy arrows on
land represent the wind conditions during the mapping (rough scale: 1 cm =4 m s™).

of the ice cover and thereby slow down the speed
of ice growth (Gerland & Winther 2000).

The areas near glacier fronts are extremely
active. Developments of small-scale turbulent
eddies and vortex filaments, were observed
within 50- 100 m of the glacier face during field
measurements in summer 1999 and 2000. The
most intensive turbulent eddies with diameters
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of a few metres were commonly found in close
proximity to direct outflows from the front of
Kongsbreen. Sharp fronts, separating waters
with different concentrations of suspended
matter were clearly visible at the surface. A
strong surface current meandered along the
glacier front with a maximum speed exceeding
1 m/s. Patches of strong turbulent mixing were
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Fig. 14. (a) Calculated baroclinic geostrophic and (b) ADCP-measured current distribution at a section across the middle basin
of Kongsfjorden, measured in July 1999. Positive values are up-fjord.

also distinguishable. These active areas contained
an abnormal amount of dead plankton in the
upper layer and a great abundance of feeding
seabirds (Hop et al. 2002).

Repeated sections along the glacier front
revealed a gradual cooling of the water northward,
with maximum temperatures of 3-4°C found in
the southern part at the surface or sometimes in
the intermediate layers. Patches with decreased
temperature were observed at the intermediate
depths (10-30 m), similar to “cold tongues”
reported in Antarctic fjords (Domack & Ishman
1993). Heat loss results when seawater comes in
contact with the glacier wall or the meltwater
influx from ice melting. Greisman (1979) showed
that heat fluxes between seawater and glacier face
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(9), and thus ice melt rate, are strongly dependent
upon elevation of the seawater temperature over
the temperature at the glacier face (AT) and only
weakly upon a vertical length scale /. (glacier
draft), according to the formula go<(AT)73115.
In Kongsfjorden, AT reaches 5-6°C indicating
intense melting along the glacier face. Melting
of glacial ice and the resulting buoyant plume
can also result in upwelling near the glacier face.
The direction of the temperature drop along
the glacier is a clear evidence of the cyclonic
circulation in the inner basin.

Deep water currents

Remote forcing at the Spitsbergen coast (tide and
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coastal winds) give rise to an internal Kelvin
wave propagating into the fjord system. The
established current is aligned in the direction of
wave propagation with highest speed and surface
elevation along the right border. A considerable
decrease in speed and surface elevation occurs
leftward in the cross-fjord direction if the flow
width is comparable to the Rossby radius of
deformation, defining the rotational effect. In
stratified fjords, such as Kongsfjorden, this effect
becomes significant. As a result water is stacked
up at the southern coast of the inner basin. A
pressure gradient is set up across the fjord and
forces the wave to continue around the basin and
out at the northern side.

Because of the strong pycnocline, circulation
in the deep layers can be, to some extent, inde-
pendent from the upper layer flow. In July 1999, a
great volume of AW was observed in the middle
basin and a disturbance caused by a Kelvin wave,
travelling around the fjord with the coast to the
right, was distinguishable at a cross-fjord section
measured with an ADCP (Fig. 14). This pattern
can be also seen in the distribution of baroclinic
geostrophic currents, computed from the density
field with the bottom as a reference level (Fig.
14). In both cases, an up-fjord flow about 4 km
wide, comparable to the local Rossby radius, was
found at the southern coast, while the opposing,
down-fjord current occurred along the northern
side of the fjord. Measured velocities were not
higher than 8-10 ¢m s”'. On other occasions,
development of cyclonic eddies with diameters
comparable to the fjord’s width, were observed at
cross-fjord ADCP sections in the middle basin.
Such eddies are probably characteristic of the
circulation pattern in this part of the fjord.

As was mentioned above, the Kelvin wave
enters the inner basin along the southern coast
and forces an outflow at the northern side. An
ADCP section, measured repeatedly 15 times
during 22 hours in the constriction between Ny-
Alesund and Blomstrandhalveya, confirmed this
two-directional layout of currents. The velocities
of the opposing flows were highly variable, up
to 10 cm s in the intermediate layer. The width
of the prevailing stream changed periodically
and the up-fjord flow in the southern part of the
constriction was less stable than to the down-
fjord outflow along the northern coast. The
net volume transport across the whole section,
comprising the layer below 20 m (therefore
excluding the surface flow), was revealed to
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be closely correlated with the tidal height (Fig.
15). Both the tidal and wind-driven currents
vary substantially from place to place in the
fjord system. While strong stratification in the
summer months confines wind-driven currents
to the upper layer, the tidal components, which
are strongly influenced by topography, affect the
whole water column and also modify the upper
layer flow. Rough estimates indicate that tidal
currents have velocities of a few cm s in the
middle basin and are intensified in the shallow
inner basin. In general, the observed wind-driven
velocities were 2 -3 times higher.

