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Abstract

The story of Southern Hemisphere humpback whales through time presents multiple narratives. This
study integrated two of those narratives to better understand our climate over time - the ecological
behaviour of this species as well as their exploitation in the last century. The changing of our climate
is largely better understood from the introduction of satellites in the late 20" century, when data could
be collected at higher spatial and temporal levels. Prior to this, data were scarce, especially for remote
areas such as the Southern Ocean. The trust on climate models to produce valuable projections rely
on how skilled they are in reproducing the historical climate; therefore their results require assessments
against as many observations as possbile to further increase their reliability. The Southern Ocean being
an integral component to climate regulation, it is important to try understand its oceanographic features.
The seasonal sea ice cover represents one major feature of this system. This study proposes to use other
sources of data for the early 20" century that will help closing the gap prior to satellite observations.

Humpback whales migrate poleward during the austral summer to feed on Antarctic krill at a prox-
imity to the ice edge. Humpback whale catch locations in the early 20*" century corroborate with this
foraging behaviour. Using humpback whale catch location data as a benchmark, the study aims to assess
the skill of climate models in simulating sea ice edge location for the early 20" century. Sea ice edge is
directly related to sea-ice extent, which is an important variable in the research of sea ice dynamics over
time. This is especially true in the face of rapid climate change where accuracy of sea ice changes is very
important. The study therefore also aims to assess climate model climatological seasonal cycle of sea
ice extent results from climate models against literature and contemporary observations. Comparisons
between each model’s results are also carried out.

The humpback whale catch effort, as per IWC data, mostly covered the Atlantic and the Indian sector
of the Southern Ocean. For this reason, the study focused on these two sectors for the analyses. Decade
1930-1939 showed the highest catch numbers consistently throughout the months of the study.

The simulated past century and recent climatological seasonal cycle sea ice extent show a wide variety
of responses between the models, with the majority of them underestimating the seasonal cycle based on
previous literature and contemporary observations. This indicates the need to improve the sea ice physical
processes in models to better capture the specific Southern Ocean processes.The ensemble median of ice
edge location from the models apparently follow the latitudinal pattern of the whale catch locations,
which are assumed in this study to mark the topography of the sea ice edge. However, they simulate
a sea ice edge equatorward of the edge derived from an ensemble analysis of humpback whale catch
locations. The variance explained by the coefficient of determination between the models and the whale
catch distribution is low, with the highest value of one month being low as well. This indicates that only

a portion of the simulated edge follows the reconstructed sea ice features.
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The recognition of silver linings may sometimes require a shift in perspective of the immediate
narrative. This is true for the historic exploitation of humpback whale species in the Southern
Ocean. With a shift in perspective, many stories are offered - of historic activities, exhibiting
resilience to external forces, the successes of marine species conservation; and climate change.
It is evident that one species can offer plenty to scientific research and the opportunity for
cross-disciplinary scientific research. The humpback whales in the Southern Hemisphere have

offered exactly that.

1 Introduction

We are observing major changes in the world’s oceans that are attributed to human activities. Increasing
evidence points to the anthropogenic pressures imposed on the oceans and the cryosphere. Since the pre-
industrial era, the global temperature has risen by approximately 1 °C. In the framework of paleoclimatology,
this rise in global temperature is a cause of major perturbations in the oceans and cryosphere (Abram et
al., 2019). These perturbations have consequences for all life on Earth, including us. Marine species are
already being affected by these changes (Poloczanska et al., 2013), especially those that move across larger
distances, over multiple oceans, within their life cycles (Meynecke et al., 2020).

We therefore are in need of improving our understanding of the changing climate over time, to better
constrain future climate responses. However, climate model simulations are not consistently reliable across
the globe. In the Southern Ocean, there are major biases that affect the ability to simulate climate conditions,
such as lack of observational data. This is especially apparent for Antarctic sea ice due to its inaccessibility
in previous centuries(Roach et al., 2018). Species that may be more vulnerable because they have been more
severely exploited can surprisingly contribute to improving the quality of climate models, especially in a
period of vast Earth observation data scarcity like the early 20" century.

Humpback whales in the Southern Hemisphere cover large migration distances in their life span (Ras-
mussen et al., 2007), from Antarctica to the continental shelves of South America and the southern regions
of Africa. Because of their seasonal migrations, they may help track oceanographic features of the Southern
Ocean such as the ice edge where they are known to feed, as well as coastal conditions along continental
borders of the Southern Hemisphere, which are their breeding areas. Historical whaling logs provide useful

Oth

insights into the Southern Ocean in the 20"" century, and will be used in this thesis to evaluate climate

models at the beginning of the last century with a focus on the simulation of sea ice edge location.

1.1 The Importance of the Ecology of Humpback Whales
1.1.1 Humpback Whale Migration is Linked to Feeding and Calving Benefits

Humpback whales, Megaptera novaeangliae, are one of the marine species that migrate most extensively,
making use of multiple habitats for various purposes (Stevick et al., 2011). In the Southern Hemisphere, they
migrate biannually for two main purposes. The first is to calve in warmer waters during austral winters and
the second reason is to feed in the Southern Ocean during austral summers (Findlay et al., 2017). This species
feeds sufficiently during austral summer months to ensure enough energy storage for the long equatorward
migration and calving period. Their main food source during this time is Antarctic krill, Euphausia superba
(Surma, Pakhomov and Pitcher, 2014). Antarctic krill are present in the Southern Ocean in incredibly high

concentrations during the austral summer, with the pre-rorqual-exploitation concentration standing at 25
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t/km? (Surma, Pakhomov and Pitcher, 2014). This is due to the phytoplankton blooms that drive primary
production in the region. These massive Antarctic krill concentrations sustain many secondary consumers
and draw whales to the Southern Ocean during the austral summer (See Figure 1 for the Antarctic food
web).

Antarctic krill are mainly distributed around the sea ice edge (Ichii, 1990), therefore it can be expected
that humpback whales are also found in close proximity to the sea ice edge. This is the founding interdisci-
plinary basis for this study - where ecology engages with the cryosphere. The changing climate affects the
Antarctic krill population size and distribution. Warming waters are not an ideal habitat for krill, forcing
their distributions to move further south to more optimal water temperatures (Flores et al., 2012). Research
shows that future simulations under “business as per usual” scenario project an improved growth habitat
in austral spring but a worsening habitat in the austral summer and autumn (Tulloch et al., 2019; Veytia
et al., 2020; Meynecke et al., 2020). The prolonged warmer sea temperatures in late summer would mean
that krill abundance will decrease and their seasonal peak will shift. The phenological shift may have a
cascading effect on the humpback seasonal migration and will present major consequences for the whales.
With the changing climate, changes in the sea ice features (Haumann et al., 2014; Hobbs et al., 2016) may
have consequences on krill distribution and therefore affect whale feeding habits. Climate models are already
being used to study the projected response of whales (Tulloch et al., 2019). Understanding the possible risks
that may affect whales is the reason why the thorough assessment of climate models in the Southern Ocean
is important. Increasing reliability in climate models will inform us better so that we have the opportunity

to take necessary interventions.
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Figure 1: Antarctic food web showing the central role Antarctic krill play in sustaining many secondary
consumers, including baleen whales such as humpback whales. Image sourced from McBride et al. (2014).

1.1.2 The Use of Whales in Climate Research

Whales have frequently been used in research that seeks to improve climate change understanding. Some
non-exhaustive examples include Lavery et al. (2010), who investigated how iron supplementation in the
iron-poor Southern Ocean via sperm whale defecation encourages the exportation of carbon to depths of
the ocean for long-term storage, and Pershing et al. (2010), who researched the contribution of the ability
of large whales to store carbon and sinking dead whales to sequestrate carbon, as well as how the ocean
carbon cycle was impacted by commercial whaling. Ramp et al. (2015) instead analysed the shift of fin and
humpback whale movements over 30 years as a result of a warming ocean. Another indirect use of whale
data was proposed by de la Mare (1997), which is also the approach applied in this study. De la Mare
(1997) proposed to use logbooks from commercial whaling vessels to detect Antarctic sea ice edge trends
in the mid-20*" century. However, due to lack of data during that period and in that region, it was not
a simple task. To address this challenge, de la Mare (1997) used the southern-most historical commercial

whale catch logs as a proxy for the sea ice edge. The whaling records used were of a wide variety including
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blue, humpback, fin, minke and sei whales. Averaging the southernmost catch latitudes collected from ship
records, over October to April — the defined whaling season for this study, results showed that the summer
sea-ice edge has moved southwards by 2.88 degrees of latitude between the mid 1950s and the 1970s.

