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Abstract. Antarctica and the Southern Ocean (SO) are the most pristine areas of the globe and represent ideal
places to investigate aerosol–climate interactions in an unperturbed atmosphere. In this study, we present submi-
crometer aerosol (PM1) source apportionment for two sample sets collected in parallel at the British Antarctic
Survey stations of Signy and Halley during the austral summer of 2018–2019. Water-soluble organic matter
(WSOM) is a major aerosol component at both sites (37 % and 29 % of water-soluble PM1, on average, at Signy
and Halley, respectively). Remarkable differences between pelagic (open-ocean) and sympagic (influenced by
sea ice) air mass histories and related aerosol sources are found. The application of factor analysis techniques
to series of spectra obtained by means of proton-nuclear magnetic resonance (H-NMR) spectroscopy on the
samples allows the identification of five organic aerosol (OA) sources: two primary organic aerosol (POA) types,
characterized by sugars, polyols, and degradation products of lipids and associated with open-ocean and sympag-
ic/coastal waters, respectively; two secondary organic aerosol (SOA) types, one enriched in methanesulfonic acid
(MSA) and dimethylamine (DMA) and associated with pelagic waters and the other characterized by trimethy-
lamine (TMA) and linked to sympagic environments; and a fifth component of unclear origin, possibly associated
with the atmospheric aging of primary emissions. Overall, our results strongly indicate that the emissions from
sympagic and pelagic ecosystems affect the variability in the submicrometer aerosol composition in the study
area, with atmospheric circulation establishing marked latitudinal gradients only for some of the aerosol compo-
nents (e.g., the sympagic components) while distributing the others (e.g., pelagic and/or aged components) both
in maritime and inner Antarctic regions.
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1 Introduction

Given their distance from major anthropogenic sources, the
Southern Ocean (SO) and Antarctica are considered to be
a proxy for preindustrial atmospheric conditions and pro-
cesses (Cavalieri et al., 1999; Arrigo et al., 2010; Carslaw
et al., 2013; Arrigo et al., 2015; Hamilton et al., 2015) that
impact the climate of the entire Southern Hemisphere. Dur-
ing winter, a layer of sea ice is formed over the SO; it ex-
tends up to approximately 19×106 km2 in the winter season
and decreases by about 80 % (4× 106 km2) in the summer
(Cavalieri et al., 1999). Climate models have large uncer-
tainties with respect to simulating clouds, aerosols, and air–
sea exchange as well as these components’ effects on Earth’s
albedo in this area of the globe (Carslaw et al., 2013). One
of the main reasons for this uncertainty is that the aerosol
source apportionment is poorly understood. The very diverse
ecosystems, stretching from the SO and sub-Antarctic ma-
rine areas to the Antarctic coastal areas and ice shelves are
schematically reduced to two large natural sources governing
the aerosol populations: sea spray (mostly composed of sea
salt; primary) and non-sea-salt sulfate (nSS-SO4; secondary).
The former – with mass size distributions peaking in the su-
permicrometer range – is produced by oceanic waves break-
ing and bubble bursting. By contrast, the latter – secondary in
type and submicrometer in size – is obtained by atmospheric
oxidation of dimethylsulfide (DMS), a trace gas produced by
marine phytoplankton. However, a recent intensification in
Antarctic aerosol measurement field campaigns is revealing
that aerosol chemistry in the southern high latitudes can be
much more complex. For example, blowing snow over pack
ice has been suggested to contribute sea-salt aerosol in simi-
lar amounts to breaking waves (Legrand et al., 2017a; Gior-
dano et al., 2018; Frey et al., 2020).

With respect to secondary (gas-to-particle formation)
aerosols, DMS-derived nSS-SO4 (Charlson et al., 1987; Val-
lina et al., 2007) is normally accompanied by organic sulfur
species, the most well known and usually more abundant of
which is methanesulfonic acid (MSA) (Rankin and Wolff,
2003; Legrand et al., 2017b; Fossum et al., 2018). The role
of aerosol sulfur species in regulating cloud condensation
nuclei (CCN) concentrations in the marine environment is
being challenged by a much larger variety of poorly known
ocean-emitted aerosol components (Quinn and Bates, 2011).
Another potential key component for new particle formation
in Antarctica is iodine, which is known to form new particles
via iodic acid nucleation (Saiz-Lopez et al., 2007; Baccarini
et al., 2021).

Therefore, the scientific question regarding the chemical
nature and source identification of aerosols in the SO inter-
cepts a broader debate about the relative importance of sec-
ondary aerosols produced from biogenic sulfur vs. primary
sea-spray aerosols in regulating cloudiness in the marine en-
vironment.

Pioneering measurements of organic carbon (OC) in size-
segregated aerosol (Virkkula et al., 2006) have shown that
MSA represents only a few percent of the substantial amount
of OC observed in the submicrometer fraction. Recent
Antarctic measurements have also suggested that the impor-
tance of organic components may have been overlooked. Sal-
iba et al. (2021) found that the large organic fraction of parti-
cles < 0.1 µm diameter may have important implications for
CCN number concentrations and indirect radiative forcing
over the SO. Moreover, recent measurements over the SO
(43–70° S) and the Amundsen Sea (70–75° S) have shown
that water-insoluble organic carbon (WIOC) accounts for
75 % and 73 % of aerosol total organic carbon in the two
regions, respectively (Jung et al., 2020). In the Amundsen
Sea, WIOC concentrations were correlated with the biomass
of a phytoplankton species (Phaeocystis antarctica) that pro-
duces extracellular polysaccharide mucus that can be ejected
by sea spray into the aerosol.

Intensified observations using advanced aerosol instru-
mentation aboard research ships have highlighted a certain
dependence of the aerosol concentration and composition
on the air mass origin and atmospheric circulation patterns
across latitudes. Humphries et al. (2021) identified three
main aerosol source areas in the SO – the northern sector
(40–45° S), the midlatitude sector (45–65° S), and the south-
ern sector (65–70° S) – with different mixtures of continental
and anthropogenic, primary, and secondary aerosols depend-
ing on the studied region. During the same period of study,
Sanchez et al. (2021) and Humphries et al. (2021) found
a weak gradient in CCN at 0.3 % supersaturation with in-
creasing CCN concentrations to the south between 44 and
62.1° S, which may have been caused by aerosol precursors
from Antarctic coastal biological emissions.