Water exchange with the coastal area is a very
complex process driven by different mechanisms
(see e.g. Svendsen 1977, 1981; Cannon & Hol-
brook 1981; Klinck et al. 1981; Proehl & Rattray
1984; Stigebrandt 1990) and only qualitative
estimates are possible based on our data. Some
ADCP sections across the Kongsfjorden outlet
revealed an up-fjord directed flow at the southern
side with maximum velocities of about 6-8 cm s™!
measured in the layer occupied by the AW. There
is no shallow sill at the fjord’s entrance and the
ratio between its cross-sectional area and the
total fjord volume is on the of order 10" m.
Thus, advection of shelf waters is not confined
by topography and AW can be transported
directly into the deep layers in Kongsfjorden. A
hypothetical rate of advection of Kongsfjorden
water towards the coastal area was estimated to
be ca. 5 cm s!, based on seaward displacement
of the fjord origin intrusion of freshwater from
the drainage basin, as observed twice in 1999.
In that case, an outflow of fjord water was
found in the intermediate layer between 50 and
110 m, reaching to a range of 15 km from the fjord
mouth. Most often the fjord water outflows at the
northern coast but it was also observed in the
central part of the outlet.

Great amounts of warm AW, transported by the
WSC, were apparent in Kongsfjorden in summer
1999, when the whole volume of the outer basin
below 120 m depth was filled with AW. However,
the highest values of salinity in the fjord waters
were observed in summer 1998, although the
amount of AW found in the WSC core at the
latitude of Kongsfjorden was less than it was
one year later. In this case, AW was transported
onto the shelf via numerous intrusions as well
as within the near-bottom layer of about 50 m
thickness. Thus, the volume of water of Atlantic
origin in Kongsfjorden is related not only to
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Fig. 15. Time series of tidal height and net volume transport across the constriction between the inner and outer parts of

Kongsfjorden, measured in July 1999.

the amount of AW in the WSC core but also to
stability of the WSC flow and the front separating
the WSC from shelf waters. The main cause of
the cross-shelf transport of AW is topographic
steering and irreversible cross-front exchange
caused by barotropic front instability (Saloranta
& Svendsen 2001).

The Atlantic influence on species composition
in Kongsfjorden is outlined in Hop et al. (2002).

Water masses

A generally accepted classification of water
masses in the Nordic seas, proposed by Swift
(1986) and Hopkins (1991), defines the charac-
teristic values of the AW transported by the WSC
as temperature >3 °C and salinity >34.9 psu. The
shelf waters are also influenced by the cold and
less saline ArW, transported in the upper layer
by coastal currents flowing northward around
southern and western Spitsbergen (Fig. 1). Out-
flow from the fjords situated further south also
contributes to the salinity drop in the shelf
waters. As a result of mixing processes, the AW
entering Kongsfjorden differs significantly from
the water in the core of the WSC and can be
regarded as Transformed Atlantic Water (TAW),
with decreased values of temperature and salinity
(T>1°C, S>34.7 psu).

During every summer between 1996 and
2000, TAW with salinity values between 34.7
and 34.96 psu and temperatures higher than 1°C
was observed in Kongsfjorden. However, there
is a significant year-to-year variability in the
volume and characteristics of the TAW. In 1996
and 1997, TAW with temperatures not higher than
1.5°C was found in the outer fjord; this was only
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slightly warmer then local fjord waters. In the
next two years, 1998 and 1999, a large amount of
the warm AW (T>2°C, S>34.7) filled the whole
deep layer below ca. 130 m (for 1999, see Fig. 16a,
¢). A completely different situation occurred in
2000 (Fig. 16b, d), when an intrusion of warm
and highly saline water occupied the main outlet
within a layer between 90 and 250 m, but only
small isolated patches of TAW were observed in
the outer basin of Kongsfjorden. In general, the
horizontal extent of TAW is practically limited by
the sill between the inner and outer basins.

The low temperature (T<1°C) Local Water
(LW) mass spreads mostly over the Atlantic
origin water. In the outer basin, LW can also
be found in the deep and bottom layer since
TAW intrudes the fjord at the intermediate
depths. LW is produced directly in the fjord by
convectional processes during autumn/winter
cooling. It is also formed near the glacier face,
when the warmer water flowing along the ice wall
gradually cools and slowly sinks. In the outer part
of Kongsfjorden, the LW has salinity similar to
TAW (S>34.4 psu), whereas in the inner basin
a drop in salinity of LW occurs as a result of
meltwater input. Extremely low temperatures,
reaching -1.4°C and high salinity were found in
the deep depressions near the glacier walls. They
were filled with the Winter Cooled Water mass
(WCW; T<-0.5°C, S>34.4 psu), produced as a
result of winter cooling, sea ice formation and
the sinking of dense, very cold water in a deep
convection process. The WCW can occupy the
isolated bottom depressions throughout the year.
This process is analogous to the brine formation
in Storfjorden (Quadfasel et al. 1988; Piechura
1996).

