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Abstract. The 170 excess £170=560-0.52x §180) of = H,0,, and Q@ are the main oxidants contributing to sul-
sulfate and nitrate reflects the relative importance of their dif-fate formation, Monte Carlo box model simulations require
ferent production pathways in the atmosphere. A new record large & 260 %) increase in the 4OH mole fraction ra-
of sulfate and nitrate\1’O spanning the last 2400 years from tio over the Southern Ocean in the early 19th century to
the West Antarctic Ice Sheet Divide ice core project showsmatch the sulfaté\’O record. This unlikely scenario points
significant changes in both sulfate and nitrat&’O in the  to a deficiency in our understanding of sulfur chemistry and
most recent 200 years, indicating changes in their formatiorsuggests other oxidants may play an important role in sul-
pathways. The sulfatal’O record exhibits a 1.1 %o increase fate formation in the mid- to high-latitude marine boundary
in the early 19th century from (224 0.2) %o to (3.5t 0.2) %o, layer. The observed decrease in nitrat?’O since the mid-
which suggests that an additional 12—18 % of sulfate forma-19th century is most likely due to an increased importance
tion occurs via aqueous-phase production by @lative to  of RO, over G; in NOy cycling and can be explained by a
that in the gas phase. Nitrate!’O gradually decreases over 60-90 % decrease in thesDRO, mole fraction ratio in the
the whole record, with a more rapid decrease between thextratropical Southern Hemisphere N€ource regions.
mid-19th century and the present day of 5.6 %o, indicating an
increasing importance of RGn NOy cycling between the
mid-19th century and the present day in the mid- to high-
latitude Southern Hemisphere. The former has implicationsl Introduction
for the climate impacts of sulfate aerosol, while the latter has
implications for the tropospheric £production rate in re-  The formation pathways of tropospheric sulfate 43Q and
mote low-NQ, environments. Using other ice core observa- nitrate (NQ™) impact atmospheric chemistry and climate
tions, we rule out drivers for these changes other than variin a number of ways. The importance of gas-phase ver-
ability in extratropical oxidant (OH, & RO,, H2O2, and sus aqueous-phase sulfate formation will impact the con-
reactive halogens) concentrations. However, assuming OHyibution of sulfate aerosols to direct scattering of solar ra-
diation and indirect radiative effects via changes in cloud
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microphysics. Gas-phase $0 production has the potential in tropospheric @ photolysis (producing HE a precursor
to increase sulfate aerosol and CCN concentratibasgner  of H2O,) over Antarctica due to the stratospheric ozone hole
et al, 1992, while aqueous-phase production in existing since the 1970sLamarque et al.2011). Late 19th century
droplets can enhance the ability of those particles to act asneasurements of surfaces @sing the Schénbein method
CCN at lower supersaturationkgufman and Tanrel994). suggest very low preindustrial surface ozone mole fraction
Changes in nitrogen oxides (N@ NO +NQ,) cycling and ~ x(0s3) around 10 nmol moi! (Sandroni et a).1992 Pavelin
nitrate aerosol formation impactsroduction rates and the et al, 1999 at a number of sites in both hemispheres, im-
lifetime of NO, with implications for the oxidizing capac- plying that human activity in the 20th century has increased
ity of the atmosphere. Oxygen isotope measurements fronsurface x(Q@) by approximately 100 % in remote regions, al-
ice cores can provide insight into the formation pathways ofthough there is considerable uncertainty surrounding the re-
sulfate and nitrate aerosol and how they change over time&onstruction of these historic measurements. Because oxi-
(Alexander et al.2002 2003 2004 Hastings et aJ.2005. dants are generally not well preserved in any paleo-archive,
Quantitatively connecting changes in the oxygen isotopes ofhere is no other direct evidence of the magnitude of past
sulfate and nitrate to changes in atmospheric conditions reexidant changes. The triple oxygen isotopes of sulfate and
mains a key challenge in the application of these measurenitrate from ice cores have been suggested as a potential con-
ments to paleo-chemistry. straint on local to regional paleo-oxidant changes because the
A key control on the formation pathways of sulfate and sulfate and nitrate preserve the isotopic composition of the
nitrate is the abundance of the oxidants involved in their for-oxidants involved in their formation. However, their interpre-
mation. Atmospheric oxidants such as ozoneg)(é@nd the tation is complicated by other factors influencing sulfate and
hydroxyl radical (OH) play a central role in determining the nitrate chemistry and uncertainty in the spatial scale reflected
chemical makeup of the troposphere, as their concentrationsy measurements at a single location.
determine the lifetime and fate of reduced trace gases and the The first measurements of the triple-oxygen isotopes of
formation of aerosols including sulfate and nitrate, with im- sulfate from the West Antarctic Ice Sheet (WAIS) Divide
plications for climate and air pollution. Atmospheric oxidant ice coring project littp://www.waisdivide.unh.edy/span-
concentrations are strongly influenced by emissions $f O ning 1774-2005 CE show an increase in the early 19th cen-
precursors such as carbon monoxide (CO), methang)(CH tury, with stable values from the mid-19th century to the
volatile organic carbon (VOC) species, and nitrogen oxides present Kunasek et a.2010. The lack of changes since the
and are fundamentally coupled to each other via oxidant cy-mid-19th century is consistent with increases in bota@d
cling. Reactive halogens (e.g., BrO) also impact the chemH>0,, because they have offsetting effects on the sulfate iso-
istry of oxidants, sulfate, and nitrate in a number of waystopes Kunasek et a.201Q Sofen et al.2011). The present
(von Glasow et a).2004 Morin et al, 2007, Saiz-Lopez and work extends this record back another 2000 years and in-
von Glasow2012. cludes the complementary measurement of nitrate isotopes.
Our knowledge of past variability in the abundance of at- We compare these isotope records to other ice core chemical
mospheric oxidants is very limited. Global chemical trans- records and consider possible explanations for the observed
port models (CTM) have been used to investigate oxidantvariability in the A0 record.
changes based on emissions changes between the preindus-
trial (prior to 1750, 1800, or 1850 CE) and the present day
(between 1990 and 2010 CE). Most models suggest an in2 Background
crease in global tropospheri©+25 % to +63 %), an even
larger increase in pD, (+44 % to +130 %), but no consis- Thel’O excess4170 = §170 — 0.52 x §180) is an approx-
tent agreement in the sign or magnitude of the change in OHmate measure of the deviation from mass-dependent frac-
(—33% to +14 %), although most suggest OH has decreasetionation ofs1’0 ands'80. The formation of ozone produces
slightly (Sofen et al.2011 John et al.2012 and references a large positiveA1’O (Thiemens and Heidenreich983 that
therein). These global averages largely reflect changes iis then passed to other atmospheric species through oxidation
the tropics and Northern mid-latitudes where oxidant con-reactions Thiemens20086.
centrations are the highest. The lifetime of £hvhich is The mean and standard deviation of alt’O(0O3) ob-
controlled by OH, is also largely determined in the tropics servations is 255 %o (Krankowsky et al. 1995 Johnston
(Holmes et al.2013. However, the abundance and isotopic and Thiemens1997, Vicars et al, 2012, although due to
composition of shorter-lived species such as sulfate and nithe low abundance of ozone and potential interfering gases,
trate preserved in Antarctic ice cores is determined by pro-all of these methods may be subject to low biageeif-
cesses in mid-to-high southern latitudes. Ice core measuraiinkmeijer et al.2003. Because of the possible low bias in
ments of hydrogen peroxide $8,) indicate a 50 % increase the observations, studies of sulfate or nitratf’O have as-
in its Antarctic boundary layer concentration during the 20th sumedA1’O(0z) ranging between 25 %o and 35 %vlichal-
century due to a combination of the large-scale influence ofski et al, 2003 Morin et al, 2007 Kunasek et aJ.201Q
increases in CO and CHemissions and the local increase Morin et al, 2011, Sofen et al. 2011, Alexander et al.
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2012. A global modeling study suggests that’O(03) = 25 %o.. Such a change in1’0O(0z3) would lower AT’O(O3)

35 %o agrees best with global observationsAdfO(NO3z ™) by up to 2.6 %. from the preindustrial to the industrial pe-
(Alexander et al.2009. In this study, we useA\1’O(0s) riod. Using more recent calculations from the Atmospheric
= 25%. to be consistent with observations, but do sensitiv-Chemistry and Climate Model Intercomparison Project (AC-
ity studies assuming 35 %o.. The isotopic anomaly in ozoneCMIP) (Young et al, 2013 suggests a change in'’O(O3)

is preferentially distributed to the terminal oxygen atoms of 0.4 %0 to 1.8 %.. These calculations are highly uncertain
such thatA1’0(03)term = 1.5A0(03)puk (Savarino eta).  due to uncertainties in the preindustrial ozone budget and
2008. Depending on the reaction involving ozone, the re- stratosphere—troposphere exchange; however, the influence
sulting isotopic composition may reflect either that of the on A17O(03) is are small compared to the uncertainty in

AYO(O3)term or ATO(03)puik. A1’0(03) and the magnitude of the observed changes in
Observations  show AO(H,0,) = (1.3+0.3)% nitrate A1’O. Lacking further information, we assume that
(Savarino and Thiemend999. Generally, AYO(OH)=  A7O(0z3) is constant over the time period studied here.

0%o due to rapid isotopic exchange with water vafgoulfey _ 17
et al, 1997 Lyons 2001), but in polar regions where water 2.1 Sulfate chemistry andA*'O

vapor concentrations are low, OH may retain a small fraction ) o )
of the positiveA70 acquired from @ (Morin et al, 2007). While anthropogenic emissions dominate the present-day

Observations show170(0,) = —0.34 %o (Barkan and Luz Northern Hemisphere sulfur budget, marine biogenic emis-
2005. sions of dimethyl sulfide (DMS) and sea-salt sulfate repre-

rsent the majority of Southern Hemisphere sulfur emissions
(Bates et a.1992 Seinfeld and Pandi2006. Poleward of
35° S, > 75 % of sulfur emissions are from marine sources

Sulfate and nitrate both acquire a mass-independent (no
zero A170) oxygen isotopic composition from the oxidants
involved in their formation. The main oxidants relevant to ) : e
nitrate formation are § RO, (R=H atom or organic group), (SPiro etal,1992. Most DMS is oxidized by OH, N& and
OH, and BrO, while sulfate formation involves primarilgy©  BrO t0 SQ and then to S@z » and most of the remainder
H,0,, and OH. Hypohalous acids (HOCI and HOBr) may fprms methanesulfonic a.CId (MSA). The yield of MSA rela-
also be important oxidants for sulfate formation in the marinetiVeé t© SQ from DMS oxidation is enhanced at lower tem-
boundary layer\ogt et al, 1996 von Glasow et a}.2002, peratures Arsene et al.1999 or when the oxidant is BrO
but the rate constant for the reactions HOBOCI+HSO;~  rather than OHRead et al.2008. _
are unknown I(u, 2002. Sulfate and nitrateA'70 s in- The main tropospheric sulfate formation pathways are
fluenced solely by the relative importance of their forma- SUmmarized in Figla. The rate of sulfate production by
tion pathways $avarino et a).200Q Michalski et al, 2003, eac_h oxidation pathway is determined by c_>X|dant concen-
which depends upon the relative abundance of the differenff@tions and several other factors. 5 oxidized by OH

oxidants, the isotopic composition of each oxidant, and theln the gas phase, forming sulfuric acid0s). SO, may
number of oxygen atoms transferred during oxidation. also dissolve into cloud droplets, speciating into S(I¥) (

— 2— . .

