UHI Research Database pdf download summary

Circulation and exchange in a broad Arctic fjord using glider-based observations
Fraser, Neil J.; Skogseth, Ragnheid; Nilsen, Frank; Inall, Mark E.
Published in:
Polar Research
Publication date:
2018
The re-use license for this item is:
CC BY
The Document Version you have downloaded here is:
Publisher's PDF, also known as Version of record

The final published version is available direct from the publisher website at:
10.1080/17518369.2018.1485417
Link to author version on UHI Research Database
Citation for published version (APA):
Fraser, N. J., Skogseth, R., Nilsen, F., & Inall, M. E. (2018). Circulation and exchange in a broad Arctic fjord
using glider-based observations. Polar Research, 37(1), [1485417].
https://doi.org/10.1080/17518369.2018.1485417

General rights
Copyright and moral rights for the publications made accessible in the UHI Research Database are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights:
1) Users may download and print one copy of any publication from the UHI Research Database for the purpose of private study or research.
2) You may not further distribute the material or use it for any profit-making activity or commercial gain
3) You may freely distribute the URL identifying the publication in the UHI Research Database
Take down policy
If you believe that this document breaches copyright please contact us at RO@uhi.ac.uk providing details; we will remove access to the work
immediately and investigate your claim.

Download date: 09. Jan. 2023

POLAR RESEARCH
2018, VOL. 37, 1485417
https://doi.org/10.1080/17518369.2018.1485417

RESEARCH ARTICLE

Circulation and exchange in a broad Arctic fjord using glider-based
observations
Neil J. Fraser

a,b

, Ragnheid Skogseth

c

, Frank Nilsen

c

& Mark E. Inall

a

a
The Scottish Association for Marine Science, Scottish Marine Institute, Oban, UK; bThe Department of Geosciences, University of
Edinburgh, Grant Institute, Edinburgh, UK; cDepartment of Arctic Geophysics, The University Centre in Svalbard, Longyearbyen, Norway

ABSTRACT

In recent years, Svalbard fjords have experienced a substantial reduction in winter sea-ice
extent. This has been linked to changes in wind stress patterns over Fram Strait and an
increased transport of warm Atlantic Water into the fjords. In November 2014, we deployed
two Slocum gliders to Isfjorden and measured the hydrographical properties and depthaveraged currents in the region. The campaign marked the first time gliders have been used
inside an Arctic fjord. We observed geostrophically balanced flow patterns both in the mouth,
where the heat flux into the fjord was calculated to be 0.13 TW, and in the interior of
Isfjorden, where geostrophic flows were up to 20 cm s−1. After a change in the prevailing
wind direction on the West Spitsbergen Shelf, we found evidence for a wind-driven geostrophic control mechanism at the fjord mouth, impeding fjord–shelf exchange, and found
that the geostrophic circulation inside the fjord had broken down. We conclude that the
circulation patterns in Isfjorden are heavily influenced by rotational effects and by wind
activity both locally and on the West Spitsbergen Shelf, and that geostrophically balanced
exchange flows may deliver Atlantic Water to the fjord interior given the correct conditions at
the fjord mouth. The combination of hydrography and high-resolution velocity data from
throughout the Isfjorden region provided new insights into the circulation here, suggesting
that this approach will be useful for studying high-latitude fjords in the future.

Introduction
High-latitude fjords are the link between the ocean
and glaciers. They act as heat sinks for subtropical
waters travelling poleward and, because of glacial
runoff and melting, have a freshening influence on
the polar oceans (Murray et al. 2010; Straneo &
Heimbach 2013). Circulation within these small,
restricted regions has a unique control over the distribution of ocean heat to glaciers. Differences in
geometry and location cause fjords to behave differently so that heat and salt exchange is highly dependent on the circulation scheme within a given fjord.
Ocean dynamics in Arctic fjords are generally controlled by freshwater input, tides, the atmosphere, the
Earth’s rotation, shelf exchange and sea-ice cover
(Skogseth et al. 2004; Nilsen et al. 2008; Cottier
et al. 2010; Inall & Gillibrand 2010). Together, these
forcings determine the extent of any vertical and
horizontal circulation of water masses. The presence
of seasonal ice cover means that the relative importance of the other forcings varies throughout the year,
especially in the case of wind stress, which is strongly
suppressed in the winter. The buoyancy of the surface
layer is affected by salt release during freezing in
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depth-averaged current; IW:
Intermediate Water; SPC:
Spitsbergen Polar Current;
STC: Spitsbergen Trough
Current; WSC: West
Spitsbergen Current; WSS:
West Spitsbergen Shelf;
TAW: Transformed Atlantic
Water

winter, resulting in convective overturning and mixing of the water column, while the opposite process
occurs in summer when melting, runoff and iceberg
calving bring fresh water into the fjord and increase
the stratification (Cottier et al. 2010). Under ice,
vertical mixing is sustained by tides and freshwater
runoff, both of which generate shear between layers
in the water column, and momentum fluxes at the
fjord boundaries. However, during ice-free periods,
the upper layer circulation in a two-layered fjord is
shown to be dominated by the wind (Skogseth et al.
2007). The steep-sided topography of fjords causes
the wind direction to be mainly down- or up-fjord,
either enhancing or impeding the estuarine outflow
of the surface water, while acting to homogenize the
upper layer through vertical mixing.
Winter sea-ice extent around Svalbard has
decreased significantly in recent years, including the
interior of Svalbard’s fjords (Pavlov et al. 2013;
Onarheim et al. 2014; Muckenhuber et al. 2016).
This has been linked to an increased transport of
warm AW (Θ > 3°C, 35.1 < SA < 35.4 g/kg) into
the fjords caused by changes in the prevailing winds
on the shelf (Cottier et al. 2007; Nilsen et al. 2008,
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Nilsen et al. 2016). As calving and melting of
Svalbard’s tidewater glaciers coincides with increased
AW transport (Luckman et al. 2015), fjordic circulation is also key parameter in understanding sea-level
rise. Further observations of the currents within these
fjords would allow a richer understanding of the
dynamics of AW inflow.
Several current systems are present in the Svalbard
region. A northward travelling slope current, the
WSC, transports AW into the region along the shelf
break (Fig. 1). A geostrophically balanced branch of
the WSC has been modelled meandering into the
troughs on the WSS, termed the STC (Nilsen et al.
2016). A coastal surface current, the SPC, brings ArW
(Θ < 1°C, 34.5 < SA < 35 g/kg) around the southern
end Spitsbergen from Storfjorden and the Barents
Sea. All water masses are defined in Table 1.
Isfjorden is the largest fjord on the west coast of
Spitsbergen. It includes four side-fjord systems:
Grønfjorden and Adventfjorden on the southern
side; Sassenfjorden that leads to Tempelfjorden and
Billefjorden;
and
Nordfjorden
leading
to
Dicksonfjorden and Ekmanfjorden (Fig. 1). Several
tidewater glaciers terminate in the Isfjorden system
(generally in the northern and eastern side-fjords)
which have accelerated and thinned in recent decades
in keeping with the wider trend across Svalbard
(Nuth et al. 2010, Nuth et al. 2013). Isfjorden does
not have a sill at its mouth and a 250 m deep trough
(Isfjordrenna) runs across the shelf from the mouth
to the shelf break. It is therefore well connected to the
WSS and slope area, allowing dense AW from the
WSC access to the fjord. The mouth of Isfjorden is
10 km wide (Nilsen et al. 2008), while inside the
width increases to over 20 km. Cottier et al. (2010)
estimated the internal Rossby radius, LR, to be
approximately 3.6–6 km for typical Svalbard fjords.