The physical environment of Kongsfjorden—Krossfjorden



Kongsfjorden
and Krossfjorden
main outlet

constriction between
Blomstrandhalveoya
and Kolhamna

Kongsfjorden
outlet

Kongsvegen

20.0
Distance (km)

15.0
Distance (km)

20.0
Distance (km)

Temperature (°C)
1999

15.0 20.0 25.0
Distance (km)

Temperature (°C)
2000

30.0 35.0

Lovéngyane face
0

Pressure (db)

Pressure (db)

Pressure (db)

Pressure (db)

Fig. 16. Distributions of salinity (a, b) and temperature (c, d) along Kongsfjorden’s axis in the middle of July 1999 and 2000.

Abbreviations for water masses used in this paper:
ArW  Arctic Water SW
AW  Atlantic Water

IW  Intermediate Water

Surface Water
TAW  Transformed Atlantic Water
WCW  Winter Cooled Water

LW  Local Water
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A decreased salinity characterizes the Surface
Water (SW), which drops to 30 psu in the middle
fjord and below 28 psu in the inner basin near the
glaciers. This brackish water occupies several
metres of the upper water column, but the layer
decreases in thickness towards the fjord mouth.
In Kongsfjorden’s inner basin, meltwater from
glacier ablation results in the development of
a freshened surface layer with a sharp vertical
salinity gradient. Melting of fast ice and icebergs
from glacier calving, common in the inner fjord,
contributes to dilution of the upper layer and
results in a subsurface decrease of temperature. A
relatively thin layer (ca. 2-3 m) of melted glacier
water, extending over the whole fjord surface,
contains a large amount of suspended matter and
undergoes fast heating from solar radiation. In
the period 1996-2000 (data for July) the highest
surface temperature was observed in the middle
basin and exceeded 4 °C, except in 1998, when it
was ca 1-2°C lower. Although river discharge
in Spitsbergen fjords is generally of secondary
importance relative to glacier ablation, strongly
freshened and relatively warm plumes of riverine
water are usually formed near river outlets. Their
vertical extent is confined to the upper 2-3 m.
Due to this significant freshwater input, the SW
in the fjord system is characterized by lower
salinity compared to the typical Arctic SW found
in the coastal area.

Above the TAW is a transitional layer of Inter-
mediate Water (IW) with salinity 34 <S<34.7 psu
(characteristic values lower than in TAW but
usually higher than in freshened surface waters).
It develops through processes of heat exchange
between the surface waters and the underlying
layers as well as a commonly occurring cold
subsurface layer. Entrainment of higher salinity
water into the surface layer and mixing processes
further contribute to the development of TAW.
A layer of IW with T>1°C often spreads over
the cold LW, especially in Kongsfjorden’s inner
basin. This layer’s thickness is on the order of
tens of metres, varying significantly along the
fjord axis.

Volume and spatial distribution of TAW and
LW in Kongsfjorden as well as thickness and
range of SW layer are characterized by signif-
icant interannual variability. The difference in
TAW volume in 1999 and 2000 (Fig. 16) proba-
bly resulted from a smaller amount of AW trans-
ported by the WSC in 2000 than in 1999 (IOPAS,
unpubl. data) and, to greater extent, from the
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prevailing coastal wind direction, favourable for
intensified water exchange in 1999 (see section on
forcing mechanisms).

Suspended particulate matter and
sedimentation processes

Water column

Studies on the concentration and composition of
suspended particles in the water column of west
Spitsbergen fjords have been carried out chiefly
by IOPAS (Weslawski et al. 1993; Zajaczkowski
1997; Zajaczkowski & Legazynska 2001) and
Norwegian universities. More recently, the extent
of scavenging processes, fluxes and resident
times of particles have also been investigated by
the Italian ENEA Marine Environment Research
Centre (Papucci et al. 1998; Papucci et al. 1999).
Unless otherwise stated, the information below
derives from IOPAS and ENEA, including new,
unpublished data. Carried out mostly in April
through September for logistical reasons, all these
studies suffered from a limitation in seasonality.
The data therefore relate to this early spring — late
summer period.

The concentration of suspended particulate
matter in Kongsfjorden is mainly a reflection of
the activity of glaciers, which bring meltwater and
inorganic particles into the fjord (Beszczyeska-
Moller et al. 1997). The concentration of total
suspended solids and the extent of the sediment-
ation processes in the different parts of the fjord
have a direct influence on some key characteristics
of the fjord system (Elverhei et al. 1980; Elverhei
et al. 1983; Eisma 1986; Gorlich et al. 1987; Eilert-
sen et al. 1989; Sexton et al. 1992; Gonzalez et al.
1994), such as: a) the extent of the euphotic zone
and its consequence for primary production; b)
heat exchange with the atmosphere; c) floccula-
tion of colloids and aggregation of particles
(influence on carbon flux); d) direct impact on
organisms living both in the water column and in
surficial sediments; and e) physical-chemical and
geotechnical properties of the sea floor.

