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Abstract

We present the records of the two nitrogen spegitate (NQ) and ammonium (NK)
analysed in a new ice core from Lomonosovfonnallfwe, in the Eurasian Arctic covering
the period 1222-2009. We investigate the emissmuncesand-the-influence-of-melt-on-the
records— and find thatBuring durinthe 23" century both records are influenced by
anthropogenic pollution from Eurasia. In pre-indiagttimes NQ' is highly correlated with
methane-sulfonate (MSA) on decadal time-scaleschviare explain by a fertilising effect.
Enhanced atmospheric N@oncentrations and the corresponding nitrogen itpthie ocean
trigger the growth of dimethyl-sulfide-(DMS)-prodaog phytoplankton. Increased DMS
production results in elevated fluxes to the atrhese where it is oxidised to MSA. Eurasia
was presumably the main source area also for phestnial NQ', but a more exact source
apportionment could not be performed based on ata.d his is different for Ni, where
biogenic ammonia (NkJ emissions from Siberian boreal forests were ifledt as the
dominant source of pre-industrial WH Changes in melt at the Lomonosovfonna glacier are

assumed to have a negligible effect -en—execludednapr—driving—force—forthe decadal

variations of the investigated compounds.
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1 Introduction

The Arctic is generally a nutrient limited regioRi¢kerson, 1985). Nutrients originate from
lower latitudes and reach the remote polar areadorig-range transport, local sources are
sparse. The major source for bio-available nitrogethe Arctic is the deposition of reactive
atmospheric nitrogen that is present primarilypasoxyacetyl-nitrate (PAN)—but-alse as
nitrate (NQ) and ammonium (Ni) (Bjérkman et al., 2013; Kiihnel et al., 2@). Those
species are predominantly removed from the atmaspbhg wet deposition (Bergin et al.,
1995). NQ' is the oxidation product of emitted N@NO and NQ). At a global scaleln

general major NQ sources include biomass burning, emissions fronraohial processes in

soils, ammonia oxidation, stratospheric injectilightning, as well as fossil fuel and biofuel
combustion, and aircraft emissions (Fibiger et2113; Galloway et al., 2004; Hastings et al.,
2004; Wolff, 2013). N derives from biogenic emissions of ammonia gNffom terrestrial
and marine sources, biomass burning, agriculture ligestock breeding (Fuhrer et al., 1996;
Galloway et al., 2004; Wolff, 2013). Both NGand NH" concentrations in the atmosphere
have varied greatly with time and space due to gingnemissions and the short atmospheric
lifetimes of a few days (Adams et al., 1999; Fengd aPenner, 2007). Generally,
concentrations were low in pre-industrial times amtfeased due to stronger emissions with
beginning of the industrialisation and intensifioatof agricultural activities (Galloway et al.,
2004). The deposition of NQand NH," in the Arctic is an important nutrient source. yiag
concentrations thus greatly affect the nitrogendetidn the Arctic where nutrient supply is

limited.

Ice cores represent an invaluable archive of pesbgpheric composition. Ice core studies
from the Arctic clearly reveal an anthropogeniduefce on the concentrations of N@nd
NH," approximately during the last 150 years (Fischex.e 1998; Fuhrer et al., 1996; Goto-
Azuma and Koerner, 2001; Kekonen et al.,, 2002, 2Q@&grand and Mayewski, 1997;
Matoba et al., 2002; Simfes and Zagorodnov, 209djth America was identified as major
pollutant source for south Greenland, both Northefisa and Eurasia for central and north
Greenland, and Eurasia for Svalbard (Goto-Azuma koerner, 2001; Hicks and Isaksson,

2006). However, the pre-industrial sources of sN@nd NH' are still fairly unknown

major source of N@ in a Siberian Altai ice core from the mid-latiteden studies on
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Greenland ice N@ was also associated with forest fires (Whitlowakt 1994; Wolff et al.,
2008). Pre-industrial N in ice cores from the mid-latitudes was attributedbiogenic
emissions (Eichler et al.,, 2009; Kellerhals et &010). Similarly, long-term trends in
Greenland ice cores have been attributed to chgrmgogenic emission from North America,
whereas short-term Nfi changes were found to correlate with forest fileshrer et al.,
1996; Whitlow et al., 1994; Zennaro et al., 2014).

Whereas a few records exist from Greenland, thereds information available from the
Eurasian Arctic. The N and NH" records of a previous ice core from Lomonosovfonna
Svalbard, retrieved in 1997 (Lomo97, for locatiae $-igure 1), cover the last 1000 years
(Divine et al., 2011; Kekonen et al., 2002, 2005)r both species a clear anthropogenic
impact is observed in the second half of thd @éntury, but the pre-industrial sources remain
largely unidentified due to potential runoff thaased the ion records before the mid!16
century (Kekonen et al., 2002, 2005). Neverthel#ss,fairly stable concentrations in the
NOs™ record from the mid-16to the mid-18 century are interpreted as input from natural
NOs sources (Kekonen et al., 2002). An anthropogerfloence in the 26 century is also
visible in the N@ and NH" records of other Eurasian Arctic ice cores (seguréi 1 for
locations) from Holtedahlfonna (Holte05), Svalbd&Bkaudon et al., 2013), Sngfjellafonna,
Svalbard (Goto-Azuma and Koerner, 2001), and SeyerZemlya (Weiler et al., 2005). The
industrial records from these cores are discussedetail, but pre-industrial sources and

concentration changes of the inorganic nitrogerisgeemain unexplained.

The interpretation of N@and NH" as paleo-environmental proxies may be hamperetieoy
fact that both undergo post-depositional procetssding to loss from or relocation within
the snow pack even at temperatures well below tbking point (Pohjola et al., 2002). NO
can be relocated or lost by photolysis and/or exegjum of nitric acid (HNG@) (Honrath et al.,
1999; Rothlisberger et al., 2002). This loss carséesre at low accumulation sites such as
Dome C, Antarctica (Réthlisberger et al., 2000,20@t sites with higher accumulation rates
such as Summit in Greenland or Weissfluhjoch inEhieopean Alps the majority of NOs
preserved (Baltensperger et al., 1993; Fibiget.e2@13). Many studies reveal that NHnd
NOjs are preserved in snow and firn cores with respegiercolating melt water (Eichler et
al., 2001; Ginot et al., 2010; Moore and Grins&i09; Pohjola et al., 2002), but others report

a preferential elution of these species comparedttier major ions (Brimblecombe et al.,
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1985; Moore and Grinsted, 2009; Pohjola et al.2200he underlying mechanism is not well

understood, except from the fact that it dependsheroverall ion composition.

In this paper we discuss the records of the twogdtn species NDand NH" analysed in a
new ice core drilled on Lomonosovfonna, Svalbard,2D09. The study focuses on the
investigation of the major sources of N@nd NH" deposited in the Eurasian Arctic which
highly affects the nutrient budget in the regiomong with the effect of melt on the
geochemical records of these nitrogen species whiltlgain importance due to the ongoing

global warming.

2 Methods

2.1 Drilling site and meteorological setting

In 2009, a 149.5 m long ice core was drilled on boosovfonna, Svalbard (1202 m asl;
78°49°24°N, 17°25°59°E), using the Fast Electroraadal Lightweight Ice Coring System
(FELICS) (Ginot et al., 2002). The 2009 drillindesis 4.6 km south of that in 1997 (Isaksson
et al., 2001). Bedrock was not reached but a radiarey suggested it to be at around 200 m

(Pettersson, unpublished dat&leasured borehole temperatures in the upper 42etwéen -

1.7°C and -4.3°C) at the Lomo09 drill site are in dl@mreement with the average borehole

temperature at the Lomo97 site of -2.8°C with a Ilyeaothermal profile (Van de Wal et al.

2002). Previous studies indicate that summer matemwin the study area is refrozen mostly

within _the previous winter's snow, and the remamdgthin the next two to three lower

annual layers (Samuelson, 2001). Percolation lewathfound to be up to 8 years only in the

warmest years during the2@entury (Kekonen et al., 2005; Moore et al., 2005)

Svalbard is located at a climatically sensitiveadbeing surrounded by the Arctic Ocean, the
Barents Sea and the Atlantic Ocean, and situatatieasoutherly edge of the permanent
Arctic sea ice and close to the over-turning padfitthe North Atlantic thermohaline
circulation. Further, it is relatively close to timdustrialised areas of Eurasia which were
found to highly affect the chemical compositionaif reaching the archipelago, especially in
spring during the Arctic Haze (Eleftheriadis et aD09; Eneroth et al., 2003; Forsstrém et al.,
2009; Goto-Azuma and Koerner, 2001; Law and St2007; Stohl et al., 2007). The Arctic
Haze describes a phenomenon of increased aerastermpation in the end of winter to early
spring (Greenaway, 1950; Quinn et al.,, 2007; Sha@95). At that time of the year

4
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temperatures in the Arctic become very low whicladie to a thermally very stable
stratification with strong surface inversions (Sha®95; Stohl, 2006). This cold stratified air
forms a dome over the Arctic that hinders warmnaaisses from lower latitudes to enter. The
boundary of this dome that acts as a transporidbag called Arctic or Polar Front whose
position shifts between summer and winter due toperature. In summer only the more
northern parts of the Northern Hemisphere are ealough to cause a stable stratification of
the atmosphere, whereas in winter temperaturesare reouthern parts are cold enough so
that the Arctic Front is located as far south ad\40rhen large areas of Eurasia and partly
North America are included in the Arctic dome, faaiing transport of pollution from those
regions. In addition, since both dry and wet depmsiis reduced within the Arctic dome in

winter, aerosols have very long lifetimes once imithe Arctic dome (Stohl, 2006).

