N

N

Surprisingly small HONO emissions from snow surfaces
at Browning Pass, Antarctica
H. J. Beine, A. Amoroso, F. Dominé, M. D. King, M. Nardino, A. Ianniello, J.

L. France

» To cite this version:

H. J. Beine, A. Amoroso, F. Dominé, M. D. King, M. Nardino, et al.. Surprisingly small HONO
emissions from snow surfaces at Browning Pass, Antarctica. Atmospheric Chemistry and Physics,
2006, 6 (9), pp-2580. hal-00328448

HAL Id: hal-00328448
https://hal.science/hal-00328448
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00328448
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 6, 256858Q 2006 iy —* -
www.atmos-chem-phys.net/6/2569/2006/ Atmospherlc
© Author(s) 2006. This work is licensed Chemlstry

under a Creative Commons License.

and Physics

Surprisingly small HONO emissions from snow surfaces at
Browning Pass, Antarctica

H. J. Beine!, A. Amorosol, F. Domin&%, M. D. King 3, M. Nardino?, A. lanniello?, and J. L. France®

IC.N.R. - lIA, Via Salaria Km 29,3, 00016 Monterotondo Scalo (Roma), Italy

2CNRS - LGGE, BP 96, 54 rue Méiie, 38402 Saint Martin d’gtes, France

3Department of Geology, Royal Holloway University of London, Egham, Surrey, TW20 0EX , UK
4C.N.R. — IBIMET, Sezione di Bologna, via Gobetti 101, 40129 Bologna, Italy

Received: 26 October 2005 — Published in Atmos. Chem. Phys. Discuss.: 17 January 2006
Revised: 20 April 2006 — Accepted: 23 May 2006 — Published: 3 July 2006

Abstract. Measured Fluxes of nitrous acid at Browning Pass,of measurable HONO fluxes in the marine Arctic at Ny-
Antarctica were very low, despite conditions that are gener-Alesund, Svalbard was assigned to an alkaline snow surface,
ally understood as favorable for HONO emissions, includ-which prevented the emission of HONO (Beine et al., 2003).
ing: acidic snow surfaces, an abundance of;Né&hions in  However, in fresh, acidic snow in ozone depleted airmasses,
the snow surface, and abundant UV light for N@hotol- ~ HONO emissions of up to 60 nmolmh~* were found at
ysis. Photochemical modeling suggests noon time HONONy-Alesund (Amoroso et al., 2005). The importance of the
fluxes of 5-10 nmol m? h—1; the measured fluxes, however, surface snow pH was shown again in the Italian Apennines,
were close to zero throughout the campaign. The locatiorwhere up to 120 nmol m? h=! HONO were deposited on to
and state of NQ in snow is crucial to its reactivity. The anal- snow surfaces that were rendered alkaline by Saharan dust

ysis of soluble mineral ions in snow reveals that the;Nien ~ deposition (Beine et al., 2005). _ N

is probabiy present in aged SNOWS as N@NU’HS is pecuiiar We measured HONO fluxes, snow chemical CompOS|t|0n
to our study site, and we suggest that this may affect the phoand snow optical properties at Browning Pass, Antarctica; a
tochemical reactivity of N91 by preventing the release of site close to the Ross Sea. A” Opserved conditions were gen-
productsl or providing a reactive medium for newiy formed era”y favorable for HONO emissions, yet we observed fluxes
HONO. In fresh snow, the NDion is probably present as larger than 5nmol m? h™* only on two short occasions un-
dissolved or adsorbed HNGand yet, no HONO emissions der very specific local air flow conditions. This paper dis-
were observed. We speculate that HONO formation fromcusses the surprisingly low HONO emissions.

NOj; photolysis may involve electron transfer reactions of

NO, from photosensitized organics and that fresh snows a& Experimental
our site had insufficient concentrations of adequate organic

compounds to favor this reaction. Measurements were carried out at Browning Pass

(74°36.918S, 16356.487E) (Fig. 1), which is located
10.1km from the Italian coastal Antarctic station “Mario
1 Introduction Zucchelli” (formerly Terra Nova Bay). The site does not
receive direct sea spray, and is, during the rare katabatic
The production of gas phase HONO from snow sur-flow from the Boomerang and Campbell glaciers somewhat
faces is generally understood to proceed through a mechremoved meteorologically from marine influences by the
anism similar to that of NQ starting by the photoly- Northern Foothills (up to 1000 m altitude); however, the
sis of NG; in the snow surface (Honrath et al., 2000), marine influence is prevailing. At this field site, which was
analogous to reactions in liquid phase (Mack and Bolton,accessed by helicopter daily, we measured HONO fluxes,
1999). Fluxes were quantified above snow surfaces at Alertchemical and optical snow properties between 9 November
Nunavut as ca. 40nmolmh~1 (Zhou et al., 2001), and (doy 314) and 28 (doy 333), 2004.
5-10nmoln2h~1 at Summit Greenland (Honrath et al.,
2002) (both noon-time maximum values). The absence?-1 HONO fluxes

