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Abstract. Measurements af-folding depth, nadir reflectiv-  using the TUV-snow radiative-transfer model. Depending
ity and stratigraphy of the snowpack around Concordia sta-upon the snowpack stratigraphy, a minimum of 85 % of the
tion (Dome C, 75.19S, 123.32 E) were undertaken to deter- NO, may originate from the top 20 cm of the Dome C snow-
mine wavelength dependent coefficients (350 nm to 550 nm)pack. It is found that on a multi-annual time-scale photolysis
for light scattering and absorption and to calculate potentialcan remove up to 80 % of nitrate from surface snow, con-
fluxes (depth-integrated production rates) of nitrogen dioxidefirming independent isotopic evidence that photolysis is an
(NO») from the snowpack due to nitrate photolysis within important driver of nitrate loss occurring in the EAIS (East
the snowpack. The stratigraphy of the top 80 cm of DomeAntarctic Ice Sheet) snowpack. However, the model cannot
C snowpack generally consists of three main layers:- a surcompletely account for the total observed nitrate loss of 90—
face of soft windpack (not ubiquitous), a hard windpack, and95 % or the shape of the observed nitrate concentration depth
a hoar-like layer beneath the windpack(s). Td#olding profile. A more complete model will need to include also
depths are~10 cm for the two windpack layers aneR0cm physical processes such as evaporation, re-deposition or dif-
for the hoar-like layer for solar radiation at a wavelength of fusion between the quasi-liquid layer on snow grains and firn
400 nm; about a factor 2—4 larger than previous model estiair to account for the discrepancies.

mates for South Pole. The absorption cross-section due ta
impurities in each snowpack layer are consistent with a com-

bination of absorption due to black carbon and HULIS (HU-

mic Llke Substances), with amounts of 1-2nd®f black 1 Introduction

carbon for the surface snow layers. Depth-integrated photo-

chemical production rates of NOn the Dome C snowpack It is well documented that the photolysis of the nitrate anion
were calculated as 5:310'2 moleculesm?s™1, 2.3x 102 (NO3) in the surface snowpack is a source of N© the at-
molecules m?s~1 and 8x 10! moleculesm?s~1forclear  mosphere above, with experiments in both North and South
skies and solar zenith angles oP6@0° and 80 respectively  polar regions demonstrating that N€@uxes are emitted from

the snowpack under sunlit conditions (e.g. Jones et al., 2001,
Domine and Shepson, 2002; Honrath et al., 2002; Oncley

Correspondence tayl. D. King et al., 2004). The main reaction pathways for the emis-
BY (m.king@es.rhul.ac.uk) sion of NO, are shown in Reactions (R1-R3) whereas full
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details of snowpack photochemistry are reviewed in Grannasnd up to 75-90 % of nitrate is preserved (Burkhart et al.,

et al. (2007). 2004; Dibb et al., 2007). Unlike the Antarctic plateau, the
complexity of the nitrate record in Greenland is increased by
NOj +hv — NO2+0~ (R1)  the contribution from anthropogenic input (Hastings et al.,
2004). In regions of the Greenland ice-sheet, the observed,
NO3 +hv — NO; +O(3P> (R2)  preserved, nitrate concentration depth profile cannot be ex-
plained through accumulation processes alone and requires
NOj +/hv — NO2+0" (R3) photochemistry, evaporation and sublimation to explain the
loss of nitrate (Burkhart et al., 2008). Field and laboratory
NO, 4+ OH— NO+OH"~ (R4) data suggest nitrate photolysis is an important, possibly even

the dominating process in removing nitrate from the snow

The reaction (R1a) has been demonstrated in the laboratorgn the Antarctic plateau as gaseous nitrogen species (Chu
to be more efficient than (R1b) in both aqueous solutionand Anastasio, 2003; Frey et al., 2009). A quantitative inter-
(Warneck and Wurzinger, 1988) and ice (Dubowski et al., pretation of the nitrate concentration depth record from long
2001). The amount of Ngphotochemically produced is de- ice core records such as the 800 kya old EPICA (European
pendent upon the concentration of nitrate within the snow-Project for Ice Coring in Antarctica) ice core recovered at
pack, snowpack temperature, and the intensity of solar radibome C is currently not possible since the understanding of
ation within the snowpack. The intensity of solar radiation post-depositional processes affecting nitrate is not complete
penetrating into the snow is dependent upon the light scat{Jouzel et al., 2007; Wolff et al., 2010). An initial model
tering and absorption properties of the snowpack and the sostudy concluded that photochemistry can only account for
lar zenith angle. The snowpack can be split into two depth40 % of the nitrate loss observed for the South Pole, with
regimes based upon the propagation of solar radiation int@ther post depositional processes being required to explain
the snow: a top layer, a few cm thick where direct solar radi-the depth profiles observed (Wolff et al., 2002). Isotopic
ation is converted into diffuse radiation, and a second layergvidence from laboratory photolysis experiments appeared
the asymptotic zone, below the top layer, in which, the so-to support this view (Blunier et al., 2005), however Frey et
lar radiation is effectively all diffuse and the intensity of the al. (2009) showed that the laboratory results, and thus the
radiation decays exponentially (e.g. Warren, 1982). conclusions drawn in Blunier et al. (2005) do not apply to

The production of N@, within the snowpack provides a the snow environment at the Earth’s surface, including Dome
source of NQ to the overlying atmosphere with large mixing C. To the contrary, a model for photolytic isotopic fractiona-
ratios of NO (relative to remote regions) having been mea-tion explains, within the analytical uncertainties, the enrich-
sured in boundary layer air at the South Pole and across thment of the nitrogen stable isotope in snow nitrate observed
Antarctic plateau during several field campaigns (e.g. Davisat Dome C and in previous lab experiments, suggesting that
et al., 2001, 2004, 2008; Slusher et al., 2010). It is hypoth-photolysis is an important process driving isotopic fraction-
esised that for highly enhanced N@ixing ratios, in part  ation and associated nitrate loss from snow, specifically in
due to the continued photochemical release ofyN@mM the low accumulation regions of the East Antarctic Ice Sheet
the snowpack as air masses travel over the Antarctic plateaFrey et al., 2009). However, more details on snow opti-
cause the enhanced ozone concentrations measured over tbal properties and how solar radiation propagates in snow
South Pole (Neff et al., 2008; Legrand et al., 2009). are needed in order to further quantify processes contribut-

