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Abstract

Southern Ocean organisms are uniquely adapted to the extreme environmen-

tal conditions that characterise this region, making them especially vulnera-

ble to climate change. Alterations to the physical environment have already

been linked to alterations in the structure and functioning of entire ecosys-

tems, and ecological disruptions are expected to continue to occur. Although

our understanding of the physical processes driving ecological change in the

Southern Ocean has improved in recent years, significant knowledge gaps

remain largely as a result of insufficient observational data being available.
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High resolution ocean models are an important tool that can help us over-

come data scarcity. However, models generally contain biases that may affect

their ability to accurately represent environmental conditions in the region

of interest. Thus, their outputs must be evaluated before they can be used to

answer questions about ecological impacts. Here, we examined the suitabil-

ity of ACCESS-OM2-01, a high-resolution coupled ocean-sea ice model, for

ecological applications. We provide a template for testing the suitability of

model outputs for ecological applications, as well as quantitative estimates

of changes in key environmental variables for the Southern Ocean over the

recent past. Our results highlight the heterogeneous nature of the mean state

of the environmental variables examined and their trends across the Southern

Ocean. Our assessment shows that the ACCESS-OM2-01 model performance

differs across variables, but overall, it does a reasonable job in reproducing the

observed seasonal cycle and broad baseline climatological conditions of the

mixed layer depth and sea ice variables for the Southern Ocean over the half

century. Model performance also varies across space and time, which reflect

gaps in our understanding of how different atmospheric and oceanographic

mechanisms interact to drive change in the variables examined. These results

emphasise the importance of understanding the capabilities and shortcom-

ings of models within the boundaries of the area of interest prior to using

model outputs in ecological applications.

Keywords: environmental status and trends, Southern Ocean, climate

change, sea ice, ocean, Marine Ecosystem Assessment for the Southern

Ocean
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1. Introduction1

Anthropogenic climate change has undeniably modified and continues to2

affect all parts of the global climate system, including the oceans (1). Organ-3

isms are closely associated with their physical setting, with major changes4

to environmental conditions inevitably leading to alterations in the structure5

and functioning of entire ecosystems. Climate impacts can be direct by influ-6

encing physiological processes and life history characteristics of organisms,7

or indirect by modifying community composition or disrupting important8

inter-species interactions. Examples of the former include the foraging and9

reproductive success of sea ice-dependent species of seals and penguins that10

are negatively impacted by a decline of total sea ice extent. An example of11

an indirect effect is the uncoupling of predator-prey life cycles that limits12

food availability and hinders the ability of species to reproduce and grow13

(2; 3; 4; 5). Rapidly changing environmental conditions pose a serious threat14

to biodiversity and will ultimately alter the quality and quantity of ecosystem15

services (i.e., benefits obtained by humans from normal ecosystem function-16

ing) that these systems are able to provide (6).17

Climate change is felt globally, however regional responses differ. The18

polar amplification encapsulates the critical importance of cryospheric pro-19

cesses in the system response to global warming (7). For example, parts of20

the Southern Ocean (SO) warm at a rate over four times faster than the21

global average (8; 9; 10). The SO is the smallest and southernmost ocean on22

the planet, extending from the Antarctic Convergence at about 45◦S, to the23

coast of the Antarctic continent (11) and representing ∼10% of the global24

marine area (12). While it is small, it plays a crucial role in ocean circulation,25
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biogeochemical cycles, and the climate system at global scales through link-26

ages with physical, biogeochemical, and ecological processes in other ocean27

basins (13; 14). This strong influence is largely due to the eastward flowing28

Antarctic Circumpolar Current (ACC), which allows for exchange between29

surface and deep waters of the Atlantic, Pacific and Indian Oceans (15; 13).30

In flowing unimpeded from west to east, the ACC effectively isolates the cold31

waters of the SO from the warmer subtropical waters north of the Antarctic32

Convergence by reducing north to south water exchange (13; 10). The phys-33

ical conditions in the SO are characterised by its extremes, with markedly34

different conditions across seasons and years, but also across space due to35

local topography and oceanographic features (e.g., location of fronts and ed-36

dies) (2; 9; 16). Its isolation, combined with the distinctive environmental37

conditions of the SO have been credited for the high levels of biodiversity38

and endemism reported in this region that supports large populations of top39

marine predators, including seabirds and marine mammals (17; 9; 12; 18).40

However, the exceptional adaptions that have allowed organisms to occupy41

and thrive in this region make them particularly vulnerable to the effects of42

climate change (19; 20).43

Unprecedented environmental changes linked to anthropogenic climate44

change have been reported across the SO relative to the late 1950s (21; 1; 22).45

These changes include warming and freshening of the upper ocean (21; 2),46

ocean acidification (23), changes in stratification and mixed layer depth (24;47

25), modifications to the extent, timing and total duration of sea ice cover48

(26; 27), enhanced melting and break up of ice shelves (9; 1), changes to49

precipitation patterns (9), increased eddy kinetic energy (28), and alterations50
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to ocean circulation patterns, including changes in mixing and upwelling51

patterns (29; 1). Environmental change has not been uniform across the52

SO, instead regional impacts are highly variable. Opposing changes have53

been detected in adjacent regions, and the regional system response may lag54

due to differences in atmospheric or oceanic conditions (2; 27; 29; 10; 30;55

23; 31). Further, environmental perturbations and extreme climatic events56

are expected to become more frequent and intense under a changing climate57

(32; 1; 33). Alterations to the physical environment have already negatively58

impacted the health, structure and functioning of SO marine ecosystems,59

and major ecological disruptions are predicted to occur in the future (2; 12;60

14). Negative ecosystem responses are worse when the rate of environmental61

change surpasses the ability of organisms to adapt to the new conditions62

(34; 35; 33). Organisms with a narrow ecological niche, such as Antarctic63

notothenioids, Antarctic krill (Euphasia superba) and the emperor penguin64

(Aptenodytes forsteri) are expected to be among the worst affected (17; 2; 9;65

12; 36; 18).66

Our understanding of the physical processes driving the distribution and67

abundance of marine organisms and the structure and functioning of marine68

ecosystems in the SO has improved significantly in recent years (2; 12). How-69

ever, significant gaps remain in our understanding of environmental change,70

its ecological implications at a circumpolar and regional scale, and in our71

knowledge regarding the ability of marine organisms to adapt to environ-72

mental change (37; 38; 4). These gaps are in large part due to insufficient73

long-term observational data being available for a variety of ecologically rel-74

