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Abstract. The first measurements of atmospheric nitric ox- WAIS Divide during this campaign were investigated with a
ide (NO) along with observations of ozonex)Chydroperox-  4-day back-trajectory analysis every 4 h. The resulting 168
ides (HO2 and MHP) and snow nitrate (NQ) on the West  back trajectories revealed that in 75 % of all runs air origi-
Antarctic Ice Sheet (WAIS) were carried out at the WAIS nated from the Antarctic coastal slopes (58 %) and the inner
Divide deep ice-coring site between 10 December 2008 andVAIS (17 %). For these air sources @vels were on aver-
11 January 2009. Averagélo mixing ratios of NO were age 13t 3 ppbv. The remaining 25 % are katabatic outflows
19+ 31 pptv and confirmed prior model estimates for the from the East Antarctic Plateau above 2500 m. When near-
summer boundary layer above WAIS. Me#fio mixing ra- surface air from the East Antarctic Plateau reaches WAIS
tios of Oz of 14+ 4 ppbv were in the range of previous mea- Divide through a rapid transport of less than 3 days)é9-
surements from overland traverses across WAIS during sumels are on average H94 ppbv with maximum mixing ra-
mer, while average:lo concentrations of bD, and MHP  tios of 30 ppbv. Episodes of elevated ozone at WAIS Divide
revealed higher levels with mixing ratios of 74362 and  are therefore linked to air mass export off the East Antarctic
519+ 238 pptv, respectively. Plateau, demonstrating that outflows from the highly oxidiz-
An upper Ilimit for daily average N& and ing summer atmospheric boundary layer in the interior of the
NO emission fluxes from snow of .Bx10° and continent can episodically raise the mixing ratios of long-
339x10® moleculecm?s™1, respectively, were esti- lived atmospheric chemical species such asafd enhance
mated based on photolysis of measured;N@nd nitrite  the oxidative capacity of the atmosphere above WAIS.
(NO3) in the surface snowpack. The resulting high ;NO
emission flux may explain the little preservation of NO
in snow ¢~ 30%) when compared to Summit, Greenland
(75-93%). Assuming rapid and complete mixing into the

overlying atmosphere, and steady state ofyNtbese snow

emissions are equivalent to an average (range) productioﬁver the I"."St deca}de, alarge nu_mber of field and lab studies
of atmospheric N of 30 (21-566) pptvhl for a typical ave provided evidence of the importance of snow photo-

atmospheric boundary-layer depth of 250 (354-13)m chemistry on the chemical composition of air above snow-

These upper bounds indicate that local emissions from thgovTr(;(éos?urfagesfin the porllar apd _mid—latitud@xa(nnask .
snowpack are a significant source of short-lived nitrogenet al, ; and references t erein). ' NE Upper snowpack 1S
oxides above the inner WAIS. seen not only as a chgmlcal reservoir but as a chemical re-

The net @ production of 0.8 ppbvday triggered with actor. Traqe gases emitted by the snowpack mclyde hydro-
NO higher than 2 pptv is too small to explain the observedJe" peroxide (10y), formaldehyde (CHO) and nitrogen

Ogz variability. Thus, the origins of the air masses reaching qxides (NQ=NO+ N_OZ)' and increase the oxidizing po_ten-
tial of the atmospheric boundary layer through production of

1 Introduction
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the hydroxyl radical (OH) and ozone {D(Grannas et al.  mospheric records of #D»>, methyl hydroperoxide (MHP),
2007 Thomas et a).2012. Measurements of atmospheric CH,O, Oz but not NG, (Frey et al, 2005.
and snow concentrations and also fluxes from snow sur- The current study includes multi-week first observations
faces indicate that the polar snowpack emitsyN@ainly of NO and complementary measurements of atmosphegic O
through the photolysis of nitrate (NQ in near-surface snow H202, MHP and of surface-snow ®,, NO; and nitrite
(Grannas et al.2007 Bauguitte et al.2012 Frey et al. ~ (NOy3) in the WAIS region. The aims were to determine the
2013. Snowpack emissions of NQcan contribute signifi-  summer composition of the lower atmosphere in the interior
cantly to the NQ (NOx + other oxidized nitrogen species) of West Antarctica and the relative importance of local pro-
budget above snow, as observed in continental and coastaluction versus air mass transport on the local atmospheric
Antarctica Jones et al.200Q Frey et al, 2013. Bauguitte  pudgets of NQ and Q.
et al. (2012 reached a similar conclusion at Halley station
by highlighting that halogen chemistry over the Antarctic
coast controls the lifetime of NQOspecies and reduces the 2 Methods
nitric oxide (NO) mixing ratios. When atmospheric turbu-
lence is low or atmospheric boundary layer depths are shalFrom 10 December 2008 to 11 January 2009, atmospheric
low, these emissions contribute to high N@vels, several concentrations of NO and Qwere continuously measured
hundred pptv, as observed at South Pole and over the Eagt WAIS Divide (local time: LT =UTG- 07:30). Mixing ra-
Antarctic PlateauDavis et al, 2004 2008 Slusher et a).  tios of ROOH (HO, and MHP) were recorded between 31
201Q Frey et al, 2013. Chen et al(2004 andMauldinetal.  December 2008 to 7 January 2009. Snow samples were col-
(2009 showed that at South Pole these high levels okNO |ected daily from the surface and weekly from 30 cm snow
shift the HQ (OH +HQ) partitioning towards OH: pits for chemical analysis of Np NO, and HO».
NO + HO, — NO, -+ OH. (R1) Atmospheric sgmpling took place 5km NW of the
WAIS Divide drilling camp (79.467S, 112.083W,
NOyx emissions from snow can also lead to net production 0f1766 m a.m.s.|.http://www.waisdivide.unh.equAll instru-
O3 over the East Antarctic Platead€Imig et al, 2008aand  ments were run out of a Polarhaven tent heated by a preway
references therein), and thereby shift H@artitioning of the  heater. Atmospheric measurements were made 1 m above the
overlying atmosphere. snow, 10 m upwind (prevailing winds from NE) from the tent,
Above the West Antarctic Ice Sheet (WAIS), enhancedwith ambient air drawn through an insulated and heated PFA
snowpack emissions of Nassociated with events of strato- (1/4” 1.D.) intake line (typically 1.4 STR-Lmin—1) of 12m
spheric @ depletion may lower the formation rate of atmo- for ROOH, and of 20 m for NO and£In an attempt to min-
spheric BO, (Frey et al, 2009. Photochemical modeling imize artifacts in our atmospheric records, the two generators
suggests that atmospherig® is sensitive to the NO back- (3.5 and 5 KW) that provided electricity to the lab were lo-
ground, opening up the possibility of constraining pasttNO cated about 30 m downwind from the sampling lines, and all
and OH levels using the 2D, ice-core recordRrey et al,  activities around the site were restricted. However, the heater
2005 2009. Therefore, investigation of the current atmo- exhaust was located on the top of the Polarhaven tent.
spheric boundary-layer photochemistry at a WAIS ice-core
drilling site is essential to interpret ice-core records of pho-2.1  Atmospheric sampling
tochemically active species such agd4 and NG . This can
also provide information regarding the contribution of air ad- NO was measured using a modified chemiluminescence in-
vection from the East Antarctic Plateau to levels of oxidantsstrument used previously at South PdRayis et al, 2001,
above WAIS, similar td_egrand et al(2009 who observed 2004. NO mixing ratios recorded at 1 Hz were aggregated
outflows from the Antarctic Plateau increasing@@ncentra- to 1 min averages. The limit of detection (LOD), defined as
tions at the East Antarctic coastal site Dumont D’'Urville.  2-0 of the background count rate, was 5 pptv. A two-minute
So far, atmospheric-sampling campaigns in the Antarc-background signal was monitored every 20 min and an auto-
tic have taken place at existing stations on the coast (Dumatic 4 min calibration was performed every 2 h by addition
mont D’'Urville, Halley, Neumayer) and on the East Antarc- of a 2 ppmv NO standard. Due to late delivery of this NO gas
tic Plateau (South Pole, Dome C). Only recent airborne camstandard to the site, calibration was only run during the last
paigns Eisele and Davis2008 Slusher et a).2010 or sci- 3 days of the campaign. The instrument sensitivity remained
entific overland traverse$-fey et al, 2005 provided infor-  fairly constant over the three days, with an average over 16
mation on the composition of the lower atmosphere acrossalibrations of 7.16 0.18 Hzpptv'l, similar to the presea-
the interior of the continent. Thus, spatial data coverageson value of 7.00 Hz pptv* determined in the lab. We there-
of the lower atmosphere in Antarctica is still sparse andfore used the 3-day average value of these calibrations to pro-
little is known about the variability of @ and its precur- cess the overall dataset. NO spikes related to pollution from
sors above WAIS. For example, the first ground-based meagenerators and heater exhaust were removed using a moving
surements across WAIS lasting several days included atstandard deviation filter with a maximum standard deviation
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of 30 (1.5 times the interquartile range of the dataset). This3 Results
led to the removal of 25 % from the raw NO record. _ _
Surface @ was monitored at 1 min resolution using a 2B 3.1 Atmospheric concentrations

Technologies (Golden, Colorado)z@nonitor, model 205, ) i

similar to those previously used in the remote Antarctic such! N€ averagetlo (median) of NO over the campaign was
as on the ITASE traversesrey et al, 2009 and in an  19%31 (10)pptv (Tablel). Some noise remained in the
O3 monitoring network Bauguitte et al.2013). LOD was NQ dataset after fllte_rmg; howeve_r, the 4 h running median
1ppbv. (Fig. 1a) shows very little change in the overall trend of the

Atmospheric ROOH were measured based on continuoudata due to filtering, with the median value after filtering sim-
scrubbing of sample air followed by separation in an HpLc ilar to that of the raw dataset (6 pptv). One-minute data did

column and fluorescence detection, described in detail byt €xhibit any clear diel cycle (Fid), but 1h binned data
Frey et al.(2005 20093. The detector was calibrated 1-2 centered on each hour for the measurement period revealed a
times per day with HO; solution and MHP standards syn- diel cycle that can be interpreted with the variations of the

thesized in our lab following the protocol describedfigy ~ @verage solar elevation angle (Fip). NO mixing ratios
et al. (20093. The LOD, 2¢ of the baseline, were 87 pptv increased at 07:00-08:00 LT with a maximum rise of 36 %

for H,O, and 167 pptv for MHP. Unexpected variations of from the daily median of 10 pptv. A dgcrease was observed
the coil-scrubber temperatures may have caused higher Lo@fterwards and followed by a second increase of 20 % above

than those reported Hrey et al (2005 20093. the median va!ue at 19:(_)0 LT. These peaks in NO 0(_:curred
as solar elevation angle increased and decreased, with lower

2.2 Snow sampling values of NO at the maxima and minima of solar elevation
angle.

All surface snow and snow pits were sampled in a 7280m  Average+1c (median) mixing ratios of @at WAIS Di-
clean area upwind from the Polarhaven tent. The top 1 cm oide were 14t 4 (13)ppbv (Tablel). The mean is two
the non-cohesive surface snow, referred to as the skin layethirds of the 20t 2 ppbv average mixing ratio observed at
(Frey et al, 2009h Erbland et al.2013, was collected daily  Byrd Station in summer 2002, but is in the range of values
with a 10 mL glass test tube to assess temporal changes ifiom previous measurements between 79%@nd 85.00S
snow chemistry. Twice during the campaign, the skin layerabove the WAIS Erey et al, 2005 (Fig. 3). Two events of
was sampled simultaneously at five different spots inside theelevated @ levels were recorded between 24 and 25 Decem-
clean area to assess possible local spatial variability of NO ber, and between 27 and 29 December, with concentrations
NO, and HOx. in the range of 20 to 30 ppbv (Fid). Concentrations above
Weekly snow pits were sampled at 2 cm resolution to a25 ppbv were only observed for winds blowing from ENE to
depth of 30 cm, covering the snowpack zone where 85 % ofSWS. This 135 sector represents 67 % of all the wind direc-
NO; photolysis is expected to occufrance et a).2011). tions observed during the field campaign (F.The hourly
Snowflakes were collected on aluminum foil during the only binned Q data (Fig.2b) show a small diel cycle in phase
snow precipitation event observed during the campaign, orwith solar elevation angle and wind speed. The mixing ratios
12 December 2008. rose by 5% of the median value (13 ppbv) in the morning,
All snow samples were collected in 100 mL SCHOTT bot- reaching a maximum at 14:00 LT and dropping thereafter in
tles and kept frozen during storage and transport until analythe afternoon.
sis 14 months later. The analysis involved melting the snow Concentrations of b, and MHP were measured be-
1 hour before injecting the sample into a self-built con- tween 31 December 2008 and 5 January 2009 (FigAver-
tinuous flow analysis (CFA) system, as describedFogy  agestlo (medians) were 74& 362 (695) and 519-238
et al.(2006. The LOD, defined asa of the baseline, was (464) pptv for O, and MHP, respectively. Our records
0.4 ppbw for NG, NO; and HO,. Only values above LOD  are closer to values observed at West Antarctic sites below
were used for further calculations. Some loss of N ~ 1500mam.s.l. and higher than measurements made in the
the samples may have occurred between the time of colsurrounding area (Fig8), with mixing ratios of O, that
lection and analysis, aBakenaka and Bando{007) and were twice those observed at Byrd station in late Novem-