De la Mare’s (1997) findings were criticised for not corresponding to some sea ice extent observations,
whale sightings recorded by other voyages and for unreliable data (Vaughan, 2000). De la Mare’s (1997)
method of using all whale species catch data was also criticised because different whale species exhibit varying
behaviour and therefore hold different relationships with the sea ice edge (Ackley, 2003). Additionally, the
whaling industry focused on different species at different times, creating a temporal bias in the methods
(Ackley, 2003). The study was also critcised for being geographically encompassing - drawing circum-
Antarctic sea ice conclusions instead of focusing on regional assessments (Cotté and Guinet, 2006). In a
later paper, de la Mare (2009) showed that the historic ice charts, direct sea ice observations and whaling
positions agree that a substantial southward shift in the ice-edge did occur. This paper also explained that
some of the whale species are sympatric, meaning that they often feed in the same area. This therefore
implies that a whaling shift in species may not have affected the results as previously argued. The paper
also conducted regional analyses that spanned 220 longitudinal degrees, addressing the concern of drawing

general circum-Antarctic conclusions.

Despite all the challenges in using the whale data, the appreciation of the movement of the humpback
whale species through time presents an opportunity to better understand our climate. It should however be

approached with caution and acknowledge the biases that are inherent to the commercial whaling practice.

1.1.3 The History of Commercial Whaling

Historically, commercial whaling has contributed to many communities and industries. The interpretation

of its history depends on the recordings that have been preserved over time.

Whaling was recorded to have begun in 1000 Common Era (C.E) when the Basques began hunting
Northern right whales in Bay of Biscay (whales.greenpeace.org/us). Whales were a large source of important
resources, such as oil and meat. The oil, in particular, was an important contributor to the first and second
industrial revolution. Humpback and sperm whales were among the main targeted species in early whaling
times (WWEF, 2005).

Up until the late 19*" century, sail boats and harpoons were the most efficient mechanisms used to hunt
whales (Greenpeace, n.d). The introduction of new technology saw large-scale whaling increase rapidly.
Steam boats meant that whalers could keep up with faster species, such the fin whales (WWF, 2005).
Whalers could now also voyage further, for longer. The explosive harpoon, a cannon-launched harpoon that
carried an explosive head, made reaching whales easier and ensured accurate and significant injury or fatality
(WWF, 2005). In 1903, factory ships were built and enabled processing of killings, either in a bay or in
open water (van Drimmelen, 1991). Ships with slipways at their stern made loading their kills easier and
aided transport to the factory ships. The technological advancement in whaling, coupled with the increased
demand for whale products during the First World War, had devastating effects on the whale populations
(Smith, 1984).

Whaling in the Southern Ocean coincided with the the austral summer, poleward migration of humpback

whales. Due to sea ice retreat in the summer, both whales and therefore whalers were able to get very close
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to the ice edge. It was uncommon to whale in pack ice (Vaughan, 2000; Worby and Comiso, 2004; de la
Mare, 2009). Vessels were not robust enough to withstand the constant impact with the ice. Maneuvering in
the ice while hunting down a whale was incredibly difficult and unnecessary, especially when large amounts

of whales were found at a proximity to the sea ice edge anyway.

Despite the obvious harm to marine wildlife, over-hunting whales only gained attention when oversup-
plying the market threatened the economic value of the industry (van Drimmelen, 1991). In 1946, the
International Convention for the Regulation of Whaling (ICRW) created the International Whaling Com-
mission (IWC) (van Drimmelen, 1991). It became the decision-making body and set a path for scientific
based management of the whaling industry. The hope was to slow down whaling and conserve whale species.
This was a major step in creating international accountability for whale exploitation and as a result the
protection of some whale species, namely: the northern and southern right whale, the gray whale, the hump-
back whale, the blue whale and the sperm whale (Smith, 1984). Whale sanctuaries were also established:
the Indian Ocean Sanctuary and the Southern Ocean Whale Sanctuary (IWC:Whale Sanctuaries & Marine
Protected Areas, 2021'). The biggest achievement of the IWC, in its efforts to conserve whales, was enforcing
the moratorium of all whaling as from 1986 (van Drimmelen, 1991). The difficulty in voluntary international
organisations such as this is that members can be of whaling, historically-whaling or non-whaling states.
It is therefore difficult to firstly pass progressive whaling laws and secondly, regulate and enforce policy.
As a result, there are some countries that still carry out commercial whaling, under the objection of the
moratorium, whereas the other form of whaling is subsistence whaling (Smith, 1984). The establishments
of organisations such as the IWC has created a major positive shift in whaling activities (such as bans) and
continues to create conversation around how people and marine life can co-exist successfully in a more sus-
tainable manner. Some of these conversations include the implicit consequences of whaling or other activities
that further apply pressure on whale populations, such as marine pollution, by-catch, whale entanglement

and ship-whale collisions.

This study benefits from the IWC policy that requires all whale catches to be recorded. Catch logs
consist of various information, including associated catch locations. Because humpback whales, in particular,
are ecologically known to feed at a proximity to the ice edge (Andrews-Goff et al., 2018), a geographical
relationship between their catch location and the location of the sea ice edge can be appreciated. The next
section presents some major features of the Southern Ocean and Antarctic sea ice that will be used in the

context of this thesis.

1.2 The Importance of Oceanographic Research in the Southern Ocean

1.2.1 The Biological, Oceanographic and Atmospheric Importance of Sea Ice and the South-

ern Ocean

Sea ice in the Southern Ocean plays a vital role in regulating the climate. It is highly dynamic, displaying
behaviour that is both responsive to and a driver of the climatic conditions in the Southern Hemisphere. Sea
ice trends and dynamics in the Southern Ocean directly impact ocean circulations, which play important
roles in atmospheric exchanges with the ocean. This means that sea ice has the ability to influence climate

conditions (Hauptmann, Gruber and Miinnich, 2020).

Lhttps://iwc.int /sanctuaries.
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Figure 2 shows the sea ice cover from the NSIDC climatology for the months of maximum and minimum
cover. Based on this figure, one can expect whale catches to occur further south during the sea ice cover

minimum, in February, and closer to the equator in the austral winter.

February September

Figure 2: Antarctic sea ice cover climatology in February (minimum) and September (maximum) for period
1981 - 2010, based on passive microwave satellite data. Image courtesy of the National Snow and Ice Data
Center, University of Colorado, Boulder.

Sea ice is often analysed using the measure of sea ice extent. Sea ice extent is the sum of sea ice cover
per grid, based on a specific definition of what percentage of sea ice concentration (SIC) constitutes as cover.
Commonly, the percentage cover is 15% SIC. It is a useful variable to use for sea ice analyses because it is
spatially encompassing - it has the capacity to account for errors that may arise from small-scale features that
are not always possible to resolve. In saying this, keeping the threshold of 15% SIC per grid consistent, it is
possible to make comparisons of sea ice extent results between literature. Roach et al. (2020) has proposed
sea ice area as a more accurate measure for sea ice, specifically because in the rapid climate change, accuracy
matter now more than ever. However, keeping the threshold at 15% takes the uncertainties of remote sensing

detection into account.

The climatological seasonal cycle of sea ice extent from contemporary observations, provided by the
National Snow and Ice Data Center (NSIDC)?2, is shown in Figure 3. The curve shows the large annual
amplitude of sea ice extent in the Antarctic, with an austral summer minimum sea ice extent of 2.5 x 10°
km? and austral winter sea ice extent maximum of 19 x 10¢ km?. The Antarctic seasonal change in sea ice
extent is large and variable from year to year as indicated by the standard deviation and the record minimum
and maximum in the plot. It is almost twice that of the Arctic sea ice extent seasonal change (National

Snow and Ice Data Center) due to the large expanse of the Southern Ocean.

2https:/ /nsidc.org)/.
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Figure 3: Climatological seasonal cycle of Antarctic sea ice extent for period 1981-2010, based on passive
microwave satellite derived SIC greater than 15%. Image courtesy of the National Snow and Ice Data Center,
University of Colorado, Boulder

Sea ice extent holds a close relationship with sea ice edge. Sea ice edge is the equatorward latitudinal
boundary of sea ice. By convention, the sea ice edge is defined as the latitude where ice has minimum of
15% SIC. The sea ice edge identified as the 15% SIC contour line is expected to enclose the sea ice extent.
Lower SIC thresholds may be used to locate the sea ice edge because although conventions are useful, they

are not always the most accurate.

In the winter, the sea ice edge is often better defined than in the summer (Worby and Comiso, 2004).
This is caused by the diffuse manner of the sea ice during the summer months, as the ice is often broken up
and separated by water (Eayrs et al., 2019). Different types of sea ice are present in the Southern Ocean, and
how they are derived, often cause sea ice edge definitions made by physical observations to differ from those
made by satellites or models. For example, pack ice is usually defined as the ice edge by observers (Worby
and Comiso, 2004). However, it is sometimes not signalled as such in satellites because it is unconsolidated

(meaning it has water in between the ice), dynamic and subject to melt water cover (Worby and Comiso,
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2004). As a result, it can be expected that physical observations of sea ice edge would tend to be more

equatorward than those defined by remote sensing.