Correspondence ta4. J. Beine Fluxes of HONO were derived from independent chemical
(harry@iia.cnr.it) measurements of HONO at two sampling heights above the
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Vi 7 W 1B P trapped quantitatively in a 10-turn glass coil sampler us-
§ ‘\\.;1 Dhacil s & 4 { ing 1-mM phosphate buffer (pH 7). The scrubbing solution
{ "i‘MVOUﬂt Melbourme. =1 \ was then derivatized with sulfanilamine (SA)/ N-(1-naphtyl)-
Ve Wy s - ethylendiamine (NED), subsequently analyzed using high-
\m - il il / W r performance liquid chromatography (HPLC), and detected
Loy \ i . by vis absorption. Typical operation conditions were: sam-
, . Py e ple flow: 3Lmin~1, solution flow: 0.2mLmin?, derivati-
\ - ke S o zation conditions: 5min at 4&; HPLC: loop: 300mL C18
VO gmpaanD, 4 & reverse phase column (Varian), eluent: 20% acetonitrile in
/ P e 15mMHCI.
‘ f Y. o To characterize the surface-atmosphere interaction and to

determine the turbulent fluxes we used a UVW tri-propeller

o 3 A Yy ol i anemometer (Gill, model 200-27005), which measured the
Yan = o L N three orthogonal wind vectors at 1 Hz sampling frequency.

5, IoF o e & Fluxes were computed using the eddy covariance technique

B Si T e in the post processing. Additionally, profile measurements of
! air temperatures and wind speeds were performed to be able
to compute fluxes of chemical species. The instrument was
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i 74‘036-91 5' S E set up ca. 10 m from the chemical measurements. The deriva-

. 7”1 B3°56.487"E\ tion of HONO fluxes from this mixed eddy covariance and

e . ) gradient technique is fully described in Beine et al. (2003,

wowns i Mario Zuchelli 2005). o _ _

e 4, £31 tation T_he mechanical trl-propellgr was callbratle.d against 3-D
P P S sonic anemometers under various field conditions; offsets are
LSS EST 10 km Ross sea taken into account in the computational procedures. The use
S e A= of a mechanical device introduces a threshold wind speed

(0.25ms1). Consequently a detection limit for the ob-
served HONO flux does not depend on the detection limit
of the chemical HONO measurements alone. Thede-
tection limit for the individual HONO measurement was
<0.5 pmol mot2. In the simplest approach we use this value

snow surface (25 and 150cm) and simultaneous temper also for the minimum detectabl&rono (<[HONOdownl -

. . HONOyp]). Two chemical samples were taken at the same
ture and wind speed measurements at the same heights. T upl) b

lacier was reasonably flat for a radius of hundreds of me-tl?ne’ and analyzed over a 10 min period, the fluxes were cal-
glact L y . culated for 10 min envelopes around this time of sampling.
ters in all directions. The snow surface showed alternatin

Yat the threshold wind speed the minimury t -
. i oNO trans
outcropping hard windpacks and softer layers, and steps bqétes into a minimum obzervable flux of ca!J| 6\{3 nmotm

tween these two types of snow could reach 30cm. The Iargrﬁ_l (0.33nmol nT2 h~1 to 0.28 nmol nr2h~t under neutral
snowfall of 17—18 November temporarily smoothed the Snowconditions between —4QC aﬁd 0C)

isnusrtfricrﬁé:th?::nntzr?:rsstmviﬂg;wt(\?v:ehri I%iitgénggeldzgief%ug] At mixing ratios above the X0 quantification level
’ : (1.6 pmolmot ) the error is ca. 30%. The error attached

trr(;itii ir;pvv%?ci't@éfeeggc\? ';ﬁg"rth Toeugrrl?;’a;g?g"g'?: tf]'e _to the flux gr_adient method was estimated thropgh a compar-
glacier ' ' ison of sensible heat fluxes measured py the trl-propeller_ and
' a fast temperature sensor and analysis by eddy covariance
We sampled HONO at 25 and 150 cm above the snow surang gradient flux calculations. The mean relative error be-
face, using two independent 2.5 cm (1.D.) light-shielded inletyyeen these two techniques was around 15%. Because both
lines of 20m length at flow rates of 38 L mif to feed the  ajr temperatures and HONO mixing ratios are scalars, we can
sample into the container where the instrument was placedassume that the flux of a generic scalar variable in similar at-
The samples were taken from this flow through ca. 50 cm ofyospheric conditions shows similar errors. Using the HONO
1.58mm (1.D.) tubing at 3L min'. The total residence time  ata as if they were available at 1 Hz, we can calculate an er-
in the inlet lines was ca. 17 s. Both inlet lines were identical, o using eddy covariance theory; such a (hypothetical) error
and no null-gradients between the two inlets were detected.\yould come to 35%. Taking into account the difference be-
The details of our measurement technique, including posiween the eddy covariance and gradient flux techniques, our
sible interferences, are discussed in Beine et al. (2005HONO fluxes generated by the gradient flux theory have a
and Amoroso et al. (2005); briefly; gaseous HONO was(mean) total error on the order of 50%.

Fig. 1. Map of the area surrounding our measurement site at Brown
ing Pass, near the ltalian Mario Zucchelli (formerly Terra Nova
Bay) station.
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2.2 Snow optical properties 3 Photochemistry and Photochemical Model