O'Driscoll et al. (2012 showed that NQ may be oxidized —ber 2002 (Tabld) (Frey et al, 2003. Average+1o (range)
during freezing and storage. of the MHP : (}‘b02+ MHP) ratios were 0.42-0.10 (012—

0.76). These values are in the range of those previously
recorded over WAISKrey et al, 2005. Binned values sug-
gest, for both HO, and MHP, a diel cycle with respec-
tive maximum 44 and 37 % above their medians (695 and
464 pptv) observed in the morning (F2g).
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Table 1. Averagest+1o (medians) of atmospheric and snow concentrations of the chemical species observed at WAIS Divide and nearby
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sites.
Site atmospheric skin layer
NO O3 H>0o MHP HyOo NOZ NO,
(pptv)  (ppbv)  (pptv) (pptv) (ppbw)  (ppbw)  (ppbw)
WAIS Divide 19+31 1444 743+362 5194238 238+37 137+37 0.6+0.4
(10) (23) (695) (464) (238) (142) (0.5)
ITASE 00-2 - - 303+159 - 175 - -
ByrdP 10 20+2 364+138 422+162 25+4 - -
- (20) (348) (411) (25) - -
27938 S, 111.23 W, 1791m a.m.s.l. (fromFrey et al, 2005
b 80.02s, 119.60 W, 1537ma.m.s.l. (fromFrey et al, 2009; NO based on optimum model runs; atmosphéts©, from sampling
at site RIDS-C (80.00S, 119.53 W, 1575m a.m.s.1.);H205 in snow from sampling at site RIDS-B in 1996 (79°4% 118.04 W,
1650m a.m.s.l.)
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Fig. 1. Atmospheric mixing ratios of NO after filtering andzO 1.50
(1 min averages), and of4®, and MHP (10-minute averages) dur- 125
ing austral summer 2008-2009 at WAIS Divide. The 4 h running (@]
median of NO is also shown (red symbols). 1.00 9
0.75 %
3.2 Concentrations in snow ] 050 =
: 10.25
Average+1lo (median) concentrations of NO NO3 and j — MHP;
16 20 0

H20, in the skin layer at WAIS Divide were 060.4 (0.5), 0 4 8 12
137+ 37 (142) and 23837 (238) ppbw, respectively (Ta-
ble 1). Daily concentrations of NQin the skin layer showed
a decrease of 30 pptw perdaf{= 0.36) over the campaign Fig. 2. Diel variation of(a) average solar elevation angle (SEA) and
(Fig. 5). This decrease represents a rate of 5% perday of thaind speed(b) median NO (left axis) and ©(right axis), and(c)
average concentration of NOmeasured in all of the snow- median 0Oz and MHP. Symbols and lines are 1h binned values
surface samples. Unlike NO NOg and HO, exhibited centered on each hour; shaded area and error bars indicate the range

some variation but no trend was observed for these species.bem’een the first and third quartiles; local ime is U+07:30.

UTC - 7:30
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Fig. 3. Report of some previous Antarctic measurements of atmospheric NO, suda @y, plus NG in surface snow. Data froffrey
et al. (2013, Preunkert et al(2012), Frey et al.(20093, Legrand et al(2009, Frey et al.(2005, Dibb et al. (2004, Davis et al.(2009),
Rothlisberger et a(2000, Jacobi et al(2000, Jones et al(1999, Mulvaney et al (1998, Jefferson et al(1998, NOAA/GMD, and AWI
(http://ds.data.jma.go.jp/gmd/wdcyg/

The coefficients of variation of concentrations of NO this period was apparent not only in the top 5cm of snow,
NO; and HO> in the skin layer are 49 %, 26 % and 17 %, but also down to at least 15 cm. Although there was no new
respectively. The coefficients of variation for samples col- snow accumulation during this period, there was wind redis-
lected simultaneously on 1 and 8 January 2009 (Bjgare  tribution and atmosphere—snow exchange g®kand other
17 %, 31% and 7 % for ND, NO; and HO, respectively. — atmospheric gas species, or nighttime deposition of fog.

The similar coefficients of variation for NDconcentrations The 30cm deep profiles of NO NO;* and HO; illus-

in snow imply that spatial variability contributes significantly trated in Fig.6 represent concentration changes of these
to the overall variability and thus a temporal trend may bespecies in snow over the last 6 months of 2008, based on lo-
difficult to detect. For NG and HO;, the coefficients of ~ cal mean annual snow accumulation rate of 0.2 1
temporal variability (49 % and 17 %, respectively) are more (Banta et al. 2008 and an average snow density of 0.37.
than double those calculated from spatial variability (17 % Total concentrations of ND in the snow column dropped
and 7 %, respectively). The variations of daily concentrationsby about 19% between the first and last snow-pit sam-
of NO, and HO; in near-surface snow may then be inter- plings. NO; concentrations decrease by 94-188 ppbw over
preted as temporal trends. Concentrations gb¥iin the top  the top 5cm of snow, reaching 30 ppbw below. Total N©
5-15cm of the profile (Fige) may also indicate a tempo- stored in the 30 cm column decreased by about 65 % across
ral trend; seasonal increase in concentrations measured ovée three snow-pit samplings. Unlike §Cand NG, total

www.atmos-chem-phys.net/13/8857/2013/ Atmos. Chem. Phys., 13, 8@8/4, 2013
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Fig. 4. The windrose for WAIS Divide for period of 10 December 2008 to 5 January 2009 grd@entrations from each direction for the
same period.

250 , — 40 4 Discussion
1 o o : aNOy f 35
200 \ « 130
150 + % R R Y -;" L L Zﬁ 4.1 Local photochemistry
L S onn? f1s
o 08 o ) . .
g8 £ b.No, T 008 § 4.1.1 Factors controlling atmospheric levels of ROOH,
5§ °% | 006 g NO, Oz and snow content of NOJ, NO; and H20;
8 L T (A ISES TTNY SNE NS 002 Levels of NO and @measured at WAIS Divide during sum-
3 X \ ¢.HO = mer 2008-2009 are slightly higher than coastal values but
300 + . o 27219 . .

o el .. *ebs 0% e,%c o,.3 e lower than observed concentrations on the Antarctic Plateau
S | e (Fig. 3). The observed mean of NO mixing rates are close
100 % 1 weurs srom sconmiat 1 to the 10 pptv modeled birey et al.(2005 at Byrd, about

0 T T T 0 . . . .
12/17/08 15Pa08 R AN 1_60 km from WAIS D|V|_de. Their potential NO c_oncentra-
uTe tions were computed with the NASA Goddard Flight Center

(GSFC) point photochemical model that included a snow-
Fig. 5. Surface-snow concentrations and snow concentrations fronpack source of KO, and CHO.
the 12 December 2008 precipitation @) NO3, (b) NO;, (c) The diel cycle of NO (Fig2b) does not compare well with
H20,. The shaded area {ib) represents the NDLOD. either measurements from the East Antarctic Plateau (Dome
C) (Frey et al, 2013 or from the West Antarctic coast (Hal-
ley) (Bauguitte et al.2012. Data show a symmetry of the
concentrations of b0, in the top 30 cm of snowpack dou- NO diel cycle with respect to local noon that is similar to pre-
bled over the 18 days of sampling. A 233-298 ppbw decreasgictions and observations from Summit/Greenlafiigmas
of H20; concentrations in the first 10cm of each snow pit et al, 2012, but with lower mixing ratios and a diel am-
was generally observed. plitude of 6.5pptv. The NO variability is mainly in phase
with solar radiations but presents two minima around local

Atmos. Chem. Phys., 13, 8858877, 2013 www.atmos-chem-phys.net/13/8857/2013/
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Concentration, ppbw O3 observed at other Antarctic stations, with concentrations
09 50 100 15 2000 1 2 3 0 150 300 450 between those observed at Halley and South Pole, suggests
Y % ; ‘ Y a possible influence of both marine and continental air on
‘/ %i D/E/j the WAIS Divide level, and shows characteristic low mixing
ST I= T/ ratios around the Austral solstice.
2 T The G diel cycle (Fig.2b) is similar to observations from
10 7 7 H A Dome C (egrand et a].2009 but with lower amplitude and
5 6 ¥ concentrations. The increase of 5% of the median value is
g -15 ¢ %\ j\x consistent with @ produced locally from the snowpack NO
3 L= emissions and confined into a shallow atmospheric boundary
20 ™ ,,/./ o 1918/08 layer. Similarly to the NO diel cycle, the following decrease
y | —a— 12/28/08 of O3 in the afternoon can be attributed to a deeper atmo-
25 7 T o 01/04/09 spheric boundary layer and higher wind speeds that dilute
o \ x all the produced @ Because the chemical lifetime o
30 _ aNoy _ bNO B e HO, polar regions is in the order of day&iannas et al2007),
0 1 2 3 00000200400 0 5 10 15 it is not expected that photochemical loss is a main driver
Concentration, pM of the diel cycle of Q. Lack of higher mixing ratios during

Fig. 6. Snow concentrations ) NOj, (b) NO; and(c) Hz0, periods with wind speed Ies_,s than 3mgdata not shown)
measured in the 30 cm-depth snow pits dug on 18 December 200§l'lggeStS that Iocgl production og@ver the _Sl,Jrface §now
(red squares), 28 December 2008 (blue triangles) and 04 JanS not the predominant process at WAI_S D|V|de_dur|ng_ the
uary 2009 (green crosses). The shaded ared)imepresents the —austral summer. The amplitude of the diel cycle is relatively
NO, LOD. low in comparison with the average daily @hich indicates
that another source may be considered to explain the change

of Oz over the campaign. The ENE to SWS wind directions
associated with high ©values (Fig.4) point to a possible
noon and midnight and two daily maxima around 07:00 andcontribution of air mass transport of this chemical species at
19:00LT. The 36 % rise from the NO median of 10 pptv ob- WAIS Divide, e.g. outflow from the East Antarctic Plateau
served in the morning along with the increase of solar eleva{see Sect4.2). A similar conclusion was reached bielmig
tion angle suggests that the increase of solar elevation anglet al.(20073 from the review of other Antarctic station data.
enhances the photolytic production of NO from the snow- H»0O, concentrations at WAIS Divide are similar to
pack. The 2h binned data of NO and wind speed (data nothose observed above WAIS at lower latitudes (below
shown) suggest that higher NO mixing ratios were observedl500 ma.m.s.l.) but 3 times the mixing ratios measured at
for wind speeds less than 3 mis indicating a potential local ~ South Pole Erey et al, 20093. As shown in Tablel and in
production of NO from surface snow. The decrease observedFig. 3, the concentrations of #D, measured at WAIS Divide
after 09:00 LT at high solar elevation angle may result fromare higher than those measured at nearby skesy(et al,
the increase of the atmospheric boundary layer height an@005. A similar comparison between our average MHP mix-
of the wind speed. Higher wind speeds would result in aning ratios and prior measurements across WAy et al,
increase of turbulent mixing and therefore in efficient verti- 2005 20093 is also observed. The average specific humid-
cal upward transport and dilution of surface emissions intoity of 1.1 gkg~! calculated for the period of ROOH measure-
a growing volume given by the developing boundary layer ment is higher than previous records from nearby skesy(
(Frey et al, 2013. The increase of NO levels by 20% of et al, 2005. This high value may explain the elevated mix-
the median value around 19:00 LT may result from the de-ing ratios of HO, and MHP measured at WAIS Divide, as
crease of the atmospheric boundary layer height and windvater vapor is an important precursor for both species.
speed along with solar elevation angle. However, no mea- H>O, and MHP exhibited a simultaneous increase with
surements of the diel variability of the atmospheric boundarysolar elevation angle between 03:00-13:00LT, followed by
layer height were performed during the campaign to confirma decrease (Fig2). The maximum amplitude of $O; is
this point. These data suggest that both snow photochemistrgbserved at 05:00 LT, with a rise of 43% above the me-
and physical mixing control the diel cycle of NO at WAIS Di- dian value of 695 pptv. For MHP, mixing ratios rose to a
vide. Through its different sinks and sources, theyNibo- maximum of 37 % above the median (464 pptv) at 05:00
tochemistry may also drive the NO variability but this contri- and 13:00 LT. These results also suggest that betbHand
bution cannot be defined here as it requires a more detaileHP may be affected by photochemistry and an increase of
analysis using a 1-D modeTfiomas et a).2012). the atmospheric boundary layer depth during the day. Unlike

