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Abstract. Sea ice is an important parameter in the climatel Introduction
system and its changes impact upon the polar albedo and at-

mospheric and oceanic circulation. lodine (I) and bromineS L _ ant ter of the Earth climat t
(Br) have been measured in a shallow firn core drilled at the eaiceis an important parameter of the karth climate system

summit of the Holtedahlfonna glacier (Northwest Spitsber- as it affects global albedo and the net radiation balance of the

gen, Svalbard). Changing | concentrations can be linked tdEarth (Francis et al., 2009), as weII_as oceanic C|rcula.t|on
the March-May maximum sea ice extension. Bromine en_(Holland et al., 2001). Autumn and winter sea ice formation

richment, indexed to the Br/Na sea water mass ratio, appea auses an expulsion of salts into oceanic surface water with
to be influenced by changes in the seasonal sea ice area. I%e result of producing denser surface water with respect to

emitted from marine biota and so the retreat of March—MaySprlng and summer surface waters, which are freshened by

sea ice coincides with enlargement of the open-ocean surfadgelting sea ice. Consequently, sea ice production alters sur-
which enhances marine primary production and consequentf ce Arctic Ocean stratification (Warren, 1983). Aagaard and
emission. The observed Br enrichment could be explained b armack (1989) proposeq that the southward tr.ansport of sea
greater Br emissions during the Br explosions that have beetf® through the surface circulation of the Arctic Sea could

observed to occur mainly above first year sea ice during th ring ?eﬁ 'CE a;)nddfresg waterdto the dseﬁ Wgter folrmznon ar-
early springtime. In this work we present the first compari- eas of the Labrador Sea and around the Greenland coasts.

son between halogens in surface snow and Arctic sea ice e)@dditionally, sea ice forms an effective ba_r rier between the
tension. Although further investigation is required to Charac_a‘;\mo;phlere ind thebocean suhrface, reducing the thernéal gnd
terize potential depositional and post-depositional processe§, elmlcg exctantgfe i[]weer;t ebs_eltwp c<|)mpartme_r:ts.f calce
these preliminary findings suggest that | and Br can be linked> &'SO IMportant for the po'ar biological community, Trom

to variability in the spring maximum sea ice extension andmmroalgae (Pabi et al., 2008) to the great mammals (Durner

seasonal sea ice surface area. etal, 2009)'. . . :
A synthesis of Arctic sea ice reconstructions has found a

