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altimetry usingADT according to the process describedbyolov and
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The monthly climatology of sea water temperature (°C) at a dept
200 m,with vectors showing total current {Jgi) direction around the
Prince Edward Islands. Between January (Jan) and December
from 1993 to 2020 using the GLORYS model output. The black sol
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according to the process described b$okolov and Rintou
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The monthly climatology of temperature (°C) at 200 m bias (GL(
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to December (Dec) around the Prince Edward Islands from 19¢
2017 using the WOA18 data. The black solid and dashed
represent the MSAF and -SAF, respectively. The solid #iend
thinner brown lines represent the APF and MAPF, respectively
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The monthly climatolog of sea surface salinity (SSS) from January
to December (Dec) around the Prince Edward Islands from 19¢
2021 using the CNR data. The black solid and dashed lines rep
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The monthly climatology of sea surface salinity (SSS) from Januan
to December (Dec) around the Prince Edward Islands from 19¢
2020 using the GLORYS model output. The black solid and dashe
represent the MSAF and -SAF resgctively. The solid thick an
thinner brown lines represent the -APF and MAPF respectively
Areas shaded white denote regions of no data. These front posit
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and SSAF respectively. The solid thick and thinner brown i
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The monthly climatology of sea surface salinity (SSS) bias (GLOF
¢ CARS08SS) from January (Jan) to December (Dec) around the |
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The monthly climatology of sea surface salinity (SSS) bias (GL(
CNR) from January (Jan) to December (Dec) around the Prince E
Islands. The black solid and dashed lines represent tH#®AM and -S
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The monthly climatology of salinity at a depth of 200 m, from Jani
(Jan) to December (Dec) around the Prince Edward Islands from
to 2017 using the WOA18 data. The black solid and dashed
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The monthly climatology of salinity at a depth of 200 m, from Jani
(Jan) to December (Dec) around the Prince Edward Islands from
to 2009 using theCARSO%ata. The black solid and dashed lir
represent the MSAF and -SAF respectively. The soliliagk and
thinner brown lines represent the MNPF and MAPF respectively
These front positions were identified from satellite altimetry us
ADT according to the process described ®ykolov and Rintou
(2002) et ettt et et ee et et e e e

The monthly climatology of salinity at a depth of 200 m, from Jani
(Jan) to December (Dec) around the Prince Edward Islands from
to 2020 using the GLORYS model output. The black solid and d
lines represent the MSAF and-SAF respectively. The solid thick a
thinner brown lines represent the WPF and MAPF respectively
Areas shaded white denote regions of no data. These frosttipms
were identified from satellite altimetry usingDT according to the
process described byokolov and Rintoul (2002)X X X X X X X X

(@) The 5° x 5° study box around the Prince Edward Islands from \
salinity data at 200 m wasxtracted and averaged to produce the ler
term mean salinity at 200 mb) Monthly climatology of the average
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andCARSQ%nd from the GLORYS model ouppf X X X X X XXX&

The monthly climatology of salinity at 200 m bias (GLQRW3A18)
from January (Jan) to December (Dec) around the Prince Ed
Islands. The black solid and dashed lines represent tH#®AM and -S
SAF respectively. The solid thick and thinner brown linpsesent the
N-APF and MAPF respectively. White shading denotes regions o
data. These front positions were identified from satellite altime
usingADT according to the process describedSmkolov and Rintou
(ZOOZ2X X X XX XXX XXX XXX XXX XXXXXXXXX?

The monthly climatology of salinity at 200 m bias (GLQRYRS0O9
from January (Jan) to December (Dec) around the Prince Ed
Islands. The black solid and dashed lines represent tH#AM and -S
SARespectively. The solid thick and thinner brown lines represent
N-APF and MAPF respectively. White shading denotes regions o
data. These front positions were identified from satellite altime
usingADT according to the process describedSmkobv and Rintoul
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Figure4.36

Figure4.37

43.5°S 49°S) for the WOAL18 (red)ARSO®blue) and GLORYS (bla
datasets. Grey curved lines indicate isopycnals for the respe
density levels (sigmtheta kg/mMF)X X X X X X X X X X X X X X X

(a) Map displaying the locations of tH@AWS in situ data (pink), tf
northern GLORYS grid point (white) and the southern GLORY:
point (black). Scatter plots showing the relationship and Peal
correlations between SAWS in situ SST #&)dhe average betweer
the northern andsouthern GLORYS (GLORYS Avg) grid poirtke (
northern GLORYS (GLORYS N) grid poindamide(southern GLORY
(GLORYS S) grid point. The solid red line indicates the line of best
each correlation and can be reproduced using the equationsaiispl
in the top left of each respective correlation graphX X X X X X X

Bar graph showing the average monthly bias between GLORYEFE
at the northern (GLORYS N), southern (GLORYS S), and av
(GLORYS Avg) grid points and the SAVEBUISSTC) from 1993 to
202K X X X XX XXX XXX XXX XX XXXXXXXXXX

(a) GEBCO 2022 bathymetry map of the surrounding PEI region,
red dots to denote the CTD station positions for the nestiuth (NS)
transect. The black bokighlights the seven stations done in Ag
2013, used to produce plots (b) and (&) Temperature/Salinity (T/S
relationship for the PEI 2013 survey, using the in situ CTD data (¢
and GLORYS (black) output. Vertical section maps, using the@T&
data, of temperature qC) €) and salinity d) during April 2013. White
shading denotes the absence of data from the northern
southernmost CTD stations which were not sampled in April 2
Vertical section maps, using GLORYS output, of temperdid) €)

and salinity 1) during April 2013Dashed black vertical lines indica
the station positions along the transects, and the grey areas indi
ocean flooK X X X X X X X X X X X X X X X X X X X X X X X}

(a) GEBCO 2022 bathymetry maptloé surrounding PEI region, wit
red dots to denote the CTD station positions for the nestiuth (NS)
transect. The black box highlights the eight stations done in April 2
used to produce plots (b) and (c))(Temperature/Salinity (T/S
relationshipfor the PEI 2014 survey, using the in situ CTD data (gi
and GLORYS (black) output. Vertical section maps, using the in si
data, of temperature qC) €) and salinity d) during April 2014. White
shading denotes the absence of data from the soutineost CTC
station which was not sampled in April 2014. Vertical section m
using GLORYS output, of temperatut€)(€) and salinity f) during
April 2014. Dashed black vertical lines indicate the station posit
along the transects, and the grey aeindicate ocean flogr X X X X
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Figure4.38

Figure4.39

Figure4.40

(a) GEBCO 2022 bathymetry map of the surrounding PEI region,
red dots to denote the CTD station positions for the nestiuth (NS)
transect. The black box highlights the eight stations doroinl 2015,
used to produce plots (b) and (c))(Temperature/Salinity (T/S
relationship for the PEI 2014 survey, using the in situ CTD data (¢
and GLORYS (black) output. Vertical section maps, using the in si
data, of temperatureqC) €) andsalinity @) during April 2015. White
shading denotes the absence of data from the southernmost

station which was not sampled in April 2015. Vertical section m
using GLORYS output, of temperatut€)(€) and salinity f) during
April 2015. Dashetlack vertical lines indicate the station positio
along the transects, and the grey areas indicate oceanXflo6rX X X

(a) GEBCO 2022 bathymetry map of the surrounding PEI region,
red dots to denote the CTD station positions tioe north-south (NS)
transect. The black box highlights the eight stations done in April 2
used to produce plots (b) and (c))(Temperature/Salinity (T/S
relationship for the PEI 2016 survey, using the in situ CTD data (¢
and GLORYS (black}mut. Vertical section maps, using the in situ C
data, of temperature qC) €) and salinity d) during April 2016. White
shading denotes the absence of data from the southernmost

station which was not sampled in April 2016. Vertical section m
using GLORYS output, of temperatuP€) €) and salinity f) during
April 2016. Dashed black vertical lines indicate the station posit
along the transects, and the grey areas indicate oceanXfo6iX X X

(a) GEBCO 2022 bathymetry maptloé surrounding PEI region, wit
red dots to denote the CTD station positions for the nestiuth (NS)
transect. The black box highlights the eight stations done in April 2
used to produce plots (b) and (c))(Temperature/Salinity (T/S
relationshipfor the PEI 2017 survey, using the in situ CTD data (gi
and GLORYS (black) output. Vertical section maps, using the in si
data, of temperature qC) €) and salinity d) during April 2017. White
shading denotes the absence of data from the soutineost CTC
station which was not sampled in April 2017. Vertical section m
using GLORYS output, of temperatut€)(€) and salinity f) during
April 2017. Dashed black vertical lines indicate the station posit
along the transects, and the grey aeindicate ocean flodt X X X X
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Figure4.41

Figure4.42

Figure4.43

Figure4.44

(a) GEBCO 2022 bathymetry map of the surrounding PEI region,
red dots to denote the CTD station positions for the nestiuth (NS)
transect. The black box highlights the nine stations donfpinl 2018,
used to produce plots (b) and (cfp)(Temperature/Salinity (T/S
relationship for the PEI 2018 survey, using the in situ CTD data (¢
and GLORYS (black) output. Vertical section maps, using the in si
data, of temperatureqC) €) ard salinity ) during April 2018. Vertice
section maps, using GLORYS output, of temperatt@ €) and
salinity €) during April 2018. Dashed black vertical lines indicate
station positions along the transects, and the grey areas indicate o
flOOrX X X X X X X X XX XXX XXXXXXXXXXXXXX

The monthly climatology of Rossby Number (Ro) calculated t
geostrophic current velocity at the surface (0 m), from January (Ja
December (Dec) around the Prince Edward Islands from 192622
usingthe daily reprocessed ADT satellite data. The black solid
dashed lines represent the #8AF and-SAF, respectively. The so
thick and thinner brown lines represent the-APF and MAPF,
respectively. These front positions were identified from satel
altimetry usingADT according to the process describedbyolov and
Rintoul (ZOOZX X X X X X X X X X X X X X X X X X X X X X X .

The monthly climatology of Rossby Number (Ro) calculated t
geostrophic current velocity at the surface (0 m), fromukag (Jan) to
December (Dec) around the Prince Edward Islands from 1993 to
using the GLORYS model output. The black solid and dashec
represent the MSAF and -SAF, respectively. The solid thick &
thinner brown lines represent the PF and MAPF, respectively
Areas shaded white denote regions of no data. These front posit
were identified from satellite altimetry usingDT according to the
process described yokolov and Rintoul (2002)X X X X X X X X )

The monthlyclimatology of Reynolds Number (Re) calculated u:
geostrophic current vectors at the surface (0 m), from January (Ja
December (Dec) around the Prince Edward Islands from 1993 to
usingthe daily reprocessed ADT satellite data. The black saoii
dashed lines represent the #8AF and-SAF, respectively. The so
thick and thinner brown lines represent the-APF and MAPF,
respectively. These front positions were identified from satel
altimetry usingADT according to the process describedbyolov and
Rintoul (2Z00ZX X X X X X X X X X X X X X X X X X X X XXXd
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Figure4.45

Figure4.46

Figure4.47

Figure4.48

The monthly climatology of Reynolds Number (Re) calculated t
geostrophic current vectors at the surface (0 m), from January (Ja
December (Dec) around the Prince Edward Islands from 1993 to
using the GLORYS model output. The black solid astedalines
represent the MSAF and -SAF, respectively. The solid thick &
thinner brown lines represent the HNPF and MAPF, respectively
Areas shaded white denote regions of no data. These front posi
were identified from satellite altimetry usingDT according to the
process described yokolov and Rintoul (2002)X X X X X X X X

The monthly climatology of Blocking parameter (Bl) calculated u
GLORYS median water depth of 3027.2 m, from January (Je
December (Dec) around the Ree Edward Islands from 1993 to 20
using the daily reprocessed ADT satellite data and the GEBCO
bathymetry data. The black solid and dashed lines represent H3AK
and SSAF, respectively. The solid thick and thinner brown I
represent the NAFF and MAPF, respectively. These front positic
were identified from satellite altimetry usingDT according to the
process described Hyokolov and Rintoul (2002)X X X X X X X X}

The monthly climatology of Blocking parameter (Bl) calculated u
GLORYS median water depth of 3027.2 m, from January (Je
December (Dec) around the Prince Edward Islands from 1993 to
using the GLORYS model output. The black solid and dastesc
represent the MSAF and -SAF, respectively. The solid thick &
thinner brown lines represent the PF and MAPF, respectively
Areas shaded white denote regions of no data. These front posit
were identified from satellite altimetry usingDT accaling to the
process described yokolov and Rintoul (2002)X X X X X X X X

The monthly climatology of Blocking parameter (BI) calculated usir
average water depth of 2000 m, from January (Jan) to December
around the Prince Edwardldsds from 1993 to 2022 using the da
reprocessed ADT satellite data and the GEBCO 2022 bathymetry
The black solid and dashed lines represent theSAF and -SAF,
respectively. The solid thick and thinner brown lines represent the
APF and MAPF,respectively. These front positions were identifi
from satellite altimetry usingADT according to the process descrik
by Sokolov and Rintoul (2002)X X X X X X X X X X X XXX
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Figure4.49

Figure4.50

Figure4.51

Figure4.52

Figure4.53

Figure4.54

The monthly climatology of Blocking parameter (BI) calculated usir
average water depth of 2000 m, from January (Jan) to December
around the Prince Edward Islands from 1993 to 2020 using the GL
model output. The black solid and dashed linegresent the MSAF
and SSAF, respectively. The solid thick and thinner brown I
represent the NAPF and MAPF, respectively. Areas shaded wr
denote regions of no data. These front positions were identified fi
satellite altimetry usingADT accordingo the process described b
Sokolov and Rintoul (20X X X X X X X X X X X X X X X X X

Rossby radius of deformation (km) for a barotropic ocean using
GEBCO 2022 bathymetry data around the Prince Edward I¥axdé

Rossby radius of deformation (km) for a barotropic ocean using
GLORYS bathymetry model output around the Prince Edward Isl
Areas shaded white denote regions of no datg X X X X X X X X .

Rossby radius of deformation (km) for a banaicl ocean using the
radii values in the ATLAS dataset as describédtirlton et al. 1998
around the Prince Edward IslanfIiX X X X X X X X X X X X X X J

The monthly climatology of the meridional velocity component ()
extracted along the longitudinal position of 37.98, from Januar)
(Jan) to December (Dec) between 1993 and 2020 using the GL
model output. The black solid and dashed vertical lines represen
M-SAF and -SAF, respectively. The solid thick amihher brown
vertical lines represent the APF and MAPF, respectively. Aret
shaded grey denote the bathymetry. These front positions w
identified from satellite altimetry usingDT according to the proce
described bysokolov and Rintoul (2002)X X XXX X X X XX X X}

The monthly climatology of the meridional velocity component ()
extracted along the longitudinal position of 37.@from January (Jar
to December (Dec) between 1993 and 2020 using the GLORYS
output. The black solid and dashed vertical lines represent tHeAW
and SSAF, respectively. The solid thick and thinner brown vertical
represent the NAPF and MAF-, respectively. Areas shaded gt
denote the bathymetry. These front positions were identified frc
satellite altimetry usingADT according to the process described
Sokolov and Rintoul (200X X X X X X X X X X X X X X X X X
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Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 4.1

Dates, number (#) of CTD stations and latitudinal extent of & N
transect conducted annually, upstream of the Prince Edward Islar
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Table adapted fromRusso et al. (2032Supplementary Material
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Glossary

Acronyms, Abbreviations Explanation
and Terms
PEls Prince Edward Islands
SSH Sea Surfaceéleight
SO Southern Ocean
ACC Antarctic Circumpolar Current
SAF SubAntarctic Front
APF Antarctic Polar Front
APFZ Antarctic Polar Frontal Zone
SWIR Southwest Indian Ridge
MPA Marine Protected Area
MOC Meridional Overturning Circulation
PFZ Polar Frontal Zone
SACCF Southern Antarctic Circumpolar Current Front
STF Subtropical Front
SST Sea Surface Temperature
SAMW SubAntarctic Mode Water
AAIW Antarctic Intermediate Water
NADW North Atlantic Deep Water
AABW Antarctic Bottom Water
CDW Circumpolar Deep Water
AASW Antarctic Surface Water
SASW SubAntarctic Surface Water
CPT Circumpolar Pressure Trough
ENSO El Nifio Southern Oscillation
SAM Southern Annular Mode
SAO SemtAnnual Oscillation
ACW Antarctic Circumpolar Wave
ADP Antarctic Dipole
SLP Sea Level Pressure
ABFZ Andrew Bain Fracture Zone
IME Island Mass Effect
WOA18 World Ocean Atlas 2018
CARSO09 CSIRO Atlas of Regional Seas 2009
SAWS South African Weather Services
CTD Conductivity, Temperature and Depth
NetCDF Network Common Data Format
ADT Absolute Dynamic Topography
SSS Sea Surface Salinity
Ol Optimal Interpolation
MSS Mean Sea Surface
SLA Sea Level Anomaly
MDT Mean Dynamic Topography
OSTIA Operational SST and Sea Ice Analysis
GEBCO General Bathymetric Chart of the Oceans
ETOPO Earth TOPOgraph

T/S Temperaturesalinity



Ro Rossby number

Re Reynolds number
Lrt Rossby radius of deformation for a barotropic ocean
Lrc Rossby radius of deformation for a baroclinic ocean
Bl Blocking parameter

MLD Mixed Layer Depth
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Abstract

The Prince Edward IslangBEIl), comprising oMarion and Prince Edwaidland arelocated

in the direct path of the eastwaitdwing Antarctic Circumpolar Currennestledwithin the
Antarctic Polar Frontal Zonef the Southern Ocearlhe islands are home to a multitude of
species which are supported by a sensitive and complex oceanic envirddndsgrstanding

the mechanismat work, whichsustairthis rich ecosystens therefore imperative fdyoththe
ecological management of tRls andfor the possibé predictionof future climate change
driven environmental impactd he presence of possibleTaylor column has been suggested
as amaindriver in supporting and maintaining the RE€bsystemHowever, due to theemote
andhostile environmenin which the islands arecated in situ data collection has proven to
be a challenging taskyhich is necessaryo study the Taylor columand to understand the

i sl andb&s gen e arability. Thisdstudy ghus mpakds aise availablein sity,
satellite reanalysi@nd modelled bathymetry datacompare against the GLORYSV12 model
output. This wago determinehow accurately the model could reprodsteface and sub
surfacevariability of temperaturgsalinity, Sea Surface Height (SSkphdsurface circulation

at the PElsandto identify whetherin sity, satelliteand model conditions are suitalbte the
existence and evolution of a possible Taylor column at the isl@andgar overestimation of
the geostrophic curren{@ip to 0.2m s?) and underestimationf SSH (up t00.6 m) by
GLORYS was observedThe spatial and temporal variability of temperatand salinity was
captured byGLORYS throughout the entire water columndespite the differences between
temperature (biasdsom -2 to 2°C) andsalinity (biasegrom -0.4 t00.4 PSU. Additionally,
GLORYS was also able teimulae all five water masses, known to occur within the PEI
region, throughout tim&v/henGLORYS wascompared to single poiim situSST time series
datg a seasonal bias was observed VBtORY Soverestiméing SSTin late summer (January

to March) and underestimating SST for the remainder of the year (May to December).
However, statistically significant strong, positive correlations (r > 0.80, p < 0.001) and
relatively low biases {0.50 to 0.10C) werestill obseved betweenGLORYS and thehis in

situ SSTtime series Overall, this suggestetthat GLORY Sreasonablycaptures temperature
and salinity variability on a climatologicacale However when it comes to eveistcale the
model failsto accuratelyreproducespecific mesoscale events, as observed in 2013, 2014 and

2015 when cyclonic arahticyclonic edis,simulatedby the model were not of the same size,
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intensity nor in the same location@sservedy in situCTD data. GLORYS and sdliée data

both successfully proved that conditions are suitable for the formation and persistence of a
possible Taylor column/Taylor cone at the PEls. This emascluded with the relativelipw

Rossby numbers (< 0.07), high Reynolds numbers (> 2000), Blocking parameters which did
not exceed.2, appropriateRossby radius of deformation values (< 1000 km for a barotropic
ocean and < 24 km for a baroclinic ocean) andanticyclonic flow patta around the PEI
plateau, all indicative of the fact thednditions which are typicafor the formation ofTaylor

columrg/Taylor conesoccur at the PEls.
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Chapterl. Introduction

1.1 Background

The Southern Ocean (SO) has an essential role to play in regulating the global climate system
and is therefore FrseppootgystengCerchingaasn, 2E)d Aurfiqdes | i f e
oceanographic environment free of land barriers and a strong westerlpelimgives the SO

the ability to circulate climate signals and water masses across the different ocean basins. The
circulation dynamics of the cold water in this region contributes to its capacity in taking up
anthropogenic heat and carbon, aiding to cedihe rate of global warming, while supporting

global marine productivityCunningham, 200Rintoul et al. 2018

The Prince Edward Islands (PEIs) archipelago consists of Marion and Prince Hslevadd
(Ansorge and Lutjeharms, 2002 he islands are positioned in the direct path of the eastward
flowing Antarctic Circumpolar Current (ACChetweentie northern (sudntarctic Front) and

the southern (Antarctic Polar Front) boundaries o#th&rcticPolar Frontal ZoneXPFZ) of

the SO. The unique bathymetry, characterised by the Southwest Indian Ridge (8MWvHRY

the soutlwestern side of the PEIs and its several fracture zones, including the Andrew Bain
Fracture Zone, contributes to the high levels of mesoscale variability obserihezregion
(SokolovandRintoul, 2009 Froneman et al. 2002 oolsee et al. 2091Ansorge et al(2010)
describd a region of high mesoscale variability, resulting from the interaction between the
ACC and the SWIR that extends towards and across theeBieh. Additionally,Lamont et

al. (2019)describé the generation of eddies along the-guttarctic front (SAF) ad Antarctic

Polar Front (APF), which impact the hydrographic conditions around the islands and function

as a feeding ground for top predators.

