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Figure on front page shows the whole temperature series at the mooring site,
S2, in the southern Weddell Sea. Note that the data from 2010 are from a
Microcat, while the other series are from RCM. The figure is made in Matlab
R2009b.
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Abstract

Ice Shelf Water (ISW) characteristics are investigated using data from moored
instruments in the southern Weddell Sea. Most attention is given to the
temperature data, but additional current, salinity and oxygen data are included
to increase the credibility of the observations. The main data set is from a
mooring site, named S2, located at the Filchner Sill. Year-long time series exists
in 1977, 1985, 1987, 2003 and 2010 making this one of the longest time series in
Antarctic waters. To supplement the S2 series, data are included from the FR1
mooring, southeast of the S2 position. Both seasonal and interannual variability
are observed in the ISW at the Filchner Sill. Any long-term trend in the ISW is
not found. A new explanation of the seasonal signal is presented, suggesting
that the signal is a result from the forcing in front of the Ronne Ice Shelf.
Changes in atmospheric forcing, the occurrence of polynyas and grounded

icebergs are suggested to be the reason for interannual variations.
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Introduction

The large-scale ocean circulation is mainly driven by winds and density differ-
ences between water masses, and influenced by Earth’s rotation and the geometry
of basins. The vertical circulation is largely determined by water-density differ-
ences and is therefore often referred to as the Global Thermohaline Circulation
(GTHC). This circulation plays an important role in; bringing oxygen-rich surface
waters to the bottom, ventilating the deep ocean, bringing nutrient-rich bottom
water to the surface, increasing the biological production in the surface layers

and transporting heat towards the poles.

The bottom water originating from Antarctica, defined as Antarctic Bottom Wa-
ter (AABW), occupies large portions of the deep ocean (Gill, 1973). It is the
densest water mass in the world’s oceans because of the low temperature (e.g.
(Foldvik & Gammelsrgd, 1988; Fahrbach et al. , 2004)). AABW is therefore an
important component in the climate system. Understanding its formation may
help us understand temporal variations of the global ocean circulation and pos-
sible responses to a changing climate (Nicholls et al. , 2009; Carmack, 1990).
One source location of AABW is the Weddell Sea (Brennecke & Seewarte, 1921;
Foldvik & Gammelsrgd, 1988), which is the location of focus in this study. The
source water of AABW originating from the Weddell Sea is the cold, oxygen-rich
and relative low-salinity Weddell Sea Bottom Water (WSBW) (Foldvik & Gam-
melsrgd, 1988; Foldvik et al. , 2004).

The low temperature and salinity of the WSBW is due to the contribution of
Ice Shelf Water (ISW), which obtain its final characteristics by sea ice formation
over the continental shelf of the southwestern Weddell Sea and the circulation

underneath the ice shelf (Foldvik & Gammelsrgd, 1988; Nicholls et al. , 2001;
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1. INTRODUCTION

Foldvik et al. , 2001). The ISW flowing out of the ice shelf cavity eventually ends
up in the abyss of the Weddell Sea (Foldvik et al. , 1985a, 2004; Nicholls et al.
, 2009). Any changes to the ISW production, properties and/or quantity might
result in changes of the AABW. An increased understanding of variability within
the ISW may therefore help us understand the sensitivity of the AABW in the
deep ocean (Foldvik et al. , 2004). The properties of the ISW plume is the result
of air-ice-ocean interactions, and monitoring this plume over a long period may
in addition help us understand the variability of such interactions and their role
in the climate system (Nicholls et al. , 2009).

The purpose of this study is to examine variations of the ISW formed in the
southern Weddell Sea. The main data being used are data from the long-term
monitoring mooring site, named S2, located at the Filchner Sill in the south-
western Weddell Sea, Antarctica (figure 2.1). This particular location is chosen
because the ISW flow over the Sill when escaping the Filchner Depression (Fold-
vik et al. , 1985a). ISW mixes with off-shelf water masses at the continental shelf

slope and contributes to the formation of AABW (Foldvik et al. , 2004).

The first S2 mooring was deployed in 1977, and the site was reoccupied in 1985,
1987, 2003, 2009 and 2010. All moorings gave at least one year of data, making
this one of the longest time series in Antarctic waters. To supplement the S2
series, data are included from the FR1 mooring, southeast of the S2 position.
Additional data used are CTD (Conductivity Temperature Depth) profiles taken
in the same time period around the S2 mooring site. The primary focus will be

on temperature data.

The S2 mooring in 2009 had sensors for dissolved oxygen, giving the very first
year-long time series of oxygen in the southern Weddell Sea. An overview and a

first look into this unique data set is presented here.



Oceanographic Setting

2.1 The Southern Ocean

The Southern Ocean is defined as the ocean between the Antarctic continent and
the Subtropical Convergence (at approx. 40-50°S). It is the only zonal ocean in
the world linking the Atlantic, Pacific and Indian Ocean together. The lack of

meridional barriers leads to a zonal wind system forcing the ocean surface.

The mean atmospheric features over the Southern Ocean are cyclonic (clock-
wise) circulations (low pressure areas). The easterly winds blowing off the con-
tinent drives the westward Polar Current (East Wind Drift), while the westerly
winds drive the eastward flowing Antarctic Circumpolar Current (ACC). Since
the Ekman transport is to the left of the wind in the southern hemisphere, the
sea-surface in the region of the ACC slopes down towards the Antarctic conti-
nent generating a geostrophic slope current to the east (the same direction as the
wind) extending the ACC to great depths (Colling, 2001). This current’s main
obstacle is the Drake Passage located between the South American continent and
the Antarctic Peninsula. The transport through this somehow narrow passage
has been calculated to be 134 Sv (Nowlin Jr. & Klinck, 1986), which indicates
that the ACC is the most powerful current in the world. There are four basins
around Antarctica; the Weddell Basin, the South Indian Basin, the Southwest
Pacific Basin and the Southeast Pacific Basin(Carmack, 1990), where the one of
interest here is the Weddell Basin.
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Figure 2.1: An overview of Antarctica. The map is taken from www.lima.usgs.gov/.
Location of the S2 mooring is shown.

2.2 The Weddell Sea

The Weddell Sea is the most southern part of the Atlantic Ocean, from the
Antarctic Peninsula in the west to Kapp Norvegia in the east (figure 2.1). The
Weddell Basin has depths exceeding 5000 m with wide continental shelves (figure
2.2). The Antarctic Ice Sheet slowly moves out from the continent and floats on
the sea over large areas (Foldvik & Gammelsrod, 1988). The floating glacial ice

is defined as an ice shelf.

The dominant glacial feature in the Weddell Sea is the Filchner-Ronne Ice Shelf
(FRIS) located in the southwestern Weddell Sea. The FRIS is the largest of the
Antarctic ice shelves (by ice volume), with an area of 450,000 km? and an average
thickness of around 700 m (Lambrecht et al. , 2007). The vast, relatively shallow
continental shelves are downsloping towards the Antarctic continent creating a

cavity underneath the ice shelf.

As in the rest of the Southern Ocean, the mean atmospheric pressure system
in the Weddell Sea is cyclonic resulting in the clockwise circulation of the subpo-

lar Weddell Gyre and an area of divergence and hence upwelling in the center.
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Figure 2.2: The circulation beneath the Filchner-Ronne Ice Shelf. The figure is
adapted from Nicholls et al. (2009). Blue and red arrows show the circulation beneath
the ice shelf of waters originating from the eastern and western ends of the Ronne Ice
Front, respectively. The thick red broken arrow indicates the location of an MWDW
inflow at the central trough in the Ronne continental shelf break. The locations of the
moorings under investigation (S2, FR1 and Site 5) are labeled.
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There are two depressions in the bottom topography underneath the Filchner-
Ronne Ice Shelf: The Filchner Depression in the east and the Ronne Depression
in the west (see figure 2.2). These depressions partly trap the heavy water formed
underneath the ice shelves. The Filchner Depression extends from underneath
the Filchner Ice Shelf and northward towards the continental shelf break where
it is bounded by the Filchner Sill with a depth of ~ 600 m (Foldvik et al. ,
1985a; Nicholls et al. , 2009). The Ronne Depression is a smaller feature not
extending far north from the ice front, and the circulation regimes between these
two locations are therefore not completely comparable (Nicholls et al. , 2003).
This study will mainly be concerned with the cyclonic circulation (Carmack &
Foster, 1975b) in the Filchner Depression. The circulation over the southwestern
continental shelf and underneath the FRIS is shown in figure 2.2 together with

the location of the instruments under investigation.

The coldest and the densest deep water mass in the world originates from the
Weddell Sea. The reason for such a water mass production is the combination
of the large floating Filchner-Ronne Ice Shelf and the favourable topography in
form of a downsloping continental shelf with depressions. How this heavy water
is formed and its relation to the floating FRIS is described in details in section
2.3.2.

2.3 Water masses in the Southern Ocean

Water masses are traditionally defined from a general temperature/salinity clas-
sification (see figure 2.3), and the Southern Ocean is no exception. A summary
of the water masses are given in table 2.1. The definitions of the water masses

are taken from Carmack (1990) and Foldvik et al. (1985d).

The surface layers (upper 50 to 200 m) north of the continental slope contain
Antarctic Surface Water (AASW), a cold and relatively fresh water mass which
has obtained its characteristics from upwelled deep water modified by surface ex-
change processes. Below this water mass there is a temperature minimum layer
with slightly higher salinities, called Winter Water (WW). This water mass evolve
during wintertime when AASW is cooled to the surface freezing point and brine
is added to the water column due to ice formation. Within the Antarctic Cir-

cumpolar Current a relatively nutrient-rich water mass originating from North

Atlantic Deep Water (NADW) called Circumpolar Deep Water (CDW) is found
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Figure 2.3: A 6-S diagram showing the water masses in the Weddell Sea south of
70°S. The isopycnals are calculated with respect to surface pressure and the straight
line is the surface freezing temperature. The figure is taken from Nicholls et al. (2009).

Table 2.1: Overview of the main water masses on the Southern Weddell Sea Shelf.
The definitions of the water masses are taken from Carmack (1990) and Foldvik et al.

(1985d)

AABW Antarctic Bottom Water —-0.7<60<0.0°C
34.64 < S < 34.68
AASW Antarctic Surface Water
S <343
CDW Circumpolar Deep Water 0 > —0.5°C
HSSW High-Salinity Shelf Water 6~ —1.9°C
(Western Shelf Water) S > 34.70
ISW Ice Shelf Water 0 < —-1.9°C
LSSW Low-Salinity Shelf Water 0~ —1.9°C
(Eastern Shelf Water) 34.28 < § < 34.44
MWDW | Modified Warm Deep Water 0~ —1.2°C
S ~34.5
WDW Warm Deep Water 0<0<0.8C
34.64 < S < 34.72
WSBW | Weddell Sea Bottom Water 0 < —0.7°C
S ~ 34.65
WWwW Winter Water 0 ~—1.9°C
34.28 < S < 34.52
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at intermediate depths. A cooler and fresher variety of CDW extending south-
ward is the Warm Deep Water (WDW). At the ocean floor Weddell Sea Bottom
Water (WSBW) is found. A thorough description of WSBW will be given in

section 2.3.1.

Over the continental shelf there is more variability in the water column. During
summertime a relative warm and fresh seasonal layer is formed from radiative
heating and ice melting. Below this there is either High-Salinity Shelf Water
(HSSW) or Low-Salinity Self Water (LSSW) depending if you are located more
to the west or to the east of the Filchner Depression, respectively. These wa-
ter masses have temperatures near the surface freezing point and covers most
of the shelf floor. HSSW has salinity close to the threshold salinity for driving
deep convection and is therefore an important part of the deep water formation.
LSSW has slightly lower salinity, but is still an important mixing component in
AABW (Jacobs et al. , 1985). A mixture of WDW and WW is called Modified
Warm Deep Water (MWDW) and is identified as a warm intrusion. This is an
almost continuous feature, but it tends to break up into parts when mixed with
ambient shelf waters at its most southern part (Foster & Carmack, 1976). There
are found cores of Ice Shelf Water (ISW) in both the Ronne and the Filchner
Depression. This water mass is defined as waters with temperatures below the
surface freezing point (~< —1.9° C). ISW is a result of the cooling at the base
of the ice shelves due to the depression of freezing temperature with increasing

pressure. A more detailed explanation of this water mass is given in section 2.3.2.

