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Supplementary Information Text

Detailed Methods

Sea Ice. We used daily sea ice concentration calculated using the NASA-Team algorithm from the
National Snow and Ice Data Center (Meier et al., 2021a, 2021b) for the length of the satellite data
record (1979-2023). Total circum-Antarctic sea ice area was calculated by removing concentrations
less than 15% and then calculating the area-weighted sum of concentration. We used the 5-day
rolling mean of the circum-Antarctic daily sea ice area to find the annual sea ice minima and maxima.

To investigate changes to sea ice seasonality which may co-occur with variability in sea ice area, we
calculated open water duration, derived from sea ice advance and retreat. Following Stammerjohn et
al. (2008), an annual window from mid-February (year day 46) to the next mid-February (year day
410/411) is defined to describe the year between two sea-ice minima. Day of advance is calculated as
the first day that the five-day rolling average, i.e. average of the last 5 days, of sea ice concentration
is equal to or greater than 15%. Day of retreat is the last day that the five-day rolling average of sea
ice concentration drops below 15%. Instead of the typical measure of the length of a sea ice season,
i.e. the duration between advance and subsequent retreat, we focused on the summer open water
duration, calculated as the duration between retreat and the subsequent advance. If advance
occurred after September 15 (or retreat occurred before September 15) in a grid cell, its
advance/retreat value was set to a default value of September 15 in order to avoid open water
duration values of longer than one year. Ocean grid cells where no sea ice was present were given an
open water duration of 365/366 days. The time series of open water duration was then calculated as
the area-weighted mean for all ocean grid cells south of 55°S. Each year was labelled based on the
second year, e.g. 2021/2022 austral summer was labelled as 2022.

We obtained sea-ice thickness estimates from the recently-updated Version 3 of the ESA Climate
Change Initiative Antarctic sea-ice thickness dataset, which estimates thickness from altimetric
measurements of sea-ice freeboard from Envisat and CryoSat2. In Version 3, Envisat data have
been improved and validated during the instrumental overlap with CryoSat2 (Paul et al., 2021) We
present annual May-Oct means as we have greater confidence in sea-ice thickness measurements
during the growth season.

Coastal exposure length is based on the definition within (Reid and Massom, 2022), and is the
detection of a lack of sea ice directly offshore from the Antarctic coastline. Coastal exposure length is
the length of coastline with no sea-ice adjacent, excluding polynyas, and has a value between 0 and
~17,850 km. Values cited within Figure 1 are the time-integral of coastal exposure length between
sea-ice maxima, calculated as the sum of the daily coastal exposure length between consecutive
15ths of September. The years are labelled based on the second year, e.g. 2021/2022 coastal
exposure days is labelled as 2022.

Landfast ice extent at the time of minimum extent (i.e., in early-mid March) is taken from Fraser et al.
(2021) and Fraser et al. (2023). The mapping of landfast ice is semi-automated for 2000-2018 based
on cloud-free composite imagery and a persistence-of-edges approach detailed in Fraser et al.
(2020). Landfast ice maps for 2019-2022 are manually delineated using the methodology of Fraser et
al. (2010).

To determine years with extreme high and low sea ice for further analysis, we ranked then summed
three annual datasets: annual sea ice minimum area, open water duration and coastal exposure
days. The open water duration and coastal exposure were inverted before ranking, so that high ranks
for all three datasets indicate more sea ice, and vice-versa. The ranks from the three datasets were
then summed. Following the marine heatwave community (e.g., Hobday et al., 2016), we employ
upper and lower deciles to indicate extreme years (i.e. four extreme high and low years from a 44-
year record).

Ocean. We use the Australian Community Climate and Earth System Simulator Ocean Model
(ACCESS-OM2) to model the impact of extreme low summer sea ice. This model links a sea ice
model (CICE5), an ocean model (MOMS5), and a data atmosphere (JRA-55do). The use of a data
atmosphere allows us to avoid the Southern Ocean biases that are common in fully coupled climate
models.