2.2 Sampling and analyses

The Lomonosovfonna 2009 ice core (Lomo09) was me®e in the cold room (-20°C) at
Paul Scherrer Institut, Switzerland, resulting B93 samples with a depth resolution of 3-
4 cm (details on the method in Eichler et al., 900the resolution was adapted to layer
thinning with depth, so that even in the deepedt@dest part of the core each year is at least
represented by one sample. The inner part of the was sampled for the analysis of water
soluble major ions and the water stable isoto/é® anddD. Outer core sections were

analysed forH and?*%Pb used for dating purposes (Eichler et al., 2000).

Concentrations of water soluble major ions, inaigdNO;” and NH,", were determined using
ion chromatography (Metrohm 850 Professional IC oiored with a 872 Extension Module

and a 858 Professional Sample Processor autosgmiplenr to analyses ice samples were

melted in a Matmosphere to reduce contamination from laboradar list of the measured

ionic species, their detection limits and mediancemtrations are given in Table \alues
worc-netblonlecameatad

2.3 Ice core dating

The Lomo09 ice core covers the time period of 1222009 (Figure 2). It was dated with a
combination of reference horizons, annual layemtiog (ALC), >*°Pb decay, and a simple
glacier flow model. The reference horizons incltitke tritium peak indicating the year 1963,

and the major volcanic eruptions of Bezymianny @)93%atmai (1912), Tambora (1815),
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Laki (1783), Hekla (1766), Kuwae (1458/59; Sigl at, 2013), and Samalas (1257/58;
Lavigne et al., 2013) marked by high non-sea-sdfttexte concentrations and high values for
the sulphate-residual of the multiple linear regi@s of all measured ions, a method
previously described in Moore et al. (2012). Annlagkr counting was performed down to a
depth of ~79.7mweq (= 1750) using the pronounsedsonality of3'*0 and N&

(Figure S1). A simple glacier flow model (Thompsenal., 1998) was fitted through the
volcanic reference horizons. This was used to ttaecore below ~79.7 m weq where ALC
was limited due to strong layer thinning. The dgtimcertainty for the core down to a depth
of ~68 m weq is estimated to be 1 year within ¥&8rs of the reference horizons and
increases to +3 years in between. Down to a depth80 m weq the dating uncertainty
enlarges to £3 years also in proximity of the refee horizons, and below ~80 m weq it
increases to +10 years. This was calculated usiagdifference of the year of the volcanic

eruptions and the modelled date. The average amacuamulation rate is 0.58 + 0.13 m weq.

2.4 Calculation of annual melt percent

Melt features are formed when surface snow meltstae melt water percolates into deeper
layers where it fills the pores and refreezes unigerformation of a layer of ice poor or free
of air bubbles. The percentage of annual melt enlthmo09 core was calculated from the
thickness of melt features observed during prongssi the core (similar to Henderson et al.,
2006). Clear and bubbly ice appears as transpareatwhen the core is backlit. If the melt
did not affect the whole core diameter, this wasoaated for by multiplying the length of the

melt feature with the percentage of the core diamietovered. If for example a melt feature
was 20 cm long but only affected one fifth of tliecdiameter, this melt feature would count
the same as a four centimetre long melt featurectffy the whole core diameter. The
observed melt features were then summed up pertgezalculate the annual melt percent
Fig. 3

3 Results and discussion

The records of N® and NH" of the Lomo09 core both show the highest concéatrs

during the period of approximately 1940 to 1980)s. 3 and 4){Figure-3%imilar to findings
from other Arctic sites (Goto-Azuma and KoernerQ20 This clearly indicates a strong

influence of anthropogenic emissions in recent desaon the chemical composition of

6
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aerosols reaching Lomonosovfonna. Both records shaignificant decrease after 1980, a
trend similarly observed in the NCand NH," records of ice cores from the Siberian Altai
(Eichler et al., 2009, 2011) (Figre-45 and Severnaya Zemlya (Opel et al., 2013; Weller e
al., 2005) influenced mainly by Eurasian pollutidrne Siberian Altai core ends in 2001,

explaining why the continuation of the decreasensaelomonosovfonna is not recorded

there. The nitrate trend in the Siberian Altai fitgll with NOXx emissions as discussed in

detail in Eichler et al. (2009) where the Easteuropean NOx emissions are showm.

contrast, N@ concentrations in records from Summit, Greenlamd] Colle Gnifetti, Swiss
Alps (see Figire 1 for locations), affected by Northern Americard afestern European air
masses, respectively, kept rising into thé' 2&ntury (Figere—49. This suggests that the
major sources for the increased concentrations ©f lnd NH' in the Lomo09 core are
similar to those for the Siberian Altai and Sevgm&emlya, whereas the influence of

emissions in North America and Europe is of mimopaortanceOur finding is in agreement

with results from transport modelling and trajegtanalysis, identifying Eurasia as source

region for Svalbard (Hirdman et al., 2010a andBErasian pollution dominates especially

during the autumn and winter period characterisgdAlic Haze episodes, in _contrast to

summer _months when North Atlantic air masses preVainved et al., 2013)We thus

attribute the observed trend in Bi@ higher NQ emissions from traffic, energy production,
and industrial activities, and in NHto enhanced NHemissions from agriculture and
livestock mainly in Eurasia (Eichler et al., 2008giler et al., 2005). The anthropogenic
impact is also seen in the N@nd- less pronounced- in the NHecord of the Lomo97 core
(Divine et al., 2011; Kekonen et al., 2005) (Figu3® which underlines the spatial
representativeness of the Lomo09 ice core data. N@¢ records of the Lomo09 and
Lomo97 cores agree well. This is not the caseHeNH," records, where the Lomo97 shows

higher concentrations, especially before 1900.4f&g39. We cannot explain this difference,

: English (U.S.)

Kaufmann et al., 2010; Legrand et al.,, 1984, 199399; Udisti et al., 1994)Three

observations indicate that the Lomo09 fyidoncentrations are robust: 1) The preindustgial{Formatted:

English (U.S.), Subscript

Lomo09 values are generally lower than those of d@hand therefore contamination seems. Formatted: Englsh (US.), Superscit
. . . i ) Formatted: English (U.S.)
unlikely, 2) the Lomo09 preindustrial ion balanseciose to zero (Figure S2), and 3h¢T _ { Formatted: English (U.5.)

A

300 year records of NDand NH;" from Holtedahlfonna (Beaudon et al., 2013) are in

reasonable agreement with the Lomo09 dataFig3).
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In order to investigate sources of NHind NQ and other ionic species in the Lomo09 ice
core we performed a principal component analysSAP We used 10-year-averages to
account for dating uncertainties and smoothingctdfdoy melt-water relocation. Previous
studies on the Lomo97 core suggested that the lpgimmolengths at the site can reach two to
eight annual layers in the warmest years (Mooralgt2005; Pohjola et al., 2002)he

average annual melt percent of the Lomo97 cored4és (Pohjola et al., 2002) compared to

31% of the Lomo09 core. We thus assume that theirmem percolation lengths in the

Lomo09 core do not exceed the eight annual layetsrchined for the Lomo97 core. As a

conservative estimate-Additionallye included- usedthe 10-year-average record of melt

percent in the PCA to examine the influence of roalthe NH" and NQ' records. The PCA
was performed only for pre-industrial times (12859) to exclude anthropogenic influences
on the ion concentrations. Sulphate §5Ofrom anthropogenic sources has been shown to

increase already during the second half of tHECEQnury (Moore et al., 2006).

We obtained six principal components (PCs) fromRIGA (Table 2). PC1 has high loadings
of sodium (N&), potassium (K), magnesium (M%), and chloride (C). This component
explains 38% of the total variance and containgisgethat are directly emitted by sea spray.
PC2 has high loadings of methane-sulfonate (MSA+SD;) and NQ'. MSA has a strictly
marine biogenic source. It results from the oxiatof gaseous dimethyl-sulphide (DMS)
which is produced by phytoplankton and emitted frtv& ocean to the atmosphere. This gas
release across the sea-air interface differs ditifrom the way sea salt species are emitted
to the atmosphere via sea spray because no dr@pkeigvolved (Stefels et al., 2007; Vogt
and Liss, 2009). PC3 has a high loading of;NHepresenting biogenic emissions. Calcium
(Cd&" is the only species that has a high loading id.Phis suggests that PC4 represents a
mineral dust component. The melt percent is thg parameter that has a high loading in
PC5. Thisshews _suggesthaton the consideredecadakime scale the influence of melt on
theion concentration averagesenotinfluenced-by-meltis negligiphich is in agreement
with Pohjola et al. (2002) and Moore et al. (200536 has a high loading of $Q indicating

a volcanic source because the marine part of $Ocovered by the sea spray component
PC1.

The results of the PCA are in good correspondenittetthose of a correlation analysis of the
10-year-averaged records of the ionic species hadnielt percent for the pre-industrial

period (Table 3). Strong correlation is observertiie sea spray related ions NK*, Mg*,
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and Cl (0.59<f<0.98). Furthermore, MSA and NGare highly correlated and share 60% of
data variability. NH', C&*, melt percent and SO are not significantly correlated with any

other species.

3.1 Nitrate and methane-sulfonate (NO 3 and MSA)

In the Artic MSAis well known to originate from marine biogenic sms (Legrand, 1997).