Compared with the rest of the continental shelf, the hydrography over the Filch-
ner Sill is slightly different. An ISW plume is flowing over the Sill from the
Filchner Depression and down the continental slope (Foldvik et al. , 1985a). An
illustration of the water mass distribution over the Filchner Sill is shown in figure
2.4.
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Figure 2.4: An overview of the hydrography over the Filchner Sill. a) Map of the
section over the Filchner Sill. Note that the section is west-east oriented. b) The
temperature section across the Filchner Sill from the Norwegian Antarctic Research
Expedition (NARE) cruise in 1985. The thick white line marks the —1.9° C isotherm.
The water mass definitions is adapted from Grosfeld et al. (2001). The stations with
its respective labels are marked with dashed lines.
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2.3.1 Deep water in the Weddell Sea

Research on bottom water has traditionally been on the mechanisms that pro-
duces deep water, and what locations are the most effective producers. There
have been found two types of Weddell Sea Bottom Water (WSBW). Gill (1973)
presented how Western Shelf Water (WSW) is formed (now called HSSW) when
brine releases into the water column due to ice formation. This water mixes with
MWDW and WDW along the continental shelf break (frontal mixing), eventually
sinking down the continental slope forming WSBW (Nicholls et al. , 2009). The
second type of WSBW is formed by mixing between ISW and the overlying WDW
(Foldvik et al. , 1985a,d). This latter process is one of the results obtained from
the Norwegian Antarctic Research Expeditions (NARE) to the Southern Weddell
Sea in the time period 1976-1985 (Foldvik & Gammelsrod, 1988). Foldvik et al.
(2004) estimated the rate of WSBW formation by the ISW plume over the Filch-
ner Sill to be 4.3 4+ 1.4 Sv. A third mechanism of deep water formation proposed
by Gordon (1998), is the direct flow of HSSW down the continental slope.

2.3.2 Ice Shelf Water

The ISW plume at the Filchner Sill was detected during the Norwegian Antarc-
tic Research Expedition 1976/1977 (Foldvik et al. , 1985a). Using all available

current meter records from the same region, Foldvik et al. (2004) found that
1.6 £ 0.5 Sv of ISW passes Filchner Sill

During the freezing season the water on the shallow continental shelves is cooled
to the freezing point of seawater (~ —1.9°C), then ice starts to form resulting in
a salinity increase of the water below and formation of HSSW. Some of this water
flows into the deeper parts of the ice shelf cavity where the local freezing point is
lower than the surface freezing point. The freezing point decreases with increas-
ing depth (pressure) (see section 3.3). Because the glacial ice has a temperature
of between —20 and —25°C, the water flowing into the cavity is warming the
ice shelf by heat conduction through the ice, and the circulating water is henced
cooled. When the ice shelf base has reached the in-situ freezing point, ice starts
to melt, diluting the circulating water (and cooling it further). The fresher water
will be buoyant and rise. The local freezing point will then increase, leading to
formation of frazil ice at the ice base. There will therefore be a small tempera-
ture increase because of the latent heat released when freezing occur. The whole

process is often referred to as an "ice pump” (Grosfeld et al. , 2001). A schematic
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illustration is shown in figure 2.5. The resulting water mass formed by these
processes is ISW, reaching temperatures lower than —2.0°C (Lusquinos, 1963).
ISW is colder than the surface freezing point and is therefore often referred to
as supercooled. This water which contain meltwater from the ice shelf flows out
of the ice shelf cavity and over the continental shelf break. Here it mixes with
WDW creating WSBW, which eventually transform into WSDW.

Ice production is large in front of the Filchner-Ronne Barriers (because of tides
and off-shore winds maintaining areas of open water (Foldvik et al. , 2001)), and
dense water is therefore located in these areas. Due to gravity some of this water
will flow southward into the cavity of the Ronne Ice Shelf (Nicholls & Oster-
hus, 2004). The waters circulates underneath the ice shelf around Berkner island
eventually ending up at the western side of the Filchner Depression (Foldvik &
Gammelsrgd, 1988), see figure 2.2. During the passage under the ice shelf the
transformation from HSSW to ISW occurs. The inflow of HSSW into the ice
shelf cavity is strongly seasonal due to the seasonality in the sea ice formation
(Nicholls, 1996). During the winter the water column is homogeneous due to
mixing. The ice shelf draft limit the water movement according to the Taylor-
Proudman theorem (Nicholls et al. , 2009), see section 3.4. During summer, the
meltwater is decoupling the water and the water can flow beneath the ice shelf
due to gravity. An additional, but smaller scale, inflow occur both winter and
summer because of tidal motions (Makinson & Nicholls, 1999). There have been
detected two inflow regimes of HSSW; one from the Berkner Bank (Foldvik et al.
, 2001) and one from the Ronne Depression (Nicholls et al. , 2003).
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Figure 2.5: A simple schematic illustration of the formation of Ice Shelf Water un-
derneath the floating ice shelves (courtesy to the Geophysical Institute, UIB).
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2.4 Ice Cover

The ice cover mainly consist of sea ice and large pieces of ice broken off the
floating ice shelves, called icebergs. During the winter, after the sea-surface has
cooled to its freezing point, ice starts to form. Much of the pack ice in Antarctica
either melts during the summer or drift northward in the Weddell Gyre. Most
parts of the pack ice is therefore first-year ice (Foldvik & Gammelsrgd, 1988).

The seasonality of the ice extent is illustrated in figure 2.6.

Figure 2.6: Ice cover around Antarctica, in March (Austral autumn) and September
(Austral spring). The illustration is taken from www.nsidc.org/sotc.

There are local fluctuations in the ice production due to the occurance of open

water areas (polynyas and leads) within the ice cover.

A polynya is an extensive area of open water. There are two types of polynyas;
open-ocean polynyas and coastal polynyas. Open-ocean polynyas (or sensible heat
polynyas) develop away from land where the heat loss is compensated by heat
from below, preventing ice formation. Coastal polynyas (or latent heat polynyas)
are formed by tidal forcing or when winds blow the ice away from the Antarctic
continent. The ice is transported away creating a zone of open water where new
ice can form resulting in high local sea ice production. The salt drained out during

the freezing process is left in the water column increasing the density of the water.

Leads are smaller features formed by diverging or shearing ice drift induced by
wind and/or tidal forcing. They are shaped like narrow, linear cracks in the sea

ice.



Physical properties of seawater

3.1 Density of seawater

The density of seawater depends on its temperature, salinity and pressure (depth).
The density increases with decreasing temperature, increasing salinity and /or in-
creasing depth. The dependence of density on temperature and salinity is non-
linear. For example the density is less sensitive to temperature changes at low

temperatures than at high temperatures (Pond & Pickard, 2003).

Temperature
The energy of the water molecules decreases with decreasing temperatures and
the tendency of the water molecules to arrange in ordered groups increases. The

effect of decreased temperature is therefore increased density.

Salinity
Salt molecules have a higher mass than water molecules, thus adding dissolved
salts into the water increases the density. In addition, the salinity increases the

ability of water molecules to arrange themselves, increasing the density further.

Pressure - Compressibility of seawater

The density of seawater increases with increasing depth due to the compressibil-
ity of seawater. Because the ability of water molecules to form ordered groups is
greater at low temperatures, cold water is more compressible than warm water.
Thus, the density dependence on temperature increases with increasing pressure.

This is called thermobaricity.

14
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Maximum density at atmospheric pressure

Freshwater has its density maximum close to 4°C' at atmospheric pressure, but
with increasing salinity, the temperature of maximum density decreases. This is
because the dissolved salts prevent the tendency of water molecules to form in
ordered groups and thermal expansion is the only controlling effect on density
(Brown & Bearman, 1999), i.e. saltwater is able to reach a lower temperature
before ice starts to form, and thus a higher density. For salinities higher than
about 25, the maximum density of seawater correspond to the freezing point

(Brown & Bearman, 1999).

3.2 Adiabatic temperature changes

Adiabatic temperature changes are those that occur without any heat transfer
from ambient waters. A water parcel exposed to higher pressure is compressed
gaining internal energy and thereby increasing its temperature. It is therefore
important to distinguish between in-situ temperature T, and potential tempera-
ture 6 when considering the stability of the water column. In-situ temperature is
the temperature of the fluid measured at its actual depth, while potential tem-
perature is the temperature a fluid would have if brought adiabatically up to
the sea surface. When using potential temperature the compressibility effect is
eliminated. Since the data used in this thesis are compared at their respective
depths, the in-situ temperature will be used, otherwise it will be stated in the

text.

3.3 The freezing point of seawater

The freezing point temperature is dependent on salinity and pressure. Fresh-
water has its freezing point at 0°C, and by increasing the salinity the freez-
ing point decreases. The freezing point also decreases with increasing pressure
(~ —0.75°C/km (Fofonoff & Millard, 1983)). This physical behavior of the freez-
ing point is what makes the basis for the ISW formation. The formula for calcu-
lating the freezing point is given by equation 3.1 (Fofonoff & Millard, 1983) and

is shown to illustrate the behavior of the freezing temperature of seawater.

Tf:ao*s+a1*\/§+a2*52+b*P (31)
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where ag = —0.0575, a; = 1.710523e¢™ !, ay = —2.154996e* and b = —7.53¢*

For general purposes the freezing point of seawater is set to —1.9°C at atmospheric
pressure. The freezing temperatures in the salinity range of what is found on the

continental shelf (table 3.1 ) confirm that this approximation is valid in this thesis.

Table 3.1: Freezing point temperatures (7) at the sea surface for different salinities
(S). The salinities chosen are in the range of what is found on the shelf in front of the
Filchner-Ronne Ice Shelf.

Surface pressure
S 34.5 34.6 34.7 34.8
Tf | -1.8932 | -1.8989 | -1.9046 | -1.9104

3.4 Taylor-Proudman Theorem

For a geostrophic current and a homogeneous water column, the horizontal ve-

locity has no vertical shear;
ou v

pialod 0 (3.2)
This vertical rigidity is known as the Taylor-Proudman Theorem (Cushman-
Roisin & Beckers, 2009), and states that all movement have to flow parallel to
the isobaths. The ice shelf front can be thought of as a step in the topography

for the flow of waters because the draft is large relative to the water depth.



4

Instruments and Methods

The primary measurements used in this thesis are from instruments at the moor-
ing site, S2, in the southern Weddell Sea (at the Filchner Sill), Antarctica (figure
4.1). Moored instruments have been deployed during cruises in the years 1977,
1985, 1987, 2003, 2009 and 2010, giving a time series longer than 30 years (ad-
mittedly with substantial gaps). The particular placement is chosen because the
Ice Shelf Water (ISW) flow over the Sill when escaping the Filchner Depression
[Foldvik et al., 1985a).

The moorings were equipped with Aanderaa Instruments Recording Current me-
ters (models RCM4, RCM7 and RCM9) (www.aadi.no). In 2009 a new bottom
mounted system for long-term monitoring (more than 5 years), the BIAC system
(www.bcer.no/biac), was deployed at S2. The mooring deployed in 2010 con-
tained Sea-Bird Electronics Microcats (SBE-37) (www.seabird.com) in addition
to RCM instruments. Table A.1 gives an overview of the instruments at the S2
site. Note that the S2 mooring in 2009 is bottom moored (at depth of 602 m),
but will be compared with the instruments at 25 m above bottom (m.a.b) for
the other years. Additional data used are from CTD (Conductivity Tempera-
ture Depth) profiles from cruises around the S2 position during the time period
from 1977 until 2010. The CTD instruments have varied in time from the types
Neil Brown and Falmouth Scientific Inc (FSI) to SeaBird Electronics (SBE). See
appendix A for a more thorough description of the moored instruments and the
CTD instruments.