In addition to the uncertainty in the present-day value of SC2-H20+HSO;™+S0577), where it may react with kD,
AY0(03), itis possible that17O(O3) has varied with time O3, hypohalous acids or Ocatalyzed by transition mgt—
due to variations in the relative importance of the flux of &!S Fe(lll) and Mn(il) to form sulfate. Cloud cover and lig-
stratospheric @to the troposphere compared with in situ uid water content impact the relatlvg importance of gas ver-
tropospheric ozone production. In situ production has be-SUS @queous-phase sulfate production. Cloud water pH influ-
come increasingly important for the tropospheric ozone bur-6Nc€s S(IV) speciation and therefore the sulfate_productlon
den in the industrial era due to anthropogenic emissiond@€ by Q. Finally, heterogeneous sulfate formation by O
of ozone precursord_glieveld and Dentene2000. Mea- ~ May occur on the surface of sea salt and dust aerosols, and
sured stratospheric and tropospheti¢’O(O3) show con- thus depends upon the available aerosol surface area. The
siderable overlap, with the troposphefid’O(Og) observa- lifetime of sulfate to loss via wet and dry deposition is about

' 17 2-

tions ranging from 17 to 37 %o and stratospheti’O(0z) ~ One weekRark etal.2004. TheA*'O(SQ;™) value of sul-
ranging from 25 to 41%. (mean and standard deviation offat€ formed by OH oxidation is approximately 0 %o, that by

33+ 4 %q) (Krankowsky et al.2007, and references therein). 1202 iS approximateI%/?CBS %o, and Q is —0.09 %o. Here,
The higherA70(0s) value for G formed in the strato- we assume the bulk+'O(03) = 25 %o, resulting in a sul-

sphere is due to pressure and temperature effects dugng Jate isotopic cornpo?i;[ion 0f 6.25 %o, but also conduct sensi-
formation Feilberg et al.2013 Guenther et al, 1999. As t|vl|t7y stud|§s usingA=’O(Og) = 35 %, forming sulfate with

an upper bound, we estimate the changeAl{O(O3) by 2 0904 _)22 8.75 %o. Sulfate formed by HOCI or HOBr
assuming a shift from 60 % stratospheric to 40 % strato-NaSA™'O(SQs™") near 0 %o, as the reaction proceeds via hy-
spheric contribution to high southern latitudg @uring the ~ drolysis, so the oxygen atom comes from a water molecule
transition from the preindustrial to industrial period follow- (FOgelman et al1989 Troy and Margerum1991).

ing Lelieveld and Dentenef2000 and assuming a strato-

spheric A1’O(03) = 33%0 and tropospherial’O(03) =

www.atmos-chem-phys.net/14/5749/2014/ Atmos. Chem. Phys., 14, 554%9 2014
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2.2 Nitrate chemistry and A1’O A

Nitrogen oxides are emitted into or produced in the atmo-
sphere via high-temperature processes including fossil fue
combustion, biomass burning, and lightning as well as via n 02

soil microbes and the atmospheric oxidation of ammonia. §Q, 2942, HSOg- m\so42-
Reaction of NO with O(D) in the stratosphere produces I HOX —%

NOy that enters the polar troposphere either via gas-phas
stratosphere—troposphere mixing or, after conversion to ni:
trate, via sedimentation of stratospheric aerosskgwitch

et al, 1989. Finally, photolysis of snowpack nitrate releases
NOx to the polar boundary layer that may re-deposit locally
or elsewhere in AntarcticaB(unier et al, 2005 Frey et al, B .-~ OH . Day
2009 Erbland et al.2013. Isotopic evidence suggests that HO/RO>

nitrate at an East Antarctic coastal site is derived from snow-

pack NG, emissions upslope on the East Antarctic plateau

(Savarino et a).2007). Antarctic boundary layer meteorol- NQ%~ ™™ “NOQﬁ’NOs HNO3 (gas/aa)
ogy suggests that WAIS Divide is located in an area of low- D C

level divergence of the katabatic winds and likely sees lit- 0.BrO N.O e

tle transport across the Transantarctic Mountains from Eas 3,5 NO> 285

Antarctica Parish and Bromwich2007, suggesting that Night

WAIS Divide is not strongly influenced by fluxes of NO

and NG~ from Ea§t Antarctlga N the present day. .Recent Figure 1. Summary of major(A) sulfate production pathways
trape gas observgtlons pomblned with NOAA Hysplit back- (B) nitrate production pathways. “HOX2 HOBr or HOCI:
trajectory analysis starting from 10m above the surface atss» — sea salt; “het = heterogeneous reactions on the surface of
WAIS Divide find that during a three-week study period, aerosols. HN@ formed through the heterogeneous reactions is
27% of air masses came from the East Antarctic Plateauformed in the aqueous phase, while the other pathways produce
with an additional 41 % contribution from lower elevations gas-phase HN§ HNOg partitions between gas and aqueous phases
(< 2500 m) East Antarctic locationdd@sclin et al, 2013. based on aerosol thermodynamics. Aqueous-phasezHhiy dis-
However, they find that the lifetime of NOand HNGQ; is sociate into H +NO3~. Dashed lines indicate photolysis reactions.
short enough that East Antarctica is not expected to be a ma-

jor source of NQ or nitrate to WAIS Divide in the present

day. The relative importance of these N&burces to nitrate  isotopic composition, unless otherwise specified. The global
deposited in West Antarctica and how they may have variecaverage lifetime of nitrate is 4—6 days and is lost from the at-
on long timescales is not well quantified/¢lff et al., 2008 mosphere via dry and wet deposition to the surfate dnd

and remains a topic of active research. Penner2012.

In sunlight (daytime or polar summer), N©@ycles rapidly The oxygen isotopic composition of nitrate
via oxidation of NO by @, RO, or BrO and photolysis of (A1’O(NOs™)) is determined by the isotopic composi-
NO,. Figurelb illustrates the major nitrate formation path- tion of NO, (AYO(NO)) and the oxidation pathways
ways. NG is oxidized in the daytime by OH to form HNO  of NO, to nitrate. TheAT’O(NQ,) is determined by the
or by BrO to BrONQ. Formation of BrONQ is followed by relative abundance of )R0O,, and BrO. NG formed by Q
hydrolysis to form HNQ on the surface of aerosols. At night, exhibits a higher isotopic value than the bulR’O(0z), as
NO, is oxidized by @ to form the nitrate radical (N§), fol- the isotopic anomaly in &is preferentially positioned in the
lowed by conversion to HN®via hydrogen abstraction of terminal oxygen atoms that are transferred to,NSavarino
either DMS or hydrocarbons (HC) or by,Ns hydrolysison et al, 2008. Since, two of the three oxygen atoms in nitrate
the surface of aerosols. During daytime, §i® photolyzed ~ come from NQ, AYO(NO3~) equals$A7O(NO,), plus
back to NQ, preventing significant daytime nitric acid pro- the isotopic anomaly transferred in the oxidation of NO
duction by these latter reactions. Once formed, aerosol themitrate. For a given value af1’O(NO,), NO,+OH produces
modynamics determine the partitioning of nitric acid be- the lowest ALYO(NOs™) value, and N@+DMS/HC or
tween the gas phase and aerosol phase. In the aerosol pha8ONO, hydrolysis produce the highesa’O(NO3™).
HNO3 may dissolve in water and dissociate intd $+iNO3 ™. Observations ofA1’O(NO3™) from Antarctic aerosol range
The oxygen isotopic compositions of HN@nd NG~ are  from 20 to 43.1 %o $avarino et a).2007). Postdepositional
indistinguishable, as gas—aerosol partitioning will only pro- processing also impacta'’O(NO3~). When snowpack
duce a mass-dependent fractionation. References to “nitrateNOs ™ is photolyzed, released to the boundary layer ag,NO
andA’O(NO3 ™) refer to the sum of HN@+NOs~ andits  and oxidized back to N&, it acquires aAl’O reflecting

Atmos. Chem. Phys., 14, 574%769 2014 www.atmos-chem-phys.net/14/5749/2014/
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oxidant abundances local to the sunlit Antarctic boundarycore records between hemispheres. The high accumulation

layer. rate at the site also has the potential to mitigate the impact of
_ - postdepositional processes on many chemical species such as
2.3 Nitrate 5N H>0, and nitrate. In addition to a long core (WDCOBA) that

almost reaches the ice sheet bed, a number of short cores of
approximately 100 m were drilled to provide greater ice vol-
ume for studies of the recent past and development of new
analytical techniques.