The interpretation of the 1 month record of @ terms of  NO, ROOH did not show an increase in the second part of the
seasonal trend is made difficult given the short period of meaday but the levels remained low, consistent with an increased
surement. However, its comparison with the annual cycles oliptake by the snowpack when the temperature decreased in

www.atmos-chem-phys.net/13/8857/2013/ Atmos. Chem. Phys., 13, 8@8/#, 2013
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the eveninglfutterli, 2003 and references therein). The tem- over the campaign of $#0», concentrations in the top 15cm
perature record at the WAIS Divide camp was, however, tooof snow (Fig.6) may point to a significant deposition of
intermittent to further investigate the influence of tempera-H,O, during summer, and may also reflect changes in the
ture on atmospheric #D,. A source from the snowpack is overlying atmospheric 0, levels, as discussed Hutterli
not considered significant for MHP since it has a solubility (2003. NOj in the skin layer does not show a constant in-
only 0.1 % that of HO» (Lind and Kok 1994 and because crease with time, unlike }O,. However, a 70 % decrease
no MHP has been detected in snow and ice above the cumef NO3 concentrations with increasing depth in the snow is
rent LOD (Frey et al, 2005 20093. The change of MHP  observed, unlike reported snow-pit measurements from polar
may depend on the photochemistry of its precursors such asites with similar surface temperature and snow accumula-
CHgz, NMHCs and water vapor, which may decrease with tion rate, such as Summit, Greenland (eBurkhart et al.
solar elevation angle. HigherJ®, and MHP levels at low 2004). These NQ profiles are similar to those observed at
wind speeds (less than 4 m9 (data not shown) suggest Dome C (e.g.Frey et al, 20094 France et a).2011). Based
that ROOH are produced locally, coherent with a local pho-on the interpretation of these authors, this sharp decrease
tochemical production of MHP and a physical snow-air ex- may therefore indicate that NOin the top snowpack can be
change controlling KO, (Frey et al, 20093. They are then  significantly reduced by photolysis. A similar photochemical
diluted through turbulent transport after production. depletion can be suggested to explain the slight decrease of
NO; values are closer to those measured at coastal siteNO, concentration observed in the 30 cm deep profiles over
such as Halley or Neumayer statioidulvaney et al.1998, the campaign.
than to the values observed at higher-altitude sites such as
South Pole and Concordia statio¥lfb et al, 2004 France ~ 4.1.2 Post-depositional loss of NDin surface snowpack
et al, 2011). Concentrations of skin-layer NDO present
short-term and local spatial variations Jsvis et al(2009 WAIS Divide and Summit, Greenland, have similar lati-
andWolff et al. (2008 also observed at Summit and Halley. tudes, surface temperature and snow accumulation rate (Ta-
These variations cannot be explained with a scenario of fresle 2 and Fig.7a). Concentrations of NDin the skin layer
snowfall since only one snow precipitation occurred duringare also in the same range for both sites, between 24—
the campaign (Fig5). Part of these variations of NDin 206 ppbw for WAIS Divide and 61-207 ppbw for Summit
the skin layer as kD, may be caused by processes such(Fig. 8a, b).
as nighttime deposition of NQ in the form of nitric oxide However, the median ND concentrations in the top 1 m
(HNOs) and HO, or HNOs and O, gas exchange. Other of snow at WAIS Divide is lower than at Summit, 38 vs.
part can be attributed to some events of snow removed by th&38 ppbw. At very dry and cold sites on the East Antarctic
wind since this snow removal would also impact on chemi- Plateau such as Dome C, mean NConcentrations are as
cal species other than NO(such as HO,, which presents low as 10-20 ppbw if one excludes the surface layer @&p.
similar variations to N@) on 26-27 December 2008 and on Note that at Dome C most Npis concentrated in the top
1-2 January 2009. However, these events are too episodic t@yer with levels 1-2 orders of magnitude larger than at depth
explain the overall variations of skin-layer NOIt is sug- ~ (Frey et al, 2009h Erbland et al. 2013. Comparison of
gested that part of NDin the top snowpack undergoes some f:oncentratlons at_ the surfa_ce and at d_epth allows estimat-
possible post-depositional processes such as photolysis. N9 net preservation of NDin snow, which is about 30 %
The contents of NQ and HO; in fresh snowfall are in  at WAIS Divide, 75-93% at SummiBrkhart et al, 2004
the range of skin-layer concentrations, while previous ob-Dibb et al, 2007 and less than 10% at Dome @dthlis-
servations showed that fresh snowfall contains higher conPerger et al.2002 Frey et al. 20098). _ _ _
centrations of these species than does aged snowN&ub., Differences in average NP concentrations in the skin
vaney et al.1999. In addition to post-depositional equilib- |2yerand preserved at depth between WAIS Divide and Sum-
rium with the atmosphere, it is possible that either the snowMit can be attributed to (a) a lower background of atmo-
may have degassed during its collection or prior to analysisSPheric reactive nitrogen in Antarctica compared to the Arc-
Anastasio and Roble€007) showed that NQ and HO, tic due to a Iarger_d|stance from anthropogenic _poIIutlo_n
contribute to half the light absorption in polar snow for wave- Sources, and (b) differences in processes occurring during
lengths of 280 nm and above. Since the snowflakes from thi@nd after deposition. . o
diamond-dust-like precipitation stayed exposed to the sun Regarding (b), the relative contributions of the processes
under a clear sky until their collection at the end of the eventinvolved may vary significantly between different locations,
— over 5h — it is possible that photochemical loss of NO I-€-, both physical (evaporation and adsorption of HiNend
and HO, may have occurred during the collection process. Photochemical (photolysis of N processes have been put
The Nq and |—boz prof“es measured in the 30 cm snow forward to eXpIain Ng net preservation (Sum of gain and
pits show a summer peak, as observed in earlier studiel9ss) in polar snowRothlisberger et al.2002 Frey et al,

(Kreutz et aL 1999 and references therein)_ The increase 2009b Both processes will be sensitive to accumulation rate
and timing. For example, little snowfall in the sunlit season
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Table 2. Concentrations of major ions (in ppbw) measured in surface snow at WAIS Divide and Summit, Greenland, and the respective
estimated pH and alkalinity.

Accumulation, g om2 yr'1

NO3; ppbw

80

60

40

20

150

100

50

Sampling Nd& NHS Kt Mg*t c@t CI- NO; SO pH* Ak

year

WAIS Divide (Tajr = —28.5°C; Acc = 20 Clijeqyr 1)

2006 13 - 16 1 8 24 24 24 6.1 0.37

2006 6 4 2 1 1 33 61 43 56 0.34

2008 4 2 04 1 2 31 62 42 56 0.27

200& 31 - 2 5 5 54 67 41 58 0.29
Average 5.8 0.32

Summit (i = —29.5°C; Acc = 24 Clijveqyr )

1987 2 6 1 1 15 8 40 40 56 1.2

2003-2009 8 21 10 2 18 42 234 107 52 2.4

2007 4 10 3 2 19 23 195 72 53 1.6

200& 3 5 3 1 6 19 239 54 53 0.65
Average 5.3 15

aBased onffit] = ([30421’] -0.12x [Nat]) + [NO\i:] +([CI7]-1.17 x [Na™]) (Legrand and Delma4988.

bn peqL~1, derived from the ionic balance and attributing the missing part of anions to dissolved carbonate.
C Site ITASE 00-1, top 2m of surface snow; unpublished datdqyewski and Dixon2005.

d Top 3cm of surface snow with the firgtm removed, unpublished data framtp://www.waisdivide.unh.edu

€ Top 3cm of surface snow, unpublished dakéréutz and Koffman2011).

f Top 3cm of surface snowNlayewski et al. 1990.
9 Top 1cmof surface snow, unpublished data fréwtp://niflneim.nilu.no/geosummit/

h Top 0.5cm of surface snow (range 0.1¢6, Dibb et al, 2010.
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Fig. 7. Updated Figs. 2, 3 and 4 frofothlisberger et al(2002

with additional measurements from WAIS Divide, Summit, and

implies longer exposure of surface snow to UV radiation,
leading to significant loss of NDat some sites from pho-

: tolysis (Frey et al, 2009h Erbland et al.2013.
. In general, NQ concentration preserved in polar snow
iy & Sreentand Post-1970 scale with mean annual temperature and accumulation rate
i . ‘Antarctica (Rothlisberger et al.2002 Fig. 7). Comparison shows that
’ “? D 7 DA Divide NO3 concentrations at WAIS Divide are not unusual at
ago * all since they do fall into the range expected in Antarctica
- . - 200 (Fig. 7b, c). They are, however, still lower than those in pre-
' . L. 1940 snow at Greenlandic sites of similar accumulation rate
EZM - : éLA ., . [™  andtemperature. The slightly lower accumulation and thus
o s2las R L FCUCT YN slower burial rate of annual snow deposition at WAIS Divide
e (oL L0 e% L <[ vs. Summit may contribute to this difference in fi@reser-
T B A N vation.
LAY £ ’ But, as suggested by the recent literature, variables linked
4 0 to (post)depositional processes other than accumulation rate

may contribute as well to the observed difference and in-
clude micro-physical properties and chemical heterogeneity
in the snow matrix. Regarding the latter, observations of at-
mospheric and snow NDin coastal Antarctica showed that

Dome C (median and range). Data reported from Greenland arél€Position of NQ spikes is linked to sea salt aerosol, i.e., by
NOj3 concentrations in snow deposited either before 1940 (squaresyonversion of gas-phase NQo NO; aerosol and enhanced
or after 1970 (triangles). The NDlevels observed in the snow de- trapping of gas-phase NOon salty surfaces\Wolff et al,,
posited after 1970 over Greenland are influenced by anthropogeni2008. This enhanced deposition efficiency will be less im-
emissions that do not reach the Antarctic continent, whereas thgortant further inland. However, higher Ig@:oncentrations
difference between the pre-1940s records and the Antarctic data iere also associated with higher dust content (i.e., calcium
likely due to a difference in alkalinity.

www.atmos-chem-phys.net/13/8857/2013/

(Ca)), suggesting reduced post-depositional loss of;NO
by photolysis or evaporatiorRpthlisberger et a/2000. In

Atmos. Chem. Phys., 13, 8@874, 2013
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Fig. 8. The 1 m NG, profiles from snowpits reported from WAIS
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Divide, Summit, and Dome G~¢ey et al, 2013 France et a).2011,

Traversi et al. 2009 Burkhart et al. 2004 Hastings 2004 Roth-
lisberger et al.200Q Mayewski et al. 199Q Jarvis (unpublished

data)).

ferences of N@ emissions from surface snow could indeed
further support increased loss rates and thus less preserva-
tion of NOj in surface snow at WAIS Divide. At Summit,
Honrath et al(2002 measured 24 h average N@uxes of
2.5x10° moleculecm?s~1, significantly less than what we
calculated for WAIS Divide (see Se¢.1.5. However, based
on a similar approach to our stud¥atko et al.(2013 re-
cently modeled an NOflux at Summit 5-10 times that re-
ported byHonrath et al(2002. These results point to signifi-
cant NG emissions from N@ in the snowpack at both sites.
Our calculations suggest high loss rates, higher than at Sum-
mit (see Sect4.1.5, but uncertainties in available measure-
ments and model estimates prevent concluding that emission
rates are significantly higher at WAIS Divide than at Summit.
Further, the stable isotopic composition of N@ snow
can provide information on the amount of post-depositional
NO; loss (e.g.Frey et al, 20094 Erbland et al.2013. At
Summit, the N and O isotopes of NOshowed that most
of the NG emitted from the surface snow is recycled back
to the snow as NO, explaining high NQ preservation
(Hastings 2004. It can be speculated that if the NO
loss rate was similar at WAIS Divide, then some of the
emitted gas phase species may be lost through lateral
export, implying a lower recycling efficiency and therefore
lower NGj preservation. Thus, ND post-depositional
loss is a nonlinear combination of both accumulation and
temperature, but other parameters need also to be considered
including snow chemistry to get a more complete process
understanding.

