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Laboratory study of nitrate photolysis in Antarctic snow. |. Observed
quantum yield, domain of photolysis, and secondary chemistry
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Post-depositional processes alter nitrate concentration and nitrate isotopic composition in the top lay-
ers of snow at sites with low snow accumulation rates, such as Dome C, Antarctica. Available nitrate
ice core records can provide input for studying past atmospheres and climate if such processes are
understood. It has been shown that photolysis of nitrate in the snowpack plays a major role in nitrate
loss and that the photolysis products have a significant influence on the local troposphere as well as
on other species in the snow. Reported quantum yields for the main reaction spans orders of magni-
tude — apparently a result of whether nitrate is located at the air-ice interface or in the ice matrix —
constituting the largest uncertainty in models of snowpack NO, emissions. Here, a laboratory study
is presented that uses snow from Dome C and minimizes effects of desorption and recombination by
flushing the snow during irradiation with UV light. A selection of UV filters allowed examination
of the effects of the 200 and 305 nm absorption bands of nitrate. Nitrate concentration and photon
flux were measured in the snow. The quantum yield for loss of nitrate was observed to decrease
from 0.44 to 0.003 within what corresponds to days of UV exposure in Antarctica. The superposi-
tion of photolysis in two photochemical domains of nitrate in snow is proposed: one of photolabile
nitrate, and one of buried nitrate. The difference lies in the ability of reaction products to escape the
snow crystal, versus undergoing secondary (recombination) chemistry. Modeled NO,. emissions may
increase significantly above measured values due to the observed quantum yield in this study. The
apparent quantum yield in the 200 nm band was found to be ~1%, much lower than reported for
aqueous chemistry. A companion paper presents an analysis of the change in isotopic composition
of snowpack nitrate based on the same samples as in this study. © 2014 Author(s). All article con-
tent, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported

License. [http://dx.doi.org/10.1063/1.4882898]

. INTRODUCTION

The nitrogen cycle is central to atmospheric chemistry as
it governs photochemistry and oxidant budgets.":> The pho-
tochemistry of nitrogen oxides (NO, = NO + NO,) pro-
duces ozone in the troposphere and the NO, reactions are
the most important catalytic cycle removing ozone from the
stratosphere.® Oxygen atoms are exchanged rapidly between
ozone and NO,, with the result that polar NO,, contains mate-
rial from atmospheric ozone. Therefore, information on the
atmosphere’s oxidative capacity is stored in the main sink
of the cycle, deposited nitrate.* The information contained
in ice core records of nitrate buried in polar regions may
help in reconstructing the oxidative conditions prevailing in
past climatic conditions® and in better constraining the nitro-
gen budget.®” Nitrate is detected easily using, e.g., ion chro-
matography, but post-depositional processes in the snow al-
ter the nitrate concentration and prevent interpretation of the
record at sites with low snow accumulation rates.®~!% Nitrate
profiles in the top centimeters of snow from, e.g., Dome C,
Antarctica, show a significant decrease with depth,!! while

¥ Electronic mail: jsavarino@lgge.obs.ujf-grenoble.fr
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field measurements in summer show increased NO, emissions
above the snow pack at the same locations.'> '3 Elevated po-
lar NO, levels are suggested to play a central role in remote
boundary layer chemistry where they can lead to net produc-
tion of ozone.'* Laboratory experiments and field studies in-
dicate that desorption and photolysis of nitrate in snow play a
key role.

The following reaction known from the aqueous phase is
generally assumed to be the dominant mechanism for nitrate
photolysis in snow:

NO; + hv -5 NO, + OH. (R1)

The quantum yield of associated product species formed in
ice at —20°C ranges from 0.0028 (Chu and Anastasio'?) to
0.6 (Zhu et al.'®), depending on the experimental method.
Chu and Anastasio'” froze a prepared aqueous NaNO; solu-
tion, irradiated it with UV light at wavelengths longer than
300 nm and detected the resulting OH radicals in order to
report ®op.'> They argue that photolysis takes place in the
disordered interface (DI, sometimes called the quasi liquid
layer'”). The small value they obtained for the quantum yield
supports the theory that product species are preferentially

© Author(s) 2014
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trapped by the aqueous cage effect (see below) potentially
lowering the observed quantum yield.'®

Zhu et al.'® conducted experiments using HNO; ad-
sorbed on an ice film.'® They detected NO, using cavity ring-
down spectroscopy and showed that both the absorption cross
section of adsorbed nitrate and the quantum yield, ®no,, have
much larger values than reported in liquid phase;'> at 308 nm
and —20 °C the absorption cross section increases by a factor
of ~50 and ®yp, increases by a factor >100. Products from
adsorbed species seem to leave the ice more easily, increas-
ing the observed quantum yield. In another experiment by
the same authors, HNOj3 adsorbed on aluminum shows even
higher values of ®no,. The authors therefore argue that the
quantum yield for photolysis of HNO3 adsorbed on ice may
be even larger than 0.6 because some of the NO, product is
dissolved in water/ice.

The difference in the reported quantum yields has a direct
impact on modeling studies which try to match the measured
NO, flux from the snow pack with the underlying photochem-
istry. In a recent study, Frey et al.'*> modeled daytime NO,
emissions in the austral summer at Dome C and matched day-
time observations, but under-predicted nighttime NO, emis-
sions by a factor of ~3 — 4. Such studies of the NO, flux
from the snowpack often consider only aqueous chemistry
and use the smaller of the reported values for the quantum
yield.!>!%-20 The good match with day-time NO, emissions
may suggest that nitrate photolysis occurs in the DI, how-
ever these studies all serve to emphasize that knowledge of
the quantum yield of nitrate photolysis in snow is among the
main uncertainties to current models.

A. Domain of snow photochemistry

The physical and chemical properties of species in snow
are altered by their microphysical location due to differences
in phase and the dielectric constant and electrical fields aris-
ing from, e.g., salt, dust, and phase boundaries, with important
implications to snow-atmosphere interactions.?'+>> Potential
photochemical reaction sites for chromophores in snow such
as nitrate include: bulk ice, water in or on the snow, the DI,
the grain boundary (where the Kelvin effect minimizes freez-
ing), the ice surface and inside mineral dust, or sea-salt impu-
rities. The term domain of snow photochemistry is used here,
following Davis et al.,' to describe the microphysical proper-
ties of the region around the nitrate chromophore that affect its
photodissociation. For example, the phase and ionic strength
of the nearby region will modify the absorption cross section
and photoproduct-cage interactions. As summarized in a re-
cent review by Bartels-Bausch et al.!’ the rate constants for
a given chemical reaction can differ by orders of magnitude
depending on the domain of snow photochemistry.

One example of a domain-specific influence on a pho-
tochemical reaction is the cage effect. Following photo-
excitation in liquids and ice, the surrounding medium may
inhibit the initially formed primary products from escaping
the cage of water molecules surrounding them. The products
lose their excess energy via collisions to the water molecules
and often reform the initial compound. The cage effect

J. Chem. Phys. 140, 244305 (2014)

has been observed for many systems including organics in
ice?>> and nitrate photolysis in aqueous solution.?® Kurkova
et al.’>* show that the strength of the cage effect for organic
compounds is a function of temperature (stronger recombi-
nation at lower temperatures) and microphysical state (frozen
solutions show a cage effect at much lower temperature than
artificial snow).