The nitrogen isotopic composition of nitrat&{N(NOsz ™))

in snow and ice is thought to be mainly influenced by the
source of NQ and the extent of postdepositional loss of ni-
trate from the snowpack\Vorin et al, 2009 Savarino et aJ.
2007). NOy sources span a range &°N(NOx) =—49to 5,
+25%o (Felix et al, 2012 and references therein), but are
uncertain due in part to fractionation during N@ollection 114 upper 577 m of the WAIS Divide ice core, spanning the
(Fibiger and Hastings2012). Mid-latitude aerosol measure- ime period from 427 BCE to 2006 CE with a dating uncer-
ments.of815l\_l(N03‘) suggest a narrower range, _vvith.anthro- tainty of approximatelyt 2% (McGwire et al, 2011, was
pogenically |nfluencedl5N(N031;) = 0-6%o, while nitrate g3 mpjed for measurement of the isotopic composition of sul-
from natural NQ sources hag™N(NO3™) = (—=4+£2)%  t5te and nitrate. Ice samples from the WAIS Divide ice cores
(Morin et al, 2009. _ _ were cut at the National Ice Core Lab (NICL; Denver, CO,

_ Photolysis of nitrate in s.nowpack followed by ventila- USA). Each section consisted of a 3sn8cm cross section
tion of the released Npgnnches snowpack*N(NO3™) pieces, generally 1 m in length. Based upon concentration
and is a source of oWw=N NOy to the boundary layer eagurements, 1 m sections were combined to achieve sam-

(Honrgth et al., 1999 Blunigr et al, 2009. However, the ple sizes adequate for isotopic analysis. Low sulfate concen-
magnitude of the fractionation factor due to photolysis re-yraiions in the ice required the combination of 7-15m of ice

mains uncertainBrbland et al.2013, and the actual impact per isotopic analysis, corresponding to 27—68 a of snow ac-
on snowpack*>N(NO3~) depends on the extent to which .\ iation per sample.
NOx is exported from a site before redeposition. The amount o116 1 summarizes the sampling and isotopic measure-

of posltsdepositional loss, and therefore the extent of SNOWent scheme. Sulfate isotope measurements were conducted
packs™N(NO3™) enrichment, depends upon snow accumu- g, gjy samples from the WDCO5A core between the sur-

lation rate Erey et al, 2009 and the concentration of UV ¢06 and 69.80m and were previously publishidnasek
absorbing impurities in the snowZ#tko et al, 2013. The et al, 2010. Nitrate 515N was measured on 70 samples of

extent to which snowpack NOis emitted from the snow 55 00ximately 1 m length from the surface to 69.80 m in the
to the overlying atmosphere and the extent to which thatyncosa core. NitrateAl’O was measured at 1m reso-

NOy is transported before oxidation and redeposition re-yion on 121 samples between the surface and 129.196 m

mains highly uncertain due to challenges in both the mea;, 1o WDCO05Q core. The 1 m resolutié®®N(NOs~) and

surement and modeling qf snowpack and polar boundaryA17O(N03—) were measured on separate ice cores because

layer NO. Low-accumulation rate (0.027-0.035mawa- e process of evaporating the melted ice sample on a low

ter equwalcigt at Dome C) East Antarctic Plateau sites havgg ey ¢) hot plate in a laminar flow clean hood to concentrate
- 0,

snowpacki=>N(NOs™) up to 340%. Erbland et al.2013. the nitrate forA?O(NO3 ™) analysis was found to fraction-

ate s15N(NOs ™). Upon adoption of a new method of con-

Ice core sampling

3 Methods centrating nitrate using an anion exchange resin following
Frey et al.(2009, all three sets of isotoped1’O(SOs%),
3.1 Description of the WAIS Divide site and cores ATO(NO3™), and§*>N(NO3 ™), were measured on thirty-

two samples from the WDCOG6A core between 114 m and
The West Antarctic Ice Sheet Divide (WAIS Divide) ice core 577 m.
site is located at 79.48B, 112.085W at a surface eleva-
tion of 1176 m. The site was selected due to its proxim-3.3 Isotopic analysis
ity 24 km downslope from the ice flow divide — providing
good ice stratigraphy — and its present-day annual accumu3.3.1 Nitrate isotopes
lation rate of(0.22+ 0.04) ma ! water equivalent — com-
parable to Greenland summit ice cores. The accumulatiorFor the 32 samples measured on the WDCO6A core, af-
rate is calculated based on annual layer thickness correctetgr melting the ice samples in a laminar flow clean hood,
for ice flow strain and densification and is found to have de-500 mL aliquots were taken for nitrate isotope analysis. All
clined gradually over the past 2400 years from a maximumnitrate isotope measurements on the WDCO6A core were
of 0.28 mal, with very little change since 1700 CEF¢- conducted in triplicate. The melt water samples are con-
gyveresi et al.2011). An accumulation rate comparable to centrated using the anion exchange resin prior to conver-
that in Greenland allows for direct comparison of many ice sion of nitrate to MO via bacterial denitrification using

www.atmos-chem-phys.net/14/5749/2014/ Atmos. Chem. Phys., 14, 554%9 2014
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Table 1.1ce core sampling resolution and isotopic measurements.

Core Depth range (m) Depth res. (m) No. of samples  Measurements
Time range Timeres. (@) (No. of replicates)
WDCO5A 0-69.8 7.03-12.86 6 A7O(SO427)
1774-2005 CE 27-44 o)
WDCO05A 0-69.8 0.875-1.12 70 $15N(NO3™)
1774-2005CE 1.8-4.8 Q)
WDCO05Q 0-129.17 0.546-1.37 121 AT"O(NO3 ™)
1521-2000 CE 2.3-6.1 3)
WDCO06A 114-577 12-15 32 ATO(SO%7)
427 BCE-1586 CE 50-68 1)
WDCO6A 114-577 12-15 32 AT"ONO3™)
427 BCE-1586 CE 50-68 3
WDCO06A 114-577 12-15 32 §I5N(NO3™)
427 BCE-1586 CE 50-68 3)
Table 2. Sulfate model isotope assumptions. (USGS-34: AYO(NO3™) = —0.1%0 and §1°N(NO3™) =
1.8%0; USGS-35:A"O(NO3™) = 21.6 %0; and IAEA-N-
Pathway Sulfate\ 170 (%) 3: 815N(NO3™) = 4.7 %) and in-house laboratory standards
SO, +OH 0.0 over a range of sizes. Uncertainty in th®N(NOs™) from_
SUV) + HpOy 06 the WDCOBA core and aIA”O(I\!O{) measurements is
S(V) + 03 %AUO(Os)bulk the maximum of t_he standard dev_latl_o_n of the trlpllt_:ate_mea-
S(V) + 0, _01 surement due to inter-sample variability or uncertainty in the
S(IV) + HOCI/HOBr 0.0 yield correction. A fixed uncertainty of 0.55 %o is used for

§15N(NO3™) from the WDCO5A core, based on the &rror
in the 10 duplicate measurements.

Pseudomonas aureofacieriBhe NyO is then decomposed 3.3.2 Sulfate isotopes
into O>+N> in a heated gold tube in a quantitative manner
for isotopic analysis 0§1°N andA170O (Sigman et a.2001;,  The rest of the melt water (approximately 6-14 L), intended
Kaiser et al, 2007). for sulfate isotope analysis, was heated on a hot plate t€60
The samples at 1 m resolution were measured prior tdn a laminar flow hood to concentrate the sample by evapora-
those from the WDCO6A core and underwent a slightly dif- tion to approximately 50 mL volume. Sulfate was separated
ferent process. from other anions using a Dionex 2000 ion chromatograph
The upper 69.80 m of the WDCO5A core was sampled atwith an lonPac AG15 column (4 50 mm) for anion precon-
1m resolution fors1°N(NO3 ™) analysis. Seventy ice sam- centration, lonPac AG19 guard columnx40 mm), lonPac
ples were melted in a laminar flow clean hood, and aliquotsAS19 separation column (4250 mm), ASRS-Ultra Il sup-
were taken (without pre-concentration) for conversion of ni- pressor (4 mm), and Dionex conductivity detector. The ex-
trate to N O via bacterial denitrification usingseudomonas tracted sulfate (as $50, solution) was frozen and shipped
chlororaphis which allows for smaller samples th@ au-  to UCSD where it was converted to A8O; using an Ag
reofaciens and measured via continuous flow isotope ratio exchange resin. Thal’O(SO,?~) was measured at UCSD
mass spectrometry. Duplicates were conducted at 10 depthsising the silver salt pyrolysis method describedkmnasek
For the 114A’O(NO3 ™) measurements on the WDCO05Q et al. (2010 and Savarino et al(2001), except that sulfur
core, ice samples were melted and then pre-concentrated kigotopes were not measured beyond the upper 70 m as they
evaporation on a hot plate in the laminar flow clean hood. Theproved difficult to interpret Kunasek et a).2010. Due to
sample nitrate was then converted tgNandA1’O(NO3~)  sample size requirements, only a singl&’O(SO;%~) anal-
was measured as described above for the WDCO0O6A sampleysis was performed for each depth interval.
although onlyA’O(NO3~) measurements were used, not  SulfateA’O is first corrected for isotopic exchange with
S15N. quartz Schauer et g1.2012 then for sea-salt sulfate based
Nitrate AT’O(NO3™) and §1°N(NO3~) are measured on high-resolution N& measurements from continuous-flow
relative to VSMOW and air B respectively. Their val- analysis (performed at the Desert Research Institute (DRI))
ues are corrected for nonlinearity associated with sam-averaged to the resolution of the isotope measurements.
ple size based on replicate measurements of internationale assume a sulfate-to-sodium ratiokof 0.25 (Holland,
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Table 3. Nitrate model isotope assumptions.