4.1.3 Steady-state estimation of atmospheric NO

Considering the NO-N&-O3 system, it is reasonable to as-
sume a photo-stationary steady state between NO and NO
at 1 m above the snowpackrgy et al, 2013 to infer the
potential atmospheric Nfconcentrations from reactions:

NO; +hv — NO+ O(P) (R2)
OCP) +02+M — O3 +M (R3)
NO+ O3 — NOz + O3 (R4)

The conversion of NO to N@described in ReactiorR{)
is also achieved through different channels (ReactiRfhs
R5-R6) with the presence of oxidants such as;kiPeroxy
(ROy) or halogen (XO =CIO, BrO, I0) radicals:

NO -+ RO, — NO; 4+ RO (R5)

NO + XO — NO, + X (R6)

Divide snow,~ 20 % as alkaline and- 30 % as much Ca

(Table2), may reduce the preservation of N@ snow and
enhance the NQemission flux in summer. Systematic dif-

Atmos. Chem. Phys., 13, 8858877, 2013

tended Leighton ratio as derivedRidley et al.(2000:
kral[O3] + kr1[OX]
JRr2

[NO2] = [NQO]

1)

www.atmos-chem-phys.net/13/8857/2013/
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with OX the total radical concentration 4.1.4 Potential NQ lifetime
([OX]=[HO2] +[RO2] +2[X0O]) as XO represents the o _ .
halogen radicals Ridley et al, 2000. The photolytic =~ The NG lifetime was calculated to investigate the fac-
rate constantjry was calculated from the NCAR/ACD torscontrolling its atmospheric concentration. Assuming that
radiative-transfer model TUV version 5.0Lde-Taylor —halogen chemistry is not significant at WAIS Divide, Reac-
and Madronich 2002 with Oz columns measured tions R7)—(R8) are the main sink of N@during polar day:
by total ozone mapping spectrometer (TOMSNttY:
/lozoneag.gsfc.nasa.gov/ozone_overhead_current_y8.md NO» = OH 4 M — HNO= + M R7
and assuming clear-sky conditiorigs and kr1 were esti- 2+ +M— 3+ (R7)
mated through the temperature-dependent expressions from
Sander et al(2006§. An NO> concentration of 5 pptv was
NO2 + HO2 + M — HNO4 + M R8

computed based on the averages of NO agaserved at 2+ Rz +M = 4+ (R8)
WAIS Divide, and on 49x 10" moleculecm® HO, + RO, Based on these reactions, the lifetime of NQ@no,)
miXing ratios derived from the .$><106m0|ecu|eCﬁT3 was estimated With[OH]=1'3X1@m0|ecu|ecm3 and
OH radical concentrations computed for Byferdy et al,  [|HO,] = 4.9x 10" moleculecr® (Sect.4.1.3. The lifetime
2009. Because the mixing ratios of HOfor WAIS Di-  of NO, (no,) was then deduced through E@) (Seinfeld
vide are estimates, we calculated the steady-state NOgnd pandis1998:
concentrations with reported HOlevels from Halley

Y 3 [NOJ
(2.3x10 molgculecm ) (Bl?’oss gt al. 2007 aqd South IOy = TNO, X (1F ). @)
Pole (83x10"moleculecm®) (Eisele and Davis 2008, [NO-]

resulting in NQ concentrations of 5.1 and 6.1 pptv, respec- The resulting lifetime of N@ at WAIS Divide of 15 h rep-

tively. These res_ults show that th|_s _steady state relatlonshu?esents an upper bound, given that the NO ;N@io of
depends essentially on NO and @ixing ratios. . L . . .
. : . 3.8 is an upper limit. This value is less than the 24 h esti-

Note that halogen radicals were not considered in these
calculations, and no records have yet been reported abovrt:I:1ated byJones et ak2000) from a snow block at Neumayer,
' Y P but it is longer than the 6.4 h estimated at Hall®aggui-

WAIS. Coastal sea ice is the main source of active halogerhe et al, 2012 and 8h at South Poldavis et al, 2004
(Saiz-Lopez and von Glase&012 and references therein) Bauguitie et al(2012 showed that N@ lifetime a’t HaIIe.y

and measurements from Antarctic coastal sites showed a

. e : IS mainly controlled by halogen oxidation processes, while
strong spatial variability in concentrations of halogens and
. N . low temperatures at South Pole prevent thermal decompo-
their potential impact on boundary layer photochemistry.

; ition of pernitric acid and therefore enhance N®moval
Summertime measurements of 10 and BrO ranged from 0.7SI A . .
to 5.5 pptv at Halley $aiz-Lopez et al.2007 whgille Mix- through its oxidation with HQ (Slusher et a).2002. Thus,

ing ratios at Dumont D’Urville were observed between 0.04 ?ougggéercgarigﬁ Ic|)ffe :ggesiir:;t%igsﬁlsvzlnsc%\i’\v/%gx&eg
and 0.15 pptv for 10 and below or equal to 2 pptv for BrO )

(Grilli et al., 2013. The back-trajectory analysis described in lifetimes computed with reported H@oncentrations from

Sect.4.2.1shows that marine intrusions over WAIS are fre- South Pole and Halley (Sth._l.a are respectively 9 and
uent (58 % of all back trajectories) and have therefore the33 h and represent the potential lower and upper bounds for
q the NQ, lifetime in the inner WAIS.

potential to export halogen compounds over the ice sheet. S : I i

However, from measurements by the satellite spectrometeéug%rr]:'d:;'gg :szol\tg:r?émﬁal\: &fe(thnl]\leom :;rr}]era?geto

SCIAMACHY (Schénhardt et 312012, monthly mean 10 e 3 P

and BrO vertical column amounts averaged over 2004 toOlry deposition), of less than a day above the East Antarc-
tic Plateau Davis et al, 2008 Slusher et a).2002 and an

2009 revealed insignificant concentrations of both species, o transport between WAIS Divide and the Plateau

over WAIS Divide between Dec_ember_an_d q;_anuary. Thus’longerthan 33 h (Sect.2), outflows from this region are not
it is reasonable to assume that little or insignificant halogen

chemistry is occurring at WAIS Divide. \e/\>/<£IeScted to be a major NGource for the boundary layer at
The NO: NQ ratio of 3.8 is significantly higher than the '

ratios of 1.3-2 and 1.5 observed respectively at HalBau¢

guitte et al, 2012 and references therein) and DomeHRZey

et al, 2013. These studies showed evidence of large dis-

crepancies between observed and steady-state estimated rehe simplified reaction schem®&9) to (R12 summarizes

tios that are attributed to halogen Chemistry for the CoaStathe Currenﬂy known N@ photochemistry in near-surface

station and to the presence of H®RO, on the plateau. gnow:

Therefore, the estimated atmospheric Nitm the steady-

state assumption has to be considered as a lower limit of tru®lO3 + hv — NO2 + O~ (R9)

value.

4.1.5 Calculation of upper-limit NOyx emission from
NO3 and NO; photolysis

www.atmos-chem-phys.net/13/8857/2013/ Atmos. Chem. Phys., 13, 8@8/#, 2013
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+10) are in the range of those measured at South Pole, 0.2—
0.3ngg? (Bisiaux et al, 2012 and references therein). Val-

- — 3
NOz +hv — NO; +OCP) (R10)  es of jyo= ., @andjyo- ., Were then scaled as a function of
340 2 >0
depth ¢) using an EFD of 30 cm (Tabl®, based on the sim-
NO, +hv — NO+ 0O~ (R11) ilar value calculated for South Pole Batko et al.(2013:
— - . . —Z
NO; +OH — NO, + OH R12)  jnoy = Jnog 0% &XP(Ep)- (4)

_ While NG5 photolysis is the major source of NQReac- The depth-integrated emission flux of N@as calculated
tion R9) (Grannas et al2007), recent studies also pointed at for 18 and 28 December 2008 and 4 January 2009 with
the potential contribution of the photolysis of JQo pro-

duce nitric oxide (ReactioR1]) (France et a).2012 and z=30cm
references therein). Therefore, calculations of thg M@is- Fno, = / INO3 1: jno- . Oz (5)
sion flux in snow were based on ReactioR9) and R11) oem ¥
for the respective wavelengths 280-360 nm and 280—400 nm =
(Chu and Anastasj@003 2007 and references therein). The .—30¢m
first-order rate constants for the photolysis of N@t the .
snowpack s:urfacy‘é,\los-’ZO were calculated as defined 8e- N0 = / NGz 1z no; - dz, ©)
infeld and Pandi$1999: z=0cm
Aj with respectively[NO; ], and [NO, ], in moleculecm3

i = [ oye AT (LT 1(x,0,20) dA. 3 measured at each depiliFig. 6). _
INO3 20 / Nog (4 1) o; (- 1) 1€ 0) @) In order to convert fluxFno, (moleculecnt?s™t) into a

volumetric production rat@no, (pptvht), Fno, was multi-
Based on the results dhu and Anastasi¢2003, the plied by the height of the boundary layer estimated from prior
spectral UV absorptivityfNog (r, T) was derived between balloon soundings above the West Antarctic Ice Sheet in

280 to 360 nm from the measured molar absorption coeffi-summer, with an average height of 250 m (range 13-354 m)
cients of aqueous Npat 278K and a quantum y|elﬂNog between morning and late afternO(ﬁréy etal, 2005 Note

(.. T) of 2.79x 103 was estimated foF = 259K, the aver- that atmospheric boundary layer height as low as 13 m may

age temperature over the three sampling days. The first—ordebre infrequent at WAIS Divide. Therefore, estimation of the

rate constants for the photolysis of @t the snow surface potential NG production from snow for an atmospheric

. : boundary layer height of 13 m will be an upper bound.
INO; 2o WETE calculated with the same appronihbg (*.7) Recent studiesdhu and Anastasj@007 Boxe and Saiz-
was calculated between 280 to 400 nm from reported mo

- Lopez 2008 and references therein) suggest that only;NO
lar absorptivities for aqueous NCat 274K and a range of and NG in i-liquid | ilable for ph .

2 2 quasi-liquid layers are available for photolysis
¢NOE (A, T) of 3.4x 10 —'0.9><10— for 1 between 280 and as photochemistry of these species does not occur in the bulk
400 nm was also determined for= 259K (Chu and Anas-  jce Because the distribution of NCand NG between the
tasig 2007). The actinic fluxes i, 6, zo) were computed  qyasi-liquid layers and the lattice ice is unknown, these cal-
with the NCAR/ACD radiative transfer model TUV version jiations assumed that all NQnd NG can be photolyzed.
5.0 under clear-sky conditions for a2olar elevation angle |t js also assumed that the totality of the N@roduced es-
(SEA=90 — 6, with 6 the solar zenith angle) averaged over capes from the snowpack and is released into the overlying
the three sampling days. _ atmosphere without considering any chemical loss. These

The transmission of light in snow that drives the pho- fiyxes and production rates are therefore an upper limit of
tochemistry in the top snowpack is controlled by optical the potential NQ source from the snow.
processes: scattering and absorptiBorginé et al. 2008
Grannas et 812007, and references therein). These processest.1.6 Potential NG production from top snowpack
are summarized in the parametefolding depth (EFD),
which in turn depends on snow physical properties — grainThe resulting potential daily N£ emission fluxes
size, density, liquid water content — and the concentrationfrom NO; photolysis in the surface snowpack were
of light-absorbing impurities such as black carbon. Studies8.6x 108 moleculecnm?s™! (Table 3). This value is in
at Dome C France et a).201]) and Barrow, AlaskaReay = agreement with previous reported h@mission fluxes on
et al, 2012, showed that absorption in snow layers, andthe Antarctic continent (Tabld). For NO, the estimated
therefore EFD, is inversely proportional to the content of value is 339x10® moleculecm?s™t. Maximum daily
black carbon in snow. Reported concentrations of black carNOx emission fluxes from snow are therefoféo, of
bon in snow at WAIS Divide of 0.08 0.4ngg ! (average 425x10®moleculecm?s~1, with 20% and 80% from

Al
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Table 3. Potential depth integrated N@mission fluxes and equivalent N@roduction rates from ND and NG, photolysis for an EFD
of 30 cm, a solar elevation angle of 2and three different atmospheric boundary layer heights (ABL) from previous measurefreyts (
et al, 2005.

