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Abstract
Methane Sulphonic Acid in East Antarctic Coastal Firn and Ice Cores and Its
Relationship with Chlorophyll-a and Sea Ice Extent in the Southern Ocean
Emma Nilsson

The seasonal retreat of sea ice in the austral spring and summer around Antarctica has a significant effect
on phytoplankton activity, mainly due to light availability, meltwater input of dissolved iron, and surface
water stratification. Phytoplankton produce dimethylsulfoniopropionate, the precursor to the climate-
cooling gas dimethyl sulphide, which is ventilated to the atmosphere and oxidised to methane sulphonic
acid (MSA). MSA is preserved in firn and ice cores from both the Arctic and Antarctica. Attempts to
reconstruct sea ice conditions in different regions of Antarctica with the help of MSA records from ice
cores have had varying success, highlighting the often-regional relationship between ice core MSA and
sea ice. This study uses MSA records from three firn cores and one ice core drilled on Fimbul Ice Shelf
in Dronning Maud Land, East Antarctica, to investigate the relationship to satellite-derived sea ice extent
(SIE) in five sectors of the Southern Ocean. Chlorophyll-a concentrations, serving as a measure of
phytoplankton biomass, are correlated to the MSA records to further test the MSA – SIE relationship.
The firn cores are named after the ice rise where they were drilled: Kupol Ciolkovskogo (KC), Kupol
Moskovskij (KM), and Blåskimen Island (BI). The ice core is named S100. The results show that there
is a significant, yet weak positive correlation between summer MSA in the KM core and winter SIE in
the Weddell Sea Sector. There is also a significant, weak positive correlation between summer MSA in
the BI core and summer chlorophyll-a concentrations in the Weddell Sea Sector. There are no significant
correlations between MSA in the low-accumulation KC or S100 cores and SIE or chlorophyll-a
concentrations. Furthermore, the two high-accumulation core sites in this study, BI and KM, do not
display the same relationship between MSA and SIE or MSA and chlorophyll-a, which is likely due to
very local wind patterns. Surface winds on Fimbul Ice Shelf are easterly or north-easterly which results
in a more coastal influence at the KM site compared to the BI site, likely introducing the differences
observed when comparing the two MSA records. More research aimed at evaluating the meteorological
conditions that prevail at the core sites is needed to further assess the use of the MSA records from the
high-accumulation ice rise cores BI and KM as proxies for SIE in the Weddell Sea region, but in their
current state these MSA records are not suitable to use for sea ice reconstruction.
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Populärvetenskaplig sammanfattning
Metansulfonsyra i kustnära firn- och iskärnor från Östra Antarktis, och dess
förhållande till klorofyll-a och havsisutbredning i Antarktiska Oceanen
Emma Nilsson

Havsisen kring Antarktis smälter årligen under vår- och sommarmånaderna, vilket har en betydande
inverkan på fytoplankton eftersom isen reglerar tillgången till solljus, det viktiga näringsämnet järn samt
vattenkolumnens stabilitet. Fytoplankton producerar ämnet dimetylsulfid som oxideras till
metansulfonsyra (MSA) i atmosfären. MSA kan sedan transporteras till Antarktis där det avsätts och
bevaras i snön. Genom att borra upp iskärnor kan man erhålla ett daterat MSA-arkiv, som i flera fall har
använts för att försöka rekonstruera havsisens utbredning. Dessa försök har haft varierande framgång,
vilket beror på att förhållandet mellan MSA och havsis ofta är regionalt betingat. I den här studien har
MSA-arkiven från tre firnkärnor och en iskärna tagna från Fimbulisen i Dronning Maud Land, Östra
Antarktis, använts för att undersöka förhållandet till havsisutbredning i Antarktiska Oceanen. Dessutom
har klorofyll-a, ett sätt att mäta fytoplanktonens biomassa i havet, också korrelerats till MSA-arkiven
för att ytterligare testa förhållandet mellan MSA och havsis. Firnkärnorna är döpta efter platsen de
borrades på: Kupol Ciolkovskogo (KC), Kupol Moskovskij (KM) och Blåskimen Island (BI). Iskärnan
kallas S100. Resultaten av korrelationsberäkningarna påvisar en signifikant men svagt positiv
korrelation mellan sommar-MSA i KM-kärnan och havsisutbredning under vintern i Weddellhavet.
Dessutom finns det en signifikant, svag korrelation mellan sommar-MSA i BI-kärnan och klorofyll-a
under sommaren i Weddellhavet. Inga signifikanta korrelationer mellan MSA i KC- eller S100-kärnorna
och havsis eller klorofyll-a kan påvisas. Det faktum att MSA-arkiven från BI- och KM-kärnorna inte
uppvisar samma förhållande till havsisutbredning eller klorofyll-a kan förklaras av de lokala vind- och
transportmönstren som är aktiva på olika delar av Fimbulisen. Marknära vindar är ostliga eller
nordostliga i det här området vilket resulterar i ett högre inflytande av kustliga vindar vid KM jämfört
med vid BI. Detta är förmodligen tillräckligt för att påverka MSA-arkiven att uppvisa olika
korrelationsmönster till havsis och klorofyll-a. För att fortsatt utreda lämpligheten av MSA-arkiven från
KM och BI för att rekonstruera havsisutbredning i Weddellhavet behövs mer forskning kring de
specifika meteorologiska förhållanden som är aktiva på Fimbulisen.

Nyckelord: metansulfonsyra, firnkärnor, havsis-proxy, marin primärproduktion, Fimbulisen,
Dronning Maud Land
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1. Introduction 
Sea ice in the Southern Ocean exerts an important control on regional and global climate, atmospheric 

and oceanic circulation, as well as on local ecosystems (e.g. Nicol et al. 2000; Yuan & Martinson 2000; 

Parkinson 2004). Ice and snow have a high albedo, reflecting much of the incoming solar radiation 

which ensures low temperatures. Sea ice also acts as an insulator between the ocean and the atmosphere, 

inhibiting heat exchange. Furthermore, the fresh, cold water produced by melting sea ice can induce 

bottom water formation, driving oceanic circulation (e.g. Parkinson 2004). Sea ice also modulates 

oceanic drawdown of atmospheric CO2 (Nomura et al. 2013; Marzocchi & Jansen 2019) and is an 

important facilitator in producing dimethyl sulphide (DMS or (CH3)2S), one of the precursors to sulphate 

aerosols which act as cloud condensation nuclei to cool the planet (Vancoppenolle et al. 2013 and 

references therein). Global-scale spaceborne observations of sea ice conditions only began in 1978. 

Further back in time, the sea ice record can be reconstructed from whaling ship logs, but the spatial 

coverage is much smaller than what satellite imagery can provide. Since 1978, Antarctic sea ice extent 

(SIE) has gradually increased, although the trend is very regionally variable with for example the 

Bellingshausen-Amundsen Seas exhibiting a negative trend (Parkinson 2019). In general, the positive 

trend has weakened since 2014 with years of record low extent in 2017 and again in 2022 (Raphael & 

Handcock 2022).   

Methane sulphonic acid (MSA or CH3SO3H) is preserved in firn and ice cores from both the Arctic 

and Antarctica. MSA is an oxidation product of DMS which in turn is produced in the oceans by 

phytoplankton, with the seasonal sea ice zone as an important source region (Curran & Jones 2000). 

Wind transports MSA from the marine boundary layer over open ocean to continental Antarctica, where 

it is deposited in the snow. DMS production is high during austral spring and summer in the seasonal 

sea ice zone (e.g., Kettle et al. 1999; Curran & Jones 2000; Hezel et al. 2011), which forms the 

foundation of the pronounced seasonal variation of MSA concentration preserved in ice cores, allowing 

MSA to be investigated as a proxy for sea ice. In turn, that could allow for more accurate reconstructions 

of past SIE prior to the historical observation period.  

The relationship between MSA concentration in ice cores and SIE has been shown to be complex by 

empirical studies. Some studies show a positive correlation between MSA and SIE at a regional scale 

(e.g., Curran et al. 2003 & Foster et al. 2006) while others have found a negative correlation in Antarctica 

(Abram et al. 2007). In the case of Abram et al. (2007), it is suggested that the negative relationship is 

caused by wind anomalies in the region which decrease the delivery of MSA to the core sites when SIE 

increases. This highlights the importance of careful investigation into local wind transport patterns 

which can modulate the MSA record in ice cores. Furthermore, some studies find no strong correlation 

between MSA and SIE at all, neither for MSA deposited in Antarctica (Hezel et al. 2011) nor for MSA 

concentration measured in the atmosphere (Preunkert et al. 2007).  



2 
 

Chlorophyll-a concentrations in the near-surface ocean are reported by satellite ocean-colour data 

and are intimately connected to phytoplankton biomass, and therefore also DMS and MSA production. 

Subsequently, the connection between MSA and phytoplankton activity near the sea ice edge can be 

investigated using observed chlorophyll-a concentrations. In ice core studies, the relationship between 

chlorophyll-a concentration and MSA has been used to validate the MSA-SIE relationship (Thomas & 

Abram 2016).  

The aim of this study is to investigate the long-term interannual and seasonal variations of the MSA 

records in coastal firn and ice cores from Fimbul Ice Shelf (FIS), East Antarctica, and compare it to SIE 

and chlorophyll-a data. This includes calculating correlations between MSA concentration and SIE as 

well as chlorophyll-a, to assess the potential usefulness of MSA as a sea ice proxy in this region of 

Antarctica. Since atmospheric circulation patterns can influence the variability in the MSA ice core 

record due to, for example, changes in wind transport strength and source region, an attempt is made to 

evaluate the specific wind conditions prevalent over the spatial and temporal scales covered in this study. 

Wind patterns and analysis of other ions than MSA in cores from FIS show that the Weddell Sea is 

the main source of surface air masses and precipitation to FIS (Schlosser et al. 2008; Vega et al. 2018). 