Pathway Produch 1’0 (%)
NO+HO2—>NO; 0.0

NO+03—NO; 1.18x A0(Og)pyik + 6.6
NO+Bro—NO; 1.5 x A Opyk

NO,+05 228 HiNOg 1123 % AL7O(Og)pyik +9.0) + 2AL7ONO,)

N>O
NO, 403225 HNO3 1 [%(1.23 x AT70(03)puik + 9.0) + %A”O(Noz)] + $AT70(NOy)

NO,+BrO—HNO;3 1(15x AYO(O3)puik) + 5A17O(NOy)
NO,+OH—HNO3 £AYONOy)

1978. An uncertainty in theA’0(S04%2~) measurements of Savarino et al(2000. The nitrate calculation is somewhat
of +£0.3 %o is determined from thecdl error in the repeated complicated by the two-step oxidation of NO to QO The

measurement of standards. nitrate model first calculates the ratio of the steady-state pro-
duction rates of N@by O3 and RGQ and the isotopic compo-
3.4 Box model description sition of NGO, is calculated based on this ratio and the isotopic

composition of @ and RQ. This represents 2/3 of the final
To interpret the observations ofAl’O(SO4%") and isotopic composition of the nitrate. This is followed by the
AT’O(NO3™) to changes in mid- to high-latitude Southern oxidation of NG to NO3;~ by OH or to NG by Os followed
Hemisphere oxidant abundances, we developed a Montby N,Os formation and hydrolysis or hydrogen abstraction
Carlo modeling framework for box models of the production by DMS or hydrocarbons to form N . In oxidation of NG

and isotopic composition of sulfate and nitrate. by OH, since we assumal’O(OH) is 0, ATYO(NO3 ™) is
simply%A“O(NOz). The isotopic transfer functions associ-
3.4.1 Model design ated with the other oxidation pathways are shown in T8ble

To account for the internal isotopic distribution of ozone, we

The nitrate box model chemistry was previously describeduse the isotopic transfer function 8avarino et al(2008 for
by Kunasek et al(2008. The sulfate box model chemistry NO+ Oz and that oBerhanu et al{2012) for NO, + O3z and
scheme is the same as that used in sulfate isotope simulassume that for reactions involving BrO, the oxygen comes
tions in the GEOS-Chenhftp://www.geos-chem.ojglobal entirely from the terminal oxygen atom of ozoklerin et al.
three-dimensional chemical transport modBley et al, (20079); Vicars et al(2012.
2001 Park et al. 2004 Alexander et al.2012. Both box Halogen chemistry is included in both nitrate and sulfate
models calculate monthly mean production rates for eachmodels as a sensitivity study. In the nitrate model, we include
pathway described in Sec&1and2.2and shown in Figl. both NO+BrO and NQ+BrO followed by the hydrolysis of
The sulfate model goes a step further to calculate concenBrONO, on aerosols as iKunasek et al(2008. In the sul-
trations based on the production rates from the box modefate model, we include agueous-phase sulfate production by
using Southern Ocean boundary conditions and the globaboth HOBr and HOCI using assumed (for HSQ and mea-
mean lifetime for each form of sulfate (gas-phase, aqueoussured (for S@®~) reaction rate constant&ggelman et a.
or heterogeneous) based on a global sulfate aerosol simuld989 Troy and Margerum1997).
tion (Alexander et a].2009. This step is not necessary for
nitrate, because the thermodynamic partitioning of nitrate be3.4.2 Model boundary conditions
tween gas and aerosol phases means that the lifetime of ni-
trate is independent of its production mechanism. Box model boundary conditions are generally taken from

Convolving the models monthly mean production ratesa GEOS-Chem simulation of the year 2005 for the geograph-
(nitrate) and concentrations (sulfate) associated with eaclical region of interest (Southern Ocean and South American
formation mechanism, the oxidant isotopic composition, andboundary layers for sulfate and nitrate, respectively). For the
isotopic transfer associated with each pathway shown in Tanitrate model, the fraction of the month in daylight is calcu-
bles2 and 3 allows the calculation of the monthly and an- lated based on latitude (58).
nual mean isotopic compositions of sulfate and nitrate. The Sulfate model boundary conditions include concentrations
sulfateA170O calculation utilises the concentration of sulfate of SO, HNO3, O3, OH, HyO5, dust (in four size bins: 0.1—
formed by each oxidation pathway and its corresponding iso-1.0, 1.0-1.8, 1.8-3.0, 3.0-6.0 um), and sea salt (in two size
topic composition as shown in Tabk The AT7O(SOs?7) bins: 0.1-0.5, 0.5-10 um). Physical parameters include air
values shown in Tabl2 are based on the experimental results density, temperature, specific humidity, and surface pressure.
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For aqueous phase chemistry, cloud water pH is varied beealculation of ATYO(NO3™) or AT’O(SO4?~) and concen-

tween 4.5 and 6.0 to span the pH range across which aquérations in any given time period. Therefore, we focus on the

ous sulfate formation and1’0O(S04?") are highly sensitive magnitude of the change in!’O between time periods of in-

to pH. Observations of cloud water pH in clean marine en-terest, since the potential biases in the isotopic assumptions

vironments span a range of 3.8—6Fh(oona 2009 and ref-  will be similar for each time period.

erences therein). We neglect consideration of{p#5 be- The above box model approach does not include cou-

cause it is unlikely to occur over the remote Southern Ocearpling between oxidants as if they are in a photochemical box

and these acidic conditions are unlikely to produce sulfatemodel. However, a photochemical box model will not pro-

with a A0 consistent with observations, as sulfate forma-vide an accurate representation of the relationships between

tion by Oz will be suppressed. Cloud liquid water content oxidants on the time or spatial scales of interest because of

is taken from GEOS-Chem, where it is calculated based orihe stiffness of the system as determined by the large differ-

temperature, and cloud fraction from GEOS-Chem is scaledence in lifetimes between OH ands@Beinfeld and Pandjs

to Southern Ocean low cloud fraction observatidbagtman  2006. Furthermore, the model does not allow for the mix-

et al, 2011) while retaining its calculated vertical structure. ing of sulfate or nitrate from multiple regions/sources that is
Nitrate model boundary conditions include concentra-likely representative of samples from WAIS Divide. While

tions of NO, N@Q, HO,, O3, OH, NGO, VOCs (aldehyd- a global model would provide this, it would be less flexible

ede, > C4 alkanes,> C, aldhydes), DMS, and Ds, as  for exploring how chemistry changes impaxt’O.

well as the photolysis rate of NQNO, production rates by

RO, and G, and aerosol surface area from GEOS-Chem.

Physical parameters include air temperature and air densityy WAIS Divide ice core observations

When BrO is included, we assume a fixed concentration of

1 pmol mol1, Figure 2 shows the WAIS Divide ice core measurements
of AT0(S0s?7), AYO(NO3™), and §*5N(NOz™). This
3.4.3 Monte Carlo approach record represents the first ice core recordAdfO(NO3™)

and A’0(SO4?~) sampled continuously over the past 2400
The mean and standard deviatios,y) of each monthly  years.
oxidant concentration is calculated based on the spa- A’O(SOs?7) is sampled at 7-15m (27—68 years) res-
tial variability across the region of interest (Southern olution and varies between 1.8%. and 3.7 %0 over the en-
Ocean forA7O(SQ4?"); extratropical South America for tire record (Tablel summarizes the sampling and isotopic
AYO(NO3™)) in a present-day simulation using the GEOS- measurement scheme). Prior to 1810 @B/O(SO;%") is
Chem global chemical transport model. Each iteration of theless than 2.8%.. From 1810-2005CR’O(S04%") is
Monte Carlo model encompasses a year-long simulation ofjyreater than 3 %o, with a maximum of 3.7 %. between 1837
sulfate or nitrate chemistry. To span a large range of oxi-and 1880 CE. There is a 1.1%. difference in the mean
dant conditions, each oxidant is independently varied overAl’0(S0s27) between the period prior to 1810 and that af-
3oox to produce a wide Gaussian distribution of possible ox-ter 1837. The 1810-1837 sample is excluded from this anal-
idant conditions (preserving the seasonal cycle), while allysis because it is strongly influenced by the 1810 and Tamb-
other boundary conditions are held constant (Sedtjusti- ora volcanic eruptionskunasek et a).2010. At the same
fies these assumption that other boundary conditions are heldime as the increase in1’0(S04%7), there is a decrease in
constant). In each iteration, the monthly mean oxidant con{MSA] and a slight, but not statistically significant, decrease
centrations from GEOS-Chem that serve as boundary condiin the[MSA] /[nssSQZ*] ratio, although MSA records may
tions are scaled by a factor drawn from thg3distribution. be compromised by acid-driven mobilization of MSA around
For each simulation, the monthly and annud’O(S04%™) volcanic peaks. This is suggestive of a change in the chem-
or ALYO(NO3™) is calculated. The box model is run repeat- istry of DMS oxidation at the same time as the observed
edly for approximately 10,000 simulations. We then searchchange in the chemistry of S@xidation. However, changes
for pairs of simulations that match the observed change irin the [MSA]/[nssSQZ*] ratio could be driven by either
A0, These pairs of simulations that match th&’O ob-  temperature (influencing reaction rates), oxidant abundances
servations provide the corresponding changes in annual meai®©H).
oxidant concentrations required to match the ice core obser- A’O(NO3™) is sampled at 1 m (1.8-4.8 years) resolu-

vations. tion in the upper part of the core (0-129m depth, span-
ning 1521-2000 CE) and varies between 21.4 %o and 43.7 %o.
3.4.4 Model limitations Figure 4 includes an expanded version of the 1 m resolu-

tion data from Fig.2. Large intersample variability in the
There is uncertainty in the assumad’O of oxidants, the  high-resolutionA1’O(NO3 ™) record highlights its local na-
isotopic transfer from oxidants to products, and the chemicature, in that it represents the signal of N©ycling and ni-
mechanisms in the box models, all of which could bias thetrate formation in the NQsource regions. Prior to 1586 CE,
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changes in botm\’O(NO3™) and ATO(SO4%~) occur in

the period after 1800 CE. The maximutrt’O(SOs2") oc-

curs in the sample spanning 1837-1880 CE with slightly

lower values in the more recent samples, but the entire pe-

riod 1837—2008 has a highex1’O(SO;2~) than any ear-
03 lier sample and the post-1837 samples are indistinguishable
c from each other within the laboratory precisiah@.3 %o). In
contrast to the step increaseAt’O(S04%"), ATO(NO3™)
gradually declines throughout the past 1000 years, with
a more rapid decline beginning in the 1860s. While there
is short-term variability in the 1 m resolutioh’O(NO3™)
record in the 1500s that is comparable in magnitude to the
recent decline inAT?O(NOs™), on the 100 to 200 year
| | | timescale, the downward trend in1’O(NOs~) between

0 0 e 1500 2000 1863 and 2000 CE is statistically distinct from any other cen-

Timescales: WDCOBA-5, 05A-2 and 05Q chemistry (McConnell-080410) tennial trends in the 1 m resolution record (1521-2000 CE).
Trends for all 100 year intervals with starting dates of 1521—

IS
T

Sulfate A'O (%
N\;w
§
. i T

w
o
Nitrate A0 (%

o

Nitrate 8'°N (%
o o

o

Figure 2. Measurements oiA170(S0427), AT?O(NO3™), and . 1
815N(NO3 ™) in the upper 577 m of the WAIS Divide ice core. 1859 CE have a mean slope 0+0.5:2.3) % century™™,