Isfjorden can therefore be considered a broad fjord,
and we expect rotational effects to be important.
Previous studies of the circulation in Isfjorden
have focused on the trough and mouth area where
the exchange of coastal water and fjord water
occurs. On the basis of the results from the I1
current meter mooring (Fig. 2) and CTD stations
in the mouth and shelf areas of Isfjorden, the STC
and SPC have been found to circulate into the
mouth region of Isfjorden. Analyses of year-round
current measurements show seasonality such that
the STC is stronger in the winter and early spring
than in summer and autumn, and recent modelling
results link the extent of STC penetration into the
fjord mouth to large-scale wind forcing (Nilsen et al.
2016). On the shelf, southerly winds act to converge
the surface layer in the SPC waters against the coast,
raising sea-level height and causing down welling of
the pycnocline. This deepens the SPC, which circulates across the Isfjorden entrance to form a barrier
between shelf and fjord. Sea-surface tilt over the
shelf break is increased, accelerating the barotropic
WSC and shifting it eastward, forcing the STC to
follow shallower isobaths on the shelf and hence
enhancing AW/TAW transport towards the fjord
mouth (Nilsen et al. 2016). Under these conditions
Table 1. Definitions used for the classification of water
masses during the study. Θ denotes conservative temperature. SA denotes absolute salinity while SP denotes practical
salinity.
Water mass
Atlantic Water
Transformed Atlantic
Water
Surface Water
Intermediate Water
Arctic Water

Abbreviation
AW
TAW
SW
IW
ArW

Θ (°C)
SA(g/kg)
SP(psu)
3.0–7.0 35.1–35.4 34.9–35.2
1.0–3.0 34.9–35.1 34.7–34.9
1.0–7.0 30.1–34.2 30.0–34.0
>1.0
34.2–34.9 34.0–34.7
<1.0
34.5–35 34.3–34.8

Figure 1. A map of Isfjorden and adjacent shelf region. All fjords are labelled in italics while black dots mark local weather
stations. The WSC is shown by a red arrow, the SPC is shown in blue and the STC is shown in yellow.
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the deep layer AW and TAW have restricted access
to the fjord because of geostrophic control, a
mechanism whereby the barotropic currents on the
shelf are prevented from circulating beyond the
fjord mouth on account of large horizontal density
gradients between fjord and shelf (Klinck et al.
1981). The STC, effectively blocked off from the
fjord interior by the SPC, instead circulates around
the fjord mouth before continuing northwards along
isobaths on the shelf. This mechanism has been
previously described both in Isfjorden (Nilsen et al.
2008; Nilsen et al. 2016) and other broad fjords in
west Spitsbergen (Svendsen et al. 2002; Cottier et al.
2005). In contrast, northerly winds cause a divergence of the surface layer near the coast. This
diminishes sea surface tilt, weakening the barotropic
pressure field which drives the WSC, and drives an
upwelling of the pycnocline, increasing heat content
of the water column on the shelf (Nilsen et al. 2016).
Off-shore Ekman transport acts to diminish the
geostrophic control mechanism by flattening out
the isopycnals between the SPC and the deeper
STC circulating in the mouth, which opens the
door to rapid deep layer exchange flows between
fjord and shelf. Hence, through differing mechanisms, both northerly and southerly winds can
increase heat flux towards Isfjorden from the shelf
break. There is a relatively sparse literature on circulation and exchange in broad fjords (Ingvaldsen
et al. 2001; Svendsen et al. 2002; Janzen et al. 2005;
Skogseth et al. 2005; Johnson et al. 2011; Inall et al.
2014; Inall et al. 2015; Carroll et al. 2017; Sundfjord
et al. 2017), and it is unclear how the circulation
within Isfjorden, as a broad fjord, interacts with the
exchange mechanism described above, which is
applicable regardless of fjord width.
The objectives of this paper are to (1) classify the
dominant circulation within Isfjorden, (2) quantify
the exchange of heat between fjord and shelf and (3)
study the effect of changing large-scale atmospheric
forcing on the circulation and hydrography of the
Isfjorden interior, extending the current understanding beyond the shelf and mouth regions. To this end
we deployed two Slocum gliders to Isfjorden in
November 2014, which profiled the salinity and
temperature of the water and also provided measurements of the DACs in the fjord. These data
were combined to calculate the absolute geostrophic
velocity fields in cross-fjord sections, giving an
insight into the vertical current structure. The glider
data was supplemented by atmospheric data from
both local weather stations and an atmospheric
model. While gliders have previously been used in
a fjord mouth region (Bachmayer et al. 2007), the
survey marked the first time that gliders have been
operated within a fjordic system. Unlike the existing
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mooring data, gliders provide velocity data with a
spatial aspect, providing a new insight into the circulation patterns in Isfjorden.

Methods
The Slocum glider
Gliders are autonomous, buoyancy-driven, underwater vehicles used to profile the physical and chemical properties of the water column. They were
first detailed in Doug Webb’s lab book in 1986
and publicized in 1989 by Henry Stommel
(Stommel 1989). A number of different gliders
have been developed and used by various organizations; the two gliders that were operated in Svalbard
are Slocum gliders. A Slocum glider is a 1.8 m long,
torpedo-shaped, winged autonomous underwater
vehicle. It has a forward speed of 20–30 cm s−1
and it propagates with a saw tooth-shaped gliding
trajectory of up to 1000 m depth, surfacing between
dives. Forward propulsion is derived through a combination of buoyancy change and pitch-angle adjustment, and steering by means of a tail fin rudder.
The navigation system uses an on-board GPS receiver coupled with an altimeter sensor and magnetic
compass, and back-up positioning and communications are provided by an Argos transmitter. The
two-way communications with the vehicle are maintained by RF modem or the global satellite phone
service Iridium. All antennas are located within the
tail fin, which is raised out of the water when the
vehicle surfaces. As a power source the glider uses
either alkaline or lithium batteries, but the energy
consumption is highly dependent on the amount of
sensors, the sampling frequency, the diving depth,
the stratification and how often the glider surfaces.
The duration of one mission may therefore vary
from approximately 20 days up to one year.
Gliders can be equipped with several sensors
depending on the project in question. The default
sensors measure depth, conductivity and temperature. In addition, gliders can be used as platforms
for current meters, turbulence instruments, and sensors to measure the optical properties of water. DAC
measurements are provided for each dive. When a
glider surfaces, it uses GPS to determine its position
and can compare this to the position at which it is
expected to surface through the use of ‘dead-reckoning’ (based on an internal magnetic compass and
velocity through the water). The difference between
these positions can be attributed to horizontal
advection, and therefore used to calculate current
velocities. The DAC is intrinsically depth-averaged
as a consequence of the fact that the gliders only
have accurate positional data when on the surface.
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Figure 2. The paths of the two Slocum gliders operated in Isfjorden, Svalbard, in November 2014 are shown as yellow and
orange lines. Green circles (red triangles) show the start (end) of sections, with section number shown in black. Purple diamonds
show CTD locations and the I1 mooring location is marked by a white star.