evant variables because of the difficulty and high costs associated with data75
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collection in the harsh environment of the SO (39; 40; 41). This limits our76

ability to assess the current state, to quantify the magnitude and rate of77

environmental change due to natural variability and climate change, and to78

determine the implications of these trends on ecological processes and ecosys-79

tem resilience (39; 40; 42). Ocean models may help us overcome the issue of80

data availability as their iterative development has yielded increasingly accu-81

rate and well-resolved simulations of environmental conditions. Furthermore,82

the spatio-temporal coverage of model outputs is not constrained by suitable83

environmental conditions regulating access to the study area; instead, they84

offer long-term continuous data at regular temporal and spatial intervals that85

are not currently available with observations (43). However, models gener-86

ally contain biases so their ability to accurately replicate past and current87

environmental conditions of the region of interest must be evaluated before88

model outputs can be used to investigate the effects of environmental change89

on ecosystems (44; 4; 45).90

In this study, we used outputs from ACCESS-OM2-01 (43), a high reso-91

lution (0.1◦ horizontal, 75 vertical levels) global ocean-sea ice coupled model92

forced with an atmospheric reanalysis product (Section 2.3.1) to assess the93

current status and past spatio-temporal trends of ecologically relevant vari-94

ables: sea ice concentration, sea ice extent, marginal ice zone, sea ice sea-95

sonality (i.e., sea ice advance and retreat, total duration of sea ice season),96

and mixed layer depth (see Section 2.2). We used the Marine Ecosystem97

Assessment for the Southern Ocean (MEASO, Figure 1) to assess variabil-98

ity in environmental change and ecological responses at ecologically relevant99

scales that are useful for policy- and decision-makers (Section 2.1). Finally,100
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we evaluated the ability of ACCESS-OM2-01 to reproduce past observations101

(Section 2.3.2) to determine whether the outputs of this model can accu-102

rately simulate past environmental conditions in the SO and ascertain if the103

model may be suitable to understand impacts of a changing climate on marine104

ecosystems. We achieved this by assessing the climatological means obtained105

from model outputs against calibrated observations. Through comparisons106

at a regional scale, we identified areas where the model has limitations for107

some environmental variables and where caution is needed for ecological ap-108

plications.109

2. Methods110

2.1. Regions111

We chose to use the MEASO regions (Figure 1) to evaluate and quan-112

tify the rate of change in the physical environmental of the Southern Ocean.113

These regions were designed to establish a standard spatial scale for report-114

ing and assessing environmental and ecosystem change in the SO, and to115

facilitate comparisons across studies and throughout time (45). MEASO116

includes five meridional sectors roughly based on the ocean basins they oc-117

cupy: Central and East Indian, East and West Pacific, and Atlantic. Each118

sector is subdivided into three latitudinal zones: Antarctic, Subantarctic and119

Northern (Figure 1). From north to south, zone boundaries are defined by120

the location of the Subtropical Front, Subantarctic Front, and the south-121

ern boundary of the Antarctic Circumpolar Current (46). MEASO region122

boundaries used in this study were obtained from the measoshape package123

(47) for the R programming language.124
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Figure 1: Marine Ecosystem Assessment for the Southern Ocean (MEASO) regions used

in this study to assess environmental change over time. MEASO regions include five

meridional sectors: Central and East Indian, East and West Pacific, and Atlantic. Each

sector is subdivided in three latitudinal zones: Antarctic, Subantarctic and Northern.

8



2.2. Environmental variables125

There are a number of sea ice, ocean, and biogeochemical variables that126

are available in the ACCESS-OM2-01 model that could be used to describe127

spatio-temporal changes in the physical environment of the Southern Ocean.128

We conducted a comprehensive review of current literature (Table 1), and129

selected a subset of these variables based on a combination of expert knowl-130

edge and the number of papers identifying a variable as ecologically relevant.131

We also prioritised variables about the physical environment that are avail-132

able in ACCESS-OM2-01, and for which observational data are available for133

comparison.134

The selected variables that we examine in this study are sea ice concen-135

tration (SIC), sea ice extent (SIE), marginal ice zone (MIZ) extent, sea ice136

seasonality and the mixed layer depth (MLD). There are multiple methods137

to estimate MLD (29), but here we define MLD as the depth at which the138

potential density is 0.03 kg m−3 denser than at a reference depth of 1.1m in139

ACCESS-OM2-01 (43), or 10 m in the observations (25).140
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2.3. Data sources141

2.3.1. Ocean-sea ice coupled model142

The Australian Community Climate and Earth System Simulator Ocean143

Model version 2 (ACCESS-OM2) is a coupled ocean-sea ice model with global144

coverage, extending from the North Pole to the Antarctic ice shelf edge145

(80◦S) using a tripolar grid (43). ACCESS-OM2 uses the Modular Ocean146

Model (MOM, (62)) version 5.1 developed by the Geophysical Fluid Dynam-147

ics Laboratory as its ocean component, and CICE version 5.1.2 (63) from148

Los Alamos National Laboratories as its sea ice component. ACCESS-OM2149

is not a data-assimilating model, but the ocean and sea ice components are150

forced by repeated 61-year cycles of 1958-2018 atmospheric conditions from151

the Japanese Reanalysis for driving oceans (JRA55-do, (64)) version 1.4.0.152

However, it is worth noting that neither the ocean or sea ice models do not use153