The islands were declared a Marine Protected Area (MPA) in 80&30 the multitude of
ecosystems supported liye islands, and with climate change posing a huge threat to this
environment, they are in an ideal location to identify and monitor any perturbations to the
ecosystem functioning resulting from climate charfg&A, 2013; Ansorge et al. 20017
Analyses doa by Perissinotto and Duncombe Rae (19abd Lamont et al (2019) have
suggested the existence of a Taylor column within the PEIs water column. The existence of

such a featurevould enhance water retention and develop local scale upwelling ershts
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would play a crucial role in preserving the dynamic ecosystems of the PEls by retaining
nutrients and enhancing productivity within the iAtgdand regionl(amont et al. 2010

1.2 Rationale, Aim and Key questions

Collectingin situ data in the Southern Ocean is a challenging task due to the remoteness and
hostility of the environment. While there is a good record of data at Marion Island, dsich
beenongoing since 1949, these data are either single point observations affettachdny
error(Melice et al. 200Bor are only snapshots of specific oceanographic conditfemso(ge

et al. 20.0). These datasets cannot adequately provide thetésng regionakcale coverage
requiredfor adetailed study of the environmental conditi@msundthe PEls. Satellite data is
extensively used for scientific research in 8@but has also been shown to lack a high spatial
and temporal resolution ¢olseeandLamont, 202). In many cases their coverage is limited
to the seaurface.Lamont et al(2019)explained that coarse resolution of altimetry data and
limited existing in situ data could not provide a complete description of the extent and
variability of the possible Taylor column existing at the PHIs.attemptto overcome the
abovementioned limitations, this study aims at using output frotinr@edimensionahigh-
resolution hydrodynamic ocean modeinulation in the PEIls region to fully capture and

understand the surface and s|ulsface oceanographic variability around thésPE
To achieve thaim set out byhis studythe following three key questions were investigated

1. What is the suitability and accuracy of the GLORYS12V1 model output compared to
existingin situand satellite data around the PEIs?

2. What is the surface and sshrface hydrographic variability surrounding the PEls,
using the GLORYS12V1 model, and what #re drivers thereof?

3. Are thein sity, satelliteandmodel conditions suitable for the formation angstence
of a Taylor column at the PEIs?

Understanding the mechanisms that sustain the persistence of the rich ecosystem, which is able
to support high ppulation densities of marine lifgt the PEIscould enhance the ecological
management of the PElI MPA, and possibly contribute to potential predictions of future
environmental impacts on biological communitiésom a global perspectivihis study could
enhance both our understanding and abilityr&aljet the impacts of climate changesmilar

vulnerable ecosystesnThe lack of previous lonrtermin situdata, within the Southern Ocean,
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is the mainreason for the uncertainty faced when predicting ecosystem responses to climate
change at the PEI$he results from the current study, along with continued monitoring could
provide important measurements aftie understanding required for the identification and
interpretation of oceanographic variability and its impacts on ecosystem functioning wathin th
PEls regionShould this study demonstrate that the GLORYS model can be reliably used, it
wouldintroducea new toofor more detailed investigatisinto a variety of research questions.
Additionally, GLORYS could aid in routine monitoring due to thelydavailable output
provided by Copernicus Marine Environment Monitoring Service (CMEMS), wihashnot

been possibléen the past sinceuchnear reatime model output hewonly become available in

recent years
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Chapter2. Literature Review

2.1 Significance of the Southern Ocean

The Southern Ocean (SO) encloses the most remote region on Earth, Antarctica, and is defined

as the general global ocean south dS3&hapman et al. 20)(Due to the lack of continental

barriers, an uninterrupted zonal current exists around Antarctica, known as the Antarctic
Circumpolar Current (ACC), which connects and allows for the exchange of heat, gases,
moisture, salt and freshwater between the Attairtidian and Pacific Ocean basins (described

in greater detail ibection 2.2(Figure 2.7 (Cunningham, 2005Zhapman et al. 202Rintoul

andNaveira Garabato, 20,3 The worl dés <cli mate system inc
and especially the intaction between them. The SO plays a crucial role in linking this climate
system with the oceands ohveedimensionaliglobal oceanr c ul a
circulatont hat r egul at €CsnniEgaamt @E&sntocl ond NmaetraeGarabato,

2013.

Figure2.1: Schematic adapted fromherel (20203howing the Southern Ocean and its interbasin conne
to subtropical waters. The yellow stars denote the main islands. The oceanic fronts and zones are
with the circlingcoloured lines. Abbreviations are as follows: AZ, Antarctic Zone; BFFRwit; PFZ, Po
Frontal Zone; SAd)b-Antarctic Zone; STF, Subtropical Front; STZ, Subtropical Zone.
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The complex oceaatmospheric circulation of the SO drives its main role of distributing heat
from lower latitudes to the poléSunningham, 2005 The ocean and atmosphere transport
similar quantities of heat, but the critical difference lies in the timescales at which the heat is
distributed. The atmosphere can circulate the heat on a timescale of approximately a month,
while the deep waters of tlieO can store it at depth for tens to thousands of years before
outcropping at the surfac&/ind-driven upwelling and thexposureof dense, deep waters at

the surface caused by the characteristic steeply sloped density surfaces of the ACC, enables
nutrierts and carbon to be brought to the upper ocean, while sinking transports heat and gases
northwards and downward into the thermocline for extensive periods of time, providing a
significant mechanism that stabilises the climétentoul and Naveira Garabato2013
Cunningham, 20055hi et al. 2018

The robust overturning circulation allows the SO to take up more anthropogenic carbon dioxide
(CO) than any of the other oceamsh er e 40% of t he glGDbuptdke t ot al
occurs south of 4% (Rintoul et al. 2018Rintoul and Naveira Garabato, 20).3Previous
studies have revealed strong correlations between atmosp@sidevels and Antarctic
temperatures, suggesting that the SO is the source for clielated changes iatmospheric

COz (Anderson et al. 2002; SigmandBoyle, 2000. Two processes within the SO contribute

to it being a region that is believed to regulateospheridCO, over time periods that are
relevant to climate changéhe first is the uptake ctmosphericCO; via wind-driven
upwelling where cold, deep waters are exposed at the surface and b&€ausenore soluble

in colder water, the invasiorf €0, occurs within these surface watétsiderson et al. 2002

The biological pump is also introduced through upwelled waters whereby reintrod@ged

and dissolved inorganic nutrients, from the desme,consumed by phytoplankton through
photosynthesis and converted into organic material which settles into the dee@fockzainon

et al. 2002; Sigmamnd Boyle, 2000. This process of photosynthesis lowers thavater

partial pressure of Cesulting inthe flux of atmospheri€0,into the ocean surfac&igman
andBoyle, 2000. Secondly, the overturning circulation within the SO causes surface waters
to be drawn down to around 1000 m, forming Intermediate Waters, and then further into the
ocean, as Botta Water, which trapandequestelCO,, aiding in the mitigation of global

warming(Cunningham, 2005; Anderson et al. 2002; Rintoul et al. 018

Studies have shown that greenhouse gas induced warming and depletion of ozone in the
stratospheric layer ofhe polar vortex are primary contributors to the intensification and

southward shift of the westerly winds which encircle Antarctica and influeneei@@ke and
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sea ice extentMayewski et al. 2016 The accelerated rate of melting ice shelves, ice sheet
collapse and selavel rise are among some of the major consequences expected due to these
changes in strength and mean position of the westé¢kliegewski et al. 2016 Implications

may already be underway, whbyehe glacier retreat in West Antarctibas been referred to

as bei ng Jdrhesea changes savebal significant influence on the rate of ice sheet
response and climate change within the Southern Hemis@iieyeewski et al. 2016

The S0O6s overturning circulation and contint
the highest known nutrient levels, sustaining global marine productivity by exporting the
upwelled, nutrientich waters to the lower latitudg®erissinotto et all990; Rintoul et al.

2018. The transition from subtropical to Antarctic waters occurs across a series of sharp
meridional gradients in salinity, temperature, oxygen and other var{@assribed in greater

detail inSection 2.2(Chapman et ak020. These transition zones are known as fronts, and it

is within and along these fronts that previous studies have recorded marine mammals and
seabirds assembling and foragifighapman et al. 2030Given these significant influences

thatthe SO has on seael, marine ecosystems, glolimate systems and ocean circulation,

any changes occurring within this region coulsve massiveramificatiors f or t he wor
oceans and climate systgi@hapman et al. 202®Rintoul et al. 2018Rintoul and Naveira

Garabato, 2013

2.2 Antarctic Circumpolar Current System

The SO is dominated by two major circulations: a zonal (east) circumpolar circulation

(ACC) and a meridional (nortbouth) overturning circulation (MOC). These oceanic
circulation sygems are driven by asea fluxes of heat and freshwater, coupled with the strong
westerly winds that dominate the regi@unningham, 2005; Morrowt al. 201). The ACC

connects each of the oceanic basins, facilitating exchanges of multiple pragewiel as the

blending of water masses. The MOC circulates water from depth to the surface across the ACC
and it is this intimate connection between tiwe maincirculationsystemswhich regulates

Ear t h 6 s(Cuoninghema 20@3Rintoul etal. 200L.Thi s secti on wil |l re
syst emb wh iotthe ACGamdpits assoeiaded fronts, the water masses and MOC of

the SO.The ACC itself, its frontandthe water masses of the $@ve a stronger significance

to this study and will be described in greater detail than the MOC.
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2.2.1 Antarctic Circumpolar Current and the fronts

The ACC is the largest oceanic current, transporting between 140 to 144w@aweofin an
eastward flowing band, approximately @30 kmin length, around AntarcticgCunningham,
2005; Hughes, 200RintoulandNaveira Garabato, 20).3 he $0aling of isopycnals towards
the south is what causes the eastward geostrophic floke dkCC, resulting from wind and
buoyancy forcing, including oceace interactionsRintoulandNaveira Garabato, 20).3The
ACC is positioned withirthe Polar Frontal Zone (PFZ) of the Southern Ocapproximately
between 4€65 and 60S (Figure 2.2 (Hughes, 2005; Ansorgend Lutjeharms,200R

90°E

I
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=
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—

Figure2.2: Adapted shematic fromRintoul et al (2001)of the major oceanic currents south of Z0 Shade
areas denote depths shallower than 3500 m. Abbreviations are as followsAi@rctic Circumpolar Curre
F, front; C, current; G, gymdumbers represent the submarine topography which impacts the meandering
ACC1 - Scotia Arc; 2 KerguelerPlateau; 3- Macquarie Ridge complex:-4#acific Antarctic Ridge

The A®CWsi sfldominated by a system of intense
as first noted byeacon (1937)Fronts in the ocean are defined as distinct boundaries where

the water holds different temperature, salinity, density and gradient profé&rtiesov and

Rintoul, 200). Between the fronts, the water properties are relatively homogenous, producing
water masses with unique environmental characteristiog{man et al. 2030The density
differences across the fronts fodaeep, eastward flowing jetehich are responsible for most

of the ACC transportRintoul and Naveira Garabato, 201Rintoul et al. 2001Chapman et
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al. 2020. The ACC comprises of three main fronts from north to soléise arethe sub
Antarctic Front (SAF), théntarcticPolar Front APF) and the Southern ACC Front (SACCF)
(Figure 2.2 and 2.B(SokolovandRintoul, 2003. The Subtropical Front (STF), north of the
ACC, and the Southern Boundary Front, near Antardtiaae dynamics which adsfferent to
that of the ACC and as a result are not considered to be part of theZhGanfan et al. 2030

The uninterrupted flowfahe ACC, due to the lack of land barriers, promotes the-b#sin
connection allowing for the global overturning circulatigtintoul et al. 200). This zonal

current is however not a stable flowille (1994)used altimeter data to map the full path of

the ACC and observed the northward and southward meandering of the ACC inferring that the
fronts are topographically steered the submarine topographfFigure 2.2 (Cunningham,

2005; Rintoul et al. 2001 The neandering of the SAF and APF act to catalyse the formation

of mesoscale eddies and submesoscale filaments which are believed to have a greater influence
on the dynamical and thermodynamical balances in the SO than in any other region of the ocean
(Chapmaret al. 2020 Cunningham, 2005; Rintoul et al. 2001

Researchers have buithatwas i s referred to as the Otr ac
comprising, the SAF, APF and SACCF, however with increasadability of high-resolution

satellite datait has become clear that the SO and specifically the ACC is far more complex

than the traditional view would imply. The ACC does not consist of a set number of
circumpolar fronts but rather of temporally and spatiallyiey filaments that form, disappear,

spilt, merge, drift and meandgchapman et al. 2030SokolovandRintoul (2009)describe

the SAF and APF as having multiple branches namely, the northe8ARNN-APF), middle

(M-SAF; M-APF) and southern (SAF; SAPF) branches that join and diverge.

While the conceptual idea of a front being a water mass boundary is universally accepted, the
definition for the position of a front is still a subject of debate. Two broad definitions have been
suggested according pevious studies, the first being local definitions which makes use of
gradient thresholds, typically of Sea Surface Temperature (SST) or Sea Surface Height (SSH),
to detect a front. However, this definition fails to include the variabilty in time ana ggac

the fronts(Chapman et al. 2030Secondly, lhe global frontal definition seeks to identify a
specific value, of temperature or SSH, that can be used to locate the fronts and by using this
method a front can be found that both varies in time and is spatially contifitioasman et

al. 2020. As partof this global definition, theontour based method Bokolov and Rintoul
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(2009)has been shown to produce accurate findings when compareditodata in the PEI
region(Lamont et al. 2010

Long-term warming and freshening of the SO is underway arehghe significant influence

the ACC and its fronts have within the SO, there is a concerted effort to understand the
projected changes the fronts could encounter. The contour based method of locating the fronts
has suggested, over a period of approxatyal5 years, the main fronts of the ACC have shifted
between 0.5to 1.8 (about 60 km) southwards and warming within thetfé@merged as the

resut of this southward shiffChapman et al. 202GokolovandRintoul, 2009 Marshalland

Speer, 2012Ansorge et al. 20)7More recent work, using the local definition for identifying
fronts, has not observed a southward shift of the fronts and the wahasnostead been
described as the accumulation of heat in the ACC as the resultngfeshethe wind-driven
overturning circulatiofChapman et al. 202@Gille, 2019.

2.2.2 Overturning Circulation in the Southern Ocean

A significant circulation exists in the SO along the meridional vertical plane known as the
MOC (Rintoul et al. 200). Westerlywinds around Antarctica and the prevailing westerly wind

belt drive divergent Ekman transport, south of the ACC, which upwells deep water to the
surface, forming suntarctic Mode Water (SAMW) and Antarctic Intermediate Water
(AAIW) which then flow equatrward Eigure 2.3 (Rintoul et al. 2001; Morrison et.&015.

North of the westerly wind belt, convergent Ekman transport occurs and surface waters are
downwelled to the deep ocean and transported poleward and upward across the ACC to balance

the equatovard flow (Rintoul et al. 2001Cunningham, 2005

Cold, salty, deep wateknown as North Atlantic Deep Water (NADWbDrms in the Arctic

and flows southward into the SO, where between 9 and 12 Sv are upwelled soi8, aug0

to thedivergence in the Ekman transp@rigure 2.3 (Cunningham, 2005 This upwelling

results in the tilting of isopycnals, producing inceshpotential energy which is extracted by
eddies, flattening them out. Mesoscale eddies therefore form part of the deep water upwelling
branch and contribute to transporting NADW into the mixed layer around Antgicticahall
andSpeer, 2012Cunningham, 2005
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Figure2.3: Image adapted fronRintouland Naveira Garabat@2013)showing the Southern Ocean circulat
Thisvertical viewdisplaysthe different water masses present, with the deepest one being the Antarctic E
Water (AABW), followed by the Circumpolar Deep Water (CDW) and the North Atlantic Deep Water
whichis upwelled south of ® Screating surfacedivergenceThe upwekd water then flows northward as t
Antarctic Surface Water W) and Antarctic Intermediate Water (AAIW). At the surface, the illustration
the flow of the Antarctic Circumpolar Current and its associated fronts, thér¢hibal Front (STF), thells
Antarctic Front (SAF), the Antarctic Polar Front (APF) and the Southern ACC Front (SACCF).

Of the 75% of NADW that enters into the bottom overturning, celly some is transformed

into Antarctic Bottom Water (AABW) through asea exchange, where tNADW is cooled,

and by brine rejection, increases its salinity making it denser. AABW then flows equatorward,
completing the overturning circulation atfte remaining NADW flows into the Indian and

Pacific Oceans as Circumpolar Deep WékénrshallandSpeer, 2012Cunningham2009.

