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Environmental context. Snowpacks present a surprisingly active environment for photochemistry, leading to
sunlight-induced oxidation of deposited organicmatter and the subsequent emission of a variety of photochem-
ically active trace gases. We seek to address questions regarding the ultimate fate of organic matter deposited
onto snow in the remote regions of the world. The work is relevant to atmospheric composition and climate
change.

Abstract. We investigate snowpack fluxes of formaldehyde (HCHO) into the South Pole boundary layer using steady-
state photochemical models. We study two chemical sources of HCHO within the snowpack. First, we study chemical
production of HCHO from the processing of methyl hydroperoxide (CH3OOH): photolysis, reaction with the hydroxyl

radical (OH�), and by an acid catalysed rearrangement. Assuming surface layer concentration effects for acidic solutes,
we show that the acid catalysed production of HCHOwithin ice could contribute a non-negligible source to the snowpack
HCHO budget. This novel source of HCHO complements existing explanations of HCHO fluxes based on physical

emission of HCHO from snow. Secondly, we investigate HCHO production from the oxidation of organic matter (OM) by
OH� within snow to explain observed fluxes of photochemical origin from the South Pole snowpack. This work shows
that laboratory-derived photochemical production rates of HCHO and our standard model are inconsistent with field

observations, which has implications for the distribution of OM relative to oxidants within ice particles. We resolve this
inconsistency using new laboratory measurements of the molecular dynamics of the OH� photofragment from hydrogen
peroxide (H2O2) and nitrate (NO3

�) photolysis, which show that only OH produced in the outermost monolayers can
contribute to gas phase and surface layer chemistry. Using these new measurements in conjunction with realistic

treatments of ice grain size, H2O2 and NO3
� distribution within ice grains, diffusion of gas species within solid ice, and

observed OM particle size distributions yields snowpack HCHO photochemical production rates more consistent with
observations.
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Introduction

Antarctica’s geographic separation from populated areas places
it beyond the reach of anthropogenic pollution in the tropo-
sphere, and thus low NOx (NO þ NO2) and hydrocarbon con-
centrations would be expected in the Antarctic boundary layer.

However, although measurement campaigns at the South Pole
have confirmed low to negligible background concentrations of
non-methane hydrocarbons (NMHCs), unexpectedly high con-

centrations of short-lived photochemical species have been
observed. For example, elevated mixing ratios of ozone (O3),
NOy

[1–5] and HOx
[6–8] have been observed indicating that the

South Pole boundary layer can be a highly oxidising environ-

ment.[7–10] NOx is emitted from the snowpack due to the pho-
tolysis of NO3

� contained within the ice.[11–13] Other snowpack
emissions have also been identified, such as HCHO and H2O2,
within the interstitial air and in the overlying atmosphere across

Antarctica and, specifically, at the South Pole.[14,15] Results
from modelling carried out as part of the Investigation of Sulfur
Chemistry in the Antarctic Troposphere (ISCAT) 2000[8,15]

underestimate the boundary layer HCHO mixing ratios by a
factor of ,1–3, and the model to observed discrepancy could
only be reconciled by constraining the model using observed
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fluxes of HCHO.[15] These fluxes are driven by a concentration

gradient between the interstitial air and the boundary layer
(HCHO concentrations are a factor of ,7.5� greater at 10-cm
depth) coupled with transport due to molecular diffusion of air

across the snow–air boundary. Similar emissions have been
observed in the Arctic during a field campaign at Alert, Canada.
In this case, the source of HCHO was identified to be due to the
oxidation of organic matter within the snowpack.[16]

Shading experiments at the South Pole have showed that a
HCHO snowpack photochemical source exists as HCHO fluxes
suffered up to a 20% decrease during shading[15] although the

remaining majority of the HCHO flux is explained by physical
temperature driven emission. It is unclear if model estimates of
physically based fluxes can exclude the existence of additional

contributors to the snowpack HCHO budget because of consid-
erable and unquantified uncertainties attached to them.[15]

Physically induced releases of HCHO are triggered by rising
temperatures; HCHO can either be dry deposited into the

snowpack during a colder period, or sequestered in the snow
by a combination of wet deposition, precipitation and riming.
The current theory is that a seasonal cycle exists, whereby

HCHO uptake occurs during the cold early spring and early
summer, and during periods of snowpack accumulation, where-
as boundary layer concentrations of these species are elevated,

and release occurs as temperatures increase during late sum-
mer.[15] The dry deposition and re-evaporation of HCHO are
well described by Henry’s Law.

Photochemical sources of HCHO

Grannas et al.[17] observed the production of HCHO in South
Pole snow containing organic matter (OM) (characterised and
speciated by chemical analysis), doped with NO3

� and without
NO3

�, which was subject to irradiation with UV light. These

experiments showed that photochemical HCHO production was
enhanced when the snow was doped with NO3

�. The implication
from this finding is that OH�, a photo-fragment of NO3

� pho-

tolysis (Eqn 1), plays an active role in the generation of HCHO.
The production of OH� from nitrate photolysis was confirmed
by laboratory studies.[18–20] In addition to NO3

�, it is believed
that H2O2 can also produce OH� within the snow when photo-
lysed.[18] Laboratory and theoretical studies suggest that given
the relative abundance of NO3

� and H2O2 in snow and ice, and

the larger quantum yield for the photolysis of H2O2, H2O2

compared to NO3
� photolysis would dominate OH� production

in various snowpacks including at the South Pole.[18,21,22] The
OH� radicals can oxidise snow-phase organic matter (SPOM) to

low molecular weight (LMW) carbonyl compounds (e.g.
HCHO) in the condensed phase,[17] which is similar to the
photo-oxidation of dissolved organic matter (e.g. humic sub-

stances), to produce LMW carbonyl compounds.[23]

OH� produced in Eqn 2 can react with itself by Eqn 4 to yield
H2O2, which in turn can be photolysed by Eqn 5 to yield OH�.

NO�
3 þ hu ! O�� þ NO2 ð1Þ

O�� þ Hþ ! OH� ð2Þ

OMþ OH� ! HCHO ð3Þ

OH� þ OH� ! H2O2 ð4Þ

H2O2 þ hu ! 2OH� ð5Þ

OH� þ H2O ! H2Oþ OH� ð6Þ

OH� þ H2O sð Þ ! H2O sð Þ þ OH� trappedð Þ ð6aÞ

In order to study the oxidation of OM by OH� it is necessary
to understand the molecular dynamics of OH� produced from
Eqns 1, 2 and 5 in ice. We therefore rely on the work of

Yabushita et al.[24] who experimentally probed the molecular
dynamics of OH� generation on ice surfaces at 100 K. They
made two key observations. First, they detected translationally

hot (3250 K) OH� in the gas phase, which was produced by
Eqn 5. Second, they failed to observe translationally cold OH�.
Translationally cold OH�would either be produced by Eqn 2 on
the surface, or it could be produced by Eqn 5 in the bulk and then
subsequently cooled by passage through the bulk ice to 100 K.
In either case, OH� from these possible processes was not
observed. Yabushita et al.,[24] therefore, propose that OH�

generated from Eqn 2 remains on the ice surface to react as
per Eqns 3 and 4 to yield H2O2, which then undergoes photolysis
(Eqn 5) to yield translationally hot gas phase OH�. Yabushita
et al.[24] provide a detailed explanation for the absence of cold
gas phase OH�. Translationally hot OH� generated by Eqn 5
will likely react as per Eqn 6 because of the size of the activation

barrier, ,32.6 kJ mol�1.[25] OH� yielded from Eqn 6 will
consequently have lower translational energy and will likely
remain trapped within the bulk ice.[26,27] Eqn 6 can be referred
to, in this context, as Eqn 6a. This implies, therefore, that only

OH� produced in the uppermost layers of ice escapes from the
surface region with the OH� produced in the bulk being cooled
and accommodated into the bulk by Eqn 6a where it may

undergo further reaction. Hence, the relative distribution of
NO3

� and H2O2 within ice matters critically to the yield of
OH� to the gas phase, the surface and the bulk. The OH�

produced by Eqn 2 in the surface layers, and the translationally
hot OH�, ejected from the uppermost monolayers by Eqn 5, will
be considered as the oxidant source in part two of this study.