slight decline starting early in the 20th century (Polyak et
al., 2010), with an overall retreat of both the summer and
winter sea ice areas since the early 1980s. Recent satellite-
based observations of sea ice have greatly improved our
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understanding of sea ice variability, in terms of temporal res-the last few centuries at Law Dome in Antarctica (Curran
olution (from daily to monthly) as well as surface area andet al., 2003) and from the Lomonosovfonna ice core from
thickness (Stern et al., 1995; Serreze et al., 2003; ParkinSvalbard (Isaksson et al., 2005). Although a positive cor-
son and Comiso, 2013). In particular, satellite measure+telation was found between MSA and sea ice for the Law
ments have definitively demonstrated the rapid increase irDome site, the Lomonosovfonna MSA record showed a neg-
sea ice loss during the last decades and particularly durative correlation between sea ice extent and MSA concentra-
ing the last 10yr (Stroeve et al., 2007). In this period thetion. It has been proposed that the reduced ice cover in the
four lowest summer sea ice minima of the last 30 yr haveBarents Sea allowed a greater area for primary production
been recorded (data from Arctic Sea-lce Monitor — IJIS atas well as warmer water temperatures, thereby promoting
the www.ijis.iarc.uaf.edy with the lowest sea ice extension DMS production (O’'Dwyer et al., 2000). MSA is suscepti-
recorded on 16th September 2012, with a surface area dfle to post-depositional mobility and loss which renders it
3.41 millionkn? (7.2 millionkn? during the early satellite unsuitable for millennial-scale sea ice reconstruction (Smith
period). The previous minimum was in 2007 with an exten- et al., 2004). Sea salt sodium (ss-Na) has also been discussed
sion of 4.17 million knf(data from National Snow and Ice to estimate past sea ice variations (Wolff et al., 2006). The
Data Center, nsidc.org). Different model scenarios have beesea ice surface is salt enriched mainly because of the salt
proposed to predict Arctic sea ice decline (Wang and Over-expelled in high salinity frost flowers and brine (Rankin et
land, 2012), however the most recent measurements hawal., 2000) which can be lofted into the atmosphere and de-
highlighted that the present-sea-ice decline exceeds all prgposited on surface snow. However, a recent paper suggests
dictions (Stroeve et al., 2007). Sea ice is one of the most serthat frost flowers are very stable in the presence of wind
sitive components of the Earth climate system (Kinnard etand no aerosol emission was observed in laboratory studies
al., 2011), with models potentially underestimating all of the (Roscoe et al., 2011). Despite the suggested links between
different aspects that contribute to sea ice variability (Rampalkodium and sea ice (Wolff et al., 2006), the contribution of
etal., 2011). open-ocean sea spray and wind transport, as well as the role
Accurate reconstruction of sea ice variability before the of the frost flower—brine production and sodium dust deposi-
satellite era is important for understanding interactions beion, must be taken into account (Petit et al., 1999). There has
tween sea ice extension and both the forcing and effects obeen much recent progress in satellite-based measurements
climatic changes. These results are also important for modebf trace gases in the atmosphere (Saiz-Lopez et al., 2007).
calibration. Many different approaches have been proposeth particular, satellite images show that high levels of BrO
to reconstruct sea ice variability. Marine sediment cores areand IO in the Antarctic atmosphere are located above sea-
widely used due to their capability to record the source ofsonal or first-year sea ice (Schénhardt et al., 2012; Kaleschke
sediment and thus the pathways of Arctic and sub-Arcticet al., 2004). The increase of BrO concentration during the
oceanic circulation (Darby, 2003). The occurrence of float-austral spring is likely due to the reaction of bromine with
ing ice could be revealed by the presence of ice-rafted debriezone which is one of the main mechanisms of ozone de-
(Lisitzin, 2002), while sea ice-related palaeo-productivity pletion events (ODEs) (Fan and Jacob, 1992) triggered by
can be inferred from the sedimented remains of microscopidhe injection of gas-phase bromine into the polar atmosphere
organisms and other biomarkers (Cronin et al., 2008). Re-during bromine explosions (Simpson et al., 2007). Simpson
cently, the determination of highly branched isoprenoidset al. (2007) and Kaleschke et al. (2004) revealed that the
(IP25) in specific sea ice diatoms have been proposed to deeccurrence of bromine explosions are linked with the pres-
scribe the past sea ice variability (Vare et al., 2009; Fahl ancence of first-year sea ice and in particular with the fresh snow
Stein, 2012). Coastal records also help to understand the paabove first year sea ice (Pratt et al., 2013). These observa-
dynamics of sea ice, producing a clear signal both in coastalions are also detected above Arctic sea ice where the atmo-
sediment and landforms (Polyak et al., 2010). In addition in-spheric content of BrO is enhanced in spring time (Sihler et
tegration of various palaeoclimate archives allows a broad real., 2012).
construction of past sea ice variability in the Arctic (Kinnard  Increased concentrations of iodine monoxide (10), ob-
etal., 2011). served above Antarctic first year sea ice in the austral spring,
A weakness of the available reconstructions of palaeo-sehave been related to production from algae growing un-
ice dynamics is that they are characterized by poor tempoder sea ice (Atkinson et al., 2012; Saiz-Lopez and Boxe,
ral resolution. Many atmospheric conditions are recorded in2008). However, in the Arctic region, satellite measurements
ice core proxies, such as dust deposition, temperature, s@f 10 do not show particularly high tropospheric concen-
lar radiation and atmospheric gas concentration (Wolff ettrations during spring time (Schénhardt et al., 2008). On
al., 2010) and so they are employed extensively for reconthe other hand, recent differential optical absorption spec-
structing past climates (Petit et al., 1999). The absence ofroscopy (DOAS) boundary layer IO measurements suggest
reliable and specific proxies has limited their application to an active iodine chemistry during March—May period in the
reconstructions of sea ice dynamics. Methanesulfonic acichear-surface atmospheric layer (< 100 m) associated with the
(MSA) has been used to reconstruct sea ice variability oveformation of open leads or polynyas (Mahajan et al., 2010).
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In this work we present iodine and bromine concentra-2.2 Sample preparation
tions in a shallow firn core recovered in April 2012 from
the Holtedahlfonna glacier in Svalbard. The core chronol-The firn core sections were processed in a class-100 lami-
ogy, achieved by combined annual layer counting (ALC) nar flow hood in the laboratory of the Italian research sta-
and glaciological mass balance calculations, reveals that thison in Ny-Alesund. Core sections were cut to 5cm resolu-
record covers the last decade of snow deposition. lodine antlon with a commercial hand saw that was carefully cleaned
bromine were measured by inductively coupled plasma secwith methanol and UPW before each cutting operation. Pro-
tor field mass spectrometry (ICP-SFMS) under ultra-cleancessed samples were kept frozen in dark conditions to avoid
conditions. The results suggest that the variations in iodineany photo-activation of the halogens. The firn ice core sam-
concentration could be associated with changes in March-ples were decontaminated according to a simplified chis-
May sea ice extension, while bromine enrichment (relativeelling procedure (Candelone et al., 1994), using a ceramic
to the Br/Na sea water mass ratio) is related to the variatiorknife pre-cleaned with UPW. Three different knives were
of seasonal sea ice surface area. used to chisel away successive layers which may have been
contaminated during drilling, handling, transport and stor-
age. The decontaminated firn samples were sealed into UPW-
2 Samples and methods rinsed PE bags, melted at room temperature in darkness and
then aliquotted into LDPE vials. To evaluate the possibility of
contamination due to sample processing, artificial ice cores