Compound  Potential emission fluxes Potential production rates (ppivh

(1B moleculecnt?s™1) ABL=13m ABL=250m ABL=354m

NO, 8.6 114 6 4
NO 33.9 452 24 17

NO; and NG, photolysis, respectively. This contribution is released into the atmosphere. Also, the decrease of 5% per
similar to that found byFrance et al(2012 at Barrow. day of NG, in surface snow (Sec8.2) indicates that only
The resulting local NQ production is 30 pptvh! for a  a small amount of NQ may actually undergo photolysis to
mean atmospheric boundary layer height of 250 m (T@ple produce NO. Nevertheless, these results show the key role
Average production rates of 21 and 566 ppt¥lwere cal-  of the boundary-layer depth in determining the contribution
culated for boundary layer depths of 354 and 13 m, respecof snowpack emissions to the overlying photochemistry. Our
tively. Comparison between the potential N@roduction  estimates imply that both the variability of boundary layer
rate and the mixing ratios of NOestimated from the ex- height with an observed range in summer of 13 to 354 m and
tended Leighton mechanism with measured NO (Seit3 local NQ, emissions from snow impact the atmosphericNO
indicates that the snow source contributes significantly to themixing ratios.
NOy budget at WAIS Divide. However, values &fo, Sug-
gest that the estimated production rates are an upper limi#.1.7 Local production of O3
since the observed levels of NO (19 pptv) and the estimated o ) o )
NO, mixing ratios (5 pptv) are inconsistent with an No- The OXIdatIOI’]. of methane is the_ main in situ chemical source
duction rate of 566 pptvht for atmospheric boundary layer of tropospheric @. Thus, ReactionR1) leads to production
height of 13 m. of O3 while Reaction R13) leads to its destructiorsginfeld
These calculated NQ emissions are higher than re- and Pandis1998:
ported values from other Antarctic sites, where mod- HO, + O3 — OH+ 20. (R13)
eled and measured fluxes reached betwedx 20° and
22x 108 moleculecm?s! (Table4). In a recent studyZa- The ratio between theses two rates indicates whether
tko et al. (2013 suggested that local contamination from WAIS Divide is an @ production or destruction site:
nearby stations increases the content of impurities in snow,
therefore reducing the EFD of the actinic flux in the top (F\;llsb = kR13 [l\(ljg .
snowpack, resulting in a possible underestimation of thg NO (RD kr1 [NOJ
emissions modeled or measured nearby stations by a factor This  ratio was  calculated with kg1 =
of 1.4-2.4. Thus, high NQemissions could be expected in 9.49x10-*?cm®molecule1s? and kriz=
our study since the sampling site was 5km upwind of the1.62x10 *°>cm®molecule*s™t, derived from Sander
main WAIS camp emissions (Se@). However, the results et al. (2006, and an average temperature of 255.6 K mea-
from Zatko et al.(2013 can be discussed since most of the sured during the campaign. Note that this estimation from
measurements or estimations of N@earby Antarctic sta- the photo stationary state relation accounts for the BiQit-
tions were from sites located in clean air sector, upwind ofted from the snowpack. In the case of Summiipmas et al.
the stations (Tabld). With said precautions, local contami- (2012 showed that N@ emitted from the snowpack can
nation from nearby stations should not reach these sites anithcrease the boundary layers @y an additional 2—3 ppbv.
impact on the measured or calculated snowpack emissions.Frey et al(2013 show that under calm conditions typical for
The above estimates do have uncertainties: a) dailypome C, East Antarctica, NO and N@mitted by surface
surface-snow samples revealed that the local-scale spatighow reach steady-state at 1 m. Thus, it is expected that our
variability of NO3 in the near-surface snowpack is signifi- measured mixing ratios of £at 1 m above surface snow
cant, and b) our calculations assume that all of the; N@d already reflect the contribution from the N@missions.
NO; in snow is available for photolysis followed by emis- AlSO, it is assumed that halogen chemistry does not occur
sion into the atmosphere of all the photo-produced NO ancft WAIS Divide, otherwise the reaction of BrO withs@nd
NO,. Concerning b)Anastasio and Ch{2009 suggested NOx in the snowpack would reduce the loca @roduction
that 30 % of the N@ produced from NQ photolysis may ~ (Thomas et a).2012).

be converted to N within the snow matrix before being The ratio R13:(R1) equals 0.216 and confirms that
WAIS Divide is a surface ozone production site (Sdct..]).

("
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Table 4. Potential emission flux of NOfrom NO3 and NG, photolysis in snow at WAIS Divide compared to other Antarctic sites.

Site & reference Fno, £ 1o (108 moleculecn?s™t)  Period Notes
Measured Modeled
WAIS Divide
This study Fno, =42.8 12/08-01/09 Daily average, 28EA
Neumayer
Jones et al(200]) 3(+0.3/—0.9)b 05-07/02/99 Noon maxima
Halley V:
Jones et al(201]) 2.42 18/01/05 Daily average
Bauguitte et al(2019  12.6° 3.4 02/02/05 Noon maxima
7.3 (07:05-15:05 UTC) average
South Pole
Oncley et al (2004 3.9+ 0.4 26-30/11/00 Overall average
Wang et al (2008 3.2-4.% 11-12/03
Zatko et al(2013 3.3-9.48 January Noon maxima, near station
7.7-23 Noon maxima, remote
Dome C
Frey et al(2013 6.9+ 7.0 12/09-01/10
Zatko et al.(2013 3.2-13 January Noon maxima, near station
4.4-17 Noon maxima, remote
WAIS Divide
This study Fno, = 8.6 12/08-01/09 Daily average, 2BEA
Fno = 33.F°
South Pole
Oncley et al(2004) Fno = 2.6+ 0.3 26-30/11/00 Overall average
Dome C
France et al(2011) Fno, = 24-3.8 12/09-01/10 Values for 22SEA

a Depth-integratedyo, With spectral irradiance from the TUV model.
b From measured gradients MOy concentrations and turbulent diffusivity.
¢ From 1-D model oNOy concentrations based on production fréi@3 photolysis and chemical loss.

d Based on observed NO gradients and assuming photochemical steady-state.

€ From 1-D chemistry-diffusion model based on trace gas measurements.
f Based on depth-dependent actinic flux profiles derived from snowpack radiative transfer model and snow-impurity measurements.
9 Depth-integratedo, with measured spectral irradiance.

From Eq. {), a threshold value of 2 pptv for NO is found to December of 0.3 ppbvit. We therefore consider the impact
trigger O3 production at WAIS Divide, whereas this thresh- of air mass transport, as detailed below.
old is reached at 5pptv in the remote continental tropo-

sphere of mid-latitude region$¢infeld and Pandisl999

4.2

and of high latitude sites, such as Dome C (derived from

Chen et al. 2007). An atmospheric HQ concentration of
4.9x 10" moleculecnt® leads to a potential §production
of 0.8 ppbvday?. This is about 5% of the observed ®ix-

Impacts of air mass transport

Analysis of wind direction and @mixing ratios indicate that
air masses from the ENE-SWS sector have typically the high-
est G concentrations (Se, Fig. 4). O3 can be considered

ing ratios and respectively 20 % and 50 % of the rates calcu? long-lived chemical species compared to,NSect4.1.9

lated above the East Antarctic Plateaw. @oduction rates
are~ 4 ppbvday?! at South PoleChen et al.2004 and ref-
erences therein) and 1.5 ppbvday?! at Dome C (egrand

with a lifetime of about 22 days in the polar regio@é&nnas
et al, 2007). It is therefore expected that locag@ affected
by transport, so the origin and transport of air at WAIS Divide

etal, 2009. Our result is consistent with these previous stud-were further investigated using 4-day back trajectories.

ies since WAIS Divide is a lower-altitude site with a deeper

A total 168 trajectories were computed with the NOAA

atmospheric boundary layer that is influenced by a diel cycleHysplit(HYbrid Single-Particle Lagrangian Integrated Tra-
jectory; seehttp://ready.arl.noaa.gov/hysplit4.hjmmodel

of UV irradiance.

It is apparent that local 9production is too small to ac-

(R. R. Draxler and G. D. Rolph, 2003) every 4 h using global

count for the observed increases between 24—25 and 27—29eteorological data from the NCEP Global Data Assim-
ilation System (GDAS) with a 3h temporal resolution, a

Atmos. Chem. Phys., 13, 8858877, 2013
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1° x 1° (latitudex longitude) spatial resolution, an endpoint oo King Haakon VI sea
at the latitude and longitude of WAIS Divide and 10 m above ¢ )
ground level from 10 December 2008 to 8 January 2009. A “.
comparison of the resulting 168 trajectories with another se’
generated from the NCEP-NCAR archived data shows sim:
ilar results (Fig.9), while Sinclair et al.(2013 showed that
back trajectories from NCEP-NCAR and ECMWF Interim
Re-Analysis (ERA-Interim) were comparable during austral
summer. Therefore, the following discussion is based on tra:
jectories produced from the GDAS archives. The back trajec-
tories were combined to create daily maps (Hig). and we
distinguish three regions of air mass origin based on eleva
tion, slope and previous £and temperature measurements _
(Fig.9).
We refer to the East Antarctic Plateau as the East Antarcticg 3o
region above 2500 m a.m.s.l. with a slope of less tiiegirice 2
elevated @ has not been observed below 2500 ma.m.s.l.
during the Antarctic summerF(ey et al, 2005. Surface

Os is produced over the East Antarctic Plateau and postig g, map of the different origins of air reaching WAIS Divide

sibly exported through air outflow (Seet.2.2. The inner  identified by the 4-day back-trajectory analysis and topography:
WAIS refers to the West Antarctic area above 1750 m a.m.s.|gast Antarctic Plateau (yellow), inner WAIS (red) and the Antarctic

with a slope inferior to 1 An average temperature of about coastal slopes (green). Comparison between the results from anal-

—25°C was reported in the inner WAIS compared+t5°C yses using the GDAS and NCAR meteorological archived data is

in the lower-elevated regiond-fey et al, 2005. Finally, shown.

based on a slope higher thahdnd on the previous observa-

tions, the areas below 2500 ma.m.s.l. in East Antarctica and

1750 ma.m.s.l. in West Antarctica are referred to as Antarc- Air masses from the interior of WAIS (17 % of all back tra-

tic coastal slopes. jectories, Fig.10e) are also associated with low; @nixing
Figure 9 shows that over the campaign, 58 % of the air ratios. Influence from local halogen chemistry or halogens

masses originated from the Antarctic coastal slopes with 2 ¥e&xported from the Antarctic coasts is not consistent with ob-

possibly flowing from the distant King Haakon VII coast. servations oSchonhardt et a(2012).

An estimated 17 % was transported from the inner WAIS and  Itis therefore suggested that the Bvels of the air masses

25 % of the air was advected from the East Antarctic Plateaufrom the coastal slopes and the interior of WAIS are low,

About 71% of the air reaching WAIS Divide flowed from so these airflows can reduce the [Bvels of WAIS Divide

2 | EZANCAR

Slopes

East Antarctica and 29 % from West Antarctica. when reaching the site. From these results and the wind-
speed record (FidLl), it is also expected that{production
4.2.1 Air mass origins related to low Q levels over WAIS is less than or equal to our estimategipPoduc-

tion rate for WAIS Divide.
Except for outflows from the East Antarctic Plateau, all  Ajflows from long-distance sources such as King Haakon
air mass origins are associated with lows,Gaveraging v/ sea coast (2% of all back trajectories, FIf¥) appear
13+ 3 ppbv (Fig.11). This represents therefore 75% of the jnfrequently, with no obvious impact on localsOThe G
air mass reaching WAIS Divide, which includes air from the gjgnature of these air masses likely disappeared during their

coastal slopes (Fidl0a, b) and the inner WAIS (Fidl0e).  ransport over more than 2500 km.
In coastal Antarctica, halogen-catalyzed chemistry has been

found to prevent @production in summer and even leads 0 4 » 5 Ajr mass origins associated with elevated §Jevels
the well-known episodic @depletion events during spring

(Jones et aJ2008 and references therein). The little vertical- Approximately 25 % of all back trajectories point to airflows
column amounts of 10 and BrO observed at WAIS Divide .o the East Antarctic Plateau (FigOc, d and Fig.9)

from satellite in December and January 2004-208€h0n-  \hich are mainly related to the highess @easured at WAIS
hardt et al.2012) suggest that contribution of halogens from ;ide. with an average-1o of 19+ 4 ppbv (Fig.11).
intrusions of coastal air (58 % of all back trajectories) to the This’ is consistent with the £ production above the

WAIS Divide photochemistry is not significant. Thus, reduc- ot Antarctic PlateauHelmig et al, 20083 and refer-
tion of Os levels at WAIS Divide by halogen chemistry may gnces therein) that enhances thelévels of WAIS through

not occur, as assumed in the previous sections. air transport, as previously reported yegrand et al.
(2009, who only observed high £mixing ratios at Dumont

www.atmos-chem-phys.net/13/8857/2013/ Atmos. Chem. Phys., 13, 8@8/#, 2013
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TEETT200E TErZTa00E

PR = o PP i o

¥ o ) e
EHI 131 M4 151 1531 4530 -2 1248 1254 1223 1202 e

CTar2a0s

Fig. 10.Combined 4-day back-trajectory maps of some specific events identified ihlFigach daily map contains 6 trajectories of 4-hour
intervals and symbols are plotted for every 24 h time step. The different regions of air origin are identifiedinTFagectory colors do not
correspond to map colors. Trajectory elevations are meters above ground level.