Particle concentrations have been estimated by
filtration of seawater on 0.45 um acetate and 0.7
wm glass-fibre filters, at the end of April and May
1996 and July 1998. The weight of dry mass of
total suspended solids and organic solids (ash free
dry weight) was determined by the combusting
method described by Dean (1974). Fluxes of
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particulate inorganic matter (PIM) and particulate
organic matter (POM) were determined with
cylindrical sediment traps of 100 mm diameter
and 700 mm length. The sediment traps were
placed at depths of 5, 15, 30 or 50 m on the stations
located at 2.9, 4.2, 6.8, 8.2 and 9.4 km from the
glacier in spring, and 0.25, 2.9, 4.2, 6.8, 8.2 and
11.8 km in summer. Particulate organic carbon
and nitrogen were measured in accordance with
methods delineated by Hadges & Stern (1984). In
addition, the radioactive disequilibrium of 2**Th/
238U was used as a tracer for estimating the flux of
total suspended solids and the residence times of
particulate thorium, mimicking the behaviour of
the particulate matter (Papucci et al. 1999). The
results showed a strong seasonal trend, mainly
related to the coverage of the fjord by fast ice
and first-year pack ice in the cold season (Haldal
& Haldal 1973; Keck 1999), and to calving and
melting of glaciers during the summer.

In spring (April-May), the highest concen-
tration of suspended PIM was observed in the
inner part of the fjord (Fig. 17), reaching more
than 20 g m™ in surface water under the fast ice.
In the central part of the fjord (8.2 km from the
glacier), the concentration of PIM increased from
1 to 20 g m in the depth interval 0-25 m. The
highest spring flux of PIM (>15 g m? d'') was
observed at 4-6 km from the glacier front at 15 m
depth, probably in relation to organic flocculation
or reflocculation processes (Eisma 1986; Dyer
1989). High concentrations of POM (20-26 g m™)
were observed throughout the spring season in
the upper part of the water column of inner part
of the fjord. A relatively low ratio between
particulate organic carbon/nitrogen (POC/PON
= 5.9-6.5) was measured in spring, suggesting
high concentration of algal cells in the euphotic
zone (Hop et al. 2002). The POM concentration
decreased to <2 g m™ near the bottom. The fluxes
of POM were <0.5 g m? d! at the end of April,
and slowly increased to 4 g m? d! at the end
of May. The low rate of POM sedimentation is
possibly related to the advection and the stratifica-
tion of the water column which results from
glacier activity, as described for Nordasvannet, a
land-locked fjord in western Norway (Wassmann
1985).

During the summer, the horizontal distribu-
tion of PIM showed a sharp peak, up to
340 g m> at the glacier front, and a slow decrease
from 25-30 g m* at the glacier proximal zone
to <20 g m3 about 10 km away. The highest
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Fig. 17. Concentrations of suspended matter. (a) Particulate
inorganic matter (PIM) (g m?), particulate organic matter
(POM) (g m*3), and PIM and POM fluxes (g m* d') collected
in May 1998. (b) The same, measured in July 1998.

flux of PIM (800 g m™? d') was observed at
15 m depth, in front of Kongsbreen, but it never
exceeded 20 g m2 d'!' in the central part of the
fjord. The POM fluxes range from 25 g m?2 d! at
the Kongsbreen glacier front in the upper part of
water column to <6 g m? d! in the central part
of the fjord. The enhanced POM sedimentation at
the glacier front could be a result of upwelling of
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underlying water (which is richer in organisms;
Hop et al. 2002) caused by meltwater discharge,
producing a low-salinity stratum at the surface.
The organisms transported by the upwelled water
usually die from osmotic shock when exposed to
low-salinity water, and then sink (Weslawski &
Legezynska 1998).

Inlate summer (September) the Total Suspended
Solid (TSS) load was about 1 g m=. The residence
time and flux of particulate matter in the water
column in this same period was determined using
the 23%U/2%Th disequilibrium method, tracing
particle dynamics on a time scale of <100 days.
The results (late summer, central Kongsfjorden)
showed: a) a flux of TSS ranging between 7 and
18 g m? d’!; and b) residence time of particulate
234Th of 20-23 days, which is in good agreement
with the value of 18-29 days obtained analysing
the chlorophyll-a biomass residence time from the
sediment traps (Keck 1999). Similar results have
been obtained by Langone et al. (1997) (residence
times 7-8 days, particle flux 1.2-5.0 g m2 d)
close to a retreating seasonal ice margin in the
Ross Sea, Antarctica. In ice-covered open sea,
Cochran et al. (1995) calculated a higher value
of residence time (52-293 days) in the north-east
water polynya of Greenland.

