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(SIGMA-A, NU and RECAP) with satellite sea ice imagery, over three decades. We find that during the 1984-2016

Keywords:
Arctic satellite-era, ice core Brey, values are significantly correlated with first-year sea ice formed in the Baffin Bay and
Paleoclimate Labrador Sea supporting that the gas-phase bromine enrichment processes, preferentially occurring over the sea

Sea ice reconstructions
Proxy calibration
Bromine

ice surface, are the main driver for the Brep, signal in ice cores. Moreover, in assessing Brey,'s capability to record
historical sea ice variability, we compare 20th-century Arctic Sea ice historical and proxy records with our re-
constructions, based on an autoregressive-moving-average (ARMA) model, finding overall good agreement.

While further enhancements are warranted, including site-specific calibrations and a comprehensive investiga-
tion into bromine transport-related concerns, this study presents a new method to quantitatively reconstruct past
seasonal sea ice variability through bromine enrichment in ice cores.

1. Introduction

Over the past four decades, the Arctic has become a hotspot region of
climate change with a warming trend nearly four times faster than the
global average, a phenomenon commonly known as “Arctic amplifica-
tion” (Rantanen et al., 2022). In response to atmospheric and oceanic
temperature increase, Arctic sea ice has experienced a constant reduc-
tion of its summer extent (—12.7 % per decade relative to 1979-2021)
(Meier et al., 2021), thickness (—2 m or —66 % between 1958 and 2018),
and volume (—2.8 x 10° km® decade™! or —56 % compared to
1979-2023) (Schweiger et al., 2011). The observed ice thickness and
volume reductions have been attributed to the loss of older and thicker
sea ice present in the Arctic Ocean (Kacimi and Kwok, 2022; Kwok,
2018; Liu et al., 2020; Stroeve et al., 2007). Indeed, since 1980, the sea
ice that survived at least one summer melting cycle, referred to as multi-
year sea ice (MYSI), has declined by ~30 % and has been gradually
replaced by thinner and younger first-year sea ice (FYSI), more prone to
melting and wind-drifting than older ice (Kacimi and Kwok, 2022;
Korosov et al., 2018; Kwok, 2018; Maslanik et al., 2011). The loss of
MYSI is primarily due to the ice export from the Arctic Ocean through
the Fram Strait (Smedsrud et al., 2017), however, it has also been
observed that a significant fraction of MYSI disappears through melting
within the Arctic basin (lonita et al., 2016; Meier, 2017). If the rate of
MYSI loss continues as in recent years, the Arctic Ocean is predicted to
be seasonally ice-free before 2050 (Meier, 2017; Notz and SIMIP Com-
munity, 2020).

Due to its crucial impact on climate, ocean circulation, ecology and
economics, Arctic Sea ice has been constantly monitored since the late
1970s through the extensive use of satellite observations and field
measurements. In contrast, before the so-called satellite era, detailed sea
ice reconstructions are sporadic and generally limited to the last two
centuries, as provided by heterogeneous historical sources such as
navigational charts, ship-based observations, and national ice services
(Walsh et al., 2017).

To expand our knowledge both on pre-industrial sea ice variability at
decadal-to-millennial time scale and to test the predictive skill of pale-
oclimate models, several geochemical markers from paleo-archives such
as marine sediments and terrestrial ice cores have been used (Abram
et al., 2013; Kinnard et al., 2011; Thomas et al., 2019; Vallelonga et al.,
2021). The assemblage of microorganism and/or biomarkers in marine
sediment typically provide longer records of sea ice although with some
limitations mainly due to low temporal resolution (i.e. decadal to
millennial time scales) and dating uncertainty (Thomas et al., 2019).
Conversely, ice-core records, despite being provided at a high temporal
resolution and in close relation with other climate and environmental
forcing (e.g., temperature, greenhouse gas concentration, atmospheric
circulation), can be mainly affected by post-depositional processes that
need to be addressed for long-term reconstructions (Osman et al., 2017).
The main sea ice proxies measured in polar ice cores include meth-
anesulfonic acid (MSA), which indicates past sea ice extent and primary
productivity, and sea salt sodium (ssNa), which provides information on
sea ice cover and transport processes (Osman et al., 2019; Thomas et al.,
2019). More recently, bromine - in particular, its enrichment factor over
the Br/Na ratio in sea water (Bre,,), which appears to be stable in the

snowpack after deposition at high accumulation sites (Spolaor et al.,
2019) - has been explored in several studies as a potential tracer of past
seasonal sea ice conditions (Spolaor et al., 2014, 2016a,b; Vallelonga
et al., 2021; Scoto et al., 2022).

During polar springtime, solar radiation triggers a series of auto-
catalytic reactions involving ozone-depleting bromine species, sourced
from the brine-enriched snow layer that deposits onto fresh sea-ice
surfaces.

(Saiz-Lopez and Von Glasow, 2012; Simpson et al., 2015; Frey et al.,
2020). Such bromine chemical cycles, referred to as “bromine explosion”,
lead to a marked enrichment of gas-phase reactive bromine species in
the lower troposphere (Bougoudis et al., 2020; Saiz-Lopez and Von
Glasow, 2012; Vallelonga et al., 2021). Following these explosion
events, Br can undergo rapid oxidation with elemental mercury and
dimethyl sulfide (leading to severe ozone loss in the polar boundary
layer), heterogeneous recycling, and scavenging by atmospheric aero-
sols until being ultimately deposited as dry or wet deposition (Saiz-
Lopez and Von Glasow, 2012; Simpson et al., 2015). As a net result, sea-
ice related bromine emission processes increase the bromine-to-sodium
ratio in springtime snowfall depositions over polar terrestrial glaciers,
resulting in enriched bromine (Bre,r > 1) compared to deposition
sourced purely from emission of bulk seawater aerosols (where [Br]/
[Nalseawater = 0.0062 and Brey, ~ 1; Millero et al., 2008).