The Southern Ocean has a unique influence on climatic conditions in the Southern Hemisphere. It is
geographically unique in that it is not restricted by any major land masses (Sallée, 2018). The Southern
Ocean is a large area of sea temperatures capable of absorbing vast amounts of atmospheric carbon dioxide
COg (Talley, 2011). This makes it an important atmospheric CO5 sink, and a vital contributor to the global
heat budget. Without this important regulation, the global mean temperature would be higher than what

it is now (Talley, 2011) and consequently have a major impact on human life.

Changes in atmospheric CO2 concentrations are the main drivers of anthropogenic climate change (Abram
et al., 2019). Robust atmospheric CO, concentration observations only began in the mid-20'" century
(Revelle and Suess, 1957) and are now continued with several observatories around the world. Before this,
observations were scarce and inconsistent. Therefore it is impossible to exactly know what the long-term
atmospheric CO5 concentrations were before then. In addition to the scarcity of observational data in the
early 20" century, observational data in the Southern Ocean is sparse. This is attributed to the difficulty of
access to this region due to its harsh conditions and the lack of technologically advanced means to withstand
these conditions (Sallée, 2018). These challenges make the reliable verification of global climate model

simulations in the Southern Ocean difficult.
The relevance of this research as an interdisciplinary study

In a complex region such as the Southern Ocean, it is to our benefit to inquire many fields of research,
for example the multiple Earth systems engaging one another, and how they act interdependently. Under-
standing climate change from multiple perspectives is critical. Research integration is essential to gain a
holistic view on climate change. This is an important niche in research, not only for scientific development
but because the change in climate has far reaching implications. It poses a threat to the current existence of
natural environments and their ability and extent to which they can provide resources for human use. It is
important to acknowledge that these implications differ in scale, depending on the risk and vulnerability of
individual communities. Therefore a holistic understanding of climate change provides opportunity for more

informed decision-making.

This study embodies interdisciplinary research in that it tells a circular story of the humpback whales.
Using the whales to deepen our understanding of sea ice properties in the last century can only provide
opportunity to better understand how our climate is changing with time. In return, improved future climate
projections will equip us with information that will indicate how the future change in climate will affect the

whale populations and their migratory behaviour.

1.2.2 Climate Models

What are climate models and how do they work?

Climate models are the best tool to use in holistically understanding climatic conditions with time.
They simulate climatic conditions of the atmosphere, biosphere, cryosphere, hydrosphere and lithosphere

in relation to how they work with one another at a global scale (Meehl et al., 2000). The term simulation
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means that climate models are unable to reconstruct the exact climatic condition of a variable in a particular
year or decade. They are also able to provide consistency within each simulation, which is often not possible
in physical observations, since they are limited by the number of variables, the length of data capture for
each variable and not having collected multiple variables for a long enough period. This becomes especially

important when there is little or no data collected, particularly in the Southern Ocean.

The simulations of the physical climate are fundamentally based on physical laws that underpin the
differential heating of our planet (Talley, 2011). That is, the balance of energy resulting from incoming solar
radiation and outgoing radiation. All of the components that may contribute to this budget are referred
to as radiative forcings constraints. Climate models simulate conditions depending on selected radiative
forcings constraints and their level of influence. Figure 4 illustrates how climate models are developed and
how they are used. Simulations also depend on the parameters chosen. These are mostly estimations based
on calculations and literature. Parameterization is important in the processes that the climate model may
not be able to resolve. Atmospheric and ocean models are dynamically coupled to include the interactive
atmosphere-ocean fluxes . An example of coupled modelling is the Coupled Model Intercomparison Project
(CMIP) (Meehl et al., 2000).

CMIP is an international collaboration that began in 1995, overseen by the Working Group on Coupled
Modelling. CMIP aims to perform global climate analyses through the joint efforts of its constituents, in
the hopes to improve climate model simulations and ultimately, the understanding of the changing climate.
CMIP is now in its 6! phase (CMIP6), with approximately 100 climate models from 49 modelling groups
contributing, though only 40 climate models have been published thus far (Hausfather, 2019). Some of these
models will contribute to the 2021 Intergovernmental Panel on Climate Change (IPCC) sixth assessment
report (ARG).
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Figure 4: Diagram showing how climate models work (Goosse et al., 2010)

What challenges do climate models face in simulating Antarctic sea ice?

Climate models generally have coarser temporal and spatial resolution, which is expected since they need
to be integrated for decades or centuries, as opposed to weather prediction models that are integrated for
a few days at higher output frequency and require detailed topographical features. Simulations of climatic
conditions must be on an inter-decadal scope in order to resolve any change in the climate. The analysis of
climate simulations at scales shorter than a decade are subject to biases due to climatic internal variability
that may not be the same historically recorded in the real climate. So although climate models resolve modes
of variability in the Southern Annular Mode (SAM) or El-Nino Southern Oscillation (ENSO), for example,
they may not be able to resolve their state in a given decade (Flato et al., 2014).

Climate models are likely to be less reliable in areas where scientific knowledge or observations are limited.
As previously mentioned in Section 1.2.1, Southern Ocean observations were scarce in the early 20** century.
With the inability to verify climate model simulations against remote sensing observations before the last
part of the 20" century, we expect less confidence on the model skills to reproduce the ocean and sea ice state
in the Southern Ocean in that period. The lack of observational data would require climate models to rely
on parameterization validated against contemporary observations or in other regions with more abundant

data, which increases uncertainty in simulation results.

The quality of climate simulations of sea ice have increased over the years, but less in the Southern Ocean.
Qi Shu et al. (2020) suggest that CMIP6 models are not able to resolve the increasing sea ice extent in the

Southern Ocean that contemporary observations are showing, despite its capability to capture the seasonal
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cycle well. According to Zunz et al. (2013), CMIP5 faced similar challenges. The suite of CMIP6 models also
underestimates the austral summer sea ice minima (Roach et al., 2020) as done in the two previous cycles
(CMIP3 and CMIP5). These results may be due to CMIP6 inability of capturing the high Antarctic sea ice
extent interannual variability which likely affects how well models can simulate climatic trends (Qi Shu et
al., 2020; Roach et al., 2020). Furthermore, this may be due to global climate models being challenged with
resolving zonal atmospheric features at a regional scale (Hobbs et al., 2016). Zonal atmospheric features

such as winds are important to resolve as they majorly influence the behaviour of sea ice in the Southern
Ocean.

CMIP6 sea ice extent biases against contemporary observations, show an increase from its predecessor,
CMIP5 (Qi Shu et al., 2020). There is general uncertainty on how to capture trends in global climate
models because of the short time frame of contemporary remote sensing - meaning that with only a 40 year
consistent record, features could arise from any type of variability (Maksym, 2019). Figure 5 shows how
projected climate model trends of annual seasonally-averaged sea ice extent differ between austral seasons,

and how they compare to contemporary satellite and proxy observations.
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Figure 5: Annual Antarctic sea ice extent output averaged over austral winter months (left panel) and
summer (right panel) from different sources.

Considering all these challenges, assessment of climate model results is an important exercise because it
provides opportunity to determine where climate models are doing well and where they need evaluating. This

is especially important for regions lacking in data and even more so when they are a significant contributor
to the climate, such as the Southern Ocean.
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1.3 Research Aims and Objectives

Climate models are the only tool for producing future projections, but their reliability depends on the
capacity to simulate historical climate conditions. Their improvement thus depends on constant assessment
of their results. One of the ways this can be achieved is through the assessment against observational data,

which is currently being enhanced by the availability of Earth observation data through satellites.

The limitations in reconstructing early 20" century conditions, as a result of sparse in situ data (see
Section 1.2.2) prevent an accurate simulation of Antarctic sea ice properties. The use of humpback whale
catch data presents an opportunity to fill some of these data gaps. This study will therefore use the whale
catch data as a representative of a pre-Earth observation era.

Although the number of Earth observations began to increase since the International Geophysical Year
in 1957-58 (Baird, 2014), spatially and temporally robust observations came only with the introduction of
satellite observations, since 1979. In this thesis, the period covered by satellite data is representative of an

Earth observation era.

The significance of this is that climate model results of Antarctic sea ice features can be assessed in
two different periods: the pre-Earth observation and the Earth observation eras. The longer term aim is
that more accurate historical simulations will lead to more reliable projections, allowing us to make better
informed decisions with regards to taking appropriate measures for both the changes in the climate and its
effect on natural ecosystems. This work is organized around the aims and specific objectives listed in the

following two sections.

1.3.1 Aims

1. The study aims to assess the performance of Antarctic sea ice simulations from CMIP6 climate models
in the early 20" century. The focus will be on the spring-summer location of the sea-ice edge that will

be compared against historical humpback whale catch location data.