In April 2012, an 11 m long firn core was recovered from the produced from UPW were handled and prepared in an iden-

summit of the Holtedahlfonna glacier, Spitsbergen, Svalbardic@ manner to the samples. No external contamination was

(7909 N, 1323 E; 1150m.a.s.l.) using a”4aluminium detected as a consequence of the core processing.
auger powered by an electric drill. The sampling location Snow-pit samples were transported directly to Venice, then

is shown in Fig. 1a. The core was drilled from the bottom melted at room temperature under a class 100 laminar flow

of a 2.4m snowpit, at the transition between the 2011 fimPench. For halogens analysis 10mL of melted water was

layer and the seasonal snowpack. The principal physical feglransferred to 12 mL acid-cleaned LDPE vials. Other aliquots

tures of each firn core section (length, layering, dust hori-Were taken for determination of stable isotope ratios and con-
zons, ice lenses, crystallography) were recorded in the fieldCentrations of major and minor ions and trace elements.

Stratigraphic snow samples were also collected, by insertin
low density polyethylene (LDPE) vials perpendicularly into

the snow-pit wall with a spatial resolution ef 5cm down .
to a depth of 2.35 m. Considering that trace element concenoncentrations of  and Br, as well as other 28 trace elements,

trations in high altitude snow and ice samples are extremelyVere determined by Inductively Coupled Plasma Sector Field
low (ranging from ng g? to sub-pggl), the samples were Mass Spectrometry (ICP-SFMS; Element2, ThermoFischer,

collected using the same stringent anti-contamination proceBrémen, Germany) equipped with a cyclonic Peltier-cooled

dures developed for collecting snow and fim in Antarctica SPray chamber (ESI, Omaha, US), following the methods of
(Candelone et al., 1994). All sampling tools and LDPE bot- (Gabrlelll' etlal., 2005). The sample flow was maintained at
tles were pre-cleaned with diluted ultra-pure HN@Itra- ~ 9-4mLmin=. Based on the method proposed by Bu et al.
pure grade, Romil, Cambridge, UK) and then rinsed sev-(2003), we developed an analytical procedure for the mea-
eral times with ultra-pure water (UPW, Purelab Ultra Ana- surement of total Br and | in firn/fice samples. Particular at-

lytic, Elga Lab Water, High Wycombe, UK). The scientists tention was paid to maintaining a rigorous cleaning proce-
wore clean-room clothing and polyethylene (PE) gloves dur-dure between analyses as the measurement of these elements

ing the sampling. First, the surface of the snow-pit wall was S sensitive to instrumental memory effects. A 24 h cleaning

removed with a PE scraper to avoid sampling any areas thatycle was adopted before each analytical sesgion to guaran-
may have been contaminated during the digging. The mastee a stable background level. The 24 h cleaning cycle con-

of each sample was 50 to 90g, depending on the densit)sisted of alternate flushing of ammonia solution 5% (pre-
of the sampled snow layer. The snowpack stratigraphy wa®a®

d fromTraceSELECT® ammonium hydroxide solution,
recorded and physical parameters such as temperature, sn

2.1 Firn and snow sampling

gz.s Analytical methods

owgma Aldrich, MO, US) for 3min, followed by a UPW

density, grain shape and size, and hardness indexes (hand t&&S€ 1asting 30s, and a 2% HNWash (trace metal grade,
and Swiss Rammesonde method) were measured. The forfROMil, Cambridge, UK) for 3min. Between each analysis

of the snow grains and their dimensions were established ac@ Single NHOH, UPW, HNG, UPW cycle was sufficient
cording to the International Association of Cryospheric Sci- {0 €nsure that the background value is achieved (difference
ence classification. of <1% compared to the initial background level). lodine

and Br were calibrated by external calibration using stan-
dards of 10 to 4000pgd. | and Br standards were pre-
pared by diluting 1000 mgt! stock IC standard solutions
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Fig. 1. (@) Map of the drilling site (7909 N, 13°23 E; 1150 ma.s.l.) at Holtedahlfonna glacier at Spitsbergen, Svalbard (courtesy of Nor-
wegian Polar Institute)b) Descriptive map of the Arctic sea ice regions (from NSIDC) and a red dot indicate the Spitzbergen firn core
location.

(TraceCERTP purity grade, Sigma-Aldrich, MO, USA) in cordingly, each calendar year corresponds to the period be-
UPW. All calibration curves showed correlation coefficients tween consecutive blue triangles. For the data corresponding
greater than 0.99 (fil= 4, p = 0.05). Detection limits, cal- to 2005, the algorithm automatically determined two peaks;
culated as three times the standard deviation of the blankhowever, when combined with Holtedahlfonna mass balance
were 5 and 50 pgdt for 127l and "°Br, respectively. Repro- data we attributed summer to the first peak. These invalid
ducibility was evaluated by repeating measurements of seturning points are denoted by empty red and blue triangles in
lected samples characterized by different concentration valFig. 2d. The segmentation of té80 time series was used
ues (between 20 pgd and 400pgg? for | and between to identify the %Bg,and | data pertaining to the various ob-
400 and 600 pgg' for Br). The residual standard deviation servation years and hence allowed the calculation of annual
(RSD) was low for both halogens and ranged between 1-2 %average values of %Bgand I.
and 2-10 % for Br and I, respectively. The significance of Pearson correlations between the an-
A Picarro L2120-i Isotopic Liquid Water Analyzer with nual averages of %RBf, and seasonal sea ice area, and be-
High Precision Vaporizer A0211 was used to measdfe. tween iodine fluxes and March—May sea ice extent, was eval-
The reproducibility of repeated measurements was betteuated with the usual FisheZ transform approachP val-
then+0.1 %o. Isotopic compositions measured are reportedues were adjusted for multiple testing using the False Dis-
in the common delta units relative to standard VSMOW. covery Rate method (Benjamini and Hochberg, 1995). Here-
after, correlation valueg; values and adjusteg values for