Based on this rationale, several Brey, records from polar snow and ice
core archives have been used to provide qualitative or semi-quantitative
sea ice reconstructions at different time scales, both for the Arctic
(Maffezzoli et al., 2019, 2021; Scoto et al., 2022; Sadatzki et al., 2020;
Spolaor et al., 2016a,b; Vallelonga et al., 2021) and for Antarctica
(Burgay et al., 2023; Spolaor et al., 2013; Vallelonga et al., 2017, 2021).
So far, however, a robust statistical relation between absolute-ice core
Brenr and the extent of its potential sea ice-source area has never been
provided.

In this study we perform a 30-y calibration of the Bre,, records from
three Greenland ice cores (SIGMA-A, NU and RECAP) with satellite-
derived regional sea ice variability in the Baffin Bay and Labrador Sea
(BB), and in the Greenland Sea (GS), over the recent satellite period
(1984 onwards). By correlating ice-core Bre,, levels with sea ice area
variations in the identified bromine-source regions, we found a positive
significant correlation thus providing, for the first time, a quantitative
relationship between the two variables. We therefore applied to the
recent Brep, profiles of the selected ice cores, an autoregressive-moving-
average (ARMA) model which returned respectively 111y (SIGMA-A),
108y (NU) and 107y (RECAP) records of regional sea ice changes. From
a comparison with historical sea ice data, atmospheric reanalysis, and
independents sea ice sensitive proxy records, our ice-core based re-
constructions well captured the overall sub-regional sea ice variability,
supporting the reliability of Bre,, as a tracer for long-term re-
constructions of past regional sea ice changes.

2. Materials and methods
2.1. Ice cores

In spring 2017, the 60-m long “SIGMA-A” ice core, was drilled on the
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Hayes Peninsula (78.05° N, 67.63° W, 1.490 m a.s.l.) (Fig. 1). The
drilling site was located approximately 70 km north of the town of
Qaanaag, on a high accumulation area (0.27 m w. eq. y_* between 1975
and 2010). The modern (1984-2016) SIGMA-A marine aerosols source
region has been identified to be primarily the Baffin Bay (Kurosaki et al.,
2020), which is nowadays covered only by seasonal sea ice (Fig. S1). The
climatic information of SIGMA-A extends back to the last 110 years with
a sub-seasonal time resolution for the whole record (Kurosaki et al.,
2020; Matoba et al., 2018). The dating of the core was carried out by
annual layer counting (8'80, 8D and other impurities measured at the
University of Hokkaido) and the age uncertainty is estimated to be +1
year for all samples (Kurosaki et al., 2020; Matoba et al., 2018).

In spring 2015, the 138-m long “NU” ice core was extracted from a
high-elevation ice cap atop the Nuussuaq Peninsula, in west Greenland
(70.49° N, 52.26° W, 2.010 m a.s.l.) (Osman et al., 2021) (Fig. 1). Model
reconstructions show a marked temperature-driven increase in snow
accumulation at the NU site over the last 200 years, passing from 0.26 to
0.36 mw. eq. y_* (Osman et al., 2021). The ice core has been dated using
55 tie points obtained through chemical measurements of radiogenic
239py, volcanic non-sea-salt sulfur, and anthropogenic Pb. The total re-
cord covers approximately the last 2 millennia (169 to 2015 CE). The
present-day sea salt source region for the NU core is mainly centered on
the lower Baffin Bay and the Labrador Seas, as inferred from a modern
(1980-2013) atmospheric circulation reanalysis (Osman et al., 2021).
The dynamics of the sea ice in these regions, governed by the variability
of the Baffin Bay's southern sea ice edge position, is crucial for the for-
mation of lighter sea water, which in turn influences the stratification
and overall strength of the southern overturning circulation in the North
Atlantic Ocean (Bi et al., 2019). The dating of the core in this depth
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range is carried out by annual layer counting (8180, 8D and other im-
purities) and the age uncertainty is estimated to be +1 year.

Finally, in spring 2015, the 584-m long “Renland ice CAP” (RECAP)
ice core was retrieved on the Renland peninsula in coastal East
Greenland (71.30 N, 26.72 W, 2315 m. a.s.l.) (Fig. 1). The annual
accumulation rate at the coastal Renland site is much greater than that
on the continental Greenland plateau with an average Holocene annual
accumulation rate of ~0.41 w. eq. y~ ! (Hansson, 1994; Hughes et al.,
2020; Maffezzoli et al., 2021). The present-day RECAP core sampling
region for marine aerosol has been identified to be the 50-85° N North
Atlantic Ocean, as inferred from a modern (2000-2016) atmospheric
circulation reanalysis (Corella et al., 2022; Cuevas et al., 2018; Maf-
fezzoli et al., 2019). The ice core contains information on oceanic and
sea ice-related processes mainly occurring in the Greenland Sea region
(Corella et al., 2019; Cuevas et al., 2018; Maffezzoli et al., 2019, 2021).
This region is dominated by a mixture of older sea ice exported out of the
Arctic Ocean by the East Greenland current and locally formed seasonal
sea ice which during winter extend from the older ice tongue eastwards
to the North Atlantic Ocean (Tschudi et al., 2019) (Fig. S1). The dating in
this depth range is carried out by annual layer counting and the age
uncertainty is estimated to be +1 year (Simonsen et al., 2019).

