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Abstract

In a warming Arctic Ocean (AO) it is important to study its main source of
oceanic heat and salt. Here, seasonal climatological sections of the West
Spitsbergen Current (WSC) across 78.83°N have been constructed using
hydrographic data from 1956 to 2013. They have proven to replicate the
large scale features of the barotropic branch and the eastern baroclinic
branch of the WSC. However, the eastern baroclinic branch is not fully
resolved in this section as the sections western boundary is too far east.
Three anomaly periods within the data set are defined (1956-2003, 2004-
2007, 2008-2013) and presented in order to study the warm anomaly de-
tected in the middle of the 2000s. Surface temperatures exceeding 3 °C
in combination with an upward displacement of the Atlantic Water (AW)
core were revield in the winter warm anomaly section. A significant in-
crease in the buoyancy of the AW was detected during the summer warm
anomaly. These two factors may have a significant impact on the sea ice
cover in the AO.

An approximation of the pressure driven surface velocity v has been cal-
culated from in-situ current meters (v¢) and compared to the surface ve-
locity calculated from altimetry (v%). The latter is found to be too strong
with a mean velocity of 0.22ms™! compared to the mean v¢ equal to
0.10ms™!. The horizontal shape of v? was not comparable to approxi-
mations to the barotropic jet of the WSC found in literature. Based on
the hydrographic sections, in-situ current meters and altimetry, the sum-
mer and the winter volume transports (V7) was calculated for the eastern
baroclinic and the barotropic branch. The volume transport estimated
from v§ (V}) was underestimated (1.2 to 1.8 Sv for summer and 0.6 to
1.6 Sv for winter) due to the chosen grid. By extrapolating the geostrophic
velocity to the lost data area V7 was nudged upwards in the range 0f 0.3 to
0.4 Sv. The winter V1 of AW was found to increase through the three peri-
ods with a distinct peak of 4.4 Sv during the second period (2004 to 2007).
After the warm anomaly period the mean temperature of the AW was not
seen to decrease to pre-anomaly values. For summer the decrease was
0.3 °C from the second to the third period, and for winter the temperature
increased further by 0.1 °C. As a consequence of the observed increase in
AW mean temperature in combination with the steady volume transport
may continue to warm the Arctic.
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CHAPTER

INTRODUCTION

The main flux of oceanic heat and salt into the Arctic Ocean (AO) is carried with
the West Spitsbergen Current through the Fram Strait (FS) (Mosby, 1962; Aagaard
and Greisman, 1975). Its analogue, the East Greenland Current (EGC), contributes to
the mass balance of the AO by transporting colder and fresher Polar Water (PW) out
through the FS. These two currents are the primary contributors to the heat and salt
budget of the AO (Rudels, [1987; Schlichtholz and Houssais, [1999). On its way into
the AO the WSC experiences substantial exchange of heat with both adjacent water
masses and the atmosphere. Melting of sea ice also influences the heat content of the
WSC, but to a smaller extent. The WSC is mainly guided northwards by topography
from its source, the North Atlantic Current (NAC). This topographic steering indicates
strong barotropic component of the WSC (Teigen et al., 2010). Vertical movement of
the WSC core, however, is mainly driven by changes in buoyancy (Boyd and D’Asaro,
1994).

The WSC can be separated into two main branches, each branch stemming from a
different NAC branch in the Norwegian Sea. The two branches are driven by differ-
ent mechanisms. Figure shows a schematic overview of the currents in the FS
and adjacent seas. The eastern branch is a prolongation of the highly barotropic
Norwegian-Atlantic Slope Current (NWASC) trapped to the Norwegian Shelf Edge.
North of Northern Norway the NwWASC splits into two branches, about 60 % flowing
northward towards the FS, while the rest heads eastward into the Barents Sea. Orig-
inating from the Norweigan-Atlantic Frontal Current (NWAFC), following the Mohns
and Knipovich Ridges, the western branch of the WSC is mainly baroclinic (Orvik
and Niiler, 2002; Skagseth et al., 2004; Walczowski et al., 2005). Between 76 and 78°N
these two beanches merge due to the involute bathymetry of the FS (Walczowski et
al.,2005). Jakobsen et al. (2003) used lagrangian drifters, and found that the conflu-
ence between the two branches happened close to 78°N.

North of this convergence zone, the WSC spilts into three branches; the Return At-
lantic Current (RAC), the Yermak Branch (YB) and the Svalbard Branch (SB), see Fig-
ure The RAC branch flows westwards between 76 and 81°N with about 22 % of
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Figure 1.1: Map showing the Fram Strait and the Norwegian Sea. An overview
over the WSC and the EGC plus abbreviations are also given (Beszczynska-
Moller et al.,[2012).

the AW, and is eventually included into the EGC (Manley, 1995). Different pathways
between the WSC and the EGC have been suggested within this latitudinal interval
(Bourke et al., |1988; Manley, |1995; Fahrbach et al., [2001; Jakobsen et al., 2003; Wal-
czowski and Piechura, 2007). Some of the paths between the WSC and EGC are sug-
gested to go along the Molloy Deep, and crossing the Hovgaard Fracture Zone. The
middle branch, YB, flows northward towards the Yermak Plateau (YP). From here it
follows the Yermak Plateau Slope (YPS) northwest before it is steered into the AO. The
YB experiences substantial modification due to tidal mixing close to the YP. 45 % of
the available AW is transported with this branch(Kowalik, 1994; Manley, 1995). The
last and easternmost branch of the WSC is the SB. Instead of following the YPS, the
current flows northward across the YP. Manley (1995) reported that 33 % of AW car-
ried with the WSC is included in the SB. After crossing the plateau, it turns eastwards
trapped to the continental slope enclosing the Eurasian Basin. Further, a portion of
the SB is flowing south into the Barets Sea after passing Svalbard (Lind and Ingvald-
sen,[2012).

The colder and fresher Spitsbergen Polar Current (SPC) is found shoreward of the
WSC(Helland-Hansen and Nansen, |1909). The SPC starts at Serkapp. In this area the
current is known as Serkappstrommen or The South Cape Current. Numerical stud-
ies show that tidal currents are very strong (> 1ms™!) in the area south of Serkapp,
and Serkappstremmen is subject to extensive tidal mixing (Gjevik et al., 1994; Kowa-
lik and Proshutinsky,|(1995). The characteristics of the SPC are not properly described
in literature, but it is suggested that it stems from Storfjorden, where it may flow
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counter clockwise along the shore line (Skogseth et al., 2005). Sill overflows from
Storfjorden is also expected to modify the WSC to some extent (Quadfasel et al., 1988;
Skogseth et al., [2005). The transition zone between the WSC and the SPC is known
as the Polar Front (PF), and can be seen as a deepening of the pycnocline in the fresh
surface layer (Upper 50 m). The location of the PF along the western border of the
Barents Sea and the west coast of Spitsbergen was suggested by Loeng (1991).

To monitor the exchange between the Greenland, Iceland and Norwegian Seas (GINS)
and the AO, a mooring array was deployed in 1997 across the FS. The array is main-
tained in collaboration between The Alfred Wegner Institute (AWI) and The Norwe-
gian Polar Institute (NP). See Figure|1.1|for the geographical positions of the moor-
ings. Originally the western part of the array was placed along 78.83°N covering the
transport out of the AO via the EGC. The eastern part of the array covering the WSC
was placed along 79.00°N (Schauer et al., [2004; Beszczynska-Moller et al., |[2012). In
2002 the array was rearranged so all moorings now align along 78.83°N, and two ad-
ditional moorings were deployed in the center of the FS.
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Figure 1.2: Mean cross section velocity [cm s~!] measured by the AWI mooring
array across the FS in the period from 2002 to 2008. The black dots indicate
current meter positions. Figure adopted from Beszczynska-Moller et al. (2012)

Fahrbach etal. (2001) estimated a volume flux 0f9.5 + 1.4 Svnorthwardand 11.1 £ 1.7 Sv
southwards through the whole FS array. These calculations yield a southward net
transport of 4.2 + 2.3 Sv. Updated values were presented in Schauer et al. (2004) with
a similar southward net transport between 4 +2 and 2 +2 Sv in the period 1997 to
2000. Further monitoring across the whole of the FS gave a volume transport of 12 Sv
northward and 14 Sv southward, yielding a southward net transport of 2 Sv (Schauer
et al., 2008). Rudels et al. (1994) assign the residual northward flux of 2 Sv to AW in-
flow into the Barents Sea, and similar results are presented by Rudels et al. (2008).
Isolating the volume transport of the WSC, the mean (northward) transport over the
period 1997-2010 was 6.6 + 0.4 Sv. Of this 3.0 + 0.2 Svwas identified as AW with a tem-
perature above 2 °C (Salinity was not used), and the Atlantic Water mean temperature
was 3.1 °C (Beszczynska-Moller et al., 2012).
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Figure 1.3: Time series from the mooring array along 78.83°N showing monthly
means of (a) temperature and (b) temperature anomaly from mean seasonal
cycle. The heat flux maximum between 2004 and 2007 is well represented
(Adopted from Beszczynska-Moller et al. (2012).)

The mooring array has also been used to study buoyancy reducing processes in the
WSC, and to quantify heat loss through horizontal diffusion mechanisms. Using the
easternmost moorings in the array (F0O to F7), Teigen et al. and Teigen et al.
studied barotropic and baroclinic instabilities in the WSC. The first study ad-
dressed the velocity shear between the barotropic branch of the WSC and shoreward
waters. A skewed gaussian jet profile was used to approximate the barotropic cur-
rent, and a numerical stability analysis using this jet showed that the barotropic part
of the WSC had experienced a shear strong enough to cause instabilities between De-
cember 2007 and May 2008. It was further showed that the most stable longitudinal
position of the current maximum was close to Mooring F2 (8.4°E). Moving the cur-
rent maximum towards the shelf break (8.7°E) cause the current to become unstable.
During two of the investigated unstable periods the shoreward heat transport corre-
sponded to between 50 to 60 % of the observed local heat loss.

Schauer et al. showed an increase in heat transport from 26 to 36 TW from
1997 to 1999, through the FS. This increase in heat transport was most prominent
in summer, when the temperature maximum of the WSC was measured to have in-
creased with 1°C through the 9 year period from summer 1997 to 2006. Figure
shows the complete time series from 1997 to 2010 with monthly averaged tempera-
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ture and temperature anomaly. The winter temperature maximum was also observed
to have increased, but only with a fraction of the summer maximum. In the period
from 1997 to 2010 Beszczynska-Moller et al. (2012) calculated a linear warming trend
for the AW mean temperature to be 0.06°Cyr~!. A similar trend in volume trans-
port was not demonstrated. A similar trend in heating of the WSC core at 79°N was
described by Ivanov et al. (2012). Data from the Arctic and Antarctic Research Insti-
tute (AARI) from 1979 to 2011 showed that the WSC cores temperature had increased
with more than 1 °C. Analysis of the AW layer from the 1950s to 2010 shows increased
temperatures in the whole of the Arctic Ocean during the 1990s and 2000s referring to
1970s. A warming trend was also detected in the Fram Strait of 0.062 + 0.001 °Cyr ~!
(Polyakov et al., 2012). Two heat anomalies were detected using the mooring array
along the Svingy section in the NWASC, one in December 1997 and one in Febru-
ary 2003 (Orvik and Skagseth, 2005; Polyakov et al.,2005). The same anomalies were
found in the mooring array along 78.83°N in the FS in 1999, and 2004 (Polyakov et al.,
2005; Beszczynska-Moller et al., 2012; Polyakov et al.,|[2012). Furthermore, the first
of these two heating pulses was also detected in February 2004 by a McLane moored
profiler located at the central Laptev Sea slope (78.46°N,125.66°E) (Polyakov et al.,
2005).