3.1 Photochemistry of the Nitrate lon in the Snowpack
The optical properties (scattering and absorption cross sec-
tions) of the Antarctica snowpacks found at Browning PassThe aim of the optical measurements of the snowpack was to
were determined by an experimental and modeling methodalculate the photolysis rategNIO)5 of nitrate in the snow-
we have used previously in mid-latitude snowpacks (Fisheack and to estimate the expected molecular fluxes of gas-
et al., 2005), and sea ice (King et al., 2005), where detailphase N@ and HONO from the snowpack. The photolysis of
can be found. The modeling was originally described in Lee-nitrate in the snowpack can lead to gas phase nitrogen diox-
Taylor and Madronich (2002). Briefly, the optical proper- ide production or formation of nitrite, NO (Chu and Anas-
ties of a snowpack can be defined and constrained by medasio, 2003; Cotter et al., 2003; Domine and Shepson, 2002;
suring the wavelength-resolved albedo and the wavelengthbubowski et al., 2001; 2002; Couch et al., 2000; Dubowski
resolved transmission of light through snowpack. The trans-and Hoffmann, 2000; Honrath et al., 2000):
mission measurements are made at a series of depths be- 3
low a starting depth a few centimeters below the surface ofNOs™ +hv — NO2 4+ 0O @
the snowpack where the optical e-folding depthjs con- _ _
stant and only very weakly dependent on the solar zenithNO3 +hv—>NO™ +0 @)
angle. (The optical properties of snowpacks are described The resulting radical oxygen anion will form the hydroxyl
well by Lee-Taylor and Madronich (2002), Warren (1982), ragical,
King and Simpson (2001), and Simpson et al. (2002). The
albedos of the snowpack were measured using a GER1500~ + H3O" — OH + H20 (3)
spectrometer (=300—-1000 nm) and measured relative to a . .
re?flectance stAz(indard under iglentical light conditions. The The source of HONO in the snowpack is probably from

. one or more of the following three sources:
e-folding depth of the snowpack (the depth of snowpack . e . 5
to reduce the light intensity by 1/e of its initial value) was 1) Photo production of nitrite, N©, from nitrate photoly

measured by probing the snow with a flat plate iradianceS's N snowpack. The nitrite is protonated and desorbs from

probe connected to a spectrometerZ80-449 nm) at dif- the snow grains as HONO.

ferent depths within the snowpack. During the transmis-Noz— + H30" — HONO+ H,0 )
sion measurement any changes in the downwelling irradiance

were measured by the GER1500 fitted with a cosine collec- 2) Recombination of OH and NO radical within the snow-
tor. The downwelling atmospheric flat-plate irradiance waspack, (Mack and Bolton, 1999).

measured throughout the campaign by the GER1500 fitted

with a cosine corrector every 1-5min (more technical infor- NO + OH — HONO (5)
mation on the GER1500 and the spectrometer used to sample

irradiance in the snow can be found in Fisher et al., (2005)).. 1he sources of NO may be the photolysis of nitrite that
is more photolabile than nitrate under natural sunlight. The

source of OH radicals can be the photolysis of nitrate and
2.3 Snow sampling and analysis hydrogen peroxide. The photolysis op&> may be a more
efficient production route to produce OH radicals than nitrate
depending on the concentrations of®b and nitrate within
Snow was sampled and analyzed in a manner essentiallihe snowpack, (Chu and Anastasio, 2005).
similar to that described by Dongnet al. (2002; 2004) for
physical measurements. Polyethylene gloves were used 02~ +hv — NO+ O~ (6)
avoid contamination, and snow was sampled into polyethy-

lene sampling vials. For each snow layer, two sets of tripli-

cate samples were taken for anions and cations, respectivel 0Xy groups In organic matter to NOThis mechanism has
Samples were usually melted and analyzed on site by io een demonstrated by George et al., (2005) on the surface

chromatography within 12 h of sampling, and in a few casesOf organic bulk substrates during laboratory experiments, but

were stored frozen for up to 48 h before analysis. not on ice surface; A recent .StUdy (St_emmler et al.: 2006)
P y shows that HONO is produced in photo-induced reactions on

Melted snow was analyzed by ion chromatography natural humic acids from N9under the influence of visi-
(Dionex IC mod. DX120 and DX100) using Dionex AS12 ple light (400-700 nm). In Antarctic snow, the importance of
and CS12 columns for anions and cations, respectively, aghis pathway remains speculative, but it could possibly take
detailed in Allegrini et al. (1999) and Domine et al. (2004). place on organic aerosols that are known to exist in Antarc-
The 3o limit of detection was between 0.Q&q (for NG;)  tic snow (e.g. Cincinelli et al., (2001)), or possibly on sea
and 0.5Queq (for C&1). It was 0.04ueq for Na'. salt or ice surfaces with adsorbed organic photosensitizers.

3) Electron transfer reactions from photosensitized phe-

www.atmos-chem-phys.net/6/2569/2006/ Atmos. Chem. Phys., 6, 2568-2006
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Table 1. Observed HONO fluxes [nmol ¥ h—1].

Alldata Detected~0.3 Detectedk—0.3 Below method
detection limits

N 1440 675 413 352
Minimum -26.111 0.300 -26.111 -0.300
Maximum 29.566  29.566 -0.303 0.298
Mean 0.229 1.750 -1.831 0.022
Median 0.579 3.140 -3.131 0.023
Upper 95% C{®  0.801 3.439 —2.776 0.039
Lower 95% Cf®  0.358 2.841 —3.487 0.007
Std. Dev. 4.280 3.961 3.674 0.154

(a) Cl=Confidence Interval.