Each horizontal line segment indicates the time interval of that sam-Wh'Ie those trends starting af;[er _18_63 CE have a mean
ple. Shading indicates the measurement uncertainty based on thOP€ Of (—6.7+0.8) %o century =. Similarly, the decrease
replicate analysis of standardaX’0(S0,27)) or replicate sam-  In AY?O(NO3z™) when averaged to the resolution of the
ple measurements\é’O(NO3 ™), $15N(NO3™)). The recent part ~ AY7O(SO4?7) data is—5.6 %o from 1878 to 2000 CE.
of the nitrate isotope records are measured at 1 m resolution (see Finally, there is a downward excursion &t’O(SQs2"),
Fig. 4 for an expanded version of this record); the 1m resolu- ATYO(NOs™), and §1°N(NO3™) around the year 360 CE.
tion measurements and their analytical uncertainty are shown inmmhe magnitude of the excursionml7O(NO3_) is compara-
thin lines and shading and the thicl_< Iir_1es through this port_ion ofplein magnitude to the changes observed between the 1860s
the Al7O(_NOs__) and 615N(NO3 ™) indicate thﬁ CO”C%T”"“O”' and the present day. There is no evidence of contamination
weighted isotopic values at the resolution of the’ O(SOz<7). in these samples and the deviation in bQ&WO(NOg_)
ands1°N(NOs™) spans multiple samples. However, no other
chemical tracers from the WAIS Divide ice core show a sim-
AYO(NO3z™) and §'°N(NOs™) are sampled at the same ilar excursion. At this time, we do not attempt to explain the
resolution asA’O(SQ4?~). For the consideration of long- observed isotopic deviation around 360 CE and instead focus
term trends and comparison 10-’O(SO4?7), the 1 m reso-  on the sustained changesAd’O(SO4?~) andAT’O(NO3™)
lution AYO(NO3™) ands1>N(NO3 ™) records are smoothed between 1800 CE and the present.
by calculating a concentration-weighted average of the 1 m
resolution nitrate isotope data to the temporal resolution of
the AT’O(S04%) measurements. Considering these low-5 Comparison of AL7O to other ice core records
resolutionA’O(NOs;™) data, the maximunma’O(NO3;™)
of 37.8 %o occurs between 802 and 865 CE. The minimum ofTo try to constrain the interpretation of the obsernetfO
26.7 %o occurs between 1977 and 2006 CE. changes, we compare the sulfate and nitrate isotopes to other
The ice cores’™>N(NO3™) at 1 m resolution (0-69.8m; ice core measurements (listed below in Sect®rAsnd5.2)
1774-2005 CE) varies between 1.0 %0 (1787-1791 CE) androm WAIS Divide that are related to sulfate and nitrate for-
15.7%0 (1961-1964CE and 1998-2000CE). The low-mation (Figs.3 and4). These measurements are made us-
resolutions1°N(NOs ™) varies between 1.5 %o (316—370 CE) ing continuous-flow analysis (CFA) at DRI, following meth-
and 9.9%. (1422-1481 CE), with a gradual upward trendods adapted fronMcConnell et al.(2002 2007, providing
since 370 CE. WAIS Divid&s1>N(NO3 ™) does not exhibit  centimeter-scale resolution, which are averaged to the reso-
the large enrichments observed in East Antarctic sites andlution of the isotope records presented here.
are similar in range t61°N(NO3 ™) from Greenland summit The continuous-flow measurement of MSA has not been
ice cores £15.3-16.7 %o) Hastings et al, 2004. The sim-  previously published, and is briefly described here. MSA
ilarity to Greenland is likely due to comparable snow accu-was analyzed by pumping a portion of the degassed CFA
mulation rates (0.22-0.25 mmAwater equivalenEegyveresi  melt stream to an electrospray ionization triple-quad mass
et al, 2017 that limit the degree of postdepositional process- spectrometer (ThermoFinnigan Quantum). The meltwater
ing. (150 L mirrt) was mixed with HPLC grade methanol
While there is significant variability in the low-resolution (50 uL min~1) that was spiked with deuterated MSA as an in-
A0 data in the early part of the ice core record, the largesternal standard (CE50; ). MSA and deuterated MSA were
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Measurements of ice core acidity (FR).or calculated [H]

based on sulfate, nitrate, and ammonium concentrations pro-

Il IVt B Vo T VO 2 vide the best available insight into possible changes in cloud

e . water pH, which impacts S(IV) speciation and the relative

'o:” 1 b importance of oxidation by @and HO,. However, the acid-

< i ity record shows little variability, and1’O(SQ4?~) does not

0 T correlate with either ice core acidity or f{, making it un-
W?sﬁ likely that a change in cloud water pH could explain the ob-

—— g served change in170(S04%").

Nl e Similarly, ATO(SQ4?~) shows no correlation with con-
g_“ P L centrations of transition metals (Fe or Mn) (F8).that may

3 impact the aqueous-phase oxidation of S(IV) by. Gur-
Je= thermore, CTM studies indicate that metal-catalyzed oxi-
A | dation of S(IV) is a minor sulfate production pathway in

| the extratropical Southern Hemisphemlgxander et al.
WWLJL 2009 Sofen et al.2011). The lack of a relationship between

) ) AY0(S0427) and transition metal concentrations or acidity

% is notable, as it has been demonstrated that metal-catalyzed
T — 2 oxidation of S(IV) by Q is important for describing the ob-

{ served variability ofA1’O(S04%7) in a Greenland ice core

- over the same time perio&¢fen et al.20117).
- AYO(SO4%7) does not show a statistically significant cor-
e T S

n
[=}
o

[Sulfur] (ppb)
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1

Acidity (uM)
-

e P o W

O(H,0) (%)

e relation with [Na"], a proxy for sea salt (Fig). Sea-salt sul-
40 200 0 200 400 65$ sgg Ew‘oo 1200 1400 1600 1800 2008° %o fate represents 15-22 % of the tc_)tal sulfate in thesg samples.
Timescales: WDCO6A-4, 05A-2 Zﬁ:i(OSIQ')chemistry (McConnell-080410) HOWGVGI’, [Nd] does not Change inthe early 1800s in a sim-
ilar way to AT7O(SO4%7). The step change in170(S04%")
Figure 3. Low-resolution sulfate and nitrate isotopes compared tois present in the record prior to correction for sea-salt sulfate.
measurements of accumulation rate, nitrate concentration, MSA A17O(SO42_) and sulfur concentrations (Fi@) are not
concentration, sulfur concentration, sodium concentration, acidity,correlated. This suggests that variability at7O(SOs2)
and 5'%0(H20) from the WDCOBA core (except for nss§®’, s not controlled by changes in the magnitude of the sulfur
ggtn; WDC05Q) averaged to the resolution of the sulfate isotopeg, . 0q or the sulfur source region, as a change in the source
' region that impacted sulfate formation would likely be ac-
companied by a change in the amount of sulfate transported

detected in negative ion mode at the 95/80 and 9839  to WAIS Divide.
transitions (Saltzman et al., 2006). The internal standard was Hydrogen peroxide is the one oxidant species that can be
calibrated against aqueous MSA standards and the conceflirectly measured in ice cores. Oxidation of S(IV) by®}
tration of MSA in the ice core was determined from the ratio iS thought to be the dominant sulfate formation pathway
of the undeuterated and deuterated signals after minor blan@lobally. SinceA’0(SQ;?") of sulfate formed by KO,
corrections. is only 0.65 %o, an increase inJd; in the southern high
Records that come from the same core as the isotopéatitudes should decrease’’O(S0;*) at WAIS Divide.
record of interest are averaged with respect to depth. Foe find that the WAIS DivideA’O(SOs*7) and [H0;]
comparison of measurements between different cores, highecords (Fig.3) are not correlated. Ice core $8] does
resolution data is divided into segments to match the resolunot significantly change during the early 19th century when
tion of the isotope data in the time domain and then averagedh'’O(SQs%") undergoes a step increase. HoweveQpin-
based on depth. creases by approximately 60 % in the period after 1837 CE,
We calculate correlation coefficients and determine theirwhenA’O(SQy%") remains relatively constant.
statistical significance using the value (< 0.05) with the There is no available ice core proxy for fractional cloud
number of degrees of freedom adjusted based upon the autgover or cloud liquid water content, both of which impact

correlation in the time serie8fetherton et a).1999. sulfate formation and thua!’O(S04%7). We assume no
change in these parameters based on the fact that climate has

been relatively stable over this time period, as indicated by
temperature proxies (e.g180(H,0)).
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5.2 AYO(NO3™) comparison

N WA
o © o
T

Due to the fact that b, forms via the self-reaction of
HO»,, we would expect the large-scale increase yOblto

be reflected in a decrease mt’O(NO3~) due to the in-
creased importance of Hn NOy cycling as long as the rel-
ative increase it (HOy), wherex represents the mole frac-
tion, is greater than the increasexitO3). We would expect

a larger change im1’O(NOs;™) than KO if organic per-
oxides were also increasing, since® may not be influ-
enced as strongly by changes in organic peroxide concentre

tion x(ROy) as it is by HQ. However, this may be alleviated

5
by a simultaneous increaseiOs), sinceAT’ONO3 ") re- &, N aan A e J"JJ
flectsx(03) / x(RO). If AY’O(NO3™) is influenced by local S 34%WMWMW
Antarctic boundary layer chemistry, we expectONOs ) & s e —io v om0 o0 100 200
to decrease at a more rapid rate beginning in the 1970s du~ Year (C.E.)
to the impacts of the recent increase in UV flux OQOj Timescales: WDC05Q chemistry (McConnell-080410)

(Lamarque et al2011). Figure 4. 1m resolution ALO(NO3~) (WDCO5Q core) and
Indeed, [BO.] (Fig. 4) is anti-correlated with the 1m  515\(NO3~) (WDCO5A) compared to measurements of accumu-

resolution AY’O(NO3~) between 1521 and 2000CR & lation rate (WDCO5Q), MSA concentration (WDCOBA), nitrate

—0.36), consistent with an increase in the importance of RO concentration (WDCO06A), and hydrogen peroxide concentration

in NOy cycling. The temporal resolution in’O(NO3 ™) (WDCO05Q), averaged to the resolution of thé’O(NO3 ™) data.

observations is not high enough to test whether the 0zond™20(H20) is shown at the resolution of theN(NO3™) data,

hole impactsA’O(NO3 ™) through snowpack photodenitri-  8S they were both measured at 1 m resolution on the same core

fication or the oxidizing capacity of the Antarctic boundary (WDCO3A).