Given the high snow accumulation rate of the three sites considered
in this study, we can assume a limited penetration of the ultraviolet (UV)
radiation within the annual snowpack and a reduced or no capacity to
promote photochemical reactions, especially in the UV-A (320-400 nm)
and UV-B (290-320 nm) wavelength bands (Grannas et al., 2007). In
turn, this suggests that the bromine records measured in the selected ice
cores may not be significantly affected by post-depositional processes
(Spolaor et al., 2019), at least on annual time scale (Maffezzoli et al.,
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Fig. 1. Overview of the location sites of the ice cores used in this study. Ice core locations are marked by red squares. Yellow stars represent the location of the three
algal samples from Halfar et al. (2013). The main warm and cold currents are indicated respectively with red and blue arrows: ‘NAC’: North Atlantic Current; ‘NwAC’:
Norwegian Atlantic Current; ‘WSC’: West Spitsbergen Current; ‘IC’: Irminger Current; ‘ECG’: East Greenland Current. The shaded area contoured in orange are the
NSIDC regional masks used to calculate historical Arctic sea ice concentration back to 1906 from Walsh et al. (2019) dataset. Dashed lines indicate the median sea ice
extent between 1981 and 2010 in March (blue), April (light blue), and May (white) from NSIDC.
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2021; Spolaor et al., 2014).
2.2. Ice cores analytical measurements and Bre,, factor

Meltwater discrete samples from the SIGMA-A ice core (n = 564),
covering the 1906-2016 CE period, were analyzed at the CNR-ISP lab-
oratories to detect bromine (Br) and sodium (Na) (Fig. S2-A). The first
240 samples, covering the satellite era (1979-2017 CE), were kept at
their original resolution (~7 cm of ice integrating ~0.16 year/sample)
and analyzed with an Inductively Coupled Plasma Sector Field Mass
Spectrometry (ICP-SFMS; Element2, Thermo Fisher, Bremen, Germany)
equipped with a cyclonic Peltier-cooled spray chamber (ESI, Omaha,
US), following the methods described in earlier work (Spolaor et al.,
2013). Analytical measurements on the remaining 324 samples,
covering the pre-satellite era (1904-1978 CE; time-resolution of ~0.23
year/sample), were conducted with an Inductively Coupled Plasma
Single Quadrupole Mass Spectrometry (ICP-SQMS, iCAP 168 RQ,
Thermo Fisher Scientific, US) equipped with a collision cell reaction at
the ISP-CNR laboratories.

The NU core was analyzed for a broad range of elements and
chemical species using the continuous ice core analytical system at the
Desert Research Institute (DRI) in Reno, NV, USA. Meltwater discrete
samples (n = 1550), covering the 1906-2013 CE period, were analyzed
for bromine and sodium concentrations by two High Resolution Induc-
tively Coupled Mass Spectrometers operating in parallel (HR-ICP-MS,
Thermo Element2, Bremen, Germany) at approximately 2 cm depth
resolution. See Osman et al. (2021) for complete details on ice core
dating and analysis.

Finally, meltwater discrete samples from the RECAP ice core (n =
124), covering the 1906-2012 CE period, were analyzed for bromine
and sodium total concentrations by Collision Reaction Cell-Inductively
Coupled Plasma-Mass Spectrometry (CRC-ICP-MS, Agilent 7500cx,
Agilent, California, USA) at the CNR-ISP laboratories (Fig. S2-C). The
analytical procedure is described in Maffezzoli et al. (2019).

For the three ice cores, annual mean Br and Na concentrations were
calculated. Accordingly, Brey, values were calculated as Brep = (Br/Na)/
(Br/Na)sea water, Where (Br/Na) are the bromine and sodium concen-
trations in the ice samples and (Br/Na)sea water = 0.0062 is the bromine-
to-sodium mass ratio in seawater (Millero et al., 2008) (Fig. S2A-C).

2.3. Back-trajectories calculations

Air mass frequency plots were obtained from back trajectories
computed using the HYSPLIT model (Hybrid Single-Particle Lagrangian
Integrated Trajectory, Version 4 — January 2017) (Stein et al., 2015). For
the three ice cores, the NCEP/NCAR Reanalysis data (Kalnay et al.,
1996) from the National Weather Service's National Centers for Envi-
ronmental Prediction provided by the NOAA's Air Resources Laboratory
have been used. This reanalysis dataset has a 2.5° latitude x longitude
spatial resolution, 17 levels from surface to 10 hPa and 6 h temporal
resolution since 1/1/1948 to present. The 72 hour-long back trajectories
arriving at SIGMA-A, NU, and RECAP ice core locations were started
daily every 6 h (at 0:00, 6:00, 12:00 and 18:00 h) at 10 m above ground
level for the periods 1984-2017 (SIGMA-A), 1984-2013 (NU), and
1984-2012 (RECAP), respectively. Only springtime (March, April, May)
trajectories are considered, consistently with the timing of bromine
recycling over sea ice. To ensure the exposure of air masses to marine
sources of sea salt aerosols, only back trajectories spending at least 10 h
in the marine boundary layer (>900 hPa or <1000 m a.s.l.) were
considered, following the same methodology described in Maffezzoli
et al. (2019).

2.4. Sea ice satellite data and potential bromine source area

2.4.1. Observation-based and historical sea ice data
The sea ice satellite product used to calibrate the recent Brep, records
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of the three Greenland ice cores is the Gridded Monthly Sea Ice Extent and
Concentration, 1850 Onward, V.2 (Walsh et al., 2019). The dataset is
based on an earlier product by Chapman and Walsh (1991; CW91) and
combines modern Arctic Sea ice observations from satellite passive
microwave data (Meier et al., 2013) with 16 historical sources,
providing regional monthly sea ice concentration since 1850 (Walsh
et al., 2017). The priority ordering procedure is the same of the CW91,
along with analog and linear interpolation methods to spatially infill
regions and times when observations are not available (Walsh et al.,
2017, 2019). The dataset is released with each time-step corresponding
to a single mid-month day and with a spatial resolution of 0.25° x 0.25°,
covering the northern hemisphere north of 30°.