If mechanism 3 is significant a fraction of NGormed in to produce N@ (and thus HONO), the quantum yield data
Reaction (1) might be converted to HONO. A flux for that for ice of Dubowski et al. (2002) was used. A temperature-
case, however, cannot presently be estimated because of tiredependent value of 1:510~3 was taken from Dubowski et
lack of photo-physical and choromophore abundance data. al. (2002) and assumed to supersede the older value of 4.5
These mechanisms (1-3) all require nitrogen oxides and<10~3, (Dubowski et al., 2001). With these quantities one
the sources of these nitrogen oxides is thought to be the phazan calculate the photolysis frequengyaccording to Eq. ():
tolysis of nitrate. Thus, we consider the photolysis of nitrate
to produce nitrogen dioxide as a measure of snowpack phoy — /U M) ®(T) F(A) dx (7
tochemistry, and photolysis of nitrate to produce nitrite as an
estimation of the upper limit of HONO production. The es-
timate of the flux of HONO from the snowpack is an upper shown to be consistent with laboratory measurement of ni-

limit because thg conversion of nitrite on t'he showpack 104 ate photochemistry, (Phillips and Simpson, 2005).
gaseous HONO is probably not 100% efficient and because

HONO may undergo reactions in the snowpack before being
emitted to the atmosphere. 4 Results

The photochemical predictions of the model have been

3.2 Calculating photolysis rates 4.1 HONO Measurements

The photolysis frequency for Reaction (1) is estimated fromTable 1 lists the statistics of the observed HONO fluxes dur-
a coupled atmosphere-snow radiative-transfer model, TUV4ing our campaign split for data below and above the method
show, (Lee-Taylor and Madronich, 2002). The model re-detection limit. To identify periods during which HONO
quires knowledge of the optical properties of the snowpackfluxes were actually significantly different from 0, we per-
(the scattering and absorption cross-sections), the concentréermed statistical analysis and t-tests for data above the de-
tion of nitrate in the snowpack and downwelling irradiance tection limits in bins of varying length in time. Consecutive
on the snowpack. The cross sections for scattering and atdata above (or below) the detection limits-68.3 nmol n12
sorption are derived from the measured light transmission (eh~? fall into an individual bin. The length in time of these
folding depth,e) and albedo of the snowpack measured atbins is shown in Fig. 2c by the size of the symbols, with the
Browning pass. The model is described fully in Lee-Taylor smallest size representing a single 10 min measurement, and
and Madronich (2002) and will only be described very briefly the largest symbol representing a 200 min (20 measurements)
here. The model treats the optical properties of the snowpackeriod. Figure 2 shows the averages of the detected data in
empirically with two constantsscattandoazswhich describe  these bins. The median positive flux was 1.66 nmofm 1

the scattering and absorption properties of the snowpackimean 2.86; 340 bins); the median negative flux was —1.74
With these data the wavelength-resolved actinic fleix}.), (mean —2.91, 237 bins). Compared to typical Arctic values
at each pointin a 1 m thick snowbank can be calculated usingf HONO and NOx emissions of around 40 nmotfh—1

the DISORT code in the TUV-snow model. The absorption (Beine et al., 2002, Honrath et al., 2002) these values are
spectrum of nitrate in a thin film of ice; (1), of Burley and  very small.

Johnson (1992) was used. For Reaction (1) to producg NO Figure 3 shows a detailed view of our measured mixing
the temperature dependent quantum yiél(l), measured in  ratios for DOY 325-330. A diurnal noon time maximum,
ice by Chu and Anastastio (2003) was used. For Reaction (2yorrelated with the insolation can be discerned in the HONO

Atmos. Chem. Phys., 6, 256858Q 2006 www.atmos-chem-phys.net/6/2569/2006/
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mixing ratios at the two heights with some goodwill. The
maximum diurnal variation observed here is 1 pmol/mol.

Dibb et al. (2004) measured HONO mixing rations in the
atmosphere (of up to 70 pmol mdi) and in snowpack inter-
stitial air at South Pole. Since values were 5 times higher in
snowpack air than in the atmosphere, they concluded that the
snowpack must be a strong source of HONO but they did not
actually quantify fluxes. Our mixing ratios were mostly be-
low 5 pmol mol-1; the difference in mixing ratios is expected
comparing the stable and stratified atmosphere at South Pole
(Davis et al., 2001) with a windy site near the coast. Still,
Oncley et al. (2004) measured average NOXx fluxes at South
Pole of ca. 23nmolm? h™1 (NO ~15nmolnT2h™1). If

(a) 3

HONO [pmol/mol]
O P N W b 01 OO N

the chemistry is comparable to what was observed at Alert 08
(Beine et al., 2002), NOx and HONO fluxes should be of =1 () 8
similar magnitude. 0.7 g §
06 c): %
4.2 Snow structure = 0518 ég -]
E oa4f¢ AN i
The snow surface at Browning pass is shaped by wind. In late ,, p go
October, it consisted of hard windpacks with a positive relief > 3 g
and of softer layers in hollows, each type covering roughly 0.2

half of the surface. As observed during our stay, snow layers 0.1
are formed by wind events that remobilize recent precipita- 0.0

tion and exposed layers, and are always discontinuous. As
a result, the apparently similar-looking windpacks that out- —p
cropped were in fact outcrops of different layers (perhaps < 20
2 to 5) formed at different times, so that spatially variable
snow chemistry and physics can be expected. During ourg 10
stay, snowfalls took place on DOY 311/312 (6—7 November) &
(<1 mm water equivalent), DOY 322/323 (17-18 November) % 0
(12 mm) and 25 November (DOY 330) (2.5mm). Thelast2 =2