At locations with a low snow accumulation rate, such asing to post-depositional isotopic fractionation and changes
Concordia Station (Dome C, 7518, 123.32E) on the in snow chemical concentrations. The latter is of high rele-
Antarctic plateau (7.2cmyr; Rothlisberger et al., 2002; vance for the interpretation of ice core records recovered at
Wolff et al., 2002), nitrate deposited in the snow will spend a the EPICA drilling site (e.g. Rothlisberger et al., 2000; Wolff
longer period of time nearer the surface than nitrate depositedt al., 2010).
in regions with higher snow accumulation rates such as Sum- In the work described here, the snowpack optical prop-
mit, Greenland (accumulation rate of 65 cmyr Dibb and  erties at Dome C from field measurements of snow surface
Fahnestock, 2004). The availability of nitrate at the snowreflectance and light penetration into the snowpack are de-
surface, or near to the snow surface, for long periods oftermined. The measurement of snowpack optical properties
time increases the probability that it will be photolysed and has been shown to be complex as underlying snow layers can
that photolysis products will be lost to the atmosphere be-affect measurements of surface snow albedo if the albedos
fore it is buried to sufficient depth to be preserved in ice- of the two layers are thin and significantly different (Aoki
core records. In Greenland, several studies have investigatest al., 2003), it has also been widely demonstrated that re-
the nitrate concentration depth profile and the preservatiorflectivity is sensitive to grain shape and grain size (e.g. Wis-
of nitrate into ice-core records. In high accumulation areascombe and Warren, 1980; Munneke et al., 2008; Picard et al.,
such as Summit, the preservation of the nitrate concentra2009). Using field data with an 8-stream DISORT (DIScrete
tion depth profile is assisted by the large snow accumulatiorOrdinates Radiative-Transfer) (Stamnes et al., 1988) model,
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TUV-snow (Tropospheric Ultraviolet Visible — snow) (Lee- lated according to the Beer-Bouger Lambert law (1), for each
Taylor and Madronich, 2002), the production of N@wing of the three snowpack layers.
to nitrate photolysis within the Antarctic Plateau snowpack p
is calculated. Further, a comparison to the work of Wolff 1, = Iz/e(z_z ) 1)
et al. (2002) and to N@flux measurements made during e(d)
Antarctic Plateau field campaigns is undertaken, updating thevhere I, is the intensity at a depth within the snowpack,
modelling work of Wolff et al. (2002) using new field mea- Z is the initial depth in the snowpack,is a deeper depth
surements obtained in this work. thanZ, ands (1) is the asymptotie-folding depth (the depth
The aims of this work were: at which incident diffuse irradiance has been reduceddo 1/
(~37 %) of its initial value) for a specific wavelength, The
1. An experimental, field-based, determination of the opti- e-folding depth of the snowpack is calculated from measure-
cal properties of Dome C surface snowpack to comparements of the in-snow irradiance at different depths within the
with measurements of other snowpack sites. asymptotic zone (Fisher et al., 2005).
The in-snow irradiance of the Dome C snowpack was mea-
2. Calculation of depth-integrated production rates ofZNO sured within 14 separate snowpits at three areas in the vicin-
within Dome C snowpack, and comparison with pre- ity of Dome C (all within 5 km). For each snowpit, stratig-
viously modelled and measured fluxes of N®om raphy was recorded to gain an understanding of the natural

Antarctic snows. variation in layer thickness, but only the layers greater than
25 cm thick were selected farfolding depth and albedo
measurements.
2 Methods Each snowpit was approximately 1.5m by 1m by 1m

deep, and the irradiance penetrating into the snowpack
The work was a field and modelling study of the Dome C was recorded using a custom-built 6 spectrometer (6 chan-
snowpack, and each aspect (field and modelling) is describedels and fibre optics connected to individual spectrome-
separately. The fieldwork characterised the optical propertiesers) instrument with components from Ocean Optics. The
of the Dome C snowpack that were required to calculate thespectrometer components are taken from Ocean Optics
depth-integrated production rates of pNfdom photolysis of ~ USB2000 + spectrometers. The method used here is a pro-
snowpack nitrate. The depth-integrated production rate maygression and improvement to the single fibre-optic or sin-
be interpreted as the upper limit for a potential molecular fluxgle spectrometer method used during previous campaigns
from the snowpack to the atmosphere of NO to measure snowpack optical properties (King and Simpson,
To estimate depth-integrated production rates of;NO 2001; Fisher et al., 2005; Beine et al., 2006). The spectrom-
from the Dome C snowpack the 8-stream coupled snow-eters were powered through a single USB cable connected to
atmosphere radiative-transfer model TUV-snow was usedh Panasonic toughbook computer allowing true field porta-
(Lee-Taylor and Madronich, 2002). The TUV-snow model bility. Each spectrometer had its own fibre optic probe with
parameterises the snowpack in terms of light scattering ané cosine corrector, which was placed horizontally into the
absorption coefficients. To determine the optical coefficientsfresh, shaded snowpack face and recorded UV-Visible irra-
of absorption and scattering requires measurements of lightiance §£ =320-700 nmAx <1 nm) within the snowpack at
penetration depthe(folding depth) into the snow, snowpack varying depths in a single stratigraphic layer. The integra-

reflectance and snow density. tion time of each measurement was varied between 50 ms
and 10s, in order to obtain a good signal-to-noise ratio with
2.1 Field Methods the length of integration time dependent upon the depth of

the fibre optic probe. The signal to noise ratio was typi-
Surveys of the snowpack at Dome C, with 14 snowpits atcally better than 1:300. The vertical spacing between each
sites 1km South, 5 km East and 1km West of the Basefibre was approximately 3-5 cm where the thickness of the
demonstrated that the top metre of snow cover consists ofnowpack layer allowed, and no fibres were placed within
typically 3 distinct layers (with minor perturbations), and it 3 cm of a snow layer boundary. Optical measurements of
is appropriate to consider the optical properties for each layethick layers ensures the variation of solar irradiance within
individually to allow the determination of optical coefficients the snow layer was measured over two or metelding

for each layer. depths in each layer. The fibres were displaced horizon-
tally by 10-30 cm. A relative intensity calibration of the