Sediments

The ?'°Pb,, dating technique has been used to
determine the fraction of settling particles which
accumulates on the seafloor (Goldberg 1963;
Koide et al. 1973). The sediment cores were

158

a 2%Pb,, (Bq kg'1)

u “Pbe (Bq kg™)

09 10 20 30 40 00 40 80 120
@‘ - I
101 O - 10
CPAL A
[&]
} 2
2 20 03 e 0
o i
< q, ey
® 301 O me 30
HE
T 40 Ogmm Core V3/98 40 Core KO-1/96
= 0. HH
0HH
500 5 m 50
0
60— 60
0 5 10 15 20 0 5 10 15 20

o "'Cs(Bqkg™)

o "Cs(Bqkg")

Fig. 19. Vertical distribution of the anthropogenic radionuclide
137Cs and the natural radionuclide ?'°Pb,, (Bq kg'!, d.w.). The
sediment horizons were carefully separated onboard in 1-cm
resolution. Frozen samples were then analysed by high-
resolution gamma spectrometry, and the concentration of
210Ph measured in each layer, using the technique described
by Cutshall et al. (1983).The vertical profiles are expressed
in Bequerels kg'!' dry sediment (x axis) against mass depth
(g cm?) (y axis), rather than depth in c¢m, to overcome
artefacts introduced by sediment compaction.

taken in the inner part of Kongsfjorden (Fig.
18), using Niemisto and modified Reineck corers
(for details concerning filtration and samples
analysis procedures, see Fig. 19 caption). Most
of the suspended particles are deposited in the
inner fjord area. The first depositional front is in
the vicinity of the marginal zone of glaciers. The
sediment accumulation rates decrease sharply by
about one order of magnitude from the glacier
front (20000 g m~ a!) to the secondary sill in the
central part of the fjord (1800-3800 g m2a!) and,
again, by another order of magnitude towards the
outer fjord (200 g m? a’l; Fig. 18).

The total inventories of particle-associated
contaminants follow the same trend. For instance,
137Cs (an anthropogenic radionuclide introduced
into the environment within the last 50 years,
which is associated with clay minerals in the
coastal environment) is “trapped” in the sediments
of the inner fjord, which act as a temporary
reservoir of radionuclides. The maximum depth
of occurrence of 3’Cs in surficial sediments
varies from >60 cm in the inner fjord to 10 cm in
the central fjord and <5 cm in outer areas, a depth
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that is compatible with physical and/or biological
activity (Papucci et al. 1998).

To summarize the findings: a) the horizontal
and vertical dispersion of suspended matter,
both organic and inorganic, shows marked
seasonality, mainly in relation to particle export
from glaciers. b) The concentration of TSS begins
to increase in April, reaching its maximum in
July. By mid-September the process is almost
completed. c¢) The residence time of particles in
the water column is about 30 days in the whole
fjord, except near the glacier front, where the
sedimentation processes are very fast. d) A
sharp peak of concentration close to the glacier
front characterizes the spatial distribution of
suspended particles. The area where maximum
sedimentation occurs is the zone marginal to
the glaciers: 200-400 m from the glacier front.
A regular decrease in TSS concentration from
the inner part of the fjord towards the central
and outer parts is also observed. e) The vertical
distribution of particles is characterized by
sub-surface maxima. Close to the glacier it
is positioned at 10 m and is mainly related to
flocculation processes where brackish water
starts to mix with more saline water (Syvitski
1980); in the central/outer parts of the fjord it is
located at 20 m, in connection with the biological
activity and the very low sinking velocity of fine
inorganic particles. f) The particles exported by
the glacier are mainly trapped in the inner part
of the fjord, where the sediment accumulation
rate is one order of magnitude higher than in the
central fjord, and two orders of magnitude higher
than in the outer shelf area.

Underwater radiation regime

General characteristics

The processes governing the penetration of
light into the marine environment are of great
importance for the productivity and ecology
of marine ecosystems (Hop et al. 2002). The
spectral distribution of solar radiation reaching
the Earth’s surface depends on the radiation
emitted by the sun and seasonal variations in
the sun—earth separation, the optical properties
of the atmosphere, the solar zenith angle and the
reflection properties of the earth surface (spectral
albedo). Combining scattering and absorption
processes, the most important optical properties
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of the atmosphere are determined by the content
of stratospheric ozone, aerosols and water or ice
particles (clouds). Scattering and absorption by
water molecules govern the inherent properties
of the water, as well as dissolved organic matter
(DOC), organic particles (e.g. phytoplankton)
and inorganic sediments. While the attenuation
of solar radiation by chlorophyll and sediments
does not show a strong spectral dependence, the
content of DOC strongly affects the attenuation of
UV in the water column (see e.g. Jerlov 1976; Kirk
1994). However, the content of DOC in seawater
is normally low in the Arctic because of low run-
off of organic material from the sparse vegetation
on land. As mentioned previously, the glaciers
transport a large amount of mineral particles to
Kongsfjorden, which results in a strong gradient
in sediment loading from the glacier to the outer
fjord. This content of sediment particles is the
main factor controlling both the irradiance of UV
and visible light penetrating the water column in
Kongsfjorden and, therefore, the extent of the
euphotic zone as well as the spectral composition
of penetrating radiation.