data assimilation in ACCESS-OM2, therefore the model is only expected to154

match observations in detail for features that are dominated by atmospheric155

forcing rather than intrinsic model dynamics (43).156

We use the 0.1◦ version of ACCESS-OM2 known as ACCESS-OM2-01,157

which represents many Southern Ocean and Antarctic shelf processes with158

remarkable fidelity (65; 66; 67; 68). This model configuration has a nominal159

horizontal resolution of 0.1◦ with 75 vertical ocean levels with a resolution160

of 1.1 m at the surface that coarsens to 198.4 m at 5,808.7 m depth. This is161

an updated version of the configuration described in (43). It was initialised162

from World Ocean Atlas 2013 v2 (69; 70) and run for several 61-year cy-163

cles of JRA55-do forcing. We analysed the monthly output of the second164

cycle to have the benefit of a 61-year spin-up while still being close to the165

14



climatological initial condition.166

2.3.2. Observational data167

We compared ACCESS-OM2-01 outputs against observation-based SIC168

and MLD datasets. The daily sea ice concentrations were obtained from169

the NASA Goddard-merged Near Real Time NOAA/NSIDC Climate Data170

Record of Passive Microwave Sea Ice Concentration, version 3 (71; 72), with171

a spatial resolution of 25 km x 25 km. Observations are available from172

October 1978 until present, with daily outputs available from July 1987, and173

every other day before then. The ice edge is defined using a 10% sea ice174

concentration threshold (71).175

Global climatological monthly mean MLDs and their trends for 1970-2018176

were obtained from (73). This 0.5◦ x 0.5◦ gridded dataset was created using177

vertical conductivity-temperature-depth (CTD) profiles obtained from ships,178

the NOAA World Ocean Database, the PANGEA database, Argo float data,179

and profiles from marine mammal-borne sensors (29).180

2.4. Data analysis181

We examined a subset of the variables identified as ecologically relevant182

in the literature (Table 1) to develop a workflow for ecologists to apply when183

assessing the suitability of model outputs for ecosystem applications.184

2.4.1. Trend analysis185

Linear least squares regression analysis was used to estimate trends. The186

standard error of the estimated slope was used to determine the significance187

of the trend following (25). We considered trends to be significant only if188

their absolute value was larger than their estimated standard error.189
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2.4.2. Sea ice calculations190

We defined sea ice concentration (SIC) as the percentage of ocean area191

that is covered by sea ice in a pixel/grid cell (27). We applied the same192

10% threshold used to define the ice edge from satellite observations (71)193

to the modelled data for intercomparability. Sea ice extent (SIE) is defined194

as the total area with SIC of 15% or above (27). The marginal ice zone195

(MIZ) is defined as a transition area between consolidated pack ice and the196

open ocean (74). There are several methods to estimate the MIZ (e.g., wave197

penetration, floe size, etc.), but here, we define the MIZ as the region with198

SIC between 15% and 80% to be congruent to previous ecological studies199

(75; 74). Finally, sea ice seasonality includes the timing of annual sea ice200

advance and retreat, and the total duration of the sea ice season, within each201

year (starts on February 15 and ends on February 14 of the following year202

in the Southern Hemisphere (26)). Sea ice advance was defined to begin on203

the day when sea ice concentration stayed above 15% for five days or more.204

The sea ice retreat was set to have begun the day when sea ice concentration205

remained below 15% until the end of the sea ice season. The sea ice season206

duration is the time between the day of advance and retreat (26). Annual sea207

ice seasonality metrics were calculated per pixel using sea ice concentration208

data from the ACCESS-OM2-01 model following (26).209

2.4.3. Evaluation of model-based estimates210

Prior to performing comparisons, data were spatially aligned, which al-211

lowed us to perform pixel by pixel comparisons. Model outputs were then212

regridded using a bilinear interpolation to match the resolution of observa-213

tional data.214
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3. Results215

3.1. Sea ice216

3.1.1. Mean climatological patterns217

ACCESS-OM2-01 replicated well the distinct seasonal SIC cycle in the218

Southern Ocean (Figure 2) in the 39 years (1979-2018) covered by the obser-219

vational dataset. The median SIC values peaked during austral winter (JJA)220

across all sectors, except in the Atlantic and West Pacific, where sea ice221

was found in similar concentrations from austral autumn (MAM, Table 2).222

These two regions showed the lowest spatio-temporal variability in autumn223

SIC values, with high SIC concentrated within the Weddell Sea (Atlantic224

sector) and Ross Sea (West Pacific), and rapidly declining SIC values north225

of 70◦S.226

Seasonal SIE patterns for the SO were also well represented in ACCESS-227

OM2-01 (Figure 2, Supplementary Figure Appendix A.1). The warmer wa-228

ters north of the ACC prevent sea ice formation, acting as a boundary for SIE229

at a circumpolar level (26). All sectors reached their lowest extent in Febru-230

ary. Mean SIE peaked in August in the East Indian and East Pacific sectors231

and September in the other sectors (Supplementary Figure Appendix A.1),232

although these differences are insignificant given the standard deviation. In233

terms of the relative sector area covered by sea ice, the largest proportions234

were found in the West Pacific sector, where just over half of its total surface235

area was covered by sea ice in winter and spring. The Atlantic sector stands236

out with the largest seasonal and inter-annual SIE variabilities when com-237

pared to the rest of the SO, particularly during summer and autumn. The238

substantial decadal SIE variability in ACCESS-OM2-01 is consistent with239
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Figure 2: Climatological mean of sea ice concentration (SIC) in the Southern Ocean (1979-

2018). (Left) Sea ice concentration estimates from ACCESS-OM2-01. SIC values under

10% were removed from plots to match observations. (Center) SIC estimates obtained from

satellite data (71). (Right) Difference between modelled and observed sea ice concentration

(model - observations). Grey lines denote MEASO sectors.
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observations (76) and also seen in other high resolution models (77).240