Prior to the period of satellite observations (1970s), however, the sea
ice extent record holds large uncertainties due to the lack of direct and
reliable observations in most parts of the Arctic. In particular, before
1953, sea ice reconstructions are constrained by direct observations
almost only in summer months (i.e., when ships navigated Arctic waters)
therefore the results obtained for this period are mainly generated by the
infill strategy (Brennan et al., 2020). Acknowledging the limitations of
the historical dataset before the satellite period, we compare our
regional sea ice reconstructions based on SIGMA-A, NU, and RECAP
Brepr records with twentieth-century observation of the sea ice cover in
the Baffin Bay and Labrador Sea sector and in the Greenland Sea.

2.4.2. Ice core's potential bromine source area (PBSA)

The first step to calibrate the Bre,, records is to identify the most-
likely source regions of springtime bromine emissions. We refer to this
sector as the potential bromine source area (PBSA) of a given ice core. To
identify the PBSAs of the three ice cores, we combine both sea ice's
presence and atmospheric transport by multiplying springtime (MAM)
sea ice area (Fig. S3A) and air mass frequency maps sub-sampled at the
same spatial resolution and calculated for the same period (Fig. S3B).
The lowest pixel value displayed in the obtained bromine-source maps
corresponds to an area covered by sea ice for just 1 month out of 3
(between March and May of each year) crossed only once by a back-
trajectory directed to the ice core site (Fig. S3C). Reiterating this pro-
cedure for the satellite calibration period (1984 onward), averaging, and
normalizing all the single-year bromine source maps obtained, we
delimited the average springtime PBSA of SIGMA-A (1984-2016), NU
(1984-2013), and RECAP (1984-2012), as shown in Fig. 2.

By applying this method to the selected ice cores, we noticed that the
combined PBSA of the two ice cores from coastal western Greenland (i.
e., SIGMA-A and NU), largely corresponds to the oceanic region
extending from the higher Baffin Bay (BB) to the Labrador Seas (LS)
(Fig. 2A). Therefore, for the purpose of Brep, proxy calibration, we
combined them into a more conservative area coinciding with the NSIDC
regional sea ice mask of the Baffin Bay and Labrador Sea (Meier and
Stewart, 2023) shown in Fig. 1.

For the RECAP ice core, the resulting PBSA includes three distinct
sectors of the higher North Atlantic, which are namely the eastern
Greenland Sea, part of central Baffin Bay and a portion of the Barents Sea
(Fig. 2B). Although the total sea ice area, and in particular the seasonal
sea ice area, in the eastern Greenland Sea sector is comparatively smaller
with respect to the Baffin Bay and/or Barents Sea ones (Fig. S4A), due to
its proximity to the RECAP ice core site, its contribution to the total
PBSA accounts for 88 % while, the more distant Baffin Bay and the
Barents Sea, only accounted respectively for 11 % and 1 % (Fig. S4B),
consistent with also found in an earlier study by Maffezzoli et al. (2019).
Given the relatively minor contribution of the latter two regions to the
RECAP's PBSA, for the calibration of Brep, proxy, we only considered sea
ice variability limited to the Greenland Sea sector, (i.e. the East
Greenland NSIDC regional mask; Meier and Stewart, 2023) shown in
Fig. 1.

It's important to highlight the markedly different sea ice conditions
that characterize the Baffin Bay and the Greenland Sea nowadays. In the
former region, sea ice follows a well-paced seasonal cycle. Starting from
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Fig. 2. The Potential Bromine Source Area (PBSA) of SIGMA-A, NU, and RECAP ice cores in the recent period (1984-onward). (A) The red contour delineates the
combined PBSA of western Greenland ice cores (averaged and normalized for MAM 1984-2016 (SIGMA-A) and 1984-2013 (NU)). (B) Similarly, the RECAP's PBSA
averaged and normalized over MAM 1984-2012. Among the three sectors identified, the East Greenland Sea accounts for most of the potential bromine contribution

(~90 %), compared to Barents Sea and central Baffin Bay (~10 %).

the northwestern part, sea ice gradually forms in fall and extends
southwestward to reach a complete sea ice cover of the Baffin Bay by
March. In spring, usually in April, the sea ice gradually breaks in the
North Water polynya (NOW) and along the western Greenland coast,
moving westward until ice-free conditions occur in summer
(August-September) (Gibb et al., 2015; Kurosaki et al., 2020; Mysak
et al., 1996). In contrast, being mainly regulated by opposing oceanic
currents, the colder and fresher East Greenland Current (EGC), and the
warmer and saltier [rminger and North Atlantic Currents, (IC and NAC,
respectively), sea ice conditions in the Greenland Sea are generally less
predictable (Maffezzoli et al., 2021). In fact, the sea ice cover in this
region is composed of a mixture of perennial and seasonal sea ice, with
the former being pushed southwards across the Fram Strait by the EGC,
and the latter forming in winter on its side and expanding southwards
and eastwards until it encounters the western branches of the IC and
NAC, which act as a physical constraint on the sea ice growth (Fig. 1)
(Tonita et al., 2016).

3. Results and discussion
3.1. Correlation between recent sea ice variability and ice core's Bren,

After identifying the oceanic regions potentially responsible for
bromine deposition at the three ice core sites, we investigated whether a
quantitative relationship exists between the recent sea ice variability
and the Bre,, profiles recorded in the three Greenlandic ice cores (Fig. 3).
To quantify the variations of the spring sea ice area within the PBSAs, we
used recent (1984 onward) satellite observations from Walsh et al.
(2019). Although satellite sea ice observations are available since 1979,
we deliberately chose to start from 1984, as this corresponds to the
starting date of sea ice age observations (Tschudi et al., 2019), which
allowed us to distinguish between different sea ice types (first-year vs.
multi-year) within the identified PBSAs.