CH3OOH as a source of HCHO

Measurements of CH3OOH in the atmosphere have been made
across Antarctica[28,29] at concentrations ranging from 100 to

450 part per trillion per volume (pptv) and at the South Pole itself
from 100 to 150 pptv.[28] A study of organic hydroperoxides has
shown that they can undergo acid catalysed rearrangement to

yield carbonyl species,[30,31] which could provide a novel source
of HCHO production. The specific reaction for the rearrange-
ment of CH3OOH is shown in Eqn 7. The data provided by

Yablokov et al.[30,31] for the rate coefficient and the treatment of
the rate equation indicate this reaction proceeds under acidic
conditions in solvent by a process described by the first-order
rate equation and that the experimentally observed rates vary

linearly with acid concentration. This can be simplified to a first-
order rate equation under constant acid concentration conditions
as shown by kexp¼ [Hþ]k2/KI, where kexp is the experimental

reaction rate, KI is the instability constant and k2 is the reaction
rate for the formation of the hydroperoxide–acid complex.

Various analyses of snowpack solutes indicate that the snow

in Antarctica is acidic where the two principle acidic solutes
are nitrate and sulfate.[32] Concentrations of acidic solutes
were found to be present at concentrations of ,10 mM at the

South Pole.[33] However, because of the tendency of solutes to
migrate to the surface layer in ice,[34,35] concentrations may
become locally enhanced up to the 100-mM range[33] in the
surface region.
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Other possibilities are that CH3OOH is photolysed as per

Eqn 8 and then reacts with O2 to yield HCHO in Eqn 9, or it
reacts with OH� as per Eqn 10 or 11. We assume that the peroxy
radical product from Eqn 11 reacts with NO by Eqn 12 to

produce the methoxy radical due to the high rate constant of
Eqn 12 and the abundance of NO within the firn air (observed at
up to,1 ppbv[3]). Note we consider Eqns 8–12) in the gas phase
and in the ice surface layer phase.

CH3COOH �!H
þ

HCHOþH2O ð7Þ

CH3COOHþ hu ! CH3O
� þ OH� ð8Þ

CH3O
� þ O2 ! HCHOþ HO�

2 ð9Þ

CH3OOHþ OH� ! HCHOþOH� þ H2O ð10Þ

CH3OOHþ OH� ! CH3O2
� þ H2O ð11Þ

CH3O2
� þ NO ! CH3O

� þ NO2 ð12Þ

We assert that any HCHO arising from chemical production
on the surface of ice grains would be empirically indistinguish-

able from release due to a physical origin using observations of
HCHO flux variability with temperature alone. Both compo-
nents would be volatised from the ice grain surfaces in identical
fashion thus making it appear consistent in behaviour with the

physical component.

Aims

There is an ongoing need to improve our knowledge of HCHO
emissions in order to better understand the photochemical
environment of the South Pole and the wider Antarctic plateau

region. Therefore, in this paper we use steady-state photo-
chemical models to quantify possible chemical sources of
HCHO within the South Pole snowpack: contributions due to

the chemical processing of CH3OOH and mechanisms and
processes leading to a photochemical source of HCHO. We
determine the resulting fluxes of HCHO and assess whether they

could contribute significantly to the boundary layer HCHO
concentration.Where possible we compare the derived fluxes to
observation although this comparison is limited by observa-
tional uncertainty particularly for the photochemical fluxes

estimated during the shading experiments.[15] We use a flux
model that assumes that fluxes are driven by gradients across the
snow to air barrier and that transport is controlled by diffusion.

We limit the complexity of the model in order to carry out a
series of sensitivity tests to explore the underlying assumptions
used and the parameter space of uncertainty associated with

each possible source of chemical production. A relatively sim-
plistic model will therefore be useful in order to reduce and
identify uncertainties and to establish the key physical and

chemical processes that control HCHO production.
We study these chemical sources of HCHO and their associ-

ated uncertainties in two parts. In part one we study sources of
HCHO involving the chemical processing of CH3OOH either by

photolysis, reaction with OH�, or by the Yablokov mecha-
nism.[30,31] In the case of CH3OOH reaction with OH� or by
photolysis, we consider both the reactions in the gas phase and

on the surface of ice grains, but in the case of the Yablokov
mechanism, we only consider the reaction on ice grains because
it is catalysed by acidic solutes.We study eachmechanism using

three distinct versions of the steady-state model, which we refer

to as Models A, B(i) and B(ii).
In part two of the paper we study the photochemical produc-

tion of HCHO due to the reaction of OH with OM (i.e. Eqn 3).

This source of production is investigated in a series of sensitivity
tests based on the concentration of OH�, the OM particle size
distribution, the kinetics of Eqn 3, the distribution of NO3

� and
H2O2 within ice grains and the OH� concentrations. We use

three scenarios within part two to examine the effect various
assumptions have upon the estimates of HCHO production from
Eqn 3. We specifically compare the derived fluxes to the

production rates required to yield the maximum value of the
HCHO production rate allowed by observation.

Methods and results

Methodological overview

In this section we describe the general methodological frame-
work that we use to address the aims of this study that are applied

to the models in both parts one and two. Given the observations
and interpretations in Hutterli et al.,[15] we assume that snow-
pack fluxes of HCHO are driven by gradients between the
interstitial air and the boundary layer, and that the transport is

diffusion controlled.
We therefore use a variety of steady-state models that each

address the different potential chemical sources of HCHO, and

the different assumptions considered, in order to estimate the
HCHOmixing ratios in the interstitial air. Using these estimated
mixing ratios in conjunctionwith an assumed constant boundary

layer mixing ratio, which is consistent with the observed mean,
we then estimate the gradient. Finally, we use an empirically
derived rate of diffusion of air between the interstitial air and the
boundary layer to estimate the theoretical fluxes. We construct

this model of the snow to air fluxes using the mean observed
mixing ratios in the interstitial air and boundary layer at the
South Pole, andwith themean observed fluxes.[15] This assumes

that these observed meanmixing ratios and fluxes are consistent
with one another . Where possible we will attempt to verify this
theoretical framework and the assumptions that we use with

relevant observations. We will now describe the theoretical
framework in numerical terms and its empirical basis. We will
show the estimation of key variables. In addition, wewill discuss

the limitations of this framework, any uncertainties and some of
the more complex assumptions.

The volumetric flux parameters used in our model are
derived empirically from studies of snowpack photochemistry

at the South Pole.[15,36] We derive the volumetric flux of air due
to diffusion between the boundary layer and firn air at 10-cm
depth by Eqn 13,

Vc � Nd=D C½ �ð Þ¼Vair ð13Þ

where Vc is the volumetric flux for a compound of interest

(molecules cm�3 s�1) from the firn air at 1-cm depth to the
boundary layer, Nd is the number density of air (molecules
cm�3), D[C] is the average observed concentration gradient of

C (molecules cm�3) between the boundary layer and 10-cm
depth (note that the firn air mixing ratios were observed from a
sampling tube at 10 cm[15]), and Vair is the volumetric flux of air
(molecules cm�3 s�1) from 10-cm depth within the snow to the

boundary layer. To demonstrate the consistency of this method
we calculate Vair using Eqn 13 below with different empirically
derived flux estimates (Vc) of HCHO and NOx.

Chemical production of HCHO in the South Pole snowpack
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HCHO mixing ratios of 750 pptv were observed within the

interstitial air at a depth of 10 cm,[15] which is well above the
background in the overlying atmosphere. Note that measure-
ments of gas phase species within the interstitial air at this

depth probably represent lower estimates given the potential for
boundary layer air to be drawn into the snowpack by the removal
of air by the instrument.[15] During the ISCAT 2000 field
campaign at the South Pole the transfer of gases across the

snow–air barrier was observed to be dominated by diffusion
most of the time although wind pumping did play a role under
some circumstances.[15]