In the model, the marginal ice zone (MIZ) encircled the Antarctic conti-241

nent in its entirety during winter and spring. However, during summer and242

autumn SIC fell under the 15% threshold at the northern end of the Antarc-243

tic Peninsula, therefore the MIZ was not present in this region, in agreement244

with observations (Figure 2 left and centre columns). The model showed245

the same situation during summer in the eastern side of the Central Indian246

sector and much of the East Indian sector, where the SIC does not surpass247

15%, but this opposes the patterns seen in observations (Figure 2 A and248

B). The MIZ showed a highly asymmetrical seasonal pattern of advance and249

retreat across all sectors, except the East Pacific, with some differences in250

the timing and magnitude of change across sectors (Figure 2, Table 2), sup-251

porting previously published work (74). The MIZ minimum area occurred252

in February across all sectors, with increases in MIZ area occurring over a253

period of 9-10 months across all sectors, except the West and East Pacific. In254

the West Pacific sector, it took two months for the MIZ to reach its peak and255

a further two months to its lowest extent, with the MIZ persisting almost256

unchanged for the remaining eight months (not shown). Overall, the timing257

of maximum and minimum MIZ area derived from the model output and258

observations coincided across all sectors (not shown), except in the Central259

Indian where the maximum was predicted to occurred a month later than260

observed (December instead of November), and in the West Pacific where261

the minimum areas occurred three months apart (May instead of February).262

MIZ seasonal patterns are distinct from those in overall SIE. For example,263

the smallest median MIZ values between 1979 and 2018 in the Atlantic sector264
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Table 2: Summary statistics (median, with lower and upper quartiles in parentheses)

per season and for each MEASO sector of ACCESS-OM2-01 1979-2019 climatological sea

ice concentration, sea ice extent and marginal ice zone area. Median and quartiles were

calculated by pooling all non-zero values within a sector boundary, thus they represent

the spatio-temporal variability within each sector.

Sea Ice Concentration (%)

Summer Autumn Winter Spring

Atlantic 59 (31-81) 95 (62-99) 95 (92-98) 90 (85-94)

Central Indian 39 (22-57) 71 (36-92) 91 (75-95) 88 (75-93)

East Indian 35 (19-57) 78 (40-93) 89 (69-94) 82 (58-89)

East Pacific 45 (24-70) 84 (45-97) 93 (74-97) 89 (68-95)

West Pacific 55 (30-76) 95 (70-98) 94 (91-97) 91 (86-94)

Sea Ice Extent (106 km2)

Summer Autumn Winter Spring

Atlantic 2.1 (1.0-4.9) 3.0 (1.8-4.4) 6.6 (6.1-7.1) 6.8 (6.4-7.3)

Central Indian 0.2 (0.02-2.1) 1.0 (0.2-1.7) 3.1 (2.7-3.4) 3.6 (3.4-3.7)

East Indian 0.2 (0.03-0.6) 0.7 (0.2-0.9) 1.5 (1.4-1.7) 1.5 (1.4-1.7)

East Pacific 0.8 (0.4-1.3) 1.1 (0.7-1.4) 2.1 (1.9-2.4) 2.1 (1.8-2.3)

West Pacific 1.9 (1.1-2.7) 2.5 (1.9-2.9) 3.7 (3.5-3.9) 3.8 (3.5-4.0)

Marginal Ice Zone area (106 km2)

Summer Autumn Winter Spring

Atlantic 1.8 (0.7-3.5) 1.1 (0.9-1.3) 1.0 (0.9-1.1) 1.3 (1.1-1.6)

Central Indian 0.2 (0.02-2.0) 0.7 (0.2-0.8) 1.0 (0.9-1.0) 1.1 (1.0-1.4)

East Indian 0.1 (0.03-0.6) 0.4 (0.2-0.4) 0.5 (0.4-0.6) 0.7 (0.6-0.8)

East Pacific 0.7 (0.4-1.1) 0.5 (0.4-0.6) 0.7 (0.6-0.7) 0.7 (0.6-0.8)

West Pacific 1.7 (1.1-2.0) 0.6 (0.5-0.9) 0.6 (0.6-0.7) 0.7 (0.7-0.8)
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were recorded in winter and the maximum during summer, in contrast with265

the SIE patterns in the same sector. These opposing trends could be inter-266

preted as the sea ice transforming from consolidated pack ice (i.e., areas with267

SIC > 80%) into the MIZ range over a large area as the melting season began268

(74). The largest differences between MIZ maxima and minima occurred in269

the East Pacific sector, with variation of over 30% between the advance and270

retreat (Table 2). The MIZ covered a small percentage of the area within the271

Atlantic sector, from ∼ 7% during autumn and winter, to just under 15%272

during summer. MIZ was the dominant sea ice area in summer across all273

sectors with a minimum of three quarters of sea ice classified as MIZ. The274

proportion of the sea ice classified as MIZ heavily declined in winter, with275

less than a third of sea ice considered as MIZ across any sectors.276

The climatological mean of sea ice advance, retreat and total duration277

between 1979/80 and 2017/18 highlight the seasonal nature of sea ice in the278

Southern Ocean, with different patterns seen across different sectors (Figure279

4). Sea ice advance occurred at a faster rate in areas such as the Atlantic280

sector, where sea ice extended about 10◦ of latitude along 30◦W during the281

first month of the sea ice season. However, this process was much slower in the282

Central and East Indian sectors, where at its lowest point, sea ice advanced283

less than 2◦ of latitude along 120◦E during the same time (May contour in284

Figure 4 A). Throughout spring, the rate of sea ice advance was almost the285

same throughout all areas of the SO where maximum yearly SIE was not286

yet reached. Overall, sea ice advance occurred over seven to eights months287

(Figure 4 A, Figure Appendix A.1). Sea ice retreat generally started in late288

spring and early summer and lasted about three to four months, which is289
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Figure 3: Yearly mean (dots) and standard deviation (shaded area) of sea ice extent (SIE)

for summer (red) and winter (blue) for each MEASO sector. SIE was calculated from

daily ACCESS-OM2-01 sea ice concentration data (December 1979 to November 2018).
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about half of the total duration of the sea ice advance (Figure Appendix A.1).290