Our perturbation simulation takes the model state at the end of 2014 and skips two years' worth of
atmospheric data. This produces a model in which the atmospheric state from the beginning of 2017
onwards is applied to an ocean - sea ice model that has not undergone the striking loss of sea that
occurred during 2015 and 2016. We define the anomalies as the difference between the control and
perturbation simulations.

We are unable to assess the impact of more recent sea ice extremes, because we require four years
of atmospheric data after the sea ice extreme to run the ocean model. These data do not yet exist for
the more recent extreme summers we identified (2021/22 and 2022/23).

Ice Shelves. The correlations between sea ice area, exposure days, and iceberg calving were
performed in multiple sectors as well as for the circumpolar total (Table S1).

Primary Productivity.

Satellite remote sensing - Ocean color. Previous studies highlighted the role of sea ice cover on
marine productivity, where decline in sea ice cover and extent was associated with stronger biological
production in the Arctic (Arrigo et al., 2008; Arrigo and Van Dijken, 2015). Therefore, understanding
how this relationship behaves during extreme events is important, as such a relationship has further
consequences on the carbon cycle.

To investigate the long-term changes in surface phytoplankton biomass, we used Level-3 satellite
surface chlorophyll-a concentration with temporal and spatial resolution of 8 days and 0.04° (~4 km)
respectively from the European Space Agency (ESA) GlobColour project
(https://www.globcolour.info/). We used the standard GSM model Case 1 water (CHL1, open water,
where phytoplankton is assumed to drive optical properties, therefore, waters that can be described
as a function of chlorophyll-a concentration, a proxy for phytoplankton biomass) merged products
consisting of the Sea-viewing Wide Field-of-view (SeaWiFS), Medium Resolution Imaging
Spectrometer (MERIS), Moderate Resolution Imaging Spectroradiometer (MODIS-A) and Visible
Infrared Imaging Suite sensors (VIIRS). Before merging, SeaWiFs, MODIS-A and VIIRS were
reprocessed following the NASA R2018 algorithm, while MERIS followed the ESA 3rd reprocessing.
Documentation regarding the sensors can be found at
https://www.globcolour.info/CDR_Docs/GlobCOLOUR_PUG.pdf/

In the Southern Ocean, satellite remote sensing of ocean color faces several challenges influencing
the data quality. Firstly, the large solar zenith angles can affect light reflectance, potentially leading to
an underestimation of in situ ocean chlorophyll-a (Sirjacobs et al., 2011; Wang, 2003). Other
atmospheric features such as aerosols and clouds can decrease spatial coverage, leading to potential
biases and lower data quality (Pereira and Garcia, 2018; Sirjacobs et al., 2011).

Because we delve into the relationship between surface chlorophyll-a and sea ice, it is important to
acknowledge the impact sea ice has on satellite ocean color data. Firstly, much like clouds, the
presence of sea ice reduces data to the open water period. Sea ice also impacts the reflectance used
to calculate chlorophyll-a (Pereira and Garcia, 2018), as sea-ice meltwaters release particles which
backscatter more light, thereby modifying the reflectance (Dierssen et al., 2002). Some algorithms
were developed specifically for the Southern Ocean (Johnson et al., 2013; Kahru and Mitchell, 2010),
but have been found to overestimate chlorophyll-a in the sea-ice zone (Haéntjens et al., 2017), which
is within our area of interest, while the Ocean Color Index (OCI, method used for our satellite data (Hu
et al., 2012)) performs well in the circumpolar Southern Ocean. The use of satellite remote sensing
and merged products from different sensors has become a robust tool to investigate phytoplankton
blooms and associated phenology in recent years (Ardyna et al., 2017; Del Castillo et al., 2019;
Kauko et al., 2021; Liniger et al., 2020; Thomalla et al., 2023) and is therefore the method of choice in
our study.