For summer at the South Pole and at 243 K, Nd is 1.9� 1019

molecules cm�3. Given the mean observed mixing ratios of
HCHO (,750 pptv) and the mean boundary layer mixing

ratios of ,100 pptv during the period of time when VHCHO

was estimated, D[HCHO] is 1.24� 1010 molecules cm�3

(650 pptv).[15] For NOx median boundary layer mixing ratios
were 150 pptv[36] and firn air mixing ratios were 1.4 ppbv[3]

during the period of time of the ISCAT 2000 field campaign
when the fluxes were calculated, which means that the
average D[NOx] is 2.4� 1010 molecules cm�3. Note that we

use the observed surface areal fluxes of HCHO and NOx for
VHCHO and VNOx

because we assume that an areal flux at the
snow surface is equivalent to a volumetric flux from 1-cm depth

within the snowpack to the boundary layer. For HCHO, VHCHO

is 1.7� 108 molecules cm�3 s�1 when estimated using an
eddy diffusion covariance method,[15] which leads to an

estimate of Vair of 2.6� 1017 molecules cm�3 s�1. VHCHO is
1.5� 108 molecules cm�3 s�1 when estimated using a concen-
tration gradient model that assumes transport is dominated
by diffusion,[15] and we therefore estimate Vair¼ 2.3� 1017

molecules cm�3 s�1 from this value of VHCHO. Using an eddy
diffusion covariance method, VNOx

was estimated to be
3.9� 108 molecules cm�3 s�1,[3] and from this we estimate Vair

to be 3.1� 1017 molecules cm�3 s�1. The estimated range of
Vair therefore represents an uncertainty of Vair up to 17%.
However, in the case of the H2O2 emissions that were also

observed at the South Pole,[15] the estimate of Vair differs
significantly from the other estimates. D[H2O2]¼ 1.68� 1010

molecules cm�3 and VH2O2
was estimated to be 1.0� 109

molecules cm�3 s�1 using the eddy diffusion covariance

method.[15] Using these parameters for H2O2 yields an estimate
of Vair¼ 1.1� 1018 molecules cm�3 s�1, which is inconsistent
with Vair derived from HCHO and NOx, i.e. approximately an

order of magnitude difference. Hutterli et al.[15] give reason to
doubt their estimates of [H2O2]firn, suggesting that firn air
mixed with ambient air during these experiments and that

at the depth of 10 cm within the snow, H2O2 concentrations
were apparently lower than the average H2O2 snowpack
concentrations.

Weselect thevalueofVair obtainedfromtheHCHOeddydiffu-
sion covariance flux estimate (2.6� 1017 molecules cm�3 s�1),
and we acknowledge an uncertainty of up to 17% that this
may introduce into the calculations dependent on it. Note

too that this also implicity implies the usage of VHCHO

derived from the eddy diffusion covariance method of 1.7�
108 molecules cm�3 s�1.

The air diffusion rate coefficient determining Vair, which we
term FE, is determined by Eqn 14. The subscript E identifies that
this is the diffusion rate constant associated with the air flux out

of the snowpack into the atmosphere and the emissions.

FE ¼ Vair=Nd ð14Þ

Using values of Vair derived from eddy covariance flux data

for HCHO and NOx at the South Pole we estimate FE as
0.0138 s�1.

This same framework can be used to derive the volume flux

of HCHO in the interstitial air at 10 cm (PHCHO) required to
maintain the value of D[HCHO]firn that we infer from observa-
tions. PHCHO is the volume flux in the interstitial air from
photochemical, chemical and physical sources of HCHO.

PHCHO ¼ D HCHO½ � � FE þ PT þ CTð Þ ð15Þ

PT is the photochemical loss term for HCHO (JHCHO) due to

the combined losses from Eqns 16 and 17, and we use quick
TUV (Tropospheric Ultraviolet and Visible) Radiation Model
(http://cprm.acd.ucar.edu/Models/TUV/, accessed 1 March

2013), to calculate their rates under South Pole conditions at
the surface; we accept that an estimate at the surface represents
an upper bound on PT. Using this method we find PT to be

8.3� 10�5 s�1. CT is the chemical loss term due to Eqn 18.

HCHOþ OH� þ O2 ! H2OþHO�
2 þ CO ð16Þ

HCHOþ hu ! H2 þ CO ð17Þ

HCHOþ hu �!O2
HO�

2 þ HO�
2 þ CO ð18Þ

Using the mean observed boundary layer OH� concentration
of 2.5� 106 molecules cm�3[6] and a reaction coefficient for
Eqn 18 of 9.4� 10�12 molecules�1 cm3 s�1 at 243 K (Master
Chemical Mechanism)[37] we estimate CT to be 2.4� 10�5 s�1.

Within the steady-state framework the sum of FE, PT and CT

(0.0139 s�1) is equivalent to the loss term of HCHO. PHCHO is
therefore 1.7� 108 molecules cm�3 s�1 to two significant
figures. Note that PT and CT are approximately three orders

of magnitude smaller relative to FE. Thus, diffusion driven
transport is very fast relative to photochemical and chemical
loss of HCHO in the snowpack, and that consequently PHCHO is

the same as VHCHO to two significant figures.

Part one: HCHO produced from CH3OOH and the
Yablokov mechanism

Three conceptual models were developed to explore the role
CH3OOH may play in the production of HCHO in the snow-

pack: Model A considers reaction of CH3OOH with OH� and
photolysis (both in ice and in the interstitial air), Model B(i)
considers the Yablokov mechanism in ice and neglects surface

layer enhanced concentration effects for acidic solute species
and Model B(ii) considers the Yablokov mechanism in ice but
considers surface layer enhanced concentration effects for

acidic solute species. In all cases we use a value of 0.015 for the
ratio k2/KI,

[30,31] the ratio used to derive kexp above.

Assumptions in Models A, B(i) and B(ii)

Assumption 1

The diffusion rate coefficients for the volumetric air flux
are described by FE is 0.0138 s�1 and the loss term for HCHO

within the snowpack is 0.0139 s�1.

Assumption 2

All compartments of the model (i.e. gas phase boundary
layer, interstitial air and ice grain surface) are assumed to be at

P. D. Hamer et al.
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steady state. This assumption alsomitigates losses of trace gases

in the firn due to interaction at the surfaces because at steady-
state the losses due to adsorption would equal emission due to
re-evaporation.

Assumption 2 is reasonable given the inferred diffusion
controlled interstitial air to boundary layer air exchange rate
(Vair) and the apparently short lifetime of HCHO on ice grain
surfaces with respect to evaporation into the interstitial air. The

latter inference is based on the observation that firn air concen-
trations of HCHO decrease over the course of tens of minutes
during snowpack shading experiments at the South Pole

(M. Hutterli, pers. comm.). One affect of assuming a steady-
state is that the HCHO volume flux within the ice grain surface
layers (weighted by the relative volume of the surface layer to

total snow volume) causes an identical volume flux in the
interstitial air because the loss term due to evaporation from
the ice surface has to equal the surface layer production term at
the steady state. We present a final assumption only used within

Model B(ii).

Assumption 3

Using the method of Boxe et al.[33] we assume the ice surface
layer volume to ice bulk volume ratio to be 6.4� 10�5 at 243 K,

and assume that the acidic species present within the ice are
confined to the surface layer. Therefore, this assumption leads to
enhanced availability of acid for Eqn 7.

Note that assumption 3 could be applied to Model A for
Eqn 10, but the enhanced concentration effect of the surface
layer is mitigated because the loss term for OH�, and hence the
OH� concentration, scales linearly with the change in volume.
This is not the case for the Yablokovmechanism, Eqn 7, because
the acid acts catalytically and is not consumed in the course of
the reaction.

As snow concentrations of CH3OOH are unknown, a sensi-
tivity analysis is conducted. Henry’s Law predicts an ice
concentration of 2.4 mM at 243 K and an ambient CH3OOH

concentration of 150 pptv.[28] This concentration is derived from
the temperature dependent Henry’s Law equation,

KH ¼ Ky
H � exp �DHsoln

R

1

T
� 1

Ty

� �� �
ð19Þ

where KH is the temperature dependent Henry’s Law constant,

KH
y (310) is the Henry’s Law constant at 298 K (Ty).2DHsoln/R

(5200) is the temperature dependence of the Henry’s Law
constant and T is the temperature we are studying, i.e. 243 K.

The parameters for this equation were derived using Rolf
Sander’s database (http://www.henrys-law.org/henry.pdf,
accessed 21 July 2014). We assume that the CH3OOH will only

dissolve into the ice surface layer according to Henry’s Law
rather than into the bulk as well. Thus, locally, within the surface
layer, CH3OOH concentrations may exceed the instrumental
limit of detection (7 parts per billion per weight, ppbw, or

0.15 mM),[28] but in melted snow samples the dilution effect
would lower even the highest CH3OOH concentrations implied
by Henry’s Law below the limit of detection. We therefore

assume a range of CH3OOH surface layer concentrations
between 2.4 mM (112 ppbw) and 2.1 nM (100 pptw).We present
a further series of assumptions for Models B(i) and (ii).

Assumption 4

We assume all acidic solute anions are present in their acid
form. Therefore, total proton concentrations withinmelted snow

exist up to the 10-mM range[33] and this proton concentration

range is used forModel B(i). However, solute concentrations are
likely enhanced by up to a factor of 1.56� 104 at 243 K[33]

(equivalent to up to 100-mM concentration enhancement)

within the surface. These enhanced proton concentration ranges
are used in Model B(ii).