2.1.1 Light penetration depth (-folding depth) spectrometers and fibre optics was performed by simultane-

measurements ously measuring the intensity of the solar radiation above the

snowpack. Dark spectra (electrical noise) were recorded in
From the measurements of in-snow irradiance at severathe field by capping each of the fibre optic probes. A wave-
depths within the snowpacle-folding depths were calcu- length calibration for each spectrometer was performed using
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a mercury-argon lamp in the field. The 6 spectrometer in-sity with depth (using a 200 ctrcutting box, similar to a

strument records at different depths simultaneously, thus neersion tested in Conger and McClung, 2009).

correction for changing sky conditions is required. Tehe

folding depth does not depend upon the absolute irradiance2.2 Determining snowpack optical coefficients of

measured by each spectrometer, and therefore there is no  scattering and absorption

need for an absolute irradiance calibration of the fibre op-

tic probes or spectrometer efficiency, although a travellingUsing the TUV-snow radiative-transfer model (Lee-Taylor

NIST illumination standard was used to monitor equipmentand Madronich, 2002) a wavelength dependent absorption

for quality assurance purposes and long term drift. Irradi-cross-section due to light-absorbing impurities in the snow,

ance spectra for each fibre optic probe were post processet,; and scattering cross-sectiosca due to snow were

by wavelength binning, removing dark spectra and normal-determined from the field measurements:dblding depth,

ising to one of the spectra from another fibre optic. &n  reflectivity and snowpack density for each layer. The ab-

folding depth was calculated for each wavelength by fitting sorption and scattering cross-sections are constructed from

the measured irradiance for that wavelength to Eq. (1). wavelength specific determinations of absorption and scatter-
Repeatability ofe-folding depth measurements has beening coefficients from 350-550 nm. The TUV-snow radiative-

studied in detail by France et al. (2011) and quantified agransfer model has been used successfully to determine val-

420 %. The large uncertainty is a combination of snow vari- ues of snowpack optical coefficients,;, and oscas from

ability and measurement uncertainty. The uncertainty wadield measurements from previous campaigns (Lee-Taylor

calculated using four depth measurements and using an irand Madronich, 2002; Fisher et al., 2005; King et al., 2005;

ferior single spectrometer instrument and is expected to be 8eine et al., 2006; France et al., 2010). The TUV model

maximum error for the work presented here. has been validated using chemical actinometry with labora-
tory snow (Phillips and Simpson, 2005). A detailed descrip-
2.1.2 Nadir reflectance tion of the procedure to determine the scattering and absorp-

tion coefficients frome-folding depth and nadir reflectance

Measurements of surface nadir reflectance (reflectivity) werds given by Lee-Taylor and Madronich (2002), but a brief
carried out using a Dual Field of View (DFoV) nadir re- summary is given here. lIrradiances at different depths in
flectance method (Duggin and Philipson, 1982). Two snow are calculated using a range ofvaluetsS@;nandoagg
GER1500 spectroradiometers were placed on tripods viewValues of asymptotie-folding depth and surface reflectance
ing vertically downwards, with one measuring upwelling are calculated from these irradiances. The valuessgfi
radiance from the snow surface and the second spectrorand o} . are interpolated until a unique match between the
diometer simultaneously measuring the upwelling radiancefield measurea:-folding depth and reflectance with mod-
from a white spectralon plate of known and carefully cali- elled e-folding depth and reflectance is found. The TUV-
brated reflectance (i.e. a reference panel). Reflectance meanow model (Lee-Taylor and Madronich, 2002) is a DISORT
surements were normally the average of a short transect afStamnes et al., 1988) coupled atmosphere-snow model run-
measurements, i.e. 10 measurements over a 5 m target of uniing 8 streams with a pseudo-spherical correction. There
form snowpack. Albedo and reflectance of snowpack is solaare 71 atmospheric depths (spaced at 1 m for the first 10 m
zenith angle dependent (Grenfell et al., 1994; Munneke etaibove the snow, 10 m intervals until 100 m, 100 m intervals
al., 2008), thus measurements were taken near to the solamp to 1 km, 1 km intervals up to 10 km and 2 km intervals up
noon to minimise the solar zenith angle dependence. Refledo 80 km), 106 snowpack depths (with 1 mm spacing in the
tivity measurements were usually completed within 30 min.top 0.5 cm and 1 cm spacing for the rest of the 1 m of snow-
The two GER1500 spectroradiometers were cross-calibrategack), clear sky conditions, no overhead aerosol, an earth-
in the field by simultaneously measuring the reflectance ofsun distance based upon 1 January 2010, under snow albedo
the spectralon plate multiple times. Using°af@re optic, the  of 0.95, an asymmetry factor of 0.89, a solar zenith angle to
viewing footprint of the spectroradiometers measured 8 cmcorrespond to measurements of reflectivity and an overhead
diameter on the measured surface. The spectroradiometet®lumn ozone of 300 Dobson Units (Ozone determined from
and spectralon plate are maintained and calibrated by the Ukneasurements by the Ozone Monitoring Instrument, values
NERC Field Spectroscopy Facility. during the season range from 260-340 DU, (McPeters et al.,