At the same time, study of the variability in aerosol sources
in sub-Antarctic and Antarctic coastal areas has added com-
plexity to the representation of aerosol concentrations based
on latitudinal changes. Indeed, emerging recent literature has
shown that aerosol populations of variable chemical com-
position can be observed within polar Antarctic (> 60° S)
air masses. By analyzing simultaneous aerosol size distribu-
tion measurements at three sites, Lachlan-Cope et al. (2020)
showed that the dynamics of aerosol number concentra-
tions and distributions is more complex than the simplified
view of particles composed of a sulfate–sea-spray combi-
nation, and it is likely that an array of additional chem-
ical components and processes drive the aerosol popula-
tion. Likewise, our previous results indicated that not only
the marine productivity but also the biogenic taxa and eco-
physiological state of the microbiota affect the production
of aerosol precursors in seawater (Dall’Osto et al., 2017,
2019). We previously showed that the microbiota of sea ice
and the sea-ice-influenced ocean (sympagic environment)
can be a stronger source of atmospheric primary and sec-
ondary organic nitrogen (ON), specifically low-molecular-
weight alkylamines (Dall’Osto et al., 2017, 2019), relative to
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open-ocean areas not influenced by sea ice (pelagic ocean).
Rinaldi et al. (2020) reported that non-methanesulfonic-acid
water-soluble organic matter (non-MSA WSOM) represents
6 %–8 % and 11 %–22 % of the aerosol PM1 mass originat-
ing from open-ocean and sea-ice regions, respectively. This
study showed that the Weddell Sea areas covered by open
or consolidated packed sea ice (sympagic environment) are a
strong source of ON in aerosol. Thus, ON compounds should
be considered when assessing secondary aerosol formation
processes in Antarctica, in addition to the known role played
by sulfur aerosols (Brean et al., 2021). By means of cham-
ber experiments simulating primary aerosol formation on site
in the same area around the Antarctic Peninsula and Wed-
dell Sea, Decesari et al. (2020) reported that the process of
aerosolization enriches submicrometer primary marine parti-
cles with lipids and sugars while depleting them of amino
acids. From these experiments, it emerged that the poten-
tial impact of the sea-ice (sympagic) planktonic ecosystem
on aerosol composition had been overlooked in past stud-
ies and that multiple ecoregions (sympagic environments,
pelagic waters, and coastal/terrestrial ecosystems) act as dis-
tinct aerosol sources around Antarctica (Decesari et al., 2020;
Rinaldi et al., 2020). In particular, Decesari et al. (2020)
found at least three main bioregion sources of water-soluble
organic carbon (WSOC): (1) open SO pelagic environments
dominated by primary sea-spray aerosol (SSA), mainly con-
stituted of lipids and polyols; (2) sympagic areas in the
Weddell Sea, with secondary sulfur and nitrogen organic
compounds; and (3) terrestrial land vegetation coastal areas,
traced by sucrose in the aerosol.

Here, we report atmospheric measurements simultane-
ously carried out at two Antarctic research stations (Signy
and Halley) over a 3-month period (December 2018–
March 2019). To our knowledge, this is the first study at-
tempting aerosol characterization and source apportionment
at the synoptic scale by means of parallel measurements at
two distant Antarctic stations. We stress that organic water-
soluble aerosol components contribute to the aerosol popu-
lation and to its most hygroscopic fraction; hence, we claim
that they have been overlooked with respect to their relevant
climate importance. Our findings highlight the heterogeneity
of the Antarctic ecosystems and how this heterogeneity im-
pacts the organic aerosol sources, allowing us – for the first
time – to report some unique insights into their spatiotempo-
ral variability in this region of the world.

2 Material and methods

2.1 Measurement field campaigns

The measurements reported here were made in the frame-
work of the PI-ICE (Polar Interactions: Impact on the Cli-
mate and Ecology) study in the period from December 2018
to March 2019 at the British Antarctic Survey (BAS) stations
of Halley and Signy. BAS Halley VI station (75°36′0′′ S,

26°11′0′′W) is located in coastal Antarctica, on the float-
ing Brunt Ice Shelf about 20 km from the coast of the Wed-
dell Sea, but hundreds of kilometers from the open ocean
(at a variable distance during the year, depending on the
extension of the pack ice and floating sea ice covering the
Weddell Sea in the different seasons, but approximately
200 km during summer). Temperatures at Halley rarely rise
above 0 °C, and temperatures of around −10 °C are com-
mon on sunny summer days. Winds are predominantly from
the east. Strong winds sometimes pick up the surface snow,
reducing visibility to a few meters (https://www.bas.ac.uk/
polar-operations/sites-and-facilities/facility/halley/, last ac-
cess: 12 January 2024). A variety of measurements were
made from the Clean Air Sector Laboratory (CASLab),
which is located about 1 km southeast of Halley station
(Jones et al., 2008). In contrast, BAS Signy station at
Signy Island (60°43′0′′ S, 45°38′0′′W) is located in the
South Orkney Islands (maritime Antarctic) and is char-
acterized by a cold oceanic climate, a mean annual air
temperature of 3.5 °C, and an annual precipitation rang-
ing from 350 to 700 mm, which primarily falls as sum-
mer rain. Summer air temperatures are generally positive
(record maximum of 19.8 °C), although sudden drops in
temperature can occur throughout the summer (−7 °C has
been recorded in January). Signy is also extremely windy,
with prevailing westerly winds (https://www.bas.ac.uk/
polar-operations/sites-and-facilities/facility/signy/, last ac-
cess: 12 January 2024).

Two high-volume samplers (MCV, Barcelona, Spain,
equipped with a Digitel PM1 sampling inlet) at Signy and
Halley collected ambient aerosol particles with Dp < 1 µm
on pre-washed (with ultrapure water) and pre-baked (at
800 °C for 1 h) quartz fiber filters, at a controlled flow of
500 L min−1. Due to the necessity of collecting a sufficient
aerosol loading for detailed chemical analyses on the filters,
the sampling time was of the order of about 50 h for each
sample. A total of 8 and 14 PM1 samples were collected dur-
ing the field study at Halley and Signy stations, respectively.
The samples were stored at about−20 °C until extraction and
chemical analyses.

Figure 1 shows a map of the study area. Temporal periods
are reported in Table S1 and Fig. S1 in the Supplement, while
Table S2 reports the meteorological data for the sampling pe-
riods at both sites.

2.2 Air mass back-trajectory analysis and source region
classification

The 5-day back-trajectories arriving at a height of 30 m every
6 h were calculated using HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory v4; Draxler et al., 1998;
Stein et al., 2015) and monthly global NOAA NCEP/N-
CAR pressure level reanalysis data archives. Using these
data, trajectory-level plots were calculated using the ope-
nair package (Carslaw and Ropkins, 2012) by exploiting the
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Figure 1. Maps of the (a) study area, showing BAS Signy and Halley stations, and (b) air mass back trajectories for all of the sampling
periods at both stations. Blue shades represent the sea-ice cover averaged over the studied period. Gray shades outside of the continental
boundaries represent the average shelf-ice cover.

concentration-weighted trajectory (CWT) method. The CWT
approach uses the concentration measured upon a trajectory’s
arrival at a site and the residence time of that trajectory in
each grid cell it passes through to create a mean concentra-
tion for each grid cell. When plotted as a map, this shows
which cells are associated with higher concentrations of cer-
tain species at the measurement site.