In the case of nitrate, there is evidence of recombina-
tion of photoproducts and of the presence of two reservoirs
of nitrate which behave differently upon photoexcitation: In
an early study, Dubowski et al.?’ report changes in the ni-
trate photolysis product distribution over time. The changes
were associated with the depth of different layers, allowing
for stronger secondary chemistry deeper in the snow. In a sim-
ilar study, Beine and Anastasio®® report changes in the pho-
tolysis rate of HOOH over time. More recently, Baergen and
Donaldson?® saw four orders of magnitude faster nitrate pho-
tolysis in grime than in aqueous solution. In addition, they
observed a background signal associated with photolysis of
more strongly bound nitrate. Similarly, Blunier et al.** ob-
served a nitrate fraction which could not be photolysed, no
matter the length of photolysis. Finally, Thomas et al.? set up
a chemical model which reproduced NO ratios in the bound-
ary layer (at Summit, Greenland) by assuming a fixed ratio
between nitrate in the DI and in the snow grain. Davis et al.'®
were among the first to suggest multiple nitrate reservoirs
that result in a superposition of photochemistry from differ-
ent snow-photochemical domains. The microphysical loca-
tion appears to control how labile nitrate is with respect to
UV light in snow. Therefore, the present study distinguishes
two domains of nitrate photochemistry in snow: photolabile
nitrate and buried nitrate.

B. Reaction mechanism

Several nitrate photolysis reaction mechanisms have been
proposed.’'*> An overview of the main reactions of concern
to this work is shown in Figure 1. The complete mechanism

—— Main reactions
—— Secondary Chemistry
——— A <280 nm

mo BE: 14-16

NO
NO;
w

FIG. 1. Scheme of the main chemical reactions. The square brackets denote
a solvent cage. Product species like NO, may leave the system as gases, un-
dergo photolysis or take part in secondary reactions as indicated. Blue color
indicates reactions only possible at certain photolysis wavelengths. The num-
bers refer to reactions in the Appendix; A and B stand for reactions (A5)—
(A11) and (A17).
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FIG. 2. Photon flux of different sources (left axis) and the liquid phase nitrate
absorption cross section (dashed line, right axis). The modeled actinic flux
of the sun at Dome C (noon of 1 January 2012, in Antarctica at 3000 m
elevation, with an overhead ozone column of 300 Dobson Units calculated
using the TUV model®®) and the Xe lamp’s spectrum measured 1 cm inside
the snow (with different filters in place, cf. legend). Note the logarithmic scale
on the right.

is described in the Appendix, and a short summary is given
here.

The aqueous chemistry of nitrogen species is used as a
starting point.!”3! In the aqueous phase, the nitrate ion ab-
sorbs light over a wide range of wavelengths and shows two
prominent absorption bands at around 200 and 305 nm, as
shown in Figure 2. The 200 nm band is about 1000 times
stronger than the 305 nm absorption band, but typically plays
a smaller role in environmental studies due to the onset of the
actinic flux at Earth’s surface around 300 nm, cf. Figure 2.

Reaction (R1) corresponds to reactions (Al) and (A3)
in Figure 1 and the Appendix. NO, can enter the gas phase
and leave the system, consistent with NO, fluxes from the
snowpack.'31* NO, can also be photolysed or undergo further
reaction. Pathways A and B in Figure 1 show reformation of
nitrate from its own photoproducts, cf. reactions (A5)—(Al1)
and (A17) in the Appendix.

Aqueous chemistry on its own may not resemble nitrate
snow-phase chemistry for two reasons: (i) the superposition
of photochemistry of different nitrate domains and (ii) the re-
combination of nitrate due to secondary chemistry (pathways
A and B in Figure 1) and the solvent cage (reaction (A2)).
Both recombination reactions and the cage effect may lower
observed quantum yields depending on experimental condi-
tions as the reactant might reform and show reaction rates that
depend on photoproduct concentrations. Therefore, the pre-
sented mechanism does not include reformation rates. Quan-
tum yields for specific products and for the loss of nitrate
are experimentally determined quantities and therefore the ef-
fects of the nitrate domains and recombination chemistry are
implicitly included, unless the experiments allow to exclude
them explicitly.

Light of wavelengths around 200 nm is not present in
the troposphere, but plays a role in the stratosphere at suffi-
cient height. If the deposited nitrate in snow at Dome C orig-
inates from polar stratospheric clouds (typical altitude 15-20
km), it has been exposed to radiation of such wavelengths.

J. Chem. Phys. 140, 244305 (2014)

At wavelengths shorter than 300 nm isomerization forming
peroxynitrite is added as an additional pathway to the over-
all reaction scheme at longer wavelengths. Strong cage ef-
fects and a product pool that might recombine to nitrate are
also present at higher excitation energies, cf. Figure 1 and the
Appendix.

The goal of this work is to study nitrate photolysis in nat-
ural snow under controlled conditions including light spec-
trum and temperature while flushing the snow to test for des-
orption and recombination. This paper describes the setup,
sample handling, data analysis, and interpretation in terms
of photochemistry, while the companion paper discusses the
results for the stable isotopic composition of nitrate for the
same samples. In the present study, the quantum yield is de-
termined by measuring the photon flux inside the snow and
the nitrate concentrations before and after illumination with a
Xenon lamp. Two hypotheses are tested:

¢ Since the rate of reformation of nitrate depends on the
concentration of nitrate photoproducts, the quantum
yield will be dependent on light intensity.

e Since the different domains of nitrate in snow (pho-
tolabile vs. buried) show different behavior under UV
exposure, these two pools account for the large varia-
tion reported for values of the quantum yield.

Il. THEORY
A. Mass-balance equation

Considering the reaction mechanism in Figure 1, the
mass-balance equation for nitrate is as follows:

d c(NO_;)

" = —c(NO3) J; (@2 + P53 + Ds)

+c(NOy) k4 + ¢(NO3) kg + c(NOY) J; 5.
M

Here, ¢ denotes concentrations; negative terms indicate nitrate
loss, and positive terms nitrate production. Quantities denoted
by J are first-order rate constants and those denoted by k are
reaction rate constants. The subscripts refer to the reactions
given in Figure 1 and in the Appendix. J; is the rate constant
of photoexcitation in the nz* path (305 nm band) and J;, of
the photoexcitation in the 7 * path (200 nm band). The nz*
excited NO; may decay to reagents (reaction (A2)), or the
nitrate may be lost by reactions (A3) and (A4). Thus, the pri-
mary quantum yield for nitrate loss is (®3 4+ ®4). The effect
of reaction (A2), relaxation of NO;"” "to NOy7, is accounted
for by the last summand in Eq. (1). Subscripts A and B indicate
secondary chemistry reforming nitrate which is not resolved
in this study, cf. the Appendix.

In the present study, only nitrate concentrations are mea-
sured and therefore the individual terms in Eq. (1) can only
be assessed indirectly. Nitrate photolysis in snow is assumed
here to be a single-step, unidirectional reaction and the right-
hand side of Eq. (1) can be reduced to a single loss term giving
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via integration

@

Equation (2) relates the apparent photolysis rate constant,
J*, to the photolysis time, #, and to the measured fraction
of nitrate remaining in snow, f = w;(NO3) /w,(NO5 ), with
measured nitrate mass fractions, w(NO; ) (in ppbw = ng/g).
The subscript i denotes any form of extent, e.g., photolysis
time, and o denotes the initial sample.

The concept of apparent quantities (denoted by the *
symbol) is used to distinguish the apparent photolysis rate
constant (derived from measured nitrate fractions in Eq. (2))
from the primary photolysis rate constants in Eq. (1). Erbland
et al.’” used apparent quantities in a similar way to describe
isotopic measurements in the field which incorporated several
complex, simultaneous underlying processes.