All RCM instruments were equipped with sensors for measuring current speed,
direction, temperature and, in some cases, a conductivity cell for salinity mea-

surements. Factory calibrations have been used for the speeds and directions,

17
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Figure 4.1: a) The southern Weddell Sea with the locations of the S2 and FR1
moorings. The black square is the zoomed area in b) showing the change of placement
of the S2 mooring from year to year. b) The S2 position in 1977 and 1985 (magneta),
1987 (green), 2003 (blue), 2009 (red) and 2010 (black) with local topography from
GEBCO bathymetry data (www.gebco.net).
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Table 4.1: Overview of the long-term S2 moorings and the instruments used in this
thesis. Columns indicate deployment year, latitude, longitude, instrument type, bottom
depth, the depth of the instruments given in meters above bottom (m.a.b.) and number
of days with recorded data. Note that the S2 moorings in 1985 and 2010 are the only
ones containing RCM in three levels.

S2 moorings
Year | Lat. | Lon. Type B. Depth [m] | m.a.b. | Rec. Days
RCM 4 100 257
1977 | -74 40 | -33 56 ROM 4 558 25 111
RCM 4 190 258
1985 | -74 40 | -33 56 RCM 4 545 100 283
RCM 4 25 371
RCM 7 100 404
1987 | -74 40 | -34 00 ROM 7 558 25 359
(Broken) 153 -
2003 | -74 40 | -33 28 RCM 9 597 102 747
RCM 9 27 421
RCM 9 TW 0 365
2009 | -74 39 | -33 33 RDCP 602 602 0 356
RCM 7 176 182
RCM 7 104 364
2010 | -74 38 | -33 30 SBE-37 612 26 364
RCM 7 25 364

and the accuracy of the individual measurements are =1 cms™! and 45°, respec-
tively (Foldvik et al. , 2004). Systematic errors might occur at low speeds due to
mechanical resistance in the rotors (Savonious or paddle rotor), but this is not
a concern here. The compass readings are corrected for magnetic deviations of
+4°. Factory calibrations for the temperature sensors give an accuracy better
than 0.05°C (Foldvik et al. , 2004). In-situ calibration of the temperatures have
been carried out with CTD (see appendix B). All, except the 1977 deployment,
gave temperature variance within the sensor accuracy. The instruments in 1977
have not been factory calibrated nor lab calibrated, so the data have been cor-
rected against the in-situ CTD temperature (see appendix B). Wrong calibration
of the temperature series at 25 m.a.b for the S2 mooring in 1987 have previously
been used!. See appendix B for comparison between the two calibrations (Wide
range calibration was used instead of an Arctic range). The only conductivity
data included are from 2009, where there exist two conductivity sensors, which
were checked against each other, see appendix C. In general, the RCM’s con-
ductivity sensors need to be in-situ calibrated to obtain accurate salinity values.

Due to their inaccuracy, the salinity data have not been given much attention.

lwrong calibration for the RCM at 25 m.a.b at S2 was used in the article by Foldvik et al.
(2004).
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The BIAC system (deployed in 2009) is equipped with an AADI 600 kHz Record-
ing Doppler Current Profiler (RDCP 600) in addition to a modified RCM9 equipped
with sensors for temperature, conductivity and dissolved oxygen (Optode). Only
one temperature sensor recorded successfully, but there are two independently
data sets for both dissolved oxygen and conductivity (see figure C.6 and C.7).
Factory calibrations are used for all these sensors. The accuracy of the dissolved
oxygen Optode is < £uM or £5% (www.aadi.no). The conductivity sensor has
an initial accuracy of 0.0018 S/m, but unfortunately the AADI sensor suffers
from drift and therefore need to be in-situ calibrated against CTD (pers. com.
Osterhus). Due to problems with the downloading of the RDCP current data,

these are not included.

The 2010 mooring contained three RCM7s and three? SBE-37 (with an initial ac-
curacy of 0.002°C (SeaBird Electronics, 2011)) allowing for comparison between
instruments calibrated at two independent factories (see appendix C). This has
been done for the temperature, and the difference was inside RCMT’s accuracy
(< 0.04°C), see figure 4.2 (and figure C.4). The difference is in accordance to the
findings by Foldvik et al. (2004).
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Figure 4.2: Difference between SBE-37 and RCM7 in 2010. The SBE-37 (Microcat)
is placed 26 m above bottom (m.a.b), while the RCMY7 is located 25 m.a.b.

To fill the gap in the S2 temperature series, data have been included from the
FR1 mooring, located southeast of the S2 location in the time period from 1995
to 1997 (see figure 4.1 and appendix A for lat./lon. positions). The calibration
procedure has been carried out by the Alfred-Wegener-Institute (Dsterhus, pers.

2only the deepest Microcat is presented here.
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com.) and previously used by Foldvik et al. (2004). The ISW plume path passes
FR1 before it reaches the S2 (see figure 2.2). The depth of the deepest RCM
instrument at FR1 (590 m) is comparable to the depth of the deepest instrument
at 52, and more importantly, it is placed above the sill level (of ~ 600m (Foldvik
et al. , 1985a)). The water masses measured at the deepest instrument at FR1

(20 m.a.b.) are therefore likely to pass the lowest instrument at S2.

The analysis of the data have been done using Matlab R2009b for Mac OS X.
The same is the case for all the figures. The time series are low-pass filtered using
a Tth. order Butterworth design with cut-offs specified in the text. In some cases
running means are used giving the best graphical presentation. In those cases,
seven days are cut-off from the ends of each time series to remove the energy
transferred to the end parts. Months with less than 15 days of recorded data

have not been included when calculating monthly means.

4.1 Calibration and data credibility

This data set (at S2) contain six year-long time series spread over 33 years. Can
these narrow windows reveal the truth about the variations of the ISW plume
flowing over the Filchner Sill? To answer this question it is important to under-
stand the limitations of the sensors, recording systems and the data-processing

tools.

It is important to remember the uncertainty of the sensors when investigating
the small temperature variations in this thesis. Data from several types of in-
struments with different sensors and accuracies have been analyzed. The tem-
perature sensors at the RCM are less accurate than the sensors on the CTD, so
cross-calibrating with different instruments give higher confidence in the data.
Two independent sensors measured conductivity and dissolved oxygen in 2009,
and both a RCM and a Microcat measured temperature in 2010 allowing com-
parisons to be done. Several types of filtering methods are used giving the same
results, increasing the credibility of the observations. The sample duration are
long enough to investigate seasonal cycles and interannual variability. With the
established theory and earlier analyses in the Antarctic, there is in addition con-

fidence to discuss long-term trends.
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Results

Data from instruments at the long-term mooring site, S2, and CTD sections oc-
cupied in the same area, are presented. Temperature data from the FR1 mooring
in 1995 southeast of S2 (figure 4.1(a)) are included to supplement the data series
from S2.

In table 5.1 the annual means of temperature and velocity with its standard
deviations from the S2 moorings are listed. Yearly mean potential temperatures
at the deepest RCM instruments are below —2.00°C, except in 2003 when it is
—1.97°C. The lowest mean temperature at S2 occurs in 1977, when the tempera-
ture is ~ 0.1°C lower than the other years. The upper instrument in 1987 is the
only instrument, other than the deepest ones, that has a mean potential temper-
ature lower than —2.00°. The standard deviations of temperature are smallest at
the deepest instruments, and increases with decreasing depth. The u-component
of the current is always directed westward. The v-component is directed north-
ward, except at the shallowest instrument in 2010 where it is slightly southward.
The yearly mean current speeds are quite similar in magnitude at all available
levels for the different years, except in 2003 where the shallowest instrument mea-
sures a slow mean current speed compared to the other instruments. The deepest

instruments in 2003 and 2010 measures higher current speeds than pre-2003.

22
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Table 5.1: Summary of annual means from the S2 current meter moorings with its
respective standard deviations (u is positive eastward and v is positive northward). NI
stands for "not included” data. Lines illustrate non-exisitng values. In addition the
values used from the FR1 mooring are listed.

Yearly means on S2 with corresponding standard deviations
Depl. Obs. Mab | Rec. 0 o) u bu v o Sp Dsp
Year | Depth [m] | [m] | Days | [°C] | [°C] | [em s7!] | [em s71] | [em 87! | [em s7Y] | [em s71] | [cm 571
1977 458 100 | 257 |-1.93 | 0.34 -6.1 11.0 4.3 10.0 14.4 8.3
533 25 | 411 |-2.15]0.15 -5.7 8.9 5.4 8.3 12.7 6.9
1985 355 190 | 258 |-1.66 | 0.31 -3.6 9.9 24 10.2 13.18 6.8
445 100 | 283 |-1.96 | 0.17 -3.7 9.9 4.1 10.4 13.20 7.8
520 25 | 371 |-2.01]0.05 -4.8 9.4 6.0 9.6 13.6 7.4
1987 459 100 | 404 |-2.02 | 0.17 -6.2 11.1 3.5 11.7 15.8 7.7
533 25 | 352 |-2.03 | 0.06 -4.9 9.0 3.9 9.4 12.7 7.0
2003 495 102 | 747 |-1.89 | 0.26 -5.2 4.3 0.9 4.5 7.5 3.1
570 27 | 421 |-197|0.10 | -13.6 11.3 4.8 12.7 20.0 9.9
2009 602 0 365 | -2.02 | 0.11 NI NI NI NI NI NI
2010 436 176 | 182 |-1.77]0.38 | -134 10.6 -1.6 10.7 18.5 8.3
508 104 | 364 |-1.94]0.26 | -15.1 104 1.8 11.1 19.7 8.7
586 26 | 364 |-1.99 | 0.04 - - - - - -
587 25 | 364 |-2.03]0.04| -15.0 11.0 7.1 12.8 21.6 9.6
FR1
1995 ] 590 [ 20 [ 691 [-204]0.03] NI | NI [ NI [ NI | NI | NI

5.1 Temperature

Figure 5.1 shows the conditions in the bottom layers at S2 in 2009, represent-
ing typical conditions at the Filchner Sill. The temperature has variability on
timescales of the order of hours to a seasonal signal. Twp types of smoothing
methods are shown for comparison. Temperatures are generally below surface
freezing point, indicating that the bottom layers are primary occupied by ISW.
During the Austral summer the temperatures are occasionally reaching higher
than —1.5°C (see appendix C), from several months in 1977 (figure C.1(a)) to no
warm intrusion in 1985 (figure C.1(b)). These warmer periods have temperature

characteristics matching those of MWDW, and will be discussed in section 6.1.

The attention will be given to the variability with timescales longer than one

month.

Figure 5.2 is showing the low-passed filtered (14 days) temperature series at 100
and 25 meters above bottom (m.a.b) (see appendix C for the unfiltered data
sets). The different years are represented separately with their respective mea-
surements at different levels. The deepest moored instruments (in most cases 25
m.a.b) are generally measuring ISW, except occasionally during Austral summer

as mentioned previously. Instruments at 100 m.a.b show larger variability in the
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Figure 5.1: Temperature (25 m above bottom) at S2 in 2009; Unfiltered data (grey
line), 14 days running mean (black line) and 14 days low-passed filtered (red line).

temperature indicating that these levels have a larger variety of water masses
passing the instrument. The waters at S2 have variability with shorter timescales
than one month alternating between ISW and warmer water masses (HSSW,
MWDW, WW and/or ESW). The S2 moorings from 1985 and 2010 contain in-
struments in three levels (figure 5.3). Temperatures from all three levels illustrate

that the temperature variability increases towards the surface.

Since the focus of this study is to look at the ISW, the temperature series closest
to the bottom have been given the most attention. But (at least) one interest-
ing result appear comparing the different mooring levels, occurring at the end of
1987, when the topmost instrument measures lower temperatures than the deep-

est instrument (figure 5.2(c)).

