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Abstract

Acetaldehyde and acetone were measured in the seasonal snowpack near Alert (Nunavut, Canadian Arctic) in
February and April 2000. Acetaldehyde concentrations in fresh surface snow in February were about 2.5 ppbw,
decreasing to 1ppbw after several days, while gas-phase acetaldehyde was about 75pptv. Values for aged layers
were 1.3-2.6 ppbw. In April, values for fresh snow were 5-10 ppbw, decreasing to 1-4 ppbw after several days (gas-
phase values were around 230 pptv). Values for aged layers were in the range 0.7-3 ppbw. Snow-phase acetaldehyde
represented 67% of the (snow + atmospheric mixing layer) system in winter and 94% in spring. Preliminary acetone
measurements yielded values 1.5-3 ppbw in surface snow several days after deposition. To understand the kinetics of
exchange of acetaldehyde between the air and the snow, its mechanism of incorporation in snow was investigated.
Surface incorporation by adsorption, and volume incorporation by dissolution were considered. Winter and spring
measurements showed very different trends, and spring concentrations were higher than winter ones, which is contrary
to thermodynamic expectations. The photolytical production of acetaldehyde in the snowpack is proposed as an
explanation. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction and that NO, was photochemically produced in the

snowpack (Honrath et al., 1999) indicate that the

Low molecular weight aldehydes (RH(C=0)) and
ketones (RR’/(C=0)) are ubiquitous volatile organic
compounds in the Arctic atmosphere (Barrie et al., 1988;
Bottenheim et al., 1990; De Serves, 1994; Shepson et al.,
1996). Recent observations that formaldehyde (HCHO),
acetaldehyde (CH3;CHO) and acetone ((CH;3),CO) were
elevated in snowpack interstitial air (Couch et al., 2000)

*Corresponding author. Tel.: +33-476-82-42-69.
E-mail address: florent@glaciog.ujf-grenoble.fr (F. Dominé).

snowpack is chemically active and that it can release
carbonyl compounds to the troposphere. Such a source
may explain why their Arctic tropospheric concentra-
tions cannot be explained by considering only (i) gas-
phase oxidation of hydrocarbons as the main source and
(ii) photolysis and radical oxidation as the main sinks
(Shepson et al., 1996; Sumner and Shepson, 1999).
Although gas-phase formaldehyde (Bottenheim et al.,
1990; De Serves, 1994; Shepson et al., 1996; Sumner and
Shepson, 1999; Hutterli et al., 1999), acetaldehyde and
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acetone (Yokouchi et al., 1994; Shepson et al., 1996)
have been measured in the Arctic, only formaldehyde
has been measured in the snow-phase (Sumner and
Shepson, 1999; Hutterli et al., 1999). One reason for this
is the lack of an analytical method able to measure
the very low concentrations expected for acetal-
dehyde, acetone, and other carbonyls in polar snow.
Here we report the first measurements of CH;CHO and
(CH;3),CO in Arctic snow, using the novel method
described in Houdier et al. (2000). These measurements
were performed at Alert (Nunavut, Canadian Arctic,
82°29.94'N, 62°20.55'W) during the ALERT2000 field
campaign. Our goals were to determine the partitioning
and to understand the mechanism of exchange of light
carbonyls between the atmosphere and the snowpack.
This required the investigation of the incorporation
mechanism of carbonyls in snow, which we attempt to
elucidate to facilitate the parameterization of air—snow
interactions in atmospheric chemistry models.

2. Methods
2.1. Sampling and stratigraphy

All measurements were conducted from 8 to 20
February (winter campaign) and from 12 April to 1
May (spring campaign). Analyses were performed in the
FTX building (82°27.28'N, 62°29.69'W), located on a
plateau ~180m a.s.l. and 5.4km SW of the Alert base.
The main sampling site was 300m SE of the FTX

Table 1

building and is hereafter identified as site A. Sampling
there was done at several locations having similar
stratigraphies and being distant by only a few meters.
Some samples were also collected 10m South of the
FTX building (hereafter: FTX site).