2.23 Atmospheric forcing in the Southern Ocean

The SO is dominated by westerly winds often ternfiedlaring fortie®, fifurious fiftie and

fiscreaming sixtigsdue to their intensity. These winds can create the strongest waves, which

act as the interface between the upper ocean and lower atmospheric layer drivingdhe air

flux of momentum, heat, moisture and gaées-kani et al. 2021 The largescale atmospdric

pattern over the SO is driven by the circumpolar trough of low pressure, known as the
Circumpolar Pressure Trough (CPT), at approximateR560 wher eby t he ACCOSs
dependent on the force ewestywind stresbifie winthstrass t r o u g
is greatest between %® and 55%S, with a wind stress maximum near the axishefACC

(Cunningham, 2005; Rintoul et &007J). Previous studies have suggested that energy input
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from the wind into the ACC is balanced by bottom fatness (bathymetry drag). Calculations
done across four main submarine ridges namely, Kerguelen, Macquarie, the Scotia Arc and
South Pacific Ridge@-igure 2.2, showedhatthe total bottom pressure drop across the ridges
was able to balance the zonal nemtum imparted by the windunningham, 2005

As the ACC encounters aridge, SSH decreases which developsmésghre barotropic form

stress on the upstream slope of the ridge, while downstreaipr&ssure forms, and as a result

the ACC exerts eneygacross the ridge, removing energy from the flow by overcoming the
pressure differencé-{gure 2.4 (Cunningham, 2005 While this balance in energy has not yet
been proven using observational data, numerical models have shown the energy lost by bottom

form stress over the four ridges is sufficient to balance the energy obtained by the ACC through

wind stress.
Wind Stress
.|.
ACC
High Low
Pressure , Pressure

Figure2.4. Schematic representing the process which facilitates the balance between bottom forn
(bathymetrydrag) and zonal wind stres$ (. Equatorward flow &) exists across the ridge as a result of
geostrophic pressure balance.

Eddies produced by the ACC are what balance the zonal wind stress by transmitting it through

the water column, where it can be balanced by the bottom from stress. This is oltaned i

similar way to the barotropic form stress and is called interfacial form stress, where the eddies
disturb the density field producing the respective high and low pressures on either end of the
ridge (Cunningham, 2005 This stress is then passed dowitoithe water column until it

reaches the bottom topography where the bottom form stress will then act to balance the wind

i nput energy within the ACC. Using model out
square root of wind stress however, theglects other forcing processes that are likely to
influence t hdCuMm@dhans 2005r ansport
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Teleconnections are used to describe the climate links between regions that are geographically
separatéNigamandBaxter, 201} Previous studies have shown three teleconnections to have
the most significant influence on atmospheric variability within the SO; nakeNifo-
Southern Oscillation(ENSO), Souttern Annular Mode (SAM) and the SemiAnnual
Oscillation (SAO)(Rouaultet d. 2005; McKenna et al. 2020; van den Broeke, 30Tbe

ENSO phenomena is characterised by anomolous warg&inlyifio) or cooling(La Nifia)

events occurring along the equator in Baeifc OcearfMcKenna et al2020. Two Southern
Hemisphere subpolar teleconnections are suggested to be linked and driven by ENSO; the
Antarctic Circumpolar Wave (ACW) and the Antarctic Dipole (AlP)an, 2004.

The ADP is the main driver of surface air temperture and sea ice anomahesSQ(Li et al.

2021). These anomalies are observed as SST and Sea Level Pressure (SLP) anomalies which
propagate poleward in tHeacific and Atlantic sector of the SO and interact with the ACC
resulting in the circulation throughout the entire §hite et al. 200g The ADP presents a
seesawike connection between thHeacificand Atlantic sector of the SO and prevails due to

the influence of ENSO which changes the intensity and shape of the Hadley cell, and alters the
position of the polar jet stream. During BhNifio event, in the Pacific centre of the ADP, the
Hadley cell ontracts and strengthens, strengthening the jet stream which generates an
equatorward shift of the storm tracksuan, 200J. This results in fewer storms, positive
(warm) SST anomalies and negative (reduced) sea ice anomalies. By contrast, in the Atlantic
centre of the ADP, the Hadley cell expands and relaxes, weakening the jet stream and shifts
the storm tracks poleward resulting in a higher frequency of storms, negative (cold) SST
anomaliesand positive (increased) sea ice anomalies.LBhdifiaevent pesents the reversed

signals in the Pacific and Atlantic sectors of the(8Qan, 200J.

Analysis of atmospheric and oceanic variables have revealed the eastward propogation of
anomalies irBST, precipitationsea ice exant, SLP and winds around the SCaasave called

the ACW(Mélice et al. 200k As recorded byVhite and Peterson (199he inititation of the

ACW most likely occurs due to thmresencef El Nifio events in the equatorial Pacific, with

the direct effects thereof, within the PEIs region being related with SST anofhédies: et

al. 2009. The influence of the varying ENSO phases on rainfall patterns have not been
recorded at the PE(&ouault et B 2009.

The SAM describes the shift in strength and position of the westerly wind belt throughout its

various phasesouault et al. 2009_entonandMatear, 200Y). The positive phase includes the
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poleward shift and intensification of tiveesterly winds over the SO, while ree@rsely the
negative phase is characterised by the equatorward shift and weakening of the jet stream
Therefore during the positive phase of SAM, as the wind belt shifts southwsedssulting

winds speeds dhe PEls are reducedvhile the negative phase of SAM presents the reversed
conditions with increased wind speeds at the PEisiault et al. 2005 SAM is described as

the main driver of atmospheric variability within the SO, where the shiftingength of tle
westerly winds concurrently induces changeth&SO circulation. These include changes to

the strength of the ACGmpacting the depth of the mixed layer and amount of oceanic heat
transport. Northward flowing Ekman transport is also influertgettie phase changes of SAM,
contributing to the increasedlLevopameVMatearng al o
2007).

The characteristic CPT, over the SO, varies over a seasonal timebsthlen position and
intensity, giving rise to the SAO as a result of the differences in heat budgets and energy uptake
between Antarctica and its surrounding SO. A-fgalirly cycle is created whday in austral

winter and spring the trough moves south¥gashrinking) and intensifies. Austealtumnand
summer presents the northwards movement (expanding) and weakening of tffecQRIt

et al. 2005Van den Broeke2000. Annual temperature cycles arise, between Antarctica and
the surrounding ocean, asresult of changes to the CPand it is these temperature cycles
which reflect as varying SLE aschetto and Wainer, 200&AO has a seasonal impacttha

PEls climatewhichwas evident in the PEIls seasonal wind spéedsault et al. 2005

2.3 Prince Edward Islands

The Prince Edward Islands (PEIs) archipelago is made up of Marion and Prince Eiavatsl
(Ansorgeand Lutjeharms, 2000 The islands were declaredviarine Protected Area (MPA)

in 2013 and represent 80% of Sout(RSAAXX)I cads
Multiple terrestrial and marine ecosystems are supported by these islands and due to their
extreme vulnerability to perturbations brotigin by climate change, they are particularly
useful for identifying and monitoring responsesstchchangegAnsorgeet al. 201Y. This

section will review the PEIls oceanographic setting and past variability and climate change

observations.
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2.31 Prince Edward Islands oceanographic setting

Marion Island 46°5 4 9384 56 E) , t he | a-Antpetic islanflsmeabuees dvevo s u b

270 knt and is located approximately 19 km southwest of the smaller Prince Edward Island
(46° 38 S3?5706E) wi t h ah(Figare 2% The PEIs4 tbgethemwith South
Georgia,Bouvd, Crozet, Kerguelen, Heard, Auckland and Camiplstdnds, represent ¢h

only land in the S@QChownandFroneman, 2008AnsorgeandLutjeharms, 200))

The bottom topography from which the PEIs rise is intricate, with steegrpmentand a
shallow plateau between D0 m that separates them. The islands are relatively isolated in a
deep and vast SO (> 3000 m), with the closest landmasses being the Crozet Island group
situated 950 km to the east and South Africa over 2000 km to tlewast Chown and
Froneman, 2008Ansorgeand Lutjeharms, 200)0) The islands are of volcanic origin and are
considered young in geological terms, with the oldest recorded date of lava on Marion Island
being 450000 years ago, inferring the islands to ésslthan a million years ol@jownand
Froneman, 200&uilty, 2007%.
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Figure 2.5: Map taken fromoolsee (2022%howing the bathymetry of the Southern Ocean surroundin
Prince Edward Islasd The mean positions of the three branches for thefsthrctic Front (NSAF, MSAF, +
SAF) and for the Antarctic Polar FrontARF, MAPF, S\PF) have been identified according to the me
outlined by(Sokoloand Rintoul, 2009)Other abbreviationsclude the Souttwest Indian Ridge (SWIR) and
Andrew Bain Fracture Zone (ABFZ).

Theshallow Del Cano Rise lies northeast of the PEls an8d¢hwest Indian Ridge (SWIR)
is locatedon the western sidaf the PEIs. The SWIR is a mmtean ridge that spans across the
ocean floor from thsouthwest Indian Oceabasin to thesoutheast Atlantic Ocearmassing

through theSO. It includes multiple fracture zones, withetAndrew Bain Fracture Zone
(ABFZ), a 50°S; 30°E being the largest and closest to the P@gure 2.5. Using
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hydrographic data, the ABFZ has been shown to influence the flow of the @&@€ibuing
to the high level of mesoscale variability observed in the regiofrc/ovandRintoul, 2M9;

Froneman et al. 2002 oolsee et al. 2031

ThePElsare positioned in the direct path of the ACC, withinAmarcticPolar Frontal Zone
(APFZ) of theSO (Sokolovand Rintoul, 2009 Ansorge and Lutjeharms, 200Previous
studies have showhe northern (suntarctic Front) and the southern (Antarctic Polar Front)
boundaries of th&PFZ concentrate the AGE transport and the SWIR acts as a choke point
to the ACs flow. Upon approaching the ridge, part of the ACC is forced to diverge, avhile
substantial portion of the ACC is funneled through the ABREZsorge et al. 200; Sokolov
and Rintoul, 2009; Froneman et al. 2Q0&nsorgeand Lutjeharms, 200b Froneman et al.
(2002) observed the merging of the APF with a northern frontal band but thsusiatze
temperature conditions of the band, being &5 did not coincide with the expected sub
surface signature of the SAF which is typically’®. Upon further investigation it v8a
concluded that the ABFZ funnels and merges the APF with4BAFS while the MSAF and
N-SAF diverge and continue flowing noréfastwardgFroneman et al. 2002Further east of
the ABFZ, the APF and-SAF separate once again, resulting in the APF dngesouth of the
PEls and the SAF north of the PEAs1sorge et al. 200; SokolovandRintoul, 2009; Froneman
et al 2002 AnsorgeandLutjeharms, 200p

When the SAF is positioned far to the north of the PEls, the APFZ widens Bpftétaitude

and the advective forces decrease in strength, contributing to the production of eddies within
the shelf region between the two islands. The eddies assist in prolonging the residence time of
water masses within the region as opposed to tiseimluapid movement downstream of the
islands. Conversely, when the SAF is closer to the PEIs, the strong jets associated with the
fontal branches prohibit the formation of eddies within the {distand region(Ansorgeand
Lutjeharms, 200R The SWIR alsoresults in the enhanced generation of cyclonic and
anticyclonic eddiegAnsorge et al. 200). From these findings, it has been deduced that the
SWIR and the positioning of the PEIs results in the distortion of the@@a@w, contributing

to the intense spatial and temporal variability of this re¢ionneman et al. 2002

While extensive hydrographic surveysitieeen done within the intésland region of the PEIs,
the largescale circulation and influences of the [SAnd APF on the islandsgere severely
understudied. To resolve this, the first extensive cruise was conducted in 1989, called the

Marion Offshore Ecological Study 2 (MOES 2). A replicate cruise was required thereafter to
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validate the results and in 1997etMarion Island Oceanographic Survey 2 (MIOS 2) was
orchestratedAnsorgeandLutjeharms, 2000) The major findings from these voyages included
that the SAF position recorded during the MIOS 2 cruise was much father south of the PEIs
than that recorded iMOES 2. Eddies were observed during both cruises, where MOES 2
observed a cold core eddy, originating from the APF, south of the islands and a warm core
eddy north of the islands, believed to have been spawned from farther north. Downstream of
the islandgwo countesrotating eddies were observed during MIOS 2, a northen cyclonic eddy
was recorded, retaining properties similar to those of Antartic Surface Water (AASW) inferring
that it would have originated from the APF and been advected to the northiwtesdrapped

within the APFZ. The anticyclonic eddy located further south displayed density and
temperataure characteristics resembling those cAsrctic Surface Water (SASW) origin
suggesting this eddy was shed from the SAF. These results cahthad¢he leeward side of

the PEIs is a region of considerable meridional exchange of both physical and chemical
properties and that the mesoscale varaibility and frontal movements in the surrounding oceanic
area strongly impact the surface and-suldae hydrographic conditions at the islands

(AnsorgeandLutjeharms, 200D

Despite the high nutrient levels across the wider SO, the PEI surroundings is considered a low
chlorophyll regionwith the exceptions of increased concentrations of chloroprafifrontal
boundaries. Studies have shown the enhanced primary productivity at the Subtropical
Convergence is evident through distinct algal bloom e\{€ritswnandFroneman, 2003 The

sameis true along the SAF and APF, whereby localised upwelling resulting from the
meandering of the fronts and eddy shedding brings nuttiemtvater to the surfadg€hapman

et al. 202). These upwelling processes are not only of immense importance towbe |
trophic levé ecosystems surrounding the fronts themselves but are also important for many
seabirds and marine mammals feeding both far from and near the PEIs. Correlations between
high concentrations of seabirds and frontal systems have been reeordd¢ious the dynamics

of the fronts therefore have a direct impact on the PEIls ecosyStemvn and Froneman,

2008. Meridional transport of heat, salt, nutrients and other water properties can be carried
across frontal bands by eddig&lkov et al. 200). Eddies andhe meandering of the fronts

within the PEI region therefore have a direct impact on primary productivity in the region.
When the SAF idocatedfurther north of the islands, eddies and various water masses are
retained within the inteisland region supporting algae blooms. Studies have shown that not

only phytopankton species originating from the-guttarctic region are found at the PEIs but
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that subtropical, tropical and Antarctic species have been recorded, indicative of the various
water masses entering into this region from which these species oridirtatevn and

Froneman, 208; Ansorge et al. 2017; Ansorge et al1@0

2.3.2 Variability and climate change at the PEls

The remoteness that the PEIs possess makes them the ideal location for studying responses to
climate changeVélice et al. (2003performedstatistical analysis using nearshore daily SST
values, recorded from Marion Islarfdom 1949 to 1998 and recorded an increase ofQ@.4

over the 49 year period, or a 0@W3rise per year. In addition to this, total annual precipitation

has decreased by 25%, and an increase in extreme events and in winds from the northwest have
been recoded (Rouaultet al. 2005; Ansorge et al. 20).7Air temperatures at Marion Island

have increased by P@, betweerl969 and 199%s documented bymith (2002)and yearly
sunshine hours have increafmsded g 2B)/ Theshour s
variations in the climate systems surrounding the islands directly influence the ecoystem with
studies showinghat the Antarctic species inhabiting this region have small tolerances to
environmental changesuggesting that immense consequencagdcensue with climate
changgRouaultet al.2005.

Shangheta (202Jgerformed an updated study telice et al. (2003by analysing the daily

SST data from 1949 to 2018, finding that while the trend of increasing SST and air temperature
still persists, the rate of increase was smaller than previously recorded with a rise % 0.022
per year. This study further corroborated the decrease in rainfall, wind speed and surface air
pressure that was previously observed in other studies, howeverangecim the hours of

sunshine was observed.

Increased temperatures across theAsufarctic are consistent with changes in the lesgale
atmospheric circulation. The changes observed at Marion Island are believed to be brought on
specifically by changes regional atmosphericirculation (Chown and Froneman, 2008
Rouaultet al.(2005), using meterological and SST data from Marion Island along with NCEP
reanalysis data, recorded that since the 1960s the most significant changes in the local climate
system of this region occurred from October to May and that these changes and the warming
of Marion Island are consistent with the increased influence of the atmospheric South Indian
Ocean anticyclone. The position and intensity of the South Indian Ocean anticyclone has not

changed but rather its influence on the local climate system of Mislexmd has increased
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which was linked to the phase change of the semiannual oscillation in thers@n and
Froneman, 200&Rouaultet al.2009. Increased amounts of warmer water are being advected

into the midlatitudes of the sulntarctic due to vaations inthe South Indian Ocean
anticyclone, which in turn could be linked to the suggested poleward shift of the SAF. Changes
in the Il atitudinal position of the SAF coul
dominated by warmer sebntarctic wders.Subsequentlythe close proximity of the fronts to

the islands would allow for the strong associated currents to prevail in thesiatet region

reducing the retdion of water masses and resulting in the decline of phytoplankton blooms
within the region(ChownandFroneman, 2008; Ansorge et al12)Louise Allanet al. 201).

Drastic changes in the distribution of species and in the total productivity of the SO are
expected to be seen with climate change and suggested positional changes of fronts at the PEls
(Ansorge et al. 2007

2.4 Taylor Column Theory at the Prince Edward Islands

Over 5 million breeding pairs of top predators have been estimated to occupy the islands during
the peak breeding season. The energy required to sustain these populations comes from the
intimate interconnection between the oceanic environraed the PEIs themselvésnsorge

and Lutjeharms, 2000; Ansorge et al. 201 7This, however, poses the question of what
mechanism is at work, in the first place, to produce the energy that supports this complex and

diverse ecosystems?

One possible theonyut forward was the ability of the islands to locally enhance chlorophyll

(chl @) concentrations and support phytoplankton productiermed the Island Mass Effect
(IME) (Ansorge et al. 2007 Lamont and Toolsee (2022)presented the first locakale
investigation, highlighting seasonal and spatial variatiochbé in support of the IMEat the

PEls. The main findings from this study included the increas#lat during austral autumn

and summer, which correlated witbarmer surface waters, higher light levels and a shallow
mixed layer depth (x 80 m). While these observations coincided with previous findings and
support the IME theory, mention of several other processes were made to account for the
increased primary poduction. Such processes included frontal variations carrying water
masses with increased nutrients and biota into the PEls vicinity, the bifurcation of the ACC,

wake effects, turbulent mixing and isopycnal shoaling caused by eddies in the lee of tke island
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all of which could be major drivers @nhanced vertical exchange of nutrients and contribute
to the retention and accumulation of nutrients at the is|atidsulating phytoplankton growth.

Similarly, hydrographic and biological studies done in theeriisiand region revealed
Antarctic planktonic species to be dominating a-Auakarctic environment and higher
concentrations of zooplankton northeast of the islands were suggested to be the result of
phytoplankton production at the islan@sisorgeand Lutjeharms, 200)) Studies thereafter,
however, argued against this hypothesis based on the low silica concentrations found in surface
waters, which is required for phytoplankton production, and it was suggested once again that
the shifting of fronts coudl cause the introduction of foreign zooplankton through water masses
intruding into the APF4AnsorgeandLutjeharms, 2000

A second theory was therefore proposedMitie Karman Vortex Street theowhich explains

that when there is strong enough winéahtogether with the PElIs interacting with the ACC,
Von Karman Streetortex fields form on the leeward side of the islands. This feature includes
cyclonic and anticyclonic eddies resulting in upwellangd downwellingrespectively. Once
again, while thes findings held truth, such patterns could also be attributed to vagrant eddy

formation and frontal meanderifgnsorgeandLutjeharms, 200§

Perissinottoand Duncombe Rae (199(gerformed a dimensional analysis and showed the
eddies being observed at the PEIs were not the result of wake vortex shedding and that the
dominant flow was geostrophic rather than frictional. They proposed that a Taylor column
could exist for majority othe flow conditions at the islandénsorgeandLutjeharms, 2000

Lamont et al. 2010 A Taylor column is an enclosed anticyclonic vortex, with an inverted cone
shape whiclwould enhance water retention and develop local scale upwelling € emnise

2.6)(Ma et al. 2021; AnsorgandLutjeharms, 2000Lamont et al. 2010

The stationary anticyclonic eddy associated with the Taylor column is believed to be situated
in the interisland region over the shallow plateau of the PEIs, while the cyclonic eddy is
proposed to be advected downstream of the isl@esssinottcand Duncombe Rae, 1990
Ansorgeand Lutjeharms, 2000 Lamont et al. (2019supported the existence of a Taylor
cloumn at the PEls using two mooring deployments which recorded westward flow within the
bottom layers of the water column. It was noted that while the westward flow could have been
attributed to mesoscale eddies andantering fronts in the region, many of the observations
appeaed to be unrelated to such processes. Additionally, the findings revealed that the Taylor

column may be a more permanent structure than previously thought and that depending on their
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orientationto the PEIls, deepea eddies and frontal movements radlyerenhance the Taylor
column, resulting in decreased bottom temperaturdsssipate itresulting in warmer bottom

waters on the shelf

®
Legend * A3) 2) —

(1) Direction of the I Q 1
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background current (east t(
west)
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Figure2.6: Schematic taken frorinla et al. (2021demonstrating the flow structurgior the Nothern Hemispher:
of aTaylor column around seamount called C4in the Tropical Western Pacific Oceaabelling corresponds
the legend. The schematic labelled (2) displays the top view of the seamount.