Assumption 5

The volume flux of HCHO from chemical processes involv-

ing CH3OOH conversion into HCHO within the surface layer
of the ice (i.e. Eqns 7–10) are weighted by the relative volume
of the surface layer to 1 cm3 of snow. The surface layer of ice

at 243 K occupies a fraction of the bulk ice equivalent to a
ratio of 6.4� 10�5 whereas the ice occupies 30% of the snow
volume.[33] Thus, the surface layer of the ice occupies

1.92� 10�5 cm3 of 1 cm3 of snow.
Estimates of the percentage contribution of different mod-

elled sources to the firn air volume fluxes of HCHO fromwithin

the snowpack (PHCHO, i.e. 1.7� 108 molecules cm�3 s�1, cal-
culated by Eqn 15) are used to assess the magnitude of the
derived fluxes in models A and B. The contributions are also
assessed by the enhancement in concentration that they make

to D[HCHO] and thus indirectly, [HCHO]firn, the firn air
concentration.

Model A: description, integrations performed, and results

Model A calculates the contribution of Eqns 8–10 to the volume

flux of HCHO (PHCHO) within the interstitial air from the gas
phase and from within ice. It is described by Fig. 1. CH3OOH
within the firn air is allowed to undergo gas phase reaction with
OH�, gas phase photolysis or deposition onto the ice and then

subsequent photolysis or reaction with OH� in the condensed
phase. All of these processes yield HCHO, and HCHO produced
in the condensed phase is evaporated contributing to the firn air

concentration. The model was run to steady-state. An atmos-
pheric CH3OOH concentration of 150 pptv was used corres-
ponding to the maximum observed CH3OOH at the South

Pole.[28] Ice CH3OOH concentrations were assumed to range
between 2.4 mM (112 ppbw) and 2.1 nM (100 pptw). Maximum
possible OH� concentrations in the gas phase were assumed

to be equivalent to the average atmospheric OH� concentration
observed at the South Pole at a height of 10 m, which is
reported to be 2.5� 106 molecules cm�3.[6] Unfortunately, the
OH� variability with height is not known. We assume a rate

coefficient for Eqn 10 of 6.34� 10�12 molecules�1 cm3 s�1 at
243 K (Master Chemical Mechanism[37]). Condensed phase
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Fig. 1. A schematic of model A showing the different production and loss

terms of HCHO, and the flux across the air-snow boundary.
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OH� concentrations were estimated to be 3� 104 molecules

cm�3 by the steady-state approximation and theoretically
derived estimates of the snowpack OH� production rate as
determined by France et al.[22] (see Part Two for details).

The photolysis of CH3OOH is slow (JCH3OOH
,5.6�

10�6 s�1), and the contribution Eqns 8 and 9 make to PHCHO

is very small both in the interstitial air and the ice.We estimated
JCH3OOH

using the quick TUV model for summertime condi-

tions at the South Pole, i.e. 2800 m, 908 south, and during
December. Under the highest atmospheric levels of CH3OOH
at the South Pole (,150 pptv), we estimate the HCHO produc-

tion rate due to Eqns 8 and 9 within the interstitial air to be
1.6� 104 molecules cm�3 s�1. Using the estimated range of
CH3OOH concentrations within the ice (100 pptw to 112 ppbw)

the production rate of HCHO within the ice ranges between
4.6� 101 and 5.1� 104 molecules cm�3 s�1. Thus, the com-
bined contributions to PHCHO from the interstitial air and ice
range between 1.6� 104 and 6.7� 104 molecules cm�3 s�1 for

the photolysis of CH3OOH, which leads to an enhancement in
modelled D[HCHO]firn ranging between 0.06 and 0.25 pptv in
the interstitial air.

The contribution to HCHO production by OH� oxidation of
CH3OOH (Eqn 10) is also reasonably small. Under conditions
of 150 pptv of CH3OOH, the contribution of Eqn 10 to PHCHO

within the interstitial air is 4.5� 104 molecules cm�3 s�1. In
contrast, the contribution to PHCHO from Eqn 10 on ice ranges
between 4.6 and 5.1� 103 molecules cm�3 s�1, due to the

respective lower and upper bounds placed on the CH3OOH ice
concentration. This total volume flux contribution toPHCHO due
to Eqn 10 ranges between 4.5� 104 and 5.0� 104 and yields an
enhancement in HCHO in the interstitial air between 0.17 and

0.19 pptv.
In summary, combining the upper limits of the volume fluxes

of HCHO from both CH3OOHphotolysis and reaction with OH�

both within the ice and the interstitial air could only account for
up to 0.07% (1.2� 105 molecules cm�3 s�1) of the PHCHO

required to match the observed VHCHO under the highest

assumed ice concentration of CH3OOH.

Model B(i): description, integrations performed and results

Model B(i) calculates the contribution of Eqn 7[30,31] to PHCHO

using an assumption of an even distribution of acidic solute
within the ice, and thus acidic solutes are assumed to exist within
the micromolar range throughout the ice including in the crucial

surface layer. It is described by Fig. 2. Fig. 3 shows the results
from the sensitivity analysis conducted using an assumption of
acidic solute concentrations ranging from pH 4–7 and CH3OOH
concentrations consistent with assumption 4. Within these

concentration regimes, HCHO production rates range between
negligible to 4� 104molecules cm�3 s�1, which is equivalent to
a 0.02% contribution to PHCHO and would lead to an enhance-

ment in D[HCHO] of 0.15 pptv. pH 5 represents the likely
minimum in pH, which yields negligible HCHO production.
Thus, assuming an even distribution of acidic solutes yields a

negligible source of HCHO from Eqn 7.

Model B(ii): description, integrations performed and results

Model B(ii) is identical toModel B(i) but uses the assumption of
enhanced acidic solute concentrations in the surface layer,[33]

and therefore the assumed acidic solute concentrations lie in the
millimolar range (pH �0.2–2.8) in the surface layer. It is again
described by Fig. 2. Fig. 4 shows the variability in contribution

to PHCHO from Eqn 7 across the range of acid solute and
CH3OOH concentrations. The production rate varies between
6� 102 and 6� 108 molecules cm�3 s�1, which is equivalent to

a range in contributions to PHCHO of negligible to 350% and a
maximum enhancement in D[HCHO] of 2.3 ppbv. Given the
large range of potential HCHO production rates and implausibly

large upper limit indicated by Fig. 4 we attempt to introduce
some constraints to limit the upper bounds. Based on assumption
5 and an upper limit on melted ice acid solute concentrations of
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Fig. 2. A schematic of model B showing the different production and loss

terms of HCHO and the flux across the air-snow boundary.
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10 mM, we estimate that surface layer pH levels cannot be lower
than 0.8. Introducing this constraint limits the contribution of
Eqn 7 to PHCHO to between 5.6� 104 and 6.3� 107 molecules

cm�3 s�1. There are two additional constraints: it is also not
possible for the estimated PHCHO to exceed the empirically
derived PHCHO; and most of PHCHO can be explained simply by

physical desorption from ice grains. Therefore, using only a very
generous limit, we suggest a remaining unidentified contribu-
tion to PHCHO cannot exceed 25% of PHCHO. Thus, the esti-

mated relative contributions toPHCHO fromEqn 7 cannot exceed
this 25% limit (4.3� 107 molecules cm�3 s�1). The upper limit
flux estimate under pH 0.8 (6.3� 107 molecules cm�3 s�1)

therefore exceeds those constraints by ,50%, and therefore
the lower limits of pH or the upper limits of CH3OOH con-
centration are unreasonable.

Having placed only loose external constraints upon both pH

and CH3OOH concentration, which fail to suitably constrain the
contribution to PHCHO we now try to select a plausible volume
flux ofHCHO fromEqn 7 and determine the lower bounds of pH

(upper bounds for acidity) and CH3OOH that do not exceed this
level. Considerable unquantified uncertainty is attached to
model estimates of physically induced fluxes of HCHO,[15]

yet the physical model can successfully explain the bulk of the
observed HCHO. We therefore select an upper limit for the
contribution from Eqn 7 that we believe cannot be ruled out by
the physical model due to the remaining uncertainties attached

to its flux estimates. Under these circumstances we chose to

impose a reasonable upper limit: a flux magnitude of 12% as a
fraction of PHCHO, equivalent to 2.0� 107 molecules cm�3 s�1.
We present ranges of CH3OOH concentration that satisfy this

criteria at different pH levels: at a pH of 1.8 and at all CH3OOH
concentrations fluxes are at or below this cut off, at pH 0.8
CH3OOH concentrations of 50 ppbw or below are reasonable,
and at pH�0.2 only CH3OOH concentrations of 5 ppbw satisfy

this criteria.