The whole time series of temperature data at 25 meters above bottom ! from
the S2 site is shown in figure 5.4. The tidal signal is removed using a low-
passed filtering with a 30 days cut-off. This has been done to illustrate that
the short-time variance within the temperature is not caused by the diurnal and
semidiurnal tidal effects. The temperatures mainly varies between —2.20°C to

—1.90°C. If 1977 is not taken into account, the temperatures varies in between a

Lthis is true for all except S2 2009 which is bottom moored at 602 m depth.
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range of ~ 0.20°C. The lowest temperatures are measured in 1977 with a different
yearly behavior. The 2003 data set have temperatures closer to HSSW with less

variance.

Figure 5.5 show 100 days running means for the different levels at 100 and 25
m.a.b. Seasonal signals are seen at both levels with highest temperatures during
late summer and lowest temperatures during late winter. The warm phase is
longer than the cold phase. At the instruments 100 m.a.b in 1977 and 2003, the
summertime intrusion of warmer waters partly mask the seasonal signal (figure
5.5(a)). The coldest temperatures at 100 m.a.b is measured in 1987. At 25 m.a.b
in 1977 there is no seasonal signal. The temperatures continue to drop after the
other temperature series have reached their minimum (figure 5.5(b)). The tem-
peratures at 25 m.ab in 2003 are warmer and less variable compared with the
rest of the series at the same level (figures 5.2(d) and 5.5(b)). The end of the
temperature series at 25 m.a.b in 1987 gets warmer than in 2003. In 2010 the

summer season is much longer compared with the other years.

The mean temperature of each month with its respective standard deviations
for the deepest S2 temperature series are plotted in figure 5.6. The monthly
means are the most variable when the temperatures are the highest, and the

least variable when the temperatures are the lowest.

Figures 5.5(b) and 5.6 represent a climatic seasonal cycle made by interpolat-

ing monthly means using fast fourier transformation (see appendix D).

Temperature frequencies are shown in figure 5.7. The data from 1977 show the
largest variance and the lowest temperatures, while 2003 have the least variance
and the highest temperatures. The data set from 2003 has a higher frequency at
T = —1.95°C than any of the other years. The temperature seem to have a nor-
mal distribution around —2.00°C in 1985, 2009 and 2010, while around —1.95°C
in 2003 and —2.10°C in 1977. There are not much waters with temperature of
—2.00°C in 1987. After 1987 there is less variance in the temperature and with
no or little water colder than —2.10°C. This can possible be linked to the change

in position, see figure 4.1.
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Figure 5.2: Current meter temperatures (two levels) at the S2 position have been
low-pass filtered with a cut-off of 14 days. * S2 2009 is bottom moored at 602 m depth.
The —2.00°C' and —1.90°C' isotherms are shown.
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Figure 5.3: All 3 levels of current meter temperatures at the S2 position in 1985 and
2010. The data have been low-pass filtered with a cutoff of 14 days. The —2.0°C and

—1.9°C isotherms are shown.
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Figure 5.4: Complete temperature series 25 m.a.b at S2. The grey lines are low-
pass filtered data with a cut-off of 30 hours. The thin black lines are running means
over 30 days. The thick black and red lines are monthly minimums and maximums,
respectively. Note that a cut-off of 12 years has been done between 1989 and 2002

marked with blue dotted lines.

isotherms.

The dash-dotted lines show the —1.9°C and —2.0°C
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Figure 5.5: 100 days running mean temperature at a) 100 m.a.b and b) 25 m.a.b.
Note the different scales on the y-axis. The FFT-interpolated seasonal cycle is included
in figure b).
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Figure 5.6: Monthly mean temperatures with standard deviations 25 m.a.b at S2.
Some data from 2010 are shown both from the 2009-deployment (green square) and
the 2010-deployment (pink squares). No averaging of the data sets have been done
before the monthly means have been calculated.
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Figure 5.7: Histograms of the frequency of temperature from 25 m above bottom at
S2. The temperature interval is set to be 0.05°C. The —1.90°C isotherm is shown as a
red line

Seasonality

A seasonal amplitude is here defined as the difference between the highest tem-
perature and lowest temperature during one year. The seasonal amplitude has
been calculated for each year at the S2 mooring (see table 5.2) using the monthly
means shown in figure 5.6. The seasonal amplitude of the interpolated seasonal
cycle has been calculated to be 0.06°C (table 5.2).

Table 5.2: Seasonal amplitudes (A) defined as the different between the highest and
the lowest monthly mean temperatures. The minimum and maximum temperature with
its respective month is listed for each year. FFT stands for the interpolated climatic
seasonal cycle.

| 52 |
Year Min. [°C] (Month) | Max. [°C] (Month) A [°C]
1977 No seasonal signal -
1985 -2.04 (Sept) -1.95 (Apr) 0.09
1987 -2.05 (Aug) -1.96 (Dec) 0.09
2003 -1.98 (Oct) -1.94 (May) 0.04
2009 -2.04 (Oct -1.98 (Mar) 0.06
2010 -2.01 (Dec) -1.95 (Jun) 0.06
Mean S2 -2.02 -1.96 0.07
Late winter/early spring | Late summer/early fall

FFT

1985,2009,2010 -2.03 (Sep) -1.97 (Apr) 0.06
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5.1.1 Including the FR1 mooring

The temperature data from FR1 is shown in figure 5.8. ISW clearly passes FR1.
The temperatures are generally lower than at S2, but not as low as in 1977. The
temperatures hardly reaches over —2.00°C with no experiences of warm water
intrusions. The yearly mean temperature (see table 5.1), however, is close to
that of the bottom layers at S2. A seasonal signal is clearly seen at FR1. The
temperature data have been averaged over 30 days, and the seasonal signal is
found to be 0.1°C for both years, which is slightly higher than the calculated
values at S2. This calculation of the seasonal signal differs from the method used

at the S2 data to simplify the data processing.
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Figure 5.8: A modified version of figure 5.4 showing temperature data from S2 (grey
line) and from the deepest instrument at FR1 (green line). The black line running
through the data from FR1 is the 100 days running mean. The number of years cut off
to make the figure more readable are labeled in the blue dash dotted crosses.
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5.2 Current

In this section the current data from the S2 position are presented. The time se-
ries from the years 1977, 1985, 1987, 2003 and 2010 have been included, (current

data from 2009 have not been taken into account as explained in chapter 4).

The current speeds from the deepest RCM (25 m.a.b) have been averaged over a
100 days period (figure 5.9). The years 2003 and 2010 have the highest current
speeds, while the rest of the data sets exhibit similar current speeds within the
range from 5 — 10 cm/s. The higher speeds in 2003 and 2010 may occur because
of the different location compared to earlier years (see figure 4.1). Seasonal sig-
nals are observed with similar phases as for the temperature data in 1985, 1987
and 2010. The lowest speeds are measured in late winter/early springs and the
highest are measured during late summer /early autumn. In 2003 the curve is out
of phase with the other years, i.e. the current is strongest during the summer and
lowest during the autumn. A similar negative trend is seen in the current speed
at the deepest instrument in 1977, as for the temperature at the same level, the
same year. The linear correlations between temperature and current are found
to be ~ 0.85 (1977); 0.59 (1985); 0.71 (1987); —0.53 (2003) and 0.48 (2010).

Current speed at 25 mab
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Figure 5.9: Speed (100 days running mean) at the S2 position in 1977 (blue line),
1985 (black line), 1987 (red line), 2003 (cyan line) and 2010 (magneta line).
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A progressive vector diagram is shown in figure 5.10. The temperature varia-
tions of each series are shown with colors. The direction of the ISW plume is
northwestward with slightly different angles from year to year. In 1987, however,
the direction shifts more northward in the end of the time series. The ISW pass-
ing S2 in 2003 is warmer than the other years, faster than pervious years and has
the most westward direction. In 2010 the ISW is faster than pre-2003, but the

temperatures are more similar to the pre-2003 state.

2500 T T T T
g 2000} -1.6
5 1.7
S 1500r 1-1-
£
2 1000} 1-1.8
5
£ 500} 1-1.9
[&]
8
& O -2
()]

_500 I I I I —21

—5000 —4000 ~3000 —2000 ~1000 0

Displacement eastward (km)

Figure 5.10: Progressive vector diagram for current data from 1977, 1985, 1987,
2003 and 2010. The time series shown are of equal length. The temporal temperature
variations of each series are shown with colors. Note the change in direction towards
the end of the 1987 time series.
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5.3 CTD sections

Available CTD sections around the S2 position are examined. All CTD sec-
tions are occupied during Austral summer. Sections at different locations in the
Filchner Depression are presented in figure 5.11. The sections were occupied in
different years, and are believed to present the main climatological hydrography
in the Filchner Depression. The water characteristics over the Filchner Sill have
been described in chapter 2.1. The same vertical distribution of water masses are
observed in the section over Filchner Sill from 1979 (figure 5.11(b)) with e.g. ISW
in the bottom layers. Further south in the Filchner Depression the ISW plume
is observed above HSSW (figure 5.11(c)), which has drained from the Berkner
Bank (Foldvik et al. , 1985d). In front of the Filchner Ice Shelf there are two
cores of ISW (figure 5.11(d)) representing the cyclonic circulation of ISW in the
Filchner Depression (Gammelsrod & Slotsvik, 1981). The core temperature of
ISW has a north-south gradient (AT~ 0.2°C), where it is coldest at the ice front
and warmest at the Sill. Figure 5.12 show the conditions in the Filchner Depres-
sion in 2003. These sections confirm that there are warmer temperatures at the
Filchner Sill and in the Depression in 2003 compared to other years investigated

(as seen in the data from the S2 mooring).

Figure 5.13 shows a 8 — S diagram which has been made with the available
CTD data taken over the Filchner Sill from the years 1979, 1985, 1987, 1990,
1992, 1995, 1998 and 2003 (see appendix A.2 for more details). It shows that the
bottom waters at the Filchner Sill in 2003 are supercooled with respect to the
surface freezing point, indicating ISW characteristics even though the variance is

less compared with the other years.
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Figure 5.11: a) Location of moorings S2 and FR1 and the CTD sections shown in
(b-d) and fig. 5.12. Temperature sections from b) Filchner Sill, 1979 (blue dots) c)
Filchner Depression, 1977 (red dots) d) Filchner Ice Front, 1980 (green dots). The thick
white line marks the —1.90°C isotherm, and the numbers on the top line represent each
of the CTD-casts. Sections in (b-d) are all West-East oriented.
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Figure 5.12: Temperature sections from 2003, see figure 5.11(a) for the location
(magneta dots). The thick white line marks the —1.9°C isotherm, and the numbers on
the top line represent each of the CTD-casts. Note that 5.12(a) is West-East oriented,
while 5.12(b) is East-West oriented.

6-S of CTD data over the Filchner Sill 2003
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Figure 5.13: #-S diagram of the CTD data over the Filchner Sill at pressure of 0 dbars.
Note the smaller range in temperature and salinity in 2003 (black dots) compared with
the other years with available data (grey dots). The dashed line represent the freezing
point line.
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5.4 Salinity

The salinity time series from the 2009 deployment at the S2 site are used in this
analysis. During this year salinity data were available from two independently
sensors at the same level (see figure C.6) showing similar signals. Since only one
year of salinity data have been included in this analysis, the same type of in-
vestigations done for temperature cannot be carried out for the salinity. A brief

comparison has been made between salinity and temperature.

The salinity and temperature data have been normalized and 14 days low-passed
filtered for comparison (figure 5.14). From a first look the salinity data seem to
have a similar seasonal signal as the temperature data (figure 5.14). A correlation

between the filtered salinity and temperature is found to be 0.66.