CTD data from the 1980s revealed similar fingh where anitcyclonic motion was observed

on the shelf of Marion Island during four separate occurrences and tksalionty signals
recorded in this region were described at the result of freshwateffritam the islands which

could have beeretained due to the posible Taylor column feafdresorgeandLutjeharms,

2000. This theory has been criticized because the horizontal scales of the PEls are thought to
be less than those required, in theory, for the formation of a Taylor cdlémswrge and
Lutjeharms, 2000 Taylor columns have also only been proven to exist over shallow isolated
seamounts, whereas the PEIs protrude above the sea surface. However, all previous studies
have lacked the high spatial resolutidatawithin the PEI region @cessary to compile a
comprehensive description on whether a Taylor column persists in this region and where
exactly it persists, as it is still unclear if the feature encircles the entirasiated plateau or

if it soley resides around Marion Islaf@insorgeandLutjeharms, 2000Lamont et al. 2010

The presence of such a feature would play a crucial role in preserving the dynamic ecosystems
of the PEIls by retaining nutrients and enhancing productivity within theigiéed region

(Lamont et al2019;PerissinottandDuncombe Rae, 19%0
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Thus, the aim of the present study is to use the high spatial and temporal resolution of the
GLORYS model output to identify the surface and-suldface oceanographic variability
around the PEls and the drivetseteof. This will include examining the suitability and
accuracy of the GLORYS model within the PEI region and whetheinte#u, satelliteand

model conditions are suitable to observe the existence of a Taylor Column at the islands.
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Chapter 3. Data and Methods

This chaptedetails the various datasets arthlysis methods used to bedtdress thaim of

this study As mentioned irChapter 1 themain aimof this study is toancrease the knowledge

of surface and suburface oceanographic variability and its drivers at the Prince Edward
Islands (PEIs)

To achieve thaim set out byhis studythe following three key questions werevéstigated

1. What is the suitability and accuracy of the GLORYS12V1 model output compared to
existingin situand satellite data around the PEIs?

2. What is the surface and sshrface hydrographic variability surrounding the PEls,
observed fronthe GLORYS1¥1 model, and what are the drivers thereof?

3. Are thein sity, satelliteandmodel conditions suitable for the formation angstence
of a Taylor column at the PEIS?

To answer thsekey questios, a combination ah situ, satellite data and modeutput, was
obtainedand analysed usin@ variety offigures producedising Python Software, Python

version 3.8 available @ttps://www.python.org/downloads/release/pytt880/

3.1In situ Data

Thein situdata used includkdata obtained from various hydrographic cruises, climatological
in situdata from WOA18 (World Ocean Atlas 2018) adARS09 (CSIRO Atlas of Regional

Sea2009, as well assea surface temperature from SAWS (South African Weather Services).

3.1.1 Cruise Data

Annual hydrographic sampling iw done at the PEI region, aboard the SA Agul@adhe

first survey conducteth 2013, coveredn extensive grid within the surrounding PEI region
Thereafter, since 2014, only two transects have been routinely sampled, one being a north
south (NS) transect upstream of the islands and the other awesss{EW) transectrossing

over the interisland region(Figure 31). The NS transegtcomprised of between seven and
nine stationsTable 3.}, is located at the mean longitudinal position of SE&ndwas the

focus for this studyFigure 31). Frontal movement is the reason foe tariation in number
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of stations between April 2013 and April 2018 whereby water properties of thensaictic
Front andAntarctic Polar Frontvere able to be captured through the addition of CTD stations
to the NS transect for certain years.

® ‘:;.;LQOO
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Figure 3.1.GEBCO02022 bathymetry in the vicinity of Brence Edward Island®Red dots represent the C
station positiongor both the northsouth (NS) and eastvest (EW) transectdetween April 2013 and April 20.

A black box highlights the-8l trangct.

The aim of tleseannual transesis to obtain data on the vertical structureélefhydrographic
patterns upstream of the PEIs, which can be used for-sgalet and future lontgrm analyses
(Lamont et al. 20109 In order to obtain this dataqultiple different Sedird Electronics (SBE)
911 PlusConductivity, Temperature and Depth (CTD) instrursemére usedCTD casts were
performed at each of the routine stations, producing vertical profiles of temperature and
salinity, which were used to calculate Conservative tempera&@Qjead Absolute salinity (g
kg?h), similar toLamont et al(2019. Individual seawater samples were collected at specific
depths and the salinity was analyssther onboardor in the laboatory postcruiseusing a
Guildline Portasal salinometer, for calibration of the CTD conductivity seKisansontet al.
2019.
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Table 3.1: Dates, number (#) of CTD statiamd latitudinal exteh of the NS transect conductednnually,
upstream of the Prince Edward Islands at a mean longitudinal position of87.3

Cruise Date # CTD Stations Latitudinal Extent
PEI_2013 20-22 April 2013 7 45.91 47.8S
PEI_2014 10-12 April 2014 8 45.81 47.8S
PEI_2015 23-25 April 2015 8 45.71 47.8S
PEI_2016 17-19 April 2016 8 45.71 47.8S
PEI 2017 17-19 April 2017 8 45.71 47.8S
PEI_2018 24-26 April 2018 9 45.771 47.PS

The CTD data was processed usiBgdird data processing software called "SBE Data
Pr oc e gversiomsd.p24; 7.23.1 7.232 and7.235), organised according to the dates of
transects and only the-8l transects for the full available depth profiles were extracted and
imported into PythonThe EW transect was not used becatlse spatial resolutin resulting

from the CTD station spacing (8 nm) was not able to capture the full extent or complexity of
the hydrographic variability throughout the water colusmsrnosshe island shél

3.1.2 World Ocean Atlas 2018Data

WOA18 (World Ocean Atlas 203)8s a set of climatologicah situdata, objectively analysed
on0.2%, I°and % gridsat 57 standard depth levels from the surface to 1500 m. The focus of
this study required the highest resolution availabléthughe quarter degree grid was sedetct
which only includeglimatologicalin situtemperature®C) and salinity PSU)fields (Locarnini

et al. 2019. The monthly climatologies of temperature and salinity are available as an average
of six O0decada}ll864,11965h%74, AOFH 984 1O851994] DEEXH04 and
20062017, as wel |l as a thirty vye20i0(Ldcariniemat e
al. 2019.

The data sources on which this atlas is based is a combination of surface -sudfesté
historical in situ data and surface only data obtained from the Global Oceanographic Data
Archaeology and Rescue (GODAR) project, and the Worlda@database project (WOD).
The historicaln situtemperature and salinity profile dat@mcompiled from bottle samples
(Reversing thermometers), Mechanical Bathythermographs (MBT), -deiplpyed
Conductivity Temperaturddepth (CTD) instruments, DigitaBathythermographs (DBT),
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Expendable Bathythermographs (XBT), profiling floats, moored and drifting buoys, gliders,
undulating oceanographic recorders (UOR), and pinniped mounted CTD sgmsansini et

al. 2019 Zweng et al. 201 Additionally, ship mounted thermosalinograph (TSG) data was
included as part of the surface salinity profiles datgsetng et al. 2010

Quiality control procedures of the temperature and salinity data were a complex task due to the
lack of data and matlata, in both time and space. As a result, several statistical checks were
applied, and subjectivjudgementwas used. These analyses are described in detail by
Locarniniet al (2019)andZweng et al(2019)for temperature and salinjtyespectively.

The WOA18 data is made freely available via the National Centers for Environmental

Information (NCEI) archives abttps://www.ncei.noaa.gov/access/wedceanatlas2018/

Temperature and salinity quargegree monthly fields were downloaded, along with the
respective number of observations, as Climate and Forecast (CF) compliant Network Common
Data Format (NetCDHjles.

3.1.3 CSIRO Atlas of Regiond Seas2009Data

CARS2009(CSIRO Atlas of Regional Se2f09 is a compilation of both gridded mean ocean

water properties, from modern day measurements, and of average seasonal ARE2609,

hereafter referred to &AR09,used inthisstudyc over s t he gl0Bbgedd s ocC e:
in comparison to its prioversionCARS2006 which only had tropicdorthen andSouthern

Hemisphere coverag®unn, 201J.

CARSD9data is derived mainly from historical sabrface oceanographic measurements such
as, shippased CTD and hydrology casts from CSIRO Marine archivesWorld Ocean
Circulation Experiment (WOCE) Global Hydrographic Program (GHP) and from the July 2008
update of the World Ocean Database (WOD). A smaller portion of data is acquired from
research vessel instrument profiles and autonomous profiling mayely Argo and Tao
(Dunn, 2014.

The observational data was interpolated to 79 standard depth lev8B000m) and an
adaptivelength scale loess mapper was used to oggirtie resolution in datach areas,
producing the.5° grid (Dunn, 2013.

CARSOQ9 data is freely available in multiple formats laitp://www.marine.csiro.au/atlas/

spanning between 1 January 1985 to 31 April 2009. The purpose of this study required monthly
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climatological fields of temperaturé€Q®) and salinity (PSU) to be downloaded, for the entire

timespan, in NetCDFormat.

3.14 South African Weather ServiceData

Daily sea surface temperature (SST) has been measured at Marion Island from 1949 to the
present. The meteorological station is positioned on the seadtern coastline of Marion
Island Figure 32). The paameter was previously measured by using a specialised bucket,
with a mercury bulb thermometer attached, to scoop up ocean water from a jetty. The
temperature was recorded while the thermometer was still immersed in théMéiee et al.

2003. More recently, a similar method has been implemented, with the difference of the
mercury thermometer being housed in white tubing and the temperature being read

immediately after emerging from the waf&hangheta, 203.
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Figure 3: Map taken fromShangheta (208) showing the location of the meteorological station at Ma
Island.

This daily in situ data, acquired from the South African Weather Ser{8#&NS), covers the
period from 1 January 1949 to 31 December 2021, of which only data between 16 January

1993 and 16 May 2020 was used to match the available model output period. The data was
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then imported and arranged by date in an Excel spreadshedheandata affected by
instrumental errors\élice et al.2003 over the period November 1998 to November 2000,

was manually removedlthough Melice et al. (2003suggested that any potential incorrect
observations on a daily scale would be removethbyrocess of averaging over a full month,

we used the proceduremitlined by Shangheta (2021for the detection and removal of
remaining outliers. The outliers were removed as a function of the daily climatological mean
(the average for each day of theay) and the daily climatological standard deviation, under

the assumption that the data followed a normal distribution. This was calculated for the period
between January 1949 to December 2018, where every data point that fell 4 standard deviations
aboveand below the daily climatological mean were remo\#&dhngheta, 2031

3.2 Satellite Data

The satellitedata usedn this studycomprised of absolute dynamic topography (ADT) data,
sea surface temperature (SST) data and sea surface salinity (SS8hidataereobtained

from various online platforms.

3.2.1 Absolute Dynamic Topography Data

Sea level datasets used to be distributedheArchiving, Validation and Interpretation of

Satellite Oceanographic data (AVIS@jimetry portal until it was taken over Iopernicus

Marine Environment Monitoring Service (CMEMSh 2015,andby the Copernicus Climate

Change Service (C3®) 2016 (Taburet et al. 2091 For this investigation, the dataset used

was provided by C3S and generated by the Data Unification and Altimeter Combination
System (DUACS) which collates measurements from two satellite altimeters. C3S primarily
focuses onlongt er m variability of the oceands sea
homogenous sea level data. This is achieved through the implementation ckatdilte

constellation throughout the entire production pefibaburet et al. 2091

The DUACSreprocessed delaydiine sea level product undergoes a processing sequence to
produce the final product. The first step is the acquisition of Level 2 altimetry data. Thereafter,
pre-processing of this data occurs where corrections are applied. Inputuddityg gontrol is

then done to ensure that the most accurate altimeter data is being used and algorithms are

applied for the detection and resolution of more subtle eftargeais, 202}l The multi
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mission cross calibration procedure follows to certifgurate and consistent data flow from

all satellites. Alongirack Level 3 product generation occurs by projecting the Level 2 data onto
theoretical cdocated track positions, where final quality controls can occur. Using optimal
interpolation (Ol), the Lex 4 gridded merged maps of all the measurements are made from
all altimeter missioné_egeais, 202)L Lastly, output checks and final quality controls are done
to produce the product of Level 4 gridded, daily sea level data which is freely available from

CMEMS athttps://marine.copernicus.eu/

The Earthoés shape i s described as an el lips:
height and length parameters being unequdie reference ellipsoid is a smoothed,

mat hemati cal idealisation of Earthodés surfac
capturing Earthés shape, it fails to account
geoid modelThe Eardhos Gbei average shape that t he
were under the influence of gravity and rotation aldre2oceanis influenced by a variety of

factors such awind, tides, precipitationdifferential heatingamong othersvhich impactand

change the Geoid from its average sh@pgure 33). The shape of the Geoid is higher than

the reference ellipsoid when there is an excess in mass, and it is then lower when a mass deficit

is experienced. The difference in height between the av&ag®@ i d and Eart hos
caused by ocean and atmosphere perturbatiitise Absolute Dynamic Topography (ADT,

m).

Sea Surface Height (SSH) above the reference ellipBa@dre 33) is obtained from Equation
1.

SSH = Orbiti Altimetric range ()

Using SSH we can obtain Mean Sea Surface (MSS), which is the surface above the reference
ellipsoid but includes the Geoid. The MSS is obtained by calculating the temporal mean SSH
over a period NTaburet et al. 209Iusing Equation 2

MSSy = <SSHx (2)

Sea Level Anomaly (SLA) is therefore the anomaly of the SSH signal around the mean

according to Equation 3.

SLA = SSH- MSSy (3)
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Figure 33: Schematic taken fromiaburet et al (2021)to explain the concept of Sea Surface Height |
altimetry data.

Mean Dynamic Topography (MDT) is the surface above the Geoid and is obtained by taking

the temporal mean SSH over period N and subtracting the Geoid height using Equation 4.
MDT = <SSHxi Geoid 4)
MDT = MSSi Geoid

The ADT is therefore the SSH corrected for the Geoid height and can be calculated using
Equation Y Taburet et al. 2091

ADT = SLA + MDT (5)

ADT = SSHi MS& + MDT

This Level 4 reprocessed daily ADT product is called
SEALEVEL_GLO_PHY_CLIMATE_L4 MY_008 057and has &.25° (Latitude) x 0.25°
(Longitude) spatial resolution with global coverag&e data spans between 1 January 1993
and 9 February 2022 and the variables used in this sugilg 6 a d t 06 lutg Dyhamio
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Topogr ap hy Absohegeostrophio \elocitg@astward zonal component st) and
6 v g dssdlute(geostrophic velocityorthward meridiatomponentm s).

3.2.2 Sea Surface Temperature Data

To investigaté&Sea Surfac&emperatureST) surrounding the Prince Edward Island (PEIs), a
satellite product was selected due to the lack of high spatial and temporal resolsitiodata

in the Southern Ocean (SO), owing to the remoteness and hostility of this envirg@mient
2008. A gridded reprocessed, Level 4, SST product known as@SFSST-L4-REP
OBSERVATIONS010-011 was use@WVorsfold et al. 202R This dataset is produced by the
Operational SST and Sea Ice Analysis (OSTIA) system altiteorological(Met) Office,
which makes use of fgrocessed European Space Agency Sea Surface Temperature Climate
Change Initiative (ESA SST CCI), C3Blerchant et al. 20)%uropearOrganisation for the
Exploitation of Meteorological Satellites (EUMETSATRemote Sensing SysteflREMSS)
satellite data anoh situSST data from the HadlOD datagetkinson et al. 204; Worsfoldet

al. 2023.

The dataset was obtained from the CMEMS platformitgds://marine.copernicus.eoh a

0.05° (Latitude) x 0.05° (Longitude) global coverage grid, withaathlytemporal resolution
from 1 October 1981 to 31 December 20Phiev ar i abl e O6anal ysed_ sst o
temperatureK) was selected and downloaded in NetCDF format and was convested

Kelvin (K) to degrees Celsius (°C) using the equafloalmenstine, 2019

°C =K17 273.15

3.2.3 Sea Surface Salinity Data

Similar to SST, satellite Sea Surface Salinity (SSS) was selected due to the lack of high spatial
and temporal resolutioin situdata. This product makes use of a multivariate Ol algorithm to
combine four different input data types to produce a globatfrg® Level 4 reprocessed SSS

and Sea Surface Density (SSD) product known as
MULTIOBS_GLO_PHY_S_SURFACE_MYNRT_015_0Oj13eveloped by theCOnsiglio
Nazionale delle Ricerche (CNRINardelli and Pisano, 202)Land includes four datasets, of

which the multiyea reprocessed monthly dataafdsetsssssdrep-monthly) was selected.
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The Ol algorithm combines background field datasitu salinity measurements, Soil Moisture
Ocean Salinity (SMOS) satellite images aadellite SST informatiomo produce the final
reprocessed SSS and SSD prodbietrdelliandPisano, 202)L The background field data was
previously based on th€oriolis Ocean database ReAnaly8ZORA) analyses but is now
being taken from the older version of the monthly repragsed dataset
MULTIOBS_GLO_PHY_REP_015_002. Tl situ salinity measurements are obtained from
CTD and Argo profiles, found in two internal CMEMS datasets known as
INSITU_GLO_TS_ASSIM_NRT_OBSERVATIONS_013 047 nefr reatime) and
INSITU_GLO_TS _ASSIM_REP_OBSERVATIONS_013_05(reprocessed observations)
(NardelliandPisano, 2021 The SMOS satellite data provides daily ocean salinity values that
are used to produce the dataset, which has been corrected feetacarruption and iaidinal

bias bythe Centre Aval de Traitement des Données SMOS (CATBEally, the satellite SST
information used is the near réahe and multyear Level 4 reprocessed OSTIA SST dataset
(SST_GLO_SST_L4 NRT_OBSERVATIONS_010 083T GLO_SST L4 REP_OBS$E
VATIONS_010_011)NardelliandPisano, 202)L

In this investigation, the SSS product was obtained from the CMEMS portal at
https://marine.copernicus.ewith a spatiatesolution of 0.25° (Latitude) x 0.25° (Longitude)

and amonthlytemporal resolution fromSlJanuary 1993 t@5 December 2P1. The variable
0so0s0 (analysed sea surface s aNetGDF4AO0CFL7/PSU) w
format(NardelliandPisano, 202).

3.3 Model Data

Themodeldatacomprised of global ocean edesolving modeteferred to as the GLORYS
model andwo bathymetric modeisGeneral Bathymetric Chart of the Oceans (GEBCO) and
Earth TOPOgraph{e TOPQ.