However, major pre-industrial NOsources in this region are still not fully underst (e.q.,
Wolff et al., 2008).

Varying atmospheric MSA concentrations have bedatad to changing sea ice conditions.

Studies from Arctic and Antarctic ice cores fourasitive (Becagli et al., 2009; Legrand et
al., 1997), but also negative correlations of M3#d &ea ice extent (Rhodes et al., 2009;
Sharma et al., 2012%ee also the review on MSA and sea ice in Artardiy Abram et al.
(2013). After 1920 the Lomo97 core MSA correlates negayiweith summer (August) sea-

ice extent and sea surface temperature in the Bar®ea (O’Dwyer et al., 2000) and

positively with the instrumental summer temperattgeord from Svalbard (Isaksson et al.,
2005). During the period 1600-1920 Isaksson ef28l05) detected a positive correlation of
the Lomo97 MSA and winter (April) sea ice extenttire Barents Sea (Divine and Dick,
2006; Vinje, 2001). The Lomo97 MSA record revealpadtern with twice as high values
prior to about 1920 compared to those of the 1268 century (Isaksson et al., 2005). They
suggest that it results from a change of sourcéoamdore favourable growing conditions for

the DMS-producing phytoplankton in a more extensiea ice environment before 1920.

In the MSA record of the Lomo09 core we find a $mpattern as in the Lomo97 core with
higher concentrations prior to the”Z(aentury and a decreasing trend since around 1900

(Figs-ure3-4 and 56). Hence, we investigate if a coupling of MSA wiha ice conditions

9
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around Svalbard exists, using three long-term reitoations of sea ice extent. These
reconstructions include the winter (April) ice enttén the Western Nordic Seas covering the
last 800 years (Macias Fauria et al., 2010), tmenser (August) location of the sea ice edge
in the Barents Sea (BS) that covers the last 4@8syginnard et al., 2011), and the summer
sea ice extent in the Arctic Seas extending badkeoyear 563 (Kinnard et al., 2011). The
best agreement was observed between the 40-yepa$swiltered records of Lomo09 MSA
and winter (April) Western Nordic Seas ice extdvi€ias Fauria et al., 2010) (Fige 56
r=0.56, p<0.001). The most striking feature in be#tords is the pronounced decrease
starting around 1890 which is not seen in any ef sammer (August) ice records before
around 1910 (Figure 5). Furthermore, the pronoumogdmum around 1710 and the peak
around 1640 in the BS ice record are not refletteédle Lomo09 MSA record. Thus, our data
do not support the connection of MSA at Lomonosomtp and the BS ice extent stated in
O’Dwyer et al. (2000) for the period 1920-1997, tlwe assumption of Isaksson et al. (2005)
that the MSA sources prior and after 1920 werestrae, i.e. the BS. We explain the positive
correlation of Lomo09 MSA and Western Nordic Seaéatent as follows. The marginal ice
zone is known to be the area of highest DMS pradudPerrette et al., 2011). The larger the
sea ice area, the more ice edge area is availablphfytoplankton growth and thus DMS
production. Furthermore, more ice leads to higheshHwater inflow by melting ice. This
results in a stronger stratification of the oceaatew (Perrette et al., 2011) which keeps the
phytoplankton in the euphotic zone. The good cpoadence of the Lomo09 MSA record
with the Western Nordic Sea ice extent but not ikt of the BS is well supported by the
findings of Beaudon et al. (2013) pointing to thee&land Sea as the main source for

biogenic related MSA in Svalbard.

In the LomoQ9 ice core-NMSA is highly correlated with-MSNOz before around 1900. -

The records (Fisires-3 and-%) are similar with shared peaks around 1395, 14580,
1645, 1695, and 1795. The only exception is théodemt about 1350 when the correlation

breaks down. After around 1900 there is a decogphhboth species with enhanced NO

concentrations from anthropogenic Eurasian ,Nénissions (see above) and strongly
decreased MSA concentrations—\Whereas-marine bipgenrces for MSA-inthe Arcticare
well-known{legrand—1997)—major pre-industrial- NGourcesin-this region—are-still-not
fetbronderstosd o e el ot 2L 2003)
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The sources of pre-industrial NGn the Artic are not well understood. In previotsdses
NOs; was found to correlate with non-sea-salf®Cénss- C4&") (Legrand et al., 1999;
Rothlisberger et al., 2000, 2002), suggesting tex-C4&" prevents N@ from being re-
emitted from the snowpack. However, those studresfiom Greenland, consider glacial
timescales, and include e.g. the last glacial marin{LGM) with much higher nss-&a
concentrations. Other studies observed a corralafidéNO; and C&" in summer and with sea
salt in winter but they considered only industtiales (Beine et al., 2003; Geng et al., 2010;
Teinila et al., 2003). The empirical orthogonaldtion (EOF) analysis performed on the ion
data of the Lomo97 core suggests in general neelegion between Gaand NQ, but in
some parts of the last 200 years the two specieslearly associated (Kekonen et al., 2002).
Kekonen et al. (2002) found NCand NH" to covariate during the last 100 years. However,
the EOF of the whole core did not show a clear@ason of NH" and NQ". Nevertheless,
they suggested that before 1920 and after 1960 awwmonitrate (NHNOs) has been
common at Lomonosovfonna. They explain this in negears to be due to Arctic Haze and

significant natural sources of NNO3 during the earlier period. At Holtedahlfonna, $aat,

NH," was also associated with N@efore 1880 which Beaudon et:al.(2013) interptete - { Formatted: Engish (U,

evidence for NENO; to be present. Teinila et al. (2003) also discedex correlation of N
and NH;" in recent times which they concluded to resultrfranthropogenic emissions. Our
data neither support a correlation of Nénd C&", nor of NQ and the sea salt species'Na
nor of NQ; andNH," in pre-industrial times. Instead, they clearly gegt an association of
NOs; with MSA. Three hypotheses for the high correlatiare discussed: (1) post-
depositional processes caused by melt water pdimolaffecting NQ  and MSA in the same
way, (2) a common source of NGnd MSA, and (3) N© fertilisation of the ocean which
triggers phytoplankton growth and thus DMS and M&#nation.

(1) The pre-industrial record of the melt percenesl share some features with ;N@nd
MSA but there is no significant correlation with pl@r MSA (|2:O.1 with either N@ or
MSA) (Table 3, Figie-34. This is also seen in the PCA where the meltgrgrand the two
ionic species have their highest loadings in déiferPCs (Table 2). Thus, the correlation of
NOs; and MSA is not a result of similar relocation dgrimelt events on the decadal time

scales considered here.

(2) If both species have a common source this wbialde to be the ocean because MSA

results only from marine DMS production and itsdation in the atmosphere. NGs only a

11
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minor component in sea water with concentrationshi micro-molar range (Chester and
Jickells, 2012; Codispoti et al., 2013). The iceechQ;/Na’ ratio of ~0.066 in the Lomo09
core is up to a factor of ten higher than the satemwratio of 0.006 to 0.038 (Keene et al.,
1986). Additionally, we can exclude NQo be derived from sea spray because N@d the
major sea spray components'Ni&", Mg®*, and CI(PC1) do not correlate as seen in the PCA

and the correlation analysis (Tables 2 andB3cause of the high solubility of nitrate in

water, outgassing of HNGrom the ocean is unlikeliThus, the major N@ source is not the - { Formatted: Subscript

ocean which excludes a common source to causértmgorrelation of N@ and MSA.

(3) Elevated atmospheric NCconcentrations due to high N@missions and/or enhanced
transport to the Arctic in the end of winter leadain increased amount of N@lissolved in
the ocean surface water. Nutrient supply in thetidris known to be limited and nitrate
depletion is common during the vegetative seasoodi€poti et al.,, 2013). Hence, an
increased nitrogen input by dissolved Ni{@ads to a fertilisation of the phytoplankton (Buc
et al., 2008). As soon as light becomes availdfile results in an enhanced production of
DMS and finally higher MSA concentrations in thenasphere. This process takes weeks to
months (Codispoti et al., 2013; Sharma et al., 20d@wever, such a potential short time lag

cannot be resolved from our data.

We suggest_therefore proposie fertilising effect to be the dominant cause ttoe high

correlation of N@ and MSA in pre-industrial times. In industrial g#sthe records of NO

and MSA diverge with increasing NGand decreasing MSA concentrations. This reveals th
during the 28 century the effect of decreasing MSA concentratifollowing reduction in
ice extent in the Western Nordic Seas predominadespared to an expected MSA increase

caused by enhanced anthropogenigNévels.

The major N@ source region for the industrial time is Eurasidicated by the similarity of
the NG records observed in the last 30-40 years in theares from LomoQ9, the Siberian
Altai, and Severnaya Zemlya (Eichler et al., 200&iler et al., 2005) (Figre—45. We
assume that the source region has not changeddresimdustrial to industrial times. In the
period 1250-1940 N©in the Siberian Altai ice core was ascribed t@e$prfires and mineral
dust as main pre-industrial sources (Eichler e28l11). That N@ record shows a maximum
between 1540 and 1680 (see.&ig-49, attributed to an increased mineral dust inpainfr
Central Asian deserts (1540-1600) and enhancedafitiwity from Siberian boreal forests
(1600-1680). This distinct peak in the™&nd 17 century is not observed in the Lomo09

12
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NOs record and also the general pre-industrial recdasot correspond well. We cannot
exclude that other regional scale N®ources in Eurasia had a significant impact onldie
pre-industrial concentration level. From our data @an therefore not identify major pre-

industrial NQ sources for the Lomo09 core.