2.3 Aerosol offline measurements

The aerosol samples from both of the sites were extracted
with deionized ultrapure water (Milli-Q) in a mechani-
cal shaker for 1 h, and the water extracts were filtered on
PTFE membranes (pore size: 0.45 µm) in order to remove
suspended materials. Extracts were analyzed by ion chro-
matography (IC) for the quantification of water-soluble in-
organic ions (sodium, Na+; chloride, Cl−; nitrate, NO−3 ; sul-
fate, SO2−

4 ; ammonium, NH+4 ; potassium, K+; magnesium,
Mg2+; and calcium, Ca2+), organic acids (acetate, ace; for-
mate, for; methanesulfonate, MSA; and oxalate, oxa) (San-
drini et al., 2016), and low-molecular-weight alkyl amines
(methyl-, ethyl-, dimethyl-, diethyl-, and trimethyl-amine;
MA, EA, DMA, DEA, and TMA, respectively) (Facchini
et al., 2008a). An IonPac CS16 3× 250 mm Dionex sep-
aration column with gradient MSA elution and an IonPac
AS11 2× 250 mm Dionex separation column with gradient
KOH elution were deployed for cations and anions, respec-
tively. The sea-salt and non-sea-salt fractions of the main
aerosol components measured by IC (SS-x and nSS-x, re-
spectively) were derived based on the global average sea-
salt composition found in Seinfeld and Pandis (2016) using

Na+ as the sea-salt tracer. A complete list of the species
quantified by IC and used in the subsequent discussion is
given in Table S3. The data are also available from Zenodo
(https://doi.org/10.5281/zenodo.10663787, Paglione, 2024).

The water-soluble organic carbon (WSOC) content was
quantified using a total organic carbon (TOC) thermal com-
bustion analyzer (Shimadzu TOC-5000A). Given MSA’s
high relative contribution to the total organic mass, it is sep-
arated by subtracting its carbon contribution (in µgC m−3)
from the total WSOC, thereby obtaining the non-MSA
WSOC. A carbon-to-mass conversion factor of 2 was used
to estimate the non-MSA water-soluble organic matter (non-
MSA WSOM) from the non-MSA WSOC measurements,
following the values suggested for marine organic aerosols
by Jung al. (2020). The total WSOM was then calculated as
the sum of MSA and the non-MSA WSOM mass concentra-
tions. Field blanks were collected at both sites, and all of the
sample concentrations were corrected for the blanks, which
resulted in negligible values.

Aliquots of the aerosol extracts were dried under vac-
uum and redissolved in deuterium oxide (D2O) for organic
functional group characterization by proton-nuclear mag-
netic resonance (H-NMR) spectroscopy (hereinafter also re-
ferred to as NMR), as described in Decesari et al. (2000).
The H-NMR spectra were acquired at 600 MHz in a 5 mm
probe using a Varian Unity INOVA spectrometer, at the
NMR facility of the Department of Industrial Chemistry
(University of Bologna). Sodium 3-trimethylsilyl-(2,2,3,3-
d4) propionate (TSP-d4) was used as an internal standard
by adding 50 µL of a 0.05 % TSP-d4 (by weight) in D2O
to the standard in the probe. To avoid the shifting of pH-
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sensitive signals, the extracts were buffered to pH∼ 3 us-
ing a deuterated-formate/formic-acid (DCOO− =HCOOH)
buffer prior to the analysis. The speciation of hydrogen atoms
bound to carbon atoms can be provided by H-NMR spec-
troscopy in protic solvents. On the basis of the range of
frequency shifts, the signals can be attributed to H–C con-
taining specific functionalities (Decesari et al., 2000, 2007).
The main functional groups identified include unfunctional-
ized alkyls (H–C), i.e., methyl (CH3), methylene (CH2), and
methine (CH) groups of unsubstituted aliphatic chains (also
later named “aliphatic chains”); aliphatic protons adjacent
to unsaturated/substituted groups (benzyl and acyl groups:
H–C–C=) and/or heteroatoms (amines, sulfonates: H–C–
X, with X 6=O), like alkene (allylic protons), carbonyl, or
imino groups (hetero-allylic protons) or aromatic rings (ben-
zylic protons) (also later named “polysubstituted aliphatic
chains”); aliphatic hydroxyl/alkoxy groups (H–C–O), typi-
cal of a variety of possible compounds, like aliphatic alco-
hols, polyols, saccharides, ethers, and esters (i.e., also ab-
breviated later as “Sug–Alc–Eth–Est”); anomeric and vinylic
groups (O–CH–O), from incompletely oxidized isoprene and
terpene derivatives, from products of aromatic-rings open-
ing (e.g., maleic acid), or from sugar/anhydro-sugar deriva-
tives (glucose, sucrose, levoglucosan, glucuronic acid, etc.);
and, finally, aromatic functionalities (Ar–H, also abbreviated
later as “Arom”). Organic hydrogen concentrations directly
measured by H-NMR were converted to organic carbon. Sto-
ichiometric H/C ratios were specifically assigned to func-
tional groups using the same rationale described in previous
works (Decesari et al., 2007; Tagliavini et al., 2006): briefly,
the choice of specific H/C molar ratios is based on the ex-
pected stoichiometry and structural features of the molecules
that every region of the H-NMR spectra can actually repre-
sent in atmospheric aerosol samples on average. The H/C
ratios used in this study are showed in Table S4 in the Sup-
plement. Although the sum of NMR functional group con-
centrations approached total WSOC in many samples, the
uncharacterized fraction was significant (on average 30 %).
Possible reasons for the “unresolved carbon” are (1) the pres-
ence of carbon atoms not attached to protons and, thus, not
detectable by H-NMR, such as oxalates and compounds con-
taining substituted quaternary carbon atoms or fully substi-
tuted aryls (Moretti et al., 2008); (2) the uncorrected estima-
tions of stoichiometric H/C ratios used for the conversion
of directly measured organic hydrogens into organic carbon;
and (3) evaporative losses during the evaporation of the ex-
tract prior to the preparation of the NMR tube.

Organic tracers were identified in the H-NMR spectra on
the basis of their characteristic patterns of resonance and
chemical shifts: for this scope, we used libraries of refer-
ence spectra from the literature (of standard single com-
pounds and/or mixtures from laboratory/chamber experi-
ments and/or from ambient field studies at near-source sta-
tions). We also validated our interpretations using extensive
libraries of biogenic compounds and theoretical simulations

of H-NMR spectra of atmospherically relevant molecules of-
fered by specific elaboration tools/software such as Chenomx
NMR Suite (Chenomx inc., evaluation version 9.0) and
ACD/Labs (Advanced Chemistry Developments inc., ver-
sion 12.01), some examples of which are reported in the Sup-
plement (Figs. S2, S3).

Among the tracers identified, MSA and two low-
molecular-weight alkyl amines (di- and tri-methyl amines;
DMA and TMA, respectively) were quantified in mass con-
centrations. Speciation and quantification of these tracers by
H-NMR were validated by comparison with the IC measure-
ments of the same species; this comparison showed excel-
lent agreement between the two techniques (Fig. S4). Other
molecular tracers (such as lactic acid – Lac; betaine – Bet;
choline – Cho; glycerol – Gly; glucose – Gls; sucrose – Suc;
and hydroxymethanesulfonic acid – HMSA) were unequivo-
cally identified but not quantified in this study, where they
were mainly used for source identification. In the present
study, we also sometimes refer to broadly defined chemical
classes synonymously with the classes of compounds carry-
ing specific functional groups or combinations of them, like
“polyols” (i.e., compounds with NMR bands in the H–C–
O region) or “saccharides” (similar to polyols but with the
concomitant presence of NMR signals in the anomeric re-
gion O–CH–O). Intense NMR bands in the H–C (unfunc-
tionalized alkyls) region with prominent peaks characteristic
of aliphatic chains (terminal methyls at 0.9 ppm, methylenic
chains at 1.2 ppm, and methines or methylenes in beta po-
sition to a C=O group or an oxygen atom at 1.5 ppm)
were attributed to compounds from the degradation of lipids
(sometimes defined concisely as “lipids”) including low-
molecular-weight fatty acids (LMW-FA) and mixtures of
other alkanoic acids. A comprehensive list and a description
of the functional groups, molecular species, and categories of
compounds identified in this study by H-NMR spectra anal-
ysis is given in Table S5.