layer. The trend inA1’O(NO3™) over the last thirty years

((—4+ 4) %o century 1) is indistinguishable from that of the

last 100 years (5= 1) %o century t), further suggesting The AY’O(NO3™) is not correlated with nitrate concentra-
that postdepositional loss does not have a strong influencgons (Fig.4) at 1 m resolution between 1521 CE and present,
on ice core nitrate or its isotopes at WAIS Divide. and there is little trend in the concentration of nitrate over the
Ice core observations of [MSA] (Figg), indicative of  past 200 years. This, in conjunction with the absence of large
DMS emissions, show a downward trend over the pasfchanges in [N@ ] or §1°N(NO3™) all suggest that sources
1800 years, but the correlation with the low-resolution of nitrate to WAIS Divide have likely remained constant over
A'O(NO3™) is not significant. A reduction in DMS would  this period, as a major shift in source regions would likely be
diminish the fraction of nitrate formed through the hydrogen accompanied by a change in the amount of nitrate transported
abstraction pathway, reducing tie’O(NO3 ™). Therefore, {0 WAIS Divide and possibly the isotopic composition.
the trend in MSA is consistent with the long-term trend in |0 addition to nitrate that forms at lower latitudes, NO
ATO(NO3™). However, there are a number of complicating emitted in mid-latitude continental regions could be trans-
factors in the interpretation of the MSA record. First, it as- ported to Antarctica via the reservoir molecule peroxyacetyl
sumes a constant relationship between DMS and MSA connijtrate (PAN), which then thermally decomposes, releasing
centrations in the atmosphere, which could vary with chang-NO,, which will then be oxidized to N@ in the local
ing oxidants. Second, MSA is also sensitive to pOStdepOSi-Antarctic atmosphere_ While there is no proxy for PAN,
tional loss from the Snowpack through volatilizatioNe(IIer mean PAN concentration 013+ 7) pm0| mol 1 with a slow
et al, 2009, and the downward trend in MSA is consis- decomposition rate of 0.05pmolmdih—! are found at
tent with increasing postdepositional processing as accumuNeumayer Jacobi et al.2000. More recent measurements
lation declines (see Fig; as is the case fon'’O(NO3™)  at Neumayer suggest that PAN varies between a net sink
and §°N(NO3 ™)), although it has been argued that post- (spring) and a net source (summer) of N@®ith PAN loss
depositional loss of MSA s insignificant when snow accu- rates of between 0.17 and 0.58 pmol mdh—2 (Jones et aJ.
mulation is higher than 0.1n7a water equivalent\Weller ~ 2011). PAN concentrations and loss rates are an order of
et al, 2004. Finally, the past 150 years in the MSA record magnitude lower than in the ArcticBeine and Krognes
do not show a change in [MSA] akin to that observed in 2000, suggesting that PAN decomposition is an unimportant
ATO(NO3™) (Fig. 4) and the two records are not signifi- factor in WAIS Divide nitrate formation. Furthermore, while
cantly correlated over this time period (using 1 m resolutionatmospheric PAN concentrations can be higher than inor-
measurements). ganic nitrogen species during winter, snowpack nitrate con-
centrations correlate with inorganic reactive nitrogéones
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etal, 2011), likely due to the longer lifetime to deposition of higher frequency variability, such as the downward trend in
organic nitrate than inorganic nitrat&/olff et al., 2008. AO(NO3™) since the 1860s.

Finally, stratospheric denitrification is a potential source
of high-A70 nitrate to Antarctica, although its magnitude in 5.4 Non-oxidant influences om*’0

West Antarctica is unknown. While it may impact the magni- i ) )
tude of the averagal’O(NO3 ™) observed in the WAIS Di- The above comparisons between sulfate and nitrate isotopes

vide ice core, there is no reason to expect systematic changd¥'d other tracers from the WAIS Divide ice cores include
in the polar stratospheric nitrate flux prior to the formation of S€veral related to the non-oxidant |_nﬂuencesnd| O. These
the ozone hole in the 1970s. Furthermore, the lower elevatiof’€asurements include ice core acidity (proxy for cloud water

of West Antarctica likely means that stratospheric depositionPH) (Pasteris et 812012, [Mn] and [Fel (impacting metal-
is less important than on the East Antarctic Plateau. catalyzed S(IV) oxidation by §), [Na™] (proxy for sea-
salt aerosol), [MSA] (a proxy for DMS), [S] and [S©']

(proxy for sulfate sources and sulfate aerosol abundance),

5.3 Influence of postdepositional processing on [NO3z~] (proxy for nitrate sources and nitrate aerosol abun-

AYO(NO3"™) dance), snow accumulation rate (related to postdepositional
loss of nitrate), and*®0(H,0) (temperature proxy). We find
that most of these records either show no significant cor-
pacts the extent to whicia’O(NO3™) reflects regional relation with either pitrate or sulfate isptopes or are corre-
oxidants from where the N§ is originally formed ver- Ia_ted only on long t_|me_scales (the epure 24OQ year record)
sus local oxidants from snowpack N®eing oxidized back with the Iqw-resolutlon isotopes. Whllg pop-omdant factqrs
to NOs~ in the Antarctic boundary layer. The 2400 year M&Y contribute to the Ion'g—term vangblhty in the WA.IS'D|-
515N(NO3™) record is negatively correlated with snow ac- vide sulfate and nitrate |sotopes, V|sual_ly and stat|st|cal_ly,_
cumulation rate Regyveresi et al2011) (R = —0.62) and  "One of thg r(_ecords representing non-omdar_}t factors_exhlblt
positively correlated with [N@"] (R = 0.58; Fig. 3). Sim- chang%s S'm”%[ to the observed changesAiHO(N% )
ilarly, at low resolution3180(H,0) (Fig. 3), a temperature  @Nd A™O(SQ:"") over the past 200 years. This analy-
proxy, is anti-correlated withSN(NOs ™) (R = —0.63) over SIS sugge;ts that varla}blllty in oxidant concentra’qons is th.e
the entire 2400 year record. Howevex!’O(NO3~) and onlI%/ posm?le e_zxplanatlon for the observed 1.1 %o increase in
515N(NO3~) are not correlated with each other. The corre- & OS50 17) in the_ early 19th century and the 5.6%. de-
lations betweenSN(NO3~), [NOs~], snow accumulation, ~Créase iA=’O(NOsz™) since the mid-19th century.
and temperature suggests that on long timescales some de-
gree of postdepositional processing of snowpacksN@ g \Monte Carlo box models of oxidant influences on
occurring at WAIS Divide. Increasing postdepositional pro- A0
cessing due to the long-term decline in snow accumulation
over the past 2000 years is likely responsible for the grad-To consider what changes in oxidants could cause the ob-
ual downward trend im!’O(NOs ™) and upward trend in  served changes in170 since 1800 CE, we employ Monte
81°N(NO3™). However, the magnitude of t#°N(NOs™)  Carlo box model simulations of sulfate and nitrate chem-
values (1.0-15.7 %) is comparable to Greenland snowpaclstry to investigate the magnitude of the oxidant changes
nitrate Hastings et al, 2004 2009 and only slightly en-  jmplied in two time periods: the observed 1.1 %o increase
riched compared to NPemissions and mid-latitude aerosol in A170(S0O427) in the early 19th century and 5.6 %o de-
observations Nlorin et al, 2009 Felix et al, 2012, sug-  crease inA1’O(NO3~) between the 1860s and the present
gesting that the majority of nitrate is well preserved in day. Based on the evidence of little postdepositional process-
the snowpack. This is in contrast to East Antarctica Whereing at WAIS Divide, NQ emissions and nitrate formation
snowpacks>N(NO3 ™) enrichments on the order of 300%e |ikely occur over Southern Hemisphere extratropical conti-
are observed. A flux of N@emitted from East Antarctic nental regions. The model uses boundary conditions from the
snowpack and transported to WAIS Divide could also con-extratropical South American boundary layer to calculate ni-
tribute to the lows'>N(NO3 ) values observed at WAIS Di-  trate formation, reflecting the likely dominant source region
vide, but the similarity ins™>N(NO3~) at WAIS Divide and  for Antarctic nitrate Lee et al, 2014). The sulfate box model
Greenland summit sites with comparable snow accumulayses boundary conditions from the Southern Ocean marine
tion rate suggest that this is not the case. Furthermore, Wh”%oundary |ayer (MBL)' reﬂecting the dominant source region
the 1 m resolutios™>N(NO3 ™) between 1774 and 2008 CE  for Antarctic sulfate Patris et al.200Q Cosme et a).2005
is anti-correlated with the snow accumulation rate (Bg.  Sofen et al.2011).
R = —0.35), the 1 m resolutiom’O(NO3z™) is not cor-
related with snow accumulation, [NO], or §1°N(NO3™)
over the period 1521-2000 CE, suggesting that postdeposi-
tional processing does not have a controlling influence on

The magnitude of nitrate postdepositional processing im
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Figure 5. Sensitivity of(A) A1T7O(NO3™) and(B) A170(S0427) to variations in each oxidant, normalized to the mean oxidant concen-
trations & 1.0) of the present-day South American and Southern Ocean boundary layers, respectively. Dashed lines indicate results when
1 pmol mol1 BrO is include as both an oxidant of NO in NQ@ycling and as an oxidant of NQwhich leads to nitrate formation via

the hydrolysis of BrONQ. Arrows at the bottom indicate the fractional change in oxidant abundances over the Southern Ocean between
preindustrial Holocene and present-day chemical transport model simulddiofes (et al.2011) for reference.

6.1 Model A1’O-oxidant sensitivity shift in AL’O(NOs™), as well as increasing the sensitivity
of ATYO(NO3™) to changes in OH concentrations by provid-
The box models are first used to assess the sensitivity of'd @ competing daytime N&oxidation pathway. Increasing

AYO(S0,2-) and AYO(NO3™) to changes in the concen- *(BrO) further increases the sensitivity ofl’'O(NO3™) to
tration of each oxidant. Figurs shows the sensitivity of OH: However, note that with or without bromine chemistry,

A0(SO;%) and AT7O(NO3 ) to a relative change in the the box model underestimates the megdfO(NO3 ™) of the

B 7 .
concentration of each oxidant normalized to the mean confPServations when we assumé O(Os) Is 25 %o.
ditions extracted from GEOS-Chem for the boundary condii- ._T1eSe initial model results provide a qualitative explana-
tions described above (Southern Ocean and South Americali® for how the change i *'O(SO;” ) andA*'O(NO;™)
boundary layers, respectively§¢fen et al.2011). The slope  ¢aN have opposite signs between 1800 CE and the present

of each curve represents the responsafio to a change in ~ 9iVen likely increases in both £and 0, (and therefore
a particular oxidant. R0O,), and a small decrease in OH in the extratropical South-

AYO(SO.2) is sensitive to changes inZOOH, and €M Hemis_phle7re. In sum, the increageﬁiWO(SOf‘) and
H,O, over the Southern Ocean, witkl’O(S042") increas- decrease i\ O(NO_3‘) can be explained by an increase in
ing with increasing @ and increasing with decreasing OH (€ x(O3)/x(OH) ratio over the Southern Ocean and a de-
or Hy0,. ATO(SO2) becomes insensitive to changes in crease m_the(Og)_/x(ROz) ratio over Southem Hemls_,ph_ere
H,0, at HO, concentrations greater than or equal to thoseextra_troplcal_contlnents respectlvely, which is qualitatively
of the present-day Southern Ocean marine boundary layefOnsistent with our expectations.