2.4 Statistical approach testing the absence of correlation are indicated &scx, p
value= xx, adj. p = xx, respectively.
We also developed a statistical segmentation ostfi@ time Pearson correlation is based on assumptions of linearity

series into subseries corresponding to each of the observaticand normality that are difficult to assess with short data
years from 2003 to 2011. In order to obtain this segmentedseries. In order to avoid overinterpretation of the results,
series, we first applied a smoothing spline to 8A&0 time Kendall tau rank correlations were also evaluated. Kendall
series and interpolated the series onto a regular grid. We thetawu provides an alternative measure of association that it is
identified the turning points of the smoothéfO series, unaffected by linearity and normality assumptions. However,
with peaks corresponding to summer periods and troughgiven that only a short data series was available for producing
corresponding to winter periods. Turning-point identification the statistical comparisons in Sects. 3.2 and 3.3, we consider
was performed using Kendall information theory (Kendall, these findings to be preliminary and only indicative.

1976) as implemented in the function “turnpoints” of the Air mass back trajectories arriving at 2000 ma.s.l. were
R (R Core Team, 2011) package “pastecs” (Ibanez et al.calculated twice a day for the period March—-May (2003-
2009). The peaks (summers) identified by this software are2011) using the Hybrid Single Particle Lagrangian Inte-
denoted in Fig. 2d as solid red triangles, while the troughsgrated Trajectory (HYSPLIT) model (Draxler and Hess,
(winters) are denoted as solid blue inverted triangles. Ac-
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(Fig. 2b). Some melting and percolation is indicated by the
presence of several ice lenses in the core (Fig. 2b); however,
it has been proposed that melt events have only a minor in-
fluence on the seasonal climatic signal determined from the
8180 signal in Svalbard cores (Pohjola et al., 2002). This is
also confirmed by our results, where a clear seasonality has
been detected (Fig. 2c, d) despite the presence of melt layers.
The core has been dated based on the seasonal variations of
8180 as well as from annual mass balance calculations ob-
tained from the difference between the winter accumulation
and the summer melting. Mass balance estimates have been
carried out through the measurement of several ablatomet-
ric stakes along the Holtedahlfonna glacier. The uppermost
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(e3P Me1-9%) O, Q

m s 4 TN | stake is located very close to the drilling site (about 40 m)
3§ sl (D and it provides precise and accurate accumulation data of

medign I the surrounding area. For this reason, mass balance measure-

(d) @ large ice layers
—8— 5"°0 (%0)
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ments at stake 8 are used to support isotopic dating, espe-

cially when thes'80 shows ambiguities (e.g. 2005 summer

season, see Fig. 2). The shallow core and the snowpit cover

the period from winter 2003 to spring 2012 (Fig. 2), with less

than+1 yr uncertainty in the dating. Many factors can affect
the accurate reconstruction of local temperatures based on

00 400 300 200 100 0 83 the Holtedahlfonna*®0 profile, hence we only use t}4é°0

Depth (cm w.eq) profile to evaluate annual deposition cycles.

8"o (%o - smoothed)
o
1

Fig. 2. 180 isotopic ratios(b) and density profilega) in the 3.2 lodine and March-May sea ice

Holtedahlfonna firn core. Vertical black baje indicate mass bal-

ance measurements carried out at 1150mas.l. in the Holtedahi,gine concentrations in Holtedahlfonna glacier samples
fonna glacier summit, 40 m west of the drilling site. Diamonds ranged from below the detection limit (5 pgb to 249

(c) indicate the presence of ice lenses in the core; the increasin 1 . .
size of the diamond represents increasing thickness of the Iensei,l).g g "(depth 68.9cmw.eq), with most concentrations less