2. The study will also analyse the results of sea ice seasonal cycle simulations in the Southern Ocean by
contrasting the pre-Earth observation era with the Earth observation era. This aim will focus on the

sea ice extent, which is the key variable obtained through satellite data.

1.3.2 Objectives

e Pre-Earth observation era climate model results of sea ice edge, will be synthesized to produce results
which will be assessed against humpback whale catch location results. This swill determine the perfor-
mance of climate model sea ice edge simulations during the period and in the region of available whale

observations.

e These results will be contrasted with the sea-ice simulation results for other periods to check for changes

in the simulated features during the pre-Earth observation era.

e The climatological seasonal cycle of sea ice extent for each climate model will be calculated for the
pre-Earth observation era and the Earth observation era. For both eras, it is important to compare
results produced by different models. For the observation era, the simulated sea-ice seasonal cycle will

be assessed against the satellite climate data record to class the performance of each of the models.
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e A climate model comparison of the annual summer mean time series of sea ice extent for pre-Earth
observation and Earth observation era will be carried out to see if there are differences in results

between the two eras.
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2 Methodology

This section is split into the two subsections, namely 2.1) Data Sources and 2.2) Variables used as Benchmarks

and Indicators. The indicators describe the objectives mentioned in Section 1.3.2.

2.1 Data Sources
2.1.1 Whale Data

The historical commercial whale catch data were sourced from the unpublished latest version of the catch
database from the IWC, courtesy of Cherry Allison from the International Whaling Commission, Cambridge,
UK. The preparation of the data was conducted by Dr Elisa Seyboth, from the Cape Peninsula University
of Technology, South Africa. Because this study focuses particularly on humpback whale catch locations,
the preparation included filtering the data for humpback whale catches only. It also included regridding
the data to a 10 x 10 degree resolution and categorization of whaling operation based vessel logbooks. A
summary of the categorization of whaling operation is described in Table 1 1. In the Southern Hemisphere,
a total of 215928 humpback whale catches were logged between the period 1890 and 1978. The logs ranged
all the months of each year in this period. Figure 6 shows the spatial distribution of the catch logs during

this period.
Humpback whale data biases

It is important to acknowledge the limitations the humpback whale catch data present. Historical com-
mercial whaling vessels were technologically basic and therefore voyages were only possible weather permit-
ting, presenting a temporal bias in data. The lack of technological advances in vessels also limited the voyages
spatially. Additionally, whalers voyaged with the objective of whaling and therefore voyaged to areas known
to inhabit whales. As a result, records followed a presence-only model. However, as mentioned in Section
1.1.3, it was not common for whalers to hunt in the ice, therefore this presence-only model is controlled only
by the latitude of the logged catch, and represents a northernmost limit of the ice edge location at the time
of the catch.

The catch logs were also reliant on what was logged - all illegal and non-logged catches were not included
in the data. Despite the limitations within the data, the large catch numbers have allowed for a robust

sample size.
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Figure 6: Humpback whale catch distribution recorded between 1890 and 1978 in the Southern Hemisphere,
as per IWC records. Image is courtesy of Dr. Elisa Seyboth, Cape Peninsula University of Technology.

Table 1: Types of whaling operations carried out in the Southern Ocean in the last century, as per IWC
records. Information is courtesy of Dr. Elisa Seyboth, Cape Peninsula University of Technology.

Type Description
Individual Individually logged catches with individual corresponding
coordinates
Small Area Logged catches in a small area around the anchor of the floating
factory(ship), at noon, corresponding with one common
coordinate
Whaling Station Logged catches corresponding to the coordinates of the mother
ship whaling station
Broad Area Logged catches in a large area around the anchor of the floating
factory(ship), at noon, corresponding with one common
coordinate

2.1.2 Climate Model Data

This study made use of data produced by models that contribute to CMIP6 and were available at the time
of the analysis (November 2019). The data were sourced from Earth Systems Grid Federation (ESGF), an
open source online platform for climate model data 3. The main model output used in the study was SIC,
which was downloaded for all the selected models for the period 1900-2015. The grid cell area was also

collected.

Models were initially selected based on the following parameters (See Table 2). The Variable parameter
is a basic variable selection, where siconc is the state variable, SIC; and areacello is the ocean grid cell area.
The grid cell area files carried the same resolution as their state variable counterparts and both files were
compliant with CF-1.7CMIP-6.2.*Both outputs shared the same Experiment ID, Grid Label and Variant

3https://esgf-node.llnl.gov/projects/cmip6/
4https://docs.google.com/document /d/10s9rZ11U0ajY 7TFSFWtgU4B49KcB59aFIBVGfLC4ahXs/edit [draft in session].
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Label. The Experiment ID is the root experiment identifier. The historical experiment, temporally ranging
from 1850 to 2014 for CMIPG6, is chosen based on the analysis period for the study. The Grid Label allows for
the selection of grid types. The native grid selected for the study, abbreviated “gn”; is the primary grid where
no regridding procedure has been conducted. The Variant Label describes the individual ensemble member
simulation, using the "rip” nomenclature to allow for selection: r describes the initial state or the realization
of the member, ¢ describes the initialization; and p for the physics used. If a forcing is used in the simulation,
f is added into the nomenclature. The integer used within the nomenclature describes the run which follows
a specific protocol within CMIP6. Ensembles were not used in this study, which focused on inter-model
differences, and thus the first reference run was used for each model. The two model variables differ in
their Frequency and Table ID. The Frequency describes the sampling frequency, where monthly is selected
in the SIC output and fixed is selected for the grid cell area output. The Table ID assists in identifying the

sampling frequency, for example if the sampling is carried out monthly or it is a fixed variable.

Table 2: The six main parameters on the CMIP6 search interface on the ESGF online platform used to
obtain the climate models, and the available SIC grid cell area files, used in the study.

Parameters Parameters Chosen (siconc) Parameters Chosen (areacello)
Variable siconc areacello
Experiment 1D historical historical
Grid Label gn gn
Variant Label rlilplfl rlilplfl
Frequency mon fx
Table ID Omon Ofx

A total of 23 model outputs of SIC and 17 grid cell area model outputs were downloaded, based on
availability for download at the time. Table 3 expands on the description of the models downloaded.
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Table 3: A description of the 23 climate models used in the study and the availability of their SIC grid cell

area file counterparts.

Model Institution Resolution References Grid

(km) Cell
Area

File

ACCESS-CM2 Commonwealth Scientific and Industrial Research 250 Dix et al., 2019 yes

Organisation
ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research 250 Ziehn et al., 2019 yes
Organisation
CAMS-CSM1-0 Chinese Academy of Meteorological Sciences 100 Rong, 2019 no
CanESM5 Canadian Centre for Climate Modeling and Analysis 100 Swart et al., 2019 yes
CESM2 National Center for Atmospheric Research 100 Danabasoglu,2019 yes
CESM2-WACCM National Center for Atmospheric Research 100 Danabasoglu,2019 no
EC_Earth3 EC-Earth-Consortium 100 EC-Earth Consortium (EC-Earth), yes
2019
FGOALS-f3-L Chinese Academy of Sciences 100 YU, 2019; He et al., 2020 yes
FGOALS-g3 Chinese Academy of Sciences 100 Li, 2019 no
FIO-ESM1-0 First Institute of Oceanography 100 Song et al.,2019 no
GFDL-CM4 Geophysical Fluid Dynamics Laboratory of The National 25 Guo et al., 2018; Adcroft, et al., 2019 no
Oceanic and Atmospheric Administration
GFDL-ESM4 Geophysical Fluid Dynamics Laboratory of The National 50 Krasting et al., 2018; Held et al., 2019 yes
Oceanic and Atmospheric Administration
IPSL-CM6A-LR Institut Pierre-Simon Laplace 100 Boucher et al., 2018 yes
MIROCG6 Atmosphere and Ocean Research Institute (The University 100 Tatebe and Watanabe, 2018 yes
of Tokyo),National Institute for Environmental Studies, and
Japan Agency for Marine-Earth Science and Technology
MPI-ESM-1-2-HAM Max Planck Institute HAMMOZ-Consortium 250 Neubauer et al., 2019 yes
MPI-ESM-1-2-HR Max Planck Institute 50 Jungclaus et al., 2019; Mauritsen et yes
al., 2019
MPI-ESM-1-2-LR Max Planck Institute 250 Wieners et al., 2019; Mauritsen et al., yes
2019

MRI-ESM2-0 Meteorological Research Institute 100 Yukimoto et al., 2019 yes
NorCPM1 Norwegian Climate Prediction Model 100 Bethke et al., 2019 yes
NorESM2-LM Norwegian Climate Services Centre 100 Seland et al., 2020 yes
NorESM2-MM Norwegian Climate Services Centre 100 Bentsen et al., 2020 yes
SAMO-UNICON Seoul National University 100 Park et al., 2019 yes
Tai ESM1 Research Center for Environmental Changes, Academia 100 Lee and Liang, 2020 no