This relies on the assumption that a glider moves at
a constant vertical velocity and hence spends equal
time at each depth level. Merckelbach et al. (2008)
estimated that, due to possible poor calibration of
the sensors and the glider’s calculation method, the
error in DAC data may be up to 2–3 cm s−1.
Table 1 contains the full list of sensors that were
used during the Isfjorden mission, the accuracies
given here provided by the sensor manufacturers.
The two gliders carried additional oxygen, fluorescence, chlorophyll a and turbidity sensors. Glider
CTDs and navigation systems were last calibrated in
October/November 2011 and January 2012, respectively. More details about gliders and their operation
are available in Schofield et al. (2007).
Mission summary
A Slocum glider, called ‘Freyja’ (a Slocum G1 1000M,
unit 105), was deployed on 7 November 2014 around
the entrance to Adventfjorden, embarking on a comprehensive survey of the Isfjorden area over the following three weeks. Figure 2 shows the path taken by
the gliders during the survey, while Table 2 details the
location, start time and end time of each section. The
glider took a transverse section of Isfjorden (Section
1) before entering Nordfjorden, where it took two
Table 2. Sensors used during the glider mission in Isfjorden
and their accuracies.
Parameter
Conductivity
Temperature
Pressure
Oxygen
Turbidity
Chlorophyll a

Sensor
SBE-41 CTD
SBE-41 CTD
SBE-41 CTD
Optode 3835
ECO-FLNTU
ECO-FLNTU

Manufacturer
Sea-Bird
Sea-Bird
Sea-Bird
Aanderaa
Wet Labs
Wet Labs

Accuracy
±0.005 g/kg
±0.002°C
±2 db
8 µM or 5%
0.01 NTU
0.025 µg l−1

sections, one across-fjord (Section 2) and one alongfjord (Section 3). It then took a cross-section of
Sassenfjorden (Section 4) before taking a section
along the north side of Isfjorden (Section 5). For
this section it was joined by ‘Snotra’ (a Slocum G1
1000M, unit 081), a second Slocum glider, which was
deployed on 13 November 2014, also around the
entrance to Adventfjorden, before heading towards
the head of Isfjorden. Once there, Snotra took a
section along the centre of Isfjorden, southward of
that taken by Freyja (Section 7). The intention was to
continue this trajectory out onto the WSS region;
however, Snotra detected a leak near the mouth of
Isfjorden and had to be recovered early. Section 7
data contains a gap as a result of this malfunction.
Finally, Freyja covered the mouth area of Isfjorden
with a cross-section (Section 6) and then returned to
retrace Section 1 (hereafter Section 1b). Freyja and
Snotra were rated to a depth of 200 m and 1000 m,
respectively.

CTD sections
The hydrography data from the Slocum gliders were
complemented by ship-based CTD profiles taken
using the Sea-Bird Electronics SBE19plus V2 CTD.
Since ship-based CTD sections are generally carried
out faster than glider transects, the CTD sections are
less influenced by temporal changes and may be
considered more synoptic. They were therefore used
as a basis of comparison to test the accuracy of the
glider hydrography data and hence gauge the usefulness of gliders in a high-latitude fjord environment.
The temporal disparity between glider and ship-based
hydrography sections was in all cases less than two

POLAR RESEARCH

5

Table 3. Overview of each section taken using either Slocum glider or CTD. Glider section start/end times are rounded to the
nearest half hour. For glider sections n is the number of dives while for CTD sections n is the number of casts taken.
Section no.
1
2
3
4
5
6
7
1b
1 (CTD)
2 (CTD)
4 (CTD)

Instrument
Freyja
Freyja
Freyja
Freyja
Freyja
Freyja
Snotra
Freyja
SBE19plus
SBE19plus
SBE19plus

Location
Isfjorden mid-fjord
Nordfjorden
Nordfjorden
Sassenfjorden
Along Isfjorden
Isfjorden mouth
Along Isfjorden
Isfjorden mid-fjord
Isfjorden mid-fjord
Nordfjorden
Sassenfjorden

weeks, and in most cases two to three days. In order
to give context to the time evolution of the hydrography within Isfjorden during the campaign, the
November 2014 conditions at Section 1 were compared to CTD sections taken at the same location in
both April and September that year.
The SBE19plus was calibrated in March 2012.
Section times and locations are given in Table 3,
with the locations also marked in Fig. 2.
Atmospheric data
November 2014 data from five nearby weather stations were compiled in order to study the interaction
between fjordic circulation and wind forcing. The
stations were located at Isfjorden Radio,
Bohemanesset, Longyearbyen Airport, Adventdalen
and Pyramiden, shown in Fig. 1, and gave 10 m
wind speed and direction data with a 6-hourly temporal resolution. Isfjord Radio, Longyearbyen Airport
and Pyramiden are weather station data delivered
from eKlima (www.met.no) while Bohemanneset
and Adventdalen are University Centre in Svalbard
weather stations. Output 10 m wind fields from the
2.5 km resolution AROME–Arctic model (Seity et al.
2011) were interpolated onto the mid-time and midposition of each glider dive so as to compare each
DAC measurement to the local wind conditions. The
model also was used to provide 2 m air temperature
data which were spatially averaged over the Isfjorden
region, taken here as 78–78.5°N, 13–17°E, and linearly interpolated onto the same 6-hourly time-step as
the weather station data.
Glider data
The DAC values after each dive were assigned to the
mid-point between the dive start and end position,
essentially collapsing a V-shaped dive onto a single
position. This was based around two assumptions:
firstly, that horizontal variability is small; and, secondly, that the glider followed an approximately linear course while underwater. The second assumption
may not be valid when the glider was navigating a
crooked path between sections, but should be

Start time
2014-11-07 19:30
2014-11-11 08:25
2014-11-12 21:45
2014-11-15 09:05
2014-11-18 19:50
2014-11-22 07:55
2014-11-18 12:25
2014-11-26 13:30
2014-11-20 09:51
2014-11-12 12:56
2014-11-13 15:50