3.3.1 Bathymetry Data

Bathymetry maps are typically compiled from measurements made using multibeam echo
sounders, mounted either below or over the side of vessels. Unfortunately, such data are not

wi dely available in remote regi BHIssNthe$O t he w
(Gille, 2009. As such, most studies use sateltierived bathymetry products to illustrate and

examine variations in bottom depth across the PEI shelf. Howaneanvestigation into this
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for the purpose of this study demonstrated thiiemint bathymetric products ardifferent
versionsof the same produgtielded distinct differences among themselasswell asin
comparison tan situdata Figure 34 and 3.5.

Figure 3.4Modelderived bathymetrym) around the PEI€arth TOPOgraphy (ETOPQ1Areminute; 2 kn
resolution Global Relief Model) was produced in 2009, while the General Bathymetric Chart of the
(GEBCO) datasets were produced in 2014 (GEBC0O2014; 1 km resolution), 2021 (GEBCKR2024010ton
and 2022 (GEBC02022; 0.5 km resolution), respectirelys shaded black denote land above sea level.
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Figure 35: Map showing insitu bathymetry, produced by the Department of Forestry, Fisheries ai
Environment (DFFE) around tREls, using combination of available singleeam echo sounder dat&(dolpl
et al. 2023, and additional bottom depth estimates obtained from @i@unted altimetersand shipmountec
Acoustic Doppler Current ProfilerkABCP) data, used to improve the spatial resolution of bottom depth
White shading indicates area of no data.

Two bathymetric models were selected and used in this SBEBCO ancETOPO. GEBCO
provides global gridded bathymetriatasets for ocean and land terrain, using elevation data
(m). TheGEBCOdatasetsised in this studyeredevelopedn 2014 (GEBCO2014; 1 km
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resolution), 2021 (GEBCQ021; 0.5 km resolution) and 2022 (GEBCEZD22; 0.5 km
resolution) by the Nippon FoundatiecGEBCO Seabed 2030 Project.

The GEBCO_2022 Grid was compiled by produci |
data grids were then included ont§Gtrid, 2029. The base grid makes use of the Version 2.4
SRTM15+ datasefTozer et al. 201Pbetween the latitudes $8 and 60N and was then

expanded to include the polar regions by using bathymetric datasets, mainly based on
multibeam datagleveloped by the foureabed 2030 Regional Centefsdetailed description

of the development of the grid can be found at
https://www.gebco.net/data_and_prodigtidded bathymetry data/gebco_2022/documents/
GEBCO_2022_Grid.pdf

The GEBCO_2021 Grid was built from multiple regional and global grids just as described for
the GEBCO_2022 Grid. The main difference however is that GEB021 utilised Version

2.2 of theSRTM15+ dataset to produce the base grid. Further information regarding the
development of this grid can be found at
https://www.gebco.net/data_and_products/gridded_bathymetry data/gebco_2021/documents/
GEBCO_2021_Grid.pdf

The GEBCO_2014 Grid was produced by updating the base grid with a compilation of gridded
bathymetrydatasets such as the Baltic Sea Bathymetry Database, multibeam and single beam
bathymetry data, to name a few. A comprehensive list of the additional datasets and
development of the GEBCO_2014 grid is available at
https://www.bodc.ac.uk/data/documents/nodb/301.8Thé base grid used for this GEBCO
product was the same as that used in the GEBCO_2008 Grid which employed Version 5 of the
SRTM30+ dataset.

ETOPAQ is a Global Relief Model developed in 2008 byNta¢ional Geophysical Data Center
(NGDC), an officeof theNational Oceanic and Atmospheric Administration (NOA®jth a

1 Arc-Minute spatial resolution (2 km)Amante and Eakins, 200 This model collated
shoreline, bathymetric, topographic, integrated bathymtgipographic and bedrock digital
datasets andisingthed Fe at ur e Ma n B(BME) dath traslation Ebal gackagehe
datawere then shifted toVorld Geodetic System 1984 (WGS 8#rizontal datum and sea
level vertical datum datasets and converted into HSRb://www.esri.con) ArcGIS shape
files (AmanteandEakins, 200 The files were editk assessed and the data was gridded using

060Gener i c Ma(@GMT) wvegsion 43d(ips/@nt.soest.hawaii.e)iland Caress and
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Chayesbo [ Y% 5 Je m& MB e rhepi//owwv.lde®.colimbia.edy/res/pi/MB
System) to produce the final global relief mod@imanteandEakins, 200}

Bathymetric data are most commonly used todpce nautical charts for safe maritime
navigation.Marine scientists use such data to map ocean currents; create ocean models for
researching, monitoring and forecasting the properties of the ocean; determine oceanographic
mooring deployment locations; mahabitats of benthic biota; and monitoring climate
change/variability impacts, including beach erosion, sea level rise and subsidence, among
others(NOAA, 2027). With so manyoperations and procedursdying on bathymetry, it is

essential that the bathymetric products being used are accurate and reliable and it is expected

that by usinghigher spatial resolutiomodel datg more accurate spatial variationsll be
yielded butthis wasnot observedFigure 3.4 Figure 3.5.

ETOPO1 shows a small island east of Prince
just north of Marion Island, deeper than 150QRigure 3.4. These features are confirmed as
errors when compared to tiresitu data(Figure 35) and field experience in this regiohhe

Natal Bank confirmed by then situ data, (Figure 35) is not captured by ETOPO1 but is
observed in the thragersions ofGEBQO. In situdata displays a narrow channel, >200 m deep,
incising the shelf from west to east, whittte satellite products fail to capture. The satellite
products show a channel, >500 m deep, along the-eadtern edge of Marion Island, while

in contrasthein situ data shows a broad, shallow bank <120 m depth.

Ultimately, bathymetry modeproduct inaccuracies arise due to erroneous interpolation of
minimal data with overall poor quality and coarse spatial resolution. Since bathymetry is a key
input into numerical model simulations, and to define locations for 4&mg mooring
deployments of oceanographic instruments among many other uses, it is of the utmost

importance to have accurate bathymetry data.

3.3.2 GLORYS Data

GLORYS12V1, hereaftaeferred to as GLORYS, is a global ocean edzbolving model with

a monthly temporal resolution that spans from 1 January 1993 to 31 May20201/12(8

km) spatial resolution with 50 vertical depth lay€rsévillon et al. 2024). The GLORYS
model irput is the Nucleus for European Modelling of the Ocean (NEMO) version 3.1
platform which is driven at theurfaceby the European Centre for MedidRange Weather
Forecast soé (InEevednglysid:tRed by ERAS reanalyses for the more recent
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years since 1 January 20usso et al2022; Drévilloret al. 2024). A reducedorder Kalman

Filter scheme was used to assimilate the observationaladdtancludes an adapthezror

estimate and a locadition algorithm(Drévillon et al.2021a). The observational data includes

alongt rack SLA, satellite SST, Centre ERS doAr
Concentration andh situ temperature and salinity vertical profiles fr&d®RA (Russo et al.

2022; Dreévillonet al. 2028). An expansion on the model input, atmospheric forcing and
observational data assimilated into GLORYS can be fouficlote 3.2

Table 3.2: Table adapted froRusso et al2022 Supplementary Material, showing the expanded information
regarding the GLORY®odel. SST Data acronyms are Advanced Very High Resolution Radiometer (AVHRR).
Altimetry Data acronyms include Topography Experiment (TOPEX), European Remote Sensing (ERS) satellites,
Geosat FollovDn (GFO) satellite, Joint Altimetry Satellite Oceanograpletwork (JASON) satellites,
Environmental Satellite (Envisat), Cyrosphere Sat@ll{{eryosaP), Kaband Altimeter (Altika) Satellite with

Argos and Altika (SARAL), Sentinel satellites, Geodetic Satellite (GEOSAT) and the Hai Yang @~2&gllite

Sea ice concentrations acronyms include Centre ERS d'Archivage et de Traitement §8&RS#WT) Francais

de Recherche pour I'Exploitation de la mer (Ifremkr)situ Data acronyms ar€oriolis Ocean database
ReAnalysis (CORA

Model NEMO 3.1

Atmospheric Forcing ECMWF ERAInterim reanalysis (79 km)
ERAS5 (31 km)

Assimilation System 3D Multivariate reduce@rder Kalman filter
SST Data AVHRR

Altimetry Data TOPEX
Poseidon
ERS1, -2
GFO
Jasonl, -2, -3
Envisat
CryoSat2
SARAL
Sentinel3A, -3B
Geosat
HY-2A

Sea Ice Concentration Data Ifremer/CERSAT

In situ Data CORA version 4.1,5.0,5.1

Three GLORYS datasets were obtainedrom the CMEMS platform at
https://marine.copernicus.eu/ T h e f i r sdmemssmok gioco phayn mya G083 P1M
mé contai ni ng fieldseetweerhlanmaty $¥993me3a Deember202Q for the

foo |l owi ng wvariabl es selected for t hotentigh ur po s«

temperaturg®C) , 6so06 (seawat eastwasd@deanmcurrenyvelogiySy,) | Ouo
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6vob ( naweamn dumeativedocifyn.s!) and 0z os 6 ghl{abavegeddyum)f ac e
(Drévillon et al 202M). Daily mean fields from # dataset
&@mems_mod_glo_phy _my 0.083 Rtig for specific dates between April 2013 and April

2017, were downloaded to match the dates of the vertical CTD profiles colteected the

cruises listed in Table 3.1 The Ilast was the bathymetric dataset
&@mems_mod_glo phy my 0.083 stétic cont ai sitmg i thfield for 0c¢
depth below geoid, m). The bathymetric product com@&®PO1 forthe deep ocean and
GEBQO_20@ for the coasal and continental shelegion, to produce the complete product
(Drévillon et al. 202M).
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Figure 3.6GLORYS bathymetry (m) around the P¥é&:s shaded black denote land above sea level.

Comparing the GLORYS model bathymetric outgtigre 3.9 to thein situ (Figure 3.5 and

satellite Figure 3.4 bathymetry products, it is evident thaetmodel produces an overall
smoother bathymetry surrounding the PEIs. It captures neither the presence of Prince Edward
Island nor the Natal Bank and fails to depict the correct shape and extent of Marion Island.
GLORYS does however managesimulatethe broad shallow banklong the nortkeastern

edge of Marion Islands suggested by the situ dataalso captures the general structure and
shape of the bathymetry between 28Gand 500m reasonably wellGiven the differences
between the model bathymetry and FEEOPO and GEBCO producasdin situ bathymetry,

it can be expectethat the model will likelyfail to correctly represent some of the dynamics
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associated with the interact®af the bathymetric sticture of the islands with the surrounding

flow.
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3.4 Data Analysis

Analysis of all parameters in this study was done uBwyitpon Software Foundation, Python
Language Reference versior83The study grid spans the region from 8B.50 43E and
43.5°S to °S. Data within the5° x 5° regionoutlined by the black box iRkigure 37, was

averaged and used for the time series analysis.

aa°s, = ¥ m

—-1000

—-2000
46°S
y —~3000
47°s|
& . —4000
48°S||
. —5000
49°S

36°E 38°E 40°E 42°E  °000

Figure 37: GEBCO_2022 bathymetry (m) depicting the study grid°B8.83°E; 43.5°S 49°S). The black kb
denotes the 5x 3 zoomed region (35%¢ 40.£E; 44.3°% 49.3°S).

3.4.1 Bathymetry Analysis

Bathymetry maps for ETOPO1, GEBCO_2014, GEBCO_2021, GEBCO_2022 and GLORYS

were produced for a region spanning 37.4 to S8B.and46.4to 47.3°S. This wasdone to

compare and validate the modelled bathymetry from GLORY'S, and to comment on the degree

to which GLORYS®6 bathymetry is smoothed. The
3.3.

3.4.2 Calculation of monthly climatologies and bias

To compare andinderstand the surface and subface oceanographic spatial variability
around the PEls, monthly climatology surface maps were plotted for’8jTtdmperature at

200 m PC), SSS, salinity at 200 m, SSH (m), ADT (m) and surface geostrophic current speed
(m.sY). These climatologies were constructed using the respective data products (WOA18,
CARSO09 OSTIA, CNR, GLORYS and ADT altimetry). A monthly climatology is understood
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to be a mean value, of a variable, for each calendar month calculated over aitmhgftene

(Wilks, 1995. The datasets used to produce these climatology plots were downloaded using a
monthly timescale, and the monthly climatologies were calculated by averaging each of the
months over the respective full time series of each dategpires illustrating the monthly
climatologies were then plotted over the study grid.

Bias is a means of comparing an average parameter with an observed parameter & obtain
statistical difference between the tWd/ilks, 1999. Biases were calculated using all the
monthly climatologies (WOA18CARS09 OSTIA, CNR, GLORYS and ADT altimetry), with

the main purpose of comparing and observing where GLORYS was over or underestimating
the various parameters. The first step in calougathese biases was togad GLORYS to

match the lower resolution datasets. This excluded OSTIA, which wgsdded to the
resolution of GLORYS. Finally, the parameters from the other datasets were subtracted from
GLORYS and the newly produced arraysre plotted as the biases.

3.4.3 Time series of monthly means

A time series is a collection of singular data points, chronologically ordered and arranged over
intervals in time(Wilks, 1999. Within the main study grid, SST(), temperature at 200 m

(°C), SSS and salinity at 200 m were obtained and averagethe®ix 5° regionoutlined in

Figure 3.7 centered around Marion and Prince Edward ISaAdnean value was produced,

per month for the WOA18CARS09 OSTIA, CNR and GLORYS dataset&dditiondly,
monthly meansvere calculated usinthe SAWSSST data, but were limited to the single
collection location as illustrated Figure 3.8 Line graphs were produced using these values,
allowing for comparisons to be made between datasets and for thsisélseasonal cycles

between the surface and ssilrface environments

3.4.4 Temperature-Salinity profiles
TemperatureSalinity (T/S) profiles were created primarily to observe to what degree of

accuracy the GLORYS model outpaoapturesthe water masses when compatedthe
WOA18, CARSO9datasetsind to then situ CTD cruise dataDensity {, , kg.nt°) is defined

by the Thermodynamic Equation of Seaw#&@i0 (TEOS10) as the density using situ

temperature and salinignd where pressure = 0, according to the following equation.

41| Page



, o Bi " RR P T TIQUEH

The GibbsSeaWater (GSW) Oceanographic Toolbox was used in Python, which contains the
TEOS10equationdor the evaluation of thermodynamic properties @veger and was used

to calculate, for the TS plots.

34.5 Correlations

Correlation tests are a powerful tool in analysing the relationship between variables. Obtaining
the correlation between two variables can be done in multiple ways. This study employed the
most common, the Pearson correlation, established by Karl Pg@rsarson, 1895 The
Pearson correlation coefficient (R) offers how strong the linear association is between two

variables and is calculated accordingeguation §Toolsee, 2021Hogg et al2014).

« Be « Be B«

« Be Be = B¢ B «

where€ is the number of ordered pairs in the tiseies,wis the values for the first variable

and wthe values for the second variable. The output values for R from the above equation are

explained in Table 3.that follows.

Table 3.3: Evaluation of the Pearson Correlation Coefficient (R), adapteddodsae (2022)

R values Correlation Relationship Interpretation

-1 Perfect Correlation

-1 R -0.8 Strong Correlation . .

08 R -05 T As the one variable increase, t

: corresponding variable decreases.
-05 R -03 Low Correlation

-03 R O Negligible Correlation

0 No Correlation No relationship

0 R 03 Negligible Correlation

03 R 05 Low Correlation As the one Vvariable increas
05 R 0.8 Moderate Correlation (decreases), the correspondi
08 R 1 Strong Correlation variable also increases (decreases).
1 Perfect Correlation
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In accordance with the correlation,-gest can be performed to evaluate the accuracy of the
correlation between the two variables, by returning the statistical significancecoftékation
coefficientin the form of a pvalue.At the 95% significancéevel, if the pvalue is less than

0.05, the null hypothesis, which states that there is no difference between the two variables
means, can be rejected inferring that the correlation is statistically significant. Conversely, if
the pvalue is greater thaf.05, the null hypothesis cannot be rejected indicating that the
correlation between the two variables holds no statistical signifigaiugy et al2014).

In this studytwo Pearson Correlations were performed betweemtirehly SAWS SST data

and the coesponding monthly GLORYS SS$dver the time spai6 January 1993 th6 May

2020 The daily SAWS datavereaveraged intanonthly climatologicameans and imported

into Python to produce scatter plots fitted with linear regression lines presenting the Pearson
relationship between the SAWS and GLORYS datasets. An additional Pearson Correlation was
performed between theonthly climatological meansf the twa Two points of equal distance

were identified in the GLORYS data as being the closest to the SAWS point. As a result, both

points, and an average between, them were used in the correlations for thi§igiudy38).
(m)
—-400
—-800
—1200
—1600
—2000

Figure3.8: GEBCO_202athymetry map showing the location points where data was extracted to perfor
correlations. Theink marker denotes the location of the jetty on Marion Island where the SAWS |
samplal. Thewhite and backmarkers denote the closest GRYS data points, to the jetty, being the nortl
and southern points respectively.
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3.4.6 Vertical section plots

Vertical sections were produced using the CTD cruise data and GLORYS model output along
the NS transect described in Secti8ri.1. This transect is located at E3&nd spans the
latitudinal range from 45%8to 47.5S. Along this transect, temperature and salinity data were
extracted from both the CTD and GLORYS data, throughout the water colu#@0Q0m),

and caolocated inboth time and space.

An additional set of vertical climatology plots were produced usingdh®ward and eastward
ocean current velodgs (m.s') from GLORYS data along a-8 orientated transect spanning
the same latitudinal range but at two separatgitadinal locations of 37.88 and 37.9%,

for the upper 2000 nT.his was done in order to gain a detailed understanding of the observed
conditionsupstream of the islands and in the iAgand region, as well as to compare how

accurately the observednditions are simulated and described by GLORYS.

3.4.7 Theoretical calculations for the existence of the Taylor Column

Owens and Hogg (198pyovided the first set of nedimensional parameters with set threshold
values to evaluate whether a Taylor column could exist in a seamounW\driga.previous
studies have investigated Taylor columns over seamounts andthiot island systems, the

PEIls bathymetry mimicghat of aseamount as previously described Byrissinotto and
Duncombe Rae (19907 hereforethis study followed the same approadDwens and Hogg
(1980) and included the Rossby number (Ro), Reynolds number (Re), Rossby radius of
deformation for a barotropic (Lrt) and baroclinic ocean (Lrc) and the blocking parameter (Bl)
(Owensand Hogg, 1980; Maet al. 202). GLORYS, GEBCO_ 2022, altimetry data and
ATLAS gridded data as described @yhelton et al. 1998wvere used to compute and plot the

following calculations:
Rossby Number

The Rossby number (Ro) describes the flow of a fluid by providing the ratio between inertial

and Coriolis forcegMininni et al. 200%. It was calculated according to Equation 7.

Ro=U/fL (7)
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where U is the horizontal current velocity (rH.s, f I's the Coriolis p
sin(latitude)), ¥ i sEarthhramundits guisl [A2921106%F % BOc i t y  «
radians/second] and L is the horizontal length scale (m) of the island plé&teaansand

Hogg, 1980; Ma et al. 203Imeasuring 50 kr(Perissinottoand Duncombe Rae, 1900

Reynolds Number

The Reynolds number (Re) is the ratio between inertial and viscous (fiolicesni et al.2009.
It was calculated according to Equation 8.

Re=UL/% (8)

where U is the horizontal current velocity (f.sL is the horizontal length scale (m) of the
island plateau measuring 50 km a#fids the vertical eddy viscosity (0.00012.1) (Madec
andNEMO team, 2016).