Snow layers were separated into two types: recent
surface snow and deeper, aged snow layers, because the
compositions of aged layers were found to be fairly
stable, while those of surface layers varied rapidly with
time. Surface layers were designated by their dates of
deposition (e.g. 3 February snowfall). For convenience,
layers were numbered from bottom to top, with the
letter W or S referring to the winter or spring snowpack,
respectively. The winter and spring snow stratigraphies
at site A are reported in Table 1. Additional details are
found in Dominé et al. (2002). The surface layers studied
were the 3 February (3W) and 7 February (4W)
snowfalls in the winter campaign and the 13-14 April
(7S) and 25-28 April (8S) snowfalls in the spring
campaign, as well as both thin snow layers deposited a
few days or weeks before the spring campaign, hereafter
called crusted (6S) and loose (5S) surface snow layers.
These surface snow layers were sampled every 1 or 2
days. Deeper snow layers (1W, 2W and 1S-4S layers)
were sampled less frequently.

2.2. Analytical procedure
Formaldehyde, acetaldehyde, and acetone in melted

snow were measured using DaNSyl-Acetamido-Oxy-
Amine (DNSAOA) as derivatizating agent (Houdier

Total acetaldehyde in the winter snowpack, before 22 February, and in the spring snowpack, before layer 8S formed on 25-28 April

Snow layer Layer number Thickness (cm)

Density (zecm ) [CH3CHOlsnow

CH;CHO
(ppbw) Snowpack
loading (ngcm™2)

Contribution (%)

Winter snowpack

7 February fall  4W 1 0.08

3 February fall  3W L.5 0.15
Hard 2W 15 0.48
Depth hoar W 8 0.22
Total 25.5

Spring snowpack

13-14 April fall 7S 0.3 0.16
Crusted 6S 1 0.16
Loose 58 1.5 0.16
Semi-hard 4S 10 0.4
Soft 3S 5 0.3
Hard 2S 12 0.48
Depth hoar 1S 8 0.2

Total 37.8

1 0.08 0.81
1 0.225 2.28
1 7.2 72.87
1.35 2.376 24.05
9.9 100
4.5 0.216 1.16
4 0.64 3.43
3.8 0.912 4.89
1.7 6.8 36.48
1.7* 2.55 13.68
1 5.76 30.90
1.1 1.76 9.44
18.6 100

#Not measured. Concentration assumed to be identical to semi-hard snow.
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et al., 2000). The oxime ethers formed were separated by
reversed-phase high performance liquid chromatogra-
phy (HPLC) and detected by fluorescence spectroscopy.
The analytical reproducibility, mainly determined by the
uncertainty in determining the slope of the calibration
curve, was better than 20%. The detection limit for each
carbonyl was 0.1-0.3ppbw depending on the initial
purity of the DNSAOA reacting solution.

2.3. Snow chemical heterogeneity and contamination

To detect a possible spatial heterogeneity of the snow,
each layer was sampled at least three times (up to six
times). Most triplicate samples were characterized by
homogeneous HCHO concentrations (Perrier et al.,
2002) but strong variations were often observed for
CH;CHO, which are attributed to contamination while
preparing the reacting solution. Data therefore had to be
filtered. Contamination appeared to be random and to
affect 3040% of samples. A limit was set on the
maximum variability within a set of triplicate samples.
Somewhat arbitrarily, we rejected values that were more
than 1.3 times higher than the lowest value of a given set
of samples. It is possible that all three samples from the
same sampling were contaminated. Time series of
[CH3CHOJ,,0w displayed trends, and values more than
50% greater than the general trend were rejected.
Positive error bars shown are the standard deviation.
When only one data point was retained, no positive
error bar is reported. Negative error bars are difficult to
determine when there is contamination. Here, they are
the difference between the highest and lowest non-
rejected values. When only one point was used, the
negative error bar was the difference between the
retained value and the lowest non-retained value. This
does not fully respect the actual definition of error bars,
but it is meant to give an idea of the extent of
contamination, which is a greater source of uncertainty
than usual instrumental errors.