End time
2014-11-08 17:05
2014-11-12 05:41
2014-11-14 14:38
2014-11-16 08:02
2014-11-22 07:05
2014-11-23 00:50
2014-11-21 17:35
2014-11-27 14:30
2014-11-20 14:44
2014-11-12 16:48
2014-11-13 20:50

n
12
16
27
13
46
10
27
13
8
7
10

reasonably accurate for when the glider was taking
straight sections. Vertically sheared currents could
also have caused the glider to follow a non-linear
path, making this assumption less valid. Because the
glider uses a magnetic compass to navigate while
underwater, the raw velocity data were referenced to
magnetic north rather than geographic north.
Magnetic declination is relatively large in Svalbard
and, crucially, varies by around 2° throughout the
region of study. The DAC vectors were therefore
each converted into a geographical co-ordinate system using a localized transformation.
In order to later equate the DACs to calculated
geostrophic velocities, tidal velocity data were
obtained via the Arctic Ocean Tidal Inverse Model
(AOTIM-5) (Padman 2004). The model, which
describes a barotropic ocean at 5 km resolution, was
used to acquire the tidal velocity components at the
mid-point (and mid-time) of each dive (dive displacement was generally less than 1 km and dive duration was less than 2 hours in all cases). These
velocities were then subtracted from the observed
depth-averaged velocities in order to eliminate barotropic tidal signal from the data. AOTIM-5 output
was compared to barotropic tidal velocities from
acoustic Doppler current meters at three different
depths (50, 100, and 200 m) on the I1 mooring near
the mouth of Isfjorden (Fig. 2), in order to test the
accuracy of the tidal model in the region of study.
Tidal analysis of the acoustic Doppler current meter
data was performed using the ‘t_tide’ MATLAB package (Pawlowicz et al. 2002). Figure 3 shows that,
while the two results are generally in phase, the
model significantly and systematically underestimates
tidal velocities at the mooring site for November
2014. This may be caused by an intensification of
tidal currents near coastal boundaries which is not
resolved by the 5 km model grid. We therefore anticipate residual tidal signal will contaminate the DAC
measurement, with the effect likely to be smaller away
from coastal boundaries. We proceed with the tidal
subtraction method in order to reduce the tidal signal
in the DAC data, though it may not eliminate it
completely. Uncertainties may also occur as a result
of wind-driven dynamics when the glider is on the
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Figure 3. Comparison of AOTIM-5 output (blue) to tidal constituent data from ADCM data (dashed black) at the I1 mooring site,
November 2014.

surface. When the glider first surfaces it has no
information about its position and must wait for a
GPS connection. Hence, the time taken for this connection to be established and the magnitude of the
wind stress both contribute to a potential wind bias
in the DACs. This time interval was generally around
1 minute and was in all cases less than 2 minutes.
Whenever the pressure reading fell below a given
threshold, all hydrographic data were considered to
be from the surface and therefore not deemed to be
of interest. The threshold pressure was usually 0.2 db,
but was sometimes adjusted to ensure that all surfacings were registered. Glider CTD lag was corrected
according to the methods described in Garau et al.
(2011). Absolute salinity, conservative temperature
and pressure data from each glider section were
interpolated onto a 1 km × 1 m grid and smoothed
at 3 km × 3 m resolution using Barnes’ objective
analysis method (Barnes 1994). Some adjustment of
the smoothing radii was carried out and we chose the
largest smoothing radii that did not remove what we
believed to be physical features.
The hydrography fields were used to generate
absolute velocity fields. The thermal wind equations,
rotated into a fjord-oriented basis (Eqn. 1), shows
how vertical shear is a function of the horizontal
density distribution.
f

@v
g @ρ
¼
@z ρ0 @x

(1)

Here, x indicates the across-fjord coordinate, z is the
depth coordinate, v is the along-fjord velocity, f is the
Coriolis parameter, ρ is the density and ρ0 is the
reference density. Integrating over depth yields the
geostrophic velocity at each depth level relative to the
sea surface velocity (for this calculation we used

functions provided in the Gibbs Seawater
Oceanographic Toolbox [McDougall & Barker
2011]). Some adjustment parameter, vref, is then
required in order to find the absolute velocities:
vðx; zÞ ¼ v0 ðx; zÞ þ vref ðxÞ;

(2)

where we have defined
ð0
g
@
v ðx; zÞ ¼
ρðx; z0 Þdz0
f ρ0 @x
0

(3)

z

The v’ fields were referenced using the DACs. The
DAC vectors were interpolated onto the same horizontal grid as the geostrophic velocity fields at the
surface, and the component perpendicular to the
given section, vDAC, was used to generate an adjustment parameter, vref, at each grid location:
1
vref ðxÞ ¼ 
H

ð0

v0 ðx; zÞdz þ vDAC

(4)

H

H is the maximum observed depth. The result is a
depth-varying velocity field that is calibrated using
observed data, giving an insight into the vertical
velocity structure. This method includes the barotropic component of the geostrophic flow as the DACs
are intrinsically barotropic, but we cannot eliminate
ageostrophic terms such as wind stress, bottom drag
and any residual tidal signal. We hereafter refer to
these fields as absolute velocity.

Results
Atmospheric data
Wind vectors for the month of November 2014 are
shown in Fig. 4, with the glider and CTD section
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Figure 4. Six-hourly wind velocity time series at Isfjord Radio Station (IRW), Bohe-manneset (BOH), Longyearbyen Airport (LYR),
Adventdalen (ADV) and Pyramiden (PYR) for November 2014. The bar along the top of the figure shows the time periods during
which sections were being taken, with yellow and orange denoting Freyja and Snotra, and purple denoting CTD.

durations shown along the same timescale. At Isfjord
Radio (Fig. 4a), situated on the west coast of
Spitsbergen, the prevailing wind direction was from
the north during the first half of November.
However, after the 15th, this pattern was punctuated
by a series of strong southerly winds with increasing
regularity, such that from the 22nd onward the prevailing winds were southerlies. Two particularly
strong shelf wind events occurred during the study,
with strong north-easterlies at Isfjorden Radio
between 7 and 9 November, and strong southerlies
on the 22nd and 23rd, each with wind speeds of over
15 m s−1. Strong southerly wind events also occurred
on the 15th and 27th, though these were of shorter
duration. The wind events were captured by the other
stations situated inland from the coast, with similarly
high wind speeds but often in a different direction to
those on the shelf on account of topographic steering.
Up- and down-fjord are not necessarily 180 degrees
out from one another at the stations on headlands.
For instance the winds at Longyearbyen Airport were
predominately southerly with a shift from south-easterly (down-fjord) to south-westerly (up-fjord) starting on the 15th. During down-fjord winds, the winds
at Longyearbyen Airport match those at Adventdalen,
indicating that it is affected by wind blowing out of
Adventfjorden. The up-fjord winds at the same locations are directed into Isfjorden. At Bohemanneset,
the winds were predominately northerly (out of
Nordfjorden) prior the 15th, with the south-

westerlies (into Isfjorden) in the latter half of the
month corresponded to strong southerlies on the
shelf. Figure 5 shows the 10 m wind vectors from
the end of each dive, plotted at corresponding glider
surfacing times and positions.
The mean of the modelled 2 m temperature data
(Fig. 6) over Isfjorden before 15 November was −12.6°
C, while after the 15th this increased to −5.6°C. Any
temperatures greater than −2°C corresponded to
strong southerly shelf winds (>11 m s−1).