Part two: investigation of photochemical HCHO fluxes

Hutterli et al.[15] report a decrease in the total firn air HCHO

concentration during shading experiments. We infer from this
that the change in firn air concentration is due to a corresponding
change in the total firn air HCHO volume flux (PHCHO), and

results directly from the attenuation of sunlight. In addition, we
infer that this leads to a consequent change in D[HCHO]. We
define the portion of PHCHO that decreases during the shading

experiments as PHCHO_PHOT, which is the photochemical flux
of HCHO in the interstitial air. The aim of part two is to
investigatePHCHO_PHOT. Assuming steady-state, Eqn 20 defines
PHCHO_PHOT.

PHCHO PHOT ¼ D HCHO½ � � PF � FE þ PT þ CTð Þ ð20Þ

PHCHO_PHOT is calculated from the product ofD[HCHO], the
photochemical factor (PF), and the sum of FE,CT, and PT using
Eqn 20. D[HCHO]¼ 1.24� 1010 molecules cm�3 (650 pptv),
PF can at most equal 0.2, and the sum of FE, CT and PT

is 0.0139 s�1 to 3 s.f. The empirically derived value of
PHCHO_PHOT is therefore 3.42� 107 molecules cm�3 s�1 to
3 s.f. We subsequently round it to 2 s.f. and conclude that

photochemical losses of HCHO are small compared to the losses
due to diffusion driven transport. We conduct a range of
sensitivity studies (within three scenarios) to test various
assumptions. Using the same framework used in Part One, we

then derive differentmodelled values ofPHCHO_PHOT and finally
make a comparison to the empirically derived maximum possi-
ble value of PHCHO_PHOT (i.e. 4� 107 molecules cm�3 s�1).

This comparison is rather limited by the large uncertainties
on the empirically derived value of PHCHO_PHOT, so we can
only provide an indication as to the level of consistency

between the estimated and observed values. Note that only
assumptions 1 and 2 from Part One are relevant to this set
of analyses. The empirically derived PHCHO_PHOT is then

compared to reported laboratory photochemical production
rates of HCHO within snow. Additionally, PHCHO_PHOT is
directly compared to the total interstitial air volume flux rate
PHCHO (1.7� 108 molecules cm�3 s�1) within the existing

theoretical framework presented for Models A, B(i), and B(ii)
in Part One.

The laboratory work of Grannas et al.[17] provides photo-

chemical production rates of HCHO within South Pole snow.
The analysis reported directly implicates NO3

� in the photo-
chemical production of HCHO, probably by the OH� oxidation
of OM. Note that H2O2 photolysis is also an important OH�

source as it dominates the snowpack generation of OH�.[21,22]

Grannas et al.[17] indicates that the rate of HCHO production
within a block of South Pole snow was 8.4� 109 molecules

cm�3 s�1. This production rate conflicts with the derived value
of PHCHO_PHOT suggested by observations of Hutterli et al.[15]

(i.e. 3.4� 107molecules cm�3 s�1). This discrepancy is likely to
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be due to the fact that Grannas et al.[17] measured the total

HCHO concentration within a melted liquid snow sample, and
therefore accounts for HCHO production in the bulk and in the
surface layer. However, the estimate of PHCHO_PHOT obtained

by interpreting the observations in Hutterli et al.[15] is for the
volume flux in the interstitial air due to photochemical produc-
tion of HCHO on the surface of ice grains rather than the
production on the surface and in the bulk. We discussed

previously that Yabushita et al.[24] showed the potential impor-
tance of the location of the OH� source within the ice structure.
For instance, their work implies that only the OH� produced in

the top most ice monolayers may partake in either gas phase or
surface layer chemistry. This therefore implies that the incon-
sistency between laboratory and field measurements could

also be due to the removal of the potential spatial separation
between the OH� sources and OM in a melted sample (see
discussion in scenario 3 below). There are three quantities
required to calculate the photochemical production rates of

HCHO in the snowpack: (1) the OM concentration; (2) the rate
constant for the reaction between OH� and OM and (3) and the
OH� concentration.

The estimate of OM concentration (0.4 mg carbon L�1) was
derived from the bulk OMconcentration reported for South Pole
snow.[17] The molarity of the OM is dependent upon the OM

molecular weight, which is in turn dependent upon the chemical
nature of the OM. No speciation of the South Pole OM exists,[17]

but in the case of the other snowpacks analysed in Grannas

et al.[17] the OM consisted partly of oligomeric phytochemicals.
We select acetophenone and methoxybenzene as analogues for
the OMbased partly on their structural similarities to oligomeric
phyto-chemicals and because of the availability of kinetic data.

The molecular weights of acetophenone at 120 (96 for carbon
only) and methoxybenzene at 108 (84 for carbon only) allow us
to calculate the molar concentrations later in each scenario. The

OM concentration of 0.4 mg carbon L�1 is expressed as the
melted snow OM concentration and we must therefore account
for the change in volume between melted and frozen snowpack

in order to estimate snow OM concentration and molarity. We
assume that the frozen snow volume is 30% of the melted snow
volume, which is equivalent to a snow density of 0.3 g cm�3.[33]

The aqueous phase rate coefficients for the reaction of OH�

with acetophenone (6.5� 1012 cm3mol�1 s�1) and methoxy-
benzene (5.4� 1012 cm3mol�1 s�1) were obtained from the
Radiation Laboratory database (http://www.rcdc.nd.edu/

compilations/Hydroxyl/OH.htm, accessed July 2010). We
henceforth refer to these rates in molecular units: for acetophe-
none this is 1.1� 10�11 cm3 molecules�1 s�1 and for methoxy-

benzene this is 9.0� 10�12 cm3 molecules�1 s�1. There is a lack
of data regarding reaction coefficients on ice and we therefore
assume that aqueous phase rate coefficients will adequately

describe the reaction rate occurring on ice surfaces.
We use the steady-state approximation to calculate the OH�

concentration in the surface layer. The OH� steady-state pro-
duction terms from NO3

� and H2O2 photolysis (Eqns 1, 2 and 5)

were derived from France et al.[22] France et al.[22] report
integrated snowpack column OH� production rates for both
NO3

� and H2O2 photolysis. We convert the column production

rate into a volume flux at 10 cm of depth by solving forF(OH�)0,
the OH� volume flux at the top of the snowpack, in Eqn 21.

FðOH�Þ0 �
Xd¼30

d¼0

exp � d

de

� �
¼ FðOH�Þ ð21Þ

where F(OH�)0 is the OH� production rate at the top of the

snowpack, d is the depth in the snowpack in centimetres, de is the
actinic flux e-folding depth within the snowpack and F(OH) is
the integrated column OH� production rate in the snowpack.

F(OH�) in the case of NO3
� and H2O2 at the South Pole with a

zenith angle of 66.58 is 2� 10�9 mM cm�2 s�1 (1.2� 109

molecules cm�2 s�1) and 5� 10�8 mM cm�2 s�1 (3� 1010

molecules cm�2 s�1).[22] Measurements of actinic flux within

the snowpack at Dome C identify an e-folding depth of,10 cm,
which we assume is valid for the South Pole.[38] We assume the
photochemically active region of the snowpack extends over a

30-cm region below the surface based on those same measure-
ments made at Dome C,[38] and solve for F(OH�)0 on this basis.
Using F(OH�) for both NO3

� and H2O2 we determine separate

solutions of F(OH�)0 and in turn for F(OH
�)d, the OH

� produc-
tion rate at depth d over a 1-cm thickness expressed inmolecules
per centimetre cubed per second, in Eqn 22.

FðOH�Þ0 � exp � d

de

� �
¼ FðOH�Þd ð22Þ

Using this method we estimate respective values of F(OH�)0
and F(OH�)d (where d¼ 10 cm) for NO3

� to be 1.3� 108 and
4.9� 107 molecules cm�3 s�1 and for H2O2 to be 3.3� 109 and

1.2� 109 molecules cm�3 s�1. Using firn air mixing ratios for
other gas phase species we determine other OH� production
terms, but find that NO3

� and H2O2 photolysis dominates other

production terms by two orders of magnitude. The calculated
OM loss terms were in turn combined with the loss terms from
the reaction of OH� with NOx, CH4, CO, oxygenated volatile
organic compounds (OVOCs) and NMHCs,. We find that the

Eqn 3 loss term dominates the other species loss terms by
between one and five orders of magnitude depending on the
assumed OM in the specific scenario. Within this treatment of

the OH� losses we implicitly assume that the losses across both
phases can be combined. This is justified because the OH� loss
term is dominated by the losses due to OM, because OH� is

produced within the surface layers of the ice, and because the
OM is distributed in the surface layers of the ice. Thus, the OH�

loss term is largely driven by a process occurring close to its
production, and the OH� in the interstitial air can still react with
the OM present on the exterior of ice grains.