Mork and Skagseth (2010) used altimetry and hydrographic data to quantify the NwAC,
and compared the calculated velocities to independent in-situ current meters along
the Svingy section west of Norway. A mean volume transport of 5.1 + 0.3 Sv for the
NwAC was estimated, where the easter branch accounted for 3.4 + 0.3 Sv while the
western branch transported 1.7 +£ 0.2 Sv. A significant seasonal cycle in volume trans-
port was also seen, with the winter maximum transport almost twice as large as the
summer minimum.

The section across the WSC (78.83°E) constitute the northward extension of the NwWAC
flowsthrough the Svingy section. With the same type of data, this work has been mo-
tivated by the methods used in Mork and Skagseth (2010) with the objective to quan-
tify the WSC by using altimetry and hydrographic data. This work is part of the UNIS
lead project Remote Sensing of Ocean Circulation and Enviromental Mass Changes
(REOCIRC, RCN, project number: 222696/F50), which aim to apply state of the art in-
strumentation and theory to study remote sensed ocean circulation and heat fluxes
towards the AO. This work has two main goals: The first is to establish a climatolog-
ical reference section for the hydrography across the WSC, and to detect the warm
anomaly of the mid 2000s. Secondly, to calculate the volume transport through the
FS following the method of Mork and Skagseth (2010). With a good reference in the
in-situ current meters of the AWI mooring array (Beszczynska-Moller et al., 2012),
the quality of the altimetric measurements will be assessed the high Arctic. This will
be done by first presenting relevant theory and the hydrographic data, the current
meter data, and altimetry data available in Chapter[2] Then the results and calcula-
tions will be presented in Chapter [3]with suggestions to a climatological state of the
hydrography in the WSC and volume transports. Finally in Chapter [4] the results will
be discussed and the reliability of the climatology and the volume transport will be
addressed.






CHAPTER

THEORY, DATA, AND METHOD

2.1 Theory

Geostrophic velocity (v,)

In Hunegnaw et al. (2009) the Mean Dynamic Topography (MDT) was estimated us-
ing both ship, airborne and satellite gravimetry. Calculating volume transports by
using this MDT with a long time series of hydrographic data from the Sviney section
proved good results. The transport was calculated to be 3.9 Sv which is close to the
4.2 Sv Orvik et al. (2001) calculated from current meter observations. The method to
determine geostrophic surface velocities based on altimetry was further developed
by Mork and Skagseth (2010). The geostrophic relation can be represented by

Ug = Ug + Upc. (2.1)

where ug is the total horizontal geostrophic current, ug is the surface current driven
by surface elevation, and up, is the component driven by the horizontal density gra-
dient. By assuming a strictly northward current, leaving the v-component to be per-
pendicular to the current cross section, the geostrophic current in the j-direction
comes from

ve(2)= s (2.2)
1 Op fo Op
= dz (2.3)
pof 0x Pof

where py is the reference density of 1028 kgm™3, f is the Coriolis parameter 1.43 x 1074571,
and g is the gravitational pull of the earth equal 9.83ms™2. Integrating the hydro-
static pressure (dp/dz=—-pg) over the Absolute Dynamic Topography (ADT) and
inserting into (2.3), we get

vg(2) = ?O—ADT o~ f ap dz. (2.4)
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Now can account for the full depth-dependent geostrophic current. v repre-
sent now the northwards surface velocity forced by surface elevation. Two different
surface velocities will be estimated, one from in-situ current meters and one from
altimetry data. They will respectively be referred to as v$ and v¢, ¢ denoting current
meter, and a denoting altimetry.

Volume transport

Upon knowing the water velocity of a current as well as its horizontal and/or ver-
tical extent it is possible to calculate the volume of water transported, i.e. volume
transport, Vr. This is obtained by integrating the known velocity over the area it rep-
resents, A. The volume transport is then given as

Vr = f v dA (2.5)
A

where A may represent both a water column, horizontal distance or a current section
area. In oceanography volume transport is given in Sverdrup (1Sv = 10kgm™3).

Topographic steering

The conservation of potential vorticity is an important result in geophysical fluid dy-
namic. It can be written as

i (f+€) _ ;t (Vorticity) 0 2.6)

at\ n )~ Depth

where f is the planetary vorticity, ¢ (= dv/dx — du/dy) is the relative vorticity, and
h is the depth of the water column. The equation describes the relation between a
water column’s height and vorticity. If the column is squeezed (i.e. h decreases) its
vorticity must equally decrease to preserve the ratio between them. As the result is
derived from the nonlinear, frictionless, and barotropic horizontal momentum equa-
tion it can be used in the description of the eastern branch of the WSC. Performing
a simple scaling analysis with the parameters in Table[2.1|reveals f/h = constant as
the dominating part of (2.6). This ratio is often referred to as topographic steering
as it shows that for no changes in f, the water column must move along constant
bathymetry.

Table 2.1: Scales for (2.6).

f 14x107%s7! | X 1x10*m
1% 0.15ms™! | H 500m

2.2 Hydrographic data
One of the objectives of this work is to construct a climatological mean for the WSC

core along the AWI/NP mooring array, (along 78.83°N). The CTD profiles used for the
calculation was collected between 1956 and 2013, and was kindly provided by the
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Figure 2.1: Map showing the positions of all CTD profiles used for the climatol-

ogy. Red and blue dots are summer and winter data respectively. The centered

grid used is marked by yellow diamonds, and the black lines are the latitudinal
boundary.

PANGAEA database maintained by AWI, the IMR database, and UNIS. The latitudinal
boundaries for profiles used is within 78.5 to 79.3°N, and the longitudinal boundary
is from 6 to 10.3°E. The longitudinal resolution of the grid was chosen to be 1/3°, the
same as the resolution of the ADT grid. Due to the proximity of the Kongsfjorden-
Krossfjorden trough, which is expected to be affected by these fjord systems internal
processes (Svendsen et al.,[2002), profiles within the trough are removed. Large tem-
poral and spatial variations in temperature and salinity can be expected in the upper
few meters of the surface layer. When in addition the depth of where the CTD begins
sampling also varies (usually within the upper 10 m) the upper 8 m of all profiles have
been removed. This is done to dampen the possible spike created by lack or misrep-
resented data.

Figure [2.1) displays all CTD stations used in this work. The climatological grid is de-
fined such that each grid cell has its center at the yellow diamonds in Figure[2.1] This
same grid is used for the ADT/MDT grid. Using the same grid makes it easy to com-
pare the calculated velocities from both altimetry and hydrography. With the lati-
tudinal boundaries defined by the black lines in Figure the maximum distance
between a grid center and a CTD station’s position is approximately 55 km. The dis-
tance is calculated using the Haversine formula on a spherical earth with a radius of
6371 km. As most of the profiles used are located much closer to their respective grid
centers (mean distance from a profile to its respective grid center is 9 km.), a simple
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Figure 2.2: Longitudinal distribution of CTD stations per grid point. @) shows
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axis between summer and winter.

arithmetic sample mean is used when calculating the final climatology. The north-
ward heating and freshening gradients calculated by Saloranta and Haugan (2004) for
the WSC core give that the change in temperature and salinity along Spitsbergen is in
the order of 10-! 100km ~!. This yields only a very small contribution as the spatial
extent of the study area is small.

The longitudinal distribution of profiles used to construct the respective climatolo-
gies is seen in Figure wherefa] and [b|represent summer and winter respectively.
The months chosen for summer are June, July, August, September, and October, while
the winter months are December, January, February, March, April, and May. These
periods will hereafter be referred to respectively as jjaso and djfmam. It shows that
the main body of profiles are collected over the upper slope and just onto the shelf in
water deeper than 250 m. Over the deep water and close to shore fewer profiles were
collected. Both summer and winter have a similar relative distribution along the sec-
tion, with the maximum and minimum of profiles over the same areas. However,
the winter climatology with its 82 profiles has less than 1/5 of the 461 summer pro-
files. This low availability causes some problems when calculating the climatological
sections, and it is particularly prominent over the shelf. For instance if only one or
two profiles are used to calculate a mean, the result is sensitive to annual variations,
and the result is not necessarily a good climatological representation. Profiles older
than mid 80s are generally not conducted with high vertical resolution as many of

10
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Figure 2.3: Distribution of samples per grid point in depth. Note the difference
in color scale between the two plots. The bathymetry is lowered approximately
60 m to not cover the deep grid close to the upper slope (7.66 to 8.33°E. Note
the difference in color scale between summer and winter (a and b respectively).

them are done using Nansen bottles, and not a CTD. To prevent misrepresentations
caused by this low resolution missing data is linearly interpolated before calculating
a mean. Another problem is due to the shelf’s irregular bathymetry. When a profile
is much deeper than the grid center the data points below the grid centers depth is
removed. This may cause an unproportioned profile with a too deep surface layer
which may influence the location of the shape of the surface layer. It is important
to be aware of both these problems when inspecting the resulting climatological hy-
drographic sections. In Figure the distribution of samples per grid point in the
vertical is presented (note the difference in scale between summer and winter). To
be able to distinguish the bins, each box represents a sum of samples every 20 me-
ters. Thus, the exact number of samples is not expressed per depth, but it serves as a
comparison between grid boxes and gives an overview of the density distribution of
sampled data points.

Profile distribution per year per season from 1956 to 2013 is presented in Figure[2.4a
As seen there is not much data before the mid 80s, and especially during winter. From
the late 1990s the data availability increases almost exponentially during summer.
For winter most of the data is from the first decade of the 2000’s. The monthly distri-
bution is presented in Figure and shows that all the winter data is collected from
the last part of the Arctic winter, April and May. Data density is increasing through
the summer, with a peak in September, the second last month in the summer period.
The main body of the data is collected along the chosen grid latitude (78.83°N) as
seen in Figure both for the summer and winter period. Hydrographic stations
are collected from the whole grid during summer, but the winter profiles are largely
found in the proximity of the grid center (See also Figure[2.1).

Climatological periods

A climatology is a long time average, normally 30 years or more. In this work the tem-
poral boundary is from 1956 to 2013, but in practice the time series starts in 1986 for
summer and 1997 for winter. The months chosen for summer are June, July, August,

11
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Figure 2.4: Temporal and spatial distribution of the CTD profiles used to con-
struct the summer and winter climatology.