Hydrography
Conservative temperature and absolute salinity for
corresponding glider and CTD sections are compared
in Fig. 7, with all glider hydrography shown in Fig. 8.
While Sections 1, 2 and 4 were covered by both the
CTD and the glider, they do not always coincide
exactly, as ship-based CTD casts were taken around
1 km closer to shore than the glider can safely operate, and they may have exceeded Freyja’s maximum
dive depth of 200 m. The hydrographic structure is in
good agreement between the ship-based CTD data
and corresponding glider data (Fig. 7), particularly
at Section 2 where the two transects were taken one
day apart. This gives confidence in glider CTD calibration and in the gliders’ ability to measure the
conditions over cross-fjord sections on a synoptic
timescale. However, this may not hold when wind
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Figure 5. De-tided DACs, overlayed with corresponding 10 m wind velocity from the AROME–Arctic model, in (a) across-fjord
sections in November 2014. (b) Sections 3 and 1b and (c) along-fjord Sections 5 and 7 are shown separately to avoid overlap.
DACs vectors (cm/s) are shown in yellow while 10 m wind vectors (m/s) are shown in black.

forcing is changing significantly during the time period the transects are occupied, such as in Sections 5
and 7, which were taken over several days (Fig. 4).
The hydrography sections (Fig. 8) indicate that, during the period of study, Isfjorden may be treated as a
two-layer, salinity-stratified system, with the pycnocline
generally weaker at the mouth and stronger towards the
head of Nordfjorden and Sassenfjorden. Much of the
Isfjorden interior displayed a well mixed surface layer
(SA ≈ 34.8 g/kg, 2 < Θ < 3°C) around 100 m in depth,
which falls under the category of IW (Θ > 1°C,
34.2 < SA < 34.9 g/kg [Svendsen et al. 2002]). Below

this depth we see a deep layer consisting of both TAW
(1 < Θ < 3°C, 34.9 < SA < 35.1 g/kg), a water mass
generated by the mixing of AW and ArW (Svendsen
et al. 2002), and AW. The range of temperature and
salinity values detected by Freyja and Snotra are displayed in Θ − SA space in Fig. 9. The lighter water
masses within the fjord generally fall along a mixing
line between IW and AW, with no Surface Water
(SW, 1 < Θ < 7°C, 30.1 < SA < 34.2 g/kg) present,
while AW is found in the deep layer. Temperature
generally increases moving in-fjord from the mouth,
with the coldest waters found in Section 6 and the
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Figure 6. Air temperature at 2 m height in the Isfjorden region from the AROME–Arctic model (blue) along with the meridional
wind component from Isfjord Radio weather station (dashed black). The bar along the top of the figure shows the time periods
during which sections were being taken, with yellow and orange denoting Freyja and Snotra, and purple denoting CTD.

Figure 7. Conservative temperature (°C) and absolute salinity (g/kg) from CTD for cross-fjord Sections 1, 2 and 4, with the
corresponding glider section shown beneath for comparison. Sections 1 and 4 are viewed looking east, Section 2 is viewed
looking north. Colour contours denote conservative temperature while solid black lines denote isohalines.

warmest waters found at the entrance to Nordfjorden
(Section 3). Based on the available hydrographic data,
we estimated LR to be 1.2 km.
Sections 1, 5, 7 and CTD Section 1 all see the
pycnocline tilt upwards in the Isfjorden mid-fjord
region such that it almost reaches the surface, and
taken together these sections describe a convex dome
of warm and saline water residing there, centred
around 5 km north-east of the intersection of
Sections 1 and 7 (Fig. 2). Section 1b, taken six days
later than CTD Section 1 at the same location, does
not see this feature, the pycnocline having flattened
out to a depth of around 100 m. Sections 2 and 3 see
pockets of AW, some of the warmest observed in the
region, reside near the bottom of Nordfjorden
centred above the 100 m isobath on both sides and
at the head of the fjord. Warm AW is also located at
depth in Sassenfjorden, as seen in Sections 4 and 5. In

Sections 5 and 6, the deep layer in the fjord mouth
was found to be colder than that in the fjord interior,
and the stratification weaker. The freshest, coldest
waters were found above 100 m at the north end of
Nordfjorden (Section 3) and on the surface at the
southern side of the Isfjorden mouth (Section 6).
The additional CTDs (Fig. 10) show that cold,
saline ArW occupied the Isfjorden mid-fjord in
April. The September data show a straight mixing
line between these April conditions and AW, which
suggests that AW was introduced into the fjord during the summer. There is also evidence of surface
freshening over the summer due to the presence of
very light and warm SW in September that has mixed
with AW, creating a warm IW. By November the SW
is no longer present, with the entire upper layer
consisting of colder IW falling along a mixing line
between AW and ArW.
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Figure 8. Conservative temperature (°C) and absolute salinity (g/kg) from all glider sections. All sections are viewed looking east,
other than Section 2 which is viewed looking north and Sections 5 and 7 which is viewed looking south. The negative scale on
the horizontal axis for Section 1 is due to the fact that, unlike the others, this section was taken from right to left as viewed in
the figure. Colour contours denote conservative temperature while solid black lines denote isohalines. In (g), the fjord entrance
is at 50 km, with the fjord mouth beyond.

Depth-averaged currents
The de-tided DACs for all cross-sections are shown
in Fig. 5. Speeds of up to 30 cm s−1 were observed
across the fjord mouth (Section 6). In the fjord interior the DACs were considerably weaker, with the
maximum value of 22 cm s−1 observed in Section 1.
Tidal currents seldom exceeded 2.5 cm s−1, and so
had a significant influence only in regions where the

DACs were particularly weak. The DACs demonstrate across-fjord current variability in all cross-sections, though the velocity structure is highly variable
between the sections. Section 1 and, in particular,
Section 6 describe a strong inflow (outflow) near
the southern (northern) shore of Isfjorden. Section
1b, which retraced Section 1 19 days later, did not
exhibit this behaviour as strongly, displaying a generally southward flow, out of the fjord, with a small
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Figure 9. Θ-SA diagram (a) cross-fjord sections of Isfjorden, Nordfjorden, Sassenfjorden and the Isfjorden mouth region and (b)
along-fjord sections of Isfjorden and Nordfjorden. Data from the different sections are denoted by colour. Black boxes denotes
AW, TAW and IW classifications.

Figure 10. Θ-SA diagram showing the evolution of central Isfjorden between April and November 2014, combining CTD and
glider data.

region of moderate inflow (ca. 7 cm s−1) adjacent to
the southern boundary. Section 4, across the entrance
to Sassenfjorden, describes a generally westward flow
of about 10 cm s−1, with some variability in the
current direction. Westward currents are observed
both across the entrance and around the head of

Nordfjorden (Section 3), with northerly flow found
on either side (Section 2). Section 5 describes an
inflow on the right hand side of the Nordfjorden
entrance, and generally shows an outflow along the
northern bank of Isfjorden. Section 7 describes strong
southerly flows along the centre-lines of both
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Figure 11. Absolute velocity fields, for cross-fjord Sections 1, 1b, 2, 4 and 6 and along-fjord Section 3. All sections are viewed
looking east, other than Section 2, which is viewed looking north. Positive velocity here means a flow into the page. Solid black
lines denote isopycnals of σθ.
Table 4. Adjustment parameters used when referencing the
absolute velocities using the DAC referencing method, vref (x).
The adjustment is different for each dive and therefore
depends on the lateral position, x. Here the mean and maximum absolute values are given for each section. All values
are given in cm s−1.
Section no.
1
2
3
4
6
1b

jvref ðxÞj
6.8
6.1
6.5
6.0
13.5
2.8

max(|vref(x)|)
15.5
13.6
10.3
8.0
26.7
6.2

Sassenfjorden and Isfjorden, with some south-easterly
currents to the south-west of the Isfjorden mid-fjord
region.