The technique to determine scattering and absorption co1998)). Using TUV-snow to determine the effect of ozone
efficients requires a measurement of the reflectivity and thecolumn variation on nitrate photolysis, an increase in ozone
e-folding depth of each layer. For the non-outcropping layersfrom 260 to 340 DU results in a 14 % decrease in the nitrate
the overlying snowpack was carefully removed with a cleanphotolysis rate coefficient at the snowpack surface.

aluminium shovel. An area approximately 3>08 m was The method produces a unique solutionég@attanda;s
cleared. that satisfy both the measured reflectivity anidlding depth
Measurements were also made of snowpack stratigraphfor a specified wavelength. Values @jcanandaggs are de-

(Fierz et al., 2009), temperature depth profile and snow dentermined for wavelengths 350-550 nm at 25 nm intervals.
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2.3 Snowpack chemical measurements A depth-integrated production rate of N@®om the snow-
pack, F(NOy), as a function of solar zenith angle, is calcu-
Measurements of depth-resolved nitrate concentrations ingted from Jno- @s shown in (3), and the value g for
3 3

snow at the Dome C station were co-located with the ) js calculated as a function of solar zenith angle and depth.
main area of snowpack-folding depth measurements

(75.1047 S, 123.3390E). A 30cm snow pit was sampled z=1lm
using 50 ml Greiner PP centrifuge tubes that were previouslyr(NO,) = / [NO3 ] Jno: dz (3)
rinsed with MilliQ quality water. Snow was collected ev- s

ery centimetre for the top 20 cm of the snowpack and one =0m

additional sample was taken at 30 cm depth. Nitrate CONyyherez is the depth into the snowpack, [NQis the concen-
centrations were determined by a colorimetric method using,ation of nitrate (molecules per unit volume of SO
3

a continuous flow analysis system in the field (Frey et al.,; . : :
. ; . . 'is the photolysis rate constant as a function of solar zenith
2009). The precision of this method is better than 3% in theangle :nd de);)th

concentration range of nitrate of 10 to 1000 ngg The depth-integrated production rate equates to a poten-
tial maximum molecular flux of N@exiting the snowpack
assuming all of the N@produced by photolysis escapes the

Nitrate photolysis rate coefficientsyq_, for reaction (R1a), snowpack and does not undergo any secondary chemistry.
are calculated as shown in Eq. (2).

2.4 Modelling in-snow nitrate photochemistry

h2 3 Results
Inoy = [ 00 TI®GT)1 G620 2)

/ The results are presented in three sections, the field data, de-
1

termination of optical coefficients from the Dome C snow-
Whereo is the absorption cross-section of nitrateis the  pack, and the calculation of depth-integrated production rates
wavelength,T is the temperature; is the depth into the of NO, due to in-snow nitrate photochemistry.

snowpack/ is the spherical irradiance (“actinic flux”) within

the snowpackd is the solar zenith angle anbl is the quan- 3.1 Field results

tum yield for nitrate photolysis.

The temperature-dependant quantum vyield of Reac-The measurements of snowpack stratigraphy, temperature,
tion (R1a) on ice and the absorption cross-section of nitrateand density are shown in Fig. 1. The description of the
in aqueous solution are both taken from Chu and Anastatypical stratigraphy in Table 1 is generalised from 14 snow-
sio (2003). The quantum vyield reported in Chu and Anas-pits dug around the Dome C base with comparable snow-
tasio (2003) broadly agrees with the work of Dubowski et pack stratigraphy seen in each snowpit, four examples of real
al. (2002) and is considered a good phenomological represnowpack stratigraphy measurements are shown in Fig. 1a.
sentation of the photolysis of nitrate in snow and ice. OtherThe stratigraphy is comparable with other previously re-
available quantum yield data for 308 nm photolysis of ni- ported stratigraphy for Dome C (Warren et al., 2006; Fierz
tric acid on ice films of 0.92-0.26 (Zhu et al., 2010) seem et al., 2009; Gallet et al., 2011). The general stratigraphy
extremely high compared with previous data (Warneck andat Dome C is two windpack layers overlaying a hoar layer,
Wurzinger, 1988; Zellner et al., 1990; Dubowski et al., 2002; formed through temperature gradient snow metamorphism
Chu and Anastasio, 2003), but if correct would potentially (Gallet et al., 2011). The temperature-depth profile in Fig. 1b
increase the N@production by a factor 0f~400. shows that snowpack temperature decreas&8°C with

Photolysis rate coefficients for Reaction (R1a) are calcu-60 cm of snow depth. Snowpack nitrate concentration-depth
lated at 126 depths (with extra 1 mm thick layers 0.5 cm eactprofiles for Dome C snowpits measured during the campaign
side of snow stratigraphic boundaries added to the layer spare shown in Fig. 2.
ing used to determine absorption and scattering coefficients The mediare-folding depths measured for the three snow-
within single snow units) within a 1 m semi-infinite snow- pack layers from different snowpit layers are shown in
pack. The optical coefficients (determined for a wavelengthFig. 1d, along with the corresponding nadir reflectivity mea-
of 350 nm), snowpack layer thicknesses, snowpack densitiesurements for the same snowpack layer in Fig. 1c. The re-
and snow temperatures as described in Table 1 are used. Vdlectivity of snowpack matching the mediarfolding depth
ues in Table 1 are from the results of this paper, however, refis used for all calculations. The maximusrfolding depth
erence is made to these values now for overall clarity of theoccurs between 400 nm and 450 nm in the hoar layer and in
methods used. The valuesﬁcattandoggs at a wavelength  the windpacked layers. The reflectivity data shows that the
of 350 nm are used for the calculation of the photochemicalmaximum reflectance occurs between 450 nm and 500 nm for
rate coefficients as the maximum in the action spectrum ofeach of the snowpack layers. A similar pattern of reflectance
nitrate photolysis is~320 nm (Chu and Anastasio, 2003). and light attenuation maxima is also considered in Warren et