B. Apparent photolysis rate constant
and quantum yield

The apparent nitrate photolysis rate constant, J* (units of
s~1), is defined by

J*(2) = /I()\, 2) ®*(h, 2) o (1) dA. 3)

Here, I is the photon flux in photons/(cm? s nm), o is the ni-
trate absorption cross section in cm?/molecule, and ®* is the
apparent quantum Yyield (in molecules/photon). The quanti-
ties in Eq. (3) are functions of depth in the snow layer, z, and
wavelength, A, to emphasize the importance of these parame-
ters. The dependence on temperature, 7, and light beam angle
is neglected as experiments are done at constant temperature
and always with the light beam normal to the snow surface,
see below. The quantities in Eq. (3) have been subject to sub-
stantial research in the past. The photon flux, I as a function
of depth, for instance, is a nonlinear function of absorption
and scattering in snow!%3%3% ag discussed in more detail in
Sec. I D. Also, the spectrum of a Xe lamp (used here and in
most other studies) is significantly different from that of the
sun resulting in different photolysis rates.'!-3° The absorption
cross section and product quantum yields for nitrate in the lig-
uid phase and of adsorbed HNO3 have been measured. How-
ever, it is not certain to what degree those measurements are
applicable to nitrate in snow, as the microphysical location of
nitrate in ice seems to affect reported values.'> !¢ The present
study uses absorption cross sections from aqueous phase mea-
surements for 220-340 nm at room temperature by Burley and
Johnston* and at >340 nm for 278 K by Chu and Anastasio'>
Figure 2 shows some of the quantities of interest for nitrate
photolysis.

The apparent quantum yield, ®*, was introduced into
Eq. (3) to account for processes in addition to photolysis
that alter the nitrate concentration and is therefore also called
quantum yield for loss of nitrate. ®* implicitly includes the
k4 and kp terms in Eq. (1) as well as all J terms. Furthermore,
differences in reaction kinetics between different domains of
nitrate photolysis in snow are also included in ®*. In this way,
dNOy3) and I — both of which can be determined in the field

J. Chem. Phys. 140, 244305 (2014)

— are considered in relation to each other. In contrast to other
studies on the products of photodissociation,'> !¢ the present
study focuses on the fate of nitrate in Antarctic snow.

Assuming that the quantum yield is independent of A,"
Eq. (3) can be rearranged to give

J*(t, 2)

® 2 = TI(n 2) oGy dr

“)
Equation (4) allows derivation of the apparent quantum yield
from the measured photon flux, /, and an apparent J* which
was calculated from the measured nitrate concentration in
snow. Since / was measured inside the snow, chromophores
do not affect I further. As indicated here and shown later, both
J* and ®* are dependent on depth in the snow and photolysis
time.

C. 200 and 305 nm absorption bands

A Xe lamp was used in the present work, allowing study
of both the 200 and 305 nm absorption bands of nitrate. J* can
be divided into contributions from each band

270
J* = 0 + Ji0s = Paoo ./220 [(2)o(2)dr

400
+ D35 / I(A)o())da. 5)
270
Here, the depth dependencies of J* and I were omitted for
clarity and the quantum yield was assumed to be independent
of A.1°
In order to distinguish the nitrate absorption bands exper-

imentally, a UV filter with sigmoidal wavelength around 280
nm was used in one of two experiments (#7 and #8) of oth-
erwise identical conditions, i.e., photolysis time, snow type,
flow, etc. (see Table I). In principle, the experiment with the
280 nm filter (# 8) gives a value for J3; which corresponds
to the second summand in Eq. (5), while the experiment with
no filter gives J* from both absorption bands. The UV filter
also cuts off ~15% of the 305 nm band, as evaluated from
the ratio of the photolysis rate constants (with and without the
filter) above 270 nm. &%, can then be calculated from Eq. (5)
as
o* Jr = J3*05

O o (0 dA

Jy = 115J¢

=7 -8 (©6)
V1) 0 () da

Here, subscripts 7 and 8 indicate experiment IDs and the fac-
tor of 1.15 accounts for the part of the 305 nm band cut off
by the 280 nm filter. @3, is defined for the wavelength re-
gion 220-270 nm. The apparent quantum yield for the 305 nm
band, @3, is derived from Eqs. (4) and (5)

q>§05 = 40(;] _— Jio
1) o () di
_ T = P Loy [T (1) -
I o (A da '
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J. Chem. Phys. 140, 244305 (2014)

TABLE I. Overview of experiments. The following properties are listed: snow type, starting nitrate mass fraction, average chloride, and sulfate mass fractions
(all in ppbw = ng/g), photolysis time, #, UV filter sigmoidal wavelength, Agjeer, and gas flow, Q. All experiments were performed at —30 °C. Experiments 3, 7,

8,9, and 10 correspond to experiments 6, 7, 8, 9, and 10 in Paper 4!

Exp # Snow wo(NO3) w(Cl7) w(SOi_) t/h Afilter /NM Q /(1/min) Comment

Test Dome C 230.6 .. .. 260 .. 1.1 No light, SSA measurement
1 Dome C (2011) 1434.9 350.0 114.4 139.5 2.2 No light

2 Dome C (2009) 482.9 103.4 89.8 4.6 1.1

3 Dome C (2011) 1731.0 436.0 86.3 20.3 . 1.1

4 Dome C (2009) 466.4 86.1 87.1 88.2 .. 1.1

5 Dome C (2009) 503.2 97.9 76.8 114.4 ... 1.1 Reverse flow direction

6 Dome C (2009) 421.1 131.9 95.9 137.8 ... 1.1 Ice formation in light pathway
7 Dome C (2011) 1564.8 162.8 2.2

8 Dome C (2011) 14339 368.7 102.1 164.0 280 2.2

9 Dome C (2011) 1475.9 414.6 118.0 187.2 305 2.2

10 Dome C (2011) 1519.4 4343 158.4 283.2 320 2.2

®7%y5 is a function of depth, z, and will be reported in the re-
maining text as ©*.

D. Optical properties of snow
and the Beer-Lambert law

Previous work has shown that the photon flux, 7, changes
nonlinearly with depth in a semi-infinite body of snow due to
frequent scattering.>® In a discussion of their Tropospheric Ul-
traviolet Visible (TUV) model, Lee-Taylor and Madronich3®
document two distinct zones characterized by the ratio of di-
rect and diffuse light. Undisturbed sunlight has a large frac-
tion of direct light resulting in an amplification of the photon
flux just below the snow surface. Below that zone incoming
light undergoes sufficient scattering in the snow, so that effec-
tively all light becomes diffuse.

In the diffuse zone, the depth-profile of I can be fitted
assuming a unique exponential decay for each wavelength.
The exponential nature of the fit is based on the (modified)
Beer-Lambert law

I'(A,2) = Iy (A) exp(=z/n(2)), ®)

where I is the photon flux measured in the uppermost part
of the diffuse zone in the snow and n(A) is the (exponen-
tial) fitting parameter known as the e-folding depth (written
as n(A) to avoid confusion with the isotopic fractionation, ¢).
The quantity n()) describes the depth at which 1/e of Ip(}) is
remaining.

E. The Antarctic sunny day equivalent

In order to relate laboratory results to field studies, the
exposure to nitrate-active photons is quantified. For this pur-
pose, an actinometric quantity, the Antarctic sunny day equiv-
alent, Ny, is introduced. The idea is to illustrate the roles of
the different nitrate photochemical domains and the impor-
tance of secondary chemistry as a function of absorbed pho-
tons under ambient conditions. Starting from the term in the
denominator of Eq. (4) which describes the rate of photon ab-
sorption, the total number of photons absorbed by a sample in

time 7, Ny, is given as

Npn(z, 1) =t / I (A, 2)0 (M) dr= % )
2>270

Npn is equivalent to the total number of excited nitrate
molecules based on the liquid phase absorption cross section
o. The total number of absorbed photons can be calculated
for an experimental sample, N;’;:P, and for snow for a typical
day in Antarctica, NS““, using the sun’s actinic flux. It is as-
sumed that the quantum yield for loss of nitrate determined in
this study is applicable to the field in similar conditions. N,g
is defined as the ratio of absorbed photons, and ®* cancels

Nexp

texp Jo
Nas _ ph _ exp Jexp ) 10
CT NS T 05 fyun Joun (10

Joun 18 calculated from the modeled actinic flux at Dome C, cf.
Figure 2, and the (arbitrary) factor of 0.5 accounts for varia-
tions in the actinic flux (e.g., clouds, changes in ozone column
and solar zenith angle). A number of Nj" ~ 0.5 is derived for
tsun = 1 d. A value of Nygq = 1 indicates that as many photons
were absorbed by nitrate in the experiment as in one typical
sunny day in Antarctica, hence the name.