Absolute velocities
The absolute velocity and potential density for fjord
cross-sections are shown in Fig. 11. Although vertical
shear was evident throughout the region, this was not
always obvious in regions where the barotropic term
from vref was dominant, such as in Sections 1 and 6.
Section 1 sees fast inflows and outflows at all depths
on the respective southern and northern sides, but
also sees current speeds increasing with depth such
that current cores are positioned at 200 m. Section 6

has a similar horizontal structure but with stronger
current speeds and a weaker baroclinic signal, with
some vertical shear evident near the surface on the
northern side. Sections 1b and 4 describe a net outflow of Isfjorden and Sassenfjorden, respectively, with
some cross-fjord variability but no distinct velocity
pattern. Section 2 shows a northward flowing current
core at depth towards the western side of
Nordfjorden, while Section 3 describes westward
flow at depth towards the north end of
Nordfjorden, and a westward flow across the mouth
of Nordfjorden at all depths. The mean adjustment
parameter, vref, for the entire study was 7.0 cm s−1,
with a maximum value of 26.7 cm s−1 found in the
Section 6 outflow region. The mean and maximum
values for vref in each section are included in Table 4.

Discussion
Circulation patterns in Isfjorden
The DACs from Sections 1 and 6 display cross-fjord
geostrophic circulation in central Isfjorden and in the
mouth region, where the inflow takes place on the
right-hand side and, correspondingly, outflow is
observed on the left-hand side (looking into the
fjord). This is consistent with the doming isopycnals
in the mid-fjord region of Isfjorden which are
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symptomatic of a cyclonic eddy centred there. The
DACs from the mid-fjord region in Sections 3 are
also consistent with this cyclonic circulation structure.
In the eastern and northern parts of Nordfjorden the
DACs appear to follow a cyclonic flow pattern (Fig. 5),
as would be expected in the geostrophic case. These
results are in general agreement with other studies that
report three-dimensional circulation in broad fjords in
Svalbard (Ingvaldsen et al. 2001; Svendsen et al. 2002;
Skogseth et al. 2005; Carroll et al. 2016; Sundfjord et al.
2017) and Greenland (Johnson et al. 2011; Inall et al.
2014; Carroll et al. 2017). The DACs from the end
points of Sections 1 and 6 flow approximately tangent
to isobaths, indicating that the geostrophic flow is
guided by topography. Currents following contours
deeper than about 200 m will circulate around central
Isfjorden and have limited access to Nordfjorden and
Sassenfjorden and, therefore, to glacier termini. This is
consistent with the eddy pattern seen in the Section 1,
3 and 7 DACs, and the doming feature seen in Section
1, 7 and CTD Section 1 hydrography. In Section 1b we
see a southward flow in all but the southernmost DAC
vectors. While qualitatively this fits the criterion of
inflow (outflow) on the right (left), the strength of
the inflow is much diminished in comparison to
Section 1 and is not large enough to compensate for
the outflow.
The absolute velocity field for Section 6 (Fig. 11f)
is dominated by the barotropic signal, since the
z-independent vref was large. The dominance of the
barotropic signal is likely due to the weak stratification here, hence we see velocities throughout the
water column following the same isobaths, as is
expected in a rotating barotropic fluid (Taylor
1917). Section 1 (Fig. 11a) sees a similar geostrophic
circulation pattern reside in the fjord interior, inherited from the DACs, though the baroclinic term
describes significant vertical shear and in general
produces faster currents in the deeper layer than
those at the surface. The fastest inflow in central
Isfjorden, Section 1, is observed at around 200 m,
the maximum dive depth for Freyja.
The geostrophically balanced flow structure in the
mouth and main body of Isfjorden (Sections 6 and 1)
is not observed in the shallower side-fjords,
Nordfjorden and Sassenfjorden (Sections 2 and 4).
In the north-western part of Nordfjorden the DACs
measured in Sections 2 and 3 seem to converge as the
westward flow at the head of the fjord meets a northward flow near the western shore. If the circulation in
Nordfjorden were geostrophically balanced, we would
instead expect southward flowing currents on the
western shore of the fjord, contrary to those seen in
Section 2. The Section 3 temperature and absolute
velocity fields (Figs. 8d, 11d) together describe a
westward-travelling AW current core following the
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100 m isobath. However, on the western side of
Section 2 (Fig. 11c), there is a northward flow of the
entire water column, intensifying with depth, while
on the eastern side we see northward flow which is
strongest at the surface, both of which contradict this
interpretation. The currents in Sassenfjorden, seen in
Section 4, are largely directed out of the fjord without
any counter flow, which suggests a net draining of the
fjord. A small inflow can be seen in the southernmost
DAC vector in Section 4, a similar structure to
Section 1b, but it is not large enough to balance the
outflow. The DACs in these regions may be more
influenced by ageostrophic effects, giving a value for
vref that is not representative of the barotropic geostrophic signal, therefore obscuring the mean velocity
structure in Nordfjorden and Sassenfjorden. It is
likely, however, that the barotropic currents observed
in the main body of Isfjorden are steered by contours
deeper than the side fjords, and hence have a limited
influence on these regions.
We anticipated that the time spent by the glider on
the surface before and after dives would skew the DAC
towards the surface velocity, which is heavily influenced
by wind activity. Counter-intuitively, the opposite
appears to be true, particularly in Sections 2 and 4,
where the DAC vectors lie opposed to the 10 m wind
velocity vectors. Possible causes include residual tidal
signal, supposing tides are stronger in Nordfjorden and
Sassenfjorden than captured by the tidal model, and
barotropic seiching motions. However, Section 4 was
around 23 hours in duration, so tides cannot account
for the sustained out-fjord velocities found there. The
barotropic seiching period, given by Merian’s formula
T = 4L/ √gH (Von der Mühll 1886), is on the order of
1 hour in Nordfjorden and Sassenfjorden, given a fjord
length L of 25 km and an average depth H of 150 m, so
again this does not explain the observed DAC structure.
We speculate that the small inflows seen in the southernmost DACs of Sections 4 and 1b may represent
intensified inflows residing above the steep, narrow
slope, which were not fully captured by the glider due
to their small spatial extent and proximity to the coast.
A similar phenomenon may explain the seemingly
unbalanced circulation in Section 2.
In cases where the DACs have no clear geostrophic influence we appeal to the hydrography,
which is less variable over short timescales, to give
a better indication of the background circulation
pattern. Section 2 hydrography (Fig. 8c) points
towards a geostrophic current at depth, where we
see a downward sloping of the isopycnals towards
the boundaries and two AW cores, one on either
side of the fjord bottom. This type of structure is
not seen in the density distributions of either
Sections 4 (Sassenfjorden) or 1b, each of which
is consistent with a lateral overturning circulation.
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Heat distribution and transport
From the Θ−SAdiagram (Fig. 9), we see that temperature increases with distance into the fjord, with the
warmest waters found in Nordfjorden and the coolest
found at the fjord mouth, showing that AW is able to
penetrate the upper reaches of the Isfjorden system.
Relatively little AW was found in Section 6, however
the water depth at the Isfjorden mouth exceeds
400 m, so it is possible that AW was resident there
at a greater depth than the 200 m rated glider was
able to observe. The differences between the water
column in the fjord and in the mouth are highlighted
at the western end of Section 5 (Fig. 8g), where a
vertical temperature front is present 50 km along the
section between the IW in the fjord interior and SPC
origin water found in the mouth. The absence of
these mouth-resident water masses throughout most
of the fjord interior suggests that the front is caused
by a branch of the SPC circulating across the fjord
entrance. This is consistent with the cold inflow seen
at the southern side of Section 6 (Fig. 8f). A downwards slope towards the fjord is observed in the
isohalines (which are a good proxy for the isopycnals,
not shown) outside the fjord (beyond 50 km in
Fig. 8g), restricting AW or TAW exchange in the
lower layer as explained in Nilsen et al. (2008). This
coastal down welling is due to the strong southerly
winds recorded at Isfjord Radio at this time. The
density front associated with the negative (eastwards)
tilt of the pycnocline, together with increased northward barotropic flow due to the positive sea surface
tilt, indicates a geostrophic control mechanism that
acted to shut off the fjord from the shelf. Although
geostrophic control was in place during the occupation of Section 5, the introduction of AW into the
fjord system between April and September (Fig. 10)
implies that deep layer exchange flows are sometimes
permitted.
The absolute velocity and hydrography fields from
Section 6 were combined to give a positive heat flux
of 0.13 TW, indicating that heat is delivered up-fjord
by the geostrophically balanced shelf currents circulating in the mouth. This seems to contradict the
cooling trend seen in the time evolution of the fjord
over November (Fig. 9a). However, because of the
geostrophic control observed in Section 5, where the
AW outside the fjord is cut off from that inside by
coastal down welling in the mouth, it cannot be
assumed that this heat was delivered to the fjord
interior. We may have witnessed an anomalously
warm region of the STC on the southern side of
Section 6, destined to simply recirculate in the fjord
mouth before continuing northwards on the shelf.
Also, as previously noted, the water depth at Section
6 is considerably deeper than the maximum glider
dive depth, giving rise to large uncertainties in the