We computed two climatologies, both of which use the 8-day data. One is used for Figure 5 in the
main article, and the other from each 8-day period for the comparison between the BGC-Argo data
and satellite data. For Figure 5, we averaged chlorophyll-a (from 8-day data) over the corresponding
open water period for each pixel and each year (Both chlorophyll-a and sea-ice concentration
datasets were interpolated on to the same 25km grid). The average chlorophyll-a for a given pixel



(2004 to 2018) represents the climatology that we used as a baseline to compare with the 2021/22
event.

For the comparison between satellite chlorophyll-a and the BGC-Argo float, we use a similar method.
However, instead of averaging the chlorophyll-a pixels over the open water period for each year, we
take a given chlorophyll-a concentration 8-day period and average from 2004 to 2018. For example,
we took all 8-day periods starting January 1st and averaged them all to obtain a climatological
baseline for that 8-day period. We repeated this for the forty-six 8-day periods in a year. We then
compared our 8-day baseline for the closest 8-day period (week starting February 26th) to the time
where the float took the #220 salinity profile (February 27th). Due to the patchy nature of 8-day data,
no chlorophyll-a data was available in the closest pixel to our float location when profile #220 was
taken. We therefore performed an average on a 5x5 grid point box from the closest location for both
the climatology and the late February 2022 data to investigate the change.

Satellite remote sensing - Sea ice. The sea-ice phenology (advance, retreat, duration) was
computed following Stammerjohn et al. (2008), using a 15% sea-ice concentration threshold. For
each pixel, Advance was calculated to start on the 46th day of the year (15th Feb). To advance the
pixel needs to have sea-ice concentration greater than 15% for a run of 5 days or more. To retreat,
the pixel needs to have concentration less than or equal to 15% for 5 days or more. The duration was
defined as the time between the day of advance and day of retreat. Conversely, the open water
duration was defined as the time between the first day of retreat and first day of advance. The sea-ice
data used are from Nimbus-7 SMMR and DMSP SSM/SSMIS Passive microwave data with a 25 km
resolution downloaded from the National Snow and Ice Data Center (NSDIC) website
(https://nsidc.org/data/nsidc-0051/versions/2#anchor-2).

BGC-Argo float. As mentioned above and in the main text, ocean color satellite remote sensing
cannot see through clouds and sea ice, and cannot resolve oceanographic processes at depth. To
overcome this, we used BioGeoChemical (BGC)-Argo floats to investigate in situ changes in salinity,
temperature and chlorophyll-a in the water column during the 2016/17 and 2021/22 sea-ice low
events. We selected floats present in the sea-ice zone/marginal ice zone at the time of both events
that showed at least 1 annual cycle prior to each event. The floats were equipped with salinity,
temperature and chlorophyll-a fluorescence sensors. We downloaded “adjusted” data from floats
corresponding to these criteria using the One-Argo mat toolbox (Frenzel et al., 2022), from floats
7900673, 5904397 and 5904180. Temperature, salinity and pressure data were rigorously quality
controlled (Bittig et al., 2019; Schmechtig et al., 2023). Using “adjusted” data for all variables takes
into account the regular adjustments made to their calibration post deployment. Extensive explanation
on chlorophyll-a quality control can be found in Schmechtig et al. (2023). This includes the primary
data adjustment process for dark estimation, non-photochemical quenching (NPQ) and slope
correction, and further correction taking into account particles impacting fluorescence that are not
chlorophyll-a (including particles released by sea-ice melt). We only kept data showing quality flags of
1, 2,5 and 8. These flags correspond to (1) good data, (2) probably good, (5) value changes and (8)
good data interpolated on the same pressure level as other variables. On top of that, we also
corrected chlorophyll-a data for potential NPQ following Xing et al. (2018).