3.2 Ammonium (NH 49

The Lomo09 NH' record shows very low concentrations between gfeand 18 century

and an increasing trend from around 1750 onwarise{fe-67. The values are on the same
2013; Fuhrer et al., 1996; Kehrwald et al., 2012kéhen et al., 2005; Legrand and De
Angelis, 1996; Legrand et al., 1992; Whitlow et, d1994; Zennaro et al., 2014). Another

Svalbard core from Holtedahlfonna that spans tee 380 years showshe NH," record of

another Svalbard core from Holtedahlfonna, spantfireglast 300 years, shows a differing

pattern prior to 1800, but a similar strong incie@drend as the LomoQ9 record-simitarly a

strong-inereasing-trend-in-the Hecordfrom the 18 century on (Beaudon et al., 2013)

(Figure 3). The authors interpret the rising comdions from 1880 as result of

anthropogenic mid-latitude pollution reaching thectic. However, the earlier increase in
NH," concentrations in the Lomo09 and Holte05 ice cosenfthe 18 century on cannot be
related to anthropogenic emissions. As discussegieatanthropogenic NgHemissions from

Eurasia influence precipitation chemistry in Svatbanly after around 1940.

Pre-industrial NH" was not studied in details in the Lomo97 core Kekonen et al. (2002)
suggested NENO; to have been common at Lomonosovfonna before 1SXilarly,
Beaudon et al. (2013) postulated that at Holtedahld natural NENO; was a common
aerosol. Our data do not support this hypothesisesNH,” and NQ" are not significantly
correlated in pre-industrial times (Tables 2 andIB)other studies pre-industrial IiyHwvas

et al., 1992; Whitlow et al., 1994). North Ameriead Canada were identified as major
sources for N in Greenland ice (Fuhrer et al., 1996), whereagraed and De Angelis
(1996) and Zennaro et al. (2014) suggest an additiGcurasian source. A period of
exceptional high fire activity around 1600-1680 Siberian boreal forests of Eurasia was
detected in the ice core fire tracer records frbm $iberian Altai and Greenland (Eichler et

al., 2011; Zennaro et al., 2014). This unique medi not lead to a maximum in the Lomo09

13
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NH4" record. Therefore, we conclude that biomass bgrisnmnot a major source for NH

arriving at Svalbard.

The trend in the Lomo09 Nfirecord is very similar to that in the ice core fr@alukha
glacier in the Siberian Altai with increasing contations already from around 1750 (Eichler
et al., 2009) (Figre—67). Furthermore, both records show very low conegiuns around
1680 to 1750. At the Belukha site long-term NMariations were related to temperature-
induced changes of biogenic hNEmissions from extended Siberian boreal foresth(& et
al., 2009). The strong increase after thd" ®ntury was caused by a rise of Siberian
temperatures since that time. Hence, from the arityl in the Lomo09 and Siberian Altai
NH," concentration records we conclude that biogenic Biissions from Siberian boreal
forests are the dominant source for ldt Lomonosovfonna. Due to the larger distance to
the emission sources the NHconcentrations in the Lomo09 core are about oueroof
magnitude lower than in the core from Belukha gaciThe NH' concentrations in a
Greenland ice core (NEEM, for location see Figureld not show the increase after thd'18
century (Zennaro et al.,, 2014) (Rige—67), implying that biogenic emission trends in

Northern America and Eurasia differ.

4  Summary

We presented the 800 year records of the two mitrapecies NQand NH" analysed in a
new ice core collected from Lomonosovfonna, Svalpar 2009. In general, the NCand

NH,;" records of the 2009 ice core reasonably agree putilished data from two previous
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since emissions in Northern America and Westerrofikept rising into the 2lcentury. In
pre-industrial times, i.e. prior to thetﬁﬁentury, the dominant source of WHvas biogenic
NH; emissions from Siberian boreal forests. During Hagne period N© was highly
correlated to MSA on a decadal time scale. We éxgthathis by a fertilising mechanism
where higher atmospheric NOconcentrations yield higher nitrogen input to theean,

triggering the growth of DMS-producing phytoplanktdElevated DMS concentrations then
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result in enhanced concentrations of MSA in theosiphere. Based on our data it was not

possible to resolve major pre-industrial N€ources for Svalbard.

Supplementary material

Here, an example for the annual layer counting (AE®@® the core section between 0 and
20 m weq (Fig+e S1) is displayed, followed by the raw data for tbeic species (Fige
S2)and the ion balance along depth in m weq (Fig.&hg) the melt percent (Eige S3) of

the Lomo09 ice core along depth in m weq.
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Table 1 Detection limits and median valugsd/L] for the ions analysed with the
Metrohm 850 Professional IC. Pre-ind. = pre-indaktime from 1222-1859;
Ind. = industrial time from 1860-2009; MSA = G5;.

Anions Cations

Detection Median Detection Median

limit Pre-ind.  Ind. limit Pre-ind.  Ind.
MSA 0.005 0.09 0.05 Na' 0.02 8.77 7.18
cr 0.02 10.48 8.92 NH,4 0.02 0.50 0.74
NO3 0.01 0.54 0.65 K 0.02 0.25 0.19
SO 0.02 2.08 2.63  Mg* 0.03 2.10 1.32

ca™ 0.04 1.43 1.02
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Table 2 Results of the principal component analfBSA) after VARIMAX rotation. Time
period: 1222-1859; data: 10-year averages; MSA sSTW; melt% = melt percent.

Values >0.8 marked in bold.

PC1 PC2 PC3 PC4 PC5 PC6

Na’ 097 006 005 011 -0.03 0.08
K* 0.88 0.18 0.00 -0.04 -0.07 0.16
Mg?* 082 037 0.02 027 007 0.19
cl 097 0.08 006 012 0.01 0.08
MSA 033 080 013 0.22 023 011
NO3z 011 089 022 016 0.09 0.22
NH," 0.06 023 096 -0.02 017 0.02
ca?t 0.18 027 -0.02 0.92 0.07 0.19
Melt% -0.05 0.19 016 0.07 096 0.07

SO” 029 028 002 021 0.08 0.88

Variance explained [%] 38 19 11 11 11 10
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Table 3R? values of the correlation analysis of the ioniedps and the melt percent
(Melt%). Time period: 1222-1859; data: 10-year ages; MSA = CHSO;; 0.5<F<1

marked in bold.

r? Na"  K* Mg?* CI MSA NOs NH," Ca" Melt% SO~

Na" 1

K* 071 1

Mg?* 071 059 1

ol 098 067 078 1

MSA 0.17 016 041 020 1

NO; 0.04 008 027 0.06 060 1

NH,f 0.01 0.01 0.03 002 014 019 1

ca®* 0.09 006 027 010 026 021 000 1
Melt% 0.00 0.00 0.02 000 015 011 013 004 1

so” 0.16 0.18 0.33 017 0.26 0.26 0.02 0.24 0.04 1
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Figure 1 (A) Map of Svalbard with the locationsL@imonosovfonna and Holtedahlfonna. (B)
Map with all ice core locations discussed in thé:ttomo = Lomonosovfonna (red triangle);
NEEM, Sum = Summit, SZ = Severnaya Zemlya, Bel fud®, and CG = Colle Gnifetti
(black triangles). Satellite image in (B) © Planbt@rver, extracted from DVD-ROM "Der
Grof3e 3D-Globus 4.0 Premium,"#2008 United Soft isl&terlag GmbH, Munich.
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1 updated chronology of Divine et al. (2011). Blacdshed lines are 40-year-lowpass-filtered
2 records of N and NQ' of the Holte05 ice core (Beaudon et al., 2013).
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Response to comments by E. Wolff

We thank Eric Wolff for the valuable and helpfulnoments. We believe that addressing the
issues is considerably improving our manuscript.

Please see our reply to each comment below.

Note: All reviewer comments are in bold. All authesponses are in normal format (blue)
and changes in the manuscript in italics (red).

This paper presents ionic chemistry data covering @ years from an ice core in
Svalbard. This is a good time period to study as #@llows recent anthropogenic changes
to be assessed in the light of a long period thatas at least not influenced by industrial
emissions. Svalbard has an interesting location, thin the Arctic but influenced by
different air masses compared to the more-studied @enland records. The paper shows
some intriguing trends and correlations, and will ertainly become publishable. It does
require some further work, mainly in two areas: firstly there are some general points
that need drawing out a bit more, and secondly theauthors should be a little more
precise in some of their statements about what theidata show (which will lead to
greater caution in the conclusions).

There are two worrying general aspects of this stud The first concerns the issue of melt
in the core. The high amount of melt in Svalbard ces has long been a concern, with the
potential to disrupt and confuse records. | would ike first to consider the issue of how
much melt does occur in the ice. According to Fig3Xin the supplement and the middle
panel of Fig 3, the annual melt percent is up to 1%and when | saw this | thought the
authors had been lucky and might not have a problemHowever | then looked at data
from Kekonen et al for the previous core near thislocation and found typical melt
percents of more than 50%. This leads me to suspetiat Fig S3 actually plots melt
proportion (ie values not of 1% but of up to 100%).This should be corrected, and is
such an important melt proportion that it needs mut more discussion.