September, and October, while the winter months are December, January, February,
March, April, and May. Due to this only the three sections calculated from either the
total data or a complete seasonal dataset (summer/winter) is referred to as clima-
tologies. The three sub-periods chosen are referred to as anomaly periods. In the late
1990s, and mid 2000s the WSC experienced two warm anomalies observed in several
independent time series (Polyakov et al., 2005; Beszczynska-Moller et al.,[2012). The
latter of these anomalies can be observed in the right panel of Figure Thus, the
data set used here is divided into three anomaly periods to identify this event. The
first period is from 1956 to 2003, the second period from 2004 to 2007, and the third is
from 2008 to 2013. The data availability for the three periods for summer and winter
is seen in Table Each column in Table represents one bin, and each row one
period. The rightmost column shows the total number of stations used per section.

Statistical method

Arithmetic mean

As seen in Section (Figure the number of CTD profiles used per grid point
when calculating the climatology is small during winter. The summer climatology
is expected to be more robust as it contains more than four times as many profiles.
Even so, the large body of the grid points contains less than or close to 30 profiles (N <
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Table 2.2: Overview of data availability for the three climatological periods for
both summer and winter, for the total data set see Figure[2.2] The three periods
are from 1956 to and including 2003, 2004 to and including 2007, and 2008 to
and including 2013. Each number represent the number of stations used to
calculate the mean profiles for each of the three climatological periods.

Period 6to 6.7°E 7t07.7°E 810 8.7°E 9t09.7°E 10to 10.3°E  Total

Summer
18t 0 6 5/15 8 10|17 18 34|23 18 13|1 7 175
2nd 0 5|6 4 3|7 12 2412 4 4 0 82
3rd 0 1 16|17 14 16|21 23 41(32 9 131 0 204
Winter
18t 00 3/0o0 1 2|1 4 1]1 1 o0]o0 0 14
2nd 01 2|3 6 3 11 310 0 40
3rd 00 24 1 1|4 2 8|4 0 210 0 28

30 where N is number of samples). For consistency an unbiased sample variance
(s?) estimator is used when calculating the sample standard deviation. The unbiased
sample variance is calculated from

§* = Lﬁ(x-—x)z 2.7)
N—].-_ 1 ) .

where X is the mean and x; is the sampled data point. The unbiased sample standard
deviation is given as s = V5.

Propagation of error

Consider a function F(x, y,z) with error sr, and where the errors of x, y, and z are
given as sy, sy, and s, respectively. sr is based solely on the errors of its variables,
and can be calculated using the variance formula given as

§2 = (OF)252+(6F)252+(6F)232 (2.8)
E=\ox) ™™ \ay) 7 \oz) @ '
To find the error of a density field calculated from salinity and temperature, p (S, T),
is simplified to
dp\? op\?
sf, = (ﬁ) sﬁ + (G_T) 7 2.9)

where ss and s7 are the standard deviations of their respective parameters. As the
Equation of state of seawater is very complex it is difficult to calculate derivative
needed for (2.9). To simplify this a linearized Equation of state which yield

p(S,T)=po[1+Bs(S—So)—ar (T —Tp] (2.10)

is used. The two derivatives can now easy be calculated to be dp/dS = pofs and
0p/dT = —poar. In 2:10), Bs is the haline contraction coefficient, a is the thermal
expansion coefficient, and Sy and Tj are reference values for salinity and temperature
respectively.
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Table 2.3: Examples of 85 and ar based on reference values Sy and Ty. The
parameters are used used in (2.10).

So = 35.0 psu Ty = 2°C
Bs = 7.80x107*psu! | ar = 7.79x107°K’!
Smoothing of profiles

After calculating the mean profiles they were smoothed with a running average both
vertically and horizontally. This is done to remove smaller spikes and smaller features
to have a clearer end product. Even though physical features may be manipulated to
some extent the goal is to present a large scale climatological view of the WSC. For
instance a small, warm water intrusion into colder water will not be visible in the
final result. It will, however, contribute to increase the temperature in the whole area
where it is observed. The averaged profiles are smoothened vertically with a running
average over 50 m when the water column is deeper than 500 m. Profiles shallower
than this are smoothed with a box size equal to 1/10th of the columns depth. The
latter includes all profiles east of the shelf break.

Standard deviations in the hydrography

The variability founded from standard deviations in temperature and salinity are
commented here. The upper 100 m of all sections have generally standard devia-
tions for density exceeding 0.2 kg m™~3. This is expected as the surface layer is subject
to significant external forcing like wind, periodic sea ice drift and atmospheric radia-
tion. The standard deviations for density are highest close to the shelf break and over
the WSS, especially during summer. Below the surface layer the variability is smaller,
and generally close to 0.1kgm™3. While this is a large number when taking the den-
sity range into account, it does not necessarily mean unreliable data, but rather imply
a prominent inter annual variability.

Water masses of the West Spitsbergen Current

When the two branches of the Norwegian Atlantic Current (NWAC) converge in FS
north of 76°N, they are subjects to atmospheric cooling and mixing forced by both
the atmosphere, ice, and adjacent water masses. These processes alter the proper-
ties of the initial water mass and new water masses are formed. Table gives an
overview of the different main water masses present in the Fram Strait. The defini-
tions are slightly altered from Swift (1986) to easier compare with later work done
one the AWI mooring array by i.e. Fahrbach et al. (2001), Schauer et al. (2008), and
Beszczynska-Moller et al. (2012).

Originating from the NwAC, the Atlantic Water (AW) is defined as T = 2°C and S =
35psu. AW is flowing north and loosing heat to both atmosphere and ice melt. The
latter is transformed into Arctic Surface Water (ASW). If the AW is kept from being
diluted by fresh water, but only loose heat to the atmosphere Lower Arctic Intermedi-
ate Water (LAIW) is formed. AW subject to strong cooling and some fresh water input
fromi.e. ice melt forms Upper Arctic Intermediate Water (UAIW) (Swift and Aagaard,
1981; Swift, |1986). Figure shows a T-S plot of all sampling points used to calcu-
late the climatological mean. It is seen that the main body of samples is within the
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Table 2.4: Main water masses of the WSC (Swift, [1986; Beszczynska-Moller et

al.,2012).
Name T [°C] S [psu]
Atlantic Water AW >2 >34.9
Lower Intermediate AW LIAW 0to2 >34.9
Upper Arctic Int. Water UAIW —-2to2 34.7to34.9
Arctic Surface Water ASW >-2 34.4t034.8

L~ T
8r pr%) [dbar

Tempterature [ °C]
N

| |
33 335 34 345 35 355
Salinity [psu]

Figure 2.5: T-S plot of all sampling points used to calculate the climatological
mean. In total there are 2.3 x 10°% points for summer (red), and 0.4 x 108 points
for winter (blue). The main water masses are defined in Table

four water masses defined in Table Red values are from the summer period, and
blue are winter values. Due to the nonlinear nature of density as a function of tem-
perature and salinity the linear equation of state, (2.10), is fitted as close as possible
in the temperature range of 0 and 6 °C, and salinity range of 34.5 and 35.1 psu. This
range is where most of the sampling points are represented. Most of the data points
are within the range of AW and ASW for both summer and winter. In addition, the
winter period has a significant part of sampling points defined as UAIW. The points
with S < 34.4psu are mostly found in the upper 50 m of all profiles.

2.3 Current meter data

The data from the current meters was kindly provided by Wilken-Jon von Appen (Per-
sonal communication, 2014) at the Alfred Wegener Institute (AWI). An approximation
to the barotropic part, v, of the geostrophic current can be done by calculating a
depth mean velocity over a water column. To approximate the barotropic part of the
WSC between 6 and 9°E (~ 24km) in-situ current meter data from the AWI mooring
array along 78.83°N was used (Fahrbach et al., 2001). The current meter time series
used for this work starts in December 1997 and ends in May 2012 with data from
November removed for consistency with the hydrography. As seen in Figure|l.2|the
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Table 2.5: Table with position and depth of the current meters used. The 750 m
instruments were added summer 2002 (except for F2 where it is the bottom in-
strument), F5’s 750 m instrument was added summer 2003. Note that the stan-
dard depths may vary with as much as 200 m due to highly irregular bathymetry
and vertical mooring motion. The along slope velocity and north-south current
are seen below the double line. *Only data from September 2007 to June 2008.

F5 F4 F3 F2 F1 Fo*
Lat [°N] 78.8329 78.8337 78.8338 78.8342 78.8343 78.8348
Lon [°E] 6.0003 6.9973 8.0005 8.3293 8.6743 8.8637
Mooring depth [m] 2415 1429 1010 779 229 224
Instrument depth
50m X X X X X X
250m X X X X
750m X X X
1500 m X
10 m above sea floor X x x x x X

Along slope direction ms™1] 0.0480 0.0737 0.1056 0.1698 0.2128 N/A
North-south direction [ms~!] 0.0465 0.0669 0.1045 0.1638 0.2001  0.1087

mooring array covers all main water layers in the water column from 10 m above sea
floor to 50 m below sea surface. The original moorings are named F1 to F14 from
west to east, and the two extra moorings deployed in 2002 are named F15 and F16
from west to east. From September 2007 to September 2009 an additional mooring,
F0, was deployed on the West Spitsbergen Shelf Break by the International Polar Year
(IPY) project Integrated Arctic Ocean Observation System (iAOOS) Norway (Teigen et
al.,2010). In this work the data from September 2007 to June 2008 is used from F0. An
overview of the moorings used to calculate approximations to v of the WSC is seen
in Table[2.5|where the available depths are marked with an x. It is important to note
that the calculated v¢ is sensitive to instrument failure, especially if the surface layer
instruments fails. As the surface layer instrument have significantly higher velocities
compared to the current meters deeper down, a long time failure will give a to low
velocity for that specific average.

The procedure for calculating the depth averaged velocity for the current meters in
moorings F1 to F5 is outlined in the following. First the depth mean current direction
is calculated for each mooring. Secondly, the velocities are rotated according to the
mean current direction which is different for each mooring. Then the depth mean
is calculated for all time steps for each mooring, and a lowpass filter with a cut-off
frequency of 7 days is applied. The filter is used to remove wind and tidal variabil-
ity. Finally the velocities are rotated back with northward and eastward as positive
direction to be consistent with velocities calculated from altimetry and hydrography.
Furthermore, v¢ is calculated for each of the three anomaly periods, and used for cal-
culating the anomaly periods geostrophic velocity. This produces lower v¢ compared
to the rotated along current velocity, but the difference is typically less than 0.01 ms™!
as seen below the double line in Table For the current meters on mooring F0, v¢
was obtained by first calculating the depth average for each time step. Afterwards,
the temporal average was calculated for each season. The fact that the data was not
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filtered and have a significantly shorter time series makes the v¢ calculated for FO
is less reliable with respect the v{ obtained from F1-F5. Due to this, v$ from FO is
only used for reference for the skewed barotropic jet expected (Fahrbach et al.,2001;
Teigen et al., 2010).