The sensitivity ofA70(S04%") to H,0, and @, as mea-

sured by the slope in Figp, varies with their abundances, 6.2 Oxidant changes suggested b&'’O(NO3™)

with higher sensitivity at lowexk (H20,) andx(O3), respec-

tively. The sensitivity ofA17O(S04%7) to x(OH) is nearly  The nitrate Monte Carlo box model simulations indicate that
linear over the range of OH concentrations considered. to match the observed decreaseAR’O(NO3~), assum-

AY'O(NO3™) is most sensitive to @and RQ, because  ing no change< 5 %) in Southern Hemisphere extratropical
% of the AYO of nitrate is determined during the NO x(OH) between the 1860s and 2000 CE, #{®3)/x(RO,)
cycling stepA’O(NOs™) increases with increasings@nd ratio must decrease by 60-90 % in the NCformation re-
decreases with increasing ROChanges inA’O(NO3™) gion. As shown in Fig6b, x(O3) can increase by up to
mainly reflect changes in(O3) /x (RO,); that is, the variabil- 80 % andx(ROy) must increase by 130-350 % to be consis-
ity in ALYO(NOs™) is dominated by the N@cycling step.  tent with theA1’O(NO3 ™) observations. Ik (OH) decreases
Except at extremely low OH concentrations:’O(NO3™) by 33 % (the lower bound of CTM studies)(O3)/x (RO,)
only weakly depends on(OH) because Ne*OH is always  must decrease by an even larger amour6d to —94 %).
the dominant nitrate formation pathway during daytime. In- An increase inc(Os)/x(ROy) is only possible ifx(OH) in-
cluding BrO in NQ cycling and the oxidation of N©to creases by 250 %, which is highly unlikely over this time
NO3~ via the hydrolysis of BrON@ changes the sensitiv- period due to increasing GiHwhich is a major sink of OH.
ity of ALYO(NO3™) to each of the oxidants (dashed lines; If we assume a 25-63 % increasexifOz) since the prein-
Fig. 5). BrO oxidation of NO leads to an overall upward dustrial period based on global models and no change in
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Figure 6. Envelope of fractional oxidant changes from Monte Carlo simulations matching the observed chandé®.i6A) Change in
[O3] and [OH] associated with the early 19th century increasRJiFO(SO42‘) assuming cloud water pH 5.0-6.0 (blue) and no change in
AYO(SO42) with a 40-50 % increase in pD-] between the mid-19th century and the present day assuming cloud watebfiHred)
and 6.0 (yellow)(B) Changes in [Rg] and [O3] matching the 5.6 %o decline in17O(NO3™) from the 1860s to the present day assuming
< 5% change in [OH]. Grey shading indicate the range of preindustrial to present-day changgsim{{DH] in global CTMs. The dashed
line indicate the late 19th century to present-day change shtj@sed on Southern Hemisphere extratropical Schénbein measurements.

x(OH), this implies a local 180—-350 % increasexi(RO») leads to only a 26 % increase i{O3) /x (OH) and changes
in high-latitude Southern Hemisphere N®ource regions. in x(OH) andx(Os3) individually of< 15% in the South-
CTM studies of preindustrial oxidant chemistry generally do ern Hemisphere extratropics (Fig\1l; see AppendixA).

not report changes in HOor RO, species. If future model  Overall, the early timing and large magnitude of the oxi-
studies report changes in R@ addition to @, they can use  dant changes required to explain the obse&H@D(SO;%")
these ice core observationsat’O(NOs ™) as an additional ~ seem highly implausible. This, combined with the fact that

constraint on paleo-oxidant modeling. ice core observations suggest no significant influence of the
non-oxidant factors on sulfate formation, suggests that the
6.3 Oxidant changes suggested bx1’0(S04%7) change inA170(SO;%~) may be due to changes in oxidants

not considered in the box model analysis. In particular, this
Monte Carlo box model simulations are used to find changesnalysis points to a decreasing importance of another low-
in oxidant abundances that reproduce the observed 1.1%a170(S04%)-producing oxidant on this timescale. This is
increase iNA7O(SO4?7) in the early 19th century. Fur- discussed further in Se@&.5.
ther constraints are imposed that,0O,) does not change, The negligible changes in1’0(SOy%") from 1837 to
as ice core observations indicate thai(d does not be- 2005 CE were previously shown to be consistent with the in-
gin to increase until the late 19th century, an@3) can- creases in extratropical Southern Hemisphei®3) (25 to
not decrease. To match the observed increase in ice corg7 %) andx(H20,) (45 to 51 %), and a decreasei(OH)
AYO(SO4?7), the fractional increase in the(O3)/x(OH) (—15%) in a CTM between the preindustrial and present
ratio in the Southern Ocean MBL must be at least 260 %,day mainly due to the offsetting effects of increasin@sz)
corresponding to an 18 % increase in the fraction of sulfateandx(H20,) on AYO(SO4?~) (Kunasek et a).201Q Sofen
formed by Q in the aqueous phase. As shown in Fég, et al, 2011). Monte Carlo model results for the time pe-
there is a steep, near-linear relation between the requiredod 1837—2005 CE, whem\1’O(SQ42") is constant and
fractional changes in(OH) (—50 to—80 %) andx (O3) (0 to x(H20») increases by 40-50 %, are consistent with the ox-
+120 %); simulations that match the observeldO(S0427) idant changes mentioned above. However, uncertainties in
change due to a large increase{i®3) correspond to asmall  cloud water pH andA1’O(0s) leads to a wide range in
decrease in(OH). The minimurmy(OH) decrease{50%),  x(O3) and x(OH) changes in the Monte Carlo model that
which is a much larger decrease than calculated by globamatch theAl’O(S042~) observations from 1837 to 2005 CE
models (33 % to +14 %), corresponds to a 17 nmol mbl  (Fig. 6b; red and yellow regions). At a pH of 5.0, there is
(125 %) increase im(O3). This fractional change in(O3) is a linear relationship between changesii®3) andx(OH).
greater than the global average change since the preindustrialt a higher pH, when @ dominatesA7O(SOs%7) is less
period in most global models and is comparable in magni-sensitive to oxidant changes. Ice core observations suggest
tude to that based on the Schonhe{®3) observationsinthe a pH of Antarctic precipitation of 5.4Qragin et al. 1987);
Southern Hemisphere extratropics. A global model sensitiv-however, it is difficult to directly link ice core acidity to
ity study suggests that a doublingtCHs), which is much  cloud pH. Snow precipitation may overestimate cloud water
greater than the observedCH,) increase in the early 1800s,
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pH due to dilution of [H] in large droplets. On the other 6.5 Impact of reactive halogens om1’0

hand, “bulk” cloud water chemistry schemes can underes-

timate cloud water pH of large droplets, effectively under- Reactive halogens may also impact the formation of both
estimating the importance of+0n sulfate formation and sulfate and nitrate, and hence, thei’O. There is no
AYO(SO4%7) (Roelofs 1993. Better observational con- observation-based information about how the abundance of
straints on cloud water pH anti1’O(03) may improve the  reactive halogens has changed in the recent past. Here we
ability of AT7O(SQs?") to be used to constrain(Oz) over  examine the sensitivity of sulfate and nitraté’O and our

this time period. That said, the model (Fi§) does sug- above conclusions regarding oxidant abundances to reactive
gest that changes in(O3) of 100% since the late 1800s, halogens.

as inferred from remote Southern Hemisphere Schénbein Including 1 pmol mot! BrO as an oxidant of both NO and
measurementsS@ndroni et a).1992, while not impossi- NO, increases the sensitivity ok1’O(NO3™) to changes

ble, are difficult to reconcile with the ice core record of in other oxidants (Fig5). If x(OH) does not change be-
AYO(SO427), given our present understanding of sulfate tween 1863 and 2000 CE, then including BrO in N&cling

formation mechanisms. slightly reduces the fractional decreasexitO3)/x(ROy)
o _ . _ (—58 to —84 %, or —46 to —79% if AYO(O3) = 35 %)
6.4 Sensitivity to ozone isotopic assumption required to match the observed changeAR’O(NO3™).

L ; _ This is because oxidation by BrO is a high’O path-
As a sensitivity study, we assunze!’O(0s) is 35 %.. The way, and with increases in(Oz) andx(ROy), the relative

higher isotopic signature of ozone makes itastronger“Iever”importance of BrO declines, reducing’O(NOs~). How-
on the isotopic composition of nitrate or sulfate, so it slightly o\ ar reactive Br will also ,reduce(OQ,) through its cat-

reduces the fractional changes in oxidant abundances reyysic destruction. While this could potentially further al-

quired to match the observed changes in ice core nitrate angl,, AYO(NO,), the changes associated with N@ycling
sulfate isotopes. Assuming'’O(03) =35 %o improves the | 4ve Jittie impact oA170, as NO+Q and NO+BrO have
absolute agreement between the modeled and observed isgiyijar isotopic signaturesS@varino et a).2013. Includ-

topic composition of both sulfate and nitrate. When we as-

sumeA'70(03) =35 %o, thex(O3)/x(ROy) ratio must de- a4y (BrONG hydrolysis), which increases the sensitiv-
crease by 48-84%, with(O3) increasing by up to 110% i ot A17O(NO3™) to changes in:(OH), partially offsetting
andx (ROy) increasing by 100-350 % between the 1860s andy, impact of BrO+NO on the sensitivity af1’O(NO3 ™) to
2000 CE to match the observed decrease\#fO(NOs™). changes i (O3) / x(ROy). If we assume the largest decrease
If x(OH) decreases by 33%, thenOs)/x(ROz) must de- i, ,(OH) from global models£33 %) and no other oxidant
crease by 51-91%. As above, if we consider the range Of:hanges,A”O(NOg‘) increases by 1.8%. due to the in-

preindustrial-to-present changesxi(Os) from global mod-  ¢rea5ed importance of BroNMiydrolysis in nitrate forma-
els and no change in(OH), a 140-300 % increase in high- +ion 1t BrO decreases, the primary impact aA’O(NO3 ™)

latitude Southern Henli;spheml_?oz) is implied. Inthe sul- g 5 decrease due to the decreased importance of the BFONO
fate model, assuming=‘O(03) is 35 %o reduces the magni- hydrolysis pathway; the changes associated with, N@-
tude of the change in sulfate formation pathways. To matchC"ng have little impact onA’O(NO3™), as NO+Q and

the observed increase mNO(SO“Zf)z an additional 12%  NO+BrO have similar isotopic signatureSavarino et al.
of sulfate formed must be formed via oxidation by ozone, 2013.