The melt percent in Figures 3 and S3 was correanelds now given in %.
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Given this very high amount of melt, | don’t feel he authors can be entirely confident in
dismissing the role melt could have played in therpfiles they observe. They need to
discuss it more. Firstly, the paper needs to presethe temperature context of the core:
what is the mean annual temperature and the seasoneange? What is the profile of
temperature in the ice itself (i.e. is this a tempate glacier, important for knowing
whether melt is purely a surface phenomenon, or wlteer water is also present and
moving at depth)? Really the only evidence given he is the reference to previous
papers suggesting movement by only 2-8 annual laygrwhich would justify trusting
decadal values — but the authors really need to eapd on this, and indicate whether
their data can be used to support that previous irdfrence. The observation of low
correlations between melt percent and concentratiodoes not seem to me to be evidence
that melt is not important: it is by no means obvias why you would expect a
correlation. As an example, if melt occurs in a lagr you may expect some (but not all)
ions to move downwards out of the layer, but that desn’t allow you to predict a low
concentration in the layer because you don’t know hat is being transported into the
layer from above. It would be surprising if the evatual balance of ions in and out
should depend on the amount of melt in just the sagie layer.

On the issue of melt therefore | suspect there wihe no proof that it has not affected the
profiles significantly, but it does need to be distssed more and left on the table as a
concern.

We agree with this comment. As indicated by Figlesd S3, melt does occur regularly at
Lomonosovfonna in summer and we will include a esponding discussion in the
manuscript. There are only few direct air-tempamimeasurements from Lomonosovfonna.
Mean near-surface temperature estimated by Soxetditions was -12.5°C at 1020 m a.s.l.
(Pohjola et al. 2002:” Effect of periodic melting geochemical and isotopic signals in an ice
core from Lomonosovfonna, Svalbard”). The seasteraperature range at Lomonosovfonna
is unknown, but the long-term 1961-1990 instrumkergeord at the lower-altitude Svalbard
airport (27 m a.s.l.) shows an average DJF temperaif -15°C and JJA temperature of
4.2°C with an annual average of -6.7°C (Nordli et 2014: “Long-term temperature trends
and variability on Spitsbergen: the extended Svdlbairport temperature series, 1898-
2012"). Measured borehole temperatures in the uggem (between -1.7°C and -4.3°C) at
the LomoQ9 drill site are in good agreement with #verage borehole temperature at the
Lomo97 drill site of -2.8°C with a nearly isothermatofile (Van de Wal et al. 2002:”
Reconstruction of the historical temperature trénodn measurements in a medium-length
borehole on the Lomonosovfonna plateau, Svalbamd9.liquid water was seen during
drilling. Lomonosovfonna is therefore not a temperglacier. We attribute the discrepancy
between the annual air temperature at the low B@vévalbard airport (-6.7°C) and the
mean borehole temperature to the input of energythey release of latent heat during
refreezing of melt water. Because of the strong@ea T cycles we assume that meltwater
formed in summer refreezes within deeper layersceSice lenses are formed, the percolation
to deeper layers is hindered as supported by tHepveserved tritium and*%Pb signals.
Though runoff of melt water for the strongest neslents in the 2Dcentury cannot totally be
excluded (see Moore et al., 2005), it is assumdaetouch reduced in the period of interest
before 1859, for which the melt percentage was igdigdower.

Abstract: Changes in melt at the Lomonosovfonnaigiaare assumed to have a negligible
effect on the decadal variations of the investigatempounds.
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Drilling site and meteorological settings: Measutedrehole temperatures in the upper 42 m
(between -1.7°C and -4.3°C) at the Lomo09 drill aite in good agreement with the average
borehole temperature at the Lomo97 site of -2.8°th winearly isothermal profile (Van de

Wal et al. 2002). Previous studies indicate thamswer melt water in the study area is
refrozen mostly within the previous winter's snawd the remainder within the next two to
three lower annual layers (Samuelson, 2001). Patam length was found to be up to 8
years only in the warmest years during the 20thwgn(Kekonen et al., 2005; Moore et al.,

2005).

Page 24675: The average annual melt percent ofL.teo97 core was 41% (Pohjola et al.,
2002) compared to 31% of the LomoQ9 core. We tkaarae that the maximum percolation
lengths in the Lomo09 core do not exceed the eightial layers determined for the Lomo97
core. As a conservative estimate we used the 1Qayeaage record of melt percent in the
PCA to examine the influence of melt on the/N&hd NQ' records.

The melt percent is the only parameter that hagga lbading in PC5. This suggests that on
the considered decadal time scale the influencmelf on the ion concentration averages is
negligible, which is in agreement with Pohjola &t(2002) and Moore et al. (2005).

A second issue concerns the existence of a secoetiaf data from a core of the same
length from nearby (Lomo97). In Fig 3, the Lomo97drey) lines look very different from

the new data, even after a long averaging, and espelly for NH4+ and Na. Especially
for NH4+ (compare grey and green in top panel), one conclusion about anthropogenic
versus natural variability would be quite different from Lomo97 than from Lomo09.

The authors cannot therefore avoid commenting on & comparison. Is the difference
due to analytical issues or is there really enougkpatial variability to explain such

different concentrations and variability (rendering conclusions less robust)?

The preindustrial (before 1859) concentrations BfyNat both sites are close to the detection
limits of the analytical methods. In addition, NHs prone to contamination during samples
preparation and analysis. We therefore assumethbatliiscrepancy is due to contamination
and analytical issues. During our sample preparatteps we minimize Nfi contamination
from lab air by melting ice samples in a &tmosphere.

Three observations indicate that the Lomo09 sNidoncentrations are robust: 1) The

preindustrial Lomo09 values are generally lowerntithose of Lomo97 and therefore

contamination seems unlikely, 2) the Lomo09 prestdal ion balance is close to zero, and 3)
the 300 year records of NOand NH" from Holtedahlfonna (Beaudon et al., 2013) are in
reasonable agreement with the Lomo09 data (Figure 3

The concentrations of all sea salt constituents (88, K*, Mg®*) are higher by a factor of
1.5 in Lomo09 than in Lomo97, whereas N®Q*, and MSA show similar levels (period
1222-1997). Since also the annual accumulationisagefactor of 1.6 higher at Lomo09 this
suggests slightly different humidity source regiongir mass trajectories.

The ion balance is now included in Figure S2.

Sampling: Prior to analyses ice samples were meilteda N, atmosphere to reduce
contamination from the laboratory air.

Three observations indicate that the Lomo09,Nidoncentrations are robust: 1) The
preindustrial Lomo09 values are generally lower rihthose of Lomo97 and therefore
contamination seems unlikely, 2) the Lomo09 preitréhl ion balance is close to zero
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(Figure S2), and 3) the 300 year records ofsNghd NH," from Holtedahlfonna (Beaudon et
al., 2013) are in reasonable agreement with the d@dndata (Figure 3).

I now discuss a range of more detailed issues thatcur in the text:

Page 24674, line 14: | am not sure that the shapé the trends alone is sufficient to
define the source region for Svalbard. There surelynust be data about where air masses
to Svalbard originate that would more usefully defie the source region?

Several publications deal with source identificatifior pollutants in Svalbard based on
transport modelling and trajectory analysis. Hirdnea al. (2010a and b) identified Eurasia as
source region, whereas Tunved et al. (2013) shatlved there is a strong seasonality of
dominating source areas, with Eurasia dominatinghduhe autumn and winter period and
dominance of North Atlantic air during the summaearihs.

Hirdman, D., Sodemann, H., Eckhardt, S., Burkhart., Jefferson, A., Mefford, T., Quinn,
P. K., Sharma, S., Strom, J. and Stohl, A.: Soidestification of short-lived air pollutants in
the Arctic using statistical analysis of measurenaiatta and particle dispersion model output,
Atmospheric Chemistry and Physics, 10, 669-6930201

Hirdman, D., Burkhart, J. F., Sodemann, H., Eckha&l, Jefferson, A., Quinn, P. K.,

Sharma, S., Strom, J. and Stohl, A.: Long-termdsenf black carbon and sulphate aerosol in
the Arctic: changes in atmospheric transport andrc® region emissions, Atmospheric
Chemistry and Physics, 10, 9351-9368, 2010b. d&iBl/acp-10-9351-2010

Tunved, P., Strém, J. and Krejci, R.: Arctic aetofite cycle: linking aerosol size
distributions observed between 2000 and 2010 withmass transport and precipitation at
Zeppelin station, Ny-Alesund, Svalbard, Atmospheteemistry and Physics, 13(7), 3643—
3660, doi:10.5194/acp-13-3643-2013, 2013.

Our finding is in agreement with results from trang modelling and trajectory analysis,
identifying Eurasia as source region for Svalbakiriman et al., 2010a and b). Eurasian
pollution dominates especially during the autumml avinter period characterized by Artic
Haze episodes, in contrast to summer months wheth Ndantic air masses prevail (Tunved
etal., 2013).

Page 24676, line 15-18. For MSA-sea ice correlat®rin the Antarctic, | am surprised
you don't cite papers by Curran et al or Abram et a.

Studies from Arctic and Antarctic ice cores founsipve (Becagli et al., 2009; Legrand et
al., 1997), but also negative correlations of MS#d ssea ice extent (Rhodes et al., 2009;
Sharma et al., 2012); see also the review on MSAsaa ice in Antarctica by Abram et al.
(2013).

Abram, N. J., Wolff, E. W. and Curran, M. A. J..r&view of sea ice proxy information from
polar ice cores, Quaternary  Science Reviews, 79, 8-183, 2013.
doi:10.1016/j.quascirev.2013.01.011.

Section 3.1. The order in which this is written isa little strange. You start with the
nitrate-MSA correlation, the jump over to MSA-sea e correlations, and then jump
back (page 24678) to nitrate. | think this could bere-ordered in a way that makes it
easier to follow.