We correlated the observed springtime (MAM) sea ice area of the
Baffin Bay and Labrador Seas both with individual Bre, records of
SIGMA-A and NU cores (Fig. 3A-B), and with their compiled record
obtained by averaging the individual Brey, values for each year (Fig. 3C).
Similarly, we correlated the observed spring sea ice area in the
Greenland Sea with the RECAP's Brey, record (Fig. 3D). To reduce any
potential dating error, and to mitigate any artefacts of multi-year
smoothing due to late 20th and 21st century surface meltwater perco-
lation, we employ a 3-year moving average of annual Brep, values while,
to better represent the exponential nature of the inorganic bromine
release from sea ice surfaces, we used base-2 logarithmic values of Brey,

(Spolaor et al., 2016a,b; Vallelonga et al., 2017). This transformation is
also useful for the statistical analyses since it reduces the skewness of the
observed values of Bre,, making them more adherent to the assumption
of normality that is used thereafter for evaluation of the statistical sig-
nificance of correlations.

For the Baffin Bay and Labrador Sea region, we found a positive
significant correlation between the recent spring (MAM) sea ice area and
log2(Brep;), both for the individual records of the western Greenlandic
ice cores records, with r(gigma a) = 0.63 (p < 0.001), during 1984-2016
and ryy) = 0.60 (p < 0.001) during 1984-2013, and for their compiled
one, with rigmaa+nyy = 0.69 (p < 0.001) during 1984-2013
(Fig. 3E-G; Table 1). Given the visual mismatch in the annual ice cores'
Bre,r values and the sea ice area in the BB and LS (Fig. 3A-C), we also
considered one-year lagged Brey, variability, finding a remarkable in-
crease of the correlations for SIGMA-A (r(sigma a-1y) = 0.69, p < 0.001),
NU (r(vu-1y) = 0.76, p < 0.001), and, as expected, also for their compiled
record (r(SIGMA_A,ly)Jr(NU_ly) = 0.79, p < 0.001) (Fig. 3I-M; Table 1).
Consistent with £1y age uncertainties in the depth-age constraints of
the ice cores, we decided to consider SIGMA-A and NU's Bre,, series
shifted by —1 year to reconstruct long-term regional sea ice variability.

Based on the fact that, during the recent period, the Baffin Bay and
the Labrador Sea regions are characterized exclusively by seasonal sea
ice (Tschudi et al., 2019) (Fig. S1), we can surmise that modern Brep,
profiles of SIGMA-A and NU cores are primarily modulated by changes
of first-year sea ice (FYSI) rather than multi-year sea ice (MYSI), consis-
tent with earlier observational studies (Bougoudis et al., 2020; Simpson
et al., 2007). In this regard, we also examined a potential effect of the
NOW polynya on atmospheric bromine deposition at SIGMA-A and NU
ice core sites. Although a peak in the emission of organic bromine
compounds from the ocean biosphere (i.e. CHBr3) is expected during
summer and early autumn, their overall contribution to the total at-
mospheric bromine pool is relatively minor compared to the inorganic
bromine compounds (i.e., Bry or BrO) released from heterogeneous
bromine reactions over the sea ice surface during springtime bromine
explosions (Bougoudis et al., 2020; Vallelonga et al., 2021). Long-term
satellite observations of Arctic tropospheric BrO indeed show gener-
ally highest values in spring and lowest during summer and early
autumn (Bougoudis et al., 2020), indicating inorganic sea ice-sourced
bromine as a primary driver for modulating the Bre,, records in west-
ern Greenland ice cores during the recent period.

Finally, despite the concomitant presence of both FYSI and MYSI in
the eastern Greenland Sea region during the satellite period
(1984-2012; Fig. S1), we also found a positive significant correlation
between spring sea ice area and RECAP's Breyr (frecar) = 0.73, p <
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Fig. 3. Recent spring sea ice area (1984-onward) and Bromine enrichment records measured in the three Greenlandic ice cores. Red dashed curves in the panels A-D
show the annual spring (MAM) sea ice area in the Baffin Bay and Labrador Sea sector (BB-LS) and in the Greenland Sea (GS) Black dashed curves indicate annual ice
cores' bromine enrichment values from SIGMA-A (A), NU (B), their compiled record (C), and RECAP (D). Solid lines indicate 3y-moving averages. Panels E-H are the
relative scatter plot showing the correlation between regional MAM sea ice area and Bre,, values (3-y moving average) from SIGMA-A (E), NU (F) their compiled
record (G), and RECAP (H). Panels I-M show the same correlations of E-G but with the SIGMA-A and NU Bre,, series lagged of —1 year. Panel O summarizes panels
E-G. All the scatter plots have a p-value < 0.001.

Table 1

0.001) (Fig. 3D and H; Table 1).

Correlations between the Brep, proxy (at lag 0 and —1 years) and satellite spring

sea ice area in the relative ice cores' potential bromine source regions.

3.2. Regional sea ice reconstructions

Based on the significant correlation between log2(Brey,) levels and

the observed sea ice variability during the satellite era, we defined a site-

specific predictive model of sea ice that, on the assumption of constant

atmospheric transport/deposition processes over time, allows us to

quantify past changes of seasonal sea ice within each ice core's PBSA.

Given the high degree of year-to-year autocorrelation that exists in sea

ice area time series, use of linear regression models that assume un-

correlated errors can lead to wrong conclusions. As such, we employed

an autoregressive and moving average (ARMA) model that accounts for
the potential serial correlation in the series. More specifically, we

considered a linear regression of sea ice area on the log-transformed

Ice core PBSA Period Years r P-value
SIGMA-A Baffin Bay and 1984-2016 33 0.63  <0.001
Labrador Sea
NU Baffin Bay and 1984-2013 30 0.60 <0.001
Labrador Sea
Compiled Baffin Bay and 1984-2013 30 0.69  <0.001
(SIGMA-A + Labrador Sea
NU)
SIGMA-A (—1y) Baffin Bay and 1983-2015 33 0.69  <0.001
Labrador Sea
NU (-1y) Baffin Bay and 1983-2012 30 0.76  <0.001
Labrador Sea
Compiled Baffin Bay and 1983-2012 30 0.79  <0.001
(SIGMA-A + Labrador Sea
NU) (-1y) (Brenr),
RECAP Greenland Sea 1984-2012 23 0.73 <0.001