compared to 18 % ifA1’O(03) =25 %o. This slightly low-
ers the required change in th€O3) /x (OH) ratio to 210 %,
rather than 260 %. The fractional changexitOH) also in-
cludes slightly smaller changes-40 to —80 %) than in the

ing BrO also introduces another daytime nitrate formation

Introducing a fixed concentration of HOCI and HOBr
in the sulfate box model reduces the sensitivity of
AYO(SO4?7) to changes in other oxidants. Inclusion of
this low-A1’O aqueous-phase pathway reduces the frac-

base case simulations. _ _ _ tion of sulfate formed by @ in both periods, requiring
In this sensitivity study, we find that, while unlikely, the o larger changes insQo match theA’O(SOy2") ob-

nitrate isotope record can be consistent with the 100 % ingeryations. On the other hand, at very low concentrations

crease in ozone suggested by the late-19th century measurgs Hoc| and HOBr & 2 pmolmotY), AO(S0s2") s
ments of surface ozone. In the base ca‘s’éQ(O;.;) =25%0),  highly sensitive to changes i(HOCI) or x(HOB), with
the modeled oxidant changes are not consistent with the lateg halving inx(HOCI) or x(HOBr) causing a 1% increase
19th century ozone measurements. Otherwise, the results gf AYO(S042). At higher x(HOCI) or x(HOBY), these

the base case and sensitivity study are quite similar, as thgyiqants dominate aqueous-phase sulfate production, lead-
model analysis is focused on fractional changes in oxidangng to very low ATO(S0.2") values and little change in
abundances. AY0(SO4%7) with changingx (HOCI) or x(HOBr) (or other
oxidants).
Interestingly, a decrease in the abundance of reactive
halogens can qualitatively explain the observed trends in
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ATO(SO4%7), AYO(NO3™), and [MSA]/[nssSQ%] in o
the most recent part of the record. However, there is little oy
information about the variability in reactive halogens on this OH

timescaleMurray et al.(2014), using the reactive bromine 30 w03
chemistry scheme oParrella et al.(2012 in the GEOS-

Chem global chemical transport model, suggests a smal ,,
increase inx(BrOy) (BrOx = Br+ BrO), but the produc- g
tion mechanisms in the model are highly parameterized an( g
do not include potentially important anthropogenic impacts %10
such as changes in pH. However, ice core observations su¢ g
gest little change in acidity in the high southern latitudes over 5°

this time period. The\170 observations will be worth revis- % % -
iting should new observational and modeling constraints on 2x[CH4] 2xCOem 2xNOxem 2xVOCem
past reactive halogen abundances be developed. 10

-20

7 Conclusions _ i . . -
Figure Al. Sensitivity of oxidant concentrations to a doubling in

17 o 17 _ [CH4] or emissions of CO, NQ or VOCSs relative to a simulation
We have measured tha*'O(SQ;""), A*O(NO;™), and of preindustrial oxidant chemistrpfen et al.2011). Each bar rep-

§1°N(NO3™) from the upper 577 m of the WAIS Divide ice yesents the fractional change in Southern Hemisphere extratropical
cores, spanning 2400 years. Based on comparison to oth@swer tropospheric£ 2 km) oxidant concentration. The checkered
ice core observations, we demonstrate that the long-term insegment of the Ciisensitivity study indicates the fraction of the
crease ins1°N(NOs™) and decrease iM1’O(NO3~) can  oxidant changes for which Gfderived CO is responsible.

be explained by the impact of the long-term decrease in

the snow accumulation rate on the postdepositional loss of

snowpack nitrate. However, changes in postdepositional protemote MBL and shed light on the record af’O(SOs*")
cessing cannot explain the 5.6 %, decreasaffO(NO;~)  from the WAIS Divide ice core.

since 1860 CE. The 5.6 %0 downward trendAR’O(NO3™)
since 1860 suggests an increase in the importance of R
relative to Q in the oxidation of NO, while there is no ap-

parent change in 1t§1e formation of nitrate (NS HNOs).  Global model studies report anthropogenic impacts on tro-
The decrease iM"'O(NO;™) can be explained by a 60— hogpheric oxidants due to the combined total changes in
90 % decrease' in the(O3) /x(ROy) rqtlo in ex.tratr_op|cal emissions of Chj, CO, VOCs, and N between a prein-
Southern Hemisphere NGsource regions, which is qual-  gstrial period (typically 1750-1850) and the present (typi-
itatively consistent with our expectations based on globalca"y 1985-2010). However, emissions of different oxidant
modeling studies. A decrease in the importance gfr€- precursors (Ch CO, VOCs, NQ) have some indepen-
ative to RQ in NOx cycling also leads to an e?hancement dence in their variability over this time period. For exam-
in the pTOdllj?t'on sz(? by NOx cycling. The 1.1%o step in- e changes in wetlands will impact Gkbithout impacting
crease inA*'O(SO,“") in the early 19th century suggests No, . ¢(CH,) began increasing around 1800 CRliichell

a sustained increase in aqueous-phase sulfate production Ry 5 2011), prior to changes in other oxidant precursors due
Os (with an additional 12-18 % of sulfate being formed by (4 anthropogenic activity. To investigate how possible emis-
Os) compared to gas-phase production by OH, reducing the;jong changes could impact oxidants since the preindustrial
fraction of sulfate that can contribute to new particle for- period, we conduct emissions sensitivity studies in which
mation over the Southern Ocean. However, the 260 % i”'emissions of N@, CO, VOCs, or the concentration of GH
crease _'m(193)/x (OZH) required to explain the observed in- 4re independently doubled relative to those in a preindustrial
crease iM*'O(SO;7) in the early 19th century is much too - gimyjation in the GEOS-Chem global three-dimensional at-
large to be reconciled with a 26 % increas&®s)/x(OH)  mogpheric chemistry modeBegy et al, 200%; Sofen et al.
from a CTM estimate for the Southern Hemisphere extra-5017) Note that the model does not include recent updates
tropics. Th|§ suggests deficiencies in our u.nderstan.dlng o[)y Mao et al.(2013 that implement H@ uptake on aerosols.
remote marine boundary layer sulfate formation, possibly rethe model uses present-day GEOS-4 meteorology. Anthro-

lated to sulfate formation involving hypohalous acids (HOCI pogenic emissions are turned off ar(€Hs) is set to a prein-
and HOBr). Observations in the remote MBL of cloud water y;strial value of 792 nmol mot.

acidity and hypohalous acids in addition 20-’O(S04%")
may lead to a better understanding of sulfate formation in the

OAppendix A: GEOS-Chem sensitivity studies
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The evolution of preindustrial Southern Hemisphere;NO likely impact of these emissions scenarios on 1800s oxidants,
CO, and VOC emissions and concentrations and their im-estimated emissions changes in the Southern Hemisphere
pact on oxidants are highly uncertain. The magnitude ofare likely too small to produce the large oxidant changes
the changes in CHand NQ, are similar to the expected suggested byAl’O(SO4?"), making it difficult to recon-
changes between the preindustrial and present-day periodsile CTMs with the oxidant changes implied by the ice core
but CO and VOC emissions sensitivity studies likely overes-A7O(S04%7). Itis difficult to compare the oxidants implied
timate actual changes in their emissions. FigAteshowsthe by AT’O(NOs™) to CTMs directly because(RO,) is not
percent change in Southern Hemisphere extratropical lowertypically diagnosed in global models.
tropospheric (five vertical levels; approximately 2 km) an-
nual mean oxidant concentration for each sensitivity study. ) S ] ]
Doubling methane causes increases in(®9%) and HQ  'he Supplement related to this article is available online
(+10%), and a decrease in OH-14%) in the Southern &t d0i:10.5194/acp-14-5749-2014-supplement
Hemisphere extratropical lower troposphere. It causes an
even larger increase inJ@; (+22%). A portion of the
change in oxidants due to doubling methane is due to theéicknowledgementsThis work was supported by NSF PLR-
change in CO that is an oxidation byproduct of the,Gtad ~ 0538049, NSF AGS-0704169, NSF AGS-1103163, and NSF
is shown in the hatched portion of the bar chart. Increas-PPP-0839122. The authors appreciate the support of the WAIS
ing x(CHa) prior to changes in other emissions is qualita- Divide Science Coordination Office at the Desert Research In-

tively consistent with the increase in(Os) and decrease stitute of Reno, Nevada for the collection and distribution of the
. y 17 o 3 WAIS Divide ice core and related tasks (Kendrick Taylor, NSF
in x(OH) suggested byA*'O(SO;“7). However, a dou-

BN ) . . Grants 0230396, 0440817, 0944348; and 0944266 — University
bling in x(CHy) (Fig. A1), and certainly the relatively small ot New Hampshire). The National Science Foundation Office of

change inx(CHa) by the mid-1800s, is not enough to pro- pojar Programs also funds the Ice Drilling Program Office and
duce the magnitude of(O3)/x(OH) changes inferred from |ce Driling Design and Operations group for coring activities;
AYO(S042). The National Ice Core Laboratory, which curated the core and
Most CTMs assume that preindustrial biomass burningperformed core processing, is funded by the National Science
carbon monoxide emissions were 10 % of those in the preserftoundation. Raytheon Polar Services is thanked for logistics
day, but recent ice core and firn air observations of carborfUPPortin Antarctica, and the 109th New York Air National Guard
monoxide isotopes and concentration suggest that Southerq" airliftin Antarctica.
Hemisphere carbon monoxide varied widely over the pas
millennium, including periods when carbon monoxide was
higher than in the present dayvéng et al.2010. Doubling
CO emissions causes small increases4r(-©1 %) and HQ References
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