We changed the order as suggested.
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Section 3.1. The idea you are presenting is that MSis controlled partly by winter sea
ice and partly by nitrate fertilisation. This is intriguing, but | struggled to see how you
thought the two influences interact, and | think ya overstate your case on both counts:

*The correlation between MSA and nitrate looks inteesting, but breaks down
completely between 1300 and 1400. This should bekaowledged. *The relationship
between MSA and sea ice is then tricky to assessigolation: if you are suggesting that
the main features of MSA are explained by nitrate otil 1900, then it is only the residual
(after accounting for that) which you would expecto correlate with sea ice. I'd have to
say that, apart from the period from 1900, | don’treally see much correlation.

*The idea seems to then be that low ice extent aft&900 draws MSA away from its link

to nitrate. In fact you need a really strong effectas the extra (industrial nitrate) should

be fertilising the ocean strongly, increasing MSA ¥ your hypothesis, but instead MSA
drops way below its long term mean. In contradictia to that idea, ice extent is quite low
from 1500-1600, with no apparent effect on MSA.

Taken together | think your story is not quite straght, and needs to be presented in a
less definite way.

We agree that the nitrate/MSA break correlatioraksedown between 1300 and 1400, and
we acknowledge that fertilization effect is a hyypestis. However, we do not totally agree that
the low sea ice extent from 1500-1600 is a stroggraent against our hypothesis. The skill
of reconstruction of sea ice extent decreases def@r 1600 and the data are much more
uncertain.

The only exception is the period at about 1350 whercorrelation breaks down.

We therefore propose the fertilising effect tolimdominant cause for the high correlation of
NO;  and MSA in pre-industrial times.

Page 24679, line 12. Although | don't think nitrateis of marine origin, your correlations
show only that nitrate does not derive mainly fromsea spray. After all, we all agree
MSA is of marine origin, but that also has a very wak correlation with sodium.
Therefore your statement in line 14 “not the ocean’s a bit too broad.

Yes, the correlation does only show thatNi® not derived from sea spray. Because of the
high solubility of nitrate in water, outgassingtdiOz from the ocean is unlikely.

Because of the high solubility of nitrate in wateytgassing of HN®from the ocean is
unlikely.

Page 24680, section 3.2. | already pointed out thahe two Lomo cores have very
different patterns. In line 26, you state that theHolte05 core shows the same increasing
trend as Lomo09: however in that case you need al$o point out the strongly different
patterns in the 1700-1800 period.

The NH" record of another Svalbard core from Holtedahlfanspanning the last 300 years,
shows a differing pattern prior to 1800 but a semniktrong increasing trend as the Lomo09
record from the 18th century on (Beaudon et al13qFig. 3).

Page 24681, line 20. While Lomo and Belukha ammomniuare similar in the 20" century
they appear uncorrelated before that (what is the @rrelation before 19007?) | don't feel
you can just ignore that and claim that the same swce controls both of them.
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It looks more as if they may see the same industtiaource, but a different pre-industrial
source (or at least a different influence on transprt from the source), doesn't it (as also
for nitrate)?

Indeed NH* concentration trends between Lomo and Belukhaeatpss before ~1500. In
this part, dating uncertainty of both records iases. Furthermore, NHlevels in the Lomo
are very low before ~1800. The strongest argumentaf similarity of the pre-industrial
sources is the pronounced common 4Nkhcrease at the Lomo and Belukha site above
background values already from thé™i@&ntury on, long before the industrialization. $hu
we think it is justified to state that they do hdkie same pre-industrial source as described in
the manuscript.

Changes in manuscript (Chapter 3.2.): “The trendtie Lomo09 Nk record is similar to
that in the ice core from Belukha glacier in thbeSian Altai with increasing concentrations
already from around 1750 and very low concentratidaetween 1680 and 1750 (Eichler et
al., 2009) (Figure 6). Before ~1500 NHconcentration records agree less, which could be
explained by increasing dating uncertainty.
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Response to comments by Michel Legrand

We thank Michel Legrand for the valuable and hdlphmments. We believe that addressing
the issues raised by Michel Legrand will considrainprove our manuscript.

Please see our reply to each comment below.

Note: All reviewer comments are in bold. All authesponses are in normal format (blue)
and changes in the manuscript in italics (red).

1. As for any ice core extracted from Svalbard, théarge presence of melted snow layers
rise the question to what extend the chemical iceore signals can be here safety related
to atmospheric chemistry change. This crucial poinheeds to be addressed furthermore
in the manuscript. As it stands, it is claimed intie abstract and the conclusion that this
question is discussed in the paper but in fact itsi only indirectly discussed when the
common feature of nitrate and MSA is discussed inestion 3.1 (see my other comments
below). Since the effect of melt would differ fromone chemical species to another one, |
strongly suggest addressing more carefully this poi as follows:

Put your Figures S1 and S2 (only available in theupplementary material) in the main
text, for S1 please report not only 180 and sodiurbut also melt, nitrate, ammonium,
and MSA.

We agree with this comment. As indicated by Figlesd S3, melt does occur regularly at
Lomonosovfonna in summer and we will include a esponding discussion in the
manuscript. Measured borehole temperatures in piperi42 m (between -1.7°C and -4.3°C)
at the LomoQ9 drill site are in good agreement whi average borehole temperature at the
Lomo97 drill site of -2.8°C with a nearly isothermpaiofile (Van de Wal et al. 2002:”
Reconstruction of the historical temperature trénodn measurements in a medium-length
borehole on the Lomonosovfonna plateau, Svalbard9.liquid water was seen during
drilling. Lomonosovfonna is therefore not a tempemglacier. Because of the strong seasonal
T cycles we assume that meltwater formed in sunmefeeezes within deeper layers. Since
ice lenses are formed, the percolation to deeperdais hindered as supported by the well-
preserved tritium antt°Pb signals. Though runoff of melt water for thesgest melt events

in the 2d" century cannot totally be excluded (see Moorel.et2805), it is assumed to be
much reduced in the period of interest before 1869,which the melt percentage was
generally lower.

We changed Figures S1 and S2 by including nit@t@nonium, and MSA, but left them in
the Supplement. Referee 3 suggested adding a Figitihethe raw concentration data of
MSA, Na', NOs;” and NH" and annual averages of melt on a time scale hatartain text (see
responses to Referee 3). Since we do not discassth data in the manuscript we preferred
not to include Figures S1 and S2 into the main. Blkdase note that melt cannot be resolved
on a depth-scale since it was calculated as amneialpercent.

Abstract: Changes in melt at the Lomonosovfonnaigtaare assumed to have a negligible
effect on the decadal variations of the investigatempounds.

Drilling site and meteorological settings: Measuredrehole temperatures in the upper 42 m
(between -1.7°C and -4.3°C) at the LomoQ9 drill aite in good agreement with the average
borehole temperature at the Lomo97 site of -2.8°th winearly isothermal profile (Van de

Wal et al. 2002). Previous studies indicate thammer melt water in the study area is
refrozen mostly within the previous winter’'s snawd the remainder within the next two to
three lower annual layers (Samuelson, 2001). Patam length was found to be up to 8
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years only in the warmest years during the 20thuwgn(Kekonen et al., 2005; Moore et al.,
2005).

Page 24675: The average annual melt percent ofL.teo97 core was 41% (Pohjola et al.,
2002) compared to 31% of the LomoQ9 core. We tkaarae that the maximum percolation
lengths in the Lomo09 core do not exceed the eightial layers determined for the Lomo97
core. As a conservative estimate we used the 1Qayeaage record of melt percent in the
PCA to examine the influence of melt on the/N&hd NQ' records.

The melt percent is the only parameter that hagya loading in PC5. This suggests that on
the considered decadal time scale the influenamalf on the ion concentration averages is
negligible, which is in agreement with Pohjola &t(2002) and Moore et al. (2005).
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Figure S1 Example for annual layer counting (AL®)the core section between 0 and 20 m
weq using the records @f?0, Na, NH,", NO;, and MSA. Data are five-point-moving

averages to facility identification of the annugictes. Grey vertical lines indicate the single
counted years; numbers within the graph give ttseilteng year. IB is the ion balance (sum of
anions-sum of cations).
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Figure S2 Raw data @0 and of concentrations of NAH,", NO;, MSA, and S§ of the
Lomo09 ice core versus depth. IB is the ion balafsten of anions-sum of cations). Data
shown are 5-point-moving-averages for better viisjbespecially for the IB.

Please explain how your vertical lines (annual layecounting) were identified (at the
first glance on the basis of 180 but did the sodiurprofile really useful?).

The annual layer counting in the Lomo09 was peréatrmsing the seasonality of th&0
record and, where it was critical to identify simglears, additionally the Naecord was used
which shows higher values in summer due to moren opater that can lead to sea spray
formation. It was possible to count years down talegpth of 79.86 m weq which was
attributed to the year 1749 AD. Below that deptwats difficult to identify the annual cycles.
The annual layer counting was supported by referéacizons and*Pb dating as detailed in
the manuscript.

Where are located other ions compared to sodium auch a seasonal scale? Did the
delocalization due to melt differs from MSA to nitrate?

In this study the focus was on decadal variatiexsept for annual layer counting for the
dating. The seasonality is different for instanoe dodium and ammonium see above Figure
1, but we cannot rule out that melt influenceddhserved seasonal variations. We do not see
any difference in delocalisation in MSA and nitrad@d again this would not be relevant on
the decadal time scales considered here.