. . LL
snowfalls took place under low winds and formed continu- -10
ous layers that were eventually windblown to form discon- %
tinuous layers. Other thin layers with a very small spatial T 200 o

coverage were formed in hollows by wind in the absence of
precipitation. Often, these layers were dark, presumably be-
cause they had incorporated terrigeneous material. The main
four surface layers observed were thus (a) hard windpack, (b)
soft windpack, (c) recent windblown snow that has been adFig. 2. (a)Timeseries of HONO mixing ratio measured at the lower
vected in and that had not yet sintered, (d) fresh precipitationinlet (red symbols) and the upper inlet (blue symboig)) Time-

i.e. recent snowfall before it was windblown. The variations series of the friction velocity u[m s~1]. (c) Timeseries of aver-

of the surface coverage of these 4 snow types are shown iaged HONO fluxes above the detection limits#10.3 nmol nT2

Fig. 4. The snow stratigraphy is composed of alternating hardi™*. The data are averaged in bins of variable length; the length in
windpacks formed of small rounded grains, including an in- time pf these bins‘is shovyn by the §ize of the symbols. The small-
credibly hard layer of density 0.61 (no melting visible) 40 cm est size represen_tlng a smglg 10 min measurement, ar_1d the largest
down in the deep pit we dug, and softer layers composed O§ymbol representing a 200 min (20 measurements) period.

larger crystals showing some variable degrees of faceting, of

density as low as 0.3. Numerous ice layers, ice lenses, melt-

freeze crusts and layers where some frozen percolating water

was present were seen throughout the snowpack, suggesting

frequent melting events, and not just in summer. Signs ofas 0.7. This was certainly the summer melt layer. A 3m
frozen water were more frequent in softer layers. 120 cmprobe from the bottom of our 1.9 m pit could not reach solid
down, and for a depth of at least 70 cm, all the snow layersice, indicating that our location was in the lower part of the
showed signs of frozen water, and their density was as higlaccumulation zone of the glacier.

315 320 325 330 335
Day of Year 2004

www.atmos-chem-phys.net/6/2569/2006/ Atmos. Chem. Phys., 6, 2568-2006
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Fig. 3. Detail; (a) Timeseries of irradiance, HONO mixing ratios
((b) down, (c) up), and(d) Apono for DOY 325-330.
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4.3 General trends in snow chemistry

We analyzed 148 triplicate snow samples from Browning
Pass, almost all taken within 2 km from our air sampling site,
and >70% taken within 100m. Table 2 sums up correla-
tions and ratios between major soluble mineral ions. It is
clear that sea salt has a major influence on snow composi-
tion, as most major ions are correlated to fla Cl~ and
Mg?t show ion/Na ratios very close to those of sea water.
[K*] shows the best correlation with [N but surprisingly

the ratio, [K"]J/[Na*] is 50% greater than that of sea water.
Furthermore, Ct and Na were usually the most abundant
ions on a molar basis, sometimes exceeding 108§ while
c&*, SO~ and Mg+ were also abundant, reaching 200
peq. Concentrations of NDand Kt reached 50 and 40
ueq, respectively. The sea is just a few km from our site,
so the trends of Table 2, and the predominance of Biad

Cl~ were expected. Table 2 shows that%@uas a source
other than sea salt, and this is presumably the oxidation of
dimethyl sulfide, with a possible volcanic contribution from
Mount Melbourne, some 40 km away. The influence of ma-
rine biogenic products is expected, as marine organic com-
pounds have been identified in snow in this area (Cincinelli
et al., 2001). C#&" also has an extra source, most likely
terrigeneous particles, as a lot of rock outcrops are present
nearby. These are mostly granite, but also micashists, and
volcanic rocks are present near Mt. Melbourne. Some snow
that was windblown during our campaign had a yellow to
brownish color, indicating episodes of fairly high concen-
trations of mineral aerosols. All the snow samples with a
high concentration of ions were from the snow that was re-
mobilized during our presence. From their ion balance, most
of the snows were acidic. A few samples (20%) were al-
kaline. All samples from the hard windpacks and from the
25 November (DOY 330) fall were acidic (pH 5.0 to 5.5).
30% of recently windblown samples were alkaline. There
was no clear correlation between acidity and total ion con-
centrations, although alkaline samples showed a slight ten-
dency to be more concentrated that acidic ones. The range of
concentrations was large; however, that just one highly con-
centrated sample could change the trend. Regarding INO
snow, it is necessary to discuss separately aged and freshly
precipitated snows.

4.4 Origins of nitrate in snow

Figure 5a shows the excellent correlation between the con-
centrations of NQ and Na" in aged snows. The most likely
explanation is that gas phase nitric acid reacted with sea salt
to release HCI and form NaN{QFenter et al., 1994). Na
concentrations are a function of sea salt mass, while the rate
of sea salt reaction depends on aerosol surface area. The
existence of this excellent correlation suggests that the size
distribution of sea salt aerosol varies little at Browning pass.
This seems reasonable, given the existence of the Ross sea

www.atmos-chem-phys.net/6/2569/2006/
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Table 2. Correlations between the concentrations of ions and those bf &fed comparison of the ion/Naratio to that of sea salt.

lon cr- S~ NO;  C@t Mg¥t KTt

Correlation with N&@  0.88 (0.95%  0.915 0.972 0.889 0.992 0.996
Molar ratio [ion)/[Na"] ~ 0.951 (1.22%® 0.108 0.05)) 0.090 0.110 0.033
Sea salt ratio [ion]/[N&a] 1.165 0.060 0.00003 0.022 0.113 0.022

(a)=Linear correlation coefficient for least square fit.
(b)=Value if four outliers, presumably caused by highly fractionated sea salt, are removed.
(c)=aged snows only.