Normalized
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Figure 5.14: Normalized and 14 days low-passed filtered temperature and salinity
data from S2, 2009.
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5.5 Preliminary results of the oxygen data

The S2 mooring deployed in 2009 contained two oxygen sensors giving two in-
dependently data sets showing similar signals (see figure C.7). The sensor on
the RCM is chosen because it contains a denser amount of data points. The
saturation data of oxygen in seawater for the observed temperature and salin-
ity series are shown together with the dissolved oxygen series (figure 5.15). The
dissolved oxygen levels increases throughout the year, but are below saturation
levels, except for one peak in mid-November 2009. The low levels in February

2010 coincides with a temperature peak (see figure 5.1) indicating MWDW.
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Figure 5.15: Solubility (satuaration) of Oxygen (O2) in seawater with observed tem-
perature and salinity (blue line) and oxygen observed (black line). The data set have
been averaged over a 14 days period (red line).
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The different data sets (salinity and dissolved oxygen) have been normalized
and 14 days low-passed filtered for comparison (figure 5.16). In addition the de-
trended oxygen data are plotted in the same figure. No seasonal signal similar
to the signal observed in the temperature and salinity data is observed in the
oxygen data. Negative correlations are found to be ~ 0.70 between oxygen and
temperature, and ~ 0.80 between oxygen and salinity in the filtered data sets.
This is expected since the solubility of gases generally decreases for increasing

temperature and salinity (Brown & Bearman, 1999).
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Figure 5.16: Normalized and 14 days low-passed filtered oxygen, de-trended oxygen
and salinity data from S2, 2009.
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Discussion

6.1 Warm summertime intrusion

As shown in previous chapter, the deepest instruments at S2 occasionally mea-
sured relatively warm summertime (January to April) intrusions. This water
mass is identified as modified warm deep water (MWDW), which is recognized in
the (summer) CTD sections taken over the Filchner Sill (see figure 2.4, 5.11 and
5.12(a)).

Figure 6.1 shows the directions when the ”warm” waters are passing S2. MWDW
mainly have a southwestern or western direction (i.e. they come from the north-
east). In 1977 the inflowing MWDW are directed more to the south, as discussed
by Foldvik et al. (1985¢). This indicates that the inflow originates from the north-
east of the Filchner Sill, which fits well with the circulation pattern of MWDW
discussed by Nicholls et al. (2009) (see figure 6.2). This circulation is forced by
winds and processes along the ice front (Nicholls et al. , 2009), and changes in

the atmospheric forcing may be the reason for the occasional inflows of MWDW.

At FRI1 there is no intrusion of MWDW supporting the observations by Fold-
vik et al. (1985d) that MWDW does not cross over the Filchner Sill.

39
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All data
T>-14°C

Figure 6.1: Current vectors from the lowest instruments at S2 for 1977, 1985, 1987,
2003 and 2010. The green dots show all data, while the blue dots represent the direc-

tions of waters with temperatures higher than —1.4°C.

30°W

Figure 6.2: Figure from Nicholls et al. (2009) showing currents onto the Filchner
continental shelf; flow of MWDW (green arrow) and a coastal current (grey arrow)

determined from the indicated hydrographic sections.
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6.2 Seasonal variation in ISW

Seasonal signals have been detected in the data from the moorings investigated;
south of Filchner Sill (FR1) and at the Filchner Sill (S2).

S2

Seasonal signals have been detected in the temperature data for all levels (see
figures 5.5(a) and 5.5(b)). Although the amplitudes are smaller at the lowest
instruments, the same signals are found. The highest temperatures are measured
during late austral summer/early fall, and the lowest are measured during aus-
tral winter/early spring. The warm phase is longer than the cold phase. The
seasonal signal for the lowest instruments at S2 are ranging from 0.04 to 0.09°C.
Especially the years 1985, 2003, 2009 and 2010 clearly show seasonal oscillations,
although the 2003 data are warmer (this will be discussed later in section 6.3).
The temperature series at S2 in 1985, 2009 and 2010 have been measured in-
dependently with different instruments (a Aanderaa RCM 7 in 1985, a Aandera
RCM 9 in 2009 and a Microcat in 2010) and depths (25 m above bottom in
1985 and at the bottom in 2009) raising the confidence that a seasonal signal
exists in the ISW plume over the Sill. Temperature at the deepest instrument in
1977 show a "normal” seasonal oscillation pattern until around September, when
the temperature continue to drop. The 1987 temperature series seem to follow
the seasonal oscillation until around October when the temperatures starts to rise

towards —1.9°C. A further discussion of these observations are done in section 6.3.

Figure 5.14 show the normalized salinity and temperature data from 2009. It
appears that the salinity data exhibits a similar seasonal cycle as the tempera-
ture. The correlation between temperature and salinity has been calculated for

the low-passed filtered data. The correlation is found to to be ~ 0.66.

From a first look at the current speed series (figure 5.9) seasonal signals seem
to be comparable to those of temperature and salinity, with lowest speeds in late
winter/early springs and maximums during summertime (except in 2003). Cor-
relation between the 100 days averaged current speed and temperature data for
all years have been found. The correlations are found to range from ~ 0.48 —0.85
for the different years, except in 2003 where there is a negative correlation of

~ —0.53.
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FR1

The instrument 20 m above bottom southeast of S2 show a seasonal signal (figure
5.8). The temperature data have been averaged over 30 days, and the seasonal

signal is found to be 0.1°C supporting the observations of seasonal signals at S2.

Hypothesis 1

It has previously been implied by Grosfeld et al. (2001) and Nicholls et al. (2003)
that the ISW reaching S2 has obtained its characteristics by mixing with ambient
water masses along its path in the Filchner Depression. The conditions for mixing

is assumed to change from winter to summer. This gives the first hypothesis:

ISW from underneath the FRIS has no seasonal signal, i.e. its temperature
(Trsw ) is constant throughout the year. The seasonal signal observed at the Sill
therefore need to come from mixing between ISW and ambient water masses in

the Filchner Depression.

Grosfeld et al. (2001) proposed that the ISW plume reaching the Filchner Sill
has increased in size by admixture of both MWDW and HSSW. A distribution
of MWDW over the continental shelf shown in Foldvik et al. (1985d) , however,
shows only MWDW at the outer rim of the Filchner Depression indicating that
MWDW is mostly outside ISW’s "mixing path”. In fact no MWDW is seen at the
FR1 mooring south of the Sill (figure 5.8), giving more confidence that the mixing
component is not MWDW. It is then assumed that the mixing component of the
ISW at S2 is HSSW (T= —1.9°C). The characteristics of HSSW is assumed to be
constant throughout the year, which is reasonable since its temperature is defined
as the surface freezing point. The temperature of the ISW at S2 (Trg) is varying

found in

winter )

to winter minimum (7Tpg

summe'r‘)

the FFT seasonal curve for the lowest instruments at S2 (Trg = —1.97°C

summer

= —2.03°C, respectively). How much in-mixed HSSW needs to

be added to the ISW with winter temperatures to increase the temperature by

from the summer maximum (Trg

and TFS

winter

0.06°C reaching summer temperatures of the ISW?

In order to test hypothesis 1, the amount of increased mixing needed from winter
to summer can be calculated with a set of equations (similar to the equations
used in Foldvik et al. (2004))
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THSSW * XHSSW + TFSwinter * XFSwinter = TFSsummer (61)

Xnussw + Xrs =1 (6.2)

winter

where Tyssw, Trs and Trg are the temperatures of the in-mixed HSSW,

winter

the ISW observed at the Filchner Sill during winter and the ISW at the Filchner

Sill during summer, respetively. Xgssw and Xpgg

summer

are the fraction of admixed

winter

HSSW and fraction of ISW at the Filchner Sill in wintertime, respectively.

Combining equations 6.1 and 6.2 gives:

TFS(summer) - TFSwmter

Xussw = ~ 0.46 = 46% (6.3)

THSSW - TFSwinter

The summer plume of ISW at S2 therefore consists of 46% HSSW and 54%
"winter”-ISW, which is an almost volume doubling. This is too high compared
with the velocities within the Filchner Depression. To put this value into context,
a comparison has been done with the mixing occurring in the Filchner Overflow.
The WSBW (referenced to —0.8°C) produced by a mixture of ISW and MWDW
is found to contain 63% in-mixed MWDW (Foldvik et al. , 2004). This implies
that the seasonal signal cannot fully be accounted for by seasonal difference in

mixing, leading to the second hypothesis.

Hypothesis 2

ISW flowing out of the Filchner Ice Shelf cavity has a seasonal signal.

Site 5

For this analysis the temperature data from Site 5 placed underneath the FRIS
southwest of Berkner Island are used (see figure 2.2). Figure 6.3 shows the tem-
perature data from Site 5 as used in the article by Nicholls & Osterhus (2004).
As mentioned by Nicholls & @sterhus (2004) this data set contains both seasonal
signals and interannual variability. The seasonal signal underneath the Filchner-
Ronne Ice Shelf has in addition been discussed by Nicholls (1996).

The observations made by Nicholls & Osterhus (2004) can be summarized as
follows; first a large pulse of HSSW is detected. This pulse is formed from the
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anomalously large polynya outside the Ronne Ice Front during the Austral sum-
mer 1997/98. The same pulse returns to Site 5, after recirculated in the ice shelf
cavity, as anomalously cold waters around mid-2000/2001. In 2002 the water
characteristics are assumed be returned back to "normal”. The data from 2002

are therefore used in this investigation.

Whole series at Site 5
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Figure 6.3: The 100 days filtered temperature data from the Site 5 mooring. The
instruments are shown in an order starting with the topmost instrument (T1) to the
lowest instrument (T5) with approximate depths below sea level.

The seasonal signal underneath the ice shelf is a result from external forcing out-
side the ice front (Nicholls, 1996). Using 100 days filtered data from 2002, the sea-
sonal signals for all the instruments have been found to range from 0.03 — 0.06°C
with peak temperatures around August and minimum temperatures around Febru-
ary. Instruments T2 and T3 (see figure 6.3) with seasonal range of 0.06°C are,
according to Nicholls & Osterhus (2004), placed in the ISW plume originating
from Berkner Bank and are therefore chosen for this study because this is the
pathway assumed to be light enough to escape the cavity reaching the Filchner
Sill. The mean seasonal signal of these two instruments in 2002 are shown in
figure 6.4.

The seasonal signal at the deepest instruments at S2 is ranging from 0.04 to
0.09°C, indicating that at least some of the signal may be explained by the vari-
ations within the ISW plume itself. If this is true, there is a time lag of about
~8 months from Site 5 to S2 (peak at Site 5 in August reaches S2 in April the
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next year, see figure 6.4). Assuming that the distance from Site 5 to S2 is ~ 1000
km, gives an average velocity of 5 cm/s between the sites. This is reasonable.
At least some of the seasonal signal found at S2 should therefore originate from

outside the Ronne Ice Front.

Seasonal signal
0.04 .
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S2
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Figure 6.4: The figure show the time lag between the seasonal signals at Site 5 and
S2. The black curve is the 100 hours low-pass filtered temperature anomaly in 2002
at Site 5 calculated from the mean of instrument T2 and T3. The grey curve is fast
fourier transformed seasonal signal for the bottom layers at S2.

6.2.1 Summary

The first article (Foldvik et al. , 1985b) covering the time series from S2 did not
find any seasonal signal. This was because the only available measurements were
from 1977. No later articles have discussed the specific ISW variations at S2.
But seasonal signals have been discussed in the HSSW at the Ronne Ice Front by
Foldvik et al. (2001) and in the ice shelf cavity by Nicholls & @sterhus (2004)
and Nicholls (1996). A connection of the variability from the Ronne Ice Front
and the ice shelf cavity was found. From the investigation done there, there is
confidence to suggest that some of the seasonal signal in the ISW at S2 originates
from outside the Ronne Ice Front. The mixing needed in the Filchner Depression

to account for the seasonal signal is too high to be the only explanation.
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6.3 Interannual variations at S2

There are detected year-to-year variations (even in this scattered data set), which

will be discussed here.