Could you calculate the ionic balance to evaluatédé acidic character of snow layers and
melted snow layers that may have influenced the reobilisation? Please comment.

The ion balance shows a surplus of anions betw8eto BO m weq, which is explained by
anthropogenic input of acidic aerosols (we did aoalyse H which is therefore missing in

the ion balance). Below 30 m weq the ion balandealanced (close to zero), except for the
acidic layer at 78 m weq which is the volcanic lafrem the Laki eruption. We do not see
remobilisation of MSA from acidic to less acidig/éas (see Figure S1), since the diffusion
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process is hindered by the formation of ice len8@sl again this would also not be relevant
on the decadal time scales considered here.

2. The discussion of data in terms of sources (naal and anthropogenic) is rather

vague, often based on comparison with other smoottieecords extracted at other places
in the northern hemisphere to identify sources oraurce regions. What are missed in the
manuscript, that may help the reader to follow thecomparison with various records

(Altai, Alps, Greenland), are air mass back trajecbries calculated for winter and

summer at your site using HYSPLIT and the NCEP reaalysis for instance.

Such analyses were already done by Eichler (GRL, 20) for Altai in Siberia, by Kahl
(JGR, 1997) for Summit in central Greenland or Fagdi (JGR, 2007) for the Alps (here
with the EMEP transport-chemistry model). They needto be done for Svalbard as well.
Such information would then strengthen (or not) you argument based on correlations
between records that may be sometimes coincidental.

Kahl, J. D. W., Martinez, D. A., Kuhns, H., DavidscC. |., Jaffrezo, J. L., and Harris, J. M.:
Air mass trajectories to Summit, Greenland: A 44rydimatology and some episodic events,
J. Geophys. Res. Oceans, 102, 26861-26875, ddd2997jc00296, 1997.

Fagerli, H., M. Legrand, S. Preunkert, V. VestrebgSimpson, and M. Cerqueira, Modeling
historical long-term trends of sulfate, ammoniumgd eelemental carbon over Europe: A
comparison with ice core records in the Alps, J.o@ws. Res., 112, D23S13,
doi:10.1029/2006JD008044, 2007.

Several publications deal with source identification for pollutants in Svalbard based on transport
modelling and trajectory analysis. Hirdman et al. (2010a and b) identified Eurasia as source region,
whereas Tunved et al.(2013) showed that there is a strong seasonality of dominating source areas,
with Eurasia dominating during the autumn and winter period and dominance of North Atlantic air
during the summer months. Concerning the sources for Greenland and the Alps: It is mentioned on
page 24669 L.17 onwards that emissions from North America and Europe reach Greenland. It is
mentioned on page 24674 L.13 that Western Europe mainly influences the Alps.

Hirdman, D., Sodemann, H., Eckhardt, S., Burkhart., Jefferson, A., Mefford, T., Quinn,
P. K., Sharma, S., Strém, J. and Stohl, A.: Soidertification of short-lived air pollutants in
the Arctic using statistical analysis of measurenaata and particle dispersion model output,
Atmospheric Chemistry and Physics, 10, 669-6930a201

Hirdman, D., Burkhart, J. F., Sodemann, H., Eckha&l, Jefferson, A., Quinn, P. K.,

Sharma, S., Strém, J. and Stohl, A.: Long-termdsenf black carbon and sulphate aerosol in
the Arctic: changes in atmospheric transport andrc® region emissions, Atmospheric
Chemistry and Physics, 10, 9351-9368, 2010b. d&iB/acp-10-9351-2010

Tunved, P., Strém, J. and Krejci, R.: Arctic aetofite cycle: linking aerosol size
distributions observed between 2000 and 2010 withmass transport and precipitation at
Zeppelin station, Ny-Alesund, Svalbard, Atmosphe&itemistry and Physics, 13(7), 3643—
3660, doi:10.5194/acp-13-3643-2013, 2013.

Our finding is in agreement with results from trpogt modelling and trajectory analysis,
identifying Eurasia as source region for Svalbakirman et al., 2010a and b). Eurasian
pollution dominates especially during the autumml avinter period characterised by Artic
Haze episodes, in contrast to summer months wheth Wdantic air masses prevail (Tunved
et al., 2013).
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Sometimes your conclusions drawn when comparing dédrent records are a bit
subjective. | here take the example of the nitratechange and your comparison with
Altai, the Alps and Greenland. My conclusion is vey different from your. When
discussing source regions of concern for anthropogie NOx emissions you pointed out
the similarity between your record and the one fromAltai indicating that both records
show a strong anthropogenic trend followed by a deease after 1980 that contrasts with
Alpine and Greenland records showing persisting hig values after 1980. From that you
concluded that the main source region for anthropognic emissions at your site is
Eurasia. First, it has be recognized that Greenlandce archives anthropogenic emissions
from North America and Eurasia (polluted air massesfrom these two regions being
advected in winter in the Arctic basin and transpoted over Greenland and lower
latitudes in spring). Note that for Greenland you an also report in your Figure 4, in
addition to Geng et al. (2014) the record from Savao and Legrand (which, as your ice
core, extend back to 1200 AD). For the Alps, the nrasource region is western Europe
(see Preunkert et al., 2003 or Preunkert and Legrah 2013, for nitrate records).

Savarino, J., and M. Legrand, High northern lagtddrest fires and vegetation emissions
over the last millenium inferred from the chemistfy a central Greenland ice core, J.
Geophys. Res., 103, 8267-8279, 1998.

Preunkert, S., and M. Legrand, Towards a quasi-tetepeconstruction of past atmospheric
aerosol load and composition (organic and inorgaover Europe since 1920 inferred from
Alpine ice cores, Clim. Past, 9, 1403-1416, dob194/cp-9-1403-2013, 2013.

Preunkert, S., Wagenbach, D., and M. Legrand, Aawly resolved Alpine ice core Record
of Nitrate: Comparison with Anthropogenic Invenesiand estimation of Pre-Industrial
Emissions of NO from Europe, J. Geophys. Res., 1081, 4681, doi
10.1029/2003JD003475, 2003.

Second, comparing Altai and your record my conclusins are different from you:
whereas your nitrate level drops after 1980, thislange is far less pronounced in the
Altai record. | think you may have difficulties to fit your recent nitrate decrease with
recent change of nitrogen oxide emissions. Furtherone, the Altai record clearly shows
that anthropogenic emissions do not dominate preingstrial sources, and since a large
variability is obvious for these natural sources inyour Figure 4 (reported below), you
cannot use the small decrease seen after 1980 asign of decreasing anthropogenic
emissions there. In fact, except after 1980 your cerd is more similar to the Greenland
one with a rather low preindustrial level comparedto the strong post 1940 increase at
the opposite to the record at Altai where clearly atural sources can be as high as
anthropogenic emissions.

The Greenland nitrate record published by SavaaimbLegrand (1998) covers only the time
prior to 1980 AD. This record does therefore ndphe identify if there was a decrease after
1980. Nevertheless we will include this record ig. R since it extends further back in time
than the record from Geng et al. (2014) if we canagcess to the data.

In the Siberian Altai record from Belukha ice ctine decrease from 1980 to 2000 is similar
to the decrease at Lomonosovfonna, but the recodd & 2001. At Lomonosovfonna the
decrease continues until 2009 which is the entlaiftecord. The nitrate trend in the Siberian
Altai fits well with NOx emissions as discussedHithler et al. (2009) where the Eastern
European NOx emissions are shown. The anthropogeitiate peak is larger than the
preindustrial peak (Gieg/L compared to peg/L, 10-year averages). We will change the
colours in Fig. 4 to make this more visible.
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For Europe the record from Mt. Blanc also did nlebw a nitrate concentration decrease
before 1995 (Preunkert and Legrand, 2013) in ageeémnvith the record from Colle Gnifetti
which we show in Fig. 4.

Overall we think that the NOx emissions trends iartN America, Western Europe and
Eastern Europe were significantly different to idigtiish the impact of these source areas on
the corresponding nitrate records.

The Siberian Altai core ends in 2001, explaining/whe continuation of the decrease seen at
Lomonosovfonna is not recorded there. The nitregad in the Siberian Altai fits well with
NOx emissions as discussed in detail in Eichleale(2009) where the Eastern European
NOx emissions are shown.

Section 3.1:Whereas | found the idea to explain positive catieh between nitrate and
MSA innovative and interesting, | would suggesb&more careful in your conclusion drawn
by examining your 3 hypothesis (line 23-25, pagé78). | am not sure that you can discard
an effect of melt as you did it, based on examamatf correlation since the redistribution of
nitrate may be different from the one of MSA. Pkatso recognize that the good correlation
between nitrate and MSA works for the periods adol#80, 1560, and 1680 but fails for the
peak of MSA seen around 1350 (see Figure 5).

The correlation analysis is based on 10-year-aestagp we think that melt effects can really
be excluded as outlined above. We agree that ttratelMSA correlation breaks down
between 1300 and 1400, and we acknowledge thiizaibn effect is a hypothesis. MSA is
influenced by both factors, fertilization by niteaihput and sea ice extent (shows maximum in
1350).

The only exception is the period at about 1350 vithercorrelation breaks down.

We therefore propose the fertilizing effect tolimdominant cause for the high correlation of
NO; and MSA in pre-industrial times.

In discussing MSA, | always like to see the sulphatrecord (especially during the pre-
industrial time). | am sure that the record is avalable since you used it for the dating
purpose. It would have been also interesting as adibnal (back-up)

We added the raw sulphate data in Figure S2 iiStipplement, see above.