100

< Snow Types °

o Ok e ‘/\F/)' dpach @ : ’

E 80 o ar Inapac . 40 2 _ [ ] -1
3 204..Soft Windpack g y | e S——— e 3/°
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a Fig. 5. Correlation between ND and Na" for (a) aged snows

315 320 325 330 335 (NO3 =0.037+0.052 N&; p=0.000; R=0.973); (b) fresh snows

Day of Year 2004 (NO5=2.571+0.08 N&; p=0.01; I$=O.195). Fresh snow samples
were taken up to 6 days after each fall, but samples remobilized

Fig. 4. Relative proportions of the four different surface snows at py wind are not plotted. Several levels in each layer were sampled
Browning Pass during the campaign. whenever possible.

_2002). Back trajectory calculations (10 day isentropic clus-

2004) sea salt aerosol probably comes mostly from nearb&er_ backtraje_c_torles atthree (_jlfferent potential tempe_rat_ures),

sea spray. There is also a good correlation betweerg [NO using _the British Atmospheric Data Centgr. mgdel, indicate
that air masses that generated the precipitations had spent

+1 (R2= i
and [C&"] (R*= 0.918), and it coulld be argued that Jith .. the past few days over the Antarctic continent. The back tra-
aged snow comes from the reaction of mineral aerosol with

i S . ) jectory is consistent with the low Naconcentration, and ex-
gas phase HN® This reaction is fast, with a reaction prob- . ) : _
o ; . plains why there is no correlation between [Nand [NG; ].
ability ¥>0.01 on many minerals (Hanisch and Crowley, .
. In summary, in fresh snows, our data suggest strongly that
2001). However, since [C&] and [Na'] are well correlated, NO; is present as dissolved or adsorbed nitric acid taken u
a [NO; ]-{Na*] correlation results also in a [¢&]-[NO;] 3 ISP P

correlation, without necessarily a chemical reason. Furtherlcrom the gas phase, while in aged snows;ﬂ@ present as i
more, since the correlation with €ais not as good, our NaNQ;, presumably because of the reaction of atmospheric

preferred interpretation is that NOn aged snows is present nitric acid with sea salt.
as NaNQ, after acid attack of sea salt by HNO

Figure 5b shows that there is little correlation between
[NO3 ] and [Na'] for fresh snow samples, i.e. in precipitated Since photochemistry takes place mostly in the top few cm
snows before they were remobilized by wind. The ion bal- or tens of cm in the snowpack (Simpson et al., 2002; Lee-
ance of almost all fresh samples is acidic, with correspondingraylor, 2002; Warren, 1982) our chemical and optical stud-
pH values in the range 5-6. The ionic concentrations are als@es focused on the surface snow layers. Snowpits were dug
much lower than for many aged snows in the preceding fig-for optical measurements under each one of the main 4 snow
ure. Our interpretation is that the source of N@ these types discussed above and in Fig. 4. Seven snowpits were
shows is gas phase HNGhat dissolved in the ice to form a studied in detail, the objective being to obtain optical prop-
solid solution (Thibert and Domine, 1998). Adsorbed HNO erties averaged over several snow layers found under and in-
may also contribute to the NOsignal (Sokolov and Abbatt, cluding each type of surface layer considered. The thin snow

polynya, and among the possible sources (Domine et al

4.5 Optical properties of the snow
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Table 3. Optical properties, for a wavelength of 400 nm, of the snowpack at Browning Pass, studied for the 4 types of surface layers
observed. The measurements are naturally averaged over several different snow layers as no one layer was thick enough to measure tt
optical properties in isolationoscattis the scattering cross sectiofg%sis the absorption cross section, A is the Albedds the e-folding

depth,[NOg] is the mean concentration of the nitrate ion in the surface layerpasthe mean density of the surface layer.

Snow type oscatt/ A A elcm [NO; 1/ plgem3
m?kg~1 cmPkg 1 jueq

Hard windpack 13 4.3 0.86 12 2 0.4

Soft windpack 6.3 24 085 33 30 0.4

Recent windblown 3.7 37 0.79 45 3 0.35

Precipitation 4.3 17 0.87 15 3 0.15

layers found at Browning Pass did not allow the optical prop-When a coarse agreement between modeled and measured
erties of just the surface layer to be obtained in isolation. Invalues had been achieved the values of J{[N@ere calcu-

each pit, the stratigraphy had to be simplified to allow anal-lated in a 1 m deep slab under each type of surface layers.
ysis of the optical data and modeling of the fluxes of nitro- Coarse agreement between the modeled and measured irra-
gen oxides leaving the snowpack. The detailed stratigraphygliances was refined by multiplying the calculated photolysis
calculation ofogcat; a;)s ande, and analysis of these data rates, J(N@), by the ratio of the measured and modeled ir-
are described in a separate future paper, and details of the ﬁ?ésggmured ) o
method can be found in (Fisher et al., 2005). Table 3 lists thd@diance,/, at 350 nm, —7=550, =% While this is a crude

. . . . mode
optical and physical properties of typical snowpacks undermethod the adjustment is smalt20%) and allows molecu-
and including each type of surface layer, together with thejar fluxes of NG and HONO to be estimated.

nitrate concentrations of these surface layers. The values of The depth, z, integrated photolysis rate (transfer velocity),
the physical parameters in Table 3 reflect in part the structure, (NO,), is calculated by

and the grain size and shape of the surface layers, and in part

the effect of heterogeneities in these layers that include the

presence of sub-layers and of frozen water. They also refleclg (NO,) :/ J (NO* N NOz)dZ ®)

the properties of the underlying layers, as no snow layer (ex- 3 '

cept the fresh windblown) was thick enough to be measured
inisolation (i.e. to be treated as semi-infinite). Thus values of  The molecular flux,F, is the product of the nitrate con-