Sea ice retreated faster within the Atlantic sector than anywhere else in the291

SO, with sea ice receding about 11◦ of latitude along 0◦ between November292

and January. The slowest rate was found in the East Indian sector, where293

the sea ice retreat was about 3◦ of latitude at 120◦E for the same period.294

In sectors where mean sea ice extent was largest and where sea ice advance295

occurred relatively fast, such as in the Atlantic and West Pacific sectors, only296

a small portion of sea ice persisted for 90 days or less (Figure 4 G).297

The largest differences in sea ice advance between model and observa-298

tions were found within the East and West Pacific sectors (from the Western299

Antarctic Peninsula to ∼ 150◦W ), with differences of about 30 days over300

much of this area. The model was biased negative (i.e., earlier advance)301

mostly, with just a small area within the Amundsen and Bellingshausen Seas302

showing a later sea ice in the model (Figure 4 C). Sea ice retreat in the303

model showed the largest deviation from observations along the coast of the304

Central and East Indian sectors, where sea ice was predicted to retreat over305

50 days earlier than observed (Figure 4 I). Interestingly, most of the areas306

where the sea ice advance was predicted to start later in the model showed307

an earlier start for the retreat. These differences in turn affected the total308

length of the sea season estimated from the model, with coastal areas largely309

predicted to have a shorter sea ice season than observed, while duration is310

largely overestimated in offshore areas.311

3.1.2. Temporal trends312

The magnitude and direction of SIC trends in the SO between 1979 and313

2018 were not uniform across space and time, as both positive and negative314
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Figure 4: Climatological mean of sea advance, retreat and total duration in the South-

ern Ocean (1979/80-2017/18). Mean start day of sea ice advance (A-B) and sea ice

retreat (D-E), and mean sea ice season duration (G-H) for model-based estimates (A,

D, G), observations-based estimates (71) (B, E, H) and differences between model- and

observation-based estimates (model-observations; C, F, I). Contours show months for sea

ice advance (A-B) and retreat (D-E), and total number of days for duration (G-H). Black

lines represent MEASO boundaries.
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Figure 5: Decadal trends in seasonal mean sea ice concentrations for 1979-2018 calculated

from ACCESS-OM2-01 outputs. Areas with no significant trend are blanked out. Black

lines represent MEASO boundaries.
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significant trends were found across all sectors (Figure 5). The largest nega-315

tive trends during winter and spring were found in areas near the ice edge in316

the Atlantic sector (from ∼ 60◦W to 0◦) and the eastern part of the Central317

Indian sector. Significant gains in SIC during spring were mostly confined318

towards the ice edge in the western half of the Central Indian sector (from319

∼ 30◦E to 80◦E), and along a continuous arc from 100◦E to 110◦W, which320

includes the entire ice edge in the East Indian and West Pacific sectors, and321

a small part of the East Pacific sector. The largest significant losses in SIC322

during summer and autumn occurred within the East Pacific sector, more323

specifically on the shelf areas of the Amundsen-Bellingshausen seas. The324

spatial patterns and direction of trends from the model data are similar to325

observations (27), but we found the rate of change in SIC was several times326

smaller (see Section 4 for a discussion of potential causes of this difference)327

. Trends for the SIE (not shown) were mostly statistically insignificant and328

an order of magnitude smaller than observed by (76).329

As seen for other sea ice related variables, the trends in modelled sea ice330

advance, retreat and season duration were not consistent across the SO. Sea331

ice advance started about a week earlier every decade in most sectors, but332

was delayed in the East Pacific sector (not shown) by about five days per333

decade from the Antarctic coast up to 70◦S, and 10 days or longer further334

north. Significant sea ice retreat trends were also mostly negative, but not335

as widespread as for the sea ice advance, being mostly concentrated in the336

Atlantic sector and towards the eastern edge of the Central Indian sector.337

Significant delays in the start of the sea ice retreat were also detected across338

all sectors, but they were very localised (not shown). The largest decrease339
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in the season duration was in the East Pacific sector, which is largely driven340

by a later start of the sea ice advance. The areas where sea ice duration has341

significantly extended are also linked to changes in the advance of sea ice, in342

this case to an earlier start. Area-averaged trends in sea ice advance, retreat,343

and duration are statistically insignificant in all sectors except the Central344

Indian, where earlier advance causes a 2.5day/decade increase in duration345

(Supplementary Figure Appendix A.6).346

3.2. Mixed Layer Depth347

3.2.1. Mean climatological patterns348

We analysed mixed layer depth changes in the model between 1970-2018349

to compare with available observations. The model qualitatively captures350

the strong seasonality of the Southern Ocean MLD, increasing from tens of351

metres in summer to hundreds of metres in winter due to wind-induced mix-352

ing and vertical entrainment due to sea ice formation (Figure 6). The broad353

spatial patterns are qualitatively consistent with observations and previous354

findings (60; 78; 29). Quantitative agreement with observations was closest in355

summer and autumn (Figure 6 C, F). During summer, the shallowest mixed356

layer estimates overlapped with areas where sea ice was present and melting.357

Mean MLD estimates under the ice did not exceed 25 m across any MEASO358

sectors. On the other hand, the deepest mixed layer estimates in summer359

were found within the ACC, especially in the Central Indian Subantarctic360

(170 m) and Atlantic Subantarctic ( 100 m) sectors, which coincided with361

areas where surface waters subduct to form intermediate and mode waters362

(15). During autumn, the mixed layer was shallowest under sea ice covered363

areas, but deepened in certain areas along the coastline in all sectors except364
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the East Pacific.365

In winter and spring, there is a strong spatial variability in MLD estimates366

(Figure 6 G, J, Supplementary Table A.3). The model showed a narrow band367

along the continental shelf for all sectors except the East Pacific where the368

mixed layer reached several hundred meters during these two seasons. The369

mixed layer shoaled north of the continental shelf in areas covered by sea ice,370

with maximum MLD of 170 m in winter and 140 m in spring recorded in371

these ice-covered areas (Figure 6 G, J). These areas were generally predicted372

to be shallower in the model than in observations. These differences in depth373

were generally 50 meters or less, with limited areas (e.g., northern eastern374

Antarctic Peninsula in the Atlantic sector) showing a shallow bias of 100 m or375

more (Figure 6 I). In ice-free areas, the model showed a positive bias across376

most of the Southern Ocean (Figure 6 I, L) and generally the differences377

compared to observations were larger during winter and spring. The largest378

departures from observations occurred in the Weddell Sea (Atlantic sector)379

and within the ACC. Here, the model predicted the mixed layer to be over380

a thousand meters deeper than observation. Additionally, the deep mixed381

layer within the ACC was predicted to be wider, and it continued to deepen382

over a longer period than seen in observations.383

3.2.2. Temporal trends384

Trend analysis from model-based MLD estimates for summer and autumn385

show statistically significant deepening of the mixed layer across most of the386