2.4 Factor analysis of H-NMR spectra

The H-NMR spectra from the samples collected at both sites
were analyzed by factor analysis techniques, following the
method already described in previous publications (Decesari
et al., 2011; Finessi et al., 2012; Paglione et al., 2014a, b),
to apportion major components of WSOC and attribute them
to specific sources. Factor analysis was applied directly to
the collection of spectra, using the spectral signals at the
different chemical shifts as the input variable (after several
preprocessing steps; described in more detail in Sect. S2 in
the Supplement). The factor analysis methods used in this
study include two different nonnegative algorithms: positive
matrix factorization (PMF; Paatero and Tapper, 1994), using
the ME-2 solver (Paatero, 1999), and multivariate curve res-
olution (MCR), according to the classical alternating least-
squares approach (Jaumot et al., 2005; Tauler, 1995). Fac-
tor analysis was applied to the Signy and Halley spectral
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datasets, which were merged together with two main pur-
poses: (i) to increase the number of samples (14+ 8= 22)
in order to improve the statistics and (ii) to find and com-
pare relative contributions of possible common aerosol com-
ponents/sources between the two sites.

The solutions with up to eight factors were explored. A full
examination of the inputs and outcomes of the NMR factor
analysis is reported in the Supplement (Sect. S2, Figs. S5–
S12), while we focus on the five-factor solution in Sect. 3.3,
which is the most interpretable and shows a substantial agree-
ment between the two algorithms. Interpretation of factors
and their attribution to specific sources is based on an in-
tegrated approach including the following: the comparison
between spectral profiles and a unique library of reference
spectra (recorded during laboratory studies or in the field
at near-source stations; Decesari et al., 2020), the correla-
tion of factors’ contributions with available chemical tracers
(i.e., sea salt and other inorganic ions, MSA, and amines; Ta-
ble S6), and the examination of back trajectories and of the
concentration-weighted trajectory (CWT) maps of each fac-
tor indicating their potential source areas.

Moreover, in order to specifically check the separation be-
tween primary and secondary aerosol sources, we applied
another run of factor analysis, this time adding 16 H-NMR
spectra of sea-spray aerosol (SSA) generated in bubble-
bursting tank experiments (primary by definition) to the am-
bient aerosol spectra from Signy and Halley. These bubble-
bursting experiments were performed using local Antarc-
tic seawater and melted sea ice collected in the regions
of Antarctic Peninsula, South Shetland islands, and Wed-
dell Sea during the PI-ICE project cruise, as described by
Dall’Osto al. (2022a). The results of this additional factor
analysis (summarized in Sect. S2 in the Supplement) helped
to interpret factors identified by ambient samples and to at-
tribute some of them to primary sources (POA) (Figs. S11,
S12).

3 Results

This section is divided in three main parts: in Sect. 3.1, we
discuss the bulk aerosol composition at Signy and the drivers
of its variability; in Sect. 3.2, we provide the same analysis
for the data collected at Halley station and discuss the dif-
ferences between the two stations for the period of sampling
overlap (42 d); finally, in Sect. 3.3, we discuss the WSOC
source apportionment results based on the H-NMR spectra
factor analysis. Samples collected at Signy are labeled as
“Sx”, whereas samples from Halley are labeled as “Hx”.

3.1 Main aerosol chemical components at Signy

The chemical composition of the 14 PM1 aerosol samples
collected at Signy station is reported in Fig. 2. On aver-
age, the concentrations of the PM1 aerosol water-soluble
fraction are low (1.59± 1.44 µg m−3, average± standard de-

viation, n= 14) but show a noticeable variability between
samples (min= 0.29 µg m−3 for S10, max= 5.54 µg m−3

for S5). The major chemical class contributing to water-
soluble PM1 is sea salt (representing 45± 19 % of the to-
tal of the whole sampling period on average), followed by
WSOM (37± 19 %, of which 6± 5 % was represented by
MSA), non-sea-salt sulfate (nSS-SO4, 12± 14 %), and re-
maining minor contributions of ammonium (3± 3 %), nitrate
(1± 1 %), and other non-sea-salt ions (i.e., nSS-K, nSS-Mg,
and nSS-Ca, amounting to 2± 3 % in total).

The sampling period can be divided into two different
subperiods: the first time span (samples S1–S5, correspond-
ing to 10–28 December 2018) is characterized by relatively
high PM1 concentrations (2.75± 1.96 µg m−3), whereas the
second subperiod (samples S6–S14, spanning 28 Decem-
ber 2018–2015 February 2019) shows lower concentrations
on average (0.95± 0.37 µg m−3). Regarding composition,
the first subperiod is characterized by a higher contribution
of sea salt (54± 23 % to total water-soluble PM1) compared
with the second subperiod, which exhibits a lower sea-salt
content (40± 17 %) and an increased fraction of non-sea-
salt sulfate (19± 13 %). The contribution of WSOM shows
lower variability between the two subperiods (43± 25 %
and 33± 16 % of water-soluble PM1 in the first and sec-
ond time spans, respectively, of which MSA represents
1± 1 % and 8± 5 %, respectively). Nevertheless, the inter-
sample variability in the WSOM concentrations is large
(0.49± 0.35 µg m−3 on average; min= 0.18 µg m−3 for S10,
max= 1.25 µg m−3 for S5). The main difference in WSOM
at Signy between the two subperiods is found in the func-
tional group composition, as characterized by H-NMR anal-
yses (Fig. 3). Specifically, the first subperiod (S1–S5) is
enriched in alkoxy groups (H–C–O; 43± 4 % relative to
23± 8 % of total WSOC) and unsubstituted aliphatic chains
(H–C; 30± 5 % relative to 16± 5 %) compared with the
second subperiod (S6–S14). These H-NMR features have
been previously associated (by comparing the analysis of
tank-generated sea-spray particles) with sugars, polyols (e.g.,
glucose, sucrose, and glycerol), and fatty acids from lipids
degradation of primary biogenic origin (sea and sea-ice mi-
crobiota) (Facchini et al., 2008b; Decesari et al., 2011, 2020;
Liu et al., 2018; Dall’osto et al., 2022a, b). By contrast, the
second subperiod is enriched in MSA (24± 13 % relative to
3± 3 % in the first subperiod in terms of WSOC as recon-
structed by H-NMR) and alkyl amines (15± 8 % relative to
2± 1 %), which are considered mostly secondary in nature
(Dall’Osto et al., 2019).