Sinica
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2.1.3 Satellite Data

The contemporary observations in the study were represented by data of SIC derived from global passive
microwave, sourced from the European Space Agency (ESA), specifically their Climate Change Initiative’s
(CCI) Sea Ice Concentration Climate Data Record (CDR).> The data were generated by the European
Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Ocean and Sea Ice Satellite
Application Facility (OSI SAF), computing SIC from brightness temperatures picked up by the following
sensors: Scanning Multichannel Microwave Radiometer (SMMR), Special Sensor Microwave/Imager (SSM/T)
and Special Sensor Microwave Imager /Sounder (SSMIS) - a polar orbiting radiometer (Lavergne et al., 2019).
The sensors are situated on Nimbus-7 and Defense Meteorological Satellite Program (DMSP) platforms
(Tonboe et al., 2017), the latter specifically pertaining to the DMSP-F<08,10,11,13,14,15 and the DMSP-
F<16,17,18 platforms. The data have a frequency of bi-daily records (every 2 days) up until the mid 80’s,
and from then onward were daily records. The spatial resolution of the data is 25 km. The observations
downloaded span years 1979, the commencement of the satellite era, to 2014. The metadata were compliant
with CF-1.6 ACDD-1.3. ¢

2.2 Variables Used as Benchmarks and Indicators

To understand climate model results in the Southern Ocean, two indicator variables were used. These
indicator variables were used to either assess climate model results against benchmark variables and/or
compare results between models. Benchmark variables are variables from observational data, therefore

carrying high reliability. All variables have been derived from whale, climate model and satellite data.

2.2.1 Benchmark Variables

Humpback whale catch distribution

As mentioned in Section 1.1.3, whaling in the Southern Ocean took place in the austral summer, which is
typically December through to February. To take advantage of large catch numbers during this season, this
study focuses its analyses in these months, with an addition of the late spring November month. Including
November increases the study’s sample size and the temporal and spatial context of the distribution of the

whale catches.

The whale catch data were filtered for catches from 40°S, poleward. Only the data with a reported
location were used. These could either be exact, approximated or the mother ship locations. The whale
catch location data were reorganised, from Figure 6, to show the spatial and temporal distribution in catch
locations in each selected month, and for each decade in the early 20" century. Decades are indicated
by the central year of the period, such as the decade 1930-1939 is labeled 1935, and so on. A decade is
a sufficiently long period to gain statistical significance in the catch size and to smooth out year to year
variability. Whaling rapidly decreased after the 1950s with the establishment of the ICRW in 1946 and due
to the crash in whale populations, resulting in very low catch records after that. A complementary tallying of

decadal catches, in each of the selected months was carried out. Similarly, this was carried out for an annual

Shttps://osisaf-hl.met.no/osi-450-430-b-desc.
Shttps://osisaf-hl.met.no/sites/osisaf-hl.met.no/files/user_manuals/osisaf_cdop3_ss2_pum_
sea-ice-conc-climate-data-record_v2p0.pdf.
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analysis. A selection of a decade with the best spatial and temporal coverage of whale catches was made and
selected as the reference decade to compare with the corresponding climate model simulations. The possible

inter-decadal variability of the simulated climate will be taken into account in the result section.

Whale catch data are uncertain in their exact location but do represent real physical observations. They
therefore carry a good level of reliability, making them a strong benchmark against which to assess climate
model sea ice edge results.

A statistical latitudinal distribution of the whale catches was computed per 10 degrees longitude to show
the central tendency of the catches, latitudinally. This will allow for the climate model sea ice edge results
to be compared against the latitudinal bulk of the catch data. The 10 degrees longitudinal stratification
enables a geographical breakdown of the whale catches to allow for regional assessments. For the distribution
to be most telling, sample sizes per longitudinal group would need to be at least 5 records (Krzywinski and
Altman, 2014). Therefore in longitudinal groups with less than 5 whale catch records, interpreting results

may be limited.
Contemporary satellite data

The satellite data pre-processing was done through Climate Data Operators (CDO) software, version
1.9.37. It included the concatenation of all observations per year and subsequently the concatenation of all
years. A climatological monthly mean and standard deviation was then calculated for the period for the

entire Antarctic sea ice extent.

2.2.2 Climate Model Assessment and Comparison Indicator: Sea Ice Extent

Sea ice extent is the sum of sea ice covered grid cells, based on a specific definition of what percentage of
SIC constitutes a covered grid cell. Commonly, the percentage cover is 15% SIC, which means that a cell
with more than 15% SIC is assumed fully covered. This is different from sea ice area, which is the total
area of the ice-covered ocean. Sea ice extent was used as an indicator through assessing the monthly time
series of sea ice extent for the last century, for each model. Additionally, assessments of the climatological
seasonal cycle of sea ice extent, for the observation era, for each model were made against contemporary
satellite observations provided by ESA CCI Sea Ice Concentration CDR (See Section 2.1.3). Sea ice extent
was used as a comparison indicator through comparing the climatological seasonal cycle of sea ice extent
results between models, for both the pre-Earth observation and observation era. With sea ice extent being
an encompassing variable, it is expected that climate models capture it relatively well. Using this variable,

climate models were classed based on their ability to capture the seasonal cycle of sea ice extent.

Pre-processing the climate model data was done through the CDO software version 1.9.6.% It included
selecting the time period 1900-2014 per model. Only 17 grid cell area files were available at the time of
downloading (See Table 3) therefore only 17 climate models were used to compute this assessment indicator.
Some of the model data uploaded on the ESGF platform contained errors as a result of missing metadata,
lacked correspondence between the geometry of the grid cell area and the state variable files; and missing
values on land that were not properly identified. To avoid reducing the number of files available to this

study, these data were manually corrected. This included latitudinal reorientation and excessively-large

"http://mpimet.mpg.de/cdo.
8http://mpimet.mpg.de/cdo
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number replacements for FGOALS-f3-L and replacing state variable coordinates with the grid cell area file
coordinates for models ACCESS-CM2, ACCESS-ESM1-5, CanESM5, CESM2, EC _Earth3, GFDL-ESM4,
IPSL-CM6A-LR, MIROC6, MPI-ESM-1-2-HAM, MPI-ESM-1-2-HR, MPI-ESM-1-2-LR, MRI-ESM2-0, Nor-
CPM1, NorESM2-LM, NorESM2-MM, SAMO-UNICON and FGOALS-f3-L .

Computation

The Antarctic sea ice extent SIF was first computed for the period 1900-2014, based on the following

formula:

N
SIE = A;(SIC; > 15%)

i=1

where i is the grid element index, up to the total number of grid points N, A; is the grid cell area and SIC;
is the ice cover at that grid point for each month.

A monthly time series, for the previous century, of sea ice extent measurements for each model were carried
out. The climatological seasonal cycles of SIE were then calculated both for the pre-Earth observation and
the Earth observation reference periods.

For observation era, it was used to assess climate model results against the benchmark of contemporary
satellite observations described in Section 2.1.3. Models were then classified based on the proximity of their
results of sea ice extent seasonal cycle to that of the satellite observations, using the mean bias computed
for each model:

Fmod _ i
12

12
> SIEpet — SIE
n=1
where the index n runs over the climatological monthly value.

The threshold used to distinguish the 1%¢ -rated models was a difference value of 0.86 x 10% kmSor less.
Second-rated climate models were also selected as the next class of models with the next-closest curves to
that of the satellite. The threshold used to distinguish the rest of the models from the 2" -rated models

was a difference value of 3.5 x 105 km®or greater.

2.2.3 Climate Model Assessment Indicator: Sea Ice Edge

Sea ice edge is the equatorward latitudinal boundary of sea ice. This variable is useful due to the geographical
and ecological relationship it has with humpback whale feeding behaviour. It will allow for the assessment of
climate model sea ice edge results against benchmark of the latitudinal distribution of whale catch location
data.

The same pre-processed SIC data from the previous section were used. In this case however, each selected
month as defined in the study (November, December, January, February), was extracted per year, for the
temporal scope of the study, 1900 - 2014.

Computation

The sea ice edge location was computed for each selected month of the study, per model. The data

were restricted to a latitudinal minimal threshold of 40°S. The sea ice edge location in model output was
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computed based on a SIC value greater than 0%. Most research (for example, Comiso et al., 2020) uses a
common minimum threshold of 15% SIC detection, reason being that a SIC detection below 15% SIC from
satellites begins to carry uncertainty. However, since this variable is here compared with the location of
whale data that were most likely in open ocean, a more conservative threshold of 0% is preferable.

The CMIP6 data uploaded by the individual teams were not all configured to a common indexing,
specifically for the longitude coordinates. This therefore required rolling the longitudinal axes to a common
index. Most of the models carried a latitudinal dimension size of 360, therefore regridding onto a common
grid of 0° - 360° by 0.5 degree intervals, was carried out. In accordance with the whale data, decadal means
were calculated, per individual model, for the initial analysis period, 1900-2014, for each selected month. A
statistical distribution of the models for the ice edge location was then computed, both for the best models

and for the second rated models.