Influence of suspended particles on the
extension of the euphotic zone

As the increase in concentration of suspended
inorganic matter in the surface water results
from the seasonal input of turbid freshwater
from melting snow and calving glaciers, water
turbidity changes drastically in the course of
the year. In the beginning of the summer season,
meltwater forms a turbid brackish water layer
extending about 1 m above the marine water,
strongly decreasing light penetration into the
water column of the fjord. Below this brackish
water layer, the water body is still clear, but later
in summer the sediment-rich water is mixed with
the sea water and the water column become turbid
down to several metres (Hanelt et al. 2001). Apart
from the seasonal variability in water turbidity,
there is also a marked gradient in the extent of
the euphotic zone along the main fjord axis. In
the following, the extent of the euphotic zone is
expressed as the 1% depth of surface irradiance
(PAR) and corresponding vertical attenuation
coefficients of downward irradiance (K,; see
Kirk 1994). Throughout the year, the highest
water transparency is found in the mouth of the
fjord, where the lower limit of the euphotic zone
was determined to be 33.5 m depth (K;=0.13 m';
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Keck et al. 1999). At this site, the concentration
of suspended particles in the surface layer hardly
ever exceeds 15 mg dm™.

In the central part of the fjord, e.g. in the
area between the islands of Lovéneyane, the
concentration of suspended particles range
from 15 to 50 mg dm™ and the observed thick-
ness of the euphotic zone varies from 6 to
25 m (K4=0.76-0.18 m™!) in correlation with the
prevailing current direction and the phase of the
tide (up- or down-fjord current).

In contrast, in the innermost part of the
fjord, where the concentration of suspended
mineral particles can be > 340 mg dm™ close to
fluvioglacial outflows, the euphotic zone might be
limited to only 0.3 m, resulting in extremely high
K, values (K,=15 m™"). Similar large gradients
of sediment concentration and attenuation coef-
ficients, with 1% levels of UV-B and PAR
radiation reaching from 4 to 22 m (for UV-B
and PAR, respectively) in outer Kongsfjorden to
less than 0.5 (UV-B) to 1 m (PAR) close to the
glacier front have also been observed by @rbak
et al. (unpubl. data). However, much reduced light
intensity (0.01 % of surface irradiance) can still be
noted under the muddy surface layer close to the
glaciers. This phenomenon might be connected
with the light transmission through icebergs (M.
Zajaczkowski, unpubl. data).

Role of sea ice

Surface albedo, snow and ice thickness as well as
the optical properties of snow and ice control the
transmission of light in the sea-ice—snow system
(Perovich et al. 1993; Gerland et al. 1999b; Win-
ther et al. 1999; Winther et al. 2001). Gerland et
al. (1999a) described these factors from obser-
vations in Kongsfjorden during the spring sea-
sons of 1997 and 1998. A decrease in albedo
during spring is mainly due to thinning of the
snow cover, development of a refrozen snow
layer and snow-grain growth from about 2 mm
up to 10 mm diameter. The sea ice conditions in
June (see section on sea ice conditions) further
reduce the general surface albedo. Maximum
surface reflectance in mid-May 1997 was about
0.96, whereas in mid-June it was reduced to 0.74.
Since snow that undergoes metamorphosis due
to warming usually becomes more transparent
to solar radiation (Gerland et al. 2000; Winther
et al. 2002), both thinning and changes of snow
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properties increase the level of solar radiation
in the water column below the sea ice. In an
experiment measuring under-ice irradiance, both
with snow on top of the sea ice and also when the
snow was removed from the ice, Gerland et al.
(1999a) showed that about 1 % of the surface value
of radiation (wavelength of 550 nm) penetrated to
the water when it was covered by sea ice and
snow. Removal of the 20 ¢cm thick snow cover,
resulted in a 27-fold increase in irradiance pene-
trating the sea ice. Qualitative thick section
analysis on ice cores from the same study revealed
large variations in optical properties with depth,
depending on ice texture, amount of air bubbles,
brine pockets and channels, and the content of ice
algae. The latter were found in the second half of
May, giving the ice a light brownish colour in the
bottom part of the ice (Gerland et al. 1999a; Hop
et al. 2002).