D’Urville for air masses originating from the Antarctic Secondly, high @ was only observed at WAIS Divide
Plateau. Such an oxidizing environment is confirmed by thewhen the transport time from the East Antarctic Plateau was
O3 observations at South Pole (S. J. Oltmdritp://ds.data. less than 3 days (FidlOc and d). To investigate this con-
jma.go.jp/gmd/wdcgpover the same period that shows an dition, the total Q loss during transport from the Antarctic
average concentration of 31 ppbv, 17 ppbv more than the avPlateau to WAIS Divide was estimated. The back trajectories
erage observed at WAIS Divide (Figjl). indicate that @ maxima during 24—28 December at WAIS
Further back-trajectory analysis reveals two conditions inDivide are due to rich @air originating from the South Pole
which high G concentrations are observed above WAIS Di- region, as local records show similar but higher peaks about
vide. First, elevated @mixing ratios were only observed for 2 days before (Figll). From this delay, a loss rate of 0.25
lower atmosphere air coming from the East Antarctic Plateau+0.04) ppbv ! was calculated. This represents anl@ss
(below 1500 m above ground level). The trajectories of theseate of 5.5 £0.9) ppbvday! when averaged ©mixing ra-
near-surface airflows are in good agreement with the katatios were 30 and 14 ppbv, respectively, at South Pole and
batic streamlines described Byarish and Bromwic2007). WAIS Divide over the campaign. If these loss rates (from
This suggests that air exported off the East Antarctic Plateaulilution, net destruction, etc.) are typical, then it follows that
via katabatic outflows raises significantly thg @ixing ra- O3 export off the Plateau has to be rapid (less than 3 days) in
tios at WAIS Divide. The ozone depletion recorded betweenorder to have an impact on WAIS Divide's levels.
25 and 27 December 2008 (Fitpd and Fig11) is attributed Observations of elevatedsQevels are frequently related
to an air mass coming from altitude as high-a8000m  to vertical transport from the free troposphere/lower strato-
above ground level. sphere at Summit, Greenlandiélmig et al, 20079 and

Atmos. Chem. Phys., 13, 8858877, 2013 www.atmos-chem-phys.net/13/8857/2013/
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Fig. 11. The 1h averages of observéd) wind speed at WAIS
Divide, (b) O3 at WAIS Divide, and(c) O3 at South Pole (data
available at:http://ds.data.jma.go.jp/gmd/wdcgfpr austral sum-
mer 2008-2009. Air mass origins are reported with the identical
color coding used in Figd: East Antarctic Plateau (yellow), inner
WAIS (red) and Antarctic coastal slopes (green). Events of air trans-
port less than 3 days between East Antarctic Plateau and WAIS Di-
vide (vajr < 3 days) and of high-altitude air originc(2 km above
ground level) are also reported.

other Arctic sites ldelmig et al, 2007a and references
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5 Conclusions

Being from a geographically intermediate site between the
Antarctic coast and the East Antarctic Plateau, our results
show that concentrations of atmospheric N@, 8,02 and
skin-layer NG at WAIS Divide during summer 2008-2009
are similar to coastal levels.

Comparison of local potential NQproduction from daily
average depth-integrated emission fluxes ofyNddd the
NOy mixing ratios estimated from a steady-state assumption
shows that N@ and NG, photolysis in the local snowpack
are a significant source of NCat WAIS Divide. The up-
per limit of 15 h NQ lifetime confirms that short-lived NO
species are more sensitive to local production above WAIS
than to outflows from the East Antarctic Plateau. Lower;NO
preservation in snow at WAIS Divide than at Summit is co-
herent with the potential NQemission flux and suggests
stronger lateral export of emitted N@han local recycling.

O3 production at WAIS Divide can be triggered with NO
mixing ratios higher than 2 pptv, but the smal§ Produc-
.tion rate cannot explain the observed @riability, which
suggests a significant air mass transport contribution. Air
flows from the East Antarctic Plateau are only associated
with high Oz mixing ratios if the air transport is near surface
by gravity driven winds and less than 3 days from the East
Antarctic Plateau. With levels of £over the East Antarctic

therein). These stratospheric-intrusion events are promoteBlateau twice those observed at WAIS Divide, outflows from
by boundary-layer instabilities, which are caused by signif-the interior of the continent therefore have the potential to
icant diel radiation cycles and by the size of the Green-enhance the mixing ratios of long-lived atmospheric chemi-
land ice sheetHelmig et al, 20078. All of the vertical ~ cal species such asz@ver WAIS. During this 28-day cam-

Oz profiles over the East Antarctic Plateau from tethered-paign, outflows from the Antarctic Plateau were observed

balloon measurementkiélmig et al, 2008a Johnson et a|.
2008 Oltmans et a].2008 and an airborne studys{usher
et al, 2010 present higher @ mixing ratios in the at-

over 7.5 days, raising the summeg @&erage by about 20 %
(2 ppbv). The possibility of halogen chemistry above inland
WAIS that would impact the atmospheric photochemistry is

mospheric boundary layer than in the free troposphere, innot consistent with satellite observations and cannot there-

dicating that no contribution of stratospherics @ccurs
over the Antarctic Plateau. Enhancement of theg I&v-
els at WAIS Divide from vertical transport is neither sup-
ported by the back-trajectory analysis nor by the verti-
cal O3 profiles measured at South Pole during this period
(http://www.esrl.noaa.gov/gmd/dv/data/index. phgonfirm-
ing the previous observations from the East Antarctic
Plateau.

However, not all elevated £Omixing ratios at this site
could be explained with the air origin. This is the case for
the 5h rise of @ mixing ratios that reached 24 ppbv on 12

fore explain the low @ levels that are associated with air
mass origins from the interior of WAIS.

Results from the back-trajectory analysis over December
2008 and January 2009 at WAIS Divide (Fig). compare
well with those ofMarkle et al.(2012) calculated over thirty
years in the Ross Sea region. For the same months, the au-
thors found that 45 % of the air mass trajectories have an
oceanic/West Antarctic origin and 55 % a continental/East
Antarctic source, while we observed respective values of
29% and 71% at WAIS Divide. These results confirm the
minor contribution of oceanic/West Antarctic inflows to the

December and occurred during the only snowfall observed/NVAIS atmosphere during austral summer showrNigolas

during the campaign (Fid). With low wind speeds (Figl1)
and airflow from the inner WAIS observed during this event,
itis possible that more @accumulated in the boundary layer
from local production. However, given thez@roduction
rate we estimated previously (Sedtl.?), it seems unlikely
that only the local production of £could cause this specific
increase.

www.atmos-chem-phys.net/13/8857/2013/

and Bromwich(2011), and the predominance of continen-
tal/East Antarctic air masses that may significantly impact
the oxidative capacity of the atmosphere above the interior
of WAIS.

Atmos. Chem. Phys., 13, 8@8/4, 2013


http://ds.data.jma.go.jp/gmd/wdcgg
http://www.esrl.noaa.gov/gmd/dv/data/index.php

8874 S. Masclin et al.: WAIS snowpack emission and air mass transport source

AcknowledgementsThis work was supported by the National Chen, G., Huey, G., Crawford, J. H., Olson, J. R., Hultterli,
Science Foundations Office of Polar Programs (OPP-0636929). M. A., Sjostedt, S. J., Tanner, D., Dibb, J. E., Lefer, B.,
We thank G. Huey for the use of the nitric oxide detector. We also Blake, N. J., Davis, D. D., and Stohl, A.: An assessment of
thank S. J. Oltmans for using hisg@neasurements from South the polar HQ photochemical budget based on 2003 Summit
Pole, as well as B. Alexander and E. D. Sofen for their insight Greenland field observations, Atmos. Environ., 41, 7806—7820,

concerning the EFD and NPphotolysis at WAIS Divide. doi:10.1016/j.atmosenv.2003.07.QR07.
Chu, L. and Anastasio, C.: Quantum yields of hydroxyl radical and
Edited by: J. W. Bottenheim nitrogen dioxide from the photolysis of nitrate on ice, J. Phys.

Chem. A, 107, 9594-9602, dtD.1021/jp03491322003.
Chu, L. and Anastasio, C.: Temperature and wavelength depen-
dence of nitrite photolysis in frozen and aqueous solutions, En-

References viron. Sci. Technol., 41, 3626-3632, dui.1021/es062731q
2007.

Anastasio, C. and Chu, L.: Photochemistry of Nitrous Acid Davis, D. D., Nowak, J., Chen, G., Buhr, M., Arimoto, R.,
(HONO) and Nitrous Acidium lon (HONOT) in Aqueous Hogan, A., Eisele, F., Mauldin, L., Tanner, D., Shetter, R,
Solution and Ice, Environ. Sci. Technol.,, 43, 1108-1114, [Lefer, B., and McMurry, P.: Unexpected high levels of NO
doi:10.1021/es802579a0009. observed at South Pole, Geophys. Res. Lett., 28, 3625-3628,

Anastasio, C. and Robles, T.: Light absorption by soluble chemical doi:10.1029/2000GL01258£2001.
species in Arctic and Antarctic snow, J. Geophys. Res.-Atmos.,Davis, D. D., Chen, G., Buhr, M., Crawford, J. H., Lenschow, D.,
112, D24304, doi:0.1029/2007JD008692007. Lefer, B., Shetter, R., Eisele, F., Mauldin, L., and Hogan, A.:

Banta, J. R., Mcconnell, J. R., Frey, M. M., Bales, R. C., and Taylor, ~South Pole NQ chemistry: an assessment of factors controlling
K.: Spatial and temporal variability in snow accumulation at the  variability and absolute levels, Atmos. Environ., 38, 5375-5388,
West Antarctic Ice Sheet Divide over recent centuries, J. Geo- doi:10.1016/j.atmosenv.2004.04.02904.
phys. Res., 113, D23102, dbd.1029/2008JD010232008. Davis, D. D., Seelig, J., Huey, G., Crawford, J. H., Chen, G.,

Bauguitte, S. J.-B., Brough, N., Frey, M. M., Jones, A. E., Maxfield, Wang, Y., Buhr, M., Helmig, D., Neff, W., Blake, D. R.,

D. J.,, Roscoe, H. K., Rose, M. C., and Wolff, E. W.: A network  Arimoto, R., and Eisele, F.: A reassessment of Antarctic
of autonomous surface ozone monitors in Antarctica: technical plateau reactive nitrogen based on ANTCI 2003 airborne and
description and first results, Atmos. Meas. Tech., 4, 645-658, ground based measurements, Atmos. Environ., 42, 28312848,
doi:10.5194/amt-4-645-2012011. doi:10.1016/j.atmosenv.2007.07.02908.

Bauguitte, S. J.-B., Bloss, W. J., Evans, M. J., Salmon, R. A., An-Dibb, J. E., Huey, G., Slusher, D., and Tanner, D.: Soluble reactive
derson, P. S., Jones, A. E., Lee, J. D., Saiz-Lopez, A., Roscoe, nitrogen oxides at South Pole during ISCAT 2000, Atmos. Envi-
H. K., Wolff, E. W., and Plane, J. M. C.: Summertime N@ea- ron., 38, 5399-5409, 2004.
surements during the CHABLIS campaign: can source and sinkDibb, J. E., Whitlow, S. I., and Arsenault, M.: Seasonal variations
estimates unravel observed diurnal cycles?, Atmos. Chem. Phys., in the soluble ion content of snow at Summit. Greenland: Con-
12, 989-1002, dal:0.5194/acp-12-989-2012012. straints from three years of daily surface snow samples, Atmos.

Bisiaux, M. M., Edwards, R., McConnell, J. R., Curran, M. A. Environ., 41, 5007-5019, ddi0.1016/j.atmosenv.2003.01.Q01
J., Van Ommen, T. D., Smith, A. M., Neumann, T. A., Pas-  2007.
teris, D. R., Penner, J. E., and Taylor, K.: Changes in black car-Dibb, J. E., Ziemba, L. D., Luxford, J., and Beckman, P.: Bromide
bon deposition to Antarctica from two high-resolution ice core  and other ions in the snow, firn air, and atmospheric boundary
records, 1850-2000 AD, Atmos. Chem. Phys., 12, 4107-4115, layer at Summit during GSHOX, Atmos. Chem. Phys., 10, 9931—
doi:10.5194/acp-12-4107-2012012. 9942, doi10.5194/acp-10-9931-2012010.

Bloss, W. J., Lee, J. D., Heard, D. E., Salmon, R. A., Bauguitte, Domine, F., Albert, M., Huthwelker, T., Jacobi, H.-W.,
S. J.-B., Roscoe, H. K., and Jones, A. E.: Observations of OH Kokhanovsky, A. A., Lehning, M., Picard, G., and Simp-
and HQ radicals in coastal Antarctica, Atmos. Chem. Phys., 7, son, W. R.: Snow physics as relevant to snow photochemistry,
4171-4185, dot0.5194/acp-7-4171-2002007. Atmos. Chem. Phys., 8, 171-208, ddi:5194/acp-8-171-2008

Boxe, C. S. and Saiz-Lopez, A.: Multiphase modeling of nitrate  2008.
photochemistry in the quasi-liquid layer (QLL): implications for Eisele, F. L. and Davis, D. D.: Antarctic tropospheric chemistry
NOy release from the Arctic and coastal Antarctic snowpack, At-  investigation (ANTCI) 2003, Atmos. Environ., 42, 2747-2748,
mos. Chem. Phys., 8, 4855-4864, d6i5194/acp-8-4855-2008 doi:10.1016/j.atmosenv.2007.09.Q2008.

2008. Erbland, J., Vicars, W. C., Savarino, J., Morin, S., Frey, M. M.,

Burkhart, J. F., Hutterli, M. A., Bales, R. C., and Mcconnell, J. R.:  Frosini, D., Vince, E., and Martins, J. M. F.: Air-snow transfer
Seasonal accumulation timing and preservation of nitrate in firn  of nitrate on the East Antarctic Plateau — Part 1: Isotopic evi-
at Summit, Greenland, J. Geophys. Res.-Atmos., 109, D19302, dence for a photolytically driven dynamic equilibrium in sum-
doi:10.1029/2004JD004652004. mer, Atmos. Chem. Phys., 13, 6403-6419, H0i5194/acp-13-

Chen, G., Davis, D. D., Crawford, J. H., Hutterli, M. A., Huey, G., 6403-20132013.