Distributions of the median sea-ice edge location and the inter-quartile ranges were compared against the
benchmark of whale catch distribution, for each of the selected months. These were done by superimposing

the climate model distribution onto the whale catch location distribution.
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3 Results

3.1 Humpback Whale Catch Distribution

The re-organised distribution of the whale catches per decade obtained from the IWC database (Section

2.1.1) is presented in Figure 7 using both a Mercator and stereographic projections.
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Figure 7: Decadal distribution of humpback whale catches recorded between 1900 and 1978 in the Southern
Ocean, for each month in the study. Decades are labeled by the middle year. The red box indicates the area
of focus in the study - the Atlantic and Indian sector of the Southern Ocean. See Table 4 for the number of
catches in each cluster.

This visualisation improves the understanding of the distribution of catches from Figure 6 presented in
the Section 2 by showing the stratification by decade and month. As explained in the methodology, the
decade is identified by the middle year (e.g. 1915 identifies the decade 1910-1919) and the selected months
cover the late spring-summer period, from November to February. The distribution of whale catches for the
last century are spatially condensed in the Atlantic and Indian sector of the Southern Ocean. The lack of
data in the Pacific sector makes it unfavourable to carry out assessments within this sector. The analysis

will therefore focus in the Atlantic and Indian sectors of the Southern Ocean.

Figure 7 shows a poleward movement of catches with the progression of the summer season (from the
yellow to the green hues). This indicates the whalers followed the whales further south as the sea ice retreated
over time. This visually shows and supports the known behavioural ecology of humpback whales (Section

1.1.1 and 1.1.3), which feed in the proximity of the sea ice edge.
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Table 4 and Figure 8 report the number of whale catches for each month of the study for each decade
in the last century. Catches within each month show an increase from the start of 20** century, peaking
in the decade 1930-1939, before starting to decline towards the middle of the century. Within each decade,
maximum catch records were recorded in either December or January, with the exception of the maximum
catch recorded in February in the decade 1950-1959.

Table 4: Decadal humpback whale catches in the last century for each month of this study. Catches are
binned in the center of each decade.

Decade Month

NOVEMBER DECEMBER JANUARY FEBRUARY

1905 0 179 1 0
1915 o83 672 694 154
1925 199 555 897 379
1935 1038 5088 4873 3166
1945 7 1939 209 11
1955 9 382 2701 10066
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Figure 8: Humpback whale catches recorded per decade for a) November, b) December, c¢) January and d)
February. Bins are centered in the middle of the decade. For example, the label 1915 represents the decade
1910 - 1919.

The decade 1950-1959 shows the largest number of catches in the month of February. This number
contrasts with the catches observed in February in all the other decades. This abrupt increase in humpback
whale catches in the 1950s has been attributed to the illegal whaling conducted by the Union of Soviet
Socialist Republics (USSR) as reported by Walsh (1999). Because these high catches are not consistently

seen in all four months, this decade would represent a biased benchmark. Decade 1930-1939 however shows
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high catch numbers consistently throughout all four months. This decade has the best spatial and temporal
distribution of whale catches, as aimed for in Section 2.2.1. It has therefore been chosen as the reference

period for the pre-Earth observation era.

3.2 Early 20" Century Sea Ice Extent Features

The simulated climatological seasonal cycle of sea ice extent, for the entire Antarctic, from the chosen decade
representing the pre-Earth observation era is presented in Figure 9. In addition to analysing the climatology
over the reference period, a monthly time series of sea ice extent measurements produced by each model, for

the 20*"century, was carried out. This result is shown in Appendix B, with Figures 15 to 31.
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Figure 9: Pre-Earth observation era (1930-1939) sea ice extent seasonal cycle climatology for the 17 selected
climate models. Colour-corresponding shaded areas represent the standard deviation over the decade for
each respective climate model.

The results of the climatological sea ice extent seasonal cycle, in Figure 9 vary between individual climate
models. The spread is wider in the austral winter than in the austral summer. There are some outlier models
such as FGOALS-f3-L, showing a very intense climatological seasonal cycle while MIROCG6 is showing a very
small seasonal cycle. Most of the models are illustrating a narrow standard deviation over this decade,
barring FGOALS-f3-L. and MPI-ESM-1-2-HR.
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Figure 10: Earth observation era (1979-2014) sea ice extent seasonal cycle climatology per climate model
and contemporary satellite observations from the ESA-CCI CDR, (Section 2.1.3, dashed black line). Colour-
corresponding shaded areas represent the standard deviation over the period for each respective climate
model and for the satellite observations (in dark grey).

The results of the climatological sea ice extent seasonal cycle, in Figure 10 vary between individual climate
models. The spread, much like in Figure 9, is much wider in the austral winter than in the austral summer.
The majority of the models underestimate the climatological sea ice extent seasonal cycle, based on previous
literature described in Section 2.2.2. There are a couple of outliers, particularly in their austral winter peak
results, such as FGOALS-{3-L and MIROCS, a feature that was also observed earlier in the century (Figure
9). From this figure, the selected 1%-rated climate models are CanESM5, CESM2, MRI-ESM1-5, NorCPM1
and SAMO-UNICON, based on the mean bias described in Section 2.2.2. These models are more likely to
produce the most reliable sea ice edge results also during the pre-Earth observation era, compared to the
other models that do not produce curves that have as close of a proximity to the satellite observations. The
selected 2"%-rated climate models are ACCESS-CM2, ACCESS-ESM1-5, GFDL-ESM4 and IPSL-CM6A-LR.

Most of the models indicate persistence of the climatological sea ice extent seasonal cycle features between
the pre-Earth observation era and the Earth observation era. The models that show a general decrease of the
mid-summer (January) extent are CanESM5, CESM2, FGOALS-f3-L, MRI-ESM2-0, NorCPM1 and SAMO-
UNICON. Some others show a change in their standard deviations. For example, in models EC_Earth3,
MPI-ESM-1-2-HAM and MPI-ESM-1-2-LR, the standard deviation increases from the pre-Earth observation
reference period to the Earth observation era.

It is thus interesting to investigate the trends in the summer conditions, which is the period of the

whale catch data. Figures 11 and 12 show the annual summer mean time series of sea ice extent for the
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20" century, with the extended summer definition being consistent with the study - November, December,
January and February. For simplicity, the term “summer” will be used to refer to this extended summer
period throughout the text. The analysis is presented separately for period 1900-1950 and period 1951-2014
for the two categories of climate models, the 1%*-rated models, and the 2"%-rated models. A multi-decadal
standard deviation was calculated over each respective period, for each climate model. This was to account

for climate models trend, which is more visible in the later years, as described in Section 1.2.2.
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Figure 11: Annual mean sea ice extent for the extended summer period (Nove;i;{)er—February) for a) 1900-
1950 and b) 1951-2014, produced by the 1%¢-rated climate models available in the study. The red dashed
line in panel a) represents the focus decade for the study, based on the whale catches. Colour-corresponding
shaded areas represent the standard deviation, calculated over the period shown in each panel, for each
climate model.

Although not the primary object, the sea ice extent annual summer mean time series, in Figure 11, shows
the sea extent trend in the last century that was observed in the majority of CMIP5 models (for example,
Hobbs et al., 2016).

This figure shows a number of important features. The first characteristic is the downward shift in
annual summer mean sea ice extent after the ’70s. Secondly, the standard deviation, mainly increases
between periods ought to the presence of the trend. Table 5 below shows the numerical values of the
standard deviations with respect to each period, illustrating the increase in standard deviation from period
1900-1950 to period 1951-2014. Finally, some models present a diminishing trend that is also visible in the
period 1900-1950. One of the assumptions of this work is that the decade 1930-1939 is representative of ice
conditions simulated by the climate models in the pre-Earth observation era. There is some inter-decadal
difference in the annual summer mean for this period in some models, which have a standard deviation
above 0.5 x 10° km 2 (Table 5). This value is about 5% of the long-term mean over the period . The decade
1930-1939 appears to be representative of the ice conditions during the pre-observation era for this category

of models.

Table 5 presents the standard deviation for the 1%-rated models, with respect to period 1900-1950 and
period 1951-2014.
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Table 5: Standard deviation of the sea ice extent annual summer mean time series for the 1%¢-rated climate
models for period 1900-1950 and period 1951-2014.

Climate Model  Standard Deviation [10° km?|

1900-1950 1951-2014
CanESM5 0.505 0.705
CESM2 0.411 0.818
MRI-ESM1-5 0.595 0.719
NorCPM1 0.771 0.629
SAMO-UNICON 0.498 0.705

Table5 shows an increase in standard deviation of the annual summer mean of sea ice extent from the

earlier period to the later period in the 20" century.
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Figure 12: Annual mean sea ice extent for the extended summer period (November-February) for a) 1900
1950 and b) 1951-2014, produced by the 2"%-rated climate models available in the study. The red dashed
line in panel a) represents the focus decade for the study, based on the whale catches. Colour-corresponding
shaded areas represent the standard deviation, calculated over the period shown in each panel, for each
climate model.