sea_ice_area(t) = fy + f1108>Bren(t) + (1),

where, f, and g, are the intercept and the slope of the regression line. To
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take into account the potential serial autocorrelation, the error terms
e(t) are assumed to follow the autoregressive and moving average model
(Shumway and Stoffer, 2017),

e(t) =Y pet—0)+nt)+ > On(t—j).
i-1 j=1

where 7(t) are white noise variables. The coefficients ¢; and 6; are the
parameters of the model, i=1,...,p andj = 1,...,q. The order of the
model is given by p and q. We selected the model order using the Akaike
Information Criterion (AIC; Shumway and Stoffer, 2007), with ARMA
errors fitted using the regional sea ice area and the log-transformed Brep,
series for each site. As reported in Table 2, the best order for the models
fitted to SIGMA-A and RECAP was p = 0 and ¢ = 1, which corresponds
to a moving average model of order 1; and p = 0 and g = 0 for NU and
the compiled Bre,r record, which corresponds to standard regression
model with uncorrelated errors (Table 2).

Finally, we tested the skill of the model employed by comparing our
sea ice reconstructions obtained from the fitted statistical models with
historical sea ice observational data from Walsh et al. (2019), along with
atmospheric reanalysis and an independent proxy reconstruction from
algal records (Halfar et al., 2013;Figs. 4-5).

3.2.1. Baffin Bay and Labrador Sea ice evolution during the twentieth
century

Based on the individuals and compiled SIGMA-A and NU Bre, re-
cords, we provide three distinct reconstructions of the spring seasonal
sea ice variability in the Baffin Bay and Labrador Seas over the last
century (1904-2016; Fig. 4A-C).

In general, the three reconstructions agree within the uncertainties
with the springtime sea ice area reconstructed by Walsh et al. (2019).
During the first decades of the twentieth century, both individual and
compiled SIGMA-A and NU's Brep, records show a multi-decadal vari-
ability accompanied by a gradual decline (more pronounced in SIGMA-A
than in the NU core) until reaching their minimum on record, in late
1930s-early 1940s. The sea ice minimum indicated by the Bre,, proxy is
consistent with the decrease in Baffin Bay sea ice concentration as also
suggested in earlier studies by Cormier et al. (2016) and Kurosaki et al.
(2020). During this period, indicated as the early twentieth century
warming (ETCW), sea ice decreased in response to the strong surface
warming in the Arctic (Bengtsson et al., 2004; Semenov and Latif, 2012),
and to the concomitant warm phase of the Atlantic Multi-decadal
Oscillation (AMO), given by the positive sea-surface temperature
anomaly in the North Atlantic (Trenberth and Shea, 2006) (Fig. 4D-E).
From 1940 to mid 1980s we observe a gradual increase of the spring sea
ice cover consistent with the Arctic cooling between 1940 and 70
(Chylek et al., 2009) and the cold phase of the AMO that culminates with
the most expanded sea ice conditions during the 1980-90s (Tang et al.,
2004), also associated with a NAO-induced positive sea ice anomaly
over the Labrador Sea region and eastern Canadian Subarctic (Grumet
et al,, 2001; Mysak et al., 1996; Strong and Magnusdottir, 2010)
(Fig. 4D-F). After the spring sea ice maximum of mid-1990s, our proxy-
based reconstructions well captured the recent declining trend observed
by satellite measurements (Fetterer et al., 2017), occurring at an

Table 2

Estimates of the intercept f,, the slope #; and the moving average coefficient 6,
for the best autoregressive and moving average models according to AIC in the
ice cores' potential bromine source regions. The moving average coefficient for
NU is zero because AIC suggests to select a model with uncorrelated errors.
Standard errors are reported within parentheses.

Site/Estimate Po P 61
SIGMA-A 0.88 (0.09) 0.15 (0.03) 0.33(0.18)
NU 0.89 (0.06) 0.34 (0.05) 0.00 (-)
SIGMA-A + NU 0.78 (0.07) 0.26 (0.04) 0.00 ()
RECAP 0.33 (0.07) 0.13 (0.03) 0.45 (0.18)
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Fig. 4. Twentieth century sea ice reconstruction in the Baffin Bay and Labrador
Sea. Black curves represent our reconstruction of the spring sea ice area based
on Bre,, records from (A) SIGMA-A, (B) NU, and their compiled record (C). The
statistical uncertainty is represented in gray with traditional 95 % prediction
intervals. Solid blue lines represent the MAM sea ice area derived from satellite
observations (1984-onward) while the dashed orange line is the reconstruction
provided by Walsh et al. (2019). (D) Yellow curve represents 2 m air temper-
ature from ECMWF-ERA20 reanalysis with 10-y moving average (orange).
Values are averaged across 50-82 N and 80-45 W. (E) Red curve is the Atlantic
Multi-decadal Oscillation (AMO) index (10-yr lowpass) based on Trenberth and
Shea (2006), from CAS, NCAR. (F) March NAO index with a 10-y moving
average (dark red) and (G) algal proxy record from Halfar et al. (2013) with 10-
y moving average (violet). Lower values indicate more extended sea
ice conditions.

unprecedented rate since the end of ETCW.