SO over the 1970-2018 period, except in the Northern Central Indian sector387

(Figure 7 A, B). Deepening has occurred at a median rate of 0.2 m/decade388

to 1.4 m/decade in summer, and between 0.3 m/decade and 1.4 m/decade389

28



Figure 6: 1970-2018 seasonal mean mixed layer depth in ACCESS-OM2-01 (left) and the

observation-based estimates of (73) (center). The solid pink line shows the 1970-2018 mean

ice edge, and the dotted pink line is the 1979-2018 ice edge estimated from satellite data

by (71). Right: Mixed layer depth difference (model - observations). Grey lines represent

MEASO boundaries.
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in autumn. This is about one order of magnitude less than trends calculated390

from observation-based MLD estimates (25). The Northern Central Indian391

is the only sector where MLD is shoaling (median rate of 0.6 m/decade in392

summer and 0.7 m/decade in autumn). Additionally, statistically significant393

shallowing MLD trends can be seen in parts of the Antarctic and Subantarctic394

East Pacific (near the Western Pacific Peninsula), and the western boundary395

of the Antarctic East Indian sector in autumn.396

MLD trends showed greater spatial variability in winter and spring. About397

two thirds of MEASO sectors show deepening of the mixed layer (Figure 7398

C, D). The fastest deepening of MLD was found within the Antartic At-399

lantic zone, which concentrated around Maud Rise in winter (∼ 0◦) and400

extended further west into the northern Weddell Sea during spring. It is not401

immediately obvious what may be driving this trend. A significant shoaling402

MLD trend can be seen almost circumpolarly within the Antarctic MEASO403

zones (excluding the eastern Antarctic Peninsula) in these seasons, with the404

largest change occurring in the Antarctic East Indian sector. In this sector405

during winter, shoaling occurred at a median rate of 6.5 m/decade (almost406

50% greater than the largest annual deepening trend). Additionally, the407

MLD was significantly shoaling across most of the Northern zone of the Cen-408

tral Indian, West Pacific sectors, which coincides with observations (25) and409

CMIP5 models (78).410

4. Discussion411

Ocean models are a key resource that can be used by ecologists to inform412

studies of the effects of climate change on ecosystems, and to improve pro-413
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Figure 7: Decadal trends in ACCESS-OM2-01 seasonal mean mixed layer depth between

1970 and 2018. Insignificant trends (i.e., smaller magnitude than the standard error) are

blank. Black lines represent MEASO boundaries.
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jections of likely ecological responses to a changing environment. However,414

evaluation of model outputs is a necessary first step prior to incorporating415

this output in ecological research as uncertainties and biases in the model out-416

puts directly impact the reliability of projected ecological responses (79; 4).417

Our analysis provides a template for testing the suitability of model outputs418

for ecological applications, and quantitative estimates of changes in key en-419

vironmental variables for the Southern Ocean over the past 50 years. Such420

information is key to inform management of Antarctic marine resources and421

the design and implementation of marine protected areas aimed at conserv-422

ing and building resilience of SO ecosystems to climate change (37; 4). It423

is worth noting that ACCESS-OM2-01 is a free running model and it does424

not use observational data (with the exception of JRA55-do, a reanalysis425

product used as atmospheric forcing) to improve model outputs, therefore426

our assessment focused on testing its statistical behaviour rather than on its427

ability to reproduce specific events.428

Our assessment shows that the coupled ocean-sea ice model ACCESS-429

OM2-01 does a reasonable job in reproducing the observed seasonal cycle430

and baseline climatological conditions of the mixed layer depth, and sea ice431

variables (i.e., SIC, SIE, MIZ, seasonality) for the Southern Ocean for the432

periods between 1970-2018, and 1979-2018 respectively. Our results high-433

light the heterogeneous nature of the mean state of the environment and434

trends across the Southern Ocean. This heterogeneity reflects differences in435

local environmental processes (29; 10; 74) and in turn dictates the ecological436

responses to environmental variability (2; 12). This result supports the use437

of regions to assess long-term environmental change, and despite large het-438
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erogeneity in responses within sectors, the MEASO regions (45) allow us to439

carry out assessment at scales that are relevant to ecological processes and to440

policy-makers. Overall, ACCESS-OM2-01 provides a good representation of441

the ecologically relevant variables examined and we expect these and other442

variables included in the model will be suitable for examining the effects of443

climate change on SO ecosystems. The high resolution of ACCESS-OM2-01444

allows future regional level ecological assessments to incorporate mesoscale445

environmental features that are key drivers of ecological processes. However,446

it is worth noting that there is some subjectivity in defining what makes a447

good model. Various criteria have been designed for this purpose and re-448

searchers are strongly advised to carefully consider their specific needs and449

develop metrics that capture the model performance across all variables of450

interest (79).451

Sea ice is a critical element regulating the structure and dynamics of SO452

ecosystems as it provides key foraging, breeding and refuge habitats to a453

variety of marine organisms (80; 81; 2; 82; 83; 84). There is evidence already454

linking changes in sea ice (e.g., seasonal and interannual variability in SIE,455