Oscats 0gnsaNde presented in Table 3 describe the measuredegntration in snow[NO3™~] and the transfer velocity
optical properties of the surface snow at Browning Pass, but

are not to be interpreted as characteristic of the surface layer
in isolation. F (NO2) =v (NOy) x [NO3 | 9)

4.6 Calculating molecular fluxes of N@Gnd HONO from

the Snowpack The analysis assumes that {NO3 ] is depth indepen-

dent, and (ll) all the photo-produced N@nd HONO can

As shown in Fig. 4, the temporal changes in the proportion oféxit the snowpack with 100% efficiency and do not undergo
outcropping layers and the resulting changes to the snowpacirther photolysis or reaction within the snowpack. Either
in Browning pass are complex. The total calculated flux of assumption may not always be true. Assumption (Il) implies
NO> (or HONO) sourced from the snowpacks at Browning the molecular fluxes calculated in this paper are upper limits.
Pass depended on the proportions of snowpack present. THésing Egs. (8) and (9) the molecular flux for NQF (NOy)
molecular flux from each surface snow layer listed in Table 3was calculated and is shown in Fig. 7. The flux of HONO,
was calculated and the weighted sum of the molecular fluxed”(HONO), was estimated as an upper limit from the reaction
from these snowpacks according to Fig. 4 was calculated, ifo produce NQ (Fig. 7).
order to compare with the measured molecular flux. Comparing the flux estimates from the photochemical

The snow-atmosphere radiation transfer model was rurmodeling with our actual measurements a significant discrep-
with daily measured ozone columns, each one of the 4 snovancy is obvious. While the maximum observed HONO fluxes
types in Table 3 and varying optical depths of cloud (asym-are of the same order of magnitude as the modeled estimates,
metry factor, g=0.85 and altitude2 km) to coarsely repli- the majority &90%) of measured HONO fluxes were below
cate the measured solar downwelling irradiance (Fig. 6).5nmolnr2h=1,
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Fig. 6. The measured downwelling surface irradiance recorded

throughout the campaign at 350 nm (blue, units of WermmL, temperatures encountered, usually between -5 an8iG;:15

right scale). Also plotted is the calculated quantum yield for ni- NaCl could not induce melting, and the concentrations of the

trate photolysis to yield N@in ice (Reaction 1, units of 1%, red, ~ Other ions measured cannot modify this conclusion.

left scale). The variation of the quantum yields is due to the tem- HOwever, ions present in snow may favor the existence of
perature of the snowpack recorded at 12.5 cm depth throughout tha quasi-liquid or brine layer at the surface of snow crystals,

campaign. as evidenced in laboratory experiments by Cho et al. (2002).
The experiments of Cho et al. (2002) used NaCl concentra-
tions much higher than those present in our snow samples,
and the phase behavior for low salt concentrations still has
to be established, especially since a basic extrapolation of
the data of Cho et al. (2002) to the concentrations found

in Browning pass suggests that it may be unimportant here.
This conclusion is reached by considering bulk concentra-
tions. Locally, a sea salt particle may induce very high ionic

Nosdconcehntrgnonsf n sno;/v. Thef currentlr)]/ h)llpqthe- concentrations on a snow crystal surface, causing the for-
sized mechanism of HONO formation from N®hotolysis  ,44i0n of a quasi-liquid layer, or actual melting. To our

is discussed above, though the details are not well knownknowledge, the impact of a salt particle on an ice surface

From this mechanism alone we would expect daily noontimey s 1ot heen investigated and we are not able to conclude on

maximum HONO fluxes of ca. 10 nmoltA h~*, which e state of sea salt ions, and of Naden the surface of
were not found. Other studies have reported or inferredg,y crystals. It is still reasonable to suggest thagN®
HONO fluxes associated with NJluxes at Alert, Summit, 5404 snows remains trapped in salt particles or that, even if
and South Pole (Beine et al., 2002; Honrath et al., 2002 jjqig phase is formed, Npreactivity differs from that of
Dibb et al., 2004). We argued that NOs present mostly

] . . NO; present as nitric acid dissolved or adsorbed in/on snow
as NaNQ in aged snows at our study site, and this seems__3 P

. . : . crystals (Beine et al., 2002; 2003).
to be peculiar. During this campaign, we also sampled : . .
: . Perhaps because of matrix effects in the solid state, or sol-
snow at other nearby coastal sites such as ice tongues aQ/dent scage effects” in the liquid state. the products of NO
inland on the plateau, all within 200 km from our site, and 9 q ' P N

the correlation between Naand NG, was not observed photolysis cannot escape. Another possibility is more sim-
(R2—0 02). Neither did we observe a good correlation ply that HONO, if formed in a salt or brine medium, reacts

hi X s . | C{;‘apidly with sea salt, presumably to form NapOThis re-
betvs./een bot lons during previous campaigns at Aert_ anGyction is plausible, although available laboratory studies are
Ny-Alesund (Domine et al., unpublished results) and it is

: e inconclusive (Vogt and Finlayson-Pitts, 1994).
therefore tempting to relate both characteristics: no HONO
fluxes and NQ present as a sodium salt in aged snows. 5.2 The case of fresh snows
The state of salt particles in snow (i.e. solid or liquid) is
not clear. From the NaCl —4#D phase diagram (e.g. Hall The case for aged snows does not explain why no fluxes were
et al., (1988)), given the ionic concentrations present and th@bserved out of fresh snows, especially after the heavy fall of