These are characterized as thin (<20 mm), medium (20-100 mmr&‘an 118pg gl_ (Fig. 3). These values_were Com_pared t?
and large (>100 mm). These data have been used to construct tHd@ concentrations to ensure that marine salts did not sig-
core chronology, which covers 10yr of deposition. Statistical as-Nificantly influence the | concentration at Holtedahlfonna
sessment of the smoothed (smfD profile turnpoints(d). Solid  glacier. The influence of sea salt deposition was calculated
red triangles indicate assigned summer peaks and solid blue triardsing Na as a conservative marine salt marker and consid-
gles indicate assigned winter troughs. Empty red and blue trianglegring a representative value of the seawater 1/ Na mass ratio
indicate spurious assignments of summer peaks and winter troughgf 5.9x 10~° (Turekian, 1968). On this basis, sea salt | was
The grey bars indicate summer periods as inferred from the data setgnd to consistently account for less than 2 % of iodine con-
centrations.
. . . lodine can be emitted from the ocean in a number of ways.
1998) using NCEP meteorological reanalysis data (Kalnaygj g4y via biological production and emission of a variety of
et al., 1996) and clustered for 3 or 6 days back in time. organo-iodine compounds (Carpenter, 2003). AlthoughICH
is the major organo-iodine species, it is photolysed relatively

3 Results and discussion slowly in the atmosphere and thus is a less important source
of active iodine radicals (I, 10, OIO) in the atmospheric
3.1 Firn core chronology boundary layer than photo-labile species such aslgkind

CHaICI (Carpenter, 2003); secondly, by biological produc-
Unlike the majority of the glaciers of Svalbard, the upper- tion of I, from macroalgae, which is important in coastal ar-
most part of the Holtedahlfonna has a positive mass baleas (Saiz-Lopez and Plane, 2004); lastly, the uptake;@ftO
ance and hence preserves most of its annual snow depodiie ocean surface and its reaction with iodide (bns causes
tion. Over the eight years, the net mass balance at the tothe emission of HOI andI(Carpenter et al., 2013). It has
of Holtedahlfonna glacier (1150 ma.s.l.) ranged from 640been postulated that algae growing under the sea ice around
to 1100 mmw.eq. (average 760145 mmw.eq.). The sum- Antarctica producesl which percolates up through the ice
mer accumulation ranged from38 % (ablation) to+4 % and is then emitted to the atmosphere (Saiz-Lopez and Boxe,
(accumulation) of the total, with an average value-& % 2008; Atkinson et al., 2012). This source would account for

www.the-cryosphere.net/7/1645/2013/ The Cryosphere, 7, 164558 2013
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is primarily emitted from the open-ocean surface, we can
now evaluate the change in sea ice extension around Sval-
bard during the period covered by the firn core. The iodine

[sen-4
2 <
S S
SIS

2005
2006
2007
2008
2009
2010
2011

) profiles from Svalbard show two periods with high concen-
wg trations: between 2004—2006 and 2011-2012 where concen-
o " trations exceeded 50 pgy (Fig. 3). These higher concen-
/- ¥ & trations can be associated with a decrease in the March—May
18] Lo ", sea ice extension (Fig. 3). In this first evaluation we use the

—@— spring sea ice extent
e % 100
— "% spline °

total Arctic sea ice extension; however, a more detailed eval-
uation is necessary to better understand which Arctic sectors
(Fig. 1b) are most likely to influence the observed iodine de-

2

A summer top

13.0
position at Svalbard.
Accurate estimation of the sea ice areas influencing io-
_ dine deposition to Svalbard is difficult due to the variabil-
13.5 5

L 60 ity of many factors such as air mass direction and speed,
exchange with the free troposphere, and deposition of io-
~ dine compounds en route to the sampling site. The partition-
- 40 ing of iodine species between aerosol gas phase is a further
uncertainty (Saiz-Lopez et al., 2012). Average March—May

three-day back trajectories for the period 2003-2011 from

average sea ice extension in km
(March-May)
( 88d)

_
iy
=]
<
=
S)
\

novx;pack winter/spitng 2012 | *,

20 the Holtedahlfonna drilling site (Fig. 4), together with previ-
g T 3 ous studies (Rozwadowska et al., 2010; Eleftheriadis et al.,
P et £ 2009), suggest that air masses predominantly originate from
' _4‘00 ' _2‘00 ' (‘) % the Greenland., Bgrents and Kara seas qnq the Arctic Basin.
Depth (cm w.eq.) However considering the atmospheric lifetime of some or-
P q

ganic compounds (C#l) are on the order of 2—6 days (Car-
Fig. 3. lodine concentrations in pgd (black circles) compared —penter, 2003), we extend our back trajectory calculation to
with spring sea ice extent in k%r(blue circles, reverse scale). In- 6 days. These results confirm the influence of the above men-
creased | concentrations in the firn core can be linked to decreasetioned basins but also indicate a possible influence of Baffin
spring sea ice extension. TAEO (%) profile is shown in red. The  Bay. Back trajectory calculations suggest that the Greenland
grey bars indicate spring-summer periods. The dotted line indicategea, Barents sea and Baffin Bay regions could be consid-
the iodine detection limit (5 pggt). Sea ice data from NSIDC. ered the most important source regions for iodine. In par-