Wiktor (1999) measured the extent of the
euphotic zone with respect to different sea ice
conditions. While in the inner part of the fjord,
under 1.1 m thick first-year ice topped by a 0.26
m snow cover, the extent of the euphotic zone was
1.4 m, it increased to 14 or 24 m under 0.3 m grey-
white ice topped by 0.01 m snow or 0.06 m of thin
fast ice (nilas), respectively. Under open pack ice
conditions, the euphotic zone may extend down to
25 m depth (Wiktor 1999).

UV radiation in the water column

In the context of seasonal ozone depletion over
the polar regions of the Northern and Southern
hemispheres and the consequent increase of solar
UV-B (280-320 nm) reaching the Earth’s surface,
monitoring of underwater UV radiation is of high
ecological importance. The biological effects of
present day UV-B levels as well as the probable
consequences of future ozone depletion on Arctic
ecosystems are reviewed in detail in Hessen
(2002). Studies conducted in Kongsfjorden have
shown that UV radiation might confer strong
negative effects on the marine environment
(Hop et al. 2002). Despite the high relevance of
continuous UV-B measurements inside the water
column of Kongsfjorden, the database is still very
limited. To date, two data sets are available from
the years 1997-98, recorded by an underwater
32 channel UV-B spectroradiometer developed
at the Alfred Wegener Institute (see Bischof et
al. 1998; Hanelt et al. 2001) installed on the Ny-
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Alesund jetty. Continuous measurements during
the summer seasons demonstrate the strong
seasonal variability in UV-B penetration of the
Kongsfjorden water column (Fig. 20). Vertical
attenuation coefficients of downward UV-B were
averaged from 1 to 6 m water depth and reveal
the decreasing UV-B transparency due to the
input of turbid meltwater during the transition
from spring to summer. Under conditions of high
water transparency, UV-B radiation penetrates
the water column of Kongsfjorden down to a
1% depth of 13 m (Fig. 20). From the middle of
June, UV-B transparency decreases strongly due
to the input of turbid meltwater. Whereas UV-B
irradiance decreases by about 22% m! in clear
waters during spring, the attenuation increases to
about 53 % m™! during summer.

By calculating K, values of UV-B for different
depth intervals separately, the stratification of
the water column can be confirmed (Hanelt et al.
2001). While UV-B transparency in the first 3 m
water depth decreased markedly in the course
of the season, K, values of water masses deeper
than 4 m depth did not change much and were
relatively low (K <0.5 m™) during the spring/
summer season of 1998.

The biological significance of seasonal changes
in UV-B transparency, in addition to the daily
variations in surface irradiance, is illustrated
by data obtained from biological UV dosimeters
which were installed at the water surface and
in different water depths inside Kongsfjorden
off Jakobskjelda, Blomstrandhalveya (Aguilera
et al. 1999). These dosimeters consist of UV-
sensitive monolayers of Bacillus subtilis spores.
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Germinability of spores after exposure reflects
UV induced DNA damage, and data are expressed
as the minimal erythemal dose (MED) per day
(Quintern et al. 1992; Furusawa et al. 1998). Dosi-
meters exposed at 1 m water depth from 22-29
June 1998 recorded 16% of the daily MED in
air, whereas 7% was measured at 3 m depth. In
contrast, dosimeters exposed from 15-23 July
1998 in 1 m water depth only recorded 10% of
the daily mean MED measured in air, and at 3 m
only 2% was detected (Hanelt et al. 2001).

Summary and concluding remarks

This paper has attempted to demonstrate for
Kongsfjorden—Krossfjorden that understanding
the complex interactions between the processes
which determine the circulation and exchange
demands a thorough knowledge of the forces
which govern these processes: wind, freshwater
discharge, tide, and ice formation and melting.
Moreover, interpretation of data pertaining to
suspended particulate matter and sedimentation
processes is dependent on detailed information
about circulation patterns.

It has been shown that the main driving forces
within the Kongsfjorden—Krossfjorden system
have a pronounced seasonal pattern of variation.
For the freshwater supply, this is related to
variations in the calving rate of the glaciers,
precipitation and melting or freezing due to the
seasonal variation in air temperature. The seasonal
variation of the strength of the katabatic winds is
also strongly related to the air temperature. The
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exchange with the adjacent shelf is shown to be
related to irreversible exchange across the front
between the AW along the shelf slope and the
ArW on the shelf. Most of the exchanged water
crosses the shelf and numerous intrusions to the
fjord system take place every year.