www.atmos-chem-phys.net/11/9787/2011/ Atmos. Chem. Phys., 11,988%-2011
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Fig. 1. (a) Snowpack stratigraphy measurements from four snowpacks at/near Dome C between 19 December 2009 and 13 January 201
to demonstrate the uniformity of the snowpack in the area, symbols used from the International classification of snow on the ground (Fierz
et al., 2009). Layers are summarised into A, B and C as referred to in the text and tables in the rest of the paper as soft windpack (A),
hard windpack (B) and hoar-like (C). The average snowpack stratigraphy as measured is shown in TableMeasured snowpack
temperature and density profiles for the snow layers from the snowpack measured on 6 January 2010, a typical snowpack stratigraphy for
the sampled region. Temperatures measured at local n@pnNadir reflectivity versus wavelength measured for each of the snowpack
layers corresponding to thefolding depth measurements in Fig. 1d, 2 standard deviation errors are typically 1.5 % from the mean and are
omitted for clarity.(d) Comparison of mediae-folding depths versus wavelength for each of the snowpack layers, error bars are 2 standard
deviation from the mediasa-folding value.
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Table 1. Snowpack properties for each snowpack layer at Dome C.

snow oscatl 0+bs/ snowpack density/ snowpack grain size

description M kg1 cmzakg*l temperaturé/C g cn? layer /mm
(A=350nm) { =350nm) thickness/cm

Soft windpack 14-22 (20) 1.3-2.2(1.7) -23 0.3 11 0.3-1

Hard windpack  17-24 (19) 1.3-1.8(1.7) —-27 0.38 21 0.3-2

Hoar like layer 8-16 (10) 0.6-1.4 (1.2) -30 0.28 68 1-4

Values in brackets are the median values of the derived optical coefficients and are the values used to model the snowpack photochemical production. Snow temperature and densit
are taken from the snowpack measured on the 6 January which is representative of our modelled snowpack.

The absorption of light in the snowpack is due to absorp-
tion by water ice (weak absorption in the visible) and impu-
rities in the snowpack. Plotting the absorption cross-section
for light absorbing impuritiesa;[)g versus wavelength, in
Fig. 3 demonstrates the absorption in the snowpack owing
to impurities. It was thought that absorption is dominated
by the presence of black carbon (Lee-Taylor and Madronich,
2002). However, the variation @f;[)s with wavelength, as
shown in Fig. 3, decreases with increasing wavelength and
matches a scaled linear combination of the absorption spec-
trum of HULIS (Hoffer et al., 2006) and black carbon (the
absorption cross-section of black carbon is calculated using
Mie theory from the black carbon proxy in Warren and Wis-
combe, 1985). The implication is that the impurities at Dome
C are due to atmospheric deposition of HULIS, and black
carbon, rather than primarily black carbon. The absorption
due to black carbon is relatively invariant with wavelength
across UV-visible wavelengths. By fitting scaled black car-
bon and HULIS absorption cross-section to the absorption
2 cross-section of light absorbing impurities in snow (a similar

nitrate concentration / umol I method is applied in Doherty et al., 2010), then the amount

of black carbon in the snow at Dome C varies between 1

Fig. 2. Measured snowpack nitrate concentrations at Dome C fromand 5ng g2, similar to the 3.3 ppb measured in the surface

two sites during December 2009 to January 2010. Dashed lines arsnow in 2004 at Dome C by Warren et al. (2006). The
the depths where the stratigraphy changes within a typical snowvalue of oscatt is generally invariant with wavelength over

pack profile demonstrating the uniformity of nitrate profile within 350-550 nm. The range of black carbon concentration is
the snow cover at Dome C. The dotted circles represent the nitrate.g ng g~ and 13 ng g? if the measurement uncertainty in

profile used in the calculation of NCflux measurements as itwas  ipe reflectivity measurement o&3s propagated through to
measured at the site of the majority of snowpaeiolding depth the black carbon concentrations

and reflectivity measurements.

depth / cm

3.3 Dome C in-snow nitrate photolysis rate coefficients
al. (2006) and explained through the presence of snowpack

impurities with wavelength dependent absorptions. The photolysis rate coefficients for reaction (Rla) calcu-
lated at each of the 126 depths within the snowpack for ni-
3.2 Snowpack Optical coefficients trate photolysis are shown as isopleths of eql,@}g versus

depth and solar zenith angle in Fig. 4. Figure 4 highlights
Values of the optical coefficientsg(cattandaags) arereported two points: the variation ofINog with solar zenith angle
for wavelengths of 350 nm (Table 1) and 400 nm (Table 2).and depth between the two windpacked layers is very small,
Data in Table 1 are used for the calculation/gh,- and data  thus validating previous studies where Antarctic windpacked
in Table 2 are to allow comparisons of Dome C snowpacksnows were treated as a bulk snowpack despite small changes
optical coefficients to other snowpack measurements. in stratigraphy (Beine et al., 2006). Secondly, the change
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Table 2. Comparison of optical coefficients for Dome C snow layers with previously investigated sites, all optical coefficient measurements
are for a wavelength of 400 nm.