Interestingly, the sea ice extent annual mean time series for the 2"%-rated models in Figure 12 shows
a smaller trend in the second half of the century. This observation contrasts the observation done for the
1%t-rated models in Figure 11. The models that depart more from the observed seasonal climatology of
sea-ice extent seem to have a reduced declining trend during the more recent period.

Figure 12 shows a downward shift in the early 2000s. The standard deviations for each model between the
two 50 years periods remains similar (Table 6). This is with the exception of model GFDL-ESM4 which has
a larger increasing trend in the period 1900-1950, and a smaller decreasing sea-ice extent in 1951-2014. This

model behaviour may thus indicate an adjustment from low sea-ice extent during pre-industrial conditions,
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and then another adjustment when the tropospheric warming increases.

Table 6 presents the standard deviation for the 2"%-rated models, with respect to each period.

Table 6: Standard deviation of the sea ice extent annual summer mean time series for the 2"%-rated climate

models for period 1900-1950 and period 1951-2014.

Climate Model ~ Standard Deviation [10° km?|

1900-1950 1951-2014
ACCESS-CM2 0.560 0.477
ACCESS-ESM1-5 0.501 0.605
GFDL-ESM4 1.030 0.734
IPSL-CM6A-LR 0.557 0.621
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Figure 13: Multi-model distribution of the median sea ice edge location analysis from the pre-Earth obser-
vation reference period compared to the reconstructed ice edge distribution from humpback whale catches
for a) November b) December ¢) January and d) February. When viewing the figure in landscape, the left
column is the median location from all the 23 climate models. The right column shows only the 1%¢-rated
climate models. The 25" and 75" percentiles are indicated by the blue lines and the median is indicated
by the grey line. The whale catch numbers, per longitudinal bin, are annotated above each box plot.
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3.3 Comparison of Sea Ice Edge Reconstructions

Figure 13 presents the sea ice edge location analysis for the pre-Earth observation era.

In both columns, the spread in the ensemble median of the simulated sea ice edge locations increases with
the progression of the austral summer (Table 7). This indicates that the timing of the melting initiation is
different in the individual models. Both ensemble distributions also show the simulated sea ice edge median
location to be positioned north of the reconstructed whale catch distributions, also considering the inter-
quantile ranges of the individual latitudinal bins. Additionally, the modelled edge location patttern seems
to follow the latitudinal pattern of the whale catch distribution quite well, especially in January when the
extent is more reduced in the Indian sector between 30 and 80°E.

The distribution of the decadal ensemble median from the 1%¢-rated models is narrower (right column)
than the 23-model ensemble distribution (left column). This suggests stronger agreement between the models
that are classified to be the best ones when compared against contemporary satellite data.

The all-model ensemble shows this feature only for the 75" percentile and the median, which remain
close to each other throughout the austral summer season. The larger spread of the 25" percentile could
be representative of a few models that simulate very low sea ice extent and hence present a more south-
ward location of the edge. Underestimating models would contribute to the higher spread in the 23-model

distribution.

Table 7: Sea ice edge inter-quartile range for both multi-model distributions in Figure 13, for each month in
the study.

Month Mean IQR (km)
All 23 models  1%t-rated models
November 396 146
December 557 219
January 720 275
February 864 431

Table 7 presents the inter-quartile range of the sea ice edge location computed for the 23-model distri-
bution and for the 1%* -rated models, for each selected month of the study. There is an increase in sea ice
edge location distribution spread with the progression of the austral summer. This is more evident for the
23-model distribution and between January and February in the 1% -rated models. Table 7 also shows that
there is a decrease in sea ice edge ensemble distribution spread from the 23-model distribution to the 15¢

-rated models, for all selected months of the study.

To better quantify if the pattern of the simulated ice edge follows the one derived from whale catches,
Figure 14 shows a latitudinal linear correlation plot between the median location from climate models and
the whale catches. The resulting statistical test shown in Table 8 was carried out using the Spearman’s
correlation test due to the non-Gaussian distribution of the data. The coefficient of determination was also

used to measure the spread of the data around the 1:1 line.
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Figure 14: Pre-Earth observation correlation between the sea ice edge location result of the 15¢ -rated model
distribution and the whale catch distribution, for each month in the study. The correlation is plotted against
a one-to-one reference line.

The spread of the data around the 1:1 line changes with the month of analysis, with the strongest
correlation visibly found in November. As the summer progresses, the correlation weakens; with the weakest
correlation being in February. In this month, the whale-derived edge location median clusters around 62.5°S
within a range of 5 degrees latitude, while the model spread is larger and centered around 57.5°S. The
compact structure of the clusters suggests that there is some agreement between both variables, however
carrying latitudinal bias. The climate models also show a latitudinal constraint within the range of 52.5°S
and 60°S, for all months. The latitudinal rigidity in the climate model results throughout each month of the
study may point to a constraint imposed through tuning against the contemporary satellite data or to the

lack of physical processes in the sea ice dynamics.

Table 8: Pre-Earth observation coefficient of determination and Spearman’s test results for the correlation
between the sea ice edge location result of the 1%¢ -rated modeldistribution and the whale catch distribution
for each month of the study.

Month R? r p-value

November 0.185 -0.361  0.141
December 0.003 -0.075  0.753

January  0.013  0.056 0.819
February 0.011 0.116 0.637

The coefficient of determination shows how much the 1%¢ -rated models can explain the whale catch
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distribution variance. Table 8 shows that November has the highest explained variance, with a value of
0.185. This value is however very small, indicating that only a portion of the simulated edge follows the
reconstructed sea ice features. The apparent visual agreement in November is therefore not corroborated by
a more objective measure of relationship.

The table also shows the Spearman’s test results for the correlation between the sea ice edge location
result of the 1%¢ -rated models and the whale catch distribution, for each selected month in the study and
the related p-value.The correlation values, r, are all close to 0, signaling very weak correlation. The negative
r values in the months of November and December indicate opposing latitudinal patterns between the 15t
-rated models and the location of whale catches. This opposition can be actually seen in Figure 13 between
11°E - 90°E for November and 49°W - 30°W for December. All p-values are above 0.05, indicating no

significance of any correlation measure.
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4 Summary and future works

Interdisciplinary scientific research is important because it offers a more holistic understanding of the broad
and far reaching impacts of the changing natural environment, giving us the opportunity for better-informed
decision making. Anthropogenic pressures on the natural environment, such as the industrial era that
has resulted in a 1°C global temperature rise since the pre-industrial era, can be linked to some of the
observed changes in our oceans and cryosphere. These changes in turn strongly influence how our climate is
changing. Changes in the ocean and cryosphere also impact the natural marine ecosystems, which through

their biodiversity, provide us with important ecosystem services.

The study of humpback whales offers a unique window of opportunity for interdisciplinary scientific
research due to their ecological behaviour and endurance through anthropogenic pressures. This study used
the interdisciplinary approach to explore the intersection between their ecology and oceanographic features
to lend to the assessment of climate projections.

The study aimed to assess 20" century climate model sea ice edge results in the Southern Ocean, against
humpback whale catch distributions. The study also aimed to assess climate model sea ice extent results
against contemporary observations as well as compare results between individual models. By carrying out
these analyses, climate model results can suggest where climate models are doing well and where they need
evaluating. The continuous assessment of climate models is important in increasing their reliability in climate
projections. Due to the lack of observational data in this remote region during the early 20" century, climate
model verification against observations is limited for this period.. There is no work-around for this challenge
other than to increase assessment against observational data, where possible. Therefore, although the whale
catch data carry inherent biases, they offer strongly-lending Antarctic oceanographic data for the early 20"
century which can be used to to fill data gaps. This study indicates that climate models are overestimating
the sea ice edge results in the Southern Ocean based on the real data collected from whaling logs. These
are certainly useful findings in that we can do further investigations to understand how climate models are
simulating sea ice edge results in the highly complex Southern Ocean. Furthermore, these findings present

the opportunity to possibly improve sea ice edge simulations in the Southern.

The humpback whale catch effort, as per IWC data, mostly covered the Atlantic and the Indian sector
of the Southern Ocean. For this reason, the study focused on these two sectors for the analyses. Decade
1930-1939 showed the highest catch numbers consistently throughout the months of the study. Sea ice
extent analyses were carried out in this study because of the close relationship sea ice extent has with sea
ice edge. The availability and use of contemporary satellite observations allowed for sea ice extent analyses
in both the pre-Earth observation and the observation era. Observational data only began to increase in
frequency and consistency in the mid-20*" century. Prior to these developments, the understanding of the
changing climate in the Southern Ocean over earlier periods is limited. Sea ice extent was used as both an
assessment and comparison indicator. The climatological sea ice extent seasonal cycle results for the pre-
Earth observation era varied largely between models, especially in the winter, with the majority of the climate
models underestimating the climatological seasonal cycle of sea ice extent, based on previous literature. There
were also some outlier models presented in this analysis, such as FGOALS-f3-I. and MIROC6.