The comparison of our reconstruction with historical sea ice data
from Walsh et al. (2019) shows a noticeable agreement for the entire
period for both SIGMA and NU, and especially for their compiled record
(Fig. 4A-C). Most values from Walsh et al. (2019) historical recon-
struction indeed fall within the 95 % prediction interval around our
statistical reconstructions. Additionally, we also compare our re-
constructions with an independent high-resolution proxy record from
Halfar et al. (2013) which provides a reconstruction of the Baffin Bay sea
ice variability over the last 646 years (Fig. 4G). This reconstruction is
based on the growth and Mg/Ca ratio measured in long-lived calcified
algae collected from three sites of the Canadian Arctic and Labrador Sea
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Fig. 5. Twentieth century sea ice reconstruction in the Greenland Sea. (A) Black curve represents our reconstruction of the spring sea ice area based on RECAP Brey,
record. The statistical uncertainty is represented in gray with traditional 95 % prediction intervals. Solid blue lines represent the MAM sea ice area derived from
satellite observations (1984-onward) while the dashed orange line is the reconstruction provided by Walsh et al. (2019). (B) Green curve is the RECAP's pure Brey,
values plotted on normal scale. Empty space is due to missing data. (C) Yellow curve represents 2 m air temperature from ECMWF-ERA20 reanalysis with 10-y
moving average (orange). Values are averaged across 80-60 N; 15E-45 W (D) Light blue curve represents MAM sea surface temperature from NOAA ERSST V.5
reanalysis with 10-y moving average (dark blue) averaged across 80-60 N; 15E-45 W. (E) Fram Strait spring sea ice export variability extracted from Smedsrud et al.

(2017) with 10y-y moving average (red).

representing summer sea ice abundance (Halfar et al., 2013) (Fig. 1).
Among the sea ice reconstructions based on individuals SIGMA-A and
NU Brepy, records, the former is largely consistent with the sea ice
anomaly inferred from the algal proxy record, with an anti-correlation of
15-yr low-pass filtered annual data equal to r = —0.59, during
1912-2003 (note that algal sea ice record is inversely correlated with sea
ice area), which increases to r = —0.88 during 1926-2003. In contrast,
the correlation with the reconstruction based on individual NU's Brep,
record is not significant for the entire period (r = —0.01) but become
noticeable only during the recent period 1980-2010 (r = —0.63). We
explain the relative discrepancy between NU's Bre, and the algal record
observed before the satellite period as the result of different sea surface
conditions in the Labrador Sea and Baffin Bay regions which may have
eventually affected the local sea ice variability between the higher and

lower Baffin Bay as also suggested in an earlier study (Gibb et al., 2015).
This in turn is reflected also on the correlation between the algal record
and the compiled Bre,, record over 1906-2010, that is still significant (r
= —0.43) but lower than the correlation found for SIGMA-A only.
Finally, assuming predominant seasonal ice conditions in Baffin Bay
(Kurosaki et al., 2020) and limited sea ice inflow from the Canadian
Arctic (Bi et al., 2019), we estimated the expected amount of newly
formed ice each year (FYSIgxp), based on monthly sea ice data from
Walsh et al. (2019). This quantity is obtained by subtracting the previous
sea ice minimum, generally reached in September, from the next sea ice
maximum, generally occurring in March. The FYSIgxp calculated for the
last century, varies between 79 and 98 % of the total Baffin Bay sea ice
cover, suggesting seasonal ice as the predominant sea ice regime over
the last century. This result provides an additional indication that ice
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cores' Bre,, is reasonably able of capturing first-year sea ice changes,
therefore, we point out the Baffin Bay and Labrador Sea basins as a
suitable oceanic region for further ice core's Bre,, -based sea ice
reconstructions.

3.2.2. Greenland Sea ice evolution during the twentieth century

Analogously to SIGMA-A and NU, we employ the RECAP's Brey, re-
cord to reconstruct the spring sea ice area in the Greenland Sea during
the period 1906-2012 (Fig. 5A). In general, except for a limited period
between 1950 and 1970, our proxy-based sea ice reconstruction is
consistent, within the uncertainties of the ARMA model, with the total
springtime Greenland Sea sea-ice area reconstructed by Walsh et al.
(2019), especially during the recent declining trend observed between
1984 and 2012 (ropsrec = 0.66, P < 0.001).

From the beginning of the twentieth century until late 1950s, our
proxy record indicates a decadal variability of the spring sea ice cover in
the Greenland Sea, without suggesting, however, any high-amplitude
sea ice variation (Figs. 5B; S2C). This differs from the historical data-
set which indicate local minima sea ice conditions around 1925 and
1935 (Fig. 5A). Interestingly, historical data of spring sea ice area in the
Greenland Sea region, show a marked increase during 1950-1970, with
a positive anomaly of the total sea ice area reaching its maximum on
record, (+46 % compared to 1906-2012) between 1968 and 70 (Walsh
et al., 2019; Figs. 5A and S5A-B). Concurrently, also the RECAP's Brep,
record shows a local maximum with a positive Bre,, anomaly of +45 %
observed during the same period (Figs. 5B; S2C). The extended spring
sea ice condition suggested by our proxy is also consistent with the lower
atmospheric and sea surface temperatures (Fig. 5C-D), thus also with a
cold phase of the AMO (Fig. 4E), and with the rapid drop in near-surface
salinity observed in the northern North Atlantic in late 1960s and early
70s, commonly referred to as the Great Salinity Anomaly (GSA). Such
sea ice anomaly originated in the Arctic Ocean but, after summer
melting, propagated to west Greenland as a salinity/temperature
anomaly in 1-2 years (Belkin et al., 1998; Dickson et al., 1988;
Hakkinen, 1993; Hodson et al., 2014; Ionita et al., 2016; Schmith and
Hansen, 2003).

The connection between a more extended sea ice area and higher
Brenr values, however, is not always straightforward. Before the sharp
increase in the late 1960s, in fact, we noticed an opposite trend between
the Greenland Sea sea ice area and the RECAP's Brey,, with the former
relatively higher than the long-term average (GSanom. = +47 % between
1953 and 55), and the latter lower than average (Brepranom. = —4 %)
during the same years.