Three scenarios were investigated using different means
of estimating the OM and OH� concentrations available to

react and produce HCHO capable to being released to the
interstitial air.

1. We conduct a sensitivity study assuming a range of OM
concentrations to determine how OM concentration affects
HCHO production from Eqn 3. It is assumed that all of the

OM is available to undergo reaction and that it is distributed
on the surfaces of the ice grains and thus any HCHO
produced photochemically can be released rapidly. The

latter point seems plausible for polycyclic aromatic
hydrocarbons.[39]

2. Using only the reported melted snow OM concentration

(0.4 mg carbon L�1) we estimate a modified OM concen-
tration to account for the particulate nature of the OM as
reported in Grannas et al.,[17] thus creating an effective OM
concentration at the surface of OM particles. Effective

surface concentrations were derived using the size distribu-
tions reported in Grannas et al.[17] to yield a range of
production rates of HCHO from Eqn 3. The steady-state
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OH� concentrations were recalculated to account for the

differences in loss rate by Eqn 3.
3. Within this scenario, we only show results using acetophe-

none, we use an OM particle size of 0.035 mm and a melted

snowOM concentration of 0.4 mg carbon L�1.We only used
acetophenone in this analysis in order to simplify the analysis
and reduce the number of results presented. The production
rates of OH� were reduced compared to scenarios 1 and 2.

These reductions are in-line with the experimental evidence
presented by Yabushita et al.,[24] which show that OH�

formed within the bulk ice likely reacts with H2O by

Eqn 6a thereby becoming trapped in the bulk. It was
suggested that only OH� produced in the outer most 3–4
monolayers of water ice is able to partake in gas phase or

surface chemistry.We therefore assume that only the portion
of OH� produced in the outer monolayers can react with OM
in the surface layer. A range of sensitivity tests were devel-
oped to investigate the importance of OH� loss in bulk ice.

For the sake of simplicity the production of HCHO from

CH3OOH oxidation by Eqn 10 is ignored in the following
scenarios due to its insignificant contribution to HCHO produc-
tion at the South Pole.

Scenario 1

We conducted a sensitivity analysis using four OM con-
centrations over the concentration range of 4� 10�2 to 8� 10�1

mg carbon L�1, and apply the volume ratio between frozen snow
and melted snow (0.3) in concert with the carbon molecular
masses. For both acetophenone and methoxybenzene we esti-

mate a range of molar concentrations of OM within snow:
1.3� 10�10–2.5� 10�9mol cm�3 and 1.4� 10�10–2.9� 10�9

mol cm�3. Henceforth, we refer to the OM concentrations in

molecular units; thus, the concentrations are 7.8� 1013–1.5�
1015 moleclues cm�3 for acetophenone and 8.4� 1013–1.7�
1015 moleclues cm�3 for methoxybenzene.

Because we assume that the OM is distributed on the surface

of ice grains these results estimate the amount of HCHO
produced from the surface of ice grains. Two ranges of OH�

loss terms were then derived for the reaction between OH� and
acetophenone and for methoxybenzene using these different
OM concentrations and the reaction rates quoted earlier. In both
cases, the loss due to reaction with OM dominates the OH�

loss term by between three and five orders of magnitude, i.e.
7.7� 102 to 1.6� 104 s�1 v. 0.73 s�1 from other contributions.
Using Eqn 23 and F(OH�)10 calculated above that incorporates
OH� production from NO3

� and H2O2 photolysis at a depth of

10 cm, we calculate two steady-state OH� concentration ranges
of 7.8� 104 to 1.6� 106 molecules cm�3 s�1 (acetophenone)
and 8.3� 104 to 1.7� 106 molecules cm�3 s�1 (methoxyben-

zene) depending on the OM concentration range and composi-
tion. Because the total loss term (L(OH)) is dominated by
reaction with OM, and in turn multiplied by [OH�]ss to calculate
PHCHO_PHOT, it should be clear that in this instance, and across
the full OM concentration range, F(OH�)10EPHCHO_PHOT,
which is equivalent to 1.27� 109 molecules cm�3 s�1.

F OH�ð Þ10=L OH�ð Þ ¼ OH�½ �ss ð23Þ

OM concentrations would have to be reduced to below
9.0� 1010 molecules cm�3 (1.5� 10�13 mol cm�3) before the

loss term of Eqn 3 is comparable with the sum of the other
loss terms (e.g. NOx). Either analyses of snowpack OM

concentrations or our treatment of the OM concentration would

have to be significantly changed for OM not to be the dominant
control of snowpack OH� concentrations in the model. These
model derived estimates of PHCHO_PHOT from Eqn 3 are a factor

of 28 greater than that implied by observations at the South Pole
(i.e. 3.4� 107 molecules cm�3 s�1).[15] The use of these
basic assumptions to calculate photochemical PHCHO_PHOT is
therefore inadequate, and Scenario 1 compares poorly with the

observations.

Scenario 2

We assume average particle sizes ranging between 0.01 and
5 mm, a melted snow OM concentration of 4� 10�1 mg
carbon L�1, a particle composition and density equivalent to
liquid acetophenone (1.028 g cm�3) and methoxybenzene

(0.995 g cm�3), molecular lengths of 5.8� 10�10 m (aceto-
phenone) and 5.4� 10�10 m (methoxybenzene) and molecular
volumes of 1.9� 10�28m3 (acetophenone) and 1.6� 10�28 m3

(methoxybenzene). Using these assumptions we derive ‘effec-
tive’ OM concentrations that are up to ,6.95� 10�4 and
6.50� 10�4 times smaller than the previously estimated con-

centrations for OM particle sizes of 5 mm and for both aceto-
phenone and methoxybenzene respectively. Table 1 shows
modelled estimates of PHCHO_PHOT produced using this new set
of assumptions, while keeping the same steady-state treatment

to derive the OH� concentrations. Note that the new OM con-
centrations are such that the OM loss term is significantly larger
than the other loss terms. The estimates of PHCHO_PHOT due to

Eqn 3 shown in Table 1 are not consistent with the value of
PHCHO_PHOT implied by observations at the South Pole for any
of the proposed particle sizes. In summary, these production

rates are too large compared with the possible range of
PHCHO_PHOT implied by observations at the South Pole
(3.4� 107 molecules cm�3 s�1) and thus these assumptions

alone are inadequate.

Scenario 3

We now carry out a sensitivity study to test how different dis-
tributions of NO3

� and H2O2 within ice affect the production of

OH� on the ice surface and interstitial air and in turn to see how
this affects the production of HCHO. Four different assumptions
regarding NO3

� and H2O2 distribution within ice grains were

used. It was assumed that H2O2 either had an even distribution
throughout ice grains or that 4% of the H2O2 was concentrated
in the surface layer. We define the surface layer volume using

the Boxe et al. treatment[33] thus yielding a surface-to-bulk
volume ratio of 6.4� 10�5. H2O2 is believed to be deposited by
wet and dry deposition[15] and will therefore, in part, be
accommodated directly into the bulk upon formation of snow at

altitude. It was assumed that between 50 and 66% of the NO3
�

was concentrated in the outer four monolayers. NOy at the South
Pole is believed to undergo at least one cycle per summer

season between snowpack NO3
�, gas phase NOx and HNO3 to be

deposited back in the snowpack. A significant portion of
snowpack NO3

�will have resulted from dry deposition of HNO3

of in situ photochemical origin. It is therefore assumed that
NO3

� is dry deposited onto ice grains and only undergoes partial
accommodation into the bulk as the experimental work of
Yabushita et al.[24] indicates that during dry deposition of HNO3

onto ice a portion of the NO3
� resides on the surface. Further-

more, observations of the distribution of acid solutes within ice
grains show a tendency for NO3

� to accumulate at ice grain
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boundaries.[34,35]We also assume that OH� produced in the bulk
can only penetrate through four monolayers to reach the sur-
face[40] due to the effects of Eqn 6a. Note that the results in

Table 1 showing effective OM concentrations for particles of
acetophenone of 0.035 mm in diameter are relevant in this
scenario. The results from the methoxybenzene calculations are

within 10% of the results from acetophenone and we do not
show them below.