5 Discussion
5.1 The case of aged snows

The particularity of this study is the quasi non-
existent HONO fluxes, despite the normal to high
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Fig. 8. Possible reaction mechanisms for the formation of HONO from thg N@ion. Blue arrows indicate gaseous emissions from

the reaction medium, curvy arrows show transport mechanisms. Most of these chemical pathways occur in aqueous solution (Mack and
Bolton, 1999), several seem to be confirmed for ice surfaces and snow (Domine and Shepson, 2002). We sugggsatisairhi&photons
regardless of its location in snow, but cage effects are predominant whgnis\@esent as NaNgor other salts. HONO, if formed, can

be trapped on salt surfaces, and the efficiency of this process depends on snow composition. The reaction cycle involving photosensitizec
electron transfer with organics was shown in the lab (George et al., 2005; Stemmler et al., 2006).

DOY 322/323 (17-18 November), when the NGoncentra-  tions about twice as high at Summit, supporting the idea that
tion was larger than the Clconcentration. In fact, the snow- the concentrations of organic compounds in the Antarctic are
pack was particularly inactive with respect to HONO up- lower than in the Arctic. However, Grannas et al. (2004)
take/release when that snowfall covered the surface (Fig. 2)analyzed total organic carbon in snow and found similar val-
until it was partially windblown by a katabatic wind on DOY ues at South Pole and Summit. More importantly, the com-
326 (21 November). The mechanism of HONO formation plex humic style material that Grannas et al. (2004) observed
from NOj photolysis is not well known. It is possible that is capable of the type of photosensitization reactions that
it involves the reaction of N@ (produced from N@ pho- George et al. (2005) and Stemmler et al. (2006) describe. In
tolysis) with specific photosensitized organics (George et al. summary, the data available on organic compounds in polar
2005; Stemmler et al., 2006). Species that are expected tsnow do not seem to support the idea that the lack of HONO
efficiently transfer electrons to NOnclude electron donors fluxes could be due to a lack of organic photosensitizers. Fur-
such as phenols as photosensitizers in reaction cycles witthermore, Dibb et al. (2004) inferred strong HONO fluxes out
aromatic ketones (George at al., 2005). The organic surfacef the snow at South Pole, strengthening our impression that
photochemistry was found in soils and other surfaces conour site is peculiar.

taining humic acids (Stemmler et al., 2006). If snow surfaces The above considerations on the composition of Antarc-
contain these organic chemicals, the HONO flux may dependic snow are general and do not allow any conclusion on the
on the concentration of photosensitizer in the snow; withreactivity of a specific snow layer at a given site. Our moni-
low concentrations of organic photosensitizers the fluxes oforing of snow layers showed that fresh snow always had low
HONO will be low and perhaps non-detectable. ionic concentrations. Most of the mineral ion loading came
We did not measure organic compounds in the snow or infrom dry deposition due to wind pumping or while snow was
the air, and we are therefore left to speculate on their conairborne. The same mechanisms that deposit soluble mineral
centrations, based on other studies. In general, Antarctiédons probably also deposit organic compounds. Both Arc-
snow may be suspected of having lower concentrations ofic and Antarctic measurements cited above involved aged
organic compounds than Arctic snow, because many of thesnows and the conclusion that they had a significant organic
Arctic sources such as soil dust (e.g. at Alert ori\lyesund, loading may thus not apply to our fresh snows, that may
(Domine et al., 2002) or forest fire plumes (e.g. at Sum-well have been depleted in organic compounds. We therefore
mit, (Legrand and De Angelis, 1996)) are absent or reducedsuggest that the concentration of organic compounds was
Nevertheless, the sea and in particular the nearby Ross seaao low to support production of detectable HONO fluxes.
polynya can be a source of organic compounds, as found iThis is consistent with our back trajectory calculations that
snow samples near our site by Cincinelli et al. (2001). Dibbshowed that air masses generating fresh precipitation came
and Arsenault (2002) measured formic and acetic acids afrom the continent. The highest HONO flux out of the snow
Summit, Greenland, and at South Pole in the atmosphere angdas measured on DOY 327 (22 November), just after a kata-
in snowpack interstitial air. Both sites are at comparable el-batic wind partially remobilized the thick 17-18 Novem-
evations and distances from the sea. They found concentrder snowfall that was particularly unreactive (Fig. 2). The
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katabatic wind increased the sea salt content of the snowfallhank NERC FSF for the loan and calibration of the GER1500
snowlayer throughout, with Naconcentrations increasing spectrometer (grant no. 447.0504), support from the Royal
from 1-5peq to 10-2Queq. It is reasonable, although spec- Society (54006.G503/24054/SM). JLF wishes to thank NERC for
sea salt was accompanied by the deposition of organic comyse o_f the B_rltlsh Atmospheric Data Centre (BA_DC) and the data
pounds of marine origin that allowed HONO formation. The SuPPlied to it by the European: Centre for Medium range Weather
HONO flux out of the snow was short-lived, possibly becauseForecasts (ECMWEF) for back trajectory analysis. This work is
the salt subsequently trapped Hi@s Nal\iQ More field part of the international multi-disciplinary Ocean-Atmosphere-Sea

. X Ice-Snowpack (OASIS) program.
and laboratory experiments will be necessary to test these

suggestions. Edited by: A. Hofzumahaus
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