Barotropic Rossby radius of deformation

The Rossby radius of deformation is the length scale at which Coriolis forces become as
important as buoyancy forcésShelton et al. 1998]Jt was calculated according to Equation 9

for barotropic flow (oceanic flow that changes only by a few percent teftiperature and

salinity is referred to as barotropic flow. It is therefore a flow whose density depends solely on
pressur e, resulting in the flowbés density b

column(Marghany, 202)L

Lr= "QO/f (9)

where g is the gravitational acceleration (9.81 A), < is the ocean depth (m) and f is the
Coriolis parameter (f = 2 ¥ sin(latitude)),
[7.2921159 x 16 radians/second].

Baroclinic Rossbyradius of deformation
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To calculate the Rossby radius for a baroclinic flow Bhent Vaisala frequencgr buoyancy
force (N(z)) has to be calculated according to Equation 10 describeddypn et al(1998)

0 « — (10
where g is gravitational acceleration (9.81 M).sand” Ttis the 7=0-
mean density ofemwater (1000 kg.m). These are then multipliec z, 1411z
by the vertical gradient of seawater density (Figure 3.7). z5 Zoutiz
Zk_1 .
— s
Z, ®
 Zkelin
Ly @
T Zrer4lin
Lo @
Iy, @
—— 141
Zy=-H ~

Figure3.7: A schematic taken fro@helton et al(1998) to describe the vertical profile of depth, from w
the buoyancy frequendiN(z) is calculated.

The WentzetKramersBrillouin (WKB) approximation of thdRossby radius of deformation

(L) can then be solvefdr a region outside of the equatorial band and where mode m is greater
than or equal to laccording toEquation 1lpresented by helton et al(1998) While these
calculations were not prmed in this study, they were used in a similar mannethsjiton

et al (1998)to create th@-degree griddedlobal ATLAS of the baroclinic gravitywave phase
speedc) and the baroclinic Rossby radius of deformatiwhich was used in this study.
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where f 1s the Corigliss pardmet amgufl ax 2 et ox

its axis [7.2921159 x 1Bradians/second}—is the latitude, m is thiearoclinic modenumber

and N(z) is the BrunWaisala frequency or buoyancy force integrated with depth (m).

Blocking parameter

The blocking parameter (Bl) is a combination of Ro gn¢lpha), where¢ is therelative
height of the bathymetric featute the water depthrhe Bl controls and describes the Taylor
Column formation and flow behavioyrVhite et al.2007). It was calculated according to
Equation 130OwensandHogg, 1980 Ma et al. 202).

| =h/H (12)

Bl=| /Ro (13)

where h is thésland plateau (m), H is the water depth @md Ro is the Rossby number.

3.4.8 Identification of front positions

The contowbased method, described Bykolov and Rintoul (2002was usedn this study

to identify the positions of the fronts within the region surrounding the PRéssubAntarctic

Front (SAF) and the Antarctic Polar Front (APF) were identified according to their distinct
temperature and salinity gradients Bykolov and Ritoul (2002)and was recorded as each
consisting of three branches, namtilg Northern suAntarctic Front (NSAF), Middle sub
Antarctic Front (MSAF), Southern sulntarctic Front (SSAF), Northern Antarctic Polar
Front (NAPF), Middle Antarctic Polar lemt (M-APF) and Southern Antarctic Polar Front (S
APF). OptimisedADT (m) measurements obtained from satellite altimetry data were used to

overlay the positions of the fronts this study

Table 3.4:Absolute Dynamic Topograplfyn) of the three distincbranches sub-Antarctic Front (SAF) and
Antarctic Polar Front (APF) as describe&blolov and Rintoul (2002)

Frontal Branch Name Sea Surface Height (m)
N-SAF 0.240
M-SAF 0.030
S-SAF -0.170
N-APF -0.300
M-APF -0.480
S-APF -0.630
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Chapter. Results and Discussion

The PEls are situated in a remote and hostile environment within the SO. With no adequate
situ datasets able to provide comprehensore-term, regionakcale coveragaecessary to
study theenvironmental conditionaroundthe PEIlsin detail, this studyisedthe high spatial

and temporal resolution of the GLORYS model outputentify the surface and sigoirface
oceanographic variability around the PEIs and the drivers thereof.

To achieve thaim set out byhis studythe following three key questions were investigated

1. What is the suitability and accuracy of the GLORYS12¥%odel output compared to
existingin situand satellite data around the PEIs?

2. What is the surface and sshrface hydrographic variability surrounding the PEls,
shown by the GLORYS12V1 model output, and what are the drivers thereof?

3. Are thein situ, satelliteandmodelconditions suitable for the formation aagistence

of a Taylor column at the PEIS?

This chaptedetails and assesst® findings from the various datasetsattdress thaim of

this study by answering the three key questions.

4.1 Horizontal spatial variability of hydrographic conditions

This section addresses the first two key questions by applying an approach that uses the
combination of coarse resolutiamsitu data, slightly higher resolution satellite data, and high
resolution model output in order to firstly, evaluate and discuss the validity and accuracy of the
GLORYS model when compared to tire situ and satellite data. Secondly, this section
identifies aml assesses both the larger and smaller scale surface asdriade physical

oceanographic processes, and the drivers thereof, within the PEls region.

4.1.1 Circulation

In this study, the seasonal cyetthe PEISs definedfor the Southern Hemisphere asistral

summer (December to FebruaBdP, autumn (March to MgyMAM), winter (June to August
JJA) and spring (September to Novem=ON (Alpert et al 2004). A study done byarmitage
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et al. (2018) using traditional altneter estimates of SSH for the open ocean and height
estimates for the ieeovered regions, was able to compile the first complete picture of sea level
across the SO. The results revealed that in the deeper open SO, seadéwgéstan autumn

(AMJ) andhighest in spring and summedNID and JFM, while the reverse was true along
Antarcticads coastl i ne.,debdibedbysetaysa @.82018)cy cl e
was not observed in the study region at the PEure 4.1to 4.4 nor was it evident in the
largescale overview of satellite ADTFgure Al or GLORYS SSHFigure A2). The lack of

seasonal variabilitypbserved in the Antarctic regiarould be due tdhe absence of height
estimates for the regions covered byAceitage et al. (2018)ce-coverage obscures the large

scale satelliteADT (Figure Al over the winter and spring period (JJA and SODy)er the

larger SO region, GLORYS SS{figure A2) does not display any sea icever because the

seaice areafractomar i abl e was not overlaid in this st
of this study. GLORYS does, however, receive assimil@tedSATseaiceconcentratio data

and could be studiewhen investigating the suitability of the GLORYS model output for
regions closer to Antarctica, where ice cover should be considedéedionally, around the

PEls, no clear localised seasonal cycle was observed for altimetry ADT nor for GLORYS SSH
(Figures 41, 4.2).

Total surface current (k) in the ocean is made up of geostrophic currenysdRnd Ekman
currents (Ry) (Toolsee et al. 2021 oolsee et al. (2021demonstrated thatggswas such a

large proportion of Bw such that the geostrophic currents, in the PEIs surroundings, were
approximatelyfour times larger than the Ekman curremsncluing that the main driver of
surface circulation within this region was geostrophic currents rather than wind forcing. The
current study, however, used the total ocean current velocities from the GLORYS dataset to
calculate geostrohpic velocities, therefore allowing for the direct comparison to be made
between the satellite={gure 4.1; 4.3 and GLORYS Figure 4.2; 4.3 geostroplt ocean

current velocities.

As described irsection .1 of Chapter 3he ADT is the SSH corrected for the Geoid height
and can thus be referred to as the instantaneous height above th€rgbaidt et al. 2091
GLORYS makes use of a variable called SSH but is intfeEcSHabove the geoidnaking

it ADT (Drévillon et al. 2024) and therefore allowshis studyto directly comparesatellite
ADT and GLORYS SSHFigure 4.1; 4.2; 4.4 While both satellite ADTKigure 4.3 and
GLORYS SSH Figure 4.2 have similar ranges(.550 t00.106 m for satellite ADTand-
0.988t0 -0.290m for GLORYS SSH), it was immediately evident that the GLORYS SSH
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consisted entirely of negative values, while the satellite ADT hadgan spread of positive
values Additionally, Figure 4.4illustrates this difference in spread wéghunderestimatioof
between 0.2 to 0.6 m in SSH by GLORY'S with respect tc#bellitealtimetry ADT.

According to the equation, ADT is calculated using SLA and MBDT = SLA + MDT).
Both GLORYS and the satellite data made useslzfyebdtime SLA from allaltimetric satellites
(Drévillon et al. 202&; Taburet et al. 2091The MDT assimilated into GLORYS was a hybrid
based ol€ENESCLS13and anew glacial isostatic adjustment f{lerévillon et al. 202f). The
satellite altimetry product, however, made use ao MDT product which combines
CNES_CLS18 (aburet et al. 2091with CMEMS_2020 {oussetand Mulet, 202( for the
Black Sea and Mediterranean S&ae MDT being assimilated into GLORYS is therefore
smaller than the MDT used in the satellite data, resuiltirige lower and more negative SSH
observed for GLORY SHigures 42) than for the ADT from satellite alimetryigures 41).

The monthly climatological means of tleeean surfaceurrentsfor the satellite data and
GLORYS output(Figure 41; Figure 4.2) provided a good representation of kmownmean
eastwardlow in the region surrounding the PEthroughout the yeaThe ACC bifurcates
upon approaching the shallowing bathymetry of Big&ls, where part of the current veers
northward, rejoining the main flow downstream of the islards¢rge et al. 20)0While this
deflection of the current wadearlyevidentin GLORYS Figure 42), it was visible to a lesser
extent inthe satellite datéFigure 41), the current speed was overestimated by approximately
0.2mstby GLORYS Figure 43). Additionally, a near constant underestimation of GLORYS
current speed, by 0.2 m‘swas observed along the northern branch of the MNRRAPF)
(Figure 43).

The satellite current speesignificantly decreases downstrearhthe PEIs (Figure 4.3, in
agreement with the findings Byolsee et al. (2021The opposite was observed for GLORYS
(Figure 4.2, where the current speed was faster in the lee of the islands (current vectors for
GLORYS are much larger than those for the altimetry data). Overall, GLORYS overestimated
these current speeds by approximatelyrd &' (Figure 43) which could beexplained by the
intensifiedbifurcationof the ACC, upstream of the PEBmMulated by GLORY Scombined

with the absence of Prince Edward Island in the smoothed GLORYS bathysestrgection

3.3.2 for a more detailed description of GLORYS bathymetry)indreased overestimation

of approximately 0.4n s*between January and March was observed at the southeastern edge

of the islands. It appears that a singular data point bordering the white shaded region
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surrounding the islands, could be the cause obthesestimation and can therefore be inferred

as an artefact related to the smoothed bathymetry in GLORYS. Anomalous anticlockwise flow
patterns were evident in the lee of the PEIlgyre 4.9, likely due to the fact that at 200 hnet
GLORYS model outputappeared to simulatshallow bathymetric featureshat possibly
resulted in this anticlockwise flobetter depicted and described in section 4Rigute 4.15.

Sea level anomalies (SLAs) are primarily driven by horizoptaissuregradient forces,
Coriolis force, frictional forces, gravity a
the state of the sea surface by giving rise
in the high latitudes, resulting ithe global surface circulatigiviarshall and Plumb, 200.7

Both the satellite ADT and GLORYS SSH received SLAs from the same altimetric sources,
therefore ruling out SLAs as the primary source causing the discrepancies observed between
the satellite an€6LORY'S current speeds. Instead, a multitude of factors are suggested here as
potential causesor the discrepancies between GLORYS and satellite altimétiy the
application of varying interpolation methods, where satellite altimetry made usgiofal
interpolation (Ol) to fill in the gaps between the d@taburet et al. 2091 while GLORYS

useda reduceebrder Kalman Filter schem@revillon et al. 2024); (2) as described in the

section 3.3.1 of Chapter 3, the relatively smoother bathymetry used in GLORYS could be a
factor contributing tosome of the current speatiscrepancies(3) the different spatial
resolutions, with GLORYS having a higher resolution oh8a&nd the satellite data measuring

at an approximate resolution of 28 Krévillon et al. 202&; Taburet et al. 2091and (4) as
discussed aboyehe different MDT products used to calculate ADT in GLORYS and the

satellite altimetry would have contribatéo the differences observed.

A meridional patterrof the current velocities was apparent in both the satellite data and
GLORYS model output, witHower Rgeosvaluesrecorded north of the PEland higher
velocities evident to the south of tleands. The bifurcation of the ACC, resulting in a smaller
portion of the current being deflected to the north of the PEIs, coupled with the close proximity
of the SSAF and NAPF to the south of the Islands, could be the drivers for the observed north
sauth pattern of Ros This observed meridionaériationin current speet in agreement with

the findings byToolsee et al. (2021)The reverse meridional pattern was observed for
SSH/ADT, with higher values the northern part of the study area, ansldoto the south
(Figure 41; Figure 42), concurringwith themeridional variation®bserved byArmitage et

al. (2018) ThisSSH/ADT pattern carbe explained by the largeale meridional gradient in
SSH/ADT, wherebysouth of the ACQleep water is upwelled to the surface driven by Ekman
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transport which creates depressionsnieansea level as a result of the cyclonic circulation
(Rintoul et al. 2001; Morrison et.&2015. In contrast, orth of the westerly wind belB0 to

55° 9, suface waters are downwelled by the converging Ekman transport creating an elevated
mean sea surface, brought on by the resulting anticyclonic f{&ntoul et al. 2001;
Cunningham, 2005
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Figure 4.1The monthly climatology @bsolute dynamic topography (AQI)) withvectors showingeostrophic
current(Ryeo9 direction from January (Jantp December (Dec) around the Prince Edward Islands from 1993 to
2022 usingthe dailyreprocessedatellite ADTdata. The black solid and dashed lines represent theA# and-S
SAFrespectively. The solitlick and thinner brown lines represent the-NPF and MAPF respectivelyThese
front positions were identifieffom satellite altimetryusingADT according to the process describedololov

and Rintoul (2002)
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Figure 4.2: The monthly climatology s#a surface height (SSH) (m) with vectors shogéugtrophiccurrent
(Ryeog direction betweenJanuary (JargndDecember (Dec) around the Prince Edward Islands from 1993Q@o 202
using theGLORYS model outpithe black solid and dashed lines represent tHeAW and-SAF-respectively.
The solid thick and thinner brown lines represent thRARF and MAPFE respectiely. White shading denotes
regions of no dataThese front positions were identified from satellite altimetry ughigJr according to the

process described Bokolov and Rintoul (2002)
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Figure 43: The monthlyclimatologyof current speed bias (mYs(GLORY §&:¢ Satellite Reod, from January

(Jan) to December (Dec) around the Prince Edward Islands. The black solid and dashed lines repreSéii the M
and SSAFrespectively. The solid thick and thinner brown lines represent tABMand MAPF respectivey.

White shading denotes regions of no datdese front positions were identified from satellite altimetry using
ADT according to the process describe&biplov and Rintoul (2002)
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Figure 44: The monthlclimatologyof sea surface height (SSH) bias (m) (GLORY& Sfitllite ADT)from

January (Jan) to December (Dec) around the Prince Edward Islands. The black solid and dashed lines represent
the M-SAF ad SSAFErespectively. The solid thick and thinner brown lines represent tAEMNand MAPFE
respective}l. Areas shaded white denote regions of no dateese front positions were identified from satellite
altimetry usingADT according to the process describe&blyolov and Rintoul (2002)

4.1.2 Temperature

Temperature ahe surface

In order to assess the validity and suitability of the GLORYS modet@bducing SST
variability in the PEIs region, it was necessary to initially investigate the known degree of
variability and drivers of SST in the region usingitu(WOA18 andCARS09 andreanalysis
(OSTIA) products.

The same meridional SST gradient was observed across $itet (WOA18 andCARSQ9,
satellite (OSTIA) and model (GLORYS) outputs evaluated in this study, where higher SST (>6
°C) wasobserved to the north of the PEIs and lower SST°(}%0 the south, ageing with
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Toolsee et al. (2021This northsouth gradient can be explained as theresult &gahe t h 6 s t i
which decreases the amount of available solar radiation with increasing l&titadgalland
Plumb, 2007.

WOA18 and OSTIA SST monthlclimatologies Figure 4.5; Figure 4.y displayed
comparable seasonal cycles. Warmer waters had a greater southward extension, into the study
region, in summer and early autumn (Masaid April). During theend of autumn (May)
throughwinter and spring, tere wasa greater northward extensioh cooler watergFigure

4.5; Figure 4.7. An explanation for this potentially lies in the interactions between the islands
and the associated fronts. As described in section 2.3.1 of Chapter 2, the PElssdtraddle
northern SAF and southern APF. These frontal systems separate the warrAetasatic
SurfaceWater (SASW), north of the SAF, from the cooler Antarctic surface water, south of
the APF.As far as is known, nprevious studies have beeonducted oftieseaonal cycle for

the frontal positions in thecinity of the PEIs using satellite data over a long period of time (

25 years)While a highdegree of latitudinal variability of the fronts has been observédsi

been suggested that the latitudinal mogatrof the fronts is responsible for theesenceof

the predominant water masses at the islghdsiont et al. 2019; Ansorge et al. 20.1When

the SAF lies farther to the nortbf the PEIsthe associated warmer SASW is pushed further
north and eddies on the shelf region at this time have been observed to contain water with
properties belonging to AAS\AnsorgeandLutjeharms, 200R The reverse is true when the

SAF is closer to the PEIs, bging with it the warmer SASW over the PEIs and pushing the
cooler AASW further soutbfAnsorgeandLutjeharms, 200

While the seasonal cycle of SST is more closely linked to the avaialide radiation
variations resulting fronka r t h,&hefrontal rhovements may ke additional contributing

factor to SST seasonalityl §olsee et al. 2091In comparison to the WOA18 and OSTIA
datasetsthe CARS09(Figure 4.9 dataset displayed a one month lag ingbasonal pattern,

with the southward extsion of warmer waters occurring in late sumnmeough autumyand

the northwardextension of cooler waters, occurred from the beginning of winter, through
spring and persisted into early summer (Decemiségli(e 4.6. Reasoning for this may come

from the fact that the CARSQ09 dataset isderived mainly from historical swkurface
oceanographic measurements, leading to the misinterpretation of temperature variability at the
surface(Dunn, 201%. Additionally, both the WOA18 an@ARS09datasets were the results
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of limited interpolatedn situ data, which was collected during specific cruises, and thus the
interpolations may be biased to conditions observed during those cruise periods.

At the PElsthe highest SST for WOA18 (11.4 °C) and for OSTIA {2C) was observed in
February. The lowest SST for WOA18 (2.7 °C) and @8TIA (2.7 °C) was observed in
SeptemberKigure 4.5; Figure 47 respectively) CARS09(Figure 4.9 presented aaxpected

delay of highest SST (11.2°C) in March, but the lowest SH°(@ agreed with WOA18 and
OSTIA, occurring in Septemb@aWhile the exact SST values in this study were slightly higher
than those recorded by botbolsee et al. (202-andLamontandToolsee(2022), the months

in which they occurred coincided exactilthough it was expected that the SST maximum
would have been in December or January and the minimum in June or July, resulting from the
respective maximum and minimum amounts of avélablar radiation during the winter and
summer, the delay can be explained by the immense capacity to which the SO stores heat
(Zanna et al. 2008 A lag between the heat input into the ocean and the output of observed
SST is created due to this large kstatrage capacity. The response time of the SO surrounding
the PEls is observed to be between 1 and 2 months, supporting the SST maxima ity,Februar
which would follow the increased solar radiation experienced over December and January.
Similarly, the SST minima observed in September follows the lowest shortwave radiation

period in June and Ju(y oolsee et al. 2091

To investigate theeasonal cye furtherandthe variability of SSTaround the PEIsjata were
extracted from thé&°® x 5° study box around the PE(Bigure 494) and averaged to plot a
monthly climatology Figure 49b). As expected, the lonagerm mearSSTin the5° x 5° study
box (Figure 49b) showed the samseasonal patternsbserved inWOA18, CARS09 and
OSTIA SST Figure 4.5to Figure 4.7, but with a smaller range of values.§40 8 °C),

resulting from averaging over the smaller area.