ticular, excluding the Okhotsk and Bering sea, the change in

March—May sea ice in these basins can explain the total Arc-
the very high levels of 10 radicals which have been observedic sea ice change during the March—-May period. However,
in the coastal marine boundary layer of Antarctica (Saiz-if we consider the change for a single basin only a poor link
Lopez and Boxe, 2008). In contrast, in the Arctic boundarywith iodine is detected (Fig. 5e, f, g). Instead when we con-
layer the 10 radical has proved to be difficult to detect, al- sider the sum of these three basins the retreat in March—May
though recently small quantities were detected downwind of(Fig. 5i) sea ice is well mirrored by iodine concentrations
open leads or polynyas (Mahajan et al., 2010) suggesting thah the core. These interpretations are partially confirmed
open ocean could be an important source of iodine instead dby preliminary statistical results. A negative significant cor-
sea ice algae as has been proposed for Antarctica. It seemslation is found between lodine and Baffin £ —0.70,
likely that the greater thickness of Arctic sea ice and its im- p value=0.019, adj. p = 0.033) and between lodine and
permeability for almost all of the period (Zhou et al., 2013) Greenland sea (= —0.63, p value= 0.034, adj.p = 0.033),
inhibits the upwelling of iodine through capillary channels but no significant correlation is found between lodine and
in the ice (Saiz-Lopez and Boxe, 2008), and so atmospheriBarents sear(= —0.32, p value= 0.204, adj.p = 0.204).
iodine in the Arctic is instead associated with air flow above A statistically significant negative correlation£ —0.64, p
ocean surfaces. value= 0.031, adj.p = 0.038) is found when considering the

Considering that the main atmospheric iodine source is bitetreat in March—May sea ice of the three basins combined.

ological primary production in colder waters, the iodide con- However, Kendall tau rank correlation is doubtful about the
centration is lower (R. Chance, University of York, personal presence of a significant negative association between lodine
communication, 2013) and so the production of HOI and | and the three combined basins=£ —0.5, p value= 0.038,
from the uptake of @at the ocean surface is less significant, adj. p = 0.113). Given the discrepancy between Pearson cor-
the primary biological bloom occurs around Svalbard duringrelation and Kendal tau, the significance of the correlation
the March—May period (Ardyna et al., 2013), and that iodineresults are to be considered indicative and preliminary. The
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Fig. 4. March—May back trajectory (BT) calculations using HYSPLIT during the period 2003-2011. Average 3 and 6 day back trajectories
are shown in the first top chart. Three-day back trajectory calculations for each year are also shown.

negative correlation suggests that the cover of March—Mayton bloom that occurs with the dawn of solar radiation in the
sea ice influences the iodine flux. If iodine was emitted in March—May period. The variation in biological primary pro-
substantial quantities by algae blooming under the sea iceductivity has also been investigated in relation to the presence
a positive association between sea ice extension and | coref open-ocean water in the Arctic (Pabi et al., 2008; Ander-
centration should have been observed. Such an interpretatioson and Kaltin, 2001). However, the reaction of deposited O
is supported by differential optical absorption spectroscopywith I~ at the exposed ocean surface may also make a signif-
(DOAS) measurements of atmospheric iodine in the Canaicant contribution during summer and fall.
dian Arctic that show that IO concentrations become de- Despite aerosol studies demonstrating the seasonality of
tectable only in the presence of open sea water (Mahajan eéhe iodine deposition in Canadian Arctic with maximum
al., 2010). No significant 10 signal was recorded when airdeposition in the March—May period (Sturges and Barrie,
masses flowed above solid sea ice (Mahajan et al., 2010)Y1988), seasonal fluctuations of lodine were not clearly vis-
implying that percolation of | through the sea ice may not beible in the firn core profile (Fig. 3). The absence of season-
a major 10 emission mechanism in the Arctic. ality in the iodine signal could be due to smoothing of the
Sturges and Barrie (1988) determined iodine and brominesignal resulting from meltwater percolation at the site. It has
concentrations in Canadian Arctic aerosol, demonstratingoeen shown that acidic species, such as nitrate and sulfate,
that | fluxes increased sharply during the March—May pe-can be disturbed by surface melting and meltwater percola-
riod. This behaviour is likely associated with the phytoplank- tion in Svalbard snow despite the preservation of 4O
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a) Total Arctic b) Arctic Ocean ¢) Canadian Archipelago

Fig. 5. Comparison of lodine trend in the firn core recovered with changes in March—May sea ice from single secto(g) Bhoets the
sum of the Greenland sea, Barents sea and Baffin bay regions.