2.4 Altimetry

To accurately describe ocean currents by using altimetry, two key parameters are
measured, the Geoid and the Sea Surface Hight (SSH). It is also necessary to de-
fine a reference level for these two parameters, the reference ellipsoid of the earth.
A schematic of the Geoid-SSH system is displayed in Figure 2.6]

The SSH is the distance from the reference ellipsoid to the measured sea surface at
a specific point both spatial and temporal. The measurements are done using radar
waves emitted with frequencies that penetrate the atmosphere with little distortion,
and that are reflected by the ocean. As the wave travels with a known speed (cp)
the distance between the ocean and the satellite can be calculated by measuring the
time the the wave uses from its source and back. Even though the principle is simple,
very complex post processing in needed to account for the non-homogenous atmo-
sphere. Additionally the satellite orbit must be known with high accuracy. The tides
and skewed shape of waves must also be accounted for (Sanford et al., [2011). The
SSH is divided into two components, the Sea Level Anomaly (SLA) which varies with
time, and the Mean Sea Surface (MSS) which is the mean state of the ocean. The

Sea Surface Hight
I SLA ADT

A A

\MDT MSS Mean Sea Surface
_///_\

Geoid

//_\ Ellipsoid

Figure 2.6: Schematic of the Geoid, Ellipsoid, Mean Sea Surface, and Sea Sur-
face Hight. Calculated parameters are also included (ADT, MDT, MSS, SLA).

SLA used is prepared by Ssalto/Ducas (Segment Sol multimissions dALTimétrie, dOr-
bitographie et de localisation précise/Data Unification and Altimeter Combination
System) and supported by Centre National d’etudes spatiales (CNES). The MSS is the
MSS_CNES_CLS2011 from Collecte Localisation Satellites Space Oceanography Divi-
sion. Both data sets are distributed by AVISO (AVISO, |2014; AVISO Products2014).

The Geoid is a mathematical representation of the earth and represents the equipo-
tential surface of the earth’s gravity field. This surface coincides with the ocean sur-
face if the atmosphere and tides are removed. Density variations of the solid earth
and the atmosphere are problems related to the calculation of the Geoid. The time
dependent variation between the Geoid and the SSH is called the Absolute Dynamic
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Topography (ADT), and is calculated from
ADT = MSS + SLA — Geoid. (2.11)

This makes the ADT the ocean’s deviation from the equilibrium state of the Geoid,
hence it induces a pressure driven surface velocity. It is important that the Geoid is
calculated with reference to the same reference ellipsoid as the MSS/SLA. The EIGEN
6C2 is model used to calculate the Geoid used in this work (available from ICGEM
Potsdam: http://icgem.gfz-potsdam.de). The DTU10 (Technical University of Den-
mark) global ocean tide model is used together with data from the satellite missions
LAGEOS-1 and -2, GRACE and GOCE was used to develop the model. These satellites
used to obtain both the MSS/SLA and Geoid are briefly described in the following.

SSH satellites

The satellites used to calculate the SSH used in this work are listed in the following.

ERS-1/2

European Remote-Sensing Satellite 1 and 2 was launched into a sun synchronous or-
bitin 1991 and 1995, and ending in 2000 and 2011 respectively. The orbit perigee was
780 km, and had a period of 100 min with a 24 h delay between them. The mission
was funded by ESA (AVISO, |2014; ESA, 2014a).

TOPEX/Poseidon-1/-2

Funded by CNES and NASA the TOPEX/Poseidon mission lasted from 1992 until
2006. The mission used two different sensors to measure the sea surface. NASAs
TOPEX sent microwaves with frequencies of 5.3 and 13.6 GHz. The CNES Poseidon 1
was a prototype sensor sending 10% of the time at 13.65 GHz and verified against the
TOPEX data set (AVISO, [2014; NASA, |[20144a).

GFO

A NASA mission named GeoSat Follow-On started in 1998, and was terminated in
2008 due to decay. The perigee of the satellite was 800 km and it had a period of
100 min. Its main mission was to determine the SSH, and used a radar altimeter mea-
suring at 13.5 GHz (AVISO, 2014).

ENVISAT
With a perigee between 780 and 800 km, ESAs Environmental Satellite was active be-

tween 20022012. The period of the satellite was 100 min. An enhanced Radar Alt-
mimeter 2 (RA-2) was measuring on both 5.3 and 13.6 GHz (AVISO, 2014; ESA, [2014a).

Jason-1/2

Jason-1 and -2 was launched as a collaboration between NASA and CNES in 2001 and
2008 respectively. The satellites perigee is 1336 km, and it measures the same point
of the earth every 5 days. The two satellites use the Poseidon-2 and -3 respectively
to measure SSH with microwaves. Jason-1 was decommissioned in July 2013, but
Jason-2 is still operating (AVISO, 2014; NASA, 2014a).
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CryoSat-2

An ESA mission launched in 2010 with a perigee of 717 km, and is specifically de-
signed to cover the polar regions. CryoSat-2 has a polar orbit with an inclination of
92°. The Synthetic Aperature Radar/Interferometric Radar Altimeter (SAR/Siral) is
able to measure both SSH and sea ice parameters (AVISO, 2014; ESA, |[2014a).

Gravity satellites

The gravity satellites used to derive the Geoid model used in this work are listed in
the follwing.

LAGEOS-1 and -2

LAser GEOdynamics Satellites (LAGEOS)-1 was designed by NASA, and first launched
in 1976. In 1992 the Italian Space Agency designed LAGEOS-2 on the basis of LAGEOS-
1 with support from NASA. The satellites are spherical aluminum bodies with a di-
ameter of 0.6 m weighting just above 400kg. The surfaces are covered of 426 cor-
ner reflectors reflecting laser beams sent from fixed positions on the earth. The two
satellites very stable orbits makes it possible to determine position with high accu-
racy. Orbit perigee is 5860 and 5620 km, and the period around the earth is 225 and
223 min for LAEGOS-1 and -2 respectively (ILRS, 2014).

GRACE

The Gravity Recovery and Climate Experiment (GRACE) was launched in March 2002
as ajoint collaboration between NASA and the German Aerospace Centre. The goal of
the program was to improve and increase the quality of the measurements of earths
gravitational field. The mission consists of two identical satellites traveling with a
polar orbit and perigee 0f500 km above the earths surface. Traveling with a distance
220 km between them they can measure the change in distance when the first of the
satellites accelerates due to change in gravity. The precision of the distance measure-
ment is 10 um (NASA, 2014b).

GOCE

Gravity Field and Steady-State Ocean Circulation Explorer is a satellite funded by
the European Space Agency (ESA), and launched in March 2009. It crashed on 11
November, 2013 after running out of propellant. The satellite has a significantly lower
perigee of 260 km compared to GRACE and LAGEOS-1 and -2. This low orbit allowed
for much higher quality of the measurements, as well as the instrument it self, an
Electrostatic Gravity Gradiometer, is about 100 times more accurate than any other
accelerometers at the time of construction (ESA, 2014b).
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CHAPTER

RESULTS

3.1 Climatology

Here, the results of the hydrographic CTD sections calculated along 78.83°N between
6 and 10.3°N are presented. First the total climatology calculated from the full data
set is presented, secondly the separate summer and winter period is presented, and
finally summer and winter sections for the three anomaly periods 1956 to 2003, 2004
to 2007, and 2008 to 2013 are shown. To make comparison between all the CTD sec-
tions easier they are plotted with the same contours. Furthermore, it should be kept
in mind that the upper 8 m of all stations collected have been removed due to very
unevenly data distribution close to the surface, and the minimum values for salinity
and density are set to 34.5 psu and 27.5kgm 3.

The full climatological sections for temperature, salinity and density are presented in
Figure Temperature is shown in Figure West of the shelf break the upper
50 to 150 m have temperatures above 5 °C. This layer is shallower furthest west, and
deepens towards the shore. Two small patches with temperatures above 5.5 °C in the
upper 50 m at 6.3°E and between 7 and 7.7°E. Temperatures below the surface layer
decrease with depth to below —0.5°C at 1000 m. The horizontal temperature gradi-
ent is varying, but is in general positive west of the shelf. The strongest gradient is
found at 100 to 600 m between 7.7 and 8°E. Over the WSS the water has temperatures
exceeding 2 °C and most of the shelf have water warmer than 3°E. The coldest water
is found furthest to the east. An intrusion of water warmer than 3 °C is seen over the
shallow part of the shelf between 50 to 100 m depth. A small spike with T > 4°C re-
lated to this intrusion.

Figures shows the salinity section. A fresher surface layer is seen which deep-
ens from 30 to 100 m along the whole section. The salinity is above 34.9 psu below
this layer for the whole section including the shelf. A core of water with salinity
above 35 psu is seen from below the surface layer and down to approximately 500 m.
The bottom boundary of the 35 psu contours have some irregularities, and is deepest
close to the slope at 8.3°E.
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Figure 3.1: Total climatology calculated from all data availible. @, |El, and show
temperature, salinity, and density respectively. The reference pressure is set to
Odbar. In (c) the white contour line in is the 2 °C contour line, and the yellow
diamonds represent each centered grid point.



3.1. Climatology

Density is presented in Figure Over the upper shelf and deep water the hor-
izontal density gradients are generally negative but with some irregularities. The
strongest gradients are found in the same area as the strongest temperature grandi-
ents, from 100 to 600 m between 7.7 and 8°E. Over the shelf the horizontal gradients
turn positive between the shelf break and 9.3°E, before again turning negative east of
9.3°E. To give an impression on where the core of Atlantic type water is located the
white contour line shows the T = 2°C contour. This is done for all CTD sections.

Summer (jjaso)

Figure[3.2]show the summer climatology for temperature, salinity and density respec-
tively. The temperature is seen to have its maximum, warmer than 6 °C, in the upper
50 meter layer west of the WSS in Figure Further down in the water column,
west of the WSS, the temperature is seen to decrease close to linearly to a temper-
ature minimum below 1000 m depth. A positive horizontal temperature gradient is
seen in the upper 400 m west of 7°E. A similar positive gradient is found below the
temperature maximum and down to 750 m from 7.5°E towards the West Spitsber-
gen Continental Slope (WSCS). Moving onto the WSS the temperature field is not as
smooth as over the deeper waters due to few hydrographic profiles available to cal-
culate the average. A negative horizontal temperature gradient can be seen at 8.3°E
in the surface layer and continues towards the shore. This horizontal gradient is no-
tably stronger than the gradients seen over deeper water. The vertical temperature
gradient over the WSS is also in general positive, but it is not as strong as over the
deep water. East of 9.7°E the temperature data appear to be noisy. This is due to the
low data availability at 10°E, and the variation in the profiles is distinct. Between 9.3
and 10°E a local temperature maximum spike is seen at about 100 m depth which is
stemming from the same problem with low data coverage. The maximum tempera-
ture in the section is 6.22 °C at 7°E.