6.3.1 1977

The temperature series from 1977 is colder than the other years with no seasonal
signal. Around September 1977 a "negative trend” is seen in the temperature
(and current speed) series closest to the bottom. The negative trend is measured
between late September and until the instrument stopped recording in March
1978. This is the Austral spring and summer season, when the temperatures

should start to rise again (see figure 5.2(a)).

Calibration

The CTD section taken when the moored instruments were recovered does not
show any clear difference compared with the other years (figure 5.11(b)). Calibra-
tion with CTD for the end of the series is not comparable since the CTD section
was taken in February 1979 and the S2 mooring stopped recording in March
1978 (~one year earlier). Unfortunately the upper instrument stopped recording
around the same time as the negative trend started (figure 5.2(a)). The current
data at 25 m above bottom in 1977 show a similar signal with decreasing veloci-
ties (see figure 5.9). A high linear correlation is found to be ~ 0.85. This means
that two independently sensors measured similar signal, giving confidence that
the trend is unlikely to come from a sensor drift. In other words, the ISW plume

gets colder and slower throughout the year in 1977.

Buoyancy loss

When this mooring was recovered, it was discovered that its buoyancy was poor
(Nygaard, 1994), expecting the instrument to have sunk down to deeper levels
than the intended depth of 25 m.a.b. Since the water should be colder closer to
the bottom due to the density stratification, and the speed should be lower due
to the bottom friction, it was assumed that the bad buoyancy was the reason for
the discrepancy of the data at the lowest instrument at the S2 in 1977. But after
the recovery of the S2 2009 mooring placed at the bottom, showing ”normal”

temperature variations, the buoyancy argument has lost its significance.
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1977 temperature series at S2 25 m.a.b.
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Figure 6.5: 30 hours butterworth filtered temperature data from 25 meters above
bottom at S2 in 1977 (blue line), the 14 days running mean (green line), the —2.00°C
isotherm (red dash-dotted line) and the interpolated seasonal curve using fast fourier
transformation (thick grey line). 1st. of September is in addition marked (black vertical
line).

Theoretical considerations

With these considerations taken into account, the next step will be to investigate

physical explanations for the observed discrepancy.

In general: To get ISW temperatures down to —2.2°C (figure 6.5), the water
mass need to have high salinity, or originate from the deeper parts underneath
the Filchner-Ronne Ice Shelf (see equation 3.1).

Why has this happened, and how is this water mass able to escape over the
Filchner Sill passing S27 A few possibilities are listed to shed light over the prob-

lem:

1. From the ”second seasonality-hypothesis” it could be due to a year of anoma-
lous forcing at the Ronne Ice Front some 5-10 years underneath the Filchner-
Ronne Ice Shelf (Nicholls & Osterhus, 2004; Gammelsrgd et al. , 1994) prior to
1977 for the deepest ISW (from Ronne Depression) or ~ 2 years for the warmest
ISW (from Berkner Bank (Nicholls & Osterhus, 2004)).

2. If the seasonality come from mixing with ambient water masses, and not
from the conditions in front of Ronne Ice Shelf, the mixing regime during Sum-

mer of 77/78 should be different compared to the other years with available data.



48

6. DISCUSSION

CTD sections taken over the Filchner Sill compared with the ones further south
(figure 5.11) show that the ISW plume is coldest in the south. As long as the ISW
plume is able to flow northwards towards the Filchner Sill with reduced mixing

during the summer, this could explain the lower temperatures.

3. The stratification in the Filchner Depression could be different compared with
the other years, making ”colder than usual” waters able to cross the Filchner
Sill. The CTD cross-section south of Filchner Sill in 1977 (figure 5.11(c)) show
that the deeper layers of the Depression are filled with HSSW. The stratification
is discussed by Foldvik et al. (1985a), which explained that HSSW drain from
Berkner Bank into the bottom of Filchner Depression. The ISW plume from the
ice shelf cavity flows above the HSSW. If 1977 was a year of anomalous large
production of HSSW on Berkner Bank, a thicker layer of this denser water mass

could force the colder ISW core to levels where it is able to cross the Filchner Sill.

4. If the contribution of ISW originating from Berkner Bank decreased (no HSSW
flows under the ice shelf from Berkner Bank), the only water available flowing
out into Filchner Depression from the cavity would be the recirculated ISW orig-
inating from Ronne Depression, that have reached deeper levels before flowing

out of the cavity (see figure 2.2).

5. During the time interval in question, a special feature reoccurred in the Wed-
dell Sea. A large polynya named the Weddell Polynya formed over Maud Rise
in wintertime from 1973 to 1977, each year appearing more westward from 40°E
towards 20°W (Martinson et al. , 1981), see figure 6.6. This huge polynya had
a cooling effect of the WDW in the Weddell Sea (Gordon, 1982; Foldvik et al.
, 1985a). Since the WDW is a component of MWDW/| it is an important water
mass in the formation of HSSW, and hence in the formation of ISW. A change
in WDW could therefore possible change the oceanographic conditions leading
to the formation of ISW. This may have an impact on the production of HSSW.
Gammelsrgd et al. (1994) found that the WDW increased by 0.7°C since 1977,
giving higher confidence that the year 1977 had extraordinary WDW.
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Figure 6.6: The position of the Weddell Polynya during the time period from 1973-
1979. The figure is taken from Martinson et al. (1981).

Summary

The physical possibilities listed (change in forcing at the Ronne Ice Front, mixing,
stratification, detachment from the ice shelf and/or change in HSSW formation)
may all (to some degree) be explained by a change in atmospheric forcing or a
change in sea ice conditions. The oceanic view is possible quite complex, and a
more thorough investigation is therefore needed before any conclusions might be

drawn.
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6.3.2 1985

Looking at figure 5.4, the exception of warm intrusion at the deepest instrument
at S2 is the year 1985, where there is no evidence of MWDW reaching the S2 po-
sition. Figure 2.4 show that MWDW is located in the eastern part of the Filchner
Sill, indicating that the intrusion is intermittent and during this particular year
it did not reach as far west at the Sill as the S2 (the S2 position is comparable
to CTD station # 11 in figure 2.4). Since the summer intrusion is thought to
be a result from atmospheric forcing, there might have been differences in these

forcings this particular year, changing the MWDW circulation.

6.3.3 1987

The S2 1987 temperature series 25 m above bottom seem to follow the seasonal
variation until around October (spring towards summer) when the temperatures
starts to rise towards —1.9°C. At the same time as the temperatures increases
at the bottom towards HSSW characteristics, the upper instruments starts mea-
suring lower temperatures towards ISW characteristics, i.e. HSSW is now below
ISW at the Sill (see figure 5.2(c)). Meanwhile the current direction changes from
a northwestward direction to a more northward direction (see figure 6.9). These

changes coincides with the grounding of three huge icebergs on the Berkner shelf.

The iceberg break-off event

In August 1986 three huge icebergs, named A22, A23 and A24, broke off the Filch-
ner Ice Shelf (Grosfeld et al. , 2001) and drifted northwestward (figure 6.7(a)).
With an average thickness of ~ 400 m, the icebergs grounded on Berkner Bank
in late 1987 or early 1988 (Ngst & Osterhus, 1998). Crevasses in the Filchner
Ice Shelf had been monitored since the 50s (Campbell, 1998). The calving event
was unique since the Filchner Ice Shelf may only experience such a major ice loss
event (40 years worth of advancing ice) once or twice each century (Campbell,
1998). In 1990, iceberg A24 broke free from Berkner Bank and moved northward
(Campbell, 1998). The remnants of the other two remain on Berkner Bank to

the current date (see figure 6.7(b) for an illustration).

The break-off of the icebergs along the Fichner Ice Front caused a change in
the ice draft, which may have caused a change in the depth where ISW flows out
from underneath the Filchner Ice Shelf (change in depth of neutral buoyancy, i.e.
detachment depth).
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WEDDELL SEA
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(a) February 1987 (b) February 1993

Figure 6.7: a) Satellite image showing the icebergs in February 1987 (black frame)
(courtesy to Svein (Isterhus). b) The ice conditions on Berkner Bank in 1993 with
grounded icebergs. Satellite picture is taken from Foldvik et al. (2001).

Nost & Osterhus (1998) examined CTD casts taken in the Filchner Depression
from 1980 to 1993. They found a cooling of the water at the bottom of the
Filchner Depression due to this particular grounding event. The cooling occurred
because of a shift from HSSW to ISW at the bottom of the Filchner Depression.
HSSW usually drain from Berkner Bank into the bottom layers of the Filchner
Depression (Foldvik et al. , 1985d). This drainage reduced because of the barrier-
effect of the icebergs that started between February and October 1987 (Ngst &
Osterhus, 1998), coinciding with the observations in this thesis. Since ISW has
a lower density than HSSW (due to less salinity), the ISW able to flow out of
the ice shelf cavity may have a deeper detachment level. Colder ISW will hence
be able to escape from the cavity, decreasing the temperature of the ISW in the
Filchner Depression (Ngst & Osterhus, 1998).

In addition, the grounded icebergs at Berkner Bank created artificial islands
disrupting the sea ice flow in the Weddell Gyre (Markus, 1996). This lead to a
change in the sea ice conditions, getting a pile up of ice along the east side of
the icebergs, and less sea ice along the west side (Nost & Osterhus, 1998). A
change in sea ice conditions might lead to a change in the sea ice formation, and
hence a change in HSSW formation on Berkner Bank and north of the Filchner
Depression (Markus, 1996).
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6. DISCUSSION

Grosfeld et al. (2001) examined the grounding event using a numerical model.
The main conclusion was that the flow of HSSW from the Berkner Bank into the
Filchner Depression was reduced. The circulation in the ice shelf cavity became
less active because of this reduction. The HSSW on Berkner Bank were modeled
to flow around the icebergs entering the Filchner Depression system north of the
icebergs. Figure 6.8 shows the modeled path of the HSSW formed on the western
side of the icebergs. The HSSW is flowing northeastward around the icebergs
getting deflected by Coriolis to the north just before the Filchner Sill (Grosfeld
et al. , 2001).
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NSS4 42 40" 38° 36" 34° 30 o
19 62— 50 a8 48 o 28 26" 24-
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Figure 6.8: The modeled horizontal HSSW flow (shaded and schematically shown
with arrows) after the grounding event in 1987. The figure is taken from Grosfeld et al.
(2001).

It is clear from figure 6.9 that the current at the S2 position changed to a more
northerly path after October 1987, which is the time when the icebergs arrived
at Berkner Bank (Grosfeld et al. , 2001). This shift in direction is not seen other
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years (see figure 5.10). It is around the same time the temperatures shifts from
ISW to HSSW characteristics at S2 25 m above bottom (see figure 6.10). The
instrument at 100 m above bottom shifts towards ISW characteristics (see figure
5.2). Due to the higher density of HSSW than ISW this is expected to happen if
HSSW enters the Filchner Sill.

Before Oct. 1987 After Oct. 1987
0 400 .

Figure 6.9: Rose diagram of current directions at the deepest instrument at S2 in
1987 before and after October.

1987 temperature series at S2 25 m.a.b.
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Figure 6.10: 30 hours butterworth filtered temperature data from 25 meters above
bottom at S2 in 1987 (blue line), the 14 days running mean (green line), the —2.00°C
isotherm (red dash-dotted line) and the interpolated seasonal curve using fast fourier
transformation (thick grey line). 1st. of October is in addition marked (black vertical
line).
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6. DISCUSSION

Summary

The observed change in directions and temperatures on the Filchner Sill from
pre- to post-calving times fits quite well with the modeled results from Gros-
feld et al. (2001). This indicates that the change in circulation and formation
of HSSW on Berkner Bank most likely are the dominating effect causing the

observed temperature increase at Filchner Sill in late 1987.

6.3.4 2003

Figures 5.2(d), 5.4, 5.5(b) and 5.12 show that there are relatively high tempera-
tures at S2 in 2003 compared with the rest of the time series available (25 m.a.b.).
The temperatures series have little variation and are closer to HSSW than ISW.
Calibrations with CTD-casts have been done, and the data seem to correspond

well with the CTD taken when the mooring was deployed.