The meteorological conditions are not statistically differ-
ent between the two subperiods (Table S2). However, the
analysis of the air mass origins (Fig. S13) reveals different
back trajectories between the first five samples (S1–S5) and
the last nine samples (S6–S14), suggesting that the observed
changes in the chemical composition are linked to different
air mass origins of the air masses reaching the sampling site,
as further discussed in the next sections.
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Figure 2. Water-soluble PM1 loadings and chemical composition at Signy during the whole period. Pie charts in panel (a) report the average
relative contributions for two different periods of the campaign: 1° period (samples S1–S5) and 2° period (samples S6–S14). Panels (b) and
(c) show the respective mass concentrations and relative contribution of the different chemical species measured in each sample.

3.2 Main aerosol chemical components at Halley and
comparison with Signy

The chemical composition of the eight PM1 aerosol
samples collected at Halley station (reported in Fig. 4)
shows remarkable differences with respect to Signy. Over-
all, water-soluble PM1 mass concentrations are substan-
tially lower (0.79± 0.56 µg m−3, average± standard devi-
ation, n= 8) and show less variability between samples

(min= 0.25 µg m−3 for H4, max= 2.02 µg m−3 for H7).
Most noticeably, a much lower contribution of sea salt to
PM1 is measured in these samples, representing only 6± 7 %
on average, in striking contrast to Signy. Only one sample
(H5) shows a relatively high influence of sea salt (23 % of
total PM1). In contrast to Signy, the PM1 chemical compo-
sition at Halley is constantly dominated by non-sea-salt sul-
fate and WSOM, representing 53± 17 % and 29± 14 % on
average (of which 8± 6 % is represented by MSA), respec-
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Figure 3. Water-soluble OC concentrations and composition in terms of H-NMR functional groups at Signy. (a) Average relative contri-
butions of two different periods of the campaign: 1° period (samples S1–S5) and 2° period (samples S6–S14). Panels (b) and (c) show the
respective mass concentration and relative contribution of the different functional groups identified and quantified by H-NMR in each sample
(expressed in µgC m−3).

tively. In the samples collected at the end of January, nSS-
SO4 represents a major component of PM1 at both Halley
and Signy, but its concentrations at the former site are greater,
peaking above 1 µg m−3. In summary, based on the analy-
sis of the submicrometer aerosol bulk composition, a first
sharp difference between the two sites can be underlined,
with Signy being much more impacted by primary aerosol
(sea spray), whereas Halley is much more influenced by sec-
ondary aerosol (nSS-SO4).

The organic composition expressed in terms of H-NMR
functional groups and molecular tracers shows a limited vari-
ability between samples at Halley, with a dominant contri-
bution of alkoxy groups (H–C–O), MSA, and alkyls (H–C),
representing 33± 7 %, 28± 14 %, and 18± 6 % on average,

respectively (Fig. 5). The significant contribution from MSA
is in line with the high nSS-SO4 share in the water-soluble
PM1 mass, while the high contributions from the H–C–O and
H–C groups indicate a contribution from primary aerosol that
is not seen from the inorganic composition data alone.

The contribution of MSA at Halley, representing
28± 14 % of the total WSOC on average, is significant with
respect to the aerosol mass contribution throughout the whole
sampling period, regardless of the fact that Halley is quite a
distance from open-ocean regions. In contrast, alkyl amines
represent only a minor portion of WSOC in Halley samples
(3± 2 % on average), contrary to the parallel samples from
Signy (14± 8 %). A direct comparison of the average water-
soluble PM1 and WSOC concentrations and composition at
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Figure 4. Water-soluble PM1 loadings and the chemical compo-
sition at Halley. The pie chart in panel (a) represents the average
relative contributions of the whole sampling period. Panels (b) and
(c) represent the respective mass concentration and the relative con-
tribution of the different chemical species measured in each sample.

Signy and Halley, based on the samples collected in parallel
during the 42 d of the campaign, is reported in Fig. 6 (only the
samples from the second subperiod at Signy are considered
here, hence the exclusion of S5). Although the total concen-
tration of water-soluble PM1 in the parallel samples is com-
parable between the two sites, the average values reported in
Fig. 6a again highlight the much higher contribution of sea
salt at Signy (0.40± 0.29 µg m−3, representing 42± 18 % of
total water-soluble PM1 during the overlapping period on av-
erage) with respect to Halley, which was conversely domi-
nated by nSS-SO4 (53± 17 % of total water-soluble PM1). In
any case, WSOM represented the second major component
of PM1, with similar proportions between the two sites but
also with remarkable differences in the functional groups’
distributions and in tracer concentrations (Fig. 6b). A lower
contribution of alkoxy groups and higher concentrations of
alkyl amines is observed at Signy compared with Halley. All

Figure 5. Water-soluble OC concentrations and the composition in
terms of H-NMR functional groups at Halley. The pie chart in panel
(a) represents the average relative contribution. Panels (b) and (c)
show the respective mass concentration and the relative contribution
of the different functional groups identified and quantified by H-
NMR in each sample (expressed in µgC m−3).

of these differences strongly suggest different sources and
origin areas for the aerosol collected at the two sites, which
is also confirmed by the air mass analysis information shown
in Fig. S14. Analysis of the back trajectories highlights a
much stronger influence of marine air masses at Signy, in
agreement with the substantially higher contribution of sea
salt in PM1 and the reduced secondary organic nitrogen com-
pounds (alkyl amines) at Halley. At the same time, however,
the MSA concentrations are similar between the two sites,
in spite of Halley station’s distance from the sea, and the
nSS-SO4 concentrations – which are known to be impacted
by DMS sources in the ocean – are greater at Halley than
at Signy. The MSA / nSS-SO4 ratios are 0.55± 0.23 at Signy
and 0.24± 0.05 at Halley (on average for the overlapping pe-
riod). The Halley values are in line with previous measure-
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Figure 6. Average concentrations at Signy and Halley for the over-
lapping period (S6–S12 and H1–H8): (a) average concentrations of
water-soluble PM1 and its main components; (b) average concen-
trations of WSOC measured by TOC and H-NMR functional group
concentrations.

ments at the same site by Legrand and Pasteur (1998). At
Signy, the MSA / nSS-SO4 ratio is consistent with the latitu-
dinal trend evidenced by Bates et al. (1992) for the Southern
Hemisphere.

Finally, the organic composition at Halley, which is rich in
H–C–O and H–C groups, points to a primary organic contri-
bution, which again conflicts with the prevalently continen-
tal back trajectories reaching Halley station. Some clues to
resolve such discrepancies are provided by the organic factor
analysis discussed in the next section.