In combination with the fact that MSA is produced by phytoplankton, particularly in the seasonal sea 

ice zone (Curran & Jones 2000), the hypothesis of this study is that a positive correlation exists between 

SIE and chlorophyll-a in the Weddell Sea, and MSA in firn and ice core records from FIS. The MSA 

records used in this study have been collected and analysed by Kaczmarska et al. (2004) and Vega et al. 

(2016, 2018). The remote sensing products, in the form of sea ice data and chlorophyll-a concentrations, 

are obtained from NASA.  
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2. Background 
MSA is produced in the atmosphere via oxidation of DMS, which originates in the ocean as a product 

of marine primary productivity. The seasonal sea ice zone is a very important source region for DMS 

emissions to the atmosphere (Curran & Jones 2000). The breakup and melting of seasonal sea ice during 

spring and summer leads to higher levels of DMS being released. This is attributed to enhanced levels 

of phytoplankton activity because of enhanced ocean surface stratification (e.g. Smith & Nelson 1985), 

iron fertilisation (Sedwick & DiTullio 1997; Lannuzel et al. 2007; Wang et al. 2014), and ice algae 

seeding (Lizotte 2001). An increased SIE will increase the size of the marginal ice zone (MIZ) and 

should thus lead to more primary productivity. The seasonal variability of DMS translates into MSA 

variability, with multiple studies having shown that seasonal variability in MSA is large, with high 

values during austral summer and low values during austral winter (e.g ., Curran et al. 1998; Udisti et 

al. 1998; Kreutz et al. 1999). Marine biologically produced DMS is the only known source of MSA in 

Antarctic ice cores (Saigne & Legrand 1987; Curran et al. 2003; Abram et al. 2007), which forms the 

basis for MSA variations in ice cores being linked to sea ice expanse. 

The major source of DMS is enzymatic cleavage of dissolved dimethylsulfoniopropionate (DMSP 

or (CH₃)₂S⁺CH₂CH₂COO⁻) by bacteria or algae (Kiene et al. 2000 and references therein). DMSP 

production is particularly extensive in the marine phytoplankton community, especially in the classes 

Dinophyceae and Prymnesiophycaea but also in the Cryptophyceae (Keller 1989). Dissolved DMSP is 

mainly released by infected, stressed or senescent phytoplankton (Malin et al. 1998; Laroche et al. 1999; 

Kiene et al. 2000) but it can also be a product of zooplankton grazing (Dacey & Wakeham 1986). Other 

processes that compete with DMS production to remove DMSP from the water column are assimilation 

into bacterial protein and sinking to the deep ocean as detrital and faecal matter after zooplankton 

grazing (Simó 2001). The relative importance of each process depends on, for example, the vertical 

mixing depth (Simó & Pedrós-Alió 1999).   

Another relevant parameter related to biogenic activity in the ocean is chlorophyll-a. Multiple 

chlorophyll types exist, distinguished by varying degrees of saturation of the pyrrolic rings (Jacob-Lopes 

et al. 2017). This results in different light absorption spectra for the varying chlorophyll types. Satellites 

usually measure chlorophyll-a, which is the most abundant chlorophyll type, found in all algae, 

cyanobacteria, and higher plants (Björn et al. 2009). Chlorophyll-a concentration in the oceans is a 

measure of phytoplankton biomass. Chlorophyll-a can therefore also be associated to DMS and MSA 

production. Using DMS concentration in seawater calculated from chlorophyll-a data, Preunkert et al. 

(2007) found that it covaried well with both atmospheric DMS and MSA measured at coastal Dumont 

d’Urville, East Antarctica. In previous ice core MSA – SIE studies, the relationship between 

chlorophyll-a concentration and MSA has been studied in order to further test and validate the MSA-

sea ice correlations (Thomas & Abram 2016). Indeed, significant correlations (p-value < 0.01) were 

found for both the relationship between MSA and SIE and MSA and chlorophyll-a in the same oceanic 
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area. So far, research has shown that there is no coherence in the relationship between oceanic 

chlorophyll-a concentration and DMS on large spatial and temporal scales (Kettle et al. 1999). This is 

attributed to the complexity of DMS production, including phytoplankton species dependence, different 

pathways of DMS release, as well as competing DMS removal mechanisms, which are all described in 

further detail below. Thus, the relationship between DMS and chlorophyll-a concentration is not 

straightforward, although algorithms which incorporate additional parameters such as water mixed layer 

depth have been developed to enable prediction of surface ocean DMS concentrations from satellite 

chlorophyll-a concentrations (Simó & Dachs 2002).  

2.1 Impact of sea ice on marine productivity  

When sea ice retreats and melts, freshwater enters the saline ocean. Because of the density difference 

between saline and freshwater, the input of melt-produced freshwater will increase the stratification of 

the ocean surface layer. The melting of sea ice is a gradual process and therefore the remaining ice cover 

acts as a wind shield enabling stratification of the surface water. A high stratification equals a shallow 

mixing layer, which means that the phytoplankton are concentrated where more sunlight penetrates, 

instead of in the deeper ocean as under enhanced vertical mixing. This results in large phytoplankton 

blooms in the MIZ during spring and summer (Smith & Nelson 1985). Both phytoplankton biomass and 

species composition are controlled by  sea ice conditions and stratification strength (Rozema et al. 2017). 

However, the effect of sea ice retreat and melt on ice-edge phytoplankton blooms is not the same in all 

regions of the Southern Ocean (Smith Jr. & Comiso 2008). While in the Bellingshausen Sea, 

phytoplankton blooms are associated with an ocean front generated by the Antarctic Circumpolar 

Current (Boyd et al. 1995), in the Ross Sea, spring and summer phytoplankton blooms are typically 

controlled by expansion of the Ross Sea polynya, rather than following the MIZ (Reddy & Arrigo 2006). 

On the other hand, in the Weddell Sea, the MIZ supports large phytoplankton blooms during sea ice 

retreat, although local hydrography also plays an important role (Park et al. 1999; Detoni et al. 2015).  

Iron is a limiting nutrient for primary productivity in high nutrient, low chlorophyll waters such as 

the Southern Ocean (Boyd 2002 and references therein). Dissolved iron (dFe), bioavailable to 

phytoplankton, is found at significantly higher concentrations in Antarctic sea ice than in the 

surrounding ocean (Lannuzel et al. 2007, 2010). During sea ice formation, iron is incorporated into the 

ice and a high ocean-to-ice iron flux is found near the continental shelf due to the high supply of iron 

from sediments (Lancelot et al. 2009). When the sea ice breaks up and melts in the spring, dFe is released 

into the seawater where it stimulates primary productivity (e.g. Sedwick & DiTullio 1997). In a model 

study, Wang et al. (2014) simulated iron sequestration into sea ice to evaluate what impact the ice had 

on iron availability in the seawater and subsequent phytoplankton production. Their 1998-2007 

simulations showed a negative effect on primary productivity in the Southern Ocean under scenarios of 

decreasing sea ice, pointing to the relevance that sea ice has on phytoplankton activity. 
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As the magnitude of DMS production is highly dependent on the taxonomic composition of marine 

phytoplankton (Keller 1989; Park et al. 2018), conditions in the ocean influencing relative species 

abundance becomes important. Mendes et al. (2018) found that years with detectable sea ice conditions 

and the presence of meltwater in an area outside the Antarctic Peninsula resulted in an abundance of the 

phytoplankton class Cryptophytes, which produce DMSP in significant amounts (Keller 1989). In 

contrast, years with little meltwater and no sea ice conditions did not favour Cryptophytes. Furthermore, 

the highly DMSP producing prymnesiophyte Phaeocystis has been found at relatively higher abundance 

in ice-covered areas compared to open ocean in the Weddell Sea (Kang & Fryxell 1993). Finally, highly 

stratified waters and a shallow mixed layer depth favour DMPS-producing species (Simó & Pedrós-Alió 

1999).  

2.2 MSA production and transport 

DMS is ventilated to the atmosphere and the amount of sea-air exchange depends on the amount of 

available DMS, sea surface temperature, wind speed and the resulting air-sea turbulence (Bell et al. 

2013). DMS is also removed from the surface ocean through photochemical and microbial breakdown 

(Andreae 1985; Brimblecombe & Shooter 1986; Kiene & Bates 1990). The rate of DMS removal 

depends on, for example, the number of bacteria available to break it down, the irradiance, and the 

meteorological conditions (Stefels et al. 2007).  

Once in the atmosphere, DMS oxidates to MSA and other products such as sulphate (SO4
2-) in the 

marine boundary layer. The multiple different pathways and many intermediate products occurring 

during the oxidation hint at the, not yet fully understood, complexity of DMS oxidation (Lv et al. 2019). 

The main oxidation pathways are thought to be oxidation by OH·, NO3· (Hezel et al. 2011), and BrO· 

(e.g. Read et al. 2008). The relative importance of each oxidation pathway is dependent on temperature 

(Mulvaney et al. 1992). The oxidation production of MSA also seems to be controlled by sea ice 

conditions. When measuring spring- and summer DMS and its oxidation products in the Antarctic 

Peninsula, Jang et al. (2022) found a clear pattern of more DMS in air masses originating over open 

ocean and first-year sea ice, compared to air masses formed over multi-year sea ice. More importantly, 

the oxidation products MSA and non-sea-salt sulphate were more abundant in air masses related to first-

year sea ice. This was attributed to processes active in first-year sea ice that enhance the release of BrO·, 

an important DMS oxidation radical, highlighting the complicated nature of MSA production.  

MSA is transported onshore via winds and deposited in the snow through wet or dry deposition. 

Atmospheric transport patterns as well as wind strength control the amount of MSA deposited in 

Antarctica. The atmospheric conditions and, by extension, MSA depositional patterns can vary 

seasonally as found in Becagli et al. (2012) or interannually as found in Becagli et al. (2009), both 

studies conducted on East Antarctica. Furthermore, atmospheric reanalysis data has highlighted the 

importance of wind direction and strength in controlling SIE and MSA transported onshore in the 

embayed Weddell region (Abram et al. 2007). In the study, Abram et al. (2007) found that years with 
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strong southerly, offshore winds cool the Weddell Sea and enhance northward ice drift, which increases 

SIE while simultaneously decreasing MSA transportation to their core sites. Other years the opposite 

occurs, when northerly winds dominate, pushing warm air masses across the western Weddell Sea and 

onshore, which reduces SIE and increases MSA transport to their core sites. These studies show that sea 

ice conditions are not the only factor influencing the amount of MSA deposited and preserved in snow 

and ice, but that MSA deposition is highly dependent on atmospheric transport patterns.  