Slusher, D., Mauldin, L., Eisele, F., Tanner, D., Dibb, J. E., Buhr, France, J., Reay, H., King, M., Voisin, D., Jacobi, H., Dominé,
M., Mcconnell, J. R., Lefer, B., Shetter, R., Blake, D. R., Song, F, Beine, H., Anastasio, C., MacArthur, A., and Lee-Taylor, J.:
C., Lombardi, K., and Arnoldy, J.: A reassessment of¢-8outh Hydroxyl radical and N production rates, black carbon con-
Pole chemistry based on observations recorded during ISCAT centrations and light-absorbing impurities in snow from field
2000, Atmos. Environ., 38, 5451-5461, 2004.

Atmos. Chem. Phys., 13, 8858877, 2013 www.atmos-chem-phys.net/13/8857/2013/


http://dx.doi.org/10.1021/es802579a
http://dx.doi.org/10.1029/2007JD008695
http://dx.doi.org/10.1029/2008JD010235
http://dx.doi.org/10.5194/amt-4-645-2011
http://dx.doi.org/10.5194/acp-12-989-2012
http://dx.doi.org/10.5194/acp-12-4107-2012
http://dx.doi.org/10.5194/acp-7-4171-2007
http://dx.doi.org/10.5194/acp-8-4855-2008
http://dx.doi.org/10.1029/2004JD004658
http://dx.doi.org/10.1016/j.atmosenv.2003.07.018
http://dx.doi.org/10.1021/jp0349132
http://dx.doi.org/10.1021/es062731q
http://dx.doi.org/10.1029/2000GL012584
http://dx.doi.org/10.1016/j.atmosenv.2004.04.039
http://dx.doi.org/10.1016/j.atmosenv.2007.07.039
http://dx.doi.org/10.1016/j.atmosenv.2003.01.001
http://dx.doi.org/10.5194/acp-10-9931-2010
http://dx.doi.org/10.5194/acp-8-171-2008
http://dx.doi.org/10.1016/j.atmosenv.2007.09.074
http://dx.doi.org/10.5194/acp-13-6403-2013
http://dx.doi.org/10.5194/acp-13-6403-2013

S. Masclin et al.: WAIS snowpack emission and air mass transport source 8875

measurements of light penetration and nadir reflectivity of on- Helmig, D., Johnson, B., Oltmans, S. J., Neff, W., Eisele,
shore and offshore coastal Alaskan snow, J. Geophys. Res., 117, F,, and Davis, D. D.: Elevated ozone in the bound-
DOOR12, doi10.1029/2011JD0166392012. ary layer at South Pole, Atmos. Environ., 42, 2788-2803,
France, J. L., King, M. D., Frey, M. M., Erbland, J., Picard, G., doi:10.1016/j.atmosenv.2006.12.02008.
Preunkert, S., MacArthur, A., and Savarino, J.: Snow optical Honrath, R., Lu, Y., Peterson, M., Dibb, J., Arsenault, M., Cullen,
properties at Dome C (Concordia), Antarctica; implications for  N., and Steffen, K.: Vertical fluxes of NOQHONO, and HNGQ
snow emissions and snow chemistry of reactive nitrogen, At- above the snowpack at Summit, Greenland, Atmos. Environ., 36,
mos. Chem. Phys., 11, 9787-9801, #6i5194/acp-11-9787- 2629-2640, doi0.1016/S1352-2310(02)0013220D02.
2011, 2011. Hutterli, M. A.: Sensitivity of hydrogen peroxide ¢g®,) and
Frey, M. M., Stewart, R. W., Mcconnell, J. R., and Bales, R. C.:  formaldehyde (HCHO) preservation in snow to changing envi-
Atmospheric hydroperoxides in West Antarctica: Links to strato-  ronmental conditions: Implications for ice core records, J. Geo-
spheric ozone and atmospheric oxidation capacity, J. Geophys. phys. Res., 108, 4023, dbD.1029/2002JD0025282003.

Res., 110, D23301, ddi0.1029/2005JD00611A@005. Jacobi, H.-W., Weller, R., Jones, A. E., Anderson, P. S., and

Frey, M. M., Bales, R. C., and Mcconnell, J. R.: Climate sensitivity = Schrems, O.: Peroxyacetyl nitrate (PAN) concentrations in the
of the century-scale hydrogen peroxide(®}) record preserved Antarctic troposphere measured during the photochemical ex-
in 23 ice cores from West Antarctica, J. Geophys. Res.-Atmos, periment at Neumayer (PEAN'99), Atmos. Environ., 34, 5235-
111, D21301, doi0.1029/2005JD006812006. 5247, doi10.1016/S1352-2310(00)001902000.

Frey, M. M., Hutterli, M. A,, Chen, G., Sjostedt, S. J., Burkhart, J. Jarvis, J. C., Hastings, M. G., Steig, E. J., and Kunasek,
F., Friel, D. K., and Bales, R. C.: Contrasting atmospheric bound- S. A.: Isotopic ratios in gas-phase HNCand snow ni-

ary layer chemistry of methylhydroperoxide (gBIOH) and hy- trate at Summit, Greenland, J. Geophys. Res., 114, D17301,
drogen peroxide (bO2) above polar snow, Atmos. Chem. Phys.,  doi:10.1029/2009JD012132009.
9, 3261-3276, dal:0.5194/acp-9-3261-2002009a. Jefferson, A., Tanner, D., Eisele, F., Davis, D., Chen, G., Crawford,

Frey, M. M., Savarino, J., Morin, S., Erbland, J., and Martins, J. J., Huey, J., Torres, A., and Berresheim, H.: OH photochem-
M. F.: Photolysis imprint in the nitrate stable isotope signal in  istry and methane sulfonic acid formation in the coastal Antarc-
snow and atmosphere of East Antarctica and implications for tic boundary layer, J. Geophys. Res.-Atmos., 103, 1647-1656,
reactive nitrogen cycling, Atmos. Chem. Phys., 9, 8681-8696, do0i:10.1029/97JD02376.998.
doi:10.5194/acp-9-8681-2002009b. Johnson, B., Helmig, D., and Oltmans, S. J.: Evaluation of ozone

Frey, M. M., Brough, N., France, J. L., Anderson, P. S., Traulle, measurements from a tethered balloon-sampling platform at
0., King, M. D., Jones, A. E., Wolff, E. W., and Savarino, J.: South Pole Station in December 2003, Atmos. Environ., 42,
The diurnal variability of atmospheric nitrogen oxides (NO and  2780-2787, doi0.1016/j.atmosenv.2007.03.0£8908.

NO,) above the Antarctic Plateau driven by atmospheric stabil-Jones, A., Weller, R., Minikin, A., Wolff, E., Sturges, W.,
ity and snow emissions, Atmos. Chem. Phys., 13, 3045-3062, Mclntyre, H., Leonard, S., Schrems, O., and Bauguitte, S.:
doi:10.5194/acp-13-3045-20,13013. Oxidized nitrogen chemistry and speciation in the Antarc-

Grannas, A. M., Jones, A. E., Dibb, J., Ammann, M., Anastasio, C., tic troposphere, J. Geophys. Res.-Atmos., 104, 21355-21366,
Beine, H. J., Bergin, M., Bottenheim, J., Boxe, C. S., Carver, G., do0i:10.1029/1999JD900362999.

Chen, G., Crawford, J. H., Dominé, F., Frey, M. M., Guzman, Jones, A., Weller, R., Anderson, P., Jacobi, H., Wolff, E., Schrems,
M. 1., Heard, D. E., Helmig, D., Hoffmann, M. R., Honrath, R. O., and Miller, H.: Measurements of NOemissions from

E., Huey, L. G., Hutterli, M., Jacobi, H. W., Klan, P., Lefer, B., the Antarctic snowpack, Geophys. Res. Lett., 28, 1499-1502,
McConnell, J., Plane, J., Sander, R., Savarino, J., Shepson, P. B., doi:10.1029/2000GL01195&001.

Simpson, W. R., Sodeau, J. R., von Glasow, R., Weller, R., Wolff, Jones, A. E., Weller, R., Wolff, E. W., and Jacobi, H.-W.:
E. W,, and Zhu, T.: An overview of snow photochemistry: evi-  Speciation and rate of photochemical NO and JN@oduc-
dence, mechanisms and impacts, Atmos. Chem. Phys., 7, 4329— tion in Antarctic snow, Geophys. Res. Lett.,, 27, 345-348,

4373, doi10.5194/acp-7-4329-2002007. d0i:10.1029/1999GL010882000.
Grilli, R., Legrand, M., Kukui, A., Méjean, G., Preunkert, S., and Jones, A. E., Wolff, E. W., Salmon, R. A., Bauguitte, S. J.-B.,
Romanini, D.: First investigations of 10, BrO, and NGummer Roscoe, H. K., Anderson, P. S., Ames, D., Clemitshaw, K. C.,

atmospheric levels at a coastal East Antarctic site using mode- Fleming, Z. L., Bloss, W. J., Heard, D. E., Lee, J. D., Read,
locked cavity enhanced absorption spectroscopy, Geophys. Res. K. A., Hamer, P., Shallcross, D. E., Jackson, A. V., Walker, S.
Lett., 40, 791796, ddi0.1002/grl.501542013. L., Lewis, A. C., Mills, G. P., Plane, J. M. C., Saiz-Lopez, A.,

Hastings, M. G.: Seasonal variations in N and O isotopes of ni- Sturges, W. T., and Worton, D. R.: Chemistry of the Antarctic
trate in snow at Summit, Greenland: Implications for the study Boundary Layer and the Interface with Snow: an overview of
of nitrate in snow and ice cores, J. Geophys. Res., 109, D20306, the CHABLIS campaign, Atmos. Chem. Phys., 8, 3789-3803,
doi:10.1029/2004JD004992004. doi:10.5194/acp-8-3789-2003008.

Helmig, D., Oltmans, S. J., Carlson, D., Lamarque, J.-F., JonesJones, A. E., Wolff, E. W., Ames, D., Bauguitte, S. J.-B., Clemit-
A. E., Labuschagne, C., Anlauf, K., and Hayden, K.: Areview of  shaw, K. C., Fleming, Z., Mills, G. P., Saiz-Lopez, A., Salmon,
surface ozone in the polar regions, Atmos. Environ., 41, 5138— R. A., Sturges, W. T., and Worton, D. R.: The multi-seasonal
5161, doi10.1016/j.atmosenv.2006.09.02D07a. NOy budget in coastal Antarctica and its link with surface snow

Helmig, D., Oltmans, S. J., Morse, T. O., and Dibb, J. E.: What is and ice core nitrate: results from the CHABLIS campaign, At-
causing high ozone at Summit, Greenland?, Atmos. Environ., 41, mos. Chem. Phys., 11, 9271-9285, @6i5194/acp-11-9271-
5031-5043, doi:0.1016/j.atmosenv.2006.05.02007b. 2011, 2011.

www.atmos-chem-phys.net/13/8857/2013/ Atmos. Chem. Phys., 13, 8@8/#, 2013


http://dx.doi.org/10.1029/2011JD016639
http://dx.doi.org/10.5194/acp-11-9787-2011
http://dx.doi.org/10.5194/acp-11-9787-2011
http://dx.doi.org/10.1029/2005JD006110
http://dx.doi.org/10.1029/2005JD006816
http://dx.doi.org/10.5194/acp-9-3261-2009
http://dx.doi.org/10.5194/acp-9-8681-2009
http://dx.doi.org/10.5194/acp-13-3045-2013
http://dx.doi.org/10.5194/acp-7-4329-2007
http://dx.doi.org/10.1002/grl.50154
http://dx.doi.org/10.1029/2004JD004991
http://dx.doi.org/10.1016/j.atmosenv.2006.09.053
http://dx.doi.org/10.1016/j.atmosenv.2006.05.084
http://dx.doi.org/10.1016/j.atmosenv.2006.12.032
http://dx.doi.org/10.1016/S1352-2310(02)00132-2
http://dx.doi.org/10.1029/2002JD002528
http://dx.doi.org/10.1016/S1352-2310(00)00190-4
http://dx.doi.org/10.1029/2009JD012134
http://dx.doi.org/10.1029/97JD02376
http://dx.doi.org/10.1016/j.atmosenv.2007.03.043
http://dx.doi.org/10.1029/1999JD900362
http://dx.doi.org/10.1029/2000GL011956
http://dx.doi.org/10.1029/1999GL010885
http://dx.doi.org/10.5194/acp-8-3789-2008
http://dx.doi.org/10.5194/acp-11-9271-2011
http://dx.doi.org/10.5194/acp-11-9271-2011