The 6 — S diagram (figure 5.13) clearly confirm (like the other figures: 5.2(d), 5.4
and 5.5(b)) that in this respective year the ISW plume over the Filchner Sill has
little variation in temperature compared to the other years investigated. Looking
at fig. 5.10 the S2 ISW plume have higher current speeds and a more westerly
direction compared to the current data available from previous years. A nega-

tive correlation of —0.53 is found between the current speed and the temperature.

To summarize, the ISW plume in 2003 has higher speeds and less variance in
the temperature compared with previous years. This is the only year with avail-
able data from the bottom layers at the Filchner Sill where there is found a
negative correlation between the current speed and temperature data. Why did

this discrepancy happen in 20037

Looking at figure 4.1, the S2 2003, as well as the S2 mooring from 2009 and
2010, are located further east in an area of steeper topography than S2 1977, S2
1985 and S2 1987. The current data in 2010 show the same behavior as in 2003,
indicating that the higher current speeds may be a result of topographic steering.
The temperature series from 2009 and 2010, however, show similar temperatures
to the pre-2003 state, indicating that the different location is not the reason for

the high temperatures in 2003.

What caused the high temperatures?
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In 1990, one of the grounded icebergs left Berkner Bank and the system be-
gan to switch back to its original hydrographical state (Grosfeld et al. , 2001).
The effect of the grounded icebergs should therefore be reduced by the year 2003.
If the higher temperatures observed in 2003 are the result of the still-grounded
icebergs, the instrument 100 m above bottom should be filled with ISW, as in
the end of the 1987 series. Comparing figure 5.2(c) and 5.2(d)) confirm that this
is not the case, and the temperature discrepancy is not due to the grounded ice-

bergs at Berkner Bank.

The observed interannual variability at Site 5 (southwest of Berkner Island) was
explained by the variability of the processes north of the Ronne Ice Front (Nicholls
& Osterhus, 2004). Winds and tidal motions maintain shore leads and polynyas
and the winter freezing deposits pulses of HSSW into the water column. These
salt pulses eventually flow into the ice shelf cavity transforming into ISW by
the interactions with the glacial ice. The strength of the pulses depends on the
size of the open water area. An anomalously large polynya occurred outside the
Ronne Ice Shelf Front during the Austral summer of 1997/1998 due to strong
southerly /southwestly winds. The response was observed at Site 5 as a large
pulse of HSSW in 1999. (Another major event during 1998 was the breakup of
the eastern Ronne Ice Front, but the polynya event dominate over the icebergs
in affecting the HSSW production (Nicholls & @sterhus, 2004).) The large pulse
of HSSW, with expected high speed, was observed as an extraordinary cold pulse
of recirculated ISW in 2001 because it was too dense to escape the Depression
(Nicholls & Osterhus, 2004).

Following up the hypothesis that the seasonal variations at S2 have been propa-
gating under the ice shelf, the anomalously large pulse of very cold ISW should
again have reached the Filchner Depression. Still too dense to escape the Filch-
ner cavity, it may make the warmer ISW core from the Berkner Bank the only
contribution flowing over the Filchner Sill. The negative correlation between
current speed and temperature, increases the suspicion that this is a year with

extraordinary ISW characteristics.
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6. DISCUSSION

Summary

From the discussion about the seasonal signal, the relative uniform temperatures
in 2003 should be an effect of an anomalous forcing in front of the Ronne Ice
Shelf. A possible explanation is that the anomalously cold ISW plume from the
1997/98 polynya discussed by Nicholls & @sterhus (2004) made the warmer [ISW

from Berkner Bank the only contribution able to escape the ice shelf cavity.

6.4 Long-term trends

Having one of the longest oceanographic data sets in Antarctica makes it tempt-
ing to investigate long-term trends, although it is admittedly a limited data set,

with six year-long temperature series spread over 30 years.

Looking at figure 5.4 the temperature of the ISW has only varied between —2.20°C
and ~ —1.90°C showing no long-term trend. If data were only available up to
2003, a positive trend could have been suggested, but the later time series at S2

(in 2009 and 2010) show temperatures similar to pre-2003 state.

Since the ISW gets its low temperatures from the interactions underneath the
Filchner-Ronne Ice Shelf, the temperature of pure ISW should only vary around
the freezing point of seawater for different salinities and different depths. By
knowing that the maximum depth underneath the ice shelf is ~ 1500 m one
should expect a maximum theoretical temperature range of ~ 1.15°C ([—1.90 to
—3.05°C]) for the salinity range of the parent HSSW found over the continen-
tal shelf (34.6 — 34.8). The Filchner Sill with its depth of ~ 600 m has a local
freezing point of ~ —2.35°C for the same salinity range, indicating that this is
the lowest temperature one can expect at the Sill without the water being in-situ
supercooled (if the ISW is in-situ supercooled, formation of frazil ice would most
likely occur). The temperature range expected in the ISW at the S2 position
is therefore assumed to be ~ AT = 0.45°C. As long as the Filchner-Ronne Ice
Shelf persists with cold core temperatures and its ice shelf cavity, and the water
masses flowing into the cavity have sub-zero temperatures, the ISW formed is
expected to vary within this temperature range. There are variations in the ISW
characteristics, which probably are dependent on the forcing outside the ice shelf,
and long-term trends cannot be ruled out in the future if the oceanic conditions
and/or the atmospheric forcing outside the ice shelf experiences any long-term

trends.
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6.5 Dissolved Oxygen

The dissolved oxygen data are not used in the main discussion, but included here
since this is the first year-long time series of Oy in the southern Weddell Sea.
Two independent year-long dissolved oxygen series were recovered in 2009 for the
first time at the bottom of Filchner Sill. Figure 5.15 show that the dissolved
oxygen levels are not higher than the saturation level for given salinity and tem-
perature. A positive trend (figure 5.15) is seen in both data sets. According to
the manufacturer (Aanderaa, pers. com.) a sensor drift should give a negative
trend, giving more confidence in the data. The de-trended data set are shown in
figure 5.16 together with the salinity data. Negative correlations are found to be
~ 0.7 between oxygen and temperature, and ~ 0.8 between oxygen and salinity
in the filtered data sets. This high negative correlation is illustrated in figure
5.16. Negative correlations are expected since the solubility of gases generally
increases with decreasing temperature and salinity (Brown & Bearman, 1999).
So the oxygen seem to correlate well with the observed salinity and temperature
oscillation. The attribution from the ice shelf interactions (melting) will decrease
the amount of oxygen in the waters because of the addition of glacial meltwater.
A thinkable attribution to increased oxygen have to come from the atmosphere.
But there is no obvious reason for why there should exist a positive trend in the
oxygen data. Oxygen is a tracer characteristic that should be further investi-
gated in order to increase the understanding of the formation and behavior of
ISW. Hopefully there will be obtained more year-long oxygen data sets in the

future.
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Conclusion

Variations are found in the ISW characteristics at Filchner Sill (the S2 posi-
tion), from seasonal to interannual variations. The seasonal signal in the ISW
has previously been explained as being the result of the admixture of ambient
water masses along its path from the Filchner Ice Shelf Front to the Filchner Sill
(Grosfeld et al. , 2001; Nicholls et al. , 2003). From this analysis, however, the
ISW flowing out of the ice shelf cavity contains a seasonal signal itself, indicating
that the forcing in front of the Ronne Ice Shelf generates the seasonal signal in
the ISW plume flowing over the Filchner Sill. Interannual variations in the ISW
characteristics are found to be results from changes in the sea ice cover and the
occurrence of grounded icebergs. No long-term trend in the ISW temperatures
is found, which are expected since the physical properties are controlled by the

Filchner-Ronne Ice Shelf system.

o8
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Future work

Previous calculations of WSDW and WSBW from ISW have been done by as-
suming constant characteristics of the ISW overflow (e.g. (Weppernig et al. ,
1996)). By understanding the variability of the ISW characteristics, more precise
estimates of the bottom water formation may be calculated. Parameterizations of
the behavior of the ISW plume may give an improved representation of the Filch-
ner Overflow in climate models. It may even be possible to correlate between the
variability of the AABW and ISW. As the variability of the ISW characteristics
may be described by the atmospheric forcing and sea ice anomalies in front of the
Ronne Ice Shelf, remote sensing might be used as a prediction system for esti-
mating the ISW overflow. McKee et al. (2011) investigated temporal variations
in the bottom water from the Weddell Sea relative to larger scale climatic fluc-
tuations, as the El Nifo/Southern Oscillation (ENSO), Southern Annular Mode
(SAM) and Antarctic Dipole (ADP). The data used were from a mooring site
just south of the Orkney Islands and contained 8 years of data. Combining the
findings by McKee et al. (2011) with this work and additional observations from
the Weddell Sea, may be a natural next step.

29



Appendix A

Supplement to Instruments and
Methods

The analysis of the data have been done using Matlab R2009b for Mac OS X.
The same is the case for all the figures. The time series are low-pass filtered
using a 7th. order Butterworth design with cutoffs specified in the text. In some
cases running means have been used The main focus have been on temperature.
Calibration with the closest CTD casts available are done for the temperature

senosors on the current meter instruments, see appendix B.

A.1 Mooring Instruments

Table A.1: Overview of the long-term S2 moorings (as well as FR1). Columns show
deployment year, latitude, longitude, bottom depth, deployment vessels and cruise
names.

S2 moorings
Year | Lat. | Lon. | B. Depth [m] Vessel Cruise name
1977 | -74 40 | -33 56 558 Polarsirkel NARE 76/77
1985 | -74 40 | -33 56 545 Andenes NARE 84/85
1987 | -74 40 | -34 00 558 Polarstern ANT 5/4
2003 | -74 40 | -33 28 597 Ernest Shackleton | NARE 02/03
2009 | -74 39 | -33 33 602 Ernest Shackleton BIAC
2010 | -74 38 | -33 30 612 Ernest Shackleton | NARE 10/11
FR1 mooring
1995 | -75 01 | -31 46 | 610 [ Polarsten | AWI
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APPENDIX A. SUPPLEMENT TO INSTRUMENTS AND METHODS

Recording Current Meter (RCM)

Calibration is needed to compensate for drift of the sensors. RCM instruments
have six channels; reference, temperature, salinity, pressure, speed, and compass
direction. In general are the recorded temperatures reliable, but the salinity (con-
ductivity) need substantial calibration. RCM’s inductive conductivity sensors are

bad compared to the conductive sensors of the CTDs.

Background

The Recording Current Meter 4 instrument (first called the Bergen’s current
measurer) fabricated by Aanderaa Instruments A/S in the 1960s was the first
instrument that were able to record currents for a whole year. Due to the possi-
bility of getting a yearly time series in remote areas this mark the beginning of
the modern Norwegian oceanographic Antarctic research. In 1977 the Norwegian
Antarctic Research Expedition (NARE) deployed a mooring containing two RCM

4 instruments measuring velocity and temperature at the Filchner Sill.

RCM 4/7/8

The main improvement of the RCM from 4 to 7 is that the storing of data is
digitalized, no longer recording on tape. The RCM 7 now also contain an in-
ductive conductivity cell which measures the water’s ability to conduct and a
pressure sensor. The only improvement from RCM 7 to RCM 8 is a more robust

instrument shell that can handle higher pressure.

With this in mind, this time series are quite homogeneous due to the use of

similar instruments.