We conclude that the main forces driving
circulation and the transfer mechanisms have
been identified and that the variations of the
circulation pattern within the Kongsfjorden—
Krossfjorden system, the variation pattern of
the driving forces, and the effect of the coastal
regime on the fjords are known in their broad
outlines. However, as for fjords in general,
there is a considerable gap in our knowledge
concerning quantification of the effects of, and
interaction between, each of the individual forces
on the flow field and also with the ice conditions
and fluxes of particulate matter:

a) It has been demonstrated that when a low
pressure cell is located south-west of Svalbard
there is a coupling between the geostrophic and
the near surface wind regime, which enhances
the katabatic flow (fjord wind). However, it is
not known how sensitive the wind conditions in
the fjord system are to movements of the low
pressures. Moreover, it is not known how the
geostrophic wind regime affects Krossfjorden
and thus the interaction between the fjord arms.
Future investigations should therefore also include
measurement of meteorological time series (wind,
air temperature) from Krossfjorden.

b) An estimation of the total run-off per year
from different sources has been offered. The
estimations are, however, burdened with some
uncertainty. More detailed information about the
different sources is necessary, especially about
the mass balance of the large glacier Kronebreen
at the head of Kongsfjorden and the glacier
Lilliehookbreen in the western ramification at
the head of Krossfjorden. The total annual run-
off is not a suitable basis for distinguishing the
effects of the run-off and other driving forces
on the observed circulation. This requires a
quantification of the seasonal variation of the
supply from the different sources. There is no
information about the hydrographic conditions in
the fjord system between late autumn and early
spring. Before such data are available the only
way to obtain such information is by modelling,
which requires data about the seasonal run-off.

c) There is a great need for more systematic
monitoring of the sea ice conditions in the
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fjord system, e.g. using radar remote sensing.
Besides surface cooling, brine release during ice
formation is a main reason for the homogenization
of the water masses which takes place in the inner
part of Kongsfjorden (zones 3 and 4 in Fig. 1b in
Hop et al. 2002) during the winter. However, this
important part of the fjord dynamics has never
been investigated and will be given preference
in the field investigations in the coming winter
seasons.

d) Flux estimates based on measurements of
concentrations (C) and velocity field (u), i.e. <uC>,
are uncertain due to the lack of a comprehensive
array of instrumentation necessary to get reli-
able values. Field experiments combined with
application of model tools have been used to
investigate the circulation of the upper layer
in the fjord system and some knowledge about
conditions in the upper layer in the summer
and autumn has been acquired. From observed
hydrographic sections, we also have indications
that an active exchange between the fjords and
the adjacent shelf takes place. The existing
data, however, do not form a base for thorough
investigations of the mechanisms controlling the
exchange or for estimation of fluxes.

To fill the lacunae identified above, there is a
need for more research into physical processes on
different temporal and spatial scales in the fjord
system and the adjacent shelf regime, with special
focus on seasonal variations. There is also a need
to determine the effect of the complex topography
of the fjord system on horizontal pressure
gradients, which may counteract the rotational
dynamics. Furthermore, there is a great need to
distinguish the water mass exchange which is
wind-driven (up/down welling at the coast) from
that which is related to ageostrophic processes in
the slope current. Future investigations should
therefore comprise the whole water column in the
gradient from the head of the fjord arms to the
shelf, including the shelf slope.

Powerful tools to study the dynamics described
above are numerical models and a coupled 3-D
fjord—shelf model is currently being prepared.
Based on this model, in combination with field
experiments, efforts will be made to elucidate
and quantify the dynamic processes that are
currently only partly understood.

e) The concentration of total suspended solids
and the sediment accumulation rate has been
shown to be one order of magnitude higher in
front of the tidal glaciers than in the central fjord,
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and two orders of magnitude higher than in the
outer shelf area. This is related to the strong
mixing processes near the glaciers compared
to a strong stratification of the water column
beyond this area. Future investigations should
aim at filling the major gaps of knowledge that
have been identified. These include processes
occurring at the interface between glaciers
and sea, freshwater outputs, seasonality of
particle population, scavenging, and sediment
accumulation/ remobilization processes, coupling
with hydrological data. Other significant gaps
include stability of bottom sediments and their
mobility with time, and seasonal variability of
particle fluxes in the whole fjord system (TSS,
PIM and POC).

f) It has been shown that suspended particles
and sea ice strongly affect the radiation regime
in the inner part of Kongsfjorden. During the ice-
free season, the influence of suspended particles
on the extent of the euphotic zone is substantial.
It may limit the extension of the euphotic zone to
0.3 m in the innermost part of the fjord, while in
the central and outer parts it varies from 6 m to
30 m. Almost all investigations of the radiation
regime in the fjord system have been carried
out in Kongsfjorden, whereas the radiation
regime in Krossfjorden is largely unknown.
There is a close relation between the distribution
of suspended particles and the circulation pat-
tern. The circulation pattern shows a strong
interaction between the fjord arms and marked
cross-fjord gradients and future investigations
should therefore be carried out in the whole fjord
system.

g) The biological significance of seasonal
changes in UV-B transparency and daily var-
iations in surface irradiance have been investi-
gated. However, the database is still too sparse
to predict the ecological impact of UV-B on the
Kongsfjorden ecosystem (Hop et al. 2002) in
the context of ozone depletion, and more UV-
B measurements inside the water column of the
fjord system are needed.
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