The salinity for the summer period is seen in Figure[3.2b] Minimum salinity is found
in the surface layer which is shown only in the upper 20 to 50 m over the deep and
water upper slope. The low salinity layer deepens over the slope towards the east, and
east of 9.7°E salinity is below 34.5 psu for the whole profiles. Approximately between
100 and 200 m depth and 6.5 and 8.5°E a maximum salinity core with salinity above
35.1psu is found. Below 500 m the salinity is between 34.9 and 35 psu. In the area
over the upper slope the horizontal salinity gradient is globally positive below the
maximum salinity core. Some smaller variations in this gradient is seen over differ-
ent interval, mainly along the 35 psu contour line. Above the salinity core the gradient
appears to be equally negative. The upper layer with the salinity minimum deepens
towards the shore. Close to the shore the whole water column (h < 100m) is seen
to have salinity less than the minimum value of 34.5 psu. At 100 m depth a spike in
the salinity is seen in the 35 psu contour line between 9 and 9.3°E. Over the WSS the
global horizontal salinity gradient is negative in all layers, and it increases with depth.

The density field plotted in Figure[3.2¢} and its contour lines share many of the same
features as the ones of the salinity. The surface layer with a potential density lower

than 27.9kgm™3 is mainly above 100m, but closer to shore the fresh surface layer
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Figure 3.2: Summer climatology (jjaso). See also caption of Figure




3.1. Climatology

deepens down to the bottom. Below this surface layer a negative horizontal density
gradient can be seen through the large body of the water mass west of WSS. One
exception is the 28kgm™3 contour from 6.3 to 6.7°E where it is slightly positive. Over
the shelf the density gradient is again positive from the shelf break until 9.3°E, or
about 200 m depth.

Winter (djfmam)

The winter climatology is presented in the right column of Figure[3.3]in the same way
as summer (temperature, salinity, and density respectively). In Figure[3.3a]it is shown
that the temperature maximum is deeper down in the water column compared with
summer. The small oval core of warmer than 3.5 °C water is seen between 60 and
200 m depth and 7 to 7.7°E. The maximum temperature in the core is 3.69 °C at about
80 m. Water temperatures above 3 °C extend over much of the upper 400 m west of
the West Spitsbergen Shelf Break with a similar oval shape. However two 'arms’ ex-
tend out of the core, one westward in the surface, and eastwards towards the shelf
break between 150 and 250 m.

Over the slope, below 500 to 600 m, the temperature is gradually decreasing from 2
to 3°C to less than 0°C below 800 m, but with a notable positive vertical tempera-
ture gradient. At 750 m a positive local temperature maximum is seen at 8°E. At 6.5°E
the 3 °C contour line outcrops to the surface. The water temperature decreases from
2.5°C to less than 0°C towards the shore. However, from 50 to 120 m an intrusion
of higher temperature extends onto the shelf. A similar intrusion of warmer water is
evident along the bottom furthest out on the WSS penetrating under the colder water.

Figure shows a fresh surface layer from 7°E and continuing shorewards, and
along this layer the depth of the fresh layer deepens to below 100 m close to the shore.
A core of S = 35psu covers most of the area below the halocline and down to 500 to
600 m depth. The salinity does not exceed 35 psu over the shelf break, but an intru-
sion of water with salinity above 34.9 psu is seen below the halocline. Furthest west,
close to 6.5°E the 35 psu contour outcrops to the surface. This is the same place as
the 3 °C contour outcrops. The horizontal salinity gradient is positive above the shelf
break depth, and strongest in the deeper levels over the shelf. The lower limit of the
35 psu contour starts at 400 m over the deeper water, and deepens towards east. It
reaches a maximum depth of 650 m at 7.7°E. East of 7.7°E the depth of the contour
decreases. Below this line, down to 1100 m, most of the water have a salinity exceed-
ing 34.9 psu, but a fresher patch is seen west of 7°E in the deeper part of the section.

The winter density climatology is shown in Figure Unlike the summer section,
the winter section is missing the defined surface layer, and appears more homoge-
nous. The density minimum is found over the shelf with oy = 27.65kg m™3 close to
the surface. A small core with density above 27.9kgm™ is seen over the shelf be-
tween 9 and 9.3°E. This core is not directly connected to the 27.9 psu contour line
over the shelf, but along the bottom of the shelf between 8.7 and 9°E the density is
seen to exceed 27.9kgm™3. West of the shelf break the horizontal density gradient is
close to zero, but further out it have the same concave lower shape as the S = 35psu
contour.
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Figure 3.3: Winter climatolgy (djfmam). See also caption of Figure
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Anomaly Periods

Now the data set is divided into three climatological periods, the first from 1956 to
2003, the second from 2004 to 2007, and the third from 2008 to 2013. The three peri-
ods are chosen to identify the warm anomaly detected in the FS in the mid 2000s. In
addition, this give one period before and one after the anomaly period. An overview
of the data available for these three periods was presented in Section 2.2} Table[2.2]

First Period (1956-2003)

The summer data is presented in Figure[3.4]s left column. Temperature maximum in
Figure is close to the surface, with temperatures above 5 °C in the upper 100 m
over the deep water and slope. Above 500 m the water has temperatures above 2 °C.
Below 500 m the temperature decreases to a minimum of about —0.5 °C. The horizon-
tal temperature gradient is positive between 6.7 and 8.7°E, and slightly negative west
of this. Over the shelf the temperature decreases eastwards to less than 2 °C. From
9.7°E and eastwards the temperature field appears noisy due to the lack of data. Fig-
ure shows the first periods salinity section for summer. A fresh surface layer in
seen down to about 50 m east of 7°E and deepening gradually to 100 m over the shelf.
From 100 to 500 m a core with S = 35psu is positioned over the slope, with a small
intrusion onto the shelf at between 100 and 200 m depth. Below the 35 psu core the
salinity in between 34.9 and 35 psu. The density field calculated from the above tem-
perature and salinity is presented in Figure[3.4€] Furthest west the horizontal density
gradient is positive, but turns negative from 6.7°E and towards 8°E. From this point
no gradient is seen below 100 m between 8°E and the shelf break. Over the shelf the
density gradient again turn positive below 100 m.

The winter climatology for the first period consists of very little data. Only 14 profiles
conducted between 1956 and 2001 are used to calculate it, as seen in Table[2.2] This
causes the following result to be highly questionable. The winter temperature field
for the first period is shown in Figure Temperatures below 2 °C dominate the
main part of the upper 50 m. Two warm cores are seen, however, at 6.7 and 8.3 m
where the surface temperature is warmer than 2.5 and 2 °C for the two locations re-
spectively. Below 100 m depth between 7 and 7.7°E a warm core with T = 3°C. A small
warm water core with temperature above 3 °C is also seen over the shelf break. Below
the shelf break the temperature decreases with depth, and a small temperature maxi-
mum warmer than 1.5 °C is seen on 800 m at 7.3°E. This maximum causes a wedge of
warmer water to penetrate downwards. The fresh surface layer is displaced by higher
salinity at the same two locations as the temperature field does at 6.7 and 8.3°E. Over
the shelf the horizontal salinity gradient is negative from S = 35 psu towards the east.
Vertical salinity gradient are weak in the same area. A salinity core with S = 35psu is
seen from 7 to 9°E and at 200 to 400 m depth. Close to the shelf break however the
depth of the core is almost from 100 to 500 m. The rest of the section have salinity
between 34.9 and 35 psu. Figure displays that the water with the lowest density
follow the temperature and salinity contours in the surface. The outcropped temper-
ature and salinity maximas in the surface described above are also seen in the density
section. Horizontal density gradients over the deep water are stronger below 100 m
compared to summer, and the strongest gradient is found between 6.7 and 7°E at 100
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Figure 3.4: Climatology for temperature, salinity and denity during the tem-
perature anomaly between 1956 and 2003. The left column, (a), and, (g,
include the summer sections, and the right column, (b), (d) and, (f), show the
sections for winter.

to 300 m depth. Over the upper slope the horizontal density gradient is close to zero
down to 500 m, but below that depth it turns positive. From the shelf break and east-
wards the gradients are in general slightly positive. A patch with low density at 800 m,
7.3°E is seen to correspond to the warm water patch described above.

Second Period (2004-2007)

The second climatological period is presented in Figure[3.5] and this period is cover-
ing the warm anomaly of the WSC (Polyakov et al., [2005; Beszczynska-Moller et al.,
2012). Displayed in Figure is the second period’s summer temperature section.
A temperature maximum is seen at the surface, with a more or less linear decrease in
temperature with depth. This is especially notable over the deeper water and slope,
but can also be seen over the outer part of the shelf. Further towards the shore the
temperature is seen to decrease as well over the WSS. This is most prominent close
to the surface, but is also visible close to the bottom. An intrusion of warmer water
at 70 m depth can be seen east of 9°E. The maximum temperature is 7.15 °C, and is
found over the deep water. Figure [3.5¢ shows a salinity maximum core (S > 35psu)
that has approximately the same depth as the full climatology during summer, but
it extends longer in both the vertical and in the horizontal. Its deepest part is at the
same depth as the shelf break. A spike with salinity larger than 35 psu is seen be-
tween 8 and 8.3°E at 250 m depth. It is not physical, but results from the smoothening
procedure because salinity values at both 8 and 8.3°E are very close to 35 psu before
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3.1. Climatology

smoothening. From the core and downwards, the salinity decreases to below 35 psu
at 500 m. The halocline is for the most part above 100 m depth, but is hardly visible
west of 8°E due to an outcrop of the 34.9 psu just west of that point. Over the inner
parts of the shelf, where the water depth is close to 100 m shallower, the halocline
deepens, and fresher water is seen to dominate close to the coast. Above the up-
per slope and deeper water the horizontal density gradient is slightly negative, with
some smaler variations. The horizontal gradient is slightly positive below 100 m over
the shelf, and neutral to slightly negative in the surface. The maximum density over
the shelf (27.8kgm™3) is connected to the same contour line over the shelf.
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Figure 3.5: Climatology for temperature, salinity and denity during the tem-
perature anomaly between 2004 and 2007. See also caption of Figure

Winter climatologies from the second period are presented in the right column in
Figure The core of water with at temperature higher than 2 °C is found from the
surface and down to a maximum of about 650 m over the slope. Further out the core
is above 600 m. The oval shape of the warm water core is also evident here, but with
an intrusion reaching onto the slope and shelf. West of 8°E the surface temperature
exceeds 3 °C, and between?.1 and 8.8°E the surface temperature is above 3.5 °C. Over
the shelf the warm water with a temperature above 3 °C dominates the area below
100 m. Above this depth the water is colder, with the coldest water towards the coast.
Most of the water west over the shelf is dominated by salinities of 34.9 psu or higher,
except from a patch of fresher water below 750 m and west of 7°N. Above 500 m the
main body of water has a salinity of 35 psu. No halocline is obvious over the slope,
but close to and over the shelf the water is fresher. The water with the lowest salinity
is close to the surface furthest east. More saline water is seen onto the shelf below
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100 m. The horizontal density gradient is negative, but with varying strength over the
whole section. The strongest gradient is found between 6.3 and 7.3°E. East of 7.3°E
the gradients are in general decreasing, but they are still notably negative.