Once MSA has been deposited, processes such as sublimation, melt and percolation can act to disturb 

the MSA record. An example of a site where post-depositional processes have altered the MSA record 

is Law Dome, East Antarctica. Ice cores from this site showed a complete redistribution of MSA from 

the summer to the winter layer, rendering the seasonal signal useless (Curran et al. 2002).  

2.3 Ice core MSA: previous studies 

The relationship between MSA concentration in ice cores and SIE varies in previous studies. A positive 

correlation between MSA and SIE implies higher MSA concentrations occurring at the same time as a 

greater SIE, whereas a negative correlation means that increasing MSA is accompanied by lesser SIE. 

Curran et al. (2003) found a significant positive correlation between MSA concentrations from an ice 

core drilled at Law Dome, East Antarctica and SIE in the sea sector spanning 80°E to 140°E. Another 

positive correlation between MSA and SIE was reported by Foster et al. (2006), who analysed MSA in 

a shallow firn core drilled near Mount Brown, Wilhelm II Land, East Antarctica. The correlation was 

significant both at a regional level for the sea sector 60°E to 120°E, and for the entire coastal region 

surrounding Antarctica. On the contrary, Abram et al. (2007) showed that variations in a stacked record 

of MSA from three ice cores drilled close by the Weddell Sea Sector were negatively correlated to a 

broad region of maximum SIE indices in the Weddell Sea Sector. However, a significantly positive 

correlation was found with maximum SIE indices in the Amundsen-Bellingshausen Seas Sector. In the 

case of the negative correlation of MSA to SIE in the Weddell Sea Sector, Abram et al. (2007)’s findings 

pointed towards atmospheric transport playing a key role in the MSA delivered to the ice cores rather 

than sea ice being the main controlling factor. The MSA records from Antarctic Peninsula ice cores are 

positively correlated to winter SIE in the Bellingshausen Sea between 70° W–100° W (Abram et al. 

2010). In Coastal West Antarctica, the ice core MSA record has been positively correlated to both winter 

SIE and sea ice concentration in the Amundsen and Ross Seas (Thomas & Abram 2016). There is also 

an example of open water within the Ross Sea polynya being the main influence on the MSA record in 

nearby ice cores (Sinclair et al. 2014).  

A study by Preunkert et al. (2007) measured atmospheric concentrations of MSA at coastal Dumont 

d’Urville, East Antarctica, but found no correlation between atmospheric MSA at the site and maximum 

SIE in the nearby sea at 138°E to 142°E. Hezel et al. (2011) used another approach to investigate the 

relationship between MSA and SIE, namely a chemical transport model. They concluded that the 

interannual variability of deposited MSA was not controlled by SIE variability in any significant way.  
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3. Hypothesis and objectives 
3.1 Hypothesis of the study 

The hypothesis of this study is based on the literature review done in this research, and can be described 

and motivated as:  

Since MSA has been proven to be controlled by SIE and phytoplankton biomass (i.e., chlorophyll-a 

concentration) in some regions of Antarctica, and due to the local influence the Weddell Sea has on FIS, 

a significant positive correlation should exist for SIE and chlorophyll-a in the Weddell Sea Sector with 

MSA in firn and ice cores from FIS.  

3.2 Objectives of the study 

The main objective of this study is to test the validity of the hypothesis described above and, by 

extension, to assess the possibility of using FIS firn and ice core MSA records to reconstruct SIE in the 

Weddell Sea Sector. 

The specific objectives are:  

1. To assess the relationship between FIS firn and ice core MSA records and SIE in each sea sector 

of the Southern Ocean.  

2. To assess the relationship between FIS firn and ice core MSA records and chlorophyll-a 

concentrations in each sea sector of the Southern Ocean.  

3. To identify the regional and local wind and precipitation regimes that influence delivery of MSA 

to the four core sites used in this study.  
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4. Study area and methods 
4.1 Study area  

Fimbul Ice shelf (Figure 1) is an ice shelf on the coast of Dronning Maud Land (DML), East Antarctica 

with an extent of 36 500 km2. FIS is populated by several dome-shaped ice rises situated within 42 km 

from the coast. The three ice rises where the firn cores used in this study have been collected are called 

Kupol Ciolkovskogo (KC), Kupol Moskovskij (KM), and Blåskimen Island (BI). They are situated 

around 200 km from each other and their elevation range from 264 m a.s.l. (KC) and 268 m a.s.l. (KM) 

to 394 m a.s.l. (BI) (Vega et al. 2016). S100 has an elevation of 48 m a.s.l. (Kaczmarska et al. 2004). 

KM, BI, and S100 are situated closer to the coast at 12 km, 10 km, and 3 km respectively with the ocean 

as their northern boundary, whereas KC is not bordering the ocean at 42 km from the coast (Table 1, 

Figure 1).  

 
Figure 1. Map of Fimbul Ice Shelf and the location of the core sites Blåskimen Island (BI), Kupol Moskovskij 
(KM), Kupol Ciolkovskogo (KC), and S100. Inset map shows the location of Fimbul Ice Shelf on Antarctica.  
Satellite image is from MODIS Mosaic of Antarctica 2013-2014 (Haran et al. 2018).  

4.1.1 Wind patterns 

Because the MSA record is influenced by atmospheric circulation patterns (e.g. Abram et al. 2007; 

Becagli et al. 2009, 2012), it is important to evaluate the wind regimes and precipitation patterns 

influencing the ice core sites. Surface winds in DML are highly affected by katabatic forcing, resulting 

in an easterly to south easterly dominant wind direction (Lenaerts et al. 2014). The moisture flux onto 
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DML is influenced by low-pressure systems formed in the circumpolar trough (Schlosser et al. 2008). 

Thus, coastal precipitation is mainly a product of the cyclones north of the coast which cause easterly 

or north-easterly winds when they move east, transporting moist air onshore. Generally, the Weddell 

Sea is the source region for moisture to DML (Noone et al. 1999; Reijmer & Broeke 2001; Schlosser et 

al. 2008).  

Ice rises constitute obstacles for the atmospheric flow. A study conducted in DML found significant 

spatial variations in wind, precipitation, and surface mass-balance at and near ice rises (Lenaerts et al. 

2014). This affects the local snow deposition patterns in altering precipitation as well as post-

depositional snow erosion and snow drift. The ice rises sites studied in this work exhibit varying surface 

mass-balances, with higher surface mass-balance due to higher snow accumulation at BI and KM 

compared to KC (and S100) (Vega et al. 2016). This is attributed to their individual shape and 

topography, where the symmetrical domes at BI and KM have a steeper slope facing the incoming winds, 

forcing orographic precipitation. In comparison, the KC ice rise is an elongated ridge with a southwest-

northeast orientation that causes the incoming winds to lift over a gentler slope. These local attributes 

are thought to be the reason for differences in sea salt load to the core sites observed by Vega et al. 

(2018). In general, the major sources of ions to the four core sites are the same as shown by principal 

component analysis (Vega et al. 2018).   

4.2 Methods 

4.2.1 Previous work: data collection and processing  

During the field season 2000/2001, an ice core named S100 measuring 100 m was retrieved from the 

eastern part of FIS as a part of the joint European Project for Ice Coring in Antarctica (EPICA) and the 

Norwegian Antarctic Research Expedition (NARE). In January 2012, a 20 m deep firn core was drilled 

on the KC ice rise on FIS, followed by two more 20 m deep firn cores drilled in January 2014 on KM 

and BI ice rises respectively, during field expeditions arranged by the Norwegian Polar Institute (NPI). 

The drill locations are identified in Figure 1.  

The firn cores were sampled at a resolution of 4 to 8 cm, depending on the sample density and sample 

depth. Analysis of MSA and other major ions was conducted at Paul Scherrer Institute (PSI) (Vega et 

al. 2016, 2018). The S100 ice core was sampled at a resolution of 5 cm in the upper 6 m and 25 cm in 

the lower parts (Kaczmarska et al. 2004). Ice lenses and ice layers were identified and in the case of the 

KC core, the thickness of the lenses were measured (Vega et al. 2016).  

Dating of the S100 core was performed by electrical conductivity measurements and dielectric 

profiling to identify volcanic horizons. High-resolution δ18O data sampled every 3 cm (Figure 2d) in the 

core were used to identify seasonal layers to further corroborate the volcanic peak counting method. The 

dating error for the S100 core was estimated as ± 3 years and represents the maximum difference 

calculated between dates of known volcanic eruptions and dates obtained through the counting of δ18O 
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layers (Kaczmarska et al. 2004). The KC core was also dated using a combination of volcanic horizons 

and δ18O data but volcanic peaks in this case were identified from the non-sea-salt SO4
2- concentration. 

Due to relatively low accumulation at the KC core site, the dating error was estimated to be ± 3 years 

(Vega et al. 2016). The KM and BI cores were dated through annual layer counting using δ18O data to 

identify the summer and winter peaks, corroborated with the help of seasonal cycles of major ion 

concentrations (Vega et al. 2016) (Figure 2). Under the assumption of constant, but different, 

precipitation during summer and winter an equidistant timescale was applied between summer maxima 

and winter minima. Because the accumulation rate is higher in the KM and BI cores compared to in the 

KC core, the seasonal variation in δ18O is better preserved, allowing for a more accurate dating with an 

estimated error of ±1 year (Vega et al. 2016). The BI core spans the years 1996–2012, the KM core 

1995–2012, the KC core 1958–2007, and the S100 core 1737–2000 (Table 1). 