The climatological sea ice extent seasonal cycle results for the observation era also varied largely between
models , with the majority of the models not exceeding a 20 million km? winter maxima. The models do

not seem to capture the seasonal cycle very well, contrary to Zunz et al. (2013) findings. This suggests
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that there may be little difference between CMIP5 and CMIP6 climatological sea ice extent seasonal cycle

projections.

By assessing the climatological sea ice extent seasonal cycle results for the observation era against the
contemporary observations, 15¢-rated and 2"%rated models were chosen, based on their proximity to the
satellite observations. Using these two classes of models, the persistence of the simulated sea-ice features
between the two observation eras was compared, using the annual summer mean sea ice extent as the reference
variable. The annual summer mean sea ice extent time series from both model classes illustrated that in a
time when data is lacking, the majority of the highest-rated models show reduced variability, apart from a
few notable exceptions. Therefore the decision to make decade 1930-1939 a representative of a pre-Earth

observation era is acceptable.

The second assessment indicator variable used in the study was the latitudinal location of sea ice edge.
Knowing that humpback whales were caught at a proximity to the ice edge, this variable was used as a
benchmark against the simulated sea ice edge. The overall pattern of the ensemble median of the modelled
ice edge location apparently follows the latitudinal pattern of the whale catch locations, which are assumed
in this study to mark the topography of the sea ice edge. A more accurate analysis based on the linear
correlation however indicated that the coeflicient of determination is different from zero only in November,
and even in this case, the correlation is negative. According to Roach et al. (2020) CMIP6 models improved
their geographical distribution of SIC from CMIP5 when compared against satellite data. The comparison
with historical proxy observations instead reveal a different pattern. In particular, the early 20th century
ensemble median of the simulated sea ice edge is substantially northward of the whale catch distribution.
This was more clearly illustrated in the 1°? -rated models results of the sea ice edge. The much narrower mean
sea ice edge distribution inter-quartile range in the 1*¢ -rated models than in the full 23-model distribution,
means that the 1%¢ -rated models were in strong agreement of their results, and they all overestimated the
northward location of the ice edge against the proxy data.The correlation plot of the 1% -rated models
illustrated latitudinal rigidity in climate model mean sea ice edge location, producing results that were
contained within a latitudinal range of 52.5 °S - 60 °S. This is the same latitudinal range of the warmer
waters found around the dynamic Antarctic Circumpolar Current (Nghiem et al., 2016). The plot also
illustrated a seasonal variation in results, with November showing the strongest correlation. This may
possibly be due to the diffuse nature of sea ice in the summer months, especially late summer months,

creating disparity in sea ice definition (Eayrs et al., 2019).

The whale catch distribution showed very little catch logs in the Pacific sector of the Southern Ocean,
see Figure 7. The Pacific region was, historically, a difficult area to whale due to the lack of land masses to
provide harbouring or even to be used as processing stations. With that being said, humpback whales could
have been present in the Pacific sector but due to the lack of whaling in the area, and the lack of observations
in the area in the last century, the humpback whale distribution is largely unknown in this area for the last
century. Therefore, another type of dataset will need to be used to carry out a similar assessment in this

area of the Southern Ocean.

The varying results of the climatological sea ice extent seasonal cycle, for the pre-Earth observation era,
between models could be due to the different constraints used by each model. Understanding how each

model applies constraints is an important exercise to accurately interpret its outputs. For the observation
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era, determining the relationship between SIC and sea surface temperature in models may give indication
as to why models underestimate the summer sea ice minima (Roach et al., 2020), for example in model
MIROCS.

How models results may differ from the start of the century to when observational data started being
available is unclear - it could be that the models capture a trend over the last century or that there was
a parameterization shift in the sea ice extent boundary conditions. For example, reasons for GFDL-ESM4
producing a very low summer mean sea ice extent in the first decade of the 215! century are yet to be
analysed. A quantitative analysis for this visual analysis in the persistence of climate model output between
the two observation eras will improve the confidence of the finding. The increase in standard deviation in
some of the models, from the pre-Earth observation era to the observation era may be due to an increase in
constraints being used in some of the models. Further work in this regard would be a useful supplement in

understanding the sea ice extent projections by each model.

While the physical laws employed by climate models to determine mean sea ice edge capture certain
features, it is unclear whether the parameterization of individual climate models capture a calculated a shift
in the initial boundary conditions or the change in sea ice behaviour with time.

The implication of overestimating sea ice edge in the Southern Ocean is that climate projections will be
skewed in the Southern Hemisphere. As we know that the Southern Ocean makes a great contribution to
climate regulation in the Southern Hemisphere, it is important to get the most accurate initialization in the
Southern Ocean to yield the most reliable results. Nghiem et al. (2016) describes that warmer waters play a
significant role in constraining the extent of sea ice and that these waters and their associated polar currents
are subject to topographic steering. Therefore, understanding the climate model sea ice edge results may
also need the consideration of other indicators such as sea surface temperature and bathymetry.

There are more recent data of whale sightings that have been collected over various Southern Ocean
research cruises, such as the Southern Ocean Whale and Ecosystem Research Programme (SOWER)?Y and
the Southern Ocean Research Partnership (IWC-SORP)!°. These data provide an opportunity to carry out
the same assessment as this study, where climate model mean sea ice edge results for the late 20** century can
be assessed against humpback whale sightings. This data will also likely carry less biases (See Section 2.1.1)
than the commercial whaler’s logs. Additionally, whale sightings in the Pacific are likely to be available,

giving opportunity to carry out the assessments in the entire Southern Ocean.

The findings of this study certainly show that climate models are overestimating the sea ice edge in the
Southern Ocean based on the real data collected from whaling logs. This raises the need for further analyses
of sea ice climate model results in this region. The Southern Ocean and the Antarctic cryosphere play a
vital role in the changing of our climate. We therefore need to continue to assess climate model results in

the region so as to improve on our understanding and projections on the dynamics that exist within it.

Yhttps://iwc.int /sower
10https://iwc.int /sorp
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Appendix A Figure 15 presents a graphical display of annual whale catches for each selected month of

the study.
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Figure 15: Annual humpback whale catches in the last century for each month of the study, a) November
b) December c¢) January d) February, from the IWC.
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Appendix B Figures 15 - 31 present a monthly time series, for the previous century, of total Antarctic

sea ice extent measurements for each climate model.

20,0 = = = = e e e e e e e e e

17.5

15.0

10.0

7.5

Sea Ice Extent [10% km?]

5.0

25+=--HHHHHHHHHH -———

0.0

1900 1920 1940 1960 1980 2000 2020
Year

Figure 16: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model ACCESS-CM2. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 17: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model ACCESS-ESM1-5. Red lines demarcate sea ice extent seasonal minimum and maximum based on
previous literature (See Section 2.2.2).
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Figure 18: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model CanESMS5. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).

48



20.0
17.5
15.0

&

£

o 125

=}

)

=

o 10.0

o]

X

w

9]

1)

- 75

©

9]

0
5.0
25 —————————————————————————————————————————————————— - - ———

1900 1920 1940 1960 1980 2000 2020
Year

Figure 19: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model CESM2. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 20: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model EC_Earth3. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 21: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model FGOALS-f3-L. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 22: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model GFDL-ESM4. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 23: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model TPSL-CM6A-LR. Red lines demarcate sea ice extent seasonal minimum and maximum based on
previous literature (See Section 2.2.2).
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Figure 24: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model MIROCG6. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 25: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model MPI-ESM-1-2-HAM. Red lines demarcate sea ice extent seasonal minimum and maximum based on
previous literature (See Section 2.2.2).
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Figure 26: Annual sea ice extent seasonal cycle for the previous century, produced by climate model MPI-
ESM-1-2-HR. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous liter-
ature (See Section 2.2.2).
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Figure 27: Annual sea ice extent seasonal cycle for the previous century, produced by climate model MPI-
ESM-1-2-LR. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous liter-
ature (See Section 2.2.2).
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Figure 28: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model MRI-ESM2-0. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 29: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model NorCPM1. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 30: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model NorESM2-LM. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 31: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model NorESM2-MM. Red lines demarcate sea ice extent seasonal minimum and maximum based on previous
literature (See Section 2.2.2).
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Figure 32: Annual sea ice extent seasonal cycle time series for the previous century, produced by climate
model SAMO-UNICON. Red lines demarcate sea ice extent seasonal minimum and maximum based on
previous literature (See Section 2.2.2).
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