3.3 Water-soluble organic aerosol (WSOA) source
apportionment: primary and secondary OA types
and their contributions

The large inter-sample variability in the H-NMR spectra
characterizing the two sample sets from Signy and Halley
makes factor analysis a potentially powerful tool for source

identification and source apportionment, in spite of the small
number of samples. A full examination of the outcomes of
NMR factor analysis is reported in the Supplement (Sect. S.2,
Figs. S5–S12). Here, we provide a description of the five-
factor solution, which was identified as the most robust and
informative one (Fig. 7) based on the best separation of in-
terpretable spectral features and on the best agreement be-
tween the two algorithms applied with respect to both spec-
tral profiles and contributions. The associated concentration-
weighted trajectory (CWT) maps for each factor, indicating
their potential source areas, are reported in Fig. 8. Our fac-
tor analysis was able to identify two primary organic aerosol
(POA), two secondary organic aerosol (SOA), and one other
factor prevalently found at Halley that was of unknown ori-
gin. Specifically, the WSOM factors are as follows:

– Factor 1 – “marine POA pelagic (lipids, polyols, and
saccharides)”. This factor characterized most of the
samples at both Signy and Halley with comparable con-
centrations and relative contributions among the par-
allel samples at the two sites. Interestingly, this fac-
tor is characterized by an NMR spectral profile dom-
inated by polyols (glycerol and possibly threitol) and
saccharides (found in some samples as glucose and su-
crose) as well as aliphatic compounds bearing alkyl
chains, such as in low-molecular-weight fatty acids
(LMW-FAs). All of these features are typical of primar-
ily emitted submicrometer sea-spray particles generated
by bubble-bursting experiments of biologically produc-
tive seawater, as already documented in previous stud-
ies conducted in similar SO areas (Decesari et al., 2020;
Dall’Osto et al., 2022a) as well as in the North Atlantic
Ocean (Facchini et al., 2008b). This POA component
was present in almost all of the samples (especially at
Signy) and was prevalently associated with air masses
coming from open-ocean regions, including large sec-
tors of the SO northwest of Signy and east of Halley
(see the CWT maps in Fig. 8). The CWT maps for Fac-
tor 1 at Halley, although showing large overpasses over
continental Antarctica, clearly show a maximum when
being influenced by a northern origin in the SO. In sum-
mary, this POA seems to be a common component of the
sea-spray OA associated with open-ocean areas across
a wide range of longitudes and can be transported for
thousands of kilometers.

– Factor 2 – “marine POA (Lac)”. This factor represents
a significant portion (up to 70 %) of WSOC in spe-
cific samples, especially at Signy (i.e., S3–S5). It shows
a mixture of LMW-FAs and polyols, similar to Fac-
tor 1, but with an important contribution from lactic acid
(Lac, peaks at 1.35 and 4.21 ppm in the H-NMR spec-
tra). Lactic acid – a major product of sugar fermenta-
tion common to many microorganisms (Miyazaki et al.,
2014) – has already been identified in seawater and sea-
spray aerosol samples in the study region and is con-
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sidered to be of primary biogenic origin (Decesari et
al., 2020; Dall’Osto et al., 2022a). In particular, these
features are characteristics of specific sea-spray aerosol
samples coming from seawater bubble-bursting exper-
iments conducted in coastal areas around Adelaide Is-
land, Davis Coast, and Livingston Island (SW3, SW4,
SW8, and especially SW11 and SW15; Figs. S8, S11,
S12). This factor is found only in the first subperiod of
Signy (S1–S5), and the associated CWT maps are sim-
ilar but show somewhat higher concentrations closer to
the site with respect to Factor 1. For this reason, we con-
sider it to be a second marine POA factor influenced
by aerosol sources in coastal/sympagic areas around the
Antarctic Peninsula.

– Factor 3 – “marine SOA pelagic (MSA+DMA)”.
This factor is dominated by methanesulfonic acid and
dimethyl amine (identified by the H-NMR singlets at
2.80 and 2.71 ppm, respectively). The predominance of
these compounds indicates marine biogenic secondary
formation for this factor. The contribution time series
of Factor 3 shows a good correlation with the con-
centrations of MSA at both sites (R2

= 0.88, n= 22,
p<0.005) and with nSS-SO4 in particular at Halley
(R2
= 0.58, n= 8, p<0.1). The CWT maps associated

with Factor 3 (Fig. 8) at Signy show the predominance
of air masses coming from the open SO and spending
most of their time on pelagic waters (Fig. S15). In con-
trast, at Halley, this component shows maxima in air
masses originating in open-ocean areas to the northeast
but traveling above the planetary boundary layer (PBL)
(Fig. S16) and possibly reaching the station through
free-tropospheric circulation after spending time over
the Antarctic continent. In summary, this component
can be considered to be a background/regional marine
SOA source associated with emissions in pelagic waters
of the SO.

– Factor 4 – “marine SOA sympagic (TMA+MSA)”. This
factor is characterized by high loadings of trimethyl
amine, even higher than MSA. This component was
very characteristic of Signy (but absent at Halley), es-
pecially of the second sampling subperiod (S6–S14).
The corresponding CWT maps clearly assign Factor 4
to a source footprint stretching over the sympagic wa-
ters of the Weddell Sea. This observation agrees with
our previous findings in the same area pointing to the
sympagic Weddell Sea region as a source of biogenic
organic nitrogen and, in particular, amines in ambient
aerosols (Dall’Osto et al., 2017, 2019; Decesari et al.,
2020; Brean et al., 2021).

– Factor 5 – “POA–SOA mix”. A final factor was found
to characterize the organic composition at Halley. It ac-
counts for a substantial fraction of the H–C–O and H–C
groups at the aforementioned station, corresponding to

the sum of the contribution from the POA pelagic (Fac-
tor 1) but with distinct groups of H-NMR resonances.
In particular, a complex pattern of H-NMR signals is
found at the chemical shift between 4 and 4.5 ppm (in
the range of the H–C–O groups) (Fig. S17). These sig-
nals have never been observed before in ambient aerosol
samples and are largely missing in the Signy samples.
They can be tentatively attributed to acidic sugars (e.g.,
uronic acids) or organic sulfate (sulfate esters), as bet-
ter discussed in Supplement (Fig. S10 and correspond-
ing text). Considering the high abundance of nSS-SO4
and the likely corresponding acidic nature of the aerosol
at Halley, a hypothesis for the formation of these com-
pounds could be the esterification of common polyols
(such as glycerol) to organic sulfates. However, this hy-
pothesis is just speculative at this stage and possibly
needs confirmation from additional analysis and data.
As already mentioned, alkoxy groups are usually con-
sidered primarily emitted (confirmed also by the pres-
ence of degraded/oxidized lipid signals at 0.9, 1.3, and
1.6 ppm in the alkyls region of the Factor 5 spectral
profile), but the hypothesized substitution of hydroxyls
with sulfonate groups can be considered of secondary
nature (aging of primary alcohols/sugars). Moreover,
the factor profile shows some other secondary features,
such as MSA and DMA signals, which makes this fac-
tor difficult to identify. For this reason, we consider it
to be a mixture of primary and secondary OA (“POA–
SOA mix”), characterizing the Halley site. A clearer in-
terpretation of the nature of this organic fraction could
not currently be achieved. The CWT maps for Factor 5
do not elucidate any specific source areas. It is spec-
ulated that it could be a mixture of primary and sec-
ondary components, potentially partially coming from
continental/terrestrial environments (Kyrö et al., 2013).