Study Snow description Measurements?  oscatf 0;54
e-fold reflectivity nPkg~! cmPkg ! notes

Grenfell and Maykut (1977)  Arctic summer dry v v 6.4 7.3

Arctic summer melting v v 1.1 7.8
Grenfell et al. (1994) Antarctic South Pole v v 6-25 0
King and Simpson (2001) Arctic spring windblown v X 6-30 4-5
Beaglehole et al. (1998) Antarctic summer coastal v X 7-13 0.4  snow not measured in-situ
Beine et al. (2006) Antarctic coastal hard windpack v v 1.3 4.3

Antarctic coastal soft windpack v v 6.3 24

Antarctic coastal recent windblown v v 3.7 37

Antarctic coastal precipitation v v 4.3 17
France et al. (2010) Fresh Nyfesund snowpack v v 16.7 2.7

Melting Ny—AIesund snowpack v v 0.8 19.8
France et al. (2011) Ni&lesund — old windpack v v 9.5 14

Ny-Alesund — fresh windpack v v 7.7 5.3

Ny-,&lesund — marine influenced v v 20 3.4

Ny-Alesund — glacial v v 255 0.5
This Work Dome C — soft windpack v v 20-42 0.5-1.1

Dome C — hard windpack v v 18-40 0.2-1.4

Dome C — hoar like layer v v 9-18 0.5-1.8

25

in variation of photolysis rate coefficieanog, with solar
zenith angle and depth for the hoar-like layer is extremely
pronounced and shows that the use of a multi-layer snow-
pack model should be considered where optical properties
are very different between layers.

—{1- soft windpack (A)

-0~ hard windpack (B)

=0~ hoar like (C)

= HULIS + BC absorption
nm BC absorption

-1

3.4 NO; fluxes

2

absorption / cm kg

The potential molecular flux of NO(disregarding matrix
cage effects, diffusion, chemical conversion prior to emission
and forced ventilation from the snowpack) from the snow-
pack owing to nitrate photolysis within the snowpack versus
solar zenith angle is shown in Fig. 5 and calculated using
the nitrate profile shown in Fig. 2 and Eq. (3). Figure 5 is
calculated for clear sky conditions and assumes all photopro-
duced NQ is released from the snowpack. Figure 5 allows a
simple comparison with previous or future measurements of
NOy fluxes at Antarctic sites.

1.0

0.5

0.0 I I
350 400 450 500 550

wavelength / nm

4 Discussion

Fig. 3. Absorption,o . versus wavelength for impurities in the . Lo . . .

snowpack layers. T?]%g absorption due to impurities can be fittedThe discussion is split into 4 sections:

to a linear combination of absorption cross-sections due to HULIS . . .

(Hoffer et al., 2006) and black carbon (see text). The linear combi- 1+ A comparison of field measurements of snowpack irra-

nation of absorption cross-sections for HULIS and black carbon in diance and snow stratigrapghy with previous snowpacks

the figure is illustrative and not fitted to a specific snowpack layer. measurements at Dome C and analysis of the variation
of the optical coefficients with wavelength.

2. A discussion of the value of the optical coeffi-
cients Gscatt anda;@, with comparison to previously
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to the relative amounts of soft or hard windpack. The major
change in the photolysis rate coefficiem&,og, occurs with

the transition from windpack to the hoar-like layer.

The e-folding depths measured show there are two main
optical layers, a windpack layer, either soft or hard, which
have asymptotie-folding depths of~10 cm at a wave-
length of 400 nm and a depth-hoar like layer which has an
asymptotice-folding depth of~20 cm at a wavelength of
400 nm. The combined thickness of the windpack layers is
typically 20—35cm. As previously determined, 85 % of the
photolysis occurring in snowpack occurs in the top two
folding depths (King and Simpson, 2001), so at Dome C, at
least 85 % of the photolysis occurs in the windpacked lay-
ers. However, it is worth noting that up to 15 % of the pho-
tolysis could be occurring in the hoar like layer. The pro-
cesses of photochemistry and photolysis occurring in hoar
4 like layers (to our knowledge) have not been investigated.

A%y 0 N ; g'\Q g of The measured-folding depths are a factor of 3 longer than
4% 1 1.1y .
100 the 3.7 cm at a wavelength of 320 nm previously used by
0 10 20 30 40 50 60 70 80 90  \olff et al. (2002). The-folding depth for layer C£20 cm
solar zenith angle / * and a wavelength of 400 nm) is similar to #olding depth
] ) ) o measured in snowpack at depths between 40 and 90 cm for
Fig. 4. Nitrate photqu3|§ rate coefficient contogrs for a Dome C wavelengths between 380 nm and 450 nm, as investigated
snowpack (as _descnbed in Table 1), plotted against sc_)Iar zenith an Warren et al. (2006). The-folding depth of~3 m at
gle and depth |nt_o the snowpack. Horlz_ontal dashed lines represe 80 nm for a snow depth of 90-135cm measured in War-
the depths at which the snowpack stratigraphy changes. .
ren et al. (2006) is far larger than any measurements of
folding depth made in the top 50 cm of snowpack during this

determined values @fscanandd;g and a discussion of Work. However, snowpack at depths deeper tharf@dding

variation between snowpack layers at Dome C. depths 40 cm) do not significqntly affect callculations of
current depth-integrated production of Bfbom nitrate pho-

3. An overview of the calculated values of the photoly- tolysis. The deeper snowpack layers (90-135 cm) as studied
sis rate coefficient, within the snowpack and the depth-by Warren et al. (2006) are highly transmittive due to the very
integrated production rates of NO low black carbon concentrations (corresponding to snow that

fell before to Concordia station was built) in the snow and

4. A comparison of the calculated depth-integrated pro-also due to snow metamorphism reducifigas in these
duction rates of N@at Dome C with the work of Wolff  deeper layers. It was not possible with the equipment avail-
et al. (2002) and the impact of photochemistry on the able to determine-folding depths for the snowpack deeper
preservation of nitrate with depth into the snowpack.  than 50 cm depth, and therefore it is not possible to deter-