Matching up satellite and float data. For the 2021/22 event, no chlorophyll-a data was available
from the BGC-Argo float. Therefore, to match up chlorophyll-a satellite and changes in salinity from
the BGC-Argo float, we used the time at which salinity profiles from the floats were taken. We
evaluated salinity in October 2021 (start of sea-ice retreat, profile #205), noting that no satellite
chlorophyll-a was available. We therefore focused on March 2022 (full melt, profile #220) to match up
the closest pixel of anomalous chlorophyll-a data for the same time period. Because daily satellite
data show significant spatial gaps, we performed the match-up using the same 8 day averaged time
period data described in the satellite remote sensing.

Marine predators and their prey: Expert assessment of impacts on higher trophic levels.
Recent extreme events in Antarctica had not been predicted (Massonnet et al., 2023). Thus, no
dedicated field campaigns were undertaken to study the impact of these events on higher trophic
levels. Therefore, we assessed potential impacts of extreme events on higher trophic levels by
applying a conceptual approach based on expert judgement, and used several criteria to make a
gualitative prediction of the ecological vulnerability of several Antarctic species. The effect of each



kind of extreme event was assessed against species vulnerability with regard to impact on habitat,
food supply, adult survival, breeding success, survival of juveniles and population trajectory. Five
competent, experienced experts with relevant expert knowledge of species biology, ecology, and the
functional mechanisms and causal relationships with their environments independently considered the
impacts of extreme events.

Next individual assessments were compared and discussed, and then assigned a level of confidence
when agreement on the direction of an impact was reached. Depending on the quality of available
data or level of agreement among the experts, confidence scores were assigned. High confidence
indicates high consensus and/or access to adequate data; where experts agreed that multiple
processes could act in different directions a low confidence score is indicated. Where data were
clearly insufficient and outcomes unclear, the effect of impacts was indicated as unknown. These still
delivered important information as they highlight knowledge gaps. Given the lack of sufficient
information and high-quality data (extreme events have been rare and not every aspect of them has
been investigated in detail), this was an informal approach based on experience, intuition and logic.
This qualitative assessment provides a baseline against which future events can be compared and
the assessment updated.

Socio-economic and well-being impacts: Online search interest for “Antarctic seaice”. Google
Trends is a tool that can be used to quantify online searches for particular topics over a defined region
and time period. According to Google Trends, global online searches on the topic of ‘Antarctic sea ice’
over the period of 2004-2024 started in 2007 with a marked increase from September 2012 onwards,
and a maximum peak of interest in July 2023 (Figure S9} and Google Trends (2024). The interest
values do not represent absolute search volume. Instead they are normalized, and then indexed on a
scale from 1-100, where 100 is the maximum search interest for the period selected. The
normalization means that we are not looking at the total number of searches but instead at the
percentage of searches for that topic, here ‘Antarctic sea ice’, as a proportion of all searches over the
selected period. Related ‘rising’ online searches with the biggest increase in volume for the same time
period included the search terms ‘Antarctic’, ‘Antarctic ice’, ‘Antarctic ice extent’ and ‘Antarctic sea ice
extent’, all qualifying as ‘Breakout’ online searches (not shown). Breakout searches means that these
searches had an enormous increase and are formally identified as when search terms grow by more
than 5000%.
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Fig. S1. Satellite-derived circum-Antarctic annual minimum total landfast ice extent (occurring in early