SIC, MIZ, as well as advance and retreat patterns) to alterations in envi-456

ronmental conditions leading to shifts in the abundance and distribution of457

species at different levels of the trophic food web, from phytoplankton to top458

predators (84; 10). Our model results showed that at a circumpolar level,459

the largest SIC trends are negative across all seasons, but trends are much460

weaker than observations, which suggests we do not completely understand461

the mechanisms driving changes in sea ice. Despite these limitations, the462

model provides a generally realistic representation of the sea ice seasonal463
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cycle, albeit with a widespread bias towards low SIC in summer. It is also464

worth highlighting that evolution of the MIZ within a yearly cycle showed465

large differences across sectors and it was markedly different than the overall466

SIE trends. The mechanisms driving changes in the distribution and extent467

of the MIZ and the more consolidated pack ice type is not fully understood468

yet (74), but changes to the MIZ area have ecological implications. This469

is because the MIZ is characterised by increased ocean stratification and470

reduced mixing due to freshening of surface waters by enhanced ice melt-471

ing, and higher light availability due to reduced ice cover (82; 25). The472

combination of these conditions will likely result in an increase in primary473

productivity, particularly when nutrients trapped in the sea ice are released474

during melting (2; 50). The distribution and composition of phytoplankton475

communities are also affected by environmental change (2; 50), which in turn476

affects secondary producers, such as krill, because they may no longer have477

access to their preferred phytoplankton prey group (85; 54). Changes in the478

prevalence of MIZ, particularly during winter, also have a more direct effect479

on secondary consumers, such as Antarctic krill, by providing high deformed480

sea ice regions with relatively high levels of food availability that krill larvae481

use as refuge to survive the winter (86). Increases in SIE and the length-482

ening of the sea ice season, such as we have observed in the Central Indian483

sector, have already resulted in an exclusion of breeding southern elephant484

seals (Mirounga leonina) from highly productive shelf waters (10). Thus, we485

highlight the need to improve our understanding of mechanisms controlling486

changes to the timing and spatial variability of sea ice as a whole and in the487

MIZ.488
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Sea ice is notoriously difficult to simulate in climate models, largely be-489

cause there are still some gaps in our understanding of how different atmo-490

spheric and oceanographic mechanisms interact to drive change in sea ice491

conditions (4; 87; 74). However, we found that ACCESS-OM2-01 replicated492

mean sea ice conditions with reasonable accuracy, particularly during win-493

ter months, and the high spatio-temporal variability at a regional scale. The494

SIE and MIZ thresholds in SIC were well represented in the model, with sub-495

stantial overlap in the model- and observation-based monthly means. These496

results are encouraging as accurate representation of sea ice conditions at a497

regional level is required to assess the impacts of a changing climate at a498

scale that is relevant to study ecosystem impacts, and to provide support499

for decision makers (2; 12). Larger deviations from observations were found500

in the mean climatology for SIC, particularly during the summer months501

(Figure 2 C). This is not unique to the ACCESS-OM2-01 model; in fact the502

latest generation of climate models are known to have a very limited ability503

to reproduce past SIC conditions, with multiple models unable to replicate504

the strong sea ice decline observed between 2016 and 2018 (10). Although505

the model replicated well the spatial patterns in SIC trends, we found that506

they were several times smaller than those calculated from observations (27).507

We hypothesise the differences in the magnitude of the trend are due to the508

model keeping larger sections of sea ice with higher volume than reality due509

to sea ice being advected towards the Antarctic continent by wind stress. In510

reality, sea ice forms smaller masses that are more likely to melt. Differences511

in the total duration of the sea ice season were also found to be substantial512

between the model and observations, particularly along coastal areas which513
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provide key habitat to sea ice dependent species, such as the emperor pen-514

guins (88). The distribution of positive and negative biases in sea ice outputs515

from ACCESS-OM2-01 varied across seasons and sectors, with their cause516

not immediately clear and beyond the scope of this publication. Less ac-517

curate estimates should be considered more carefully prior to their use in518

ecological research, since there is evidence showing that differences of one519

month in the start of the sea ice retreat can lead to significant changes to520

local environmental conditions that directly regulate the timing and magni-521

tude of phytoplankton blooms and the productivity of the entire food web522

(4). Further, we found that ACCESS-OM2-01 replicates some, but not all, of523

the significant gains in SIE identified in observations (27). This may hinder524

our ability to identify the local processes driving temporal sea ice trends (74).525

The mixed layer depth has been identified as another essential environ-526

mental variable driving ecosystem change in the SO as it regulates the size527

and distribution of the nutrient pool that is available within the photic zone of528

the water column, which is fundamental for primary productivity (60; 39; 29).529

Our results show that ACCESS-OM2-01 is able to capture the seasonal cycle530

of the MLD and broad spatial patterns in the climatological mean. Spatial531

MLD patterns were similar across all seasons and appeared to be influenced532

by the presence of sea ice (Figure 6, left column) through the regulation of533

salinity and density in the water column via freshwater input from ice melt-534

ing, saltier water through brine rejection during sea ice formation and the535

amount of solar radiation that reaches the upper water column (29). The lo-536

cation of the ACC (between 50◦S and 60◦S) also appeared to influence MLD,537

as surface waters subduct in these areas to form Subantarctic Mode Water538
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(SAMW) and Antarctic Intermediate Water (AAIW) (15; 29). The model539

consistently had a mixed layer too deep in open water areas during win-540

ter and spring, and too shallow during summer, autumn and in ice-covered541

ocean areas during winter and spring. Some of the largest deviations from542

observations occurred during winter and spring within the ACC (Figure 6),543

mirroring the spatial distribution of biases in CMIP6 models (1) and a small544

subset of CMIP5 models (78). It has been suggested that these differences545

were the result of larger amounts of subtropical mode waters being subducted546

in models compared to reality (78). The Weddell Sea (Atlantic sector) was547

another area with large biases during winter and spring in ACCESS-OM2-01,548

however this area was not misrepresented to the same magnitude in CMIP6549

models, and only two CMIP5 showed similar patterns in the location and550

magnitude of MLD biases in this area (78). The mechanisms responsible for551

biases in this area have not yet been identified, but the choice of method to552

estimate MLD could be a potential source of the mismatch (43; 58; 78).553

MLD trends calculated from ACCESS-OM2-01 are an order of magnitude554

smaller than those derived from observational data (25). These differences555

may be the result of model drift from the initial ocean state, which occurs as556