mine whether the presence of the base has had an effect on
4.1 Comparison of field measurements the snowpacle-folding depth for the snow currently at 90—
135 cm depth to compare directly with Warren et al. (2006).
The stratigraphy of Dome C snowpack is relatively constantgnow grain sizes previously measured in Antarctica report
within the vicinity of the base<5km), with thicknesses of  tynjcal grain sizes 0£0.2 mm (Gay et al., 2002) using high
the snowpack layers varying from 0 cm to 35 cm for the Soft reso|ution imaging of surface snow and 0.8—1.8 mm for the
windpack (Layer A) and 5cm to 65cm for the hard wind- Ea|s measured by satellite retrieval (Scambos et al., 2007).
pack (Layer B). The hoar like layer (Layer C) was ubiquitous The grain sizes measured by hand lens during this study for
at Dome C below the windpack and was greater than 50cnjhe top 20 cm of snow at Dome C are 0.3—2 mm (Table 1).
thick at each site visited. Minor layers such as 1 mm thick
icy layers were noted in the detailed stratigraphy as showy.2  Optical coefficients of Dome C snowpack
in Fig. 1, but were not present at every site and were too
thin to determine ar-folding depth. Given the repeatabil- The absorption cross-sections for the snowpack impurities in
ity of e-folding depth measurements within layers suggeststhe three snowpack layers in Fig. 3 show an increased absorp-
that the thin icy layers do not have a measurable effect on théion in the UV region compared to minimum absorption oc-
e-folding depth. Figure 4 also demonstrates that the calculaeurring at a wavelength around 500 nm. A black carbon im-
tion of the photolysis rate coefficienINog, is not sensitive  purity would absorb almost uniformly across the wavelength

0
I I
| ! e 1+

20

40

6 0 [ 23‘09

depth into snowpack / cm

| 1e09

80 |—
59-'\0
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range 350-550 nm. Increasing absorption with decreasing 160 T T T T T T 1
wavelength over the wavelength range 350-550 nm indicates
the presence of UV absorbing compounds in the snowpack
such as humic material or HULIS (HUmic Llke Substances),
albeit in very small concentrations. Previous measurements.
of black carbon in the Dome C surface snowpack made in «
2004 measured 3.3ng§ of black carbon and 26 ngg of
dust (Warren et al.,, 2006). The plot of absorption cross-
section in Fig. 2 can be fitted to an absorption cross-section g
of black carbon and an absorption cross-section for biomass &
burning derived HULIS. The black carbon absorption cross- 40
section is based on a Mie calculation of Warren and Wis-

combe (1980) assuming spherical black carbon particles in 20
the snow of 0.1um radius, 1gcrh density and a refrac- [
tive index of 1.8-0.5i. The HULIS absorption cross-section 0 10 20 30 40 50 60 70 80 90
is taken from Hoffer et al. (2006). The linear combina- solar zenith angle / °

tion of black carbon and HULIS absorption cross-sections

allow an estimate of black carbon and HULIS concentra-Fig. 5. Maximum potential flux of NG from the snowpack versus
tions in snowpack. The concentrations of black carbon essolar zenith angle, assuming all photoproduced, NKOm nitrate
timated for the surface snowpack layers is 1—2ﬂb gom- photolysis is liberated to the atmosphere. The snowpack stratigra-
parable to the black carbon concentrations measured by WaRhY is taken from Table 1. The central line (dotted circles) is cal-
ren et al. (2006) for the same snowpack locality. Warren etculated using the dotted circled nitrate profile from Fig. 2. The dot-

al. (2006) measured 3.3 ngb of black carbon for Snow- ted lines above and below represent minimum and maximum NO

pack contaminated by emissions from the base, and O'Ggepth-lntegra\ted production rates calculated using the other mea-

sured nitrate profiles shown in Fig. 2.
1.4ngg? for snowpack formed before the presence of the P g
base at Dome C.

The optical coefficients at a wavelength of 400 ribatt  in magnitude to the N@flux estimated during the ISCAT
ando, at Dome C are compared to previously determined(nvestigation of Sulfur Chemistry in the Antarctic Tropo-
values for other snowpacks in Table 2. The optical coeffi-gphere) campaign at South Pole (Dibb et al., 2004). One
cients are reported for a wavelength of 400 nm to providegoyrce of uncertainty in estimating potential N@oduction

direct comparisons with previous literature. The absorptionrates are quantum yields of nitrate and nitric acid and their
coefficient at a wavelength of 400 nm is small compared tore|ative amounts in polar snow.

other sites globally. In very clean snowpacks such as Central

Antarctica, the albedo is close to unity. The determinations4.4 Comparison with previous Antarctic plateau nitrate
of absorption and scattering coefficients are sensitive to the  photolysis modelling

albedo for clean snowpacks with large albedo (Lee-Taylor

— 2.5
140 |-
12000 2.0

100

€l

80

,) / nmolm h

60

.S W sainosjoul oL / CON)4

0.5

o

and Madronich, 2002). Photolysis of nitrate in polar snow removes nitrate from the
snowpack and provides a source of NtO the overlying at-
4.3 NO; fluxes from the Dome C snowpack mosphere, resulting in smaller concentrations of nitrate with

increasing depth in the snowpack (as seen in Fig. 2). Previ-
The depth-integrated production rates (potential molecu-ous work estimating fluxes of NGand modelling nitrate loss
lar flux) of gaseous N® from the snowpack (Fig. 5) with depth within the snowpack for a theoretical Antarctic
can be compared to fluxes of NOestimated from snowpack (located at the South Pole) predicted a maximum
measured NO fluxes from Antarctic plateau snow of NO, flux of 1.4 x 102 moleculesm2s~1 (8 nmolni2h~1)
~4 x 10" molecules m?s~! (24 nmolnT2h~1) for asolar ~ from the snowpack. According to previous modelling, a
zenith angle around 6§Oncley et al., 2004). Modelled NO  maximum of 40 % of the nitrate loss can be attributed to the
flux data from the same campaign determined an averagphotochemical depletion of nitrate within the snow (Wolff et
of 3.2-4.2x 10*?molecules m?s~! (19-25nmolm?h~1) al., 2002). However, the work of Wolff et al. (2002) assumed
(Wang et al., 2007). Coastal Antarctic fluxes of Nffom an e-folding depth of 3.7 cm and a snowpack stratigraphy
the snowpack were measured during early February, 200%iniform with depth. The work presented here demonstrates
with mean daily fluxes of 1.7-34 102 molecules m?s~1 that these calculations may need updating. The following up-