We explain this condition with an increase in the MYSI portion in the
Greenland Sea. Based on previous studies referring to glacial-interglacial
transitions, in fact, is likely that portions of MYSI developed along the
East Greenland coast during glacial periods, leading to an eastward
displacement of the FYSI edge from the coast (Maffezzoli et al., 2021).
For ice core sites like RECAP, located ~200 km inland, such displace-
ment could have been caused a decrease of the Brey, signal due to the
increased distance of the bromine gas phase source from the ice core site
(Vallelonga et al., 2021). As a modern analog, the relatively low RECAP's
Brenr observed in mid-1950s, can be explained with a period of enhanced
MYSI export across the Fram Strait as also supported by the recon-
structed Fram Strait ice volume flux that shows a positive anomaly of
+20 % compared to 1935-2014 period in the same years (Schmith and
Hansen, 2003; Smedsrud et al., 2017) (Fig. 5E).

After reaching its largest extent on record, in spring 1969 (S5B), total
Arctic sea ice coverage has undergone a protracted decline until its
minimum on record observed in 2012 (S5C) and still undergoing to the
present day (Brennan et al., 2020; Kwok, 2018). Since the late 1970s,
satellites have observed a constant decrease of the springtime sea ice
area also in the Greenland Sea (—0.77 x 10° km?/decade or —51 % in
four decades). In particular, based on sea ice age data (Tschudi et al.,
2019) the FYSI component in the Greenland Sea have overall declined in
line with the total sea ice trend (r = 0.83, p < 0.001). Conversely, the
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MYSI component gradually increased from ~25 % in 1984 to ~40 % in
2012, consistent with the enhanced sea ice export linked to the inter-
annual variability of the Beaufort Gyre and increased surface pressure
over Greenland (Rigor et al., 2002; Smedsrud et al., 2011, 2017; Wei
et al., 2019; Yang et al., 2023).

Our previous findings indicate that ice core's Brey, is effectively able
to capture sea ice changes during the satellite period when the sea ice
regime is primarily seasonal. However, in conditions where both FYSI
and MYSI are present, (i.e. in the Greenland Sea), our proxy calibration
is reliable only when the FYSI/MYSI ratio is within the range observed
during the satellite-calibration period (i.e. 1984-2012). This limitation
may explain the discrepancy between our reconstruction and Walsh
et al. data during the mid-1950s, when -likely due to an increased pro-
portion of MYSI in the Greenland Sea- the FYSI/MYSI ratio became
considerable different from the recent one. In addition, another aspect
that must be considered is the different peak season in snow accumu-
lation between western and eastern Greenland. In West Greenland,
maximum snow accumulation usually occurs in spring/summer (April to
July), thus it is very likely that the deposited snow may have recorded
the atmospheric imprint of the seasonal bromine explosions occurring
on the sea ice surface. In contrast, in Eastern Greenland, snow accu-
mulation is influenced by Atlantic storms bringing heavy snowfall
mainly during the winter season (November to March) (Cappelen,
2020), so with a limited potential of capturing the inorganic bromine
compounds released during the polar spring. For this reason, we suggest
treating bromine enrichment records from eastern Greenland ice cores
more cautiously for long-term reconstructions of total sea-ice variability,
as the presence of MYSI and/or a different snow accumulation season
could weaken (or even nullify) the relationship found instead for west-
ern Greenland ice cores.

4. Conclusions

Through the calibration of Bre,, records from three Greenland ice
cores with satellite (post-1984) sea ice variability in their relative po-
tential bromine source areas (i.e. the potential sea ice area exposed to
the mean surface wind field directed to the ice core site), we provided for
the first time a quantitative relationship, supporting the reliability of the
ice core proxy for regional Arctic sea ice reconstructions. Furthermore,
using linear regression of satellite sea ice data on modern log2(Brep)
records with autoregressive and moving average errors, we obtained a
reasonable reconstruction of the overall sea ice variability during the
last century in two distinct Arctic sub-regions, namely the Baffin Bay/
Labrador Sea and the Greenland Sea.

The agreement between the proxy-based reconstructions and the
observed Baffin Bay and Labrador Sea total sea ice area is strongest
during the satellite era, from 1984 - onward, and weakest prior to this
period, despite we acknowledge the larger uncertainties of the reference
dataset especially before 1953.

The comparison between our sea ice reconstructions and an inde-
pendent algal proxy record, shows a remarkably good agreement over
the last century for the SIGMA-A core, and an overall good agreement
during the recent period for both SIGMA-A and NU ice cores. Similarly,
the Brep, record of the RECAP ice core was calibrated with the recent
observed sea ice changes in the Greenland Sea, identified as the main ice
core's potential bromine source area. We hence provide a reconstruction
of the Greenland Sea sea ice variability during the twentieth century. We
obtain an overall good agreement with the historical data used for
comparison, excluding a delimited period characterized by cold tem-
peratures and enhanced sea ice export from the Fram Strait gateway (i.e.
suggesting enhanced MYSI conditions in the Greenland Sea).

Finally, based on the linear relationship found between the compiled
Brenr record in coastal western Greenlandic ice cores and the recent
seasonal or first-year sea ice variability in the Baffin Bay and Labrador
Sea, we recommend this particular oceanic region as an ideal site for
future Brep-based sea ice reconstructions. In contrast, the interplay
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between first-year and multi-year sea ice, together with a more wintry
snow accumulation period in eastern Greenland ice cores, can signifi-
cantly affect the Bre,, proxy sensitiveness to sea ice changes, making
long-term sea ice reconstruction for the Greenland Sea region more
complex. This in turn calls the need for complementary proxy records,
especially from the oceanic compartment (i.e. marine sediments), to be
employed in addition to Brey, for a more comprehensive overview of past
sea ice export/variability.

As further testing and site-specific calibrations are expected for other
Arctic high snow accumulation ice core sites -and issues related to ma-
rine aerosol transport need to be further investigated by the ice core
community- the results obtained in this study highlight the advance-
ments of Bre,, as a reliable proxy for past sea ice reconstructions,
especially for oceanic regions with predominant seasonal sea ice
conditions.
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