Further details about the retrieval and dating of the S100 core is described in Kaczmarska et al. 

(2004), whereas retrieval and dating of the three ice rises cores as well as major ion analysis of all four 

cores is described in Vega et al. (2016, 2018).   

Table 1. Site and sampling information for the BI, KC, KM, and S100 cores (Kaczmarska et al. 2004; Vega et al. 
2016).  

Site 
Elevation 
(m a.s.l.) 

Surface mass 
balance  

(m w.e. yr-1) 

Distance 
from coast 

(km) 

Core length 
(m) 

Time coverage 
(years) 

BI 394 0.70 10 19.4 1996–2012 ± 1 

KC 264 0.24 40 20 1958–2007 ± 3 

KM 268 0.68 12 19.6 1995–2012 ± 1 

S100 48 0.30 3 100 1737–2000 ± 3 
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Figure 2. Seasonality of methane sulphonic acid (MSA) and δ18O in the three firn cores a. BI, b. KM, and c. KC 
from Vega et al. (2016), and in the ice core d. S100 from Kaczmarska et al. (2004).    
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To rule out post-depositional processes that could alter the MSA record, the seasonality of major ions 

in the cores have been studied in previous work by Vega et al. (2016). All four cores used in this study 

contain ice layers, which indicate episodes of melt. In the case of the KM and BI cores, the δ18O and 

major ion records are well preserved with a pronounced seasonality indicating that melt and percolation 

is not disturbing the MSA signal (Vega et al. 2016). The stratigraphic record in the KC core does not 

exhibit as clear seasonal cycles as in the KM and BI cores, but no relationship was found when 

comparing the ice layers in the core with MSA anomalies (Vega et al. 2016). Thus, it is not likely that 

any significant mass transport and redistribution of ions via percolation has occurred at the KC site 

either. The absence of seasonal cycles is therefore more likely a result of low accumulation and post-

depositional processes such as wind scouring (Vega et al. 2016), which does not prevent the MSA record 

being reliably compared to climate parameters such as sea ice on an interannual scale. In the S100 core, 

ice layers are thicker than in the ice rises cores (Kaczmarska et al. 2006) which, paired with a lower 

accumulation in S100, indicates a larger melt influence at the site. It has not been ruled out that melt and 

percolation has redistributed the MSA at this site.  

4.2.2 Sectorisation of the Southern Ocean 

Due to the often-regional relationship between MSA and SIE, correlations will be performed based on 

SIE and chlorophyll-a data in five sectors of the Southern Ocean. The longitudinal limits of each sea 

sector that will be applied to the SIE and chlorophyll-a data in this study are based on the work by 

Cavalieri & Parkinson (2008); Parkinson & Cavalieri (2012) and other previous studies discussed 

therein. The five sectors are the Weddell Sea Sector (60° W–20° E, and for SIE data also including the 

part of the ocean that lies east of the Antarctic Peninsula but west of 60° W), the Indian Ocean Sector 

(20–90° E), the Western Pacific Ocean Sector (90–160° E), the Ross Sea Sector (160° E–130° W), and 

the Bellingshausen & Amundsen Seas Sector (130–60° W) (Figure 3).  
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Figure 3. The five sea sectors used in this study and their longitudinal limits (Cavalieri & Parkinson 2008; 
Parkinson & Cavalieri 2012). The outline of Antarctica is provided by the United States National Ice Center (2014).  

4.2.3 MSA concentrations 

The records of MSA in the four previously dated firn and ice cores drilled on FIS used in this study were 

obtained via PANGAEA Data Publisher (Vega et al. 2018a). The MSA seasonality was evaluated by 

calculating monthly mean values of MSA concentration for each core separately and plotting the values. 

Additionally, a Wilcoxon rank-sum test, using the ranksum-function in MATLAB, was performed on 

populations of mean summer (ONDJFM) and mean winter (AMJJAS) concentrations in each core to 

assess if there is a statistically significant difference between summer and winter MSA concentrations. 

The null hypothesis of the test was that the medians of all the summer and winter mean MSA 

concentrations are the same.  

Annual mean values of MSA were calculated by computing the mean of all MSA values for twelve 

months starting in July and ending in June. To test for significant trends in the MSA record, a linear 

regression model was applied to the annual averaged MSA values in each core over the years 

overlapping the SIE data. Seasonal mean values of MSA were also calculated for the BI and KM cores. 

Summer was set to encompass all months from October to March (ONDJFM) and Winter spanned April 

to September (AMJJAS). The cut-off point between winter and summer was set to the turn of the month 

between September–October because maximum SIE in the Southern Ocean usually occurs in mid- to 
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late-September (EUMETSAT 2020). The correlations were also calculated based on a summer season 

encompassing September to February (SONDJF) with winter as March to August (MAMJJA).  

To normalise the data, MSA anomalies relative to a climatological reference period were calculated 

by taking the percent difference between the MSA concentration for the season or year in question and 

the mean MSA seasonal or annual concentration for the reference period 1980 to 2000 (for S100 and 

KC cores) and 1997 to 2011 (for BI and KM cores).  

4.2.4 Sea Ice Extent  

Records of monthly SIE for the Southern hemisphere from November 1978 to present were downloaded 

as shapefiles from the Sea Ice Index, National Snow and Ice Data Centre (Fetterer et al. 2017). The 

product is derived from Sea Ice Concentrations from Nimbus-7 SMMR and DMSP SSM/I-SSMIS 

Passive Microwave Data. Sea ice in the monthly extent data is defined as grid cells with an ice 

concentration higher than 15 %.  

Due to the regional nature of the connection between MSA and sea ice data, the analysis was 

performed based on individual sectors of the Southern Ocean (Figure 3). The SIE data when downloaded 

was already divided into the five sectors used in this study.  

The sea ice data was normalised following the same procedure as the MSA data, with winter 

anomalies being calculated based on both the 1980 to 2000 and 1997 to 2011 reference periods. Winter 

encompassed ONDJFM (SONDJF was also used, and those results are presented in the appendix). To 

test for significant trends in the SIE, a linear regression model was applied to the annual averaged SIE 

in each sea sector and the Southern Ocean as a whole, over the years overlapping with the MSA records 

(1979–2012). 

4.2.5 Chlorophyll-a concentrations  

The chlorophyll-a concentration data was derived from the MODIS instrument aboard the Aqua (EOS 

PM) satellite (NASA Goddard Space Flight Center, 2018). The data is mapped with a spatial resolution 

of 4 km. Annual and monthly chlorophyll-a concentrations for latitudes 50–90°S from 2002-07-04 to 

2012-12-31 were downloaded.  

To limit the chlorophyll-a data to only encompass the areas of the Southern Ocean influenced by sea 

ice, September maximum SIE was downloaded as shapefiles from the Sea Ice Index, National Snow and 

Ice Data Centre (Fetterer et al. 2017). Data for the years 2002–2012 were used to match the temporal 

coverage of the chlorophyll-a data. The polyline shapefiles were processed in ArcGIS by first using the 

Merge tool to combine them into one layer, then using the Feature to Polygon tool to create a polygon 

with the outer edge corresponding to the northernmost sea ice edge at each longitude. Finally, the 

Dissolve tool in the Data Management toolbox was used to aggregate the created polygon with the 

remaining merged polyline layer. Using the Buffer tool in the Analysis toolbox, two buffer zones of 25 

km and 100 km were created around the maximum September sea ice edge-polygon using the PLANAR 
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method. The coordinate system of the buffered shapefile was changed to the geographic coordinate 

system WGS 1984 using the Project tool with default settings in the Data Management toolbox, to match 

the coordinate system of the chlorophyll-a data. Since correlation between MSA and chlorophyll-a will 

be evaluated for each sea sector (Figure 3) individually, the chlorophyll-a data was divided into those 

sectors. This was done by creating a 1°×1° grid in ArcGIS and using the Select by Attribute tool to select 

each sector based on the same limits as the SIE data was given in (Cavalieri & Parkinson 2008; 

Parkinson & Cavalieri 2012). A temporary northern boundary was set to 50° S. Once a selection was 

made the data was exported to a shapefile. The Dissolve tool was applied, and each sector was then run 

through the Clip tool to obtain the northern edge corresponding to the previously created polygon 

representing the maximum September sea ice edge, with an added buffer zone of both 25 km and 100 

km.  

A script written in Python was used to create a masking file based on the sea ice polygons (with both 

the 25 km and 100 km buffer zone), which was then used to select the data within the area of the polygon 

for each chlorophyll-a datafile individually. The masked chlorophyll-a data was imported to MATLAB, 

where the seasonal mean chlorophyll-a concentrations were calculated for the summer season, for the 

entire Southern Ocean and for each sea sector individually, in two different ways: first, summer was 

defined as September to February and then as October to March. These two definitions of summer 

represent correlations to MSA with (SONDJF) and without (ONDJFM) a one-month lag to account for 

any lag between phytoplankton bloom and MSA deposition at the core sites.  

4.2.6 Correlation calculations 

The correlation calculation between MSA anomalies and SIE anomalies was performed on one sea 

sector and core at a time. For the longer S100 and KC cores, the anomalies based on the reference period 

1980 to 2000 were used. For the shorter BI and KM cores, the anomalies based on the reference period 

1997 to 2011 were used instead. The MSA – SIE relationships were evaluated in MATLAB by fitting a 

linear regression model to the data using the fitlm-function, with the RobustOpts option turned on. When 

using a robust regression method each data point is weighted through iteratively reweighted least 

squares, which reduces the sensitivity in the instance of non-Gaussian or heteroscedastic model residuals 

commonly found in ion concentration data (Vega et al. 2018). The fit was evaluated by looking at the 

model output adjusted R2-value and p-value. Pearson’s correlation coefficient r was calculated by taking 

the square root of the ordinary R2-values. To test for any non-linear relationship between MSA and SIE 

anomalies, Spearman’s rank correlation coefficient ρ was also calculated, using MATLAB’s corrcoeff-

function. When calculating the seasonal correlations, winter sea ice anomalies were correlated to MSA 

anomalies from the following summer. Correlations between winter sea ice anomalies and annual MSA 

anomalies centred on the following summer (i.e., a year running from July to June) were also calculated 

for each core and sea sector combination.  
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Because of the opposite signs of correlation to MSA found for the Weddell Sea Sector and the 

Western Pacific Ocean Sector, it was investigated whether an anticorrelation in SIE between the sectors 

exists. This was done by applying Spearman’s rank correlation to the winter SIE values for the period 

overlapping the KM core as well as over the full SIE record.  