(1020 nmol 2 h~—1) (Bauguitte et al., 2009). dates between this work and Wolff et al. (2002) were made:
For Dome C, a flux of N@ of 24— theabsorptioncross-section(measured inaqueous solution at
3.8x 102 molecules m?s~1 (14-23nmolm?h~1) 278 K) and the quantum yield (measured on ice pellets) for

for a solar zenith angle of 68Fig. 5) is calculated, similar nitrate photolysis is from Chu and Anastasio (2003) rather
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Fig. 6. Modell_ed depth-lptegrated production rates. ofNitom a Fig. 7. Depletion of nitrate concentration with depth into the snow-

South Pole site (ass_umlng the sr_lowpac_k properties are the sa"k?ack due to only photolysis, assuming clear skies at South Pole and

as Dome C) as a dlrgct comparnson W'Fh the work of Wolff et clear skies at Dome C, a Dome C accumulation rate (72 mrhyr

a_I. (200.2)' The depth-ln_tegrated produc_tlon ratgs onNdb_tted and a deposited nitrate concentration of 100 pgkgontinuously

C|_rcles) is calculated using the dotted circled nitrate profile from deposited year round. The nitrate concentration profile measured

Fig. 2. within the snowpack at Dome C was measured on 11 January 2010
and has been scaled to 100 pghkat the surface.

than Burley and Johnston (1992), and the ice absorption
spectrum is taken from Warren (2008). The model snowpackolysis rate coefficients calculated in this work. The calcu-
is input in the 8-stream TUV-snow model (Lee-Taylor and |ated photolysis rate constants for nitrate photolysis versus
MadroniCh, 2002) (VS. the 4-stream radiative-transfer mOde’depth and solar zenith ang|e shown in F|g 4 were used in
used in Wolff et al., 2002) using the measured optical co-3 simple nitrate depletion model for snowpacks located at
efficients (Table 1) The radiative-transfer model used inSOlJth Pole and Dome C. The initial Snowpack nitrate con-
Wolff et al. (2002) was an in-house British Antarctic Sur- centration was assumed to be 100 ug:kg\”th a constant
vey model (Gardiner and Martin 1997) For the calcula- year round snow burial rate of 72 mmﬁ-r The model snhow-
tion of NO, fluxes from the snowpack, the nitrate concen- pack was split into layers 1 um thick and the loss of nitrate
tration of 100 pmol kg* in the surface snow chosen in Wolff cajculated in each layer on a daily basis. After each day,
etal. (2002) IS replaCEd with a measured nitrate prOflle ShOWQhe Snowpack was buried by 197 pm and fresh snow 197 pm
in Fig. 2. deep containing 100 ugkg of nitrate is deposited on the
The comparison between the calculations of snowpacksurface. The model is repeated for 10 yr with solar zenith
NO, production rates of Wolff et al. (2002) and this work are angles for both a South Pole locality and a Dome C local-
shown in Fig. 6. The updated radiative-transfer modellingity. The depth profile of nitrate concentration, due to only
for a Dome C snowpack with layer thicknesses described irphotolytic loss, for a snowpit at a notional South Polar site
Table 1 at a South Pole location gave a factor of 3 increase irand a Dome C site, calculated on a daily basis, is shown in
the N, production from Antarctic snowpack for the same Fig. 7, and is compared directly with the work of Wolff et
solar zenith angles when compared to Wolff et al. (2002); aal. (2002). The modelled photolytic loss is also compared to
combined effect of the longes-folding depth and using a a measured nitrate concentration profile at Dome C, (scaled
measured in snow nitrate profile. to 100 ugkg! at the surface) to determine if photochemical
The second part of the work reported in Wolff et al. (2002) depletion can reproduce a typical measured nitrate profile at
demonstrated that relative to that at depth, the maximum phoPome C. The seasonal variation of nitrate concentration with
tolytic loss of nitrate in snow is only 40 %, with other pro- depth in the modelled signal is not always preserved in mea-
cesses such as re-evaporation or larger photolysis rate coeffpured profiles, (Fig. 2) as other post-depositional loss such as
cients from nitric acid photolysis invoked to explain the rest diffusion and re-evaporation processes may smooth the pro-
of the measured nitrate profiles such as shown in Fig. 2. Tdile (Wagenbach et al., 1994).
test whether this is reproducible withfolding depths and For South Pole, the nitrate concentration in the snowpack
stratigraphy measurements reported here, data from Fig. 3;an be reduced by60 % of the initial concentration by pho-
p5 in Wolff et al. (2002) is reproduced using the nitrate pho- tolysis. For Dome C, the nitrate concentration can be reduced
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by ~80 % of the surface concentration. The rapidity of the ice-core drilling sites, such as Dome C, is an important step
nitrate loss at Dome C in the upper most part of the snow-in beginning to understand the causes of isotopic shifts seen
pack cannot be reproduced with a simplistic photochemicaln nitrate records in snow and ice cores (Rothlisberger et al.,
depletion model as above. The differences between modelled000; Frey et al., 2009).

nitrate profiles for Dome C and South Pole depletion are due A simple photochemical model cannot re-produce nitrate
to the smaller solar zenith angles (i.e. the sun higher in skykoncentration profiles seen in the snowpack as other factors
at Dome C compared to South Pole, leading to larger photolsuch as re-evaporation must also play a role, it is evident
ysis rate constants and more nitrate depletion for a constarthat the photolysis is an important process of nitrate loss in
burial rate. The differences between measured and modellesnowpack confirming recent isotopic evidence (Frey et al.,
nitrate depth profiles could be due to a number of processe2009), but well constrained emission fluxes require the pre-
the re-deposition of nitrate at the surface, enhancing the sureise knowledge of the photodissociation quantum yield of ni-
face concentrations relative to at depth, the continued evaptrate/nitric acid present in natural snow.

oration of nitrate from within the snowpack, or an increased
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