signal as well as those of other less-reactive species (Pohjola.3 Bromine enrichment and seasonal sea ice
et al., 2002). In such a case, lodine concentrations will not
show an annual cycle but could still be indicative of meanBromine concentrations in Holtedahlfonna glacier samples
annual lodine deposition. Though our data suggest a linkranged from 0.43 to 7.36 ngg. As with Na, sea water is the
age between March—May sea ice retreat and iodine emissioprimary emission source of atmospheric Br. Although the to-
we need to consider the relationship between these two paal Br concentration has a statistically significant positive as-
rameters. The iodine signal suggests that changes in the Bagociation with Naf = 0.78, p value <0.001), Br could have
ents, Kara and Greenland seas and Baffin Bay are likely t@n additional atmospheric production source which must be
be the main sources for lodine deposited in Svalbard. How-accounted for. Bris produced by the uptake of HOBr on
ever we need to consider that the observed 30-50 % chand@ine and snow covered (including frost flowers) first year
of March—May sea ice in these regions results in a tenfoldsea ice. Photolysis of Btthen produces Br atoms which re-
change in the iodine signal. In the Arctic it appears likely that act with HG, radicals to reform HOBr, thus setting up an
non-linear processes are involved in the emission, transporefficient auto-catalytic cycle known as a bromine explosion
and/or deposition of iodine. This may be due to non-linear(Pratt et al., 2013). Once in the gas phase, the major sink
biological responses to ocean water coverage, or the addfor bromine is HBr, formed by the reaction of Br atoms
tional influence of other factors such as nutrient availability. with HCHO. HBr can then be deposited as bromide ions
An alternative could be that the iodine observed at Svalbardn the snowpack. In order to evaluate the sensitivity of Br
actually originates from quite small and specific regions ofas a tracer of sea ice extension, it is necessary to remove
open water that are being expanded by a much larger facthe sea spray component by applying a correction based on
tor, but whose area is related to the general retreat of the icéhe Br/Na mass ratio in sea water. We used a Br/Na mass
It is not possible to speculate further on such non-linear re+atio value of 0.006 (Millero, 1974). The bromine enrich-
sponses to sea ice change until lodine emission sources argent percentage (%B4) was calculated using the formula
better known. (([Brice]/([Najce] x 0.006)x 100)— 100), where a value of
%Brenr equal to zero indicates an absence of Br enrichment
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ularly active element above seasonal sea ice during spring-
time. Satellite and field-based observations clearly show the
springtime increase of atmospheric BrO concentrated above
first-year seaice (Nghiem et al., 2012; Pratt et al., 2013). The
highest Arctic atmospheric BrO values are located above the
seasonal sea ice and decrease above the older multiyear sea
ice toward the seasonal sea ice margin (Richter et al., 1998;
Sihler et al., 2012; Theys et al., 2011).

2004
2005
2006
2009

2007
2008
2010
2011

oy
aQ

3"%0 (%o)

% With these findings we compare %Ry with Arctic sea-
600 - Jo- hvelhee exthusionbibeadrahes aé.é” sonal sea ice ex’_tension, where seasor_1a_| sea ice was calcu-
® Br, L ox10f lated by subtracting the Septembgr (minimum) sea ice area
T Brospline | @ 2 from the March (maximum) sea ice area of the following
5007l a:m%(') E year (Cavalieri et al., 1996). As was the case for I, we ini-
LLECL. 1k i tially evaluate the %R, versus the total Arctic seasonal sea
400 BE g P ice extent (Fig. 7a). The results obtained from the Holtedahl-
"% L1000 % fonna glacier firn core show a positive relationship between
300 § seasonal sea ice area and %RBmBoth parameters increased
L5 B after 2005 to a maximum in 2008, followed by lower val-
Sg 200 - a8 ues from 2009 to 2012. The similar trends of %fgto those
= 1K ?N of seasonal sea ice area seem to support our interpretation
F90 - that absolute %R, values are consistent with a sea ice-
1004 ) related source of Br production. Using the total Arctic sea
L fE8S ice extension may not be appropriate, so we have evaluated
0+ v the change in seasonal sea ice for the various Arctic sec-

.
LIS B B s S S B

500 250 0 83 tors (Fig. 7) and the path of 3day back trajectories for in-
Depth cm w. eq dividual years and on average during the period 2003-2011
(Fig. 5). Considering the relatively fast deposition velocity of
Fig. 6. Bromine enrichment (%R, black circles) is compared to  gas phase bromine (HBr), it is likely that the enrichment of
seasonal sea ice area (blue circles). Seasonal sea ice area was 4glpmine is more regionally influenced than for iodine. Back

culated as the difference between the March maxima of sea ice anﬂajectories suggest that two possible sources are the Arctic
the September sea ice minima of the previous year. Seasonal Vark ean and the Canadian Archipelago (Fig. 4). The south-
ability of %Brenr is present in the upper part of the core. Bromine pelag 9. %)-