8876 S. Masclin et al.: WAIS snowpack emission and air mass transport source

Kreutz, K. and Koffman, B.: WAIS Divide Snowpit Chemical and Parish, T. R. and Bromwich, D. H.: Reexamination of the Near-
Isotope Measurements, Antarctica, Boulder, Colorado USA: Na- Surface Airflow over the Antarctic Continent and Implica-
tional Snow and Ice Data Center, 2011. tions on Atmospheric Circulations at High Southern Latitudes,

Kreutz, K. J., Mayewski, P. A., Twickler, M. S., Whitlow, Mon. Weather. Rev., 135, 1961-1973, d6i:1175/MWR3374.1
S. I, White, J.,, Shuman, C. A., Raymond, C. F, Con- 2007.
way, H., and McConnell, J. R.: Seasonal variations of Preunkert, S., Ancellet, G., Legrand, M., Kukui, A., Kerbrat, M.,
glaciochemical, isotopic and stratigraphic properties in Siple Sarda-Estéve, R., Gros, V., and Jourdain, B.: Oxidant Produc-
Dome (Antarctica) surface snow, Ann. Glaciol., 29, 38-44, tion over Antarctic Land and its Export (OPALE) project: An
doi:10.3189/17275649978182119999. overview of the 2010-2011 summer campaign, J. Geophys. Res.,

Lee-Taylor, J. and Madronich, S.: Calculation of actinic fluxes with 117, D15307, doit0.1029/2011JD017142012.

a coupled atmosphere-snow radiative transfer model, J. Geophy$Reay, H. J., France, J. L., and King, M. D.: Decreased albedo, e-
Res.-Atmos., 107, 4796, d&D.1029/2002JD002082002. folding depth and photolytic OH radical and N@roduction

Legrand, M., Preunkert, S., Jourdain, B., Gallée, H., Goutail, withincreasing black carbon contentin Arctic snow, J. Geophys.
F., Weller, R., and Savarino, J.: Year-round record of sur- Res.-Atmos., 117, DOOR20, d®0.1029/2011JD01663Q2012.
face ozone at coastal (Dumont d’'Urville) and inland (Concor- Ridley, B., Walega, J., Montzka, D., Grahek, F., Atlas, E., Flocke,
dia) sites in East Antarctica, J. Geophys. Res., 114, D20306, F., Stroud, V., Deary, J., Gallant, A., Boudries, H., Botten-
doi:10.1029/2008JD011662009. heim, J., Anlauf, K., Worthy, D., Sumner, A., Splawn, B.,

Legrand, M. R. and Delmas, R. J.: Soluble impurities in four and Shepson, P.: Is the Arctic surface layer a source and
Antarctic ice cores over the last 30,000 years, Ann. Glaciol., 10, sink of NOy in winter/spring?, J. Atmos. Chem., 36, 1-22,
116-120, 1988. doi:10.1023/A:1006301029872000.

Lind, J. A. and Kok, G. L.: Correction to Henry's law determi- Rothlisberger, R., Hutterli, M., Sommer, S., Wolff, E., and Mul-
nations for aqueous solutions of hydrogen peroxide, methylhy- vaney, R.: Factors controlling nitrate in ice cores: Evidence from
droperoxide, and peroxyacetic acid, J. Geophys. Res., 99, 21119- the Dome C deep ice core, J. Geophys. Res.-Atmos., 105, 20565—
21119, doi10.1029/94JD01153994. 20572, doi10.1029/2000JD900262000.

Markle, B. R., Bertler, N. A. N., Sinclair, K. E., and Sneed, S. B.: Rothlisberger, R., Hutterli, M., Wolff, E., Mulvaney, R., Fis-
Synoptic variability in the Ross Sea region, Antarctica, as seen cher, H., Bigler, M., Goto-Azuma, K., Hansson, M., Ruth,
from back-trajectory modeling and ice core analysis, J. Geophys. U., Siggaard-Andersen, M., and Steffensen, J.: Nitrate in
Res., 117, D02113,ddi0.1029/2011JD016432012. Greenland and Antarctic ice cores: a detailed description

Mauldin, L., Kosciuch, E., Henry, B., Eisele, F., Shetter, R., Lefer, of post-depositional processes, Ann. Glaciol., 35, 209-216,
B., Chen, G., Davis, D. D., Huey, G., and Tanner, D.: Mea- do0i:10.3189/17275640278181722ZD02.
surements of OH, HE+RO,, HoSOy, and MSA at the South  Saiz-Lopez, A. and von Glasow, R.: Reactive halogen chem-
Pole during ISCAT 2000, Atmos. Environ., 38, 5423-5437, istry in the troposphere, Chem. Soc. Rev., 41, 6448-6472,
doi:10.1016/j.atmosenv.2004.06.02D04. doi:10.1039/c2¢cs35208¢@012.

Mayewski, P. A. and Dixon, D.: US International Trans Antarctic Saiz-Lopez, A., Mahajan, A. S., Salmon, R. A., Bauguitte, S. J. B.,
Scientific Expedition (US ITASE) glaciochemical data, Boulder,  Jones, A. E., Roscoe, H. K., and Plane, J. M. C.: Boundary
CO, USA, National Snow and Ice Data Center, 2005. Layer Halogens in Coastal Antarctica, Science, 317, 348-351,

Mayewski, P. A., Spencer, M. J., Twickler, M. S., and Whitlow, S.:  doi:10.1126/science.1141408007.

A glaciochemical survey of the Summit region, Greenland, Ann. Sander, S., Friedl, R., Golden, D., Kurylo, M., Moortgat, G., Keller-
Glaciol., 14, 186—-190, 1990. Rudek, H., Wine, P., Kolb, C., Molina, M., Finlayson-Pitts, B.,
Mulvaney, R., Wagenbach, D., and Wolff, E. W.: Postdepositional Huie, R., and Orkin, V.: Chemical kinetics and photochemical
change in snowpack nitrate from observation of year-round near- data for use in atmospheric studies, Evaluation number 15, JPL

surface snow in coastal Antarctica, J. Geophys. Res.-Atmos., publication, 2006.

103, 11021-11031, ddi0.1029/97JD03624.998. Schoénhardt, A., Begoin, M., Richter, A., Wittrock, F., Kaleschke,
Nicolas, J. P. and Bromwich, D. H.: Climate of West Antarctica L., Gobmez Martin, J. C., and Burrows, J. P.: Simultaneous satel-
and Influence of Marine Air Intrusions, J. Climate, 24, 49-67, lite observations of |O and BrO over Antarctica, Atmos. Chem.

doi:10.1175/2010JCLI3522,.2011. Phys., 12, 6565-6580, ddD.5194/acp-12-6565-2012012.

O'Driscaoll, P., Minogue, N., Takenaka, N., and Sodeau, J.: Releas&einfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and
of Nitric Oxide and lodine to the Atmosphere from the Freezing  physics: from air pollution to climate change, from air pollution
of Sea-Salt Aerosol Components, J. Phys. Chem. A, 112, 1677— to climate change, Wiley, 1998.

1682, doi10.1021/jp7104642012. Sinclair, K. E., Bertler, N. A. N., Trompetter, W. J., and Bais-
Oltmans, S. J., Johnson, B. J., and Helmig, D.: Episodes of high den, W. T.: Seasonality of Airmass Pathways to Coastal Antarc-
surface-ozone amounts at South Pole during summer and their tica: Ramifications for Interpreting High-Resolution Ice Core
impact on the long-term surface-ozone variation, Atmos. Envi- Records, J. Climate, 26, 2065-2076, @6i1175/JCLI-D-12-

ron., 42, 2804-2816, ddi0.1016/j.atmosenv.2007.01.02008. 00167.12013.

Oncley, S., Buhr, M., Lenschow, D., Davis, D., and Sem- Slusher, D., Huey, G., Tanner, D., Chen, G., Davis, D. D., Buhr,
mer, S.. Observations of summertime NO fluxes and M., Nowak, J., Eisele, F., Kosciuch, E., Mauldin, L., Lefer, B.,
boundary-layer height at the South Pole during ISCAT Shetter, R., and Dibb, J. E.: Measurements of pernitric acid at the
2000 using scalar similarity, Atmos. Environ., 38, 5389-5398, South Pole during ISCAT 2000, Geophys. Res. Lett., 29, 2011,
doi:10.1016/j.atmosenv.2004.05.02904. doi:10.1029/2002GL015702002.

Atmos. Chem. Phys., 13, 8858877, 2013 www.atmos-chem-phys.net/13/8857/2013/


http://dx.doi.org/10.3189/172756499781821193
http://dx.doi.org/10.1029/2002JD002084
http://dx.doi.org/10.1029/2008JD011667
http://dx.doi.org/10.1029/94JD01155
http://dx.doi.org/10.1029/2011JD016437
http://dx.doi.org/10.1016/j.atmosenv.2004.06.031
http://dx.doi.org/10.1029/97JD03624
http://dx.doi.org/10.1175/2010JCLI3522.1
http://dx.doi.org/10.1021/jp710464c
http://dx.doi.org/10.1016/j.atmosenv.2007.01.020
http://dx.doi.org/10.1016/j.atmosenv.2004.05.053
http://dx.doi.org/10.1175/MWR3374.1
http://dx.doi.org/10.1029/2011JD017145
http://dx.doi.org/10.1029/2011JD016630
http://dx.doi.org/10.1023/A:1006301029874
http://dx.doi.org/10.1029/2000JD900264
http://dx.doi.org/10.3189/172756402781817220
http://dx.doi.org/10.1039/c2cs35208g
http://dx.doi.org/10.1126/science.1141408
http://dx.doi.org/10.5194/acp-12-6565-2012
http://dx.doi.org/10.1175/JCLI-D-12-00167.1
http://dx.doi.org/10.1175/JCLI-D-12-00167.1
http://dx.doi.org/10.1029/2002GL015703

S. Masclin et al.: WAIS snowpack emission and air mass transport source 8877

Slusher, D. L., Neff, W. D., Kim, S., Huey, L. G., Wang, Y., Wang, Y., Choi, Y., Zeng, T., Davis, D., Buhr, M., Huey, L. G.,
Zeng, T., Tanner, D. J., Blake, D. R., Beyersdorf, A., Lefer, and Neff, W.: Assessing the photochemical impact of snow NO
B. L., Crawford, J. H., Eisele, F. L., Mauldin, R. L., Kosci- emissions over Antarctica during ANTCI 2003, Atmos. Environ.,
uch, E., Buhr, M. P., Wallace, H. W., and Davis, D. D.: At- 42,2849-2863, dal0.1016/j.atmosenv.2007.07.0&D08.
mospheric chemistry results from the ANTCI 2005 Antarctic Wolff, E. W., Jones, A. E., Bauguitte, S. J.-B., and Salmon, R. A.:
plateau airborne study, J. Geophys. Res.-Atmos., 115, D07304, The interpretation of spikes and trends in concentration of ni-
doi:10.1029/2009JD012602010. trate in polar ice cores, based on evidence from snow and at-

Takenaka, N. and Bandow, H.: Chemical kinetics of reactions in mospheric measurements, Atmos. Chem. Phys., 8, 5627-5634,
the unfrozen solution of ice, J. Phys. Chem. A, 111, 8780-8786, doi:10.5194/acp-8-5627-2008008.
doi:10.1021/jp07383562007. Zatko, M. C., Grenfell, T. C., Alexander, B., Doherty, S. J., Thomas,

Thomas, J. L., Dibb, J. E., Huey, L. G, Liao, J., Tanner, D., Lefer, J. L., and Yang, X.: The influence of snow grain size and im-
B., von Glasow, R., and Stutz, J.: Modeling chemistry in and  purities on the vertical profiles of actinic flux and associated
above snow at Summit, Greenland — Part 2: Impact of snow- NOy emissions on the Antarctic and Greenland ice sheets, At-
pack chemistry on the oxidation capacity of the boundary layer, mos. Chem. Phys., 13, 3547-3567, @6i5194/acp-13-3547-
Atmos. Chem. Phys., 12, 6537-6554, d6i5194/acp-12-6537- 2013 2013.

2012 2012.

Traversi, R., Becagli, S., Castellano, E., Cerri, O., Morganti, A.,
Severi, M., and Udisti, R.: Study of Dome C site (East Antartica)
variability by comparing chemical stratigraphies, Microchem. J.,
92, 7-14, doil0.1016/j.microc.2008.08.00Z2009.

www.atmos-chem-phys.net/13/8857/2013/ Atmos. Chem. Phys., 13, 8@8/#, 2013


http://dx.doi.org/10.1029/2009JD012605
http://dx.doi.org/10.1021/jp0738356
http://dx.doi.org/10.5194/acp-12-6537-2012
http://dx.doi.org/10.5194/acp-12-6537-2012
http://dx.doi.org/10.1016/j.microc.2008.08.007
http://dx.doi.org/10.1016/j.atmosenv.2007.07.062
http://dx.doi.org/10.5194/acp-8-5627-2008
http://dx.doi.org/10.5194/acp-13-3547-2013
http://dx.doi.org/10.5194/acp-13-3547-2013