For the correlation between MSA and chlorophyll-a, the raw values of MSA were used (i.e., not 

MSA anomalies) since the overlapping period was short. The calculated seasonal (SONDJF and 

ONDJFM) chlorophyll-a mean values for each sea sector as well as the entire Southern Ocean were then 

compared to summer (ONDJFM) MSA in the BI and KM core and annual, summer centred, MSA in 

the BI, KM, and KC core respectively using the fitlm-function with the RobustOpts option turned on. 

Pearson’s correlation coefficient r was calculated by taking the square root of the ordinary R2-values 

reported by the linear model fit. Spearman’s rank correlation coefficient ρ was also calculated for the 

same core and sea sector combinations, using MATLAB’s corrcoeff-function, to evaluate the monotonic 

relationship. Since the temporal coverage of the S100 core (1737–2000) and chlorophyll-a data (2002–

2012) does not overlap, it was not possible to perform correlations between MSA in S100 and 

chlorophyll-a.  

4.2.7 Temporal autocorrelations 

When working with time series, it is important to rule out possible temporal autocorrelation in the data 

that can cause the significance tests of correlations to be less reliable (Ebisuzaki 1997). Temporal 

autocorrelation is a measure of the correlation between an observation at one point in time with a lagged 

version of itself. To test for autocorrelation in the data, MATLAB’s autocorr-function was applied to 

the time series of annual and seasonal (BI and KM) MSA anomalies and SIE anomalies as well as the 

time series of seasonal chlorophyll-a and seasonal MSA concentrations. The function returned the 

autocorrelation coefficients with confidence bounds at the default 95 % level.  
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5. Results 
5.1 Fundamental statistical analysis 

The time series of MSA concentration in the BI, KC, KM, and S100 cores are based on the raw MSA 

data (Figure 4). The MSA concentration is generally higher in the BI and KM cores compared to the KC 

and S100 cores. No significant trend is present in either of the cores for annual averaged MSA 

concentrations.  

 
Figure 4. Time series of MSA concentration in the BI, KC, KM, and S100 core for the entire core lengths. One 
extremely high value was removed from the KM and S100 time series (20 and 30 times higher than the mean 
concentration respectively) before producing the plots, to illuminate the overall MSA variations.  

There is a strong seasonal pattern evident in the MSA record from the BI and KM cores, but the 

seasonality is not as clear in the KC or S100 core (Figure 5). The seasonal pattern in the BI and KM 

cores is supported by a statistically significant difference between summer mean and winter mean values 

at a 95 % confidence level reported by the Wilcoxon rank-sum test (Table 2). The results of the Wilcoxon 

rank-sum test for SONDJF summer MSA and MAPJJA winter MSA are reported in the appendix (Table 

A4).  
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Table 2. Median and mean total MSA concentration as well as seasonal mean MSA concentration in the BI, KC, 
KM, and S100 cores. Summer concentrations are based on ONDJFM and winter concentrations on AMJJAS. The 
results of the Wilcoxon rank-sum test are also reported.  

Core Period 
(years) 

Total 
median 

(μmol L-1) 

Total 
mean 

(μmol L-1) 

Summer 
(μmol L-1) 

Winter 
(μmol L-1) 

Sign. diff.  
winter 

and 
summer? 

p-
value 

BI 1996–2012 0.36 0.47 0.71 0.24 Yes 1.21× 
10-5 

KC 1958–2007 0.16 0.21 0.19 0.23 No 0.09 

KM 1995–2012 0.33 0.50 0.61 0.38 Yes 0.03 

S100 1737–2000 0.12 0.17 0.17 0.17 No 0.52 

S100 1989–2000 0.10 0.20 0.24 0.16 No 0.60 

 

 
Figure 5. Seasonal variations in MSA concentration in the four cores depicted through monthly values averaged 
over the entire core length (BI, KC, and KM) or over the higher-resolution part of the core starting in 1989 (S100). 
The BI and KM cores show a pronounced seasonality with high MSA values in the austral summer and low MSA 
in the austral winter. In KC and S100, the seasonality is not clear. The data is plotted over 24 months rather than 
12 months to display the seasonal pattern more clearly.  

The KC and S100 cores have a lower temporal resolution compared to the BI and KM cores, with as 

few as 2-3 data points in some years (Figure 6). Only a sub-set of the S100 core, limited to cover 1978–

2000 with the start set to match the sea ice satellite data, was used. Further down in the S100 core, the 
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number of annual data points are very similar to the number of annual data points for 1978-1988 which 

is displayed in Figure 6.   

 
Figure 6. Number of annual data points in the BI, KC, KM, and S100 cores. The S100 core is temporally limited 
to the satellite era (1978 to present) but the older parts of the core exhibit the same pattern of number of yearly 
data points as the 1978-1988 span.  

The BI, KM, and S100 MSA records display an MSA summer maxima, although the difference 

between summer and winter is significantly smaller in the S100 core (Figure 7). The winter to summer 

difference is largest in the BI core. In contrast, the KC core has a winter maximum in MSA 

concentration, although the difference between winter and summer MSA concentration is low.  The 

boxplots (Figure 7) can be seen as a visual representation of the Wilcoxon rank-sum test (Table 2), 

which reported a significant difference in the median of summer and winter mean MSA values for the 

BI and KM cores. However, the boxplot’s estimate of the confidence bounds (i.e., the notches) on the 

median values of the KM summer and winter populations overlap, representing no significant difference 

between the medians of the summer and winter MSA concentrations. This doesn’t agree with the result 

of the Wilcoxon rank-sum test. There may still be a real difference in summer and winter MSA in the 

KM core, but not at a 95 % confidence level. In the BI core, the Wilcoxon rank-sum test and the 

boxplot’s estimate of the confidence bounds on the median values agree.  
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Figure 7. Boxplots displaying seasonal mean values of MSA in the BI, KC, KM, and S100 cores. Summer 
concentrations were based on ONDJFM and winter concentrations on AMJJAS for the entire core length (BI, KC, 
and KM) or for both the entire core length and the period 1989–2000 (S100). The boxplots are based on the same 
populations as the Wilcoxon rank-sum test.  

5.1.1 Temporal autocorrelation 

The correlogram displays the temporal autocorrelation for different lags in the data. If the bar for any 

lag extends outside the horizontal blue lines, there is a statistically significant autocorrelation at a 95% 

confidence level for that lag. A significant autocorrelation exists for the annual MSA anomalies in the 

KC core (Figure 8). There is no significant autocorrelation in the S100 annual MSA anomalies. The KM 

or BI cores do not exhibit a significant autocorrelation, neither for annual anomalies (Figure 8), summer 

anomalies, nor for the raw MSA data (appendix, Figure A12-Figure A14). Furthermore, no significant 

autocorrelation is present in the SIE anomalies time series (appendix, Figure A15-Figure A16) or the 

chlorophyll-a concentration time series (appendix, Figure A17-Figure A20).  
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Figure 8. Correlogram of the autocorrelation functions for annual (July to June) MSA anomalies in all four cores 
shows significant autocorrelation in the KC core for lags of 1 and 14.  

5.1.2 Long-term trends in the data 

There are no significant long-term trends in the MSA data at the 95 % confidence level. The trends in 

yearly averaged SIE for the five sea sectors and the Southern Ocean as a whole, for the years overlapping 

with the core coverages, are reported in Figure 9. Correlation coefficients and p-values for each fit shows 

that there is a significant negative trend in the Bellingshausen-Amundsen Seas and significantly positive 

trends in the Indian Ocean, the Ross Sea, and the entire Southern Ocean, at the 95 % confidence level. 

There are no significant trends at the 95 % confidence level in the Weddell Sea or the Western Pacific 

Ocean. 
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Figure 9. Yearly averaged sea ice extents (SIE) for January 1979 – December 2012 with corresponding trend lines, 
correlation coefficients, and p-values in a. Bellingshausen-Amundsen Seas, b. Weddell Sea, c. Indian Ocean, d. 
Western Pacific Ocean, e. Ross Sea, and f. the entire Southern Ocean.  

5.2 Correlation between MSA and SIE     

For the linear regressions, the adjusted coefficient of determination values R2 are reported to evaluate 

how well the model describes the relationship between MSA and SIE (Table 3). The linear relationship 

is also evaluated by Pearson’s correlation coefficient r. Significance is reported at a 95 % confidence 

level. It is found that a positive significant correlation exists for the Weddell Sea Sector winter SIE 

anomalies with KM summer MSA anomalies (r = 0.51, R2-adjusted = 0.21, p-value = 0.04). A negative 

correlation of comparable strength is present for the Western Pacific Sea Sector with summer MSA 

anomalies in the KM core (r = -0.57, R2-adjusted = 0.28, p-value = 0.02). There is also a significant 

positive correlation between Western Pacific winter SIE anomalies and annual anomalies of MSA in the 

BI core (r = 0.48, R2-adjusted = 0.19, p-value = 0.04) and a significant negative correlation in the KM 

core (r = -0.49, R2-adjusted = 0.19, p-value = 0.04).  

For the monotonic relationship based on Spearman’s rank correlation coefficient ρ, a nearly identical 

pattern as for the linear regression is identified and the significant correlations are found in the same sea 

sector – core combinations: Weddell winter SIE with KM summer MSA (ρ = 0.56, p-value = 0.02), 

Western Pacific winter SIE with KM summer MSA (ρ = -0.64, p-value = 0.01), Western Pacific winter 

SIE with BI annual MSA (ρ = 0.56, p-value = 0.02), and Western Pacific winter SIE with KM annual 

MSA (ρ = -0.52, p-value = 0.03) (Table 3).   
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Results for all sea sector and core combinations, for both linear and monotonic relationships, are 

reported in the appendix (Table A5). 