If 33 and 50% of the snowpack NO3
� is accommodated into

the bulk ice and we assume an even distribution of H2O2 within
the ice grains, the modelled estimates of PHCHO_PHOT are
consistent with the empirically derived PHCHO_PHOT for the
South Pole (Table 2). It therefore seems likely that only OH�

produced near the uppermost layers of ice plays a role in HCHO
production by reaction with OM at the ice grain surfaces and
that a significant portion of the OH� produced within the bulk

remains trapped there due to Eqn 6a.
Assuming the maximum possible value of PHCHO_PHOT, i.e.

4� 107 molecules cm�3 s�1, could be maintained indefinitely it

would take 223 or 255 days to completely oxidise all of the OM
assuming it was acetophenone or methoxybenzene respectively.
Given that this time period greatly exceeds the time period over

which intense summertime photochemistry occurs upon the
Antarctic plateau it seems likely that the majority of deposited

OM will be preserved within the snowpack. Assuming that the
maximum possible PHCHO_PHOT could be maintained for a
three month period centred on late December we estimate that

between 35 and 40% of the snowpack OM would be oxidised.

Temporal variability of HCHO fluxes

Regarding the chemical production of HCHO as per Eqn 7

involving CH3OOH, the CH3OOH rearrangement will primarily
be controlled by the availability of CH3OOH and the pH of the
snow.[30,31,33] The latter, in this case, will be controlled by the

rate of deposition of acidic species to the snow, which is pre-
dominantly HNO3 deposition at the South Pole.[4] The avail-
ability of CH3OOH will be controlled by its flux into the

boundary layer at the South Pole as it is not produced in sig-
nificant amounts by in situ photochemistry.[9] The factors con-
trolling the photochemical production of HCHO will be limited
to the actinic flux, e.g. cloud cover and total ozone column.

Ultimately, temperature will control the rate at which HCHO
migrates from the ice phase to the firn air.[15,41] Further studies
will be required to allow quantitative understanding of how

these factors control the variability of heterogeneous chemical
HCHO production.

Amajor controlling factor of fluxes driven by diffusion based

transport, which is what we modelled here and is what is

Table 2. Calculated HCHO production rates under different NO3
2 and H2O2 distribution assumptions

Organic matter (OM) particles are assumed to be 0.035 mm in diameter. PHCHO_PHOT is the photochemical flux of HCHO in the interstitial air

Assumed NO3
�

distribution

Assumed H2O2

distribution

Total OH� production rate
(molecules cm�3 s�1)

OH� Concentration
(molecules cm�3)

Effective OM concentration

(molecules cm�3)

Modelled PHCHO_PHOT

(molecules cm�3 s�1)

50% in surface layer Even distribution 2.5� 107 3.1� 104 7.2� 1013 2.5� 107

66% in surface layer Even distribution 3.3� 107 4.2� 104 7.2� 1013 3.3� 107

50% in surface layer 4% in surface layer 7.4� 107 9.4� 104 7.2� 1013 7.3� 107

66% in surface layer 4% in surface layer 8.2� 107 1.1� 105 7.2� 1013 8.2� 107

Table 1. Calculated ‘effective’ organic matter (OM) concentrations and HCHO productions rates under different particle size and OM

speciation assumptions

It is assumed that the surface layer has a thickness of 0.58 nm and that the oligomeric subunits have a volume of 1.94� 10�28m3. PHCHO_PHOT is the

photochemical flux of HCHO in the interstitial air

Particle diameter (mm) Particle bulk

volume (m3)

Particle

volume (m3)

Surface layer

volume (m3)

Molecular surface

layer (bulk ratio)

Effective OM

concentration

(molecules cm�3)

Modelled PHCHO_PHOT

due to Eqn 3

(molecules cm�3)

Acetophenone

5.0 7.9� 10�11 6.5� 10�17 4.6� 10�20 7.0� 10�4 5.2� 1011 1.27� 109

2.5 2.0� 10�11 8.2� 10�18 1.1� 10�20 1.4� 10�3 1.0� 1012 1.27� 109

1.0 3.1� 10�12 5.2� 10�19 1.8� 10�21 3.5� 10�3 2.6� 1012 1.27� 109

0.5 7.9� 10�13 6.5� 10�20 4.5� 10�22 6.9� 10�3 5.2� 1012 1.27� 109

0.15 7.1� 10�14 1.8� 10�21 4.1� 10�23 2.3� 10�2 1.7� 1013 1.27� 109

0.07 1.5� 10�14 1.8� 10�22 8.8� 10�24 4.9� 10�2 3.7� 1013 1.27� 109

0.035 3.9� 10�15 2.2� 10�23 2.2� 10�24 9.6� 10�2 7.2� 1013 1.27� 109

0.01 3.1� 10�16 5.2� 10�25 1.6� 10�25 3.1� 10�1 2.3� 1014 1.27� 109

Methoxybenzene

5.0 7.9� 10�11 6.5� 10�17 4.55� 10�20 6.50� 10�4 5.6� 1011 1.27� 109

2.5 2.0� 10�11 8.2� 10�18 1.14� 10�20 1.30� 10�3 1.1� 1012 1.27� 109

1.0 3.1� 10�12 5.2� 10�19 1.82� 10�21 3.25� 10�3 2.8� 1012 1.27� 109

0.5 7.9� 10�13 6.5� 10�20 4.54� 10�22 6.49� 10�3 5.6� 1012 1.27� 109

0.15 7.1� 10�14 1.8� 10�21 4.06� 10�23 2.15� 10�2 1.8� 1013 1.27� 109

0.07 1.5� 10�14 1.8� 10�22 8.77� 10�24 4.57� 10�2 3.9� 1013 1.27� 109

0.035 3.9� 10�15 2.2� 10�23 2.16� 10�24 9.01� 10�2 7.8� 1013 1.27� 109

0.01 3.1� 10�16 5.2� 10�25 1.62� 10�25 2.91� 10�1 2.5� 1014 1.27� 109

P. D. Hamer et al.

468



responsible for the majority of the HCHO flux observed at the

South Pole,[15] is the concentration gradient between the firn and
boundary layer. Thus, boundary layer variability of HCHO
mixing ratios will have a decisive and direct control on the flux.

For simplicity, we assumed the average HCHO boundary layer
and firn air mixing ratios along with the mean fluxes that were
observed, but more complex models would have to account for
the variability in the flux due to changes in the gradient across

the air–snow boundary. As a demonstration, we try to show how
much the HCHO air–snow flux might vary first due to changes
in the boundary layer mixing ratios. The observed HCHO

mixing ratios in the South Pole boundary layer range from 27
to 184 pptv.[15] It isn’t inconceivable of course that HCHO
boundary mixing ratios may vary to an even greater degree.

However, coupling just this range with an assumed fixed firn air
mixing ratio of 750 pptv, a rearrangement of Eqn 13, and our
estimate of Vair implies VHCHO may vary from 1.5� 108 to
1.9� 108 molecules cm�3 s�1 solely due to changes in the

mixing ratio in the overlying atmosphere, which gives a differ-
ence of up to 15% from the mean observed value (1.7� 108

molecules cm�3 s�1).[15] Note that this derived range more than

adequately accounts for the reported standard deviation (1� 107

molecules cm�3 s�1) about the mean HCHO flux.[15] Hutterli
et al. do report a much wider range of flux variability that lies

well beyond the standard deviation, and we surmise that those
outlying fluxes can probably be explained through a combina-
tion of varying boundary layer dynamics, changes in tem-

perature and consequent evaporation and re-adsoption and
attenuation of actinic flux.

A further consideration is that the effect fluxes have on
boundary layer mixing ratios is directly dependent on the

boundary layer height. Shallower boundary layer heights and
smaller mixing volumes favour higher mixing ratios. The flux
variability may therefore ultimately be indirectly controlled by

this external meteorological factor. Indeed, this same issue is
discussed in the context of NOx in Davis et al.[3]

Although diffusion driven transport is themainway bywhich

air is exchanged across the air–snow boundary, wind pumping
does play a minor role. Thus, again, a more complex model that
sought tomodel HCHO flux variabilities would have to consider
this process because it can significantly increase the rate of air

exchange.