The GLORYS SST monthly climatofjy (Figure 48) captures the general seasonal cycle
observed across WOA18&ifure 45), CARS09(Figure 46) and OSTIA Figure 47), where

warm waters had the greatest southward extension throughout summer and early autumn with
a peak (12.PC) in February. Cooler waters had the most northward extension across late
autumn, winter and spring with a minimum SST (2@ in September. CQoparatively,
GLORYS is most similar to the OSTIA dataset, capturing the near exact same seasonal cycle
(Figure 4.90). This close resemblance is supported by the overall weakesFhgase(4.13,

where a general positive (wariasis observedgsouthwestupstreamand north of the PEls,
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resulting from an overestimation of SST between 0 to X% by GLORYS. Directly
downstream of the islands, however, an underestimation of between 0% M4SST is
presented by GLORYS, which could be explained by therestimation of current speeds
which were recorded in section 4.1Fidure 4.2)suggesting that the smoothed simulation of
the islands bathymetry by GLORYS has a significant impact on the flow of the AC@ea
resultant cooling obserde

GLORYS presented the largest difference when compar@dR509 evident by the varying
monthly SST means-(gure 4.%) and with the strongest bias producEgj(ire 411). The bias
between GLORYS an@ARSO09presented elear seasonal pattern, walpositive (warm)bias

in springandsummer, and negati\(eold) biasn autumn andvinter. The driver behind this is
suggested to be thenderestimation oSST by CARS09in summer and spring and the
overestimating in autumn and wint@fidure 4.9displays lower nderestimated) SST values

in summer and spring and higher (overestimated) SST values in autumn ang westeting

from the lack of surface temperature data, as previously mentibhe@ARS09datasetvas
interpolatedrom limitedin situdata, which was collected during specific cruises, and thus the
interpolationscouldbe biased tthe mesoscale events which could have occumedgithose

cruise periodsThe same would be true for the WOA18 dataset.

While the GLORYS SST around the PEls is similar to the SST of WO 8apparenthat
GLORYS overestimates SSiorthof the islands by up to Z in the summe(Figure 410).

Based on the distribution of data collection points, evident as the scditaclotiots in Figure

4.5,it is clear that during the summer months there are less points north of the PEIs. It is
suggested that this decrease in data points, along esitineous interpolation could be
misconstruing the true representation of SST ferrtarthern region, thus producing WOA18

data with lower SST values in comparison to GLORYS in the summer.

A model evaluation done Byeitch et al. (2009investigated the ability of the Regional Ocean
Modeling System at simulating the Benguela system in its entirety, concluding that the model
underestimated SST along the coast of the order diCL.B similar study done bigusso et

al. (2022)which compaed the GLORYS model against OSTIA SST for the Agulhas system,
recordedan overestimation (> 2C) of SST in the Agulhas Current by GLORY®
comparison to these previous studies, a maximum SST overestimati®® wh observed in
comparison to coarse s@ution in situ (WOA18 andCARS09 datasets However, when

GLORYS was compared to the OSTpkoduct, a higher resolution, overall, maeatially
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consistentdataseta maximum SST overestimation of only 8Bwas observed. From this it
can beinferred that the GLORYS SST overestimation, in this study, was not extreme and
ultimately suggests that the GLORYS model output accurately captures both the seasonal

variability as well as the spatial variability of SST within the PEI surrounding region.
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Figure 4.5: The monthly climatologys#fa surface temperatur&8Y(°C) from January (Jan) to December (Dec)
around the Prince Edwaldlands froml955to 2017 using theWOA18 dataThe black solid and dashed lines
represent the MSAF and-SAFrespectivelyThe solid thick and thinner brown linepresent the NAPF and M
APF respectivelyAreas shaded white denote regions of no d&kack filled dots illustrate the distribution of
data collection points used to produce the mapese front psitions were identified from satellite altimetry
usingADT according to the process describe&byolov and Rintoul (2002)
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Figure 4.6The monthly climatology afea surface temperatur&SY(°C) from January (Jan) to December (Dec)
around the Prine Edwardslands from1985 to 200using theCARSO8ata. The black solid and dashed lines
represent the MSAF and-SAErespectivelyThe solid thick and thinner brown linepresent the NAPF and M
APFErespectivelyThese front positions were identified from satellite altimetry usibg according to the process
described bysokolov and Rintoul (2002)
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Figure 4.7The monthly climatology afea surface temperatur&SY(°C) from January (Jan) to December (Dec)
around the Prince Edwardlands froml981 t02021using theOSTIA datasefhe black solid and dashed lines
represent the MSAF and-SAErespectivelyThe solid thick and thinner brown linepresent the NAPF and M
APFErespectivelyThese front positionsere identified from satellite altimetry usidPT according to the process
described bysokolov and Rintoul (2002)
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Figure 4.8: The monthly climatologysafa surface temperatur&§SY(°C) from January (Jan) to December (Dec)
around the Prince Edward Islands fra893 to 20D using theGLORYS model outptlihie black solid and dashed
lines represent the NBAF and-SAF-respectivelyThe solid thick and thinner brown linespresent theN-APF
and M-APFErespectivelyAreas shaded white denote regions of no dathese front positions were identified
from satellite altimetry usind\DT according to the process describe&byolov and Rintoul (2002)
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Figure 4.10The monthlyclimatologyof sea surface temperatur&&Tbias(°Q (GLORYS BSWAO18 SSTiom
January (Jan) to December (Dec) around the Prince Edward Islands. Treplidaakd dashed lines represent
the M-SAF and -SAFrespectively. The solid thick and thinner brown lines represent tAEMNand MAPF
respectivet. White shading denotes regions of no dathese front positions were identified from satellite
altimetry usingADT according to the process describe&blyolov and Rintoul (2002)
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Figure 4.11The monthiclimatologyof sea surface temperatur&§bias(°Q (GLORYS SSTARS08STfrom
January (Jan) to December (Dec) around the Prince Edslands. The black solid and dashed lines represent
the M-SAF and -SAFrespectively. The solid thick and thinner brown lines represent tAEMNand MAPFE
respectivel. White shading denotes regions of no dathese front positions were identified frogatellite
altimetry usingADT according to the process describe&blyolov and Rintoul (2002)
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Figure4.12 The monthlyclimatologyof sea surface temperatur&gYbias(°Q (GLORYS SS&DSTIASSTfrom
January (Jan) to December (Dec) arotim@Prince Edward Islands. The black solid and dashed lines represent
the M-SAF and -SAFrespectively. The solid thick and thinner brown lines represent tAEMNand MAPFE
respectivel. White shading denotes regions of no dathese front positions we identified from satellite
altimetry usingADT according to the process describe&blyolov and Rintoul (2002)

Temperature at 200 m

Similar, to SST, the temperature at 200 m and the variability thereof was first assessed at the
PEls usingin situ (WOA18 and CARSQ09 datasets. The GLORYS model output was then
compared against these products to investigate the suitability and accutheynobdel at

reproducing the subsurface temperature.

The meridional gradient of higher temperatures €5 to the north of the PEIls and lower
temperatures (<4C) to the south were again observed acrossirthsitu (WOA18 and
CARSO09 (Figure 4.13 Figure 4.14) and the model (GLORYSJ{gure 415) outputs. These
findings agree with the nortéouth gradient observed over the region for SSgufe 4.5 to

4.8), therefore suggesting that the decreasing amount of available solar radiation with latitude
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has thesame influence on temperature at the subsurface (200 m dejptishallandPlumb,
2007).

WOA18 (Figure 4.13 and CARSO09(Figure 4.14 displayed similar seasonal patterns with
higher temperatures at the PEIs in austral winter (JJA), observedy@satarsouthward
extengon of warmerwater over the islands. Spring and summer (SON and DJF) presented
lower temperatures, evident as a greatethward extenen of colder watess surrounding the
PEls. This seasonal cycle of temperatures at 200 m opgbseSST seasonal variability over
the same region for WOA1&igure 45) andCARSO09(Figure 46). At the PEIs, the highest
temperature, at 200 m depthr WOA18 (7.5 °C) and forCARS09(8.3°C) was observed in
September and July respectivelne lowesR00 mtemperaturéor WOA18andCARS09(2.1

°C) was observed iNovember(Figure 413; Figure 4.14).

The opposing seasonality observed with temperature at 200 m is likely related to the strong
seasonal cycle of the upper mixed layer depth (MicCihe SO. The oceanic mixed layer is a
layer that through turbulent mixing processes, has salinity, temperature and density readings
almost completely homogenous throughout its vertical depth. A study done Boyer
MontTgut et al(2004) observed, betweefb°S and0°Sin the SO, the MLD extends as deep

as 300 m in the winter months and is as shallow as 70 m in the summer. This temporal
variability can be linked to several contributing factors such as forcing by surface conditions
like wind, interal waves and the lateral advection of atmospheric and oceanic properties,
amonst many others. The deepened MLD, along with strong vertical convection in winter
suggests that the warm surface waters are well mixed to a depth of 200 m. Whereasen sum
the shallower MLD andssociated relatively weaker windghich lead to weaker conveoti
processthe warmer surface waters are confined to the surface layer thirsyl#éae cooler

water below it which is what was observed at 20@Fgure 413; Figure 4.14 Therefore at

the surface, due to the available amount of
higher in summer and lower in winter but in the subsurface this is reversed due to the depth at
which the surface water is allowed to ptnate until based on the MLD. Thewer water
temperatures in the summer are supported by the findingsnimont et al. (2019)whereby

bottom temperatures recorded from mooring data illustrated similar differences in temperature

which wereattributed to the seasonality of the MLD within the SO.

As previously mentioned for SST, to further investigate the temperature seasonal cycle at 200

m around the PElslata were extracted froab® x 5° study box around the PHIBigure 4.1&)
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and averageto plot a timeseriegFigure 4.1®). As expected, the loatgrm meartemperature

for WOA18 andCARS09in the5° x 5° (Figure 4.1®) showed the samseasonal patteras
observed in Figure4.13 and 4.14but with a smaller range of values (45t@ °C), resulting

from averaging over the smaller ar@he seasonal pattern produced using the WOA18 data
displayed more variabilityHigure 4.1@), in comparison to the smoothEARS09seasonal

cycle and is suggested to be the result of less available data at depthnitve et al. (2019)

study revealed a temperature range of 3 @ 6ecorded from a mooring deployed at 174 m

on the nortkeastern shelf region of Marion island. Whihe Lamont et al. (2019%esults are
isolated to the shelf and thus are more influenced by the localised oceanographic variability,
the similar ranges in temperature and seasonal patterns, for at least the spring and summer
months, instills a confidence thein situresults presented abgwdespite theisproportiona

distribution of collected data points.

The monthly temperature climatology by GLORYSgure 4.5) did not demonstrate as clear

of a seasonal cycle as tire situ (Figure 4.13; Figure4.14) data.Colder Antarctic waters
maintained a position south of the PEIs and warmer more subtropical waters encompassed the
northern extent of the islands, as well as around the islands themselves, whereby warmer waters

(>5 °C) were sustained overthe il andés system throughout t he
temperature (8.2C) was recorded in August and the lowest temperature®®.5vas in

October, suggesting there was a delay of one month by GLORYS in simulating the same
seasonal cycle as that of WOAaBdCARS09

The GLORYS 200 m temperature climatology presented cooler bands of water that appeared
to be wrapping around the PEIls in a clockwise directiigure 4.19, which matched the
associated flow patterns highlighted by the overlaid total cuvestors. This deviation in the

flow pattern was also evident within the GLORYS SSH agire 4.9. The GLORYS model

output appeared to simulate bathymetric features shallower than ZEigure(4.15, evident

as the areas shaded in white. It is thee$niggested that this bathymetry could be the driver

of the anticyclonic flow observed around the PEIs, most noticeable between November and
January. This anomalous temperature pattern was not observed in the FDAL8 4.13
andCARSO09(Figure 4.14) climatologies, owing to the fact that these bathymetric features do
not exist within those datasets. It can be inferred that these bathymetric features are not accurate
because, as examined in sectioB.B.in Chapter 3, the ETOPO and GEBCO data did not
disgay any shallowbanks in the lee of the PElIs.

68| Page



GLORYS was able to capture a weaker seasonal agpdlee5° x 5° study box(Figure 4.1®),
compared tacCARS09and WOAL18, where a maximum temperature of 3Q@Qvas recorded

in the winter and a minimum of 4.8C in the summer. Although GLORYS showed the same
seasonal pattern, the overall monthly temperatures were on avkdgéC warmer than
WOA18 andCARSO0Q This warm bias was evident in Figures 4.17 and,4vb@re the overall
pattern observed was an overestimation of temperature by GLORYS.

Similar to the pattern described earlier for SST, the overall GLORYS bias for temperature at
200 m with respect to WOA18Higure 4.17 can be described as a strong, wépositive)

bias resulting from the overestimation of temperature by GLORYS. The months of June and
July, however, presented a weak, cool (negative) bias and coupled with the lack of a clear
seasonal bias, this is suggested to be the result of an undet&sti of temperature by
GLORYS, specifically over the localised region around the PElgufe 4.13. When
compared with th€ ARS09dataset, however, a clearer seasonal pattern is evident with a cool
(negative) bias observed between April and Septembiretoorth of the PEIs and a warm
(positive) bias between October and March, south of the isl&ngisré 4.18. This seasonal

bias is suggested to be linked to the overall warmer seasonal cycle simulated by GLORYS.
Over the summer and spring months, GLCBRdVverestimated the temperatures south of the
PEls, simulating temperatures which were a ¥@Warmer than those observed®RS09

The winter and autumn months presented an underestimation of temperature by GLORYS,
suggesting the model was unable to capture the degree to which the water temperature
increased, as was observed by WOA18 @ARSO9(Figure 4.13; Figure 4.14). Additiorg]
WOA18 andCARSO09displayed a clear southward migration of warmer waters over the PEIs,
the model did not capture this southward extension, most evident by the strongest cool bias in
June at the northern boundary of this study regligure 4.1§. An explanation for the
underestimation by GLORYS in the winter and autumn months is suggested to be the result of
the anticyclonic flow simulated kihe imitated bathymetric features in the lee of the PEIs. This
flow pattern resulted in the encroaching of eutroriginating, coldwaters into the northern

parts of the islands, opposing the warmer waters observed by WAO IBART%I09

While comprehensive long ternt27 years) investigations aubsurfacdéemperaturesn the
vicinity of the PEIls have not yet éen conducted, antlecausethere are no previous
publications to compare the current findirigsit can be assumed that the temperature at 200
m should resemble the observations produced by the WOR#8ré 4.13 and CARS09

(Figure 4.14) datasets. Therefe, the overall comparison of GLORYS to thessitudatasets
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suggests that while the model captures the seasonal variability, albeit weak, it fails to accurately
capture the spatial variability of temperature at 200 m, for the PEIs region. This suggesti
however should be considered with discretion given thaintlsgu (WOA18 andCARS09

datasets were based on limited observations at depth, more so than at the surface, and that their
end results are mainly achieved through interpolatitiesring that they themselves may be
presenting a misconstrued perception of what the temperature variability at depth actually is.

On a climatological scale, GLORYS performs better at the surface (biases were smaller with
SST) owing to the fact that moseirface data, botim situ and satellite, is being assimilated

into the mode(Russo et al2022; Drévillonet al. 2024). When it came to the subsurface,
GLORYS overestimated temperaturesulting from fewerin situ data points, the absence of
satellite data being assimilated these depthand theinfluenceof inaccurate bathymetr
Overall, the largescale patterns and biases captured by GLORYS are evident across the entire
SOandnot just observed at the PEk Appendix Figures A7 to ASupporting the validity

of the GLORYS model output at simulating temperature within the surrounding PEI region.
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Figure 4.13: The monthly climatology of sea water temperature (°C) at a depth of 200 m, from January (Jan) to
December (Dec) around the Prince Edward Islands from 1955 to 2017 using the WOA18 data. The black solid and
dashed lines represent the-BIAF and-SAF-respectivelyThe solid thick and thinner brown linepresent the

N-APF and MAPE respectively. Areas shaded white denote regions of no @sek filled dots illustrate the
distribution of data collection points used to produce the nidgese front positions were identified from satellite
altimetry usingADT according to the processsdabed bysokolov and Rintoul (2002)
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Figure 4.14: The monthly climatology of sea water temperature (°C) at a depth of 200 m, from January (Jan) to
December (Dec) around the Prince Edward Islands from 1985 to 2009 ustARB68ata. The black soliand

dashed lines represent the-BIAF and-SAF-respectivelyThe solid thick and thinner brown linepresent the

N-APF and MAPFE respectivelyThese front positions were identified from satellite altimed®T according to

the process described Bypkolov and Rintoul (2002)
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Figure 4.15: The monthly climatologysefa water temperature (°C) at a depth of 200with vectors showing
total currert (Rotal) directionaround the Prince Edward Islan@etweenlanuary (Jargnd December (Dec) from
1993 to 2020 using the GLORYS model output. The black solid and dashed lines repres&#RrentSAE
respectivelyThe solid thick and thinner brown linepresent the NAPF and MAPFE respectively. Areas shaded
white denote rgions of no dataThese front positions were identified from satellite altimetry usiigT
according to the process describeddmykolov and Rintoul (2002)
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Figure 4.16:4) The 5° x 5° study box around the Prince Edward Islands fromtesmigbrature(°C) dataat 200

m was extracted and averaged to produce the kegn mean SSTb) Monthly climatology of the averaged
temperature(°C)at 200 min the study box from themo datasets; WOA18ARSQ@nd from the GLORYS model
output.
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Figure 4.17The monthlyclimatologyof temperature(°Q at 200 m biasGLORY®&mp ¢ WOA18 tempfrom
January (Jan) to December (Dec) around the Prince Edward Islands. The black sielghetdines represent
the M-SAF and -SAFrespectively. The solid thick and thinner brown lines represent tAEMNand MAPFE
respectivet. White shading denotes regions of no dathese front positions were identified from satellite
altimetry usingADT according to the process describedsbyolov and Rintoul (2002)
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Figure 4.18: The monthly climatology of temperature (°C) at 200 m bias (GLORYS&RE08%EmMp) from
January (Jan) to December (Dec) around the Prince Edward Islands. The black solid and dashed lines represent
the M-SAF and -SAFrespectively. The solid thick and thinner brown lines represent tAEMNand MAPF
respectively. White shadingedotes regions of no datahese front positions were identified from satellite
altimetry usingADT according to the process describe&blyolov and Rintoul (2002)

4.1.3 Salinity

Salinity atthe surface

The evaluation followed for SSS matched that which was described in section 4.1.2 for SST.
In order toexamire the suitability and accuracy of the GLORYS modtleproducing SSS
spatial and temporal variabilityyithin the PEI regionit was first requird that the known
varibility and drivers thereof be identified in the regiémsitu (WOA18 andCARS09 and

satellite (CNR) products were used to achieve this.