Table 3. Coefficients of determination and correlation coefficients are reported for the sea sector – core 
combinations that are significant at a 95 % confidence level.  

Core  
(MSA anomalies 

period) 

Weddell Western Pacific 

Winter SIE anomalies 

 
Linear fit Spearman’s Linear fit Spearman’s 

R2 r (p-value) ρ (p-value) R2 r (p-value) ρ (p-value) 

KM (summer) 0.21  0.51 (0.04) 0.56 (0.02) 0.28  -0.57 (0.02) -0.64 (0.01) 

KM (annual) - - - 0.19  -0.49 (0.04) -0.52 (0.03) 

BI (annual) - - - 0.19  0.48 (0.04) 0.56 (0.02) 

5.2.1 Anticorrelation Weddell – Western Pacific 

When applying Spearman’s rank correlation to the Weddell and Western Pacific SIE for the period 

overlapping the KM core (in which the opposite sign of correlation with ice-core MSA is found), the 

result is a negative correlation (ρ = -0.21). However, this anticorrelation is not significant (p-value = 

0.41). In contrast, no negative correlation is found when computed over the entire record of SIE beyond 

the period covered by the KM core (ρ = 0.02, p-value = 0.87).  

5.3 Correlation between MSA and chlorophyll-a 

The summer MSA record in the BI core shows a significant (p-value = 0.05) positive correlation (r = 

0.64, R2-adjusted = 0.34) to chlorophyll-a concentration in the Weddell Sea Sector when a one-month 

lag and long-range transport of MSA (i.e., a 100 km buffer zone) is accounted for. In the same core – 

sea sector combination with a one-month lag, but with short-range transport (25 km buffer zone) instead, 

a positive correlation is found (r = 0.62, R2-adjusted = 0.30). However, this is not a significant correlation 

at a 95 % confidence level (p-value = 0.06). For the remaining cores and sea sectors combinations, no 

significant correlations are reported for neither the linear regressions nor monotonic correlations. Results 

for all sea sector and core combinations, for both the linear and monotonic relationships, are reported in 

the appendix (Table A6 and Table A7).  

  



24 
 

6. Discussion  
6.1 Method evaluation 

Adopting the approach of MATLAB’s fitlm-function to evaluate the relationship between MSA and SIE 

assumes a linear relationship between the variables. It also assumes that one variable controls the other, 

in this case that SIE controls the MSA record in the cores. It is not necessarily true that the relationship 

between SIE and MSA is linear. Based on the assumption that a greater SIE produces more MSA 

because the precursor DMS is emitted to the atmosphere along the melting ice edge, the relationship 

should be non-linear since the length of the ice edge is non-linearly related to the area covered by sea 

ice. Therefore, it might be better to evaluate the relationship using a method which makes fewer 

assumptions about the data. One such method is to calculate Spearman’s rank correlation coefficient, 

which assesses the relationship between two variables monotonically. This was applied to the MSA and 

SIE data to see if there is any difference in the results between a robust linear regression and the simpler 

monotonic correlation. For the MSA and SIE data, the results of linear regression and Spearman’s rank 

correlation are very similar, and the significant linear correlations are also found when evaluating 

monotonic correlations in all four cases. The similar correlation coefficients found when evaluating both 

the linear and monotonic relationships (Table A5) show that there is an association between the 

correlated parameters. However, since the linear correlations are relatively weak it is not possible to 

conclude with certainty that the relationship is linear.  

For chlorophyll-a and MSA, multiple processes influence the complex relationship, and 

phytoplankton biomass does not exactly equal MSA production. Relative phytoplankton species 

abundance, competing DMSP removal processes, and properties influencing DMS ventilation to the 

atmosphere all exert a control on the MSA – chlorophyll-a relationship (e.g., Keller 1989; Simó & 

Pedrós-Alió 1999; Bell et al. 2013). Thus, it is possible that the relationship is not linear and therefore 

it is useful to evaluate the correlation without assuming linearity. However, the results show that 

Spearman’s rank correlation does not report the significant correlation between chlorophyll-a in the 

Weddell Sea Sector and MSA in the BI core that is observed when performing linear regression.  

6.1.1 Temporal autocorrelation 

When there is significant autocorrelation in a time series, as was the case for annual MSA anomalies in 

the KC core (Figure 8), that needs to be accounted for when evaluating the significance of a calculated 

correlation. To do so, a method called prewhitening can be used, which filters the time series to remove 

the variance that arises from the autocorrelation (Ebisuzaki 1997). As there was only significant 

autocorrelation in the MSA data for the periods and cores that were not significantly correlated to SIE 

or chlorophyll-a, no prewhitening was applied to those data sets as it would not affect the observed 

significant correlations.   
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6.1.2 Long-term trends in the data 

Trends in the annual averaged MSA data were evaluated. This was done because a long-term trend can 

alter the important seasonal and interannual signal that reflects changes in the MSA record attributed to 

varying SIE or chlorophyll-a concentrations. By identifying and detrending the data, the main signals 

can be isolated. No significant long-term trends exist in the MSA record in any of the firn or ice cores, 

eliminating the need for detrending before calculating correlations. In the sea ice data, significant 

negative or positive trends at a 95 % confidence level are present in the Bellingshausen-Amundsen Seas, 

the Indian Ocean, the Ross Sea, and the entire Southern Ocean for annual averaged SIE. In contrast, 

there are no significant trends in the Weddell Sea or the Western Pacific Ocean. The SIE data was not 

detrended despite the presence of trends because of time constraints on the project. Furthermore, the 

significant correlations between SIE and MSA were found in the Weddell Sea and in the Western Pacific 

Ocean Sectors, where long-term trends in the SIE data were not present to affect the outcome of the 

correlation calculations. The chlorophyll-a concentrations were not evaluated for significant trends in 

the annual averaged data for two reasons: firstly, the data set lacks values for July and August because 

of the absence of chlorophyll-a in the Southern Ocean south of 50° S in those months, making the data 

biased towards summer. Secondly, the data only covers 10 years which is a too short period to be able 

to evaluate trends in a climatological sense.  

6.1.3 Extent anomalies as a measure of sea ice 

Initial studies on the relationship between MSA in ice cores and sea ice mainly used SIE as a measure 

for sea ice conditions (Curran et al. 2003; Foster et al. 2006; Abram et al. 2007, 2010; Becagli et al. 

2009), reasoning that a larger SIE increases the size of the MIZ, where DMS emissions are highest, thus 

increasing DMS emissions and subsequently MSA production. However, there might be other measures 

of sea ice that are equally or more suitable for correlation to MSA in ice cores. One such example is the 

duration of the sea ice cover. There is evidence that the duration of the winter sea ice cover in the West 

Antarctic Peninsula region has a large impact on summer ocean stratification and phytoplankton biomass 

and species composition, where winters with a high sea ice cover were followed by summers with 

increased stratification and high phytoplankton biomass (Rozema et al. 2017). Length of the sea ice edge 

is another suitable measure, which can be seen as having a more direct relationship to the size of the 

MIZ compared to SIE since the edge might be rugged in some places and straighter in others, influencing 

the size of the MIZ. The challenge with that method is the lack of data for sea ice edge length, but it 

should not be impossible to extract that information from extent indices. Sea ice concentration, defined 

as the percentage of ice cover within a 25‐km2 grid cell, is another possible measure of sea ice. In a 

study by King et al. (2019), winter sea ice concentration was found to be positively correlated to the 

MSA record in a nearby ice core. The area of correlation was found at the edge of maximum SIE. 

Thomas & Abram (2016) also used a combination of sea ice concentration and SIE to investigate the 
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relationship to MSA in an ice core from West Antarctica and found a link between years with increased 

SIE to a deepening of the Amundsen Sea Low pressure system and subsequent expansion and 

intensification of the westerly jet. This leads to increased sea ice concentration and MSA production as 

well as enhanced MSA transport to the core site. Finally, a study in the Arctic has looked at the 

relationship between sea ice melt and MSA, with sea ice melt defined as the difference between the 

average SIE for two consecutive 8-day periods (Becagli et al. 2016). Good correlations were found, and 

the authors suggested that primary productivity driven by sea ice melt is one of the main drivers for 

MSA variability at their study sites.   

6.2 Resolution of the MSA record  

Due to the seasonality in DMS emissions with high summer values, which is corroborated by clear 

summer maxima in the BI, and to some extent, the KM core (Figure 5, Figure 7, Table 2), a year is 

defined as running from July to June so that the annual averages are centred around summer.  

The MSA records in the KC and S100 cores do not show a distinct seasonal signal when plotting 

monthly averaged values (Figure 5). There is no significant difference between summer and winter mean 

MSA concentration in these two cores (Table 2), and the MSA record in the KC core even lacks the 

summer maxima (Figure 7) that is expected due to high DMS production in the SIZ during spring and 

summer (e.g. Hezel et al. 2011). An inspection of the number of data points for each year in the four 

cores shows that the KC and S100 core have a much lower temporal resolution than the BI and KM 

cores, with multiple years represented by six or less MSA measurements (Figure 6). Taking all this into 

account, it is clear that the KC and S100 cores are not suitable for sub-annual analysis.  

Since the ice rises give rise to local meteorological patterns which affect snow deposition (Lenaerts 

et al. 2014; Vega et al. 2016) and sea salt load (Vega et al. 2018), it is likely that they also affect delivery 

of MSA to the core sites. The high accumulation at the BI and KM core sites compared to the S100 and 

KC core sites arises because of their symmetrical dome shape with steep slopes facing the incoming 

winds, forcing orographic precipitation as air flows past them (Vega et al. 2016). For the KC core, the 

elongated ridge stretching from southwest to northeast causes north to north-easterly airmasses to lift 

over a gentler slope, inhibiting the precipitation amount. As the S100 core is retrieved not from an ice 

rise but from the general ice shelf, the accumulation patterns there are more like those of KC. The 

differences in accumulation at the core sites influence the temporal resolution in the cores. Higher 

resolution in the BI and KM cores allow for a more accurate dating on the sub-annual level whereas the 

lower accumulation and subsequent lower resolution in the KC and S100 cores renders their MSA record 

not suitable for seasonal correlations to SIE and chlorophyll-a.   