Figure 7 reports the average contributions of the five fac-
tors at the two sites. It is worth noting that the WSOA factor
analysis confirmed the importance of primary sources (POA)
in the first sampling subperiod at Signy, as already evidenced
by the bulk chemical analyses: in fact, the sum of POA fac-
tors represents 89 % of the total WSOA on average for the
first five samples (S1–S5). Much more relevant are the contri-
butions of secondary components (SOA) in the second sam-
pling subperiod at Signy (71 % of total WSOA on average
for samples S6–S14) and at Halley (35 % of WSOA on aver-
age). However, the dominant component at Halley remained
the so-called POA–SOA mix factor, accounting for the 44 %
of WSOA at the site. Excluding Factor 5, the trend in the con-
tribution of POA vs. SOA is clear: the SOA fraction of OA
increases while the austral summer progresses, as a possible
consequence of the increasing emissions of reactive vapors
from the ocean as well as enhanced photochemistry. Nev-
ertheless, one clear episode of a high POA concentration is
observed in the middle of January at both stations, indicating
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that synoptic circulation can augment the transport of POA
from the SO over the entire Weddell Sea region and into the
Antarctic continent across a 2000 km wide area, even in the
middle of the Austral summer.

4 Discussion

The variability in the aerosol populations in the polar south-
ern latitudes is affected by strong latitudinal changes in both
aerosol sources and atmospheric circulation. In the area of
East Antarctica, Humphries et al. (2021) evidenced latitudi-
nal gradients in atmospheric aerosol loading and composi-
tion which were associated with the position of the atmo-
spheric polar front. Our results extend such observations to
the West Antarctica region of Antarctic Peninsula and Wed-
dell Sea while also adding new insights into the nature of
aerosol sources and the drivers of aerosol chemistry.

The air mass back trajectories traveling to Signy and Hal-
ley (reported in Fig. S14) and the CWT maps (in Fig. 8)
clearly show how the two sites are mostly influenced by
different air mass origins and histories. In particular, Signy
(60° S, in the maritime Antarctica) is impacted by two types
of air masses: one (prominent in the first part of the cam-
paign; samples S1–S5) associated with the westerlies and
spending most of the time over the pelagic waters of the
SO and the other (influencing the second period; samples
S6–S14) recirculating over the Weddell Sea and spending
more time over sympagic waters and sea-ice marginal zones
(Figs. S13–S15). By contrast, Halley (75° S, over the ice
shelf) is mainly affected by an anticyclonic flow (from the
east or southeast) over the Antarctic continent (60 % of the
air mass recirculated over the Antarctic continent), involving
air masses that had traveled over consolidated pack ice with
a minor influence from the pelagic environments in the SO
(Figs. S14, S15). Whilst the Signy samples were representa-
tive of air masses that had previously traveled almost entirely
within the PBL, different conditions were observed at Halley,
where only 59± 24 % traveled within the PBL (Fig. S16a,
b). As the specific ecoregions (sympagic and pelagic) sup-
ply aerosol populations with distinct physical and chemi-
cal characteristics (Dall’Osto et al., 2017, 2019; Decesari et
al., 2020; Rinaldi et al., 2020; Brean et al., 2021), we show
here that the latitudinal change between 60 and 75° S in the
prevalent atmospheric circulation tends to maintain a segre-
gation between the specific aerosol populations produced in
the different environments. This explains why primary sea-
salt particles are found in much greater numbers at Signy,
whereas aged nSS-SO4 particles affect Halley to a greater ex-
tent. However, the results of the organic factor analysis high-
light a more complicated picture. Summarizing our findings
on the inorganic and organic characterization at the two sta-
tions, we can distinguish at least three atmospheric regimes:

1. During the subperiod at Signy (December), PM1 par-
ticles transported by the westerlies and coming from

the pelagic waters of the open SO (organic Factor 1)
with some possibly affected by marine ecosystems in
the coastal Antarctica (organic Factor 2) increased the
water-soluble PM1 concentrations above 1 µg m−3 (up
to 5 µg m−3) and were mostly contributed by primary
constituents (sea-salt and marine POA components).

2. During the second subperiod at Signy (January–
February), the aerosol originated prevalently from sym-
pagic areas of the Weddell Sea region and was char-
acterized by lower concentrations (1 µg m−3 or lower)
and by a higher contribution of secondary components
(nSS-SO4 and SOA, especially enriched in biogenic or-
ganic nitrogen and, in particular, TMA).

3. At Halley (January), water-soluble PM1 occurred in
very low concentrations (only occasionally reaching
1 µg m−3) and was dominated again by secondary com-
ponents, especially nSS-SO4, MSA, and DMA, but also
by OA classes specifically found at this site that were of
unclear origin.

The relatively high concentrations of nSS-SO4 in the sink-
ing anticyclonic air masses arriving at Halley point to the pro-
cesses of atmospheric aging for this site. This may explain
the lower MSA / nSS-SO4 ratio at Halley, assuming partial
MSA oxidation to nSS-SO4 during transport. However, nSS-
SO4 is associated with MSA and DMA, i.e., organic com-
ponents overlapping with the “pelagic SOA” of Signy (and
classified accordingly in Factor 3), meaning that the products
of oceanic emissions find their way into the free troposphere
and lead to aerosol formation in the Antarctic continental
atmosphere. This study again highlights the importance of
amines and organic nitrogen in SOA formation in southern
polar areas, as already evidenced by our previous studies in
the same area (Dall’Osto et al., 2017, 2019). Here, we iden-
tify two factors of organic nitrogen: one – rich in TMA – is
associated with sources in the sympagic waters of the Wed-
dell Sea (Factor 4), whereas the other (characterized by DMA
and MSA) is associated with air masses from pelagic open
SO waters (Factor 3). Factor 3, in particular, appears to be
a background component of the Antarctic atmosphere in the
middle of the austral summer (January) across latitudes (as
it affects both Signy and Halley), and it is linked to long-
range transport and to marine emissions over a wide source
area (Fig. 8). Factor 4, instead, tracing SOA formation from
emissions in the Weddell Sea, mainly affects maritime west-
ern Antarctica, although not Halley, in spite of the proximity
of the site to the source regions. This can be explained by
the fact that Halley does not receive direct flows from the
Weddell Sea itself but rather from coastal Antarctic areas at
eastern longitudes where sea ice is much less developed in
summer (Figs. S14, S15).

The occurrence of specific organic factors at one site but
not at the other (Factors 2 and 4 unique to Signy; Factor 5
unique to Halley) is in line with the idea that atmospheric
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Figure 7. Relative contributions of the WSOA factors identified by H-NMR factor analysis at Signy (a) and Halley (b). Histograms show the
relative contributions (%) of each factor in each sample: blue shades refer to the POA components, green shades refer to SOA components,
and yellow denotes the POA–SOA mix factor. Pie charts report the average values of the sum of factors classified as POA (dark blue), SOA
(green), and POA–SOA mix (yellow) at the two sites and in different periods.