Third Period (2008-2013)

The third climatological period from 2008 to 2013 is presented in Figure[3.6] Summer
temperature is plotted in Figure It has the typical warm surface with tempera-
ture decreasing to below 0°C below 900 m. In the upper 400 m the horizontal tem-
perature gradient is slightly positive between 6.3 and 8.3°E, and from here it turns
negative towards the shallow shelf. Between 400 to 800 m the horizontal temper-
ature gradient is close to zero west of 7.7°E, but turns positive towards the upper
slope. Deeper than 800 m the horizontal gradient is positive over the whole area, and
the temperature is below 0°C. Spikes of warm water are visible east of 9.3°E. They
are created because some profiles are much deeper than the bathymetry at the grid
point, thus only parts of those profiles are used to represent a full water column. Fig-
ure shows salinity for the third period. A layer with low salinity is seen in the
upper 50 to 100 m, deepening over the self. A core with an open border to the west
with S = 35.1psu is located west of the shelf break below the halocline and at ap-
proximately 200 m depth. The high salinity core also outcrops towards the surface at
6.5°E. Below this salinity core the salinity decreases with depth, having a small hori-
zontal salinity gradient. Below the halocline over the shelf the salinity is between 35
and 35.1 psu. The density field presented in Figure shows negative density gra-
dients over most of the section below the surface layer. The strength of the gradient
are varying, and are strongest between 6.3 and 6.7°E at 100 to 200 m depth, and at 7.7
to 8.3°E between 200 and 700 m. Over the shelf the gradient is slightly positive.

The winter anomaly section for the third period is presented in Figure Temper-
ature is seen in and the core of water exceeding 2 °C covers most of the area
between the surface and 600 m depth. West of 8°E the surface temperature is seen to
exceed 2°E. Below the AW core the temperature decreases to below 0 °C below 800 m.
At 750 m three temperature spikes are seen at 7, 7.7 and 8°E. A cold surface layer is
seen over the shelf with temperatures below 0 °C east of 9.3°E. The surface salinity
exceeds 34.8 psu west of 8°E is seen in Figure[3.6d} corresponding to to the warm sur-
face temperatures described above. Below the surface salinity exceed 34.9 psu with a
core between 100 and 600 m and 6.7 and 8.3°E. A small patch of S < 34.9psu is seen
at 900 m depth at 6.7°E. East of 9°E the salinity decreases over the shelf towards east,
and a negative vertical salinity gradient is seen. Two small spikes in the S = 35 psu are
seen west of 8°E at 850 m, and east of 8°E at 250 m. A weak negative density gradient
is seen in the upper 100 m of the whole density section in Figure Below the sur-
face a negative density gradient is seen from 6.7 to 7.7°E. East of 7.7°E the gradient
turns positive towards east. It is seen that the lower boundary of the 35 psu isopycnal
follows the 28 kg m ™3 contour line.

Temperature and salinity of the AW area

The mean temperature of the AW in the three sections is seen in Figure Red line
represents summer and blue represents winter. The time interval for the first period
has been shortened to make comparison to the two shorter time series easier. Fig-
ure presents salinity data, and it is observed that the salinity is always higher in
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Figure 3.7: Mean temperature of AW in the WSC for the three periods. The data
for the first periods extends back to 1956, but the time series is plotted from
1990 to make comparison easier. Red lines are summer , and blue lines are

winter data.
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summer than winter. For the first period the mean salinities are 35.02 and 35.00 psu
for summer and winter respectively. The second period has salinities of 35.06 and
35.03 psu, and the third period has 35.08 and 35.03 psu. The full climatology has a
calculated mean salinity of 35.05 and 35.02 psu for summer and winter. Tempera-
ture time series is plotted in Figure [3.7b. Mean temperatures for the AW are 3.4 and
2.6 °C for summer and winter respectively for the first period, 4.0 and 3.0 °C for the
second period, and 3.7 and 3.1 °C for the third period. The mean temperature cal-
culated from the total climatology are 3.6 and 2.9 °C for summer and winter. Hence
the warmest temperature is found in the second period during summer. The winter
temperature has a positive trend throughout all three periods.

3.2 Geostrophic velocity

By combining the barotropic and the baroclinic component the geostrophic current
can be calculated from (2.2). Two different surface velocities are used, one calculated
from the AWI current meters denoted v, and one calculated from altimetry denoted
v¢. They are compared in Figure Geostrophic velocity sections calculated for
summer and winter are presented in Figures to Sections showing v, are
deeper than the CTD sections in order to show positions of the current meters.
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Figure 3.8: Comparison between the two different barotropic velcities v¢ cal-
culated from the mooring array and v{ calculated from the first part on the
right hand side in (2.4). The grey shaded area is the boundaries for the yearly
mean profiles (W1998-W2012). Solid lines are depth and temporal mean for
the whole data set, split in all data (black), summer data (red), and winter
data (blue). Dotted lines represent the data between September 2007-July 2008
where FO also was active. The dashed lines are surface velocities calculated
from altimetry.

Surface velocities v¢ and v are calculated and plotted from altimetry and current
meters for the hydrographical section in Figure Red color represents summer
data, and blue represent winter. The same v; profiles are plotted in the upper panels
of the vg sections. The dashed lines represent v{ and are calculated from (2.4). They
are seen to have a relatively high velocity, and a wave-like structure. Because v¢ is not
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Figure 3.9: Geostrophic velocity for summer (jjaso) calculated from the cur-
rent meters. The red, solid line is the depth seasonal mean calculated from the
moorings F5 to F1, length of dataset used to calculate it is given in legend. The
asterix represent seasonal depth mean for the period with FO data. Black tri-
angles represent the nominal depths of the current meters (may vary with up
200 m depending on deployment), and the dotted line represents 1100 m depth.

trusted over shallow water due to velocities exceeding 0.35ms™!, and a maximum of

0.72ms™! east of 10°E, the eastern boundary for v¢ is set to 9.2°E. Both summer and
winter v¢ have local maximum values at 6.9 and 8.1°E, and minimum values at 6.1,
7.2 and 8.9°E. The global maximum for summer is 0.38 ms™!, and 0.40ms™!, both
at 8°E. The minimum velocities are 0.04 ms™! for summer, and 0.06 ms™! for win-
ter, both at 6°E. The black solid line v¢ is calculated from all the AWI mooring data
between December 1997 and May 2012, while the colored lines are v¢ for each sea-
son to match the hydrographical anomaly periods. The shaded area represents the
maximum and minimum seasonal v calculated at each mooring in the full period.
The dotted line represents a data set with moorings F5 to FO which covers the period
September 2007 to July 2008. All the mooring data shows a low, but increasing, ve-
locities over the deep water towards the shelf. Over the upper part of the shelf the
velocities increase to a maximum at F1 (0.24 m s~ 1) for winter, and for both F2 and F1
(0.16ms™!) for summer. The dotted on-year dataset shows the same trend over the
deep water and upper shelf, but at the easternmost mooring (F0) the profile shows a
local minimum. In winter the mean velocity at FO is 0.12m s7! and in summer it is
0.05ms™".

Current meters (vg)

The geostrophic velocity field, calculated with the data from the mooring array in
combination with the hydrographic section, are presented in Figure|3.9/and for
summer and winter respectively. The positions of the moorings used are indicated
in the upper panel. In summer v¢ has a maximum at the F1 mooring of 0.16 ms™!,
and a minimum of 0.02 ms™! at F5. The steady increase over the deep water is from
F5’s 0.02 to 0.10 ms ™! at F3. The seasonal mean velocity for FO was 0.05ms™! and is
plotted as ared star. The full velocity section presented in the lower panel have max-
imum velocity, vg > 0.24m s~!, close to the surface over the upper slope. Towards the

bottom the velocity decreases, but the gradients are relatively small over the upper
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Figure 3.10: Geostrophic velocity for winter (djfmam). See caption of Figure
for more information.

slope. From the maximum (F3) and horizontally towards the shelf the velocity is also
decreasing to below 0.05 m s~ !. Unfortunately most of the velocity field east of F3, be-
low the shelf break, is lost due to the used ADT grid. West of F3, the speed decreases
below 0.05 ms™}, with small variations over the whole area. The lowest velocities are

found west of F4, and in this area the velocities are below 0.01 ms™!.

The v profile for the winter period is plotted as a solid line in the upper panel of Fig-
ure Over the deeper water west of F3 v¢ is lower than 0.10ms™!. The steady in-
crease for winter from F5 to F3 where it increases from 0.07 to 0.10 m s~ ! has a weaker
gradient compared to summer. East of F3 the velocity increases towards F1 where v¢
is 0.24ms™!, the maximum of both the summer and winter profiles. The velocity
mean for FO is 0.13ms™! and is plotted as a blue star. The lower panel shows two
local velocity maxima coinciding with the v{ maxima over the shelf break, and a sur-
face intensified current over the deep water between 6.7 and 7°E. The maxima over
the deep water decrease with depth, and the velocity is generally less than 0.1 ms™!
below 500 m. There is also an area of low velocities between the two maxima. Over
the upper slope and shelf break the vertical velocity gradients are very weak all the
way from the shelf and out to 8°E.

Altimetry (vy)

Figure[3.11shows a Hov-Moller diagram of v along 78.83°N. The dashed lines sepa-
rate the three anomaly periods, and the dotted line represents the shelf break with
depth = 250m. It is seen that v{ at the two local maxima vary between 0.3 and
0.5ms™ !, and v¢ is always positive. The width of the two current maxima are also
changing with time, and the temporal velocity maxima are in general found during
winter. The two dash-dotted lines are plotted in the first week of January in 1995 and
1998 respectively to easier see examples of velocity maxima in relation to winter.

Velocity profiles calculated from altimetry and hydrography are plotted in Figure
and for summer and winter respectively. The upper panel in Figure [3.12]
shows v¢ calculated from summer data between 1992 and 2012. The bottom panel
present the full geostrophic velocity with depth. It is seen that the maxima in the
geostrophic velocity coincide with the maxima of v¢. The global maximum velocity
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Figure 3.11: Hov-Moller diagram of v with time on the y-axis and spatial ex-
tent on x-axis. The shelf break is marked with a black dotted line. The two
dashed lines represent the border between the three anomaly periods.
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Figure 3.12: Geostrophic velocity for the summer period calculated by using
altimetry and hydrography. The upper panel presents v¢, and the lower panel
presents vg calculated from in all depths. Note that the depth is not con-
sistent with the hydrographic sections (Figure and [3.3), but it is with the

velocity sections in Figure[3.9and[3.10}

is 0.49ms™! and found between 7.7 and 8.3°E in the upper 100 m. Below 200 m the
velocity decreases with depth. A local maximum is found just west of 7°E where vg
reaches 0.30ms™! in the surface, below this maxima and down to the bottom vg al-

ways exceed 0.25ms L. The rest of the section has very small vertical gradients thus
being dominated by v¢, not hydrography.
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Figure 3.13: Geostrophic velocity for winter using altimetry, see caption of Fig-

ure @

Winter vg is presented in Figure where the upper panel presents v¢, and the
lower presents the vg cross section. The maximum current is 0.46ms™! close to
the surface at 6.8°E, the same point where v¢ have a local maximum. Below this vg
maxima decrease with depth, but still exceed 0.30ms™! at 6.8°E through the whole
column. Between 7 and 7.3°E vg decrease to below 0.20ms™! for most of the wa-
ter column, and have a minimum of 0.10ms~! below 1000 m depth. Over the upper
slope the maximum velocity is found below 700 m depth at 8°E with speeds exceeding
0.35ms™!. Therest of the area has vg =0.25m s~!. From 8°E the velocity decreases to
less than 0.15ms™! towards 9°E. The vertical velocity gradients for the upper 300 m
are globally small, and the strongest vertical gradient is found in the upper 400 m
west of 7°E. Another notable vertical gradient is also seen form 400 m and down to
the bottom at 8.1°E.