Ill. METHODS AND MATERIAL
A. Snow

Two batches of snow from Dome C, Antarctica, were
used in the experiments. The first batch was collected on 20
January 2009 ~10 km South (S 75° 09’ 0” E 123° 19’ 25”) of
Concordia station (S 75° 06" 00” E 124° 33’ 29”). The snow
can be considered to be from the clean area since it is col-
lected upwind of the station. The first ~10 cm of surface snow
was sampled, homogenized, and placed in a thermally sealed
double-walled polyethylene bag. Approximately 5 kg of snow
were collected. The second batch was wind-blown snow sam-
pled in the vicinity of Concordia station on 5 December 2011,
when the wind was coming from the clean sector. The snow
was stored until use at —25 °C in the dark.

The nitrate mass fraction on the day of collection was
570 ppbw for the 2009 batch and 1822 ppbw for the 2011
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FIG. 3. Schematic drawing of the experimental setup and snow cell. The (~400 ml) snow cell has UV transparent Suprasil windows and a printed scale on
the outside to guide subsampling after experiments. It is placed, together with the excess water trap, inside a temperature controlled environmental chamber
(dashed line). The Xe lamp, IR water filter, optional UV filters, and flow preparation setup are partly outside the environmental chamber, but are connected to
the snow cell via ports. Pure nitrogen is provided from a liquid nitrogen tank. The flow direction is indicated by the small arrows and can be varied. MFC stands

for mass flow controller.

batch. Comparison to the mass fractions prior to experiments
of around 450 ppbw (2009 batch) and 1500 ppbw (2011), cf.
Table I, indicates small changes during transport and storage
due to denitrification by desorption of HNOs.

All sample handling before and after the experiments was
done in a cold room at LGGE at —15 °C. Inside the cold room,
the snow was kept in the dark in insulated boxes. Before ex-
periments the snow was homogenized by mechanical mixing
to ensure a uniform nitrate distribution (both, in terms of con-
centration and its domain), in all experiments, and within each
single experiment.

B. Experimental setup

Figure 3 shows an overview of the experiment. The cylin-
drical (~400 ml) glass cell containing the snow consists of
three parts which can be disassembled for filling: two ends
with UV transparent Suprasil windows, and a center region
where the snow is placed and which has four ports, for tem-
perature and pressure readings, and in- and outflow of the wa-
ter saturated nitrogen flow. The three parts are held together
by metal clamps; sealing o-rings ensure that the closed cell
is air tight. A scale was printed on the outside of the cell to
guide subsampling after experiments. The snow cell is placed
inside an environmental chamber of ~1 m? volume which
is temperature controlled via a PC interface. The chamber
has ports which allow tubes and optical equipment to reach
inside.

A Xenon arc lamp (300 W, LOT Oriel) is placed at one
of those ports (outside the chamber), together with an infrared
(IR) water filter to reduce the heat flux into the chamber, and
a holder to place several optional UV filters to modulate the
impinging light spectrum, cf. Figure 2 and Table I. The lamp
was adjusted to be collimated at the snow column front, but
due to the nature of the two arcs occurring within the lamp, the
intensity of the beam was not completely uniform in a plane
perpendicular to the optical axis. The snow cell was always
placed in the same way relative to the fixed lamp, but small
variations could not be avoided. Given the short distance be-

tween the lamp and the snow cell, no large changes in the
spectrum due to absorption in air were observed.

Water-saturated nitrogen was flowed over the snow dur-
ing experiments to remove photoproducts. Evaporated liquid
nitrogen was used as carrier gas. A part of the N, flow was
directed through a water bubbler in order to provide a water
saturation of ~150% for the set temperature of the environ-
mental chamber and therefore the snow. The super-saturation
takes the temperature difference between room and chamber
(inside) into account. Since the water vapor pressure changes
with temperature, the excess water is collected in a trap inside
the chamber. After having been saturated with water vapor at
the snow temperature, the flow passes through the snow in
the glass cell and exits via a port. The flow direction can be
changed. All tubes directing the flow are made of stainless
steel, as is the excess water trap. The tubing for the pressure
gauge and the exit line of the flow are made of Teflon. The
temperature was measured using a thermocouple placed in a
half-open ethanol-filled glass vial which was introduced into
the snow column.

Prior to experiments, the gas line providing the saturated
nitrogen flow was heated using a heat gun while flushing with
nitrogen to remove any contaminants in the tubes. In between
experiments, the nitrogen flow was kept above zero to prevent
deposition and to sublimate any ice formed in the part of the
gas line inside the chamber (including the excess water trap).
The water in the bubbler was renewed regularly; tests of the
water after several runs always showed nitrate concentrations
below the detection limit.

C. Experimental procedure, sample treatment,
and subsampling

A known mass of snow was homogenized and transferred
into the pre-cleaned and cooled snow cell which had a Teflon
sheet wrapped around its inside wall. This sheet ensures effi-
cient removal of the snow after the experiment, as otherwise
it sticks to the glass wall. The cell was filled vertically us-
ing a plunger which ensures a planar front (i.e., irradiated
surface) and then closed and placed inside the pre-cooled
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environmental chamber where all tubes and ports were con-
nected. Once the temperature of the snow was stable, the
experiment was started by flowing the conditioned stream
through the snow and switching on the lamp.

The snow column is usually significantly hardened at the
end of an experiment, so that it can be pushed out of the
cell easily and sliced into pieces of ~1 cm thickness using
the scale on the cell. These slices are weighed individually in
clean bags and then divided into two vials, one for ion con-
centration and one for isotopic measurements.*' Sample vials
were kept in insulated boxes in the dark in the same cold room
until measurement.

D. Specific surface area (SSA) of the snow

Test runs without a lamp were performed to ensure the
snow is not altered chemically or physically due to the flow
system (e.g., desorption, crystal growth). Besides measuring
nitrate concentrations as described below, the SSA of the
snow was measured before and after the run. In order to
do so, snow samples of the same batch which was used for
the experiment were stored in LN, to make sure their prop-
erties do not change during storage. Also, after the experi-
ments, a portion of the snow was stored in LN,. The SSA was
measured using the DUFISSS instrument (DUal Frequency
Integrating Sphere for Snow SSA measurement) described
elsewhere.*>* Briefly, DUFISS is based on the measurement
of the hemispherical infrared reflectance of snow samples
using a laser diode at 1310 nm, an integrating sphere, and
InGaAs photodiodes. The instrument was calibrated using
different reflectance standards prior to measurements. All
SSA samples were analyzed at the same time to minimize
variation. Samples were removed from the LN, dewar some
hours before the measurement to allow the snow to equilibrate
with the cold room’s temperature.

E. Chemical and isotopic analysis

Ton chromatography (Metrohm) was used to measure the
nitrate, sulfate, and chloride concentrations in each sample.
Every set of ion chromatography measurements used freshly
prepared standards and eluents.

The stable oxygen and nitrogen isotope ratios of nitrate
were measured for each subsample. The results and discus-
sion of this data are presented in Paper I1.*!

F. Optical characterization

An optical detection system consisting of a
Maya2000PRO photo-spectrometer (wavelength region
220-400 nm), an optical fibre (solarized, 600 um diameter),
and a cosine corrector (CC-3-UV-T) was calibrated using
a calibrated light source (DH-2000-CAL, all components
Ocean Optics, Inc.) in order to measure absolute irradiances.
Measurements were taken inside the snow column, compara-
ble to Phillips and Simpson.** All spectra were corrected for
dark noise, the integration times were varied depending on
signal strength (up to the instrument maximum of 10 s) and
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FIG. 4. Sketch of the irradiance measurement (a) and beam profile (b) inside
the snow column. The optical fibre was inserted in the snow using one of
the ports of the snow cell. Measurements were taken at positions 1, 2, and
3. The beam profile illustrates the assumed spatial (Gaussian) distribution of
the photon flux inside one disk/subsample of the column (indicated in (a) by
the grey cylinder). The photon flux is non-zero at the edges (positions 1 and
3).

spectra were averaged at least 10 times. A calibration using
the DH-2000-CAL lamp was performed at room temperature.
All measurements were performed in a walk-in cold room
at —15 °C (the Xe lamp, snow cell, and photo-spectrometer
were inside the cold room while the PC for data acquisition
was kept outside). The manufacturer specified an uncertainty
in the calibration spectrum of the calibrated light source of
+5%.