The same nortsouth gradient was observed in thesitu (WOA18 andCARSO09, satellite
(CNR) and model (GLORY Sglimatologies produced in this study, with higher SSS (> 33.8
PSU) values to the north of the PEls and lower SSS (< 33.8 PSU) values to the south. This
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meridional pattern forms part of the larger SSS nsadiith gradient and can be matearly

seen within the largscale overviews of the SO (see Appendix figures A10 to Al13). SSS
variability is driven by several factors, where over the equator consistently high levels of
precipitation result in decreased salinity at the surface. Cony¢oseards the higher latitudes,

over the open ocean the SSS increases due to decreased rainfall and increased evaporation. The
polar regions present a decreased SSS owing to the freshwater input from melting ice, snow
and glaciergKlemas, 201).

The montly SSS climatologies by WOAL&ARS09and CNR Figure 4.19; Figure 4.20;
Figure 4.21, respectivelyeach illustrated comparable seasonal cycles, observed as an
extension of less saline water (< 33.8 PSU), from the southwest, into the study regiongover lat
summer (February) and autumn (MAM). This lower SSS persisted into winter for WOA18
(JJA) Figure 419), over the PEls, and f@ARSO09(Figure 420) into spring (September and
October) in the lee of the islandghe slightly more saline (83.9 PSU surface waters in the
northeasterrpart of the study area extended further south during spring and sufigue

4.19; Figure 4.20; Figure 4.21While the maximum SSS for WOA18 (34.2 PSU) and CNR
(34.2 PSU) was observed in December, the maximum SSEABRS09 (34.1 PSU) was
observed in February. The SSS minimum for WOA18 (33.6 PSU) , CNR (33.8 PSU) and
CARSO09(33.7 PSU) occurred in June, March and August, respectively.

Since precipitation impacts surface salindy, possi bl e expl armstvadon f o1
SSS seasonal cycle may correspond to the seasonality of rainfall over the region. This is
described in atudy done ¥ Shangheta (202Which investigatedaily rainfall, amongst other
parameters, from 1949 to 2018 at Marion Isla®idangheta (202 observed peaks in rainfall

in December/January and May, whereas minumum rainfall was observed in February/March
and October. Only the May rainfall peak, observe&byngheta (202 porresponded with the
decreased SSS observed in autumn in the current study. In addition, the October rainfall
minimum, observed b$§hangheta (2021yas found to mirror the increased SSS observed in
spring within this study. A study done Bouault et al(2005 found similar findings to
Shangheta (202lwhere a decreased rainfall trend was observed in summer and corresponded
to increased air pressure at Marion IsldRduault et al(2005 tentativelylinked the increased

air pressure to either decreasstchospheric cyclonic activity over the islands, or due to a
hypothesised southward shift of the SO cyclonic storm $réekuault et al. 2005 Surface
salinity may also be influenced by snow and ice melt, although netéonystudies have

undertaken tlg investigation yewithin the localised PEI envionmefitlemas, 201). Sumner
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et al. (2004 detailed the extent of perennial ice and snow melt, along with the disappearance
ofa snowl i ne ananMarlorelsland as tee rézllt aftclienateichange, confirming
a significant amount of fresh water runoff to be entering into the surrayiod@anographic

environment around the islands.

The GLORYS SSS monthly climatologfigure 422) captured the general seasonal pattern
observed across WOA1Bifure 419), CARSO09(Figure 420) and CNR Figure 421), where

less saline waters protruded into the study region in the summer (January and February),
autumn and winter months, with a minimum SSS (33.7 PSU) observed in May. More saline
waters, originating from the northeast, had a greater southward ext@veoispring and

summer, with a maximum SSS (34.3 PSU) in November.

The seasonal cycle was noticeably clearer in the SSS time $dgase(49b), obtained by
extracting and averaging the data from°ax%° study box around the PE(Eigure 49a).
Although a smaller range was observed (33.78 to 33.92),R8&ulting from averaging over
the smaller areahe seasonal pattern matched those described in the climatolBigiese$
4.19 to 4.2). This salinity range matches the characteristic salinity sigrah fboth
Subantarctic Surfacgaters (SASVY, which typically lie north of the SAF, and from Antarctic
Surface waters (AASW), separated from SASW by the &REorgeandLutjeharms, 2002

These water masses are described in greater detail in section 4.1.4.

Comparatively, the GLORYS SSS variabilityost closely resembled that of the WOA18 and
CNR SSSigure 4.24; Figure 4.26, respectivglyevident with the overall weak SSS biases
observed across the PEI surrounding region. The bias between GLORYS andrigiie (

4.26) presented a clear seasonatleywith GLORYS generally overestimating SSS from
midwinter (July and August) to summer, and underestimating SSS in autumn and early winter
(June).The bias between GLORYS and WOA18 did not sktearseasonal variati@{Figure

4.24), most likely due tofte fact that WOA18 presented a higher degree of variability possibly
resulting fromerroneous interpolation ohinimal data collection points. This variability was

also observed in thereaaveraged monthly climatologyigure 49b), where WOA18acked

the smooth seasonal pattern which was evident for the other datasets.

GLORYS presented the largest difference when compared t€ARS09 dataset Figure
4.25, likely resulting from the muted seasonal cycleGARS09 This is evident with the
overestimation by GLORYS of surface salinity in summer and in spring, by 0.4 PSU. The

autumn and early winter months presented an underestimation of up to 0.2 PSU by GLORYS.
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The overall weak biases, supports the credibility of riedeb ®utput at simulatinghe

seasonal cycles and spatial variability of $8&in the PEI region.
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Figure 4.19: The monthly climatologysefa surface salinity (SS®&m January (Jan) to December (Dec) around

the Prince Edward Islands from 1955 to 2017 using the WOA18 data. The black solid and dashed lines represent
the M-SAF and -SAF, respectivelythe solid thick and thinner brown linespresent the NAPF and MAPF,
respectively. Areas shaded white denote regions of no @teck filled dotsllustrate thedistribution of data
collection points used to produce the mamese front positions were identified from satellite altimetry using

ADT according to the prosg described bgokolov and Rintoul (2002)
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Figure 4.20: The monthly climatologysafa surface salinity (SS&m January (Jan) to December (Dec) around
the Prince Edward Islands from 1985 to 2009 usingChRSO06ata. The black solid and dashed fimepresent
the M-SAF and -SAF respectivelfhe solid thick and thinner brown linespresent the NAPF and MAPF
respectivelyThese front positions were identified from satellite altimetry ugMl according to the process
described bysokolov and Rioul (2002)
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Figure 4.2: The monthly climatology afea surface salinity (SS&m January (Jan) to December (Dec) around
the Prince Edward Islands from 1993 to 202ing theCNR dataThe black solid and dashed lines represent the
M-SAF and -SAF respectivelyThe solid thick and thinner brown linespresent the NAPF and MAPF
respectively. Areas shaded white denote regions of no détase front positions were identified from dite
altimetry usingADT according to the process describe&blyolov and Rintoul (2002)
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Figure 4.22: The monthly climatologysafa surface salinity (SS&m January (Jan) to December (Dec) around

the Prince Edward Islands from 1993 to 2020 using the GLORYS model output. The black solid and dashed lines
represent the MSAF and-SAF respectivelyhe solid thick and thinner brown linepresent theN-APF and M

APF respectively. Areas shaded white denote regions of no Tagae front positions were identified from

satellite altimetry usindADT according to the process describe&blolov and Rintoul (2002)
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Figure 4.23:4) The 5° %° study box around the Prince Edward Islands from vdeiatsurface salinity (SS&s

extracted and averaged to produce the leteggm mean SSSh)(Monthly climatology of the averagesiSSlata
in the study box from ththree datasets; WOA18,ARSQINR and from the GLORYS model output.
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Figure 4.24: The monthly climatologysefa surface salinity (S$38s(GLORYS SSWAO18 S§ from January
(Jan) to December (Dec) around the Prince Edward Islands. The blaskddidhed lines represent the SAF
and SSAF respectively. The solid thick and thinner brown lines representARéE lnd MAPF respectively.
White shading denotes regions of no datdese front positions were identified from satellite altimetry using
ADT according to the process describe@blolov and Rintoul (2002)
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Figure 4.25: The monthly climatologysafa surface salinity (S$#s (GLORYS SSSARS08SS) from January
(Jan) to December (Dec) around the Prince Edward Islands. The black solid and dashed lines repreSéii the M
and SSAF respectively. The solid thick and thinner brown lines representARéE lnd MAPF respectively.
White shading denes regions of no datarhese front positions were identified from satellite altimetry using
ADT according to the process describe&bkolov and Rintoul (2002)
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Figure 4.26: The monthly climatology sfa surface salinity (SS#3s (GLORYSCNR) from January (Jan) to
December (Dec) around the Prince Edward Islands. The black solid and dashed lines represSARtaadsS
SAF respectively. The solid thick and thinner brown lines representARE ld M-APF respectively. White
shading denotes regions of no dafEhese front positions were identified from satellite altimetry ughiyr
according to the process describeddaykolov and Rintoul (2002)

Salinity at 200 m

The meridional gradient of higher salinity (> 34.1 PSU) values to the north of the PEls and
lower salinities (< 34.1 PSU) to the south, was also observed at 200 mimnsihedatasets
(WOA18 andCARSO09 (Figure 427; Figure 4.28 and model (GLORYS) outp (Figure

4.29), owing to the larger northouth salinity gradient, across the S3described for SSS.
Compared to surface waters, those at deeper depths are typically more saline and thus are of a
higher densitfMarshallandPlumb, 200Y). Thisexplains the overall observed higher salinity
values, at 200 mRjgure 427 to Figure 429), in comparison to the lower SSS rangey(rre

4.19 to Figure 4.2p
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WOA18 (Figure 427) and CARSO09 (Figure 428) displayed similar seasonal patterns with
higher sénities, at 200 m depth, at the PEIs in autumn and winter, observed as a greater
southwardextengon of more salinevatertowards the islands, from the northeast. It is worth
noting thatthe seasonal cycle in WOA1&igure 4.2 was less evident as a result of the
decreased available situ data with depth, coupled with the erroneous interpolation arising
from the fewer data collection points. Spring and summer presented extensions of less saline
waters from the southwedVithin the study regionthe highessalinity, at 200 mfor WOA18

(34.3 PSY and forCARS09(34.4 PSU was observed iduly and June, respectivelyhe
lowestsalinity for WOA18(33.9 PSYandCARS09(33.9 PSUYwas observed iRebruary and
August, respectivgl(Figure 413; Figure 414).

To investigate the seasonal cycle further,anthly climatology, usinghe averaged salinity

data at 200 m in thB° x 5° study boxFigure 4.30a from the two datasef@/OA18 and
CARSO09, was producedHigure 4.30D. This revealed that while the seasonal cycles for SSS
and SST wereontrasting, the salinity and temperature seasonal cycles, at 200 m, correspond
with each otherKigure 4.30h Figure 4.23b, respectivelyThe increase ithe 200 m salinity

and temperaturever the winter and autumn period suggests that the seasonality of the MLD
which drives the seasonal pattern of temperature, at 2QBigare 4.23h, may similarly
impact subsurface salinitfFigure 4.300 (de Boyer Monigut et al 2004). Additionally, water
masses found within this region may contribute to the salinity seasonality observed at 200 m
since SASW, to the north of the PEls, is defined by a subsurface salinity maximum and
Antarctic Surface Water (AASW), located to the southsaasonally variabl@Ansorgeand
Lutjeharms, 200R In winter the AASW extends as a homogenous mixed layer to 250 m, while
in summer the layer only extends between 50 and 100 m(&deeprgeandLutjeharms, 2002

The mixing of these water masses, themfaould be producing the peak in salinity during
winter when the MLD is at its deepest, while in summer the salinity maximum is contained

within the shallow surface layers above 200 m.

The GLORYS climatologyKigure 429) does not capture the seasonal cycle as clearly as
WOA18 andCARS02 The GLORYS model 6s maxi mum salini
August and minimum salinity (34.0 PSU) in September. The model appears to simulate a
greater southward extension of salire34.1 PSU) water, throughout all the montivith

slightly more saline water in wintefhe distribution of less saline (< 34.1 PSU) water, while
appearing to have a slight increase over the late spring and summer months seems to be

continually restrictedar south of the PEIls. The smaller range of salinities simulated by
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GLORYS, along with the overall higher salinity values was evident with the overestimation of
GLORYS salinity in both the biaseEigure 4.3%1 Figure 4.32 and the time seriesigure

4.3). However, the maximum overestimation of GLORYS by only 0.4 PSgu(e 4.31%

Figure 4.33 suggests that, relatively the GLORYS

temporal and spatial salinity variability, at 200 m, was satisfactory.
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Figure 4.27: The amthly climatology of salinityat a depth of 200 mfrom January (Jan) to December (Dec)
around the Prince Edward Islands from 1955 to 2017 using the WOA18 data. The black solid and dashed lines
represent the MSAF and-SAF, respectivelyhe solid thick and thinner brown linepresent the NAPF and M

APF, respectively. Areas shaded white denote regions of no data. Black filled dots illustrate the distribution of
data collection points used to produce the mapese front positions werdéntified from satellite altimetry
usingADT according to the process describe&byolov and Rintoul (2002)
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Figure 4.28: The monthly climatology s&flinity at a depth of 200 mfrom January (Jan) to December (Dec)
around the Prince Edward Islandsnrd 985 to 2009 using theARSO8ata. The black solid and dashed lines
represent the MSAF and-SAF respectivelyhe solid thick and thinner brown linepresent the NAPF and M
APF respectivel\these front positions were identified from satelliteratitry using theADT according to the
process described Bokolov and Rintoul (2002)
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Figure 4.29: The monthly climatology s&linity at a depth of 200 mfrom January (Jan) to December (Dec)
around the Prince Edward Islands from 1993 to 2020 usingli#RY S model output. The black solid and dashed
lines represent the MBAF and-SAF respectivelfhe solid thick and thinner brown linepresent the NAPF

and M-APF respectively. Areas shaded white denote regions of no Tatae front positions werdentified

from satellite altimetry usind\DT according to the process describe&biolov and Rintoul (2002)
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Figure 4.31: The monthly climatology of salinity at 200 m bias (GlKOWRYAL8) from January (Jan) to December
(Dec) around the Prince Edward Islands. The black solid and dashed lines represerfARealtd -SAF
respectively. The solid thick and thinneowsn lines represent the-NPF and MAPF respectively. White shading
denotes regions of no dat@hese front positions were identified from satellite altimetry usingABS according

to the process described Bykolov and Rintoul (2002)
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Figure 4.32: The monthly climatology of salinity at 200 m bias (GK@RRSOSrom January (Jan) to December
(Dec) around the Prince Edward Islands. The black solid and dashed lines represerfARealtd -SAF
respectively. The solid thick and thinbeown lines represent the-APF and MAPF respectively. White shading
denotes regions of no dat@hese front positions were identified from satellite altimetry ugidJ according to
the process described Bykolov and Rintoul (2002)

4.1.3 Water Masses

The monthly Temperatw®alinity (TS)plots Figure 4.33 displayed aharacteristichapeof
broad salinity bands and narrow temperature rafaggethe PElregion indicative of the five
main water masses which dominate the region fivkevater nassexan be described asb
Antarctic Surface WatgfSASW), Antarctic Surface WatefAASW), Antarctic Intermediate
Water(AAIW), Circumpolar Deep WatdlCDW) andAntarctic Bottom Wate(AABW) (van

den Berg et al. 2021Lamont et al. 2010 The water masses were identified according to their

unique temperature and salinity signaturegyuabned inTable 4.1.

93| Page



Table 4.1: Water masses within the PEI surrounding retfiein respective temperature and salinity rangesl
the studies from which they weeequired

Water Masses Temperature Salinity Reference
Range (C) Range (PSU)

SASW 37 14 33.81 34.4 (Ansorge anc
Lutjeharms, 200p

AASW -1.857 6 334171 34.2 (Ansorge anc
Lutjeharms, 200p

AAIW 271 5 +34.4 ‘ (Karas et al. 2019

CDW 0.650+ 0.005 34.707+ 0.005 (Pardo et al. 2092

AABW -0.753+ 0.005 34.660+ 0.005 ‘ (Pardo et al. 2012

Of those five water masses, only three were observed in WOA18 namely, SASW, AASW and
AAIW due to the restricted depth level of 1500 m in the dataset. SImGARSO0%illustrated
SASW and AASW, while the AAIW was partially captured owing to the limitedehdepth
levels (50, 200 and 1000 m) at which the data was collected and interpolated. The GLORYS

model, however, simulated all five water masses throughout Eigeré 4.33.

Comparatively, GLORYS simulated a broader temperature and salinity range of the SASW,
for each of the months. The larger temperature and salinity ranges of SASW were most
noticeable in summer (January/February), where the simulated temperature rangeR¥35LO
extended fromapproximately 5 toll.5 Cwhile WOA18 andCARSO09 only indicated
temperature ranges froapproximately 5td0 @nd5 t o, reS8pectiv€ly. SASW salinity
simulated by GLORYS, in the summer, extended frapproximately33.7 to 34.5 PSU
whereas WOA18 an@ARSO09illustrated smaller salinity ranges from 33834.25 PSU and

33.7 to 34.3 PSU, respectively. Thigher temperature range for SASW in GLORYan be
explained by the overestimation of GLORYS SST wibpect to WOA18 anGARS09(most
evident inFigure 4.10; Figure 4.11, respectivglgpecifically to the north of theEls where
SASW is the dominant water mag¢&nsorge and Lutjeharms, 200ZThe SASW has a
subsurface salinity maximuifinsorge and Lutjeharms, 2002vhich was overestimated by
GLORYS salinity at 200m, with respect to WOA18 aBARSO09 (visible in Figure 4.31;

Figure 4.32, respectivelyover the entire PEI region.

The evaluation of the seasonal cycle presented an approxif@tdifierence in tempetare

maxima between summer (January/February) and winter (July/August), observed iamong
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situ (WOA18 and CARS09 products and the model (GLORYS) output. The higher
temperatures (6 12°C) and smaller salinity range (3334.4 PSU) in the T/S plots, iraditive

of the surface ocean, presented stronger seasonality than the deeper ocean, evident by the lower
temperatures-{ 1 4 °C) and largesalinity range(33.41 34.8 PSU) in the deep ocean. This is

due t o t hudaceenvieoanmedt £xpesiencing a greater influerime shortterm
fluctuationsin salinity and temperature, driven by wind, waves, and tides among others
(MarshallandPlumb, 200Y. Overall, GLORY Scompared fairly well in reproducing the water

masses observed across ithsitu (WOA18 andCARSO09 products. This could be due to the
model 6s 50 dept h | e vnedr surfaseh(®.45m) te %727e98 oh delepr o m t
(Drevillon et al. 2024), coupled with the model 6s numer |
accurately solve processes suchdéfusion and mixing, among otherat each depth level.

The model appears to baéle to accurately capture spatial and temporal variability of salinity

and temperature throughout the entire water column for the PEI region.
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Figure4.33 Monthly climatological T/S plofsom January (Jan) to December (Dec) around the Prince Edward
Islandsin the study grid (35.%E¢ 43°E; 43.5°S 49°3 for the WOA18 (red;ARSO®blue) and GLORYS (black)
datasets. Grey curved lines indicate isopycralshie respective dengifevelgsigmatheta kg/nr).

4.15 GLORYS and SAWS SSTcomparisons

To better assess the validity of GLORYS at simulating SST variability around the PEIs,
Pearson correlations were conducted from January 1993 to May 2020 between the monthly
SAWS in situ SST, and three GLORYS monthly SST poirEgy(re 4.34. As explainedn

Section 3.4.5, the Pearson correlation coefficient (r) measures the strength of the linear
relationship between two variabl€soolsee, 2021Hogg et al2014). According to Table 3.3

a negative coefficient stipulates that as one variable increasesdses), the corresponding

variable decreases (increases). A positive coefficient stipulates that as the one variable
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