6.3 Relationship between MSA and SIE 

The significant correlations to SIE in the KM and BI core annual MSA records are not replicated in the 

KC or S100 core. It could be indicative of poor resolution or dating errors in the cores, as the error is 
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larger for the KC and S100 cores (± 3 years) compared to the error in the BI and KM cores (± 1 year) 

(Kaczmarska et al. 2004; Vega et al. 2016). Another feasible explanation is the fact that, despite the 

relative proximity of the core sites, different meteorological conditions are prevalent at each site. As 

seen in other isotope data from the cores, there is a difference in delivery to the core sites, particularly 

if comparing the dome-shaped ice rises BI and KM to the more elongated ice rise KC or the flat S100 

site (Vega et al. 2016, 2018).  

The MSA record from KM is correlated to SIE for both seasonal and annual values. On the other 

hand, the BI core MSA anomalies are only correlated to SIE on an annual basis. Furthermore, the 

correlation with SIE in the Weddell Sea Sector is absent in the BI MSA record and a significant 

correlation is found only in the Western Pacific. Principal component analysis has shown that the four 

core sites have the same source for the bulk of the MSA (and other major ions) load (Vega et al. 2018). 

However, the exact delivery of sea salts (Cl-, Na+, Mg2+, and Ca2+) to the core sites differ (Vega et al. 

2018). KM generally receives higher concentrations of all sea salts, both in summer and winter, 

compared to BI and KC. Furthermore, summer sea salt concentrations in BI are lower than winter 

concentrations for at least three of the sea salt species. These differences in sea salt load were explained 

by wind and precipitation patterns on FIS. The main source of precipitation is onshore flow of easterly 

and north-easterly winds, caused by eastward cyclone movement north of the coast (Schlosser et al. 

2008) An example of wind trajectories arriving in DML (Reijmer & Broeke 2001) is illustrated in Figure 

10, which portrays the north-easterly onshore wind direction, although the actual wind trajectories 

arriving at the FIS core sites are different. Due to this wind regime, the KM ice rise lies closest to the 

marine source of major ions, whereas the delivery to the BI site is preceded by around 150 km of land 

travel despite being situated only 10 km from the coast (Figure 1). The KC core is also further away 

from the source of major ions at 40 km from the coast. When travelling over the snowpack, exchange 

processes between the air masses and snow, such as deposition of the ion load, affects the sea salt signal 

(Vega et al. 2018). It could also be a case of fog incursion altering the signal at the inland sites, which 

is likely not an equally important problem at the KM site because of stronger winds. These processes 

might also affect the delivery of MSA to the BI ice rise, causing the signal to be different from that of 

KM. Both field- and model-based studies show that MSA deposition decreases with increasing distance 

inland (Becagli et al. 2005; Hezel et al. 2011). However, to establish the exact processes occurring 

during the travel from the coastal KM to the BI site, or from the marine source to the more inland KC 

site, data from meteorological stations at FIS are needed.  
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Figure 10. Rough sketch of mean five-day air trajectories arriving at DML05 weather station for six different 
arrival heights in 1998. Adapted from (Reijmer & Broeke 2001). Satellite image is from MODIS Mosaic of 
Antarctica 2013-2014 (Haran et al. 2018). 

6.3.1 The Western Pacific Ocean Sector 

Since the Weddell Sea is the general source region for moisture to DML (Noone et al. 1999; Reijmer & 

Broeke 2001; Schlosser et al. 2008), it was expected to find a correlation between MSA and SIE in the 

Weddell Sea Sector. Furthermore, the correlation was expected to be positive if one assumed that a 

larger SIE leads to more marine primary productivity, which in turn increases the production of MSA. 

In the Western Pacific Ocean Sector, a positive correlation was found with annual MSA in the BI core. 

Contrasting is the negative correlation found for the Western Pacific with the KM core (both summer 

and annual MSA). It is unlikely that a significant amount of MSA produced in the Western Pacific 

Ocean Sector is transported to the core sites around Antarctica (E. Schlosser, personal communications, 

2022). The negative correlation found to the MSA record in the KM core might instead display a 

connection between the sea ice conditions in the Weddell Sea and the Western Pacific Ocean, where 

years with larger SIE in the Weddell region are accompanied by a smaller SIE in the Western Pacific. 

When applying Spearman’s rank correlation to the Weddell and Western Pacific SIE for the period 

overlapping the KM core (1995–2012), there is indeed a negative correlation between the sea sectors. 

Although not significant at the 95 % confidence level, the fact that the same negative correlation is not 

visible when comparing the entire record of SIE (1979–2021) point to a possible connection between 



29 
 

sea ice conditions in the Weddell and Western Pacific Sectors during the years corresponding to the 

coverage of the KM core.  

Visual inspection of the normalised BI and KM MSA records point towards a possible shift between 

the data sets during years with extreme anomalies (Figure 11). More robust testing of this is not possible 

due to the short timeseries, but if it was possible evaluating the correlation between only highly 

anomalous years in the two cores could be helpful. This shift is perhaps enough to introduce the opposite 

signs of correlation to the Western Pacific that is seen in the BI and KM cores. The reason for this shift 

could be an absence of linearity in the snow accumulation, since sub-annual dating of the MSA record 

in the cores assumed constant precipitation (i.e., linearity) between summer and winter maxima. 

Applying a linear sub-annual dating model over a non-linear snow accumulation could create the shift 

in minima and maxima values between the BI and KM cores. However, this is purely hypothetical and 

further investigation into the accumulation patterns at the FIS core sites is needed to either confirm or 

dismiss this explanation. Other possible explanations are transport patterns or post-depositional 

processes acting to redistribute MSA at one or both core sites.  

 
Figure 11. Normalised annual MSA in the BI and KM cores display possible shifts between the two MSA records 
during years with extreme anomalies.   

6.4 Relationship between MSA and chlorophyll-a 

There is only a slight difference in the relationship between chlorophyll-a in the Weddell Sea and MSA 

concentration in the BI core when comparing short-range and long-range transport. The significant 

positive correlation at a 95 % confidence level that is found for the 100 km buffer zone (r = 0.64, R2-
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adjusted = 0.34, p-value = 0.05) is marginally better than the correlation under a 25 km buffer zone, 

where the significance is pushed just outside the 95 % confidence level (r = 0.62, R2-adjusted = 0.30, p-

value = 0.06). The lack of correlation between the MSA record to other sectors than the Weddell Sea 

agrees with the hypothesis that the main source of MSA to FIS is the Weddell Sea region.  

The overlapping period between chlorophyll-a and MSA data in the KC core is only five years. The 

ten-year overlap-period for the KM and BI cores is also relatively short. This could be the explanation 

as to why there is a lack of correlation in the KM core to chlorophyll-a despite the significant correlations 

that exist between MSA and SIE. Furthermore, the production of DMS and MSA is very complex and 

other factors apart from the total biomass controls it. One such factor is the phytoplankton species 

composition (Keller 1989). A study in the Arctic found that the Barents Sea had two times higher 

phytoplankton biomass than the Greenland Sea, but DMS production capacity was still three times 

higher in the Greenland Sea (Park et al. 2018). Vertical mixing depth (Simó & Pedrós-Alió 1999) and 

other physical properties in the ocean which influences competing removal processes of the DMS 

precursor DMSP from the water column is another example (Simó 2001). Temperature, which affects 

biological activity, ventilation of DMS to the atmosphere (Bell et al. 2013), and DMS oxidation 

pathways (Mulvaney et al. 1992), also affects the production of MSA. Generally, there is no consistency 

in the relationship between chlorophyll-a and DMS on larger scales (Kettle et al. 1999). Another issue 

is the limitations of satellite-measured chlorophyll-a concentrations. Satellites only measure the 

chlorophyll-a near the surface which might lead to underestimations of the total phytoplankton biomass. 

Finally, when limiting the spatial extent of the chlorophyll-a data, the September sea ice edge for 2002–

2012 was used. This means that all months of chlorophyll-a data were limited using the position of the 

September sea ice edge. The resulting chlorophyll-a mean concentration for, for example, January will 

then include areas of the ocean that are located far north of the influence of the sea ice edge, which could 

alter the signal. An alternative approach could be to limit the chlorophyll-a data using the sea ice edge 

for the corresponding month, to ensure that the chlorophyll-a signal for all months only include areas 

influenced by sea ice. This dynamic approach is supported by the fact that the greatest correlation 

between MSA and chlorophyll-a was found in the area nearest the sea ice edge in the work by Thomas 

& Abram (2016). All the above-mentioned factors could influence the observed lack of correlation 

between the KM core MSA record and chlorophyll-a.  

6.5 Suitability of the FIS ice and firn core MSA records for sea ice 
reconstruction 

Such as with the relationship between MSA and chlorophyll-a, where many factors influence MSA 

production apart from the phytoplankton biomass, the relationship between MSA and SIE is 

complicated. Hence, the MSA concentration ultimately preserved in ice and firn cores is dependent on 

many factors. Phytoplankton species are not equally efficient producers of DMSP (Keller 1989), which 

means that relative species abundance can largely affect DMS emissions to the atmosphere (Park et al. 
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2018). Oxidation of DMS is very complex, and the amount of MSA produced can be influenced by for 

example sea ice conditions, where first-year sea ice has been found to enhance the release of the 

important oxidation radical BrO· compared to multi-year sea ice (Jang et al. 2022). Furthermore, wind 

and precipitation regimes are very important in controlling the delivery of MSA to core sites. Multiple 

studies have found that the ice core MSA record is not controlled solely by SIE. Ice cores located near 

Ross Sea are influenced by productivity within the Ross Sea polynya (Sinclair et al. 2014). In West 

Antarctica, increasing areas of open water in Amundsen Sea polynyas and Pine Island Bay were 

reflected in a coastal ice core MSA record (Criscitiello et al. 2013). In the Weddell bay region, a negative 

correlation between summer MSA and winter SIE can be explained by the transport direction, with 

offshore wind anomalies decreasing MSA delivery to the core sites while at the same time increasing 

SIE (Abram et al. 2007). The diversity in the relationship between MSA and sea ice observed for 

different locations around Antarctica underlines the importance of detailed site assessments before 

attempting to reconstruct past sea ice using MSA ice core records (Abram et al. 2013).  