Figure 4 shows how the absolute irradiance of the Xe
lamp was recorded inside the snow column. The optical fi-
bre and cosine corrector were placed at the same depths as
for the subsampling using one of the snow cell’s ports. The
fibre was placed radially at three positions per depth step, see
Figure 4 for details. The snow column was refilled at each
depth using the same snow (from Dome C) as for the photol-
ysis experiments.

The absolute (Xe lamp) irradiances measured in the snow
at positions 1, 2, and 3 (shown in Figure 4) were converted to
total photon fluxes in each layer as follows. First, the field
of view of the cosine corrector was taken to be 120° based on
its geometry. All measured irradiances were corrected accord-
ingly. Irradiances measured at positions 1 and 3 were added,
and the data from position 2 doubled, in order to account for
the full field of view at both the edge and the center of the
snow column. This approximation is valid because snow is
highly scattering, i.e., major parts of the radiation along the
optical axis are well represented and not excluded, as was
tested by longitudinal measurements. As a second approxi-
mation, a circular, Gaussian distribution of the photon flux in
the base plane of the disk was assumed. Note that the photon
flux obtained using this method is non-zero at the edge, equiv-
alent to a disc-shaped offset of the Gaussian beam profile ((b)
in Figure 4). Finally, the average of the derived profile is taken
as the photon flux at that specific depth, I(A, z).

This set of data, later denoted as “Xe lamp irradiances,”
was used to determine the complete photon flux inside the
snow column. Another set of measurements was taken placing
the fibre in position 2 of the first subsample and recording
one spectrum per UV filter, labeled “filter irradiances” below.
Together with the first data set, the photon flux in the total
column was derived for each UV filter.

The Xe lamp irradiances are fitted using Beer-Lambert’s
law (Eq. (8)), where Iy = I(z = 1cm) is the photon flux 1
cm into the snow. The reference point was chosen to be in-
side the snow since the front of the snow column reflects a
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significant portion of the emission of the Xe lamp due to the
snow’s very high albedo. The resulting set of n(A) describes
the optical properties of the snow cell. For further data pro-
cessing, an exponential fit at each wavelength was used to
construct a synthetic profile of the photon flux based on the
measured value at z = 1 cm. Similarly, the filter irradiances
measured at z =1 cm are used to reconstruct the filtered pho-
ton flux at all depths inside the snow cell. In other words, Eq.
(8) is also used to derive I(X, z) for the filtered cases, using the
same 7(A) and (1) for the filtered cases. This parametriza-
tion allows accurate modeling of the photon flux for each UV
filter.

Using the synthetic instead of the measured photon flux
and assuming a Gaussian beam profile reduces uncertainties
in the measurements. Besides, the uncertainty in the cali-
bration spectrum uncertainties include: (i) The measurement
method is intrusive which might allow some photons in the
column to be absorbed by the fibre and cosine corrector with-
out being detected, (ii) variations in the placement of the filled
snow cell with the probe installed relative to the lamp (angle
and side ways) changed the signal within a range of 20 %,
(iii) placement of the probes inside the snow was accurate to
within ££1 mm, both radially and laterally, (iv) the difference
in temperatures between the photolysis experiments (—30 °C)
and the photon flux measurements (—15 °C), (v) the distance
between the lamp and the snow cell was accurate to within &1
cm; given the low atmospheric absorption in the wavelength
region of interest, this plays a minor role.

Table I gives an overview of the experiments presented
in this paper. All experiments were conducted using a 300 W
Xenon lamp and at —30 °C. The total flow of nitrogen, Q, and
the duration of irradiation, ¢, were varied; the photon flux was
changed using UV filters.

IV. RESULTS
A. Snow mass

The masses of the subsamples, weighed after experi-
ments, differed only slightly, ensuring that the results are
comparable to each other. Sample masses were nominally
15 g and the standard deviation of the sample masses was less
than 1 g (n = 8). The total snow mass weighed before and
after photolysis typically differed by less than 1%.

B. Photon flux and e-folding depths

Figure 5 shows the profile of the photon flux as a func-
tion of wavelength and depth in the snow column. The am-
plification in the first couple of millimeters, predicted for low
solar zenith angles by TUV models,*®3® is not observed. This
might be because of the low depth-resolution of the measure-
ments, or the non-semi-infinite geometry of the setup.

At a distance of 5 or 6 cm into the snow, the photon flux
decreases more than 10-fold (Figure 5); photolysis deeper in
the snow is disregarded as the signal-to-noise ratio decreases
accordingly. Equation (4) assumes that the measured photon
flux is the same in all experiments. As noted in Table I exper-
iment #6 had ice accumulating in the light path over time due
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FIG. 5. e-folding depths, n(X), (crosses, left axis) and photon fluxes mea-
sured without UV filter at different depths, z, as given in the legend (lines,
right axis). 1/e of the incoming light is remaining at shallow depth (~1 cm).
Values of n(1) are only given when the exponential fit of the photon fluxes
over depth fulfilled R? > 0.9, eliminating noisy data below 300 nm.

to humid ambient conditions. This, considered together with
other potential issues concerning the measurement technique
itself means that the photon flux results are a lower limit,
since the method is unlikely to measure more photons than
are present.

Figure 5 also shows the e-folding depths, n(A), as a func-
tion of wavelength. Only those values are given for which the
fit fulfilled R? > 0.9, a condition usually not met below 300
nm due to the low photon fluxes, cf. Figure 5. The e-folding
depth was observed to be n(1) ~ 1.2 cm and rather indepen-
dent of A. This is significantly lower than reported in ambient
measurements (by a factor of 5-20'%4), probably due to the
non-semi-infinite boundary conditions given by the glass cell.

C. Physical properties of snow and SSA

The SSA did not change significantly over the course of
dark experiments in which there is flow but no light present
(data not shown). It can therefore be assumed that the snow
did not change due to storage and handling or flow. When
handling the snow after photolysis experiments, changes in
the front part of the snow were apparent, with notably more
hardening for longer experiments. Due to the small amounts
of snow available, the change in SSA could not be measured
using DUFISS. Therefore, no quantification of the metamor-
phism is available but they most likely stem from absorption
of light. The SSA is expected to decrease with time.

D. Nitrate loss and photolysis rate constants

Figure 6 shows the mass fractions of NO5, CI~, and
SO;™ in experiment # 4 before and after irradiation. For these
ions only nitrate is affected with its concentration decreasing
in the first 6 cm of the snow column.

Figure 7 shows the nitrate fraction remaining in the snow
after photolysis for all experiments. The experiment in the
dark with gas flowing (#1) showed no change in the ni-
trate concentration. Besides being a successful blank test, this
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FIG. 6. Ton concentration profile in the snow after ~86 h of irradiation (ex-
periment #4). The single data points each represent one subsample of approx-
imately 1 cm thickness starting from the surface. The dashed lines indicate
the respective ion concentrations of the initial snow prior to irradiation.

strongly suggests that no nitrate desorbed off the snow into
the water-saturated flow of nitrogen. All the other experi-
ments show a loss of nitrate in the first couple of centimeters
in the snow, independent of flow magnitude and direction.
Depending on the length of UV exposure (photolysis time),
nitrate losses occur within the first 6 cm of snow.