the model reaches equilibrium, and makes trends harder to detect. Although557

the representation of MLD in ocean models has improved over time, partic-558

ularly in high resolution models that are able to capture mesoscale features,559

these biases suggest gaps remain in our understanding of the mechanisms560

and mixing parameterisations driving changes in MLD at a regional level561

(29; 25). Additionally, we must keep in mind the quality and quantity of562

available observations, especially early in the data collection record. This563
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paucity of observations may impact the observational trend seen by (25),564

especially during the winter season when observations are sparse. Indeed,565

spatio-temporal biases in observational data, which are largely collected dur-566

ing summer in ice-free waters north of the ACC (29; 25), hinder our ability567

to develop an in-depth understanding of the processes driving fluctuations in568

MLD at a regional level and across different seasons (29). Considering the569

strong correlation between surface solar irradiance and primary productivity570

in the SO (89; 90; 24), we argue that MLD model biases are an outstanding571

issue that must be resolved due to their ecological relevance. We emphasise572

that the effect of MLD goes beyond primary producers, as it indirectly af-573

fects the fitness of higher trophic levels, including top predators, via changes574

to prey availability (91; 92). Consistent biases or other errors in MLD in575

ACCESS-OM2-01 will impact the use of ACCESS-OM2-01 for ecosystem as-576

sessments. Despite these limitations this model provides a realistic seasonal577

cycle for MLD that matches observations in most regions.578

5. Conclusions579

We have focused on exploring the spatio-temporal trends of a small sub-580

set of variables related to the physical marine environment that are known581

to influence Southern Ocean ecosystems. Our model assessment shows that582

the coupled ocean-sea ice model ACCESS-OM2-01 reproduces baseline sea-583

sonal, climatological means in the SO with reasonable accuracy. Differences584

in model performance were seen across variables, but this is expected be-585

cause computational resources currently available do not allow for a single586

model to capture the complexity of the climate system and represents all587

38



environmental variables equally well (4). We need reliable representations of588

past environmental conditions to better understand the ecological impact of589

past environmental change and to predict future ecological impacts (4). As590

such, these results emphasise the importance of understanding the capabili-591

ties and shortcomings of models within the boundaries of the area of interest592

prior to using model outputs in ecological applications. For variables, such593

as sea ice, that have complex effects on the structure and functioning marine594

ecosystems (80; 81; 2; 24; 82; 83; 84), the effect of small deviations in model595

output from observations can become amplified by the complexity of eco-596

logical interactions (4). Therefore we should be cautious when using sea ice597

seasonality outputs but also remind the reader of paucity of accurate frequent598

(in the order of days) high-resolution sea-ice measurements especially over599

Antarctic sea ice. It is ultimately up to end-users to decide if the difference600

between model outputs and observations make the model suitable to address601

their ecological questions. There are no set guidelines to define what a good602

model is, but thresholds of ±20% difference between observations and model603

estimates have been used in the past for sea ice data (4).604

We must also highlight that the impact of climate change on the SO605

goes beyond its physical environment. Climate change affects biogeochem-606

ical cycles for example through ocean acidification due to enhanced carbon607

absorption, and oxygen depletion due to ocean warming (50). Changes to608

the chemical properties of the ocean in turn affect the ability of marine or-609

ganisms to grow, reproduce and survive (2; 50). Future work will examine610

representations of biogeochemical variables in ACCESS-OM2-01. We should611

also consider that changes in sea ice conditions do not occur in isolation and612
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in fact, they can result in alterations to other environmental variables, such613

as mixed layer depth (24; 82; 84). This means that ecosystems are affected614

by multiple stressors at once and the combined effects act in a cumulative615

way, which in turn compromises the ability of the SO to provide the same616

number and quality of ecosystem services that are important to humans,617

including fisheries support, carbon storage and sequestration, and tourism618

(93). Further, the cumulative nature of environmental impacts makes it dif-619

ficult to project the ecosystem response to a changing climate. It is therefore620

important that future work takes this into account to improve predictions of621

ecological responses and better inform their management (4). Our analysis622

is highly adaptable to the needs of researchers and policy makers and can be623

extended to any environmental variable, time period and areas of interest.624

Scripts are publicly available in an effort to make this work accessible and625

reproducible.626
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Figure Appendix A.1: 1979-2018 monthly mean (dots) and standard deviation (shaded

area) of ACCESS-OM2-01 (red) and (71) observational (black) estimates of sea ice extent

per sector. Axis scales differ.
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Figure Appendix A.2: Yearly mean (dots) and standard deviation (shaded area) of sea ice

extent for spring (green) and autumn (yellow) per sector (MEASO). SIE was calculated

from daily ACCESS-OM2-01 sea ice concentration data between 1979 and 2018.
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Figure Appendix A.3: Differences in trend direction for summer (A), autumn (B), win-

ter (C), and spring (D) calculated from ACCESS-OM2-01 outputs and observations (71)

between 1979 and 2018. Zero values shown in white indicate trends in the model and

observations agree. Negative values indicate that observations had a negative trend while

the model had either a positive trend (-2) or no trend was detected (-1). Positive values

indicate positive trends in observations with either no trend detected in the model (+1),

or a negative trend in the model (+2). Black lines denote MEASO sectors.
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Figure Appendix A.4: Standard deviation in sea ice concentration estimated from

ACCESS-OM2-01 outputs between 1979 and 2018. Black lines denote MEASO sectors.
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Figure Appendix A.5: Sea ice extent (SIE, blue dots) and marginal ice zone area (MIZ,

green dots) trends per month and MEASO sector in ACCESS-OM2-01 model outputs for

1979-2018. Shading shows the standard error of trends. Stars highlight significant trends.
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Figure Appendix A.6: Mean yearly start of sea ice advance (top row), sea ice retreat

(middle row) and total duration (bottom row) for each MEASO sector calculated from

ACCESS-OM2-01 model outputs from 1979 to 2018. Red borders highlight significant

trends (p ≤ 0.05).
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