Section 3.2: same comments as for nitrate: when c@aring Altai and Svalbard: Fig 6
first indicates me that Svalbard and Greenland preindustrial ammonium level are
similar but are both one order of magnitude lower han at Altai, clearly pointing out the
importance of continental biospheric emissions iniBeria compared to Greenland and
Svalbard located far away from continental emissios.

We do not totally agree with this statement. Prestidal ammonium levels are lower in
Greenland than in Svalbard and there is no incrafiee the 1750s visible in the Greenland
record. The difference in order of magnitude betw&sberia and Svalbard is already
explained in the paper as different distance tocsou

Minor points:

Page 24668, line 23: | don't think that you can cian that PAN is efficiently wet
deposited (PAN is not very soluble in acidic water)

We agree. PAN will be deleted.
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The major source for bio-available nitrogen in tlectic is the deposition of reactive
atmospheric nitrogen that is present primarily aigrate (NO;) and ammonium (NH)
(Bjorkman et al., 2013; Kuhnel et al., 2011).

Page 24668, line 25: Replace “in general” by “at global scale”
Will be changed.

Page 24670, line 16-18: | agree with your staterfmamtitrate but | don’t see how possible is
a migration of ammonium in a cold archives (withmelting). At the opposite | am surprised
that you don’t mention previous studies having showigration of MSA in snow and ice.

We do not discuss migration of ammonium, but thieipial relocation by melting. The focus
is here more on the loss processes or in generddeopreservation of nitrate and ammonium
in ice cores and the reliability of the records. i@k that migration is not so relevant for our
study, since we discuss decadal variations ascyinegntioned above.

Page 24672, line 7: Please note that nitrate is nat all totally present in the aerosol
phase.

We agree that nitrate is mainly present as HIM@h a shorter lifetime, but also for HNO
wet and dry deposition should be reduced.

...aerosol related species...

Page 24668, line 24: What do you mean by “Values weenot blank corrected” ? Either
skips it or explains how blank are done, report ithey are significant or not

We skipped this sentence since the procedure blanksnot relevant for the measured
concentrations (e.g. 0.Q&q/L for NH;").
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Response to comments by Referee 3

We thank the referee for the valuable and helpfohments. We believe that addressing the
issues is considerably improving our manuscript.

Please see our reply to each comment below.

Note: All reviewer comments are in bold. All authesponses are in normal format (blue)
and changes in the manuscript in italics (red).

After the 1997 core this is the second ice core meered from Lomonosovfonna glacier
and the authors have to be commended on their sourgthting of the ice core, including
age uncertainties as a function of depth. Howeverheé interpretation raises questions.
Most importantly the authors’ claim that post-depostional effects due to percolating
melt water are small and do not affect the ion reaals at the site is questionable. Some of
the features present at the higher resolution are asked when working with decadal
averages. For example, Figure S2 in the appendix ®lvs a marked decrease in absolute
concentration, concentration amplitude (smoothingland frequency of annual spikes for
nitrate, MSA and to some extent also sodium (ammounim) over two depth intervals: one
between 0 and 10 m-weq (_1994-2009) and one betw@&nand 42 m-weq (_1912-1955);
the interval between 10 and 30 m-weq stands out vaittcomparably larger spikes. To my
eye this suggests a post-depositional artefact. ledd, during the 20th century annual
melt fractions (not percent as the y-axis suggestdlequently exceed 0.8 (Figure S3)
supporting the suspicion that their may be an impaicof melt on the ion record. Before
making any further strong conclusions based on arce core record potentially biased by
post-depositional processes the authors need to wlkadvantage of the available high
resolution chemistry data and a) report raw data inthe main paper and b) investigate in
more detail the relationship between melt fractiorand relative position of ion spikes. Is
there any (possibly preferential) elution and dispdcement of the measured ions? If so,
could post-depositional displacement explain somef ahe observed inconsistencies
between the Lomo97 and LomoQ9 cores (e.g. a corrgtan between ammonium and
nitrate in Lomo97 but not in Lomo09)?

We will include a figure with annual averages of M3Na’, NOs, NH;" and melt on a time
scale into the main text. To be consistent, anmvarages are presented instead of raw
concentration data, since melt is available onlaorannual scale.
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New Figure 3: Temporal records of annual averagacemtrations of MSA, NaNQ; and
NH," and annual melt percent of the Lomo09 ice core.

We included a general paragraph about the amountedtf In addition, we discuss that the
observed amount of melt may have induced a maxirparoolation length in the Lomo09
core not exceeding eight annual layers. The fodukis study is on decadal variability and
not on short-term intra-annual variations, possitdysed by melt events. As a conservative
estimate we therefore used the 10-year-averagedefaonelt percent in the PCA to examine
the influence of melt on the NHand NQ' records. In the new figure with the raw data it is
visible that at decadal time scales there is natigel between melt and ion concentrations.
For instance the higher concentrations between0l@3weq (~1950-1990 AD) seen for
MSA, NOs” and NH" are accompanied by high melt percent, whereas High seen at
earlier times (~1900) did not result in higher mmcentrations.

Abstract: Changes in melt at the Lomonosovfonnaigiaare assumed to have a negligible
effect on the decadal variations of the investidatempounds.

Drilling site and meteorological settings: Measutedrehole temperatures in the upper 42 m
(between -1.7°C and -4.3°C) at the Lomo09 drill aite in good agreement with the average
borehole temperature at the Lomo97 site of -2.8°th winearly isothermal profile (Van de

Wal et al. 2002). Previous studies indicate thammer melt water in the study area is
refrozen mostly within the previous winter’'s snawd the remainder within the next two to
three lower annual layers (Samuelson, 2001). Patam length was found to be up to 8
years only in the warmest years during the 20thwgn(Kekonen et al., 2005; Moore et al.,

2005).

Page 24675: The average annual melt percent ofL.teo97 core was 41% (Pohjola et al.,
2002) compared to 31% of the LomoQ9 core. We tkaarae that the maximum percolation
lengths in the Lomo09 core do not exceed the eightial layers determined for the Lomo97
core. As a conservative estimate we used the 10ayeaage record of melt percent in the
PCA to examine the influence of melt on the N&shd NQ' records.
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The melt percent is the only parameter that hagga lbading in PC5. This suggests that on
the considered decadal time scale the influencmelf on the ion concentration averages is
negligible, which is in agreement with Pohjola &t(2002) and Moore et al. (2005).

Regarding the inconsistencies between Lomo97 amdoDd, we likewise conducted a PCA
with the Lomo97 data set for the pre-industrialigetr Similarly to the Lomo09, N© and
MSA have a high loading in the same component. Ddrao09 and Lomo97 nitrate records
agree well. This is also the case for the MSA rdspbut only back to 1500. Before, the
Lomo97 MSA shows an unexplained decreasing trendlamds 1200. For an actual
comparison between the two sites, further anallyage to be performed investigating records
of common time periods and resolution. This willthe subject of another study.

A few more specific comments:

p24672 - 123 As acknowledged by the authors ammomuanalyse can be tricky, and the
lower values compared to the Lomo97 results raiseonfidence in the data. However,
what was the ammonium blank concentration? Is it pesible that the higher values in
Lomo97 are due to a higher blank, which had not baecorrected for?

The procedure blanks of Lomo09 are not relevantifermeasured concentrations (e.g. 0.06
peqg/L for NH;"). We therefore deleted the sentence about blanks the manuscript. We do
not have information how the blank was treatedtierLomo97 core. In general, at both sites,
concentrations of NI (raw data) are frequently close to the detectimits of the analytical
methods during the preindustrial period. We theeefassume that the discrepancy is due to
contamination and analytical issues. During our gamreparation steps we minimise NH
contamination from lab air by melting ice samplesiN, atmosphere.

Three observations indicate that the Lomo09 sNidoncentrations are robust: 1) The

preindustrial Lomo09 values are generally lowerntithose of Lomo97 and therefore

contamination seems unlikely, 2) the Lomo09 prestdal ion balance is close to zero, and 3)
the 300 year records of NOand NH" from Holtedahlfonna (Beaudon et al., 2013) are in
reasonable agreement with the Lomo09 data (Figure 3

Sampling: Prior to analyses ice samples were meilteda N, atmosphere to reduce
contamination from the laboratory air.

Three observations indicate that the Lomo09,Nidoncentrations are robust: 1) The
preindustrial Lomo09 values are generally lower rththose of Lomo97 and therefore
contamination seems unlikely, 2) the Lomo09 prestrchl ion balance is close to zero
(Figure S2), and 3) the 300 year records ofsNghd NH," from Holtedahlfonna (Beaudon et
al., 2013) are in reasonable agreement with the d@dndata (Figure 3).

p24673 - 116 annual accumulation rate vs time alongith the raw ion data, as well as
relative change in temperature (from d180-H2O) to d@irther check for post-depositional
artefacts

Annual accumulation rates cannot be added singedteeavailable only for the period which
could be dated by annual layer counting (2009-17W3 also did not include a temperature
proxy, since the post-depositional artefacts are retevant on decadal time scales (see
above).

p24675 - 11 Not really, Fig.3 shows that Holte0O5 amonium is quite different compared
to Lomo09.
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NH," records of Holte05 and Lomo09 agree very wellradi®und 1800, but reveal indeed
different pattern in the 1700-1800 period.

The NH' record of another Svalbard core from Holtedahlfanspanning the last 300 years,
shows a differing pattern prior to 1800 but a semniktrong increasing trend as the Lomo09
record from the 18th century on (Beaudon et alL3{dFig. 3).
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