calculated heat flux value. The result is valuable,
however, for estimating the potential magnitude of
heat delivery when geostrophic control is not in
place. Results from synoptic sections of broad fjords
in Greenland give a heat flux of the same order, with
Inall et al. (2014) reporting 0.26 TW in
Kangerdlugssuaq Fjord, Rignot et al. (2010) finding
0.16 TW in Tor Fjord and Johnson et al. (2011)
finding a flux of 0.31 TW in Petermann Fjord.
Sermilik Fjord is similarly sized though narrower
than LR at the mouth, and the circulation there is
therefore restricted to a simple two-dimensional
overturning structure. Synoptic measurement of the
temperature and background circulation have given a
heat flux of only 0.029 TW (Sutherland & Straneo
2012) in Sermilik, although this value may be considerably higher if one assumes a non-zero net contribution over time from the first baroclinic mode
(Sutherland et al. 2014). The order of magnitude
difference highlights the capacity for broad fjords,
such as Isfjorden, to accommodate intense exchange
flows which rapidly redistribute heat.

Atmospheric controls
The strong north-easterly wind event at Isfjorden
Radio, starting on 7 November (Fig. 4), is indicative
of a northerly shelf wind which is directed out-fjord
through topographic steering. Strong winds are found
at all weather stations during this event, and in each
case they are locally oriented down-fjord. Likewise,
when strong southerly shelf winds are detected at
Isfjorden Radio, such as on the 22nd and 23rd, an
up-fjord wind is detected at all other stations. It is
worth noting this correlation between the along-shelf
wind direction and the direction of the wind stress
acting locally on the fjord as we see evidence for local
wind activity driving two-layer, cross-fjord circulation patterns via surface Ekman transport. The
upwelling on the northern side of Sassenfjorden
(Fig. 8e) indicates a cross-fjord velocity component
in the Ekman layer due to the strong up-fjord winds
detected on the 15th (Fig. 4). Similarly, the crossfjord tilt in the pycnocline in Section 1b may be a
residual effect of the moderate out-fjord wind on the
24th and 25th at Bohemanesset (Fig. 4c). This type of
response to the action of along-fjord winds is a feature specific to broad fjords. The localized topographic steering of winds may therefore allow us to
indirectly associate lateral redistribution of heat and
salt with large-scale weather changes.
The change in Θ − SA properties at Section 1
between September and early November (Fig. 10)
indicates two scenarios; either that the IW inside
the fjord was cooled and then mixed with AW, or
that the fjord was subject to an influx of ArW (or
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ArW influenced IW). The prevailing north-easterlies
at Isfjorden Radio during the beginning of November
(including the particularly strong north-easterlies
between 7 and 9 November, during which Section 1
was taken) would have acted to lift the pycnocline in
the fjord mouth. Given a good agreement between
the density structure in the fjord mouth and that in
the fjord, this would allow a geostrophically balanced,
largely barotropic exchange flow to advect deep-layer
AW from the shelf into the fjord interior. The Θ − SA
signature within Isfjorden in November closely
matches that on the shelf (Fig. 9a), therefore the
transformation in water properties between the
September CTD section and Section 1 (Fig. 10) may
be attributable, at least in part, to an intrusion of
shelf-resident water at this time. This is reflected in
the exchange flow seen in the Section 1 absolute
velocity field (Fig. 11a). Furthermore, because of the
doming feature in the Section 1 hydrographic fields
(Fig. 8a), currents intensified with depth because of
thermal wind shear so that the strongest exchange
took place in the deep layer. Sections 2, 3 and 4, taken
after the northerly wind event had ceased, show that
the AW in the deep layer was also able to reach
Nordfjorden and Sassenfjorden.
The temporal change in hydrography and velocity
structure in central Isfjorden between Sections 1,
CTD 1 and 1b may be linked to both atmospheric
heat exchange and fjord/shelf exchange flows, both of
which may be attributed to the shift in on-shelf
weather patterns between mid and late November.
Meridional wind direction is also closely linked to
air temperature above Isfjorden (Fig. 6) because
southerly winds bring warm air into the region
from the tropics while northerlies transport cold air
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from the Arctic. Section 1 was taken during the
period when northerly winds were dominant, CTD
Section 1 was taken during the transition in prevailing wind direction, while Section 1b was taken when
the prevailing winds were from the south. In CTD
Section 1, the water temperature was lower than in
Section 1 while the gradient in Θ − SA space
remained the same, consistent with heat loss to the
atmosphere. Although meridional wind stress on the
shelf was weak (Fig. 6), the doming feature in central
Isfjorden had become more pronounced, bringing
AW into direct contact with the atmosphere, and
indicating that a cyclonic eddy structure persisted
there even after the strong northerly on-shelf winds
had relaxed. We therefore suggest that, during this
time, the deep-layer circulation in central Isfjorden
was dynamically independent from the strongly barotropic circulation in the fjord mouth due to a reinstated geostrophic control mechanism (Fig. 12), and
that the cooling observed there was due to strong
atmospheric heat loss enhanced by the doming structure. The air was colder (ca. −10°C) than at any other
time in the second half of November, further evidence of strong atmospheric heat loss. In Section 1b
the deep layer had cooled further still while the central doming was no longer apparent, so that the deep
layer was well insulated from the atmosphere. The air
temperature was the warmest seen in November (ca.
0°C), weakening the temperature gradient at the air–
sea interface and therefore diminishing atmospheric
heat loss. Geostrophic control was in place on the
22nd in the westernmost part of Section 5, and we
presume that this remained true during Section 1b as
strong southerlies prevailed on shelf throughout this
time. The Θ − SA diagram for November (Fig. 9a)