is enriched relative to seawater Na during the springtime, when theWard back trajectories seem '_‘Ot to cross sea ce regions how-
seasonal sea ice-produced Bromine explosion is most active. ThEVer we cannot exclude the influence of the ice-covered a.r-
grey bars indicate summer periods. Sea ice data from NSIDC. ~ €as of the Greenland and Barents seas. In contrast, the in-
fluence of the Bering and Okhotsk seas can be considered
negligible. We plotted the changes in seasonal sea ice for
each region (Fig. 7) with the bromine enrichment and find a
compared to the Br/Na mass ratio. Hence, only positivegood agreement when we consider the changing seasonal sea
%Brenr Values indicate production of Br as a result of the ice in the Arctic Ocean (Fig. 7b), Canadian Arctic (Fig. 7c)
Br explosion. and Hudson Bay (Fig. 7d). While the influence of the Arctic
The Holtedahlfonna glacier firn core record indicates thatOcean and Canadian Archipelago seem to also be confirmed
Br is almost always enriched beyond representative seawatdyy back trajectory calculations, the influence of Hudson Bay
values, in some cases up to 6 times in 2008 (Fig. 6). OnlyBr sources seems unlikely. The poor agreement between the
a few samples are slightly depleted below seawater value%Brenand seasonal seaice in the Greenland and Barents seas
We find rather constant %By; values of approximately 100 suggest a negligible role also for these sea ice regions.
between 2003 and 2005, followed by a steady increase to In parallel with these qualitative interpretations we also
a maximum of 350 in 2008 and then a return to values ofcalculated statistical correlations. As for iodine, due to the
approximately 100 between 2009 and 2012. short data series, we need to consider these results indica-
Sturges and Barrie (1988) and Toom-Sauntry et al. (2002}ive and preliminary. However, the statistical analysis sug-
reported higher concentrations of Br in aerosol from Marchgests a positive correlation with Arctic Ocean=£0.81, p
to May with a maximum in April. The consistent spring- value=0.008, adj. p =0.036) and Canadian Archipelago
time enrichment of Br, beyond concentrations expected from(r = 0.92, p value= 0.001, adj.p = 0.006). Kendall tau sug-
solely marine salt inputs, suggests that the springtime peakests a somehow weaker significance for both Arctic Ocean
of bromine explosion activity is the main source for addi- (tau= 0.71, p value= 0.007, adj.p = 0.064) and Canadian
tional Br deposited in Svalbard glaciers. Bromine is a partic-Archipelago (taw= 0.64, p value= 0.016, adj.p = 0.070).
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Fig. 7. Comparison of %Banrtrend in the firn core recovered with changes in seasonal sea ice from single Arctic sectors.

The change in Arctic Ocean seasonal seaice is in good agree- We consider also the post-depositional processes affecting
ment with the change in %Bgwith both showing maxima the Br concentration in the surface snowpack. For instance,
between 2008 and 2009. However in 2007 there is some disthe uptake of species such as HOBr and HOI in the snowpack
agreement with a decrease in Arctic Ocean seasonal sea i@duld recycle bromide ions to the gas phase asaBd IBr,
and an increase of %R The March—May back trajectories respectively.
of 2007 show an enhanced influence of the sea ice region at Pratt et al. (2013) suggest that two parameters, pH and
the north of Greenland. It is therefore possible that duringthe Br~ /ClI molar ratio, could be used to identify potential
2007 an increase in the influence of Canadian Archipelagdromine emission. Though we do not measure Cl, this can
sea ice could have had more effect on %Br be calculated from sodium concentrations using their abun-
Though we suggest that the main driver of bromine en-dances in sea water (Krnavek et al., 2012; Bigler et al., 2006).
richment found in the shallow firn core are chemical reac-The first 5cm present a pH of 4.9 and aB(Cl ratio of
tions connected to seasonal sea ice, the role of biological BL/57 suggesting the possibility of bromine re-emission. All
emissions was also evaluated. If biological emissions weraghe other samples present greater pH values, with an aver-
to play an important role then a positive correlation would beage of 5.3 and an average BIiCl ratio of 1/333. It is pos-
expected between | and %8y. In the data presented here, sible that some re-emission of bromine could occur on the
these two parameters show a statistically significant negativéresh snow surface, as suggested by Pratt et al. (2013), how-
association 0of-0.32 (p value <0.001) suggesting that their ever the snow just below 5cm does not present favourable
fluxes are controlled by opposing sources and/or processesonditions for gas-phase bromine release. If recycling pro-
We suggest that a decrease in seasonal sea ice area causesses were significant, then %gmwould be negative, rep-
a decrease in the area available to support the Br explosionmesenting an overall depletion of Br relative to the marine
Simultaneously, decreased seasonal sea ice contributes tosaa salt value. Percolation, as discussed for iodine, is another
reduced March—May sea ice extent and hence increasedfdrocess that could disturb the signal. Detecting the seasonal
emission from the open water surface of the Arctic region. variation in thel80 signal is not a guarantee that all other
species have been preserved reliably, as reported by Pohjola
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et al. (2002) 5180 exhibits less susceptibility to changes in- Br transport and deposition in snow pack. The effect of per-
duced by melt-water percolation, compared to soluble and/ocolation and possible re-emission after deposition should be
volatile acid species. lonic compounds suffer partly from investigated, considering the presence of summer melt layers
melt-water percolation but are still able to preserve their at-such as those observed in the Holtedahlfonna glacier and the
mospheric signal with annual resolution. The loss of seasonatmospheric reactivity of these two halogens. The data pre-
ality below 150 cmw.eq. in our %By; could be explained by  sented here provide a provisional basis for linking | and Br
the smoothing effect of percolation due to the warmer periodto sea ice variability, which could lead eventually to recon-
between 2007 and 2009 with an enhance of the number oftruction of past sea ice variations in the polar regions.
summer positive air temperature (Bednorz and Kolendowicz,

2013). In upper part of the firn core we clearly distinguish

the seasonality suggesting that bromine explosion events are , ,
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