To be able to draw any conclusions from the variability in MSA concentration, post-depositional 

processes leading to diffusion and percolation of MSA which disturb the record must be ruled out 

(Mulvaney et al. 1992; Curran et al. 2002; Fundel et al. 2006). Melt and percolation is not likely to 

disturb the MSA signal at the ice rises sites (Vega et al. 2016). At the S100 site, this has not been 

investigated to the same extent. Therefore, ruling out a relationship between ice layers and MSA 

anomalies in the core should be prioritised to enable the MSA record to be considered more trustworthy. 

Other post-depositional processes with the ability to disturb the MSA record, such as sublimation and 

fog, have not been eliminated for any site. Nevertheless, sublimation is most likely not an issue due to 

the relatively high accumulation rates at the sites which restricts the snow-air exchange (C. Vega, 

personal communications, 2022). 

The correlations identified between FIS MSA firn and ice core records and SIE and chlorophyll-a 

are marginally significant and relatively weak. In addition, the two cores with better MSA preservation, 

BI and KM, do not display the same correlation patterns between MSA and SIE or MSA and 

chlorophyll-a. These findings do not favour using the FIS MSA records in their current state to 

reconstruct sea ice.   

In this study, the easterly to north-easterly winds transporting MSA onshore FIS have a large 

influence on the distance from the coast to the core sites. Since this seems to have an influence on the 

MSA signal in the cores, it highlights the importance of reconstructing regional and local wind regimes 

that can affect the MSA delivery to FIS. Investigations into the sub-annual snow accumulation patterns 

would also be helpful to explain the reason for the shift in minima and maxima MSA concentrations 

between the BI and KM sites (Figure 11). If this is done, the high-accumulation ice rises at FIS, such as 

BI and KM, have the potential to be suitable sites for using the MSA record to reconstruct sea ice before 

the start of the satellite-era. Other work that could be helpful to further assess the usefulness of the core 

sites used in this study is to stack multiple MSA records together. Core stacking can be helpful to 
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enhance the MSA signal and noise arising from, for example, varying snow fall at separate sites can 

thus be reduced (Abram et al. 2013). The firn and ice cores used in this study are influenced by different 

meteorological patterns affecting snow deposition (Lenaerts et al. 2014; Vega et al. 2016), so the use of 

stacked cores is warranted.  
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7. Conclusions 
The significant positive correlation between summer MSA in the KM core and winter SIE in the Weddell 

Sea Sector, as well as the significant positive correlation between summer MSA in the BI core and 

summer chlorophyll-a concentrations in the Weddell Sea Sector, indicate that the Weddell Sea is the 

source region of MSA to FIS. However, the correlations are weak and only marginally significant. 

Furthermore, the correlation patterns to SIE and chlorophyll-a are not the same in the different MSA 

records, with for example no significant correlation between MSA in the BI core to SIE in the Weddell 

Sea Sector. These inconclusive results, along with the fact that the MSA record in the KC and S100 

cores show no significant correlation to SIE or chlorophyll-a at all, do not make it possible to neither 

confirm nor reject the working hypothesis. 

The significant negative correlations between MSA in the KM core and SIE in the Western Pacific 

Ocean Sector most likely do not reflect a relationship where decreasing SIE in the Western Pacific sector 

leads to higher production of MSA in the region (and vice versa), which is transported around Antarctica 

and deposited at the KM site in DML. Instead, the opposite signs of significant correlations in the BI 

and KM core MSA records to SIE could be a result of a dipole connection between SIE in the Weddell 

Sea and Western Pacific Ocean sectors, where years of larger SIE in one sector corresponds to years of 

smaller SIE in the other sector, as shown by the negative (although not significant) correlation between 

SIE in the Weddell Sea Sector and SIE in the Western Pacific Ocean Sector. It could also be a case of 

non-linear sub-annual snow accumulation at the BI and KM sites, which introduces a possible shift in 

the MSA record during years of very high anomalies in the two cores when assuming linearity of snow 

accumulation during dating of the MSA records. Nevertheless, further investigation is needed to 

determine the actual cause behind the anticorrelation.  

Out of the four cores, only the MSA records from the high-accumulation BI and KM cores show 

significant correlations to SIE and chlorophyll-a. The different correlation patterns in the BI and KM 

MSA records are likely due to very local wind patterns. In contrast, the MSA record in the lower-

accumulation cores, KC and S100, show no significant correlation to SIE or chlorophyll-a and are 

therefore not suitable as SIE proxies. Therefore, high-accumulation ice rises cores from FIS seem to be 

more suitable as proxies for SIE in the Weddell Sea, if thorough investigation into wind and precipitation 

regimes influencing the specific core site is carried out. Onshore flow at FIS is easterly or north-easterly, 

leading to a more coastal influence at the KM ice rise compared to BI, for which deposition of MSA is 

preceded by over 150 km of wind transport over land. This can give rise to air-snow exchange processes 

that could impact the MSA signal at the BI site, which is seen in the sea salt signal when comparing the 

KM and BI sites and supported by the fact that MSA is rapidly depleted with increasing transport 

distance.  
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Appendix 1: Wilcoxon-rank sum test 
Table A4. Results of Wilcoxon rank-sum test with winter as MAMJJA and summer as SONDJF.  

Core Period (years) Significant 
difference? p-value 

BI 1996–2012 Yes 6.46 · 10-5 

KM 1958–2007 Yes 0.04 

KC 1995–2012 No 0.12 

S100 1737–2000 No 0.24 

S100 1989–2000 No 0.10 
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Appendix 2: Correlation results 
Table A5. Results for correlation calculations between MSA and SIE. Coefficient of determination and Pearson’s correlation coefficient for the linear fit and Spearman’s rank correlation 
coefficient for the monotonic relationship is reported along with the p-value for each sea sector and core combination. Correlations are based on summer as ONDJFM or SONDJF, and winter as 
AMJJAS or MAMJJA respectively. Annual anomalies are based on July to June values. Cells highlighted in green or yellow represent significant correlations at a 95 % or 90 % significance 
level respectively.  
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Table A6. (Continued on next page) Results for correlation calculations between seasonal MSA and chlorophyll-a for both a 25 km 
buffer zone and a 100 km buffer zone. Coefficient of determination and Pearson’s correlation coefficient for the linear fit and 
Spearman’s rank correlation coefficient for the monotonic relationship is reported along with the p-value for each sea sector and 
core combination. Correlations are based on summer MSA as ONDJFM, and summer chlorophyll-a as ONDJFM or SONDJF 
respectively. Cells highlighted in green or yellow represent significant correlations at a 95 % or 90 % significance level respectively.  
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Table A6. (Continued from previous page).  
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Table A7. (Continued on next page) Results for correlation calculations between annual MSA and chlorophyll-a 
for both a 25 km buffer zone and a 100 km buffer zone. Coefficient of determination and Pearson’s correlation 
coefficient for the linear fit and Spearman’s rank correlation coefficient for the monotonic relationship is reported 
along with the p-value for each sea sector and core combination. Correlations are based on annual MSA as July to 
June, and summer chlorophyll-a as ONDJFM. Cells highlighted in green or yellow represent significant 
correlations at a 95 % or 90 % significance level respectively. 
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Table A7. (Continued from previous page).  
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Appendix 3: Correlograms 

 
Figure A12. Correlograms of the autocorrelation functions for summer (ONDJFM) MSA anomalies in the KM 
and BI cores show significant (at a 95 % confidence level) autocorrelations. 

 

Figure A13. Correlograms of the autocorrelation functions for summer (SONDJF) MSA anomalies in the KM and 
BI cores show no significant (at a 95 % confidence level) autocorrelations.  

 

Figure A14. Correlograms of the autocorrelation functions for raw summer (ONDJFM) MSA concentrations in 
the KM and BI cores show no significant (at a 95 % confidence level) autocorrelations. 
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Figure A15. Correlograms of the autocorrelation functions for winter (AMJJAS) SIE anomalies in the five sea 
sectors plus the entire Southern Ocean show no significant (at a 95 % confidence level) autocorrelations. 

 
Figure A16. Correlograms of the autocorrelation functions for winter (MAMJJA) SIE anomalies in the five sea 
sectors plus the entire Southern Ocean show no significant (at a 95 % confidence level) autocorrelations. 
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Figure A17. Correlograms of the autocorrelation functions for summer (ONDJFM) chlorophyll-a concentrations, 
with a 25 km buffer zone, in the five sea sectors plus the entire Southern Ocean show no significant (at a 95 % 
confidence level) autocorrelations. 

 
Figure A18. Correlograms of the autocorrelation functions for summer (ONDJFM) chlorophyll-a concentrations, 
with a 100 km buffer zone, in the five sea sectors plus the entire Southern Ocean show no significant (at a 95 % 
confidence level) autocorrelations. 
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Figure A19. Correlograms of the autocorrelation functions for summer (SONDJF) chlorophyll-a concentrations, 
with a 25 km buffer zone, in the five sea sectors plus the entire Southern Ocean show no significant (at a 95 % 
confidence level) autocorrelations. 

 
Figure A20. Correlograms of the autocorrelation functions for summer (SONDJF) chlorophyll-a concentrations, 
with a 100 km buffer zone, in the five sea sectors plus the entire Southern Ocean show no significant (at a 95 % 
confidence level) autocorrelations. 
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