V. DISCUSSION

A. Desorption-free photolysis system
with recombination

As the nitrate concentration and SSA did not change in
experiments with no light present, it is safe to assume that
photolysis is the main loss process acting in experiments with
the light turned on. In particular, desorption was shown to
play no role in the blank experiments. Also, the unchanged
snow mass before and after experiments shows that there was
no change due to sublimation or condensation. The C1~ and
SO?{ ion concentrations show that no macroscopic transport
of water is present even after long photolysis times and that
contamination (e.g., from NaCl) is low. However, the phys-
ical properties of the snow did change with the light source
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FIG. 7. The measured remaining nitrate fraction in the snow after UV expo-
sure. Numbers in the legend correspond to experiment numbers in Table I.
Depending on the photolysis time, nitrate is lost up to 6 cm depth. Experi-
ment #2 only shows losses in the first 3 cm and experiment #10 only in the
first 2 cm.
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FIG. 8. The quantum yield for loss of nitrate due to the 305 nm band, ®*, as
determined for different experiments (numbers in legend) without UV filter
(full lines) and with UV filters (dashed lines) as a function of depth in snow.
Experiments #7 and #8 have the same values due to the applied corrections
(see text for details). The apparent quantum yield for the 200 nm band is also
given (dotted line). See Table I for experimental details.

switched on and snow metamorphism could in principle make
nitrate more available for evaporation. Given the lower loss
rates observed at longer photolysis times (see below), des-
orption does not seem to play a major role under any condi-
tions. In contrast, the production of nitrate via recombination
of photolysis products may explain decreasing apparent pho-
tolysis rate constants.

B. Superposition of two domains
of snow photochemistry

Figure 8 shows the apparent quantum yields derived by
relating the predicted number of absorbed photons (derived
from the photon flux measurement) to the apparent photolysis
rate constants (derived from the measured nitrate concentra-
tions) for different experimental conditions (Eq. (4)). All val-
ues lie below 0.5 and span a wide range extending to 0.003.
Two trends are visible: first, the apparent quantum yield in-
creases with increasing z, and second, the apparent quantum
yield decreases with photolysis time (the shortest experiment,
#2, has the highest values of ®*). The changes in apparent
quantum yield exceed the measurement error of the irradi-
ances. For instance, in experiment # 3, ®* changes by a factor
larger than 3 compared to an error of 20%—30% in the opti-
cal measurement which is smoothed by the fitting procedure.
More specifically, the measured photon flux was regarded ear-
lier as an upper limit and therefore the reported quantum yield
for loss of nitrate is a lower limit.

One origin of the depth dependence of the apparent quan-
tum yield is the secondary chemistry terms A and B in the
mass-balance equation (Eq. (1)). Considering that photoly-
sis yields both NO, and the radicals that oxidize it to reform
nitrate, nitrate reformation will have a nonlinear dependence
on light intensity. This is consistent with the lower measured
apparent quantum yield at the top of the column (Figure 8).
However, it seems that secondary chemistry alone is not able
to explain the observed time dependence: the short experi-
ment #2 yielded a high apparent quantum yield at low depths
where nitrate was exposed to a high photon flux.
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FIG. 9. The quantum yield for loss of nitrate as a function of change of
nitrate mass fraction for different experiments (numbers in legend, see Ta-
ble I for details). Nitrate photolysed initially shows higher apparent quantum
yields than nitrate lost later.

In contrast, both trends can be explained by the superpo-
sition of photochemical domains of nitrate in snow. Consider-
ing a system with two such domains, one of photolabile and
one of buried nitrate, the former would give a larger apparent
quantum yield while the latter will have a smaller apparent
quantum yield. Figure 9 shows that nitrate lost initially is pho-
tolabile and only after bleaching this domain, buried nitrate
will get photolysed too. Translated to the depth and time de-
pendence this means that in the first hours of the experiment,
nitrate is easily photolysed in the front of the snow column.
During longer experiments the snow in the back (below 3 cm)
is also exposed to significant amounts of UV radiation, simi-
larly photolysing easily accessible nitrate (hence giving large
values of ®@*). In the front, the buried nitrate is not photol-
ysed as easily anymore. Over time the curve of the quantum
yield for loss of nitrate shifts to the left in the representation
of Figure 8.

It is likely that the values of ®* close to 0.25 relate
to the photolysis of photolabile nitrate, while the value of
®* = 0.05 corresponds to photolysis of buried nitrate with a
stronger contribution from secondary (recombination) chem-
istry. The finding of non-constant quantum yields is in line
with results of similar experiments in the literature that sug-
gest two photochemical reservoirs of nitrate!®2%39 — with
one more prone to nitrate dissociation — and experiments that
show changing photolysis rates.?’-%’

The highest apparent quantum yields are close to the
value of Zhu et al.'® Therefore, it seems likely that samples
with such high apparent quantum yields experienced similar
conditions as in this reference where HNO3; was adsorbed on
ice.

The lower apparent quantum yields are close to Chu
et al.’s."> In order to explain them, a simplified picture of
nitric acid solvation (i.e., ignoring other ions) is considered
here. The phase diagram*® suggests that the experimental con-
ditions of the present study fall either into a solid solution
of HNOj in ice or into a metastable phase where aqueous
HNO; solutions and solid solutions of HNOs in ice coexist.
In this framework, the experiments by Chu and Anastasio'’
were performed exclusively in the same metastable phase.
The partitioning coefficient between solid and liquid phases*
is ~107% for —30 °C and indicates that most nitrate is in the
liquid phase in the case of Chu and Anastasio.'® In the liquid
phase, nitrate is exposed to surrounding water molecules and a
strong cage effect.”® Chu and Anastasio'® argue that nitrate is
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photolysed in the DI in their experiments. The difference be-
tween solid solution, DI, and aqueous solution is not resolved
in the present study, but it is suggested that whichever domain
is the dominant one has a small apparent quantum yield. A
nitrate domain not present in the Chu and Anastasio'® study
is distinguishable due to its higher apparent quantum yield.

The snow used in this study shows nitrate in multiple do-
mains, while the adsorption of HNOj3 resulted predominantly
in photolabile nitrate in the work of Zhu et al.'® and the freez-
ing of an aqueous solution created mostly buried nitrate in
the study of Chu and Anastasio.'”> The quantum yields found
in these studies are a direct result of the specific preparation
method used. Because such artificial conditions are not ex-
pected to be met fully in the present study or at Dome C,
the apparent quantum yields reported here are not equal to
the ones reported by the other groups. Instead, the appar-
ent quantum yield is always larger than the one by Chu and
Anastasio'® and always smaller than the one by Zhu et al.'

Given the absorption cross section for adsorbed nitrate,
the photochemistry of both domains could be discussed indi-
vidually and eventually included in models. Since Zhu et al.'®
determined the absorption cross section of adsorbed nitrate
only at a single point (308 nm) such a description is not pos-
sible at the moment. The presented apparent quantum yield
therefore incorporates potential enhancements in the cross
sections of photolabile species.

The experimental results show the significant role of ni-
trate de-excitation and reformation in snow photochemistry.
However, the measured quantum yield does not depend on
light intensity alone, disproving the first hypothesis in the in-
troduction. Instead, reformation of nitrate has to be viewed
in the context of the domain of nitrate snow photochemistry
which is consistent with the second hypothesis. The experi-
mental results support attribution of the two literature values
of the apparent quantum yield'>'® to the photolysis of differ-
ent nitrate pools.

C. Application to UV exposures at Dome C

Figure 10 shows the quantum yield for loss of nitrate as
a function of Antarctic sunny day equivalents for all experi-
ments and shows different snow batches with different sym-
bols. In this visualization, the depth and time dependence of
®* is a function of one single variable which is equivalent to
UV exposure. An exponential fit describes the decline in the
apparent quantum yield well, cf. Table II. The change in ap-
parent quantum yield suggests that after exposure to enough
photons all photolabile nitrate has been photolysed and the
pool of buried nitrate becomes more prominent, making sec-
ondary reaction pathways more important. An arbitrary cutoff
quantum yield of ®* = 0.12 was chosen based on Figure 10
to distinguish the two nitrate domains. Table III shows that the
average apparent quantum yield is five times larger in the pho-
tolabile domain than it is in the buried domain, while the life-
time of nitrate in snow, T = 1/J*, decreases by a factor of 2.7.
Nitrate lifetimes of ~1-2 weeks are in line with characteristic
lifetimes for nitrate in summer in Dome C (~2 weeks>”47).