3.3 Volume transport

Volume transport for the two branches of the WSC, and total transport of AW for
the whole section (As defined by Table , are estimated from the current meter
data, altimetry, and hydrography (Figure 3.14). The solid lines are calculated from
v¢, dashed lines are from v, and red and blue colors represent summer and winter
respectively. The two branches are bound within the two black boxes in Figure
where the barotropic WSC branch is the eastern box, and the eastern baroclinic WSC
branch (Teigen et al., 2011) is the western box. Boundaries are 6.3 to 7.5°E, and 7.5
to 9°E, and can also be seen in Figure All available data are used within each
box when calculating the volume transport for the two branches, and the areas are
fixed for all periods for consistency. When calculating total volume transport of AW
the definition from Table [2.4]is used as boundary. The volume transports based on
vg and vg data are denoted V' and V. respectively.

A time series of seasonal volume transport in the eastern baroclinic branch is shown
in Figure[3.14f. It is seen that the volume transport for winter is higher than summer
for all periods for both V! and V. A steady increase in volume transport also seen
in winter for the eastern baroclinic branch, while the summer shows a more steady
transport with a slightly lower transport in the second period. The relative decrease
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Figure 3.14: Volume transport (V) of the WSC for the three periods. Solid lines
are calculated from v¢, dashed lines are from v¢, and red and blue colors rep-
resent summer and winter respectively. Note the difference in scale between
(a-b), and (c).

in volume transport in the second period versus the average transport of the first and
third period is 0.3 Sv and 0.2 Sv for V; and V. Figure presents V and V7 for
the barotropic branch of the WSC. For V{ it is seen that the summer has a small but
steady increase from V! = 3.51 to 3.91Sv. Winter V' have a maximum value of 3.9 Sv
in the second period, while the first and third period have a calculated V' = 2.9Sv. A
similar picture is seen in V7 for winter with an increase of 0.7 Sv in the second period
relative to the first and third period. The volume transport of AW for the three peri-
ods is presented in Figure . A steady increase is seen in V! for summer, with an
increase from 6.8 to 7.7 Sv from the first to the third period. For winter the first pe-
riod has a relatively low V' = 4.3 Sv, but this increases to 9.2 Sv in the second period
before it decreases to 7.6 Sv in the third period. The maximum V7 is found in winter
during the second period, and is equal to V{ for the first winter period. Furthermore
the lowest V7. of 0.6 Sv is found in winter for the first period. Summer does not show
the same steady increase as the V! for summer show. A small decrease in V7 is seen
from the first to the second period before V7 increases again to 3.2 Sv, the same as
winter.
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CHAPTER

DISCUSSION

Here, the physical properties of the climatological CTD section are discussed, to-
gether with the three anomaly periods (1956-2003; 2004-2007; 2008-2013) and their
features. Then, v and v{ are compared together with the calculated geostrophic
velocity sections along 78.83°N. Furthermore, the temporal development in volume
transport of the WSC during the different anomaly periods is discussed.

4.1 Hydrographic sections

A major part of the hydrographic profiles considered in this study are collected after
2000. The resulting climatology sections are therefore expected to be biased towards
the conditions between 2000 and 2013. This is especially true for the winter season
where 74 out of 82 profiles are collected after 2000 (Figure [2.4a). A bias towards this
period is not necessarily a disadvantage as current meter and altimetry data is avail-
able between 1997 to 2012 and 1992 to 2012, respectively.

By comparing the total climatology (Figure[3.1) with the summer climatology (Figure
it is observed that the differences between the two sections are small. The tem-
perature of the upper 100 m west of the shelf break of the total climatology is 0.4 °C
lower relative to the summer climatology. This difference stems from adding the low
surface temperature winter profiles to the warmer summer profiles. The tempera-
ture differences between the total and summer section decrease deeper down. This
reflects the importance of heat exchange with the atmosphere with warming (cool-
ing) of the WSCs surface layer during summer (winter). The total climatology carries
the main features in salinity as the summer section, but features like the water with
salinity higher than 35.1 psu is lost to the lower salinity in the profiles. Hence, the
total climatology is dominated by the summer signal.
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Summer

A comparison is possible between the summer climatology (Figure and a clima-
tological study by Saloranta and Haugan (2001) for the same section between 1960
and 2000. It is demonstrated in both data sets that from below the surface layer and
down to between 300 and 400, and from 6 to 9.5°E, the water mass mainly consists of
AW (Defined by 8 < 2°C and S > 34.9psu). The deepening of the 2 °C contour is also
seen from 6°E towards the shelf break. Below a thin surface layer, AW is the domi-
nating water mass over the shelf between 9 and 10°E(Figure (a,c and, e) and Plate
2 inSaloranta and Haugan (2001)). A less stratified part over the upper slope and a
more stratified water column to the west is also seen by Cokelet et al. (2008) during
a cruise in October/November 2001. Even though the section stems from the late
summer period, the section also have similarities with the winter structure such as a
colder surface layer and isopycnals originating from the AW core reaching the surface
allows efficient cooling through isopycnal diffusion processes(Teigen et al.,2011).

The Polar Front (PF) separating the AW from the WSC and the water masses of the
SPC is seen over the shelf (For instance Figure [3.1). In CTD sections presented by
Saloranta and Svendsen (2001), Walczowski et al. (2005), and Walczowski (2013) the
PF is seen as a distinct density front. Due to the non stationarity of the front it is
smoothed out in the climatological sections presented here. The front is more visible
in the three anomaly periods (For instance Figure[3.5|and Figure[3.6).

Winter

A CTD cross section from 1989 of the WSC over the shelf and slope outside the mouth
of Isfjorden is presented by Boyd and D’Asaro (1994). They show a submerged AW
core between 50 and 150 m depth, and the same is seen in winter in both Figure
Figure and Figure In Figure[3.5/the AW core is both larger and is seen higher
up in the water column, all the way to the surface. The difference in temperature be-
tween Boyd and D’Asaro (1994) and the results of this work stems partly from cooling
since the Boyd and D’Asaro (1994) is = 100km south of 78.83°N. Based on the esti-
mated along shelf temperature gradients (Saloranta and Haugan, 2004) an expected
along slope temperature difference for the AW layer (0 and 250 m) in the WSC is esti-
mated to be approximately —0.40 °C (or —0.31 °C for the 0 and 500 m layer). In addi-
tion the section from Boyd and D’Asaro (1994) is collected in January-February (early
winter), while the winter data in this work stems from April and May (late winter).
Concurrent winter sections collected in April 2008 and 2009 is presented by Teigen
(2011). They show a distinct two separated cores with temperature exceeding 3.5 °C,
one in the eastern baroclinic and one in the barotropic branch.

Processes contributing to the winter time cooling of the WSC are not fully under-
stood. Saloranta and Haugan (2004) show that the heat loss in the WSC between
100 to 500 m depth is 2.5 to 3 times larger than the heat loss in the surface, imply-
ing horizontal transport of heat both on- and off-shore is a major factor. Teigen et
al. (2011) argue that isopycnal eddy diffusion from the AW core to the surface has a
significant cooling impact. The climatological winter density field (Figure 3.3), and
all three winter anomaly periods, have density contours favoring this mechanism as
the 27.8kgm™ contour line is seen to connect with the surface west of 7°E. The
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Figure 4.1: Difference between 1% period and seasonal climatologies (2008-
2013 - Full seasonal dataset). Red and blue colors indicate positive and nega-
tive anomalies respectively The shaded areas represent areas without data. The
bathymetry is plotted as a black line.

same density sections have weak density gradients over the shelf break 8.7°E, and this
makes it possible for heat exchange across the TS front at the shelf break. This is due
to vorticity waves set up by the episodic sufficient horizontal velocity shear between
the barotropic core and the shelf water (Nilsen et al., Teigen et al.,[2010).

Anomaly periods

On the shorter time scale the three anomaly periods are expected to show some sim-
ilar features, and also reveal differences from the seasonal climatologies presented in
this work. By subtracting the seasonal climatologies from each of the three shorter
periods, variability in the WSC becomes clearer, This is plotted in Figures[4.1} and
43

The temperature section of the first winter period (Figure[3.4b) shows the same two-
core (T = 3°C) structure as Teigen et al. even with the temporal difference be-
tween the data sets. The two cores (T = 3°C) are not seen in winter for the second and
third period as the whole AW area is dominated by water warmer than 3 °C. A large
core of water warmer than 3.5 °C is seen in the eastern baroclinic branch. The warm
anomaly period presented in Figure[d.2lwhere (a) and (b) show a significant positive
temperature anomaly from the surface and down to 800 m, and over the shelf. In
the same period, warm water was also measured in the Isfjorden system on the west
coast of Spitsbergen, indicating that the WSS was flooded with warm water (Pavlov
et al., . When this warm water occupies the fjords, this may stall or prevent
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4.2. Geostrophic velocity and Volume transport

freezing of sea ice during winter. A possible contributor to this intrusion of warm wa-
ter on the shelf is a long period of northerly winds during winter 2005/2006 causing
coastal upwelling west of Spitsbergen (Cottier et al., 2007). In winter for the second
period the horizontal density gradients shifts from positive to negative close to the
slope (Figure and Figure[4.2f). This difference is seen as the colder water usually
seen close the slope below 600 m depth east of the AW core is replaced by AW.

Alarge part of the warm AW, however, will end up in the Arctic Ocean through the Yer-
mak and Svalbard branches (Manley, 1995). Warm anomalies like the one described
in the second period may have significant impact on the sea ice cover. By assuming
a constant cooling of the WSC core, a significant increase in water temperature will
leave more oceanic heat available for melting sea ice. Indications of this are seen
in Onarheim et al. (2014) where the sea ice concentration north of Svalbard experi-
enced a strong decrease during winter in the middle of the last decade. The loss of
sea ice was consistent with a warming of AW entering the AO by 0.03°Cyr . The
same order of magnitude was found by Beszczynska-Moller et al. (2012), and corre-
sponds with the anomaly sections calculated in this work (Figure[3.7). It is important
to point out that sea ice cover time series is twice as long as the time series from the
AWT array. This will bias the temperature trend from Beszczynska-Moller et al. (2012)
towards the warmer 2000s. The warm water anomaly in the section studied here is
not necessarily confined to melting sea ice north of Svalbard. Such anomalies can
be transported over longer distances. A small WSC warm anomaly detected in the FS
during winter 1999 was detected along the Laptev Sea Slope in winter 2004 showing a
shoaling and deepening of the 2 °C contour (Polyakov et al.,2005). A warm anomaly
in the upper 300 to 400 m is visible in the second period (Figure 4.2a), which has a
significant impact on the buoyancy in this depth interval.