RCM 9 IW

The improvement from RCM 8 to RCM 9 is in the conductivity cell and the
way currents are measured. The rotor measuring current in one point is replaced
by an acoustic doppler current sensor measuring the current in several vertical
layers with four transmitters. (In general you only need three transmitters, but
the fourth is a quality check.) The temperature sensor is made of platinum
which means that the precision is determined by the electronics. The RCM 9 ITW
manufactured by Aanderaa Instruments A/S, is a RCM 9 modified to measure

temperature, oxygen, conductivity and pressure.
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The pressure sensor was set to measure at a depth range of 400-600 m, but
the instrument was placed at a depth > 600 m and therefore there is no time
series of the pressure and it is assumed to be constant in order to calculate the
salinity. There were two temperature sensors on the RCM 9 IW. The accuracy
of temperature sensor 4050 is £0.03°C. The temperature sensor 3621 was set to
measure in wide range instead of arctic range which lead to default-values be-

cause the sensor was not able to measure in such low temperatures.

Calibration
All the sensors on the RCM 9 IW needed calibration, and the formula and given

coefficients are given in appendix B.

RDCP 602

The RDCP 600 is the newest of RCM instruments from Aanderaa Instruments
A/S. The instrument now include a precise oxygen Optode and improved electron-
ics in form of computer setups directly on the instrument so that the scientist itself
can go in and specify the measuring area. The RDCP 602 (Recording Doppler
Current Profiler) measure vertical current profiles by using acoustic Doppler prin-
ciples. The instrument also consist of a compass tilt sensor (3777), temperature

sensor (3621), conductivity sensor (4019B) and a oxygen optode (3830).

The number 600 means that the acoustic sent out is of 600 kHz measuring a

50-60 m vertical current profile.

The temperature sensor 3621 was chosen to measure in wide range instead of
arctic range which lead to default-values because the sensor was not able to mea-

sure in such low temperatures that exist at the bottom under the Sill.

Calibration was set in advance for all sensors.

Seabird Electronics 37SM- SBE 37SM

The 2010 mooring also contained SBE-37 Microcats with initial temeprature ac-
curacy of 0.002°C. This makes it possible to calibrate between independent in-

struments calibrated at its respective factories.
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S2 2009 - Remote acoustic data recovering

The S2 mooring deployed in 2009 has a newly developed acoustic remote sys-
tem transmitting data to ship or buoy without the need of recovering the whole
mooring. The instruments used are a modified RCM 9 (IW) and a RDCP 602
and the instrument frame is bottom installed. The data were downloaded to a
ship-based computer with the Develogic software HAM. Node using an Acoustic
system from Develogic. This is in contrast with the traditionally moorings which
have an anchor weight at the bottom, the instruments attached on a kevlar rope
topped with floating elements, and the only way to get the data is to release the
mooring from its anchor and download the data directly from the instruments

themselves.

A.2 Conductivity Temperature Depth Profiler

An overview of the different Conductivity Temperature Depth casts used from
the southern Weddell Sea are given in table A.2.

Table A.2: Overview of the CTD instruments used in the southwestern Weddell Sea.
N.B. stands for Neil Brown, FSI stands for Falmouth Scientific Inc, and SBE stands
for SeaBird Electronics.

CTD
Year 19- 7 79 80 85 87 90 92 95 98 | 2003 | 2010
Type N.B. N.B. | N.B. | N.B. | N.B. | N.B. SBE FSI | SBE | SBE | SBE
Accuracy | £0.005°C | 7~ 7 7 7 K £0.003°C | N.B.2 | 7~ 7 K
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Calibration

ISW is defined as a water mass with temperatures below surface freezing point
of —1.9°C. Since ISW passes the S2 position it is therefore expected that the
temperatures measured here should have a range around this temperature. From
figure B.1 the exception is S2 1977, which has its "base” at —2.0°C, giving a dif-
ference of 0.1°C below the others. This is the same temperature difference found
between S2 1977 and the CTD cast taken when the mooring was deployed, see
figure B.2(a).
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Figure B.1: Temperature frequencies for the deepest S2 current meters. The red line
is the —1.9°C' isotherm. The temperature interval is 0.05°C'.
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Calibration coefficients

The data have been calibrated to physical values using equation B.1, where X are
the recorded values by the instruments, Y is the resulting physical data and A,
B, C and D are calibration coefficients. The RDCP instrument on S2 2009 was
calibrated at Aanderaa Data Instruments A/S. The S2 1987 temperature series
at 25 m above bottom (mab) have previously been calibrated using wrong range
(wide instead of arctic range (Foldvik et al. , 2004)). The old temperature series
are shown in yellow in figure B.3. The newly calibrated data are shown in red.
Since Seabird Electronics CTDs are more accurate that RCMs all the current

meter data will be checked with respect to CTDs in the next section.
Y=A+B+xX+C0*xX*+DxX? (B.1)

Conductivity Temperature Depth (CTD)

Calibration of mooring data are done by comparing the different CTD stations
occupied when deploying respective moorings. Figure B.2(a), B.2(b), B.2(c),
B.2(d) and B.2(e) are showing the daily mean temperature of S2 versus the CTD
cast taken the same day for the years 1977, 1985, 1987, 2003 and 2009 respec-
tively. Table B.1 show the temperature difference between moorings and CTD
casts. The S2 temperature data from 2010 are in addition compared and checked
with a SBE-37 (Microcat) one meter apart at the same mooring line (see figure
C.4). The CTD cast sin 1987, 2003 and 2009 did not reach the depth level of the
deepest instruments at S2, so the CTD mean is calculated for the lowest points
in the profile. Three CTD casts have been used for calibration at S2 2003.

The RCM instrument at 25 m above bottom at S2 in 1977 needed some correction.
The time series from 1977 have been calibrated with CTD-measurements taken
at the same time and at the same level 1.56 kilometers away from the mooring
site. The temperature difference of 0.1°C' (found in both figures) is subtracted
from the whole bottom temperature series of S2 1977. The rest of the instruments

seem to compare well within their accuracy with the CTD casts.
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Figure B.2: The red line is the CTD cast taken (date shown at the top of each figure).
The green and black dots are the daily mean temperature of the S2 mooring for the

top and bottom instrument, respectively. The blue dot is the mean temperature of the
CTD profile. Note that the same CTD profile is used for both S2 2009 and S2 2010.
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Table B.1: CTD vs current meter instruments. AT = Ty — Torp. *These values
are at a different level as the RCM instrument.

Year | CTD # | Distance | Date | Depth| Tg» Torp | AT[°C] | S2 std
[km)] [m]

533 -2.1434 | -2.0435 | -0.0999 | 0.0031
177 4l 1.56 28.01 458 -1.9997 | -1.9860 | -0.0137 | 0.0089
520 -2.0187 | -2.0000 | -0.0187 | 0.0144
445 -1.9928 | -1.9465 | -0.0463 | 0.0121
533 -1.9721 | -1.9640* | -0.0580 | 0.0196
459 -2.0322 | -1.9915 | -0.0407 | 0.0417
570 -1.9807 | -1.9811* | 0.0004 | 0.0071
495 -1.9379 | -1.9528 | 0.0149 | 0.0110
570 -1.9807 | -1.9644* | -0.0164 | 0.0071
495 -1.9379 | -1.9664 | 0.0284 | 0.0110
570 -1.9807 | -1.9726* | -0.0082 | 0.0071
495 -1.9379 | -1.9688 0.0309 | 0.0110
2009 3 24.47 13.02 | 602 -2.0170 | -2.0102 | -0.0068 | 0.0104
587 -2.0210 | -2.0102* | -0.0108 | 0.0120
508 -1.9758 | -2.0101 0.0343 | 0.0094

1985 10 0.39 26.01

1987 736 15.06 09.02

35 15.72 12.02

2003 36 0.88 12.02

37 13.22 12.02

2010 3 22.60 13.02

B.0.1 The calibrated data set

The bottom temperature time series with new S2 1987 calibration and with cor-
rected S2 1977 is shown in figure B.3.
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Figure B.3: The complete time series of bottom temperature at S2 with calibrated
S2 1977 and 1987. The series are low-passed filtered with a 30 days cut-off to remove
tidal oscillations. Note that a cut-off of 12 years have been done in the time series.
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All data used at S2

Unfiltered data sets used from the S2 position are shown here, to illustrate the
variability within the data. 14 days running means (black line) and 14 days low-
passed filtered data (red line) have been included in all the temperature series
(except fig. C.5). This is done to see the difference in the two smoothing proce-
dures used in this investigation. The 2009 data are presented in figure C.5 with
14 days running means. The oxygen data from 2009 are presented together with

the temperature and salinity series for the same year in figure C.5.

Two independently data sets for dissolved oxygen and conductivity at the S2
location in 2009 (see figure C.7 and C.6(a), respectively). Salinity data have
been calculated for both conductivity data sets using a constant pressure of 602

dbars and the temperature series obtained from the the same year (see figure

C.6(b)).
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Figure C.1: Temperature series at all levels from a) S2 1977 and b) S2 1985.

IX



APPENDIX C. ALL DATA USED AT S2

1987 S2 100 mab 2003 S2 100 mab
0 T T T T [ T T T T T T T T
S o5l g S _osl g
2 2
2 -r b 2 - b
s ®
g g
g -1.51 B g -151 4
e A LA A AN S
-2 1 -2 1
i i | . . . . . . . .
Jan Apr Jul Oct Jan Apr Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr
1987 S2 25 mab 2003 S2 25 mab
-1 T T T T T T T T T T T ) T T T T T
_ Raw - Raw
2 Running mean 8 =051 Running mean |
[ Low-pass filter| [ Low-pass filter|
5 15 H 5 4 ]
o s
o o
E g -15- 1
2 -ZfW 1 2 ﬁ ~
-2+ R
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Jan Apr Jul Oct Jan Apr Jul
Date [month] Date [month]
(a) 1987 (b) 2003
. .
Figure C.2: Temperature series at all levels from a) S2 1987 and b) S2 2003.
2009 S2 bottom installed
-15 — ) o 2010 52176 mab
Raw s T T T T T T T T T T T T
Running mean % -1F B
-16p, Low-pass filter| ] g | gt Bllredlll i ) L | ke L Bkl
e ] i I e NN e L2 el R i 1 ]
11 © Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
-1.7r B
5 o 2010 S2 104 mab
= =~ 0 T T T T T T T T T T T T
o -1.8F 1 4
] o |
® [
‘d-b o
g 19t J 2 o} AN — oA A
2 © Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
Raw
-2 B o Running mean | 2010 S2 25 mab
°:- -1.5— Low-pass filter[— T T T T T T T
E
=21 | K
né_ 2| vt [
2 Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

22 . . . . . . . . . . . .
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Date [month]
Date [month]

(a) Temp. 2009. (b) 2010

Figure C.3: Temperature series from sensors on RCMs from a) S2 2009 and b) S2
2010.



XI

2010

-1.6
2010 S2 26 mab - MC
-1.5 T T T T T
Raw
Running mean -1.7¢
-161 Low-pass filter| 1
-17 -1.8
o
o
o -18f
H -1.9
S
g
g -19r B
2
-2t
-2} B
21 =21
22 L L L L L L L L L L L L 26 mab - Mc
““Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar -2.2 L L L L
Date [month] 01/01 01/04 01/07 01/10 01/01 01/04
(a) 2010 MC (b) Temp. from all instruments at the S2 2010.
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Appendix D

Fast fourier transformation

Fast fourier transformation (FFT) has been used as an interpolation method for
the regularly-spaced data set of monthly means at 25 m.a.b at S2. This has been
done by estimating coefficients of a trigonometric polynomial fitting the 12 points.
All six frequencies (max. amount of frequencies able to extract from a data set

of 12 points) have been used, to represent as much of the signal as possible.

This type of interpolation of the given data set is done to make a smooth curve

fitting the data, making a seasonal cycle for the ISW passing the S2 position.

The FFT was done on the monthly means of temperature. Figure D.1 show the
different curves made. The green curve is made out of the monthly means from
all years, while the black curve is made only with the monthly means containing
more than 15 days of data. A clear difference is seen, and a further selection have
been done, giving the thin grey curve. Here the data for 1985, 2009 and 2010
are used, assuming these years represent the climatic conditions. A figure with
this curve superimposed on the monthly means are shown in figure D.2, to get

an idea of how it fits the real data.
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