As indicated by the fitting curves in Figure 10, the two
different batches of snow require different lengths of time

61:GE:EL ¥20T 18quianoN 80



244305-11  Meusinger et al.

« 0.45p T : : :
’9: O O Data, 2009 snow
% 0.40f > Data, 2011 snow ||
;E 0.35 = Fit, 2009 snow H
“; 0.30 Fit, 2011 snow
2025 .
£ 0.20 1
el
z 0.15 1
=] L O 4
Zoao] STo
g o.osh& & O o ol
Sooo,®. R . @, = 9,

0 5 10 15 20 25 30 35 40

Antarctic sunny day equivalents, IV, 4

FIG. 10. The quantum yield for loss of nitrate, ®*, as a function of Antarctic
sunny day equivalents, Nysq. Same data as in Figure 8 with colored diamonds
for data from experiments # 8 (blue), # 9 (green), and # 10 (orange). Antarctic
sunny day equivalents provide a metric of UV exposure to relate the findings
of this study to ambient measurements (Nasq = 1 corresponds roughly to the
number of photons absorbed by nitrate in one sunny day in Dome C). The
exponential nature of the fit was chosen arbitrarily (cf. Table II). The black
line indicates an arbitrarily chosen cutoff at ®* = (.12 that distinguishes the
nitrate domains (cf. Table III).

before the lower limit of the apparent quantum yield is
reached. While the apparent quantum yield levels off over the
course of a week in the 2009 snow, it only needs a couple of
days in the 2011 (wind-blown) snow to bleach the photoac-
tive nitrate. In the terminology used in this study, this indi-
cates that the 2011 snow has a larger fraction of buried ni-
trate than the 2009 batch. This may seem counterintuitive: the
2011 batch is drifted snow with a potentially large fraction
of surface adsorbed HNOj from recycling of reactive nitro-
gen that could be associated with photolabile nitrate and the
smaller nitrate fraction of the 2009 batch indicates previous
processing and hints at buried nitrate remaining. However, the
local domain of nitrate might be influenced by many factors,
including, for example, the much higher chloride concentra-
tions in the 2011 wind blown snow than in the 2009 batch, cf.
Table 1.8

D. The 200 nm absorption band of nitrate

The quantum yield for loss of nitrate from the 200 nm
band, ®3,,, was found to be 0.012 & 0.004 (I1—o) in the
first 5 cm of snow which is small but leads to significant ni-
trate loss given the strength of the 200 nm band. Even though
the quality of the photon flux data below 300 nm declines
(Figure 5), @3, is an upper limit because photons emitted
by the Xe lamp below 220 nm were not detected. Since @3,
resembles the 220-270 nm region, the value of 0.01 is much

TABLE II. Determined values and parametrization of the quantum yield for
loss of nitrate in snow, ®*.

Data min (Nysq) max (Nasd) Mean Pos P1, P2, p3*
2009 0.028 (33) 0.44 (0.5) 0.19 0.07, 19.0, —10.3, 2.5
2011 0.003 (17) 0.26 (0.1) 0.06 0.03,25.8, —2.0,0.5
All 0.003 (17) 0.44 (0.5) 0.12 0.05,23.1, —6.1,1.4

Fitting function: py + piexp ( — (x — p2)/p3).
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TABLE III. Quantum yield for loss of nitrate in snow and mean lifetime for
different nitrate domains using an arbitrary cutoff at ®* = 0.12.

Domain min (Nysq) max (Nysd) Mean T/d
Buried 0.003 (17) 0.12 0.05 16.3
Photolabile 0.12 0.45 (0.5) 0.26 6.1

lower than what Goldstein and Rabani*® reported at any wave-
length in that region. In the present study, the loss of nitrate
is suppressed in the 200 nm band and enhanced in the 305
nm band compared to the aqueous phase. While the effect of
parameters like the photochemical domain or temperature is
even more elusive for the 200 nm band than for the 305 nm
band, our results could suggest that the additional isomeriza-
tion pathway in the 200 nm band leads to more reformation
of nitrate when comparing photolysis in snow to the liquid
phase. The large photolysis rates in the 200 nm band also en-
hance product species concentrations that might promote re-
actant reformation within the snow matrix.

The cutoff wavelength used in this study to distinguish
both bands (270 nm, Eq. (5)) allows only for a minor contri-
bution of the 200 nm band to the magnitude of reported results
of ®%s. There is however the theoretical possibility that the
200 nm band causes some of the observed dynamics in the
quantum yields. Based on the present dataset this cannot be
discussed further, but other studies that reported changes in
photolysis rates in snow (without A < 300 nm present)>’>?’
support the attribution of such dynamics to the 305 nm band.

E. Nitrate concentrations and NO, production
at Dome C

Nitrate concentrations in snow measured in 2007 at
Dome C'! showed mass fractions of 330 ng/g in the top layer
decreasing to 30 ng/g at 50 cm depth. The concentration pro-
file is very steep in the first 5 cm, after which only 50 ng/g of
nitrate remains. Light penetrates several tens of cm at Dome
C' and the nitrate left at such depths can be assumed to be
buried, associated with smaller values of ®*. Nitrate is replen-
ished at the top by fresh snow layers and by dry-deposited ni-
trate, both of which can be assumed to be rather photolabile
and therefore to be associated with large apparent quantum
yields.

The quantum yield for nitrate photolysis is usually as-
sumed to be constant, so that in a simple approach the
quantum yield for loss of nitrate can be applied directly to
the conditions of interest (nitrate concentration profile, snow
type, etc.) by replacing ®oy by ®* in the flux calculations.
The apparent quantum yields found in the present study ex-
ceed oy = 0.0019 — the quantum yield that typically esti-
mates day-time NO, emission from the snow pack at —30°C
correctly'> 1319 — by factors of 22 2-230. The day-time
NO, fluxes are therefore over-predicted by the same range
of factors. For example, the average of all apparent quantum
yields (®* = 0.12, Table II) over-predicts NO, fluxes by a
factor of ~60. A number of constrains come with such sim-
plified estimates.
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The over-prediction of NO, fluxes hints at other chemi-
cal or physical processes in the snowpack that moderate the
effect of the larger quantum yields on predicted NO, fluxes.
The recombination of NO, photoproducts to form nitrate be-
fore leaving the snow is such a candidate and in the field re-
combination might prevent NO, from being detected above
ground despite potentially large photolysis rates in the snow.
The present setup was designed to minimize recombination
during a typical 100 h experiment by flushing ~6000 1 N,
over the snow. Given a cell volume of 400 ml, all generated
NO, will be too diluted to provide meaningful nitrate recom-
bination rates.

Validating quantum yields using measured NO, fluxes is
also prone to other issues including nitrogen species that are
omitted during such measurements (e.g., HONO, HO,NO,,
N,Oy4). A potentially very short lifetime of NO, in the first
cm above the snow may also lead to conversion of NO, be-
fore detection by an instrument that is located several tens of
meters away from the inlet.

The NO, emission model by Frey et al.'* over-predicted
the ratio between day time and night time NO, fluxes. Based
on the presented results this ratio qualitatively decreases by
assuming a 2-layer system, where surface snow has a high and
snow deeper down has a low quantum yield (the latter seeing
no light at night). Night time NO, flux is high, but increases
relatively less during daytime when compared to the standard
case where the quantum yield is constant at all depths.'? Frey
et al.'3 mention the deposition of NO, photoproducts within
the snowpack as one of the main uncertainties in their model.
Such a process reduces NO, fluxes above the snow pack and
needs further investigation in order to be parametrized for in-
clusion in models.