circulation maintains chemical gradients in the Antarctic
aerosol population. Nevertheless, we show that the secondary
components associated with Factor 3 (MSA and DMA) can
cross such gradients and be distributed at different latitudes.
Figure 9 shows the average concentrations of the WSOA
components identified by NMR factor analysis on average at
Signy (both as an average of the whole sampling period and
as an average of the parallel samples) and Halley stations.
Factors 1 and 3 share a common temporal trend with respect
to their contribution to WSOA at the two sites, suggesting
that they represent background aerosol spread around a wide
area of thousands of kilometers. Such common background
components are of secondary and, more surprisingly, primary
marine origin. The marine SOA pelagic (MSA+DMA) fac-

tor has very similar concentrations at Signy and Halley
(3.21± 2.15 and 2.45± 2.21 nmolH m−3, respectively, on
average for the parallel sampling period) (Fig. 9). Most no-
ticeably, the same is true for the marine POA pelagic factor
(1.60± 1.20 and 1.84± 3.11 nmolH m−3 at Signy and Hal-
ley, respectively). At Halley, the marine SOA pelagic fac-
tor is associated with air masses traveling above the PBL
(Fig. S16b), and its concentration correlates with that of nSS-
SO4, supporting the hypothesis of long-range transport asso-
ciated with a free-tropospheric flow over the Antarctic dome.
By contrast, the marine POA pelagic factor did not corre-
late with nSS-SO4 and is associated with strong winds and
air masses coming directly from the northeast, especially
during the aforementioned mid-January episode. Therefore,
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Figure 8. CWT maps of the WSOA components identified by the
factor analysis of NMR spectra at Signy (left) and Halley (right).
The color scale shows which air masses along the back trajectories
have, on average, higher concentrations (expressed in µmolH m−3)
at the measurement site: lighter colors (toward yellow) and darker
colors (toward blue) indicate respective higher and lower concentra-
tions of the component associated with the air masses coming from
a specific area.

Figure 9. Average contributions of WSOA components identified
in the overlapping period at the two Antarctic stations.

the marine POA pelagic factor is not associated with the
free-tropospheric circulation and rather reached the station
through transport in the PBL from the SO sectors located
to the northeast of the site (Fig. 8). Contrary to Halley, the
Signy site is sometimes dominated by other POA types which
looked to have a more local origin and influence from the
sympagic and/or coastal environments, such as the marine
POA (Lac) and the marine SOA sympagic (TMA+MSA)
factors.

When considering the primary aerosol components, their
concentrations normalized by sea salt can provide further in-
formation on their origin/importance. It can be observed that
the background marine POA pelagic enrichment in sea-spray
particles is constant throughout the dataset at Signy (0.05 in
the first subperiod vs. 0.04 in the second). This supports the
hypothesis of a constant contribution of the background POA
pelagic component in sea spray to which other primary com-
ponents can be added from local biologically productive wa-
ters, as shown by samples S1–S5. In such samples, the back-
ground marine POA pelagic fraction indeed contributes less
than 40 % to the total POA, mostly represented by the other
primary component, marine POA (Lac) (Fig. 7). In these
samples, the total POA / sea-salt ratio reached up to 0.14 (on
average). Conversely, the background POA pelagic compo-
nent was more enriched with respect to sea salt at Halley
(average value of 0.19), where it is also the dominant POA
component. This may depend on different sea-spray produc-
tion conditions (e.g., reduced salinity close to the shelf or in
polynyas) or to some aging process during transport to the
station which preferentially removes the more soluble inor-
ganic fraction of sea spray. These hypothetical mechanisms
remain speculative at this stage and need further investiga-
tion; however, it is worth noting that marine POA may influ-
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ence a much wider geographical area than the simple sea-salt
concentrations would suggest.

5 Conclusions

The Antarctic ecosystems are characterized by a substan-
tial spatial heterogeneity across marine (pelagic and sympa-
gic) and terrestrial biomes, with productivity and biodiversity
patchiness superimposed on strong environmental gradients
(Convey et al., 2014). This study represents the first chemical
characterization and source apportionment of organic aerosol
conducted in parallel at the two British Antarctic stations of
Signy and Halley, representing two different Antarctic en-
vironments separated by 2000 km and exposed to different,
but partly overlapping, biogenic sources. In contrast to the
paradigm of reducing the aerosol composition in background
Antarctic regions to sea spray (mostly composed of sea salt;
primary) and non-sea-salt sulfate (nSS-SO4; secondary), we
find that water-soluble organic matter (WSOM) is the second
most abundant submicrometer aerosol component in this area
of the world, accounting for a substantial fraction of the total
water-soluble PM1 mass, both at Signy (37 %, min–max of
16 %–71 %; after sea salt, 45 %, min–max of 9 %–80 %) and
Halley (29 %, min–max of 7 %–44 %; after nSS-SO4, 53 %,
min–max of 29 %–83 %). Our results starkly highlight how
the heterogeneity of the Antarctic ecosystems also impact the
organic aerosol sources, allowing us – for the first time – to
report some unique insights into their spatiotemporal vari-
ability in that region of the world.

In particular, significant differences are found between
pelagic (characterized by higher PM1 concentrations and
more primary components) and sympagic (dominated by
secondary components and in particular amines) periods at
Signy and Halley. The sympagic area of the Weddell Sea ap-
pears to be a strong source of organic nitrogen compounds
in the maritime Antarctica (Signy) and, in particular, of low-
molecular-weight amines, confirming the results of previous
studies in the same area (Dall’Osto et al., 2017, 2019; Dece-
sari et al., 2020; Rinaldi et al., 2020; Brean et al., 2021). The
amine speciation among samples from the different sites and
over a longer period highlight that TMA is dominant over
Weddell sympagic waters (specifically characterizing Signy
during the second part of the measurement period), whereas
DMA is spread on a larger scale, reaching Halley (regional
background footprint, similar to MSA and non-sea-salt sul-
fate).

Enclosed between the Antarctic continent and the pack sea
ice of the Weddell Sea, Halley station shows a distinct chem-
ical composition, much depleted in sea salt and enriched
in nSS-SO4 compared with Signy, likely due to long-range
transport and aging in the free troposphere. The “chemical
segregation” of Halley prevents inputs of certain OA types
found at Signy, including SOA produced by emissions in the
Weddell Sea, but allows specific aerosol organic compounds

(possibly associated with organic sulfate) to develop at Hal-
ley and not at Signy.

Apart from such differences between the two environ-
ments, our study highlights the existence of background bio-
genic marine sources, which influence the aerosol compo-
sition on a larger scale (regional or even supra-regional):
among these, in particular, there is a secondary ma-
rine component of pelagic origin, marine SOA pelagic
(MSA+DMA) as well as a noteworthy marine primary
source, marine POA pelagic (lipids, polyols and saccharides,
which seems to travel for long distances across latitudes. In
particular, the sinking free-tropospheric air masses arriving
at Halley are shown to transport SOA originating from ma-
rine emissions of DMS and DMA in distant oceanic regions,
and the prevalent atmospheric flow at Halley is occasionally
interrupted by the direct transport of POA (from emissions in
the SO) in the PBL.

In conclusion, our study highlights the striking complexity
of the aerosol sources in a natural and pristine environment
such as the Antarctic. Ongoing climate change is predicted to
change the Antarctic environment (Rintoul et al., 2018); this,
in turn, will feedback to biosphere and cryosphere exchanges
with the atmosphere, changing the atmospheric concentra-
tions of aerosols and cloud condensation nuclei (CCN) and
resulting in a yet unknown further climate feedback. Future
interdisciplinary studies using emerging chemical and statis-
tical analytical techniques are required to tease out processes
across spatial gradients of key environmental factors.
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