Conclusion

The acid-catalysed processing of CH3OOH (via Eqn 7)
according to the Yablokov mechanism to yield HCHO is a new
potential source of HCHO within polar snowpacks. Using

steady-state model simulationswe showed that a fluxmagnitude
of up to an equivalent of 12% of PHCHO (2.0� 107 molecules
cm�3 s�1) could be produced from Eqn 7 using plausible esti-

mates of pH and CH3OOH concentrations in the ice surface
layer. We suggest that a flux of this magnitude is sufficiently
low such that it cannot be excluded by physically induced flux
estimates with remaining considerable and unquantified

uncertainty.[15] Surface layer concentration effects for acidic
solutes are required to achieve sufficiently low pH in order to
yield a non-negligible source of HCHO from the Yablokov

mechanism. This mechanismmay also explain the apparent lack
of accumulated CH3OOH within South Pole snow despite
Henry’s Law predicting CH3OOH at concentrations in excess of

the analytical method’s limit of detection. Despite the presence
of CH3OOH in the South Pole boundary layer and in the inter-
stitial air, photolysis and reaction with OH� appear to be too

slow to explain the majority of the observed photochemical flux

of HCHO. For photolysis and reactionwith OH� to be important,
CH3OOH would have to accumulate in the snowpack up to and
beyond detectable levels. Although we show a non-negligible

volume flux from theYablokovmechanism, our estimates of the
flux are extremely imprecise due to a lack of more precise
estimates of snow CH3OOH concentration and precise surface
layer estimates of acid solute concentrations. Further study and

observation will be required to precisely determine the volume
flux magnitude. Indeed, without this work it will not be possible
to resolve the wide uncertainties on the flux estimates and to

satisfactorily resolve how it relates to the physical release model
of Hutterli et al.[15]

We present three different scenarios to reconcile discrepan-

cies between the modelled and observed snowpack photochem-
ical production rate of HCHO. Scenario 3 provides the most
comprehensive description of ice surface micro-environment
conditions. Indeed, the predicted contributions to PHCHO_PHOT

from scenario 3 using an even distribution ofH2O2within the ice
are the most consistent with the size of PHCHO_PHOT implied by
field measurements. Note that it is not possible to discriminate

between the different possible distributions of NO3
� within ice

grains proposed within scenario 3 due to the large uncertainties
on the PF parameter,[15] but PF would have to be approximately

twice as large for the alternative H2O2 distribution to be valid.
However, scenarios 1 and 2 are plainly excluded as being
plausible due their large overestimate of PHCHO_PHOT. This

study provides the necessary first step to simulating photochem-
ical HCHO production before performing a study with greater
detail using more advanced modelling techniques because it
eliminates the most simplistic descriptions of the interaction

between OH� and OM (such as in scenarios 1 and 2 in part two).
It emphasises the requirement to consider themicro-environment
in ice in a suitably accurate manner, and highlights the worth of

the new laboratory measurements to improve understanding of
surface layer photo-fragment dynamics. Using a simplistic
model has allowed us to efficiently explore a wide range of

different assumptions and uncertainty parameter space. How-
ever, further study is required to verify the assumptions of
scenario 3 and to support more advanced modelling efforts.
Specifically, more detailed speciated measurements of the OM

need to bemade at the South Pole in addition tomeasurements of
OH� within the firn air. The distribution of OMwithin ice grains
needs to be characterised to determine its separation from the

interstitial air. The distribution of OH� precursors within ice
grains also needs to be determined as this determines the surface
OH� production efficiency. Laboratory studies need to be under-
taken to investigate HCHO production on ice surfaces under a
range of different conditions.

Although physical desorption adequately describes the bulk

of the HCHO snowpack flux, consideration of the more minor
chemical HCHO fluxes from within the snowpack is important
for several reasons. HCHO fluxes have been demonstrated to
influence local oxidation capacity and photochemistry in the

South Pole boundary layer. The origin of two of the HCHO flux
sources (Eqns 3, 7) could have implications for chemical tracers
stored in the ice core record. First, the Yablokov mechanism

presents a plausible hypothesis for why no CH3OOH has been
observed above the limit of detection within snow at the South
Pole despite Henry’s law predicting much higher concentra-

tions. Second, the oxidation of OM by OH� proceeds at a
sufficient rate at its maximum to affect OM preservation on
the monthly timescale. In addition, demonstration of oxidation

Chemical production of HCHO in the South Pole snowpack
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of OM by OH� produced from NO3
� and H2O2 photolysis could

have implications for the wider troposphere because these
processes could feasibly occur in aerosols.

We would now like to summarise the assumptions used

throughout this work, to characterise the uncertainties associa-
ted with these assumptions and to describe to what degree our
results are sensitive to them. It should be noted that one objective
of this work was to explore the uncertainty parameter space

associated with some of these assumptions. We discuss the
implications of the associated sensitivity studies below too.

We first address the overall theoretical structure used to

describe the fluxes and production rates within the framework
we use. The overall theoretical premise, using diffusion con-
trolled transport combined with concentration gradients to drive

air–snow fluxes under steady-state conditions, is sound. Indeed,
we discountedwind pumping as being amajor controlling factor
on air–snow exchange for the empirical data we used, but it
should not be excluded from more complex models. Further-

more, the steady-state assumption has also been validated
empirically. Under the steady-state assumption, surface losses
are discounted because at equilibrium, trace gas losses due to

surface deposition onto ice grains are equal to the rate of
re-evaporation. This assumption would break down under
conditions of changing temperature though, which would have

to be considered in a more complex model.
We relied on using the mean observed fluxes and concentra-

tion gradients to derive key parameters. We believe these mean

observed fluxes and gradients are consistent with one another,
and therefore we can adequately describe the mean case, but in
using themwe hugely simplified reality. This simplification was
a necessary step in order to create a model that could feasibly

address the parameter space of uncertainty. One further point of
discussion is that the observed mixing ratios of HCHO and NOx

within the firn air probably represent a lower bound because the

measurement technique probably drew air into the snowpack
from the boundary layer. We now discuss the uncertainty
attached to the key parameter Vair. We showed that the uncer-

tainty for the estimation of Vair could be as high as 17%. Note
too that this uncertainty extends to the variables that depend on
it, i.e, FE, PHCHO and PHCHO_PHOT, and thus affect the propor-
tions ofPHCHO that ourmodelled fluxes can explain. Finally, the

estimate of PF should be considered to carry significant uncer-
tainty due the stated need inHutterli et al.[15] to further verify the
results of the shading experiments. However, the PFwould have

to be substantially different by an order of magnitude in order to
invalidate the proposedmechanism of HCHO production in part
two, scenario 3 and no plausible estimate of PF would validate

scenarios 1 and 2.
The next issue is regarding our estimation of OH� in the

snowpack in a steady-state. There is uncertainty in this estima-

tion due to our reliance of the mean observed mixing ratios and
concentrations of various OH� sinks (NOx, NMHCs, OM, etc.),
due to our extrapolation of column OH� production rates to the
production at 10-cm depth, and due to potential interaction with

ice surfaces. Our results in part two are not directly sensitive to
the steady-state OH� concentration that we derive, but they are
strongly sensitive to the OH� production rate at the surface of ice
grains because this limits the oxidation of OM in our model. The
main source of uncertainty on the OH� production rate at the
surface of ice grains is the distribution of H2O2 and NO3

�within

the ice, and we explored the model’s sensitivity using a range of
possible assumptions. Further workwill be needed to reduce this
uncertainty and further understand the distribution within ice of

these OH� sources. There is however good support for our

assumed NO3
� distribution in ice from observations of its

tendency to accumulate at ice grain boundaries and from
laboratory measurements.[24,34,35] Future work seeking to

address the oxidising capacity due to OH� within the snowpack
through either measurements of its production and losses, or by
direct observation would add support to this work too. The next
uncertainty that we discuss again relates to scenario 3 in part two

and it is the speciation and abundance of the OM detected in the
snowpack. Although there is some uncertainty surrounding the
OM composition, we showed that for two analogue species our

results were not greatly sensitive to this issue. However, again in
part two scenario 3, our results were sensitive to the concentra-
tions of OM within the snowpack, which would affect our

conclusions regarding PHCHO_PHOT. However, the OM concen-
trations would have to be two orders ofmagnitude lower thanwe
considered for this to have a noticeable effect.We also used only
one observation of OM within our model. Therefore, future

work studying the amount of OM present within the South Pole
snowpack would be beneficial. The results in part one were
sensitive to the acid solute distribution, but there are strong

theoretical grounds for supposing that acid solutesmigrate to the
ice grain boundaries. At various points in the work we used
photolysis rates within the snowpack estimated using the TUV

model for surface conditions at the South Pole. Although there is
some uncertainty due to this assumption and these estimates
likely represent an upper bound on the photolysis rates our

results were not sensitive to them. Finally, in part one we were
not able to constrain the concentration of CH3OOH within ice,
and our results in part one B(ii) were sensitive to this as the
sensitivity study showed. Further study with more sensitive

instruments that can detect CH3OOH in melted ice samples will
be required to lower this uncertainty.
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