VL. CONCLUSIONS

The photolysis of nitrate was investigated using natural
snow in a temperature controlled chamber. The experiments
show no desorption of nitrate, while providing a constant
gas flow to prevent the deposition of recombined gas-phase
products. Two batches of snow, sampled at Dome C, Antarc-
tica, were used. They ensure similar microphysical locations
of nitrate in the experiment and field (neglecting effects of
transport and storage). Both the photon flux and the nitrate
concentration were measured inside the snow to derive an
apparent quantum yield for loss of nitrate, ®*, which takes
secondary chemistry and the photochemical domain into
account. The derived values lie between 0.44 and 0.003 —
well within the range of those reported previously (0.6 at
—20°C by Zhu et al.'® and 0.0019 at —30°C by Chu and
Anastasio'?).

The decrease of the apparent quantum yield with UV ex-
posure is discussed here as arising from the superposition of
two domains of nitrate in snow photochemistry: photolabile
and buried. It is suggested that the very different quantum
yields found in the literature can be viewed as limiting values
of photolysis of photolabile nitrate (large ®*) and the pho-
tolysis of buried nitrate (small ®*). Photolabile nitrate might
correspond to what other authors called surface/adsorbed ni-
trate and gives rise to a higher apparent quantum yield be-

J. Chem. Phys. 140, 244305 (2014)

cause reaction products can leave the snow easily. The behav-
ior of buried nitrate might resemble that of nitrate in aqueous
solution, bulk ice or the DI. Here, the escape of products is in-
hibited by the cage effect and an enhanced role of secondary
(e.g., recombination) chemistry. Buried nitrate is less sensi-
tive to flow and results in a much lower apparent quantum
yield. The corresponding lifetimes of nitrate, T = 1/J*, are 6
and 16 days for the photolabile and buried domains.

Nitrate concentrations in snow and the actinic flux have
been measured in field and modeling studies.'>>° Such stud-
ies often assume a single, unidirectional photolysis reaction
of nitrate with a constant quantum yield in order to predict
NO, emissions out of the snow. They therefore ignore sec-
ondary chemistry and the different active domains of nitrate.
This study suggests that the commonly used quantum yield
is insufficient in reproducing this complex mechanism. The
Antarctic sunny day equivalent, N,yq, metric was introduced
for intercomparison of laboratory and field studies. The re-
sults of this study help to decrease the difference between
modeled night and daytime NO, emissions but lead to an over
prediction of NO, fluxes.

Paper II*! discusses the stable oxygen and nitrogen iso-
tope ratios of nitrate of the same samples as in this study.
By using snow from Dome C, both papers provide the in-
put needed for refined models to reproduce isotopic data mea-
sured in Dome C ice cores.

ACKNOWLEDGMENTS

The research has received funding from the European
Community’s Seventh Framework Programme (FP7/2007-
2013) under Grant Agreement No. 237890 (J.S., T.A.B.,
CM., and M.S.J.). CM. and M.S.J. thank the Univer-
sity of Copenhagen for supporting this research. J.S. and
T.A.B. gratefully acknowledge The Agence Nationale de
la Recherche (ANR) for its financial support through the
OPALE project (Contract No. NT09-451281). LEFE-CHAT,
a scientific program of the Institut National des Sciences de
I’Univers (INSU/CNRS), provided partial funding for this
study (J.S., T.A.B., and J.E.). J.S., T.A.B., and J.E. acknowl-
edge IPEV for providing access to Concordia station through
funding the SUNITEDC program (1011). J.S. has been sup-
ported by a grant from Labex OSUG@2020 (Investisse-
ments d’avenir - ANR10 LABX56). J.S., T.A.B., CM,, and
M.SJ. also thank IntraMIF. SSA measurements were per-
formed together with Florent Domine, LGGE, now at Takuvik
Joint International Laboratory, Université Laval (Canada) and
Samuel Morin, Météo-France/CNRS, CNRM-GAME, Centre
d’Etudes de la Neige / Snow Research Center. C.M. thanks
Julia Lee-Taylor for her assistance with the TUV model.

APPENDIX: DETAILED REACTION MECHANISM

The complete reaction mechanism of nitrate photolysis
as shown in Figure 1 is described here. The main excitation in
ambient environments is

A>300nm

NO; +hv [NO; ™™ (A1)
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The product is an excited state of the nitrate ion resulting from
an 7* < n transition, abbreviated as n*, Ref. 51. The square
brackets denote solvent cages. The excited nz* nitrate can un-
dergo several reaction pathways, one of them being the back
reaction which is promoted by the solvent cage

[NO; ™™ — NOj. (A2)

The main forward reaction gives NO,

[NO; 1™ 55 NO, + OH. (A3)

Another forward reaction is less likely (1 out of 9, Ref. 52)
but forms the important nitrite ion

[NO; "™ — NO; + O. (A4)

Secondary chemistry (thin lines in Figure 1) is described
next, starting with nitrite photolysis

NO; +hv - NO 4+ O~ (AS)
and nitrite protonation giving HONO (pK, = 3.2)
NO; + H* — HONO. (A6)

The O~ product from reaction (A5) readily forms the OH rad-
ical (pK, = 11.9), while the NO product can leave the system
as a gas or undergo further reaction, such as reaction with OH

NO + OH — HONO. (A7)
NO, may undergo additional reactions
2NO; + H,0 — NO; + NOj3 +2H" (A8)
with back reaction
NO; + OH — NO, + OH". (A9)
Another way to form HONO is
NO; + NO + H,O — 2HONO. (A10)
And finally another way to reform nitrate
NO; + OH — HOONO — NO; + H*. (Al1)

Secondary chemistry as in reactions (AS5)—(A11) might
depend on light intensity, as these reactions require two pho-
toproducts to react with each other. These reactions may play
a larger role in the case of buried compounds, e.g., after long
photolysis times when the photolabile nitrate has been re-
moved. The described secondary chemistry may reform ni-
trate and is indicated by the A and B terms in Figure 1.

The generation of reactive species from other chro-
mophores might also play a role in nitrate photolysis in natu-
ral snow. For example, the photolysis of gas-phase NO, and
HONO are not considered in the reaction mechanism ex-
plicitly, but may act as mechanisms to recover NO and pro-
duce OH. Similarly, the photolysis of HO, and organic com-
pounds can be considered as a source of OH. Given the high
purity of Dome C snow and the flushing of the experimental
cell, other chromophores are not believed to play a significant
role in the present study. However, species other than nitrate
dominate light absorption and this might alter the photochem-
istry of nitrate, e.g., via produced OH radicals that can oxidise
nitrate.

J. Chem. Phys. 140, 244305 (2014)

Chemical reaction following UV absorption by nitrate at
wavelengths below 300 nm is indicated in blue in Figure 1.
This pathway is initiated by the following excitation:

A<300nm

NO; + hv [NO; ™. (A12)

Note the different excitation from a 7* <— 7 transition indi-
cated by 77*. Madsen and co-workers®! showed that nearly
half of the excited nitrate decays into the ground state

[NO; '™ — NOj. (A13)
The other half forms peroxynitrite, ONOO™, Ref. 51
[NO; ™™ — ONOO"™. (Al4)

And only a small portion (8%) decays in a third channel
[NO; ™™ — (NO +0,)". (A15)

Here, the brackets are adopted from Ref. 51 since the negative
charge could not be specifically assigned to either of the prod-
ucts. Peroxynitrite, ONOO™, can isomerize back to nitrate or
form the same species as in (A15)

ONOO™ = (NO + 0O»)". (A16)

NO and O, can react further to give NO, and nitrite via
peroxynitrite*” as indicated in the last reaction

(NO+0;)” — ... = NO; and NO; . (A17)

NO; and nitrite can participate in the cycles (A and B) shown
in Figure 1 the same way as if formed via the 305 nm band
excitation. In the aqueous phase, the quantum yields of the
channels (A14)—(A17) are wavelength dependent,* with their
sum falling from ~0.5 at 220 nm to <0.01 at 300 nm.
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