4.2 Geostrophic velocity and Volume transport

Current meters vs. Altimetry

Figure[3.8/compares v and v§, which show that they have few similarities. In general
v¢ can be considered closer to the true v based on its derivation. The wave shape
and strength of v¢ are not seen in other studies of the WSC (Fahrbach et al., [2001;
Walczowski et al., 2005; Beszczynska-Moller et al., 2012). Even with the wave pattern
removed, v? would still increase strongly towards the east. This is seen in the MDT
which is plotted in Figure [4.4| together with the MDT needed to represent v¢, called
MDT¥*. The difference is clear between the too steep and irregular, slope of the MDT
compared to the MDC¢. A filtering of the Geoid could be able to remove the irregular
pattern, but not the too steep eastward slope. A smoothening of the geoid using a
80 km gaussian filter was done by Johannessen et al. (2014) and proved good results
for the final calculation of the MDT.

Geostrophic velocity sections

The vg of the barotropic branch in Figure compares well for both speed and
structure to an LADCP section collected along 78.83°N during June/July 2003 by Wal-
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2005).

czowski et al. (2005), and adopted in Figure[4.5]

The baroclinic current set up by the negative density gradient between 7.7°E and the
shelf break explain the maximum v{ west of the barotropic branch (Figure[3.2c). The
Yermak Branch is seen west of 6°E in the LADCP section, but not seen in Figure
No direct current measurement is found for comparison for winter. The density sec-
tion (Figure [3.3c) shows a density gradient acting against the northward flowing v¢.
This induces a negative current in the surface during winter between F2 and F3 (Fig-
ure[3.10). A similar density gradient is seen in Teigen suggesting that the result
in Figure represents a physical feature of the WSC. The total AW volume trans-
port through the AWI array varies with several Sv, but the annual means are close
to 3 Sv. This compares to the winter which varies between 1.8 and 4.4 Sv during the
three anomaly periods. The lost area with an assumed transport of 0.4 Sv comes in
addition. The calculation of vg shown in Figure and are dominated by the
strong v{. The density field is not strong enough to adjust the mismatch between v¢
and v{.
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Volume transport (V7)

The same baroclinic hydrographic field is used to estimate both volume transport
estimated from vg (V) and vg (V7). This causes the differences between the two
volume transport estimates to be a product of v and v{. As seen from Figure
V1 is too high due to the higher v{'. The same vy is used for all three anomaly periods
and therefore the trends seen are products of hydrography.

The eastern baroclinic branch has a steady increase through all three winter periods.
The first period’s density section have weaker horizontal density gradients compared
to the third period and the winter climatology. In addition the first winter section
consists of few CTD profiles. Due to this the V7 estimate from the first winter period
is expected to be the least reliable of all V' estimates. The 2 °C contour is also seen to
deepen from the first to the third periods. This allows a negative horizontal density
gradient deeper down in the water column contributing to an increase in baroclinic
velocity. Only small change is seen during summer, with a minimum V7 found dur-
ing the second period. The high temperatures during this period appear at the same
time as Vr is reduced by 0.2 Sv for both V' and V. The weaker horizontal density
gradients during the anomaly period cause this decrease. Small relative changes be-
tween V7 and V7 imply a stable barotropic vs contribution to the volume transport.
The calculated volume transports (Figure[3.14) are lower compared to Beszczynska-
Moller et al. (2012) estimates which range between 4 and 6 Sv. The results, however,
are not fully comparable as the eastern baroclinic branch is not fully resolved in the
hydrographic section used here.

The barotropic branch has a less stable volume transport in the three anomaly pe-
riods, and the expected stable transport of 1.8 +0.1 Sv from Beszczynska-Moller et
al. (2012) is not reached for V. The transport for summer and winter is within 1.2
and 1.8 Sv, and 0.6 and 1.6 Sv, respectively. This may be partly due to the lost data
bound below 250 m depth and between 8.3°E and the WSS due to the chosen grid.
This missing area can be approximated by a rectangle with area 250m x 10 x 103m =
2.5x 10*m?. Choosing a range for vg = 0.10 to 0.15ms™" an estimate of the volume
transport in this area yields between 0.3 and 0.4 Sv, closing some of the gap between
literature (Beszczynska-Moller et al., 2012) and the estimates presented here.

For the winter season an increase in V7 of 0.8 to 1Sv is evident during the warm
anomaly. The velocity induced by the density field during this periods contributes to
this increase. In this period the mean v{ in the barotropic branch is also at a min-
imum compared to the first and third period (0.12ms™! compared to 0.15ms™! for
the first, and 0.14ms™! for the third period). A distinct increase in the northward
winter transport of AW during the second is caused by a change in the density field
during this period. Close to the sea floor east of the AW core the upward intruding
cold water (Figure [3.3|and Figure is replaced by AW. This alters the horizontal
winter density field from arc-shaped isopycnals, seen as the lower boundary of the
AW core in the total climatology. The result is a negative horizontal density gradi-
ent across the whole section in the second period inducing a northward baroclinic
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contribution to the northward v. The expected V; maximum during winter (Mork
and Skagseth, 2010; Beszczynska-Moller et al.,[2012) is not seen in Figure[3.14c. This
may be because the observed winter maxima are seen early in winter (December-
February), while the hydrographic data set only contain late winter profiles (April-
May, see also Figure . The increase in V and in AW mean temperature may in
addition affect the Arctic sea ice cover and contribute to a change of the AO water
masses. The increase in AW temperature may contribute to a shoaling of the cold
halocline protecting the sea ice. Variations of both salinity and temperature are not
fully correlated (Figure and Figure 7 in Beszczynska-Moller et al. (2012)). This
allow for variations in density within the Atlantic Water Layer of the AO. Karcher et
al. (2011) argued using model experiments that such density anomalies may prevail
within the AO and therefore decrease the Denmark Strait overflow.

4.3 Future work

An increase in the quality of the altimetry derived surface velocity would be a strong
improvement. This may partly be achieved by future releases of the high quality
GOCE data set to improve the Geoid. In combination with improved CryoSat-2 data
for the SSH new and more reliable approximations to the surface velocity are within
reach. Additional filtering or function approximation to the Geoid over shallow wa-
ters may also contribute to remove the non-realistic horizontal profiles of the surface
velocity.

Increasing the hydrographic database will contribute to determine more reliable sea-
sonal variations, especially for winter because data at this time is scarce. A redefini-
tion of the grid used to calculate the hydrographic averages will also be helpful as the
steep West Spitsbergen Slope demands a higher grid resolution than the one chosen
in this work (1/3 °). To prevent spikes caused by low availability of data bin averaging
of the hydrographic profiles may also help to remove spikes and give smoother final
averages.

The effect of wind is not included in this work due to time restrictions. A comparison
between the seasonal changes in v and the wind stress would be of value to better
understand the seasonal current section. The effect of the wind stress curl is known
to impact the state of the WSC and the West Spitsbergen Shelf (Cottier et al., |2007;
Pavlov et al.,[2013).
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CHAPTER

CONCLUSIVE REMARKS

This work has tried to establish a climatological hydrographic status of the West Spits-
bergen Current along 78.83°N using data from the period 1956 to 2013. The data
has been divided into two seasons to separate the summer and winter state of the
WSC. Temporal averages (1956-2003; 2004-2007; 2008-2013) have also been calcu-
lated to try to identify the hydrographic conditions during the warm anomaly of the
WSC during the middle of the 2000s. Furthermore, both in-situ current meters and
altimetry data have been used to determine the geostrophic current structure and
speed though the section. The geostrophic current been used to estimate the volume
transport through the section and the transport estimates are compared with litera-
ture.

The total and seasonal climatologies for the WSC across 78.83°N has been found
to contain many of the features found in literature (Boyd and D’Asaro, |1994; Salo-
ranta and Haugan, |2001; Saloranta and Haugan, |2004; Walczowski et al., 2005; Teigen,
2011). Both the topographically steered barotropic branch and the eastern baroclinic
branch of the WSC have been identified in the hydrographic averages for both sum-
mer and winter. It must be noted that as the sections western boundary was termi-
nated to far east, the eastern baroclinic branch is not completely resolved in the final
section.

During the warm anomaly period presented by Beszczynska-Maoller et al. (2012) and
Polyakov et al. (2012) the Atlantic Water core was found close to the surface, and
surface temperatures exceeding 3 °C were found west of the West Spitsbergen Shelf
break. The temperature was high enough to increase the buoyancy of the upper
400 m of the AW. Polyakov et al. (2005) identified the signal of and earlier and smaller
warm anomaly observed in the Fram Strait and later along the Laptev Sea Slope. This
suggests that the warm anomaly studied here may enter and flow far into the Arctic
Ocean were it will contribute to melting of an already shrinking Arctic sea ice cover.
(Onarheim et al.,2014). The average temperature of the AW during the three anomaly
periods was found to follow the overall warming of the WSC in the same order of mag-
nitude as found in (Beszczynska-Moller et al., 2012).
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To assess the surface velocity calculated from altimetry (v¢) the AWI mooring array
along 78.83°N has been utilized to calculate an approximation (v¢) of the real surface
velocity. The method for calculating the surface velocity from altimetry is adopted
from Mork and Skagseth (2010). When the surface velocity calculated from altimetry
and current meter data were compared, the former was found to have a high velocity
and a horizontal shape not comparable to the barotropic jet found by Fahrbach et al.
(2001) and Teigen et al. (2010).

Geostrophic current sections were calculated as a combination of the surface veloc-
ity and the baroclinic velocity determined from the hydrographic sections. The sum-
mer velocity section compared well to a section collected by Walczowski et al. (2005)
(Adapted here as Figure in both structure and speed. No comparable hydro-
graphic sections were found for the late winter period, but the density field of the
winter climatology share the overall features when compared to a CTD section given
by Boyd and D’Asaro (1994). Due to a too high v{ the volume transport through the
section based on altimetry was overestimated, but transport calculated using v$ gave
reasonable values compared to Beszczynska-Moller et al. (2012). As the v$ was ex-
pected to be a good approximation for the true v;, this also helped to assess the qual-
ity of the baroclinic current section calculated from the hydrographic averages. A
small underestimation of the volume transport was found in the barotropic branch,
but this was likely connected to the loss of a area covered due to the chosen grid. Ex-
trapolating the lost vg (0.10 to 0.15ms™!) for the upper 250 m down to the sea floor
in this area, the volume transport estimates were nudged towards values (1.8 + 0.1 Sv)
found in Beszczynska-Moller et al. (2012).

The increase in AW volume transport during the second winter period (4.4 Sv) is caused
by the increase in both vg and AW area in the section. Together with the increase in
AW mean temperature this may increase the heat transport into the AO and affect the
hydrographic properties of the Atlantic Water inside the AO.
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