Figure 12. Schematic of the circulation and shelf exchange scheme in Isfjorden. The lower layer circulation is denoted by yellow
arrows, the upper layer by blue. Dashed lines indicate proposed pathways which were not observed directly.
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confirms this, with the constant gradient indicating a
continuation of the cooling trend between the 7th
and the 20th, with no evidence of further deep-layer
exchange. However, the Θ − SA structure in the
mouth (Fig. 9a, Section 6) was similar, though denser,
to that of the fjord interior, and the introduction of
this mouth-resident water into the fjord interior
would also lead to water masses consistent with
those seen in Section 1b. We therefore acknowledge
that while air–sea heat flux was weak on account of
increased air temperatures, we may have witnessed
additional cooling through upper-layer exchange during the period of strong southerly winds in late
November.
Evaluation of glider performance
The glider data provided a description of the circulation within Isfjorden in greater detail than previously
available. The spatial resolution of the temperature
and salinity data was generally higher than that from
the ship-based CTD sections (Table 2). A crucial
advantage is the ability to obtain current measurements with equally high spatial resolution, giving a
spatial aspect to the circulation not offered by mooring-mounted current meters. The ability to combine
DAC and potential density data to yield a two-dimensional, absolute velocity field allowed us to generate a
richer picture of the circulation structure than offered
by moorings.
Several key issues need to be considered when
assessing the performance on the Slocum gliders in
this environment. A fundamental problem with any
point measurement that is used to cover an area
spatially, like a glider, is that between the measurements there is a time lag. If the glider progresses with
a horizontal speed of 30 cm s−1, it will take around
10 hours to cover a 10 km long section, compared to
around 2 hours for a CTD transect. Over 10 hours
the wind and tidal currents will be subject to change,
and so spatial and temporal variability are inseparable. This will likely affect the upper layer hydrography and DAC measurement in particular, as wind
forcing may cause these to change over shorter time
scales than the conditions at depth. This intrinsic
uncertainty could explain the observed pile-up of
water in north-west Nordfjorden. As these two convergent flows were measured at different times, it is
probable that they are due to temporal fluctuations in
the mean flow and do not together represent a steady
state. Encouragingly, comparison of Sections 2 and 4
with their CTD section counterparts (Fig. 7), each
taken within two days of the relevant glider section,
shows no drastic change in the deep layer hydrographic structure, suggesting that the glider hydrography data may be considered synoptic for shorter
cross-fjord sections.

The gliders’ DAC measurement relies on a deadreckoning procedure which may be inaccurate in
regions of high vertical or horizontal shear. Also,
the DACs are unable to distinguish between geostrophic and ageostrophic velocity components, such
as tides, boundary layer flows and barotropic seiching
motions. Modelled tides were subtracted from the
observed currents in an effort to counter the effect
of high frequency tidal signal. However, the model
resolution of 5 km may have failed to capture some of
the finer tidal velocity structure in this restricted
region with steep topography, leading to a residual
ageostrophic tidal signal in the DAC data. The uncertainty in DAC measurement due to wind-driven surface drift, during the time interval between the glider
surfacing and picking up position data via GPS, is not
known. Although the positions used for the DAC
calculation are based on GPS fixes generally taken
immediately before diving and immediately after surfacing, the time taken to establish a GPS fix after
surfacing is subject to variability. One potential
means of overcoming this effect in future would be
to use data from the gliders drift times between dives
to estimate the effect of wind forcing on the subsequent dive. However, this would rely on a new set of
assumptions over GPS lag times and the steadiness of
wind forcing.
The glider coverage was not as extensive as that
offered by ship-based CTD sections, which is easily
seen by comparing Section 1, 2 and 4 to their corresponding CTD sections (Fig. 7). Firstly, the fact Freyja
was rated to only 200 m meant that the deepest waters
in the region could not be surveyed in Sections 1, 6 and
7. This is seen in Fig. 8g, h, where the 1000 m glider
Snotra was able to follow the bathymetry more closely
Freyja. Comprehensive depth coverage of Section 6
would allow for a more accurate calculation of the
heat flux through the fjord mouth. Secondly, the gliders
were not navigated as close to shore as the ship was, so
that glider sections were in general shorter than the
CTD sections. When studying regions with intensified
coastal currents this issue is particularly problematic, as
these currents may have small spatial extents but make
large contributions towards volume transport. This type
of issue may have arisen in Sections 1b and 4, where the
inflow did not compensate the outflow, and the glider
failed to cover the most southerly part of the sections. In
each case, in the moderate inflow seen in the southernmost DAC vector we may have glimpsed the fringes of a
localized slope current, having failed to navigate the
glider through its core. Gliders are generally flown onshelf or in the open ocean, so in this study extra caution
was required by the pilot not to ground the glider in this
confined area with steep topography. If glider missions
are to become a conventional survey technique for
fjords then it is likely that the spatial coverage they
offer will increase as pilots and researchers gain
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experience and confidence in these environments. The
feasibility for glider-based measurements is, at present,
substantially reduced in fjord systems containing substantial sea-ice/iceberg cover. Gliders are starting to be
used in regions of non-zero sea ice concentration (Lee &
Thomson 2017) and near icebergs (Zhou et al. 2015),
indicating that these obstacles can be overcome in a
fjordic setting.
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certain fjordic environments. The spatial resolution
was excellent, providing both cross- and along-fjord
sections of DAC, while providing CTD data which
was subsequently used to calculate geostrophic currents and to study the hydrography. The horizontally sheared flow regimes observed in the DACs in
central Isfjorden and at the mouth indicate that
geostrophy has a major influence on the circulation
in these areas. This type of circulation has the capacity to rapidly deliver heat to broad fjords, and here
we calculated a positive heat flux of 0.13 TW at the
mouth. Large-scale weather systems on the shelf
have been seen to influence the water-mass structure
and circulation scheme within Isfjorden through
both local and non-local effects.
The DAC measurements were limited by the
uncertainties associated with wind and tides, as
well as the entanglement of spatial and temporal
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