March) by ice age for the years 2004-2022. Note the substantial loss of 3+ year-old landfast ice since
2020.
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Fig. S2. Surface water-mass transformation (Sv) south of 55°S in the ACCESS-OM2-025 model. The
net (a) transformation is decomposed into heat (b) and salt (¢) components and binned in density
classes referenced to 1000 db. The solid black lines are 2005-15 averages with blue shading showing
a one standard deviation annual mean range. The black dotted and dashed lines are the 2016 and
2017 annual averages from the Control simulation. In general terms, the model transformation rates
depict the lightening of Circumpolar Deep Water into Antarctic Intermediate Water within the 31.0-
32.2 kg m® range and the densification of Circumpolar Deep Water into Antarctic Bottom Water within
the 32.2-32.8 kg m range. We can see that during 2016 substantially more water was transformed
into Antarctic Intermediate Water (dotted line, a) and that most of this effect was due to changes in
salinity (dotted line, c); extra sea ice melted in 2016 and produced more Antarctic Intermediate Water.
However, in 2017 there was a reduction; the record low summer in 2017 meant there was less sea ice
available to melt and create Antarctic Intermediate Water. The green lines are anomalies in 2017 of
Control minus the No_2016 simulation showing that the extreme sea ice low lead to a reduction in the
formation rate of Antarctic Intermediate Water in 2017. A negative transformation represents a
lightening of water, as indicated by the grey arrows.
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Fig. S3. Upper layer (0-50m) summer temperature response to the extreme sea ice loss in 2015 and
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demonstrated in Figure 2 is a widespread phenomenon both on and off the continental shelf.
Anomalies are the Control minus the No_2016 temperature. The black contour is the 1000m isobath.
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Fig. S5. 2021/22 8-day chlorophyll-a anomalies for week starting February 26th with #220 (February
27th 2022) profile location (red circle) in the Ross Sea during the 2021/22 season.
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Fig. S7. December 2016 sea ice concentration anomaly (with respect to 2004-2018 climatology, from
NSIDC Climate Data Record (Meier et al., 2021a)). Magenta line shows the climatological ice edge
(i.e., the 15% sea ice concentration isoline); black line is the December 2016 ice edge.
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Fig. S8. The port-to-port shipping network of summer (January - March 2014 and 2017) visits to
Antarctica, following both a high sea-ice extent year and a low sea-ice extent year, respectively. The
maps are modified from Figure 2 of (McCarthy et al., 2022). The lines on the map depict connections
between locations but do not illustrate the specific path of travel. The color of each circle indicates the
frequency of visits to a particular port, while the size of the circle represents eigenvector centrality.

Eigenvector centrality measures the relative importance of ports in the network based on their
connectivity to other highly ranked ports.
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Table S1. Results from sector-by-sector and continent-wide Spearman's rank correlation comparing
summer-average sea ice area with number of days of coastal exposure and total iceberg count per

year. We use Spearman's rank correlation as the number of icebergs is not expected to be normally
distributed due to the self-organized criticality of calving processes (Astrom et al., 2014). Statistically
significant relationships (95% confidence) are highlighted in bold font.

Summertime average sea ice

Exposure days

Iceberg count

areain: o p slope P p slope
King Haakon VII Sea -0.58 0.03 -3.8%10° 0.02 0.94 -1.3*10
East Antarctica -0.42 0.12 -4.8*10°® -0.77  7.2*10* -2.7*10°
Ross Sea -0.30 0.27 -4,9%106 -0.75 0.01 -8.8*10°6
Amundsen and 0.01 096  -22*10° 033 022  -2*10°
Bellingshausen Seas
Weddell Sea -0.79 8.2*10* -7.9%10® -0.46 0.08 -4.9%106
Circumpolar -0.65 8*103 -4.5*106 -0.69  4.1*10% -6.2*10°




Table S2. Estimates of added dissolved iron and chlorophyll-a (chl-a) from sea-ice meltwaters for
BGC Argo floats operating in Ross Sea. Profiles #166 and #184 are in October 2020 and March 2021
respectively, while #205 and #220 are in October 2021 and March 2022. Profiles #205 and #166
show the same values and are therefore grouped.

, Min dFe Max dFe Mean dFe Mean increase
éfﬁi?;,?,%‘;; 'V]'ce't";’_ater added added  added ("M)+  chlorophyll-a (mg m-)
oa raction (nM) (nM) stdev * stdev
205 & 166 0.02 0.01 0.74 0.2+0.3 0.16+0.24
220 0.043 0.03 1.59 0.42 £ 0.65 0.34+0.53

184 0.037 0.03 1.38 0.37+0.56 0.30+0.45
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