Table 2
Acetaldehyde concentrations in deep layers at site A

2611
3. Results

3.1. Acetaldehyde in the snowpack: concentration and
evolution

3.1.1. Aged snow layers

Two aged layers, i.e. depth hoar (1W) and hard wind-
packed (2W), were identified during the winter campaign
(Dominé et al., 2002). These layers were still present in
spring (1S and 2S), when two additional layers, (3S) and
(4S), were also observed. The [CH3CHO],, data for
these layers are given in Table 2. The value of 1.15 ppbw
measured for depth hoar in April (1S layer) is similar to
those measured in winter, 1.36 and 1.37 ppbw, suggest-
ing that the composition of this layer was homogeneous
and that it did not change between both campaigns. Its
homogeneity may be due to the intense water vapor
remobilization needed to form depth hoar (Marbouty,
1980). The seasonal difference observed for hard snow
(2W and 28 layers) is probably due to the strong spatial
variability of this snow layer, which was formed by
several precipitation and wind blowing events (Dominé
et al., 2002). This is supported by observations of large
standard deviations in HCHO and ionic concentrations
observed in this layer (Perrier et al., 2002; Dominé et al.,
2002). [CH3CHOJspow in the semi-hard (4S) layer were in
the range 1.5-3 ppbw.

3.1.2. Surface snow layers

The time evolution of [CH3CHO];, in surface layers
are reported in Figs. 1-3. The evolutions of the specific
surface area (SSA) of the snow are also reported to
facilitate the discussion of the incorporation mechanism
of CH5;CHO in snow.

[CH3CHO] pow in the 7 February layer (4W, Fig. 1),
decreased from ~2 to ~1ppbw within the first 5 days
following the first sampling, on 9 February. After this
initial decrease, a steady-state concentration of about
1 ppbw was reached. The slightly higher value of 18

Snow layer Layer number Sampling date [CH3CHOlsn0w Positive error bar Negative error bar
(ppbw) (ppbw) (ppbw)

Hard 2w 9 February 2.36 0.08 0.11
Depth hoar W 10 February 1.36 0.16 0.23
Depth hoar 1w 13 February 1.37 0.23 0.23
Semi-hard 4S 14 April 2.05 0.13 0.19
Semi-hard 4S 14 April 1.51 0.49
Hard 2S 14 April 1.05 0.11 0.2
Semi-hard 4S 21 April 2.96 1.22 1.22
Hard 28 21 April 0.66 0.06 0.09
Depth hoar 1S 21 April 1.15 0.16 0.31
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Fig. 1. [CH3CHO]0w (closed symbols) and specific surface
area (SSA, open symbols) for the 7 February snowfall (4W
layer, top panel) and for the 3 February snowfall (3W layer,
bottom panel). Samples were collected at site A.
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Fig. 2. [CH3CHO]u0w (closed symbols) and SSA (open sym-
bols) for the 13—14 April snowfall (7S layer, top panel) and for
the 25-28 April snowfall (8S layer, bottom panel). Samples were
collected at site A.

February could be due to a slight contamination. The
observed decrease suggests an initial concentration of
~3.5-4ppbw just after deposition. The formation of
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Fig. 3. [CH3CHO] 0w (closed symbols) and SSA (open sym-
bols) for the crusted layer (6S layer, top panel) and for the loose
layer (5S layer, bottom panel). Samples were collected at site A.

surface hoar on top of the 4W layer began to be visible
on 13 February. Cabanes et al. (2002) estimate that
surface hoar accounted for about 10%, 25% and 50% of
the mass of this layer on 13, 18 and 20 February,
respectively. Since [CH3;CHO]q,0y did not change much
between 13 and 20 February, we assume that
[CH3CHO]sp0w for surface hoar was close to 1ppbw.
This is supported by the analysis of hoar frost growing
on guy wires, that had 1.3 ppbw of CH;CHO. The 3
February (3W) snowfall was first sampled 6 days after
its deposition: at that time [CH3CHOJ,, had already
reached a steady-state value of also about 1ppbw
(Fig. 1).

Similar trends can be observed in Fig.2 for both
spring snowfalls: 13—-14 April (7S) and 25-28 April (8S)
layers. [CH3CHO],0w decreased from ~10 to ~4—
Sppbw within the first 4 days after the 13-14 April
snowfall (Fig. 2, top). As already observed for the 4W
layer, surface hoar progressively grew on top of the
13-14 April (7S) layer. Dominé et al. (2002) estimate
that surface hoar made up about 25% and 80% of
the mass of this layer on 17 and 19 April, respectively.
Again, as [CH3CHO],,ow did not change significantly
between these two dates, we assume that [CH3;CHO], 0w
for surface hoar was near 4 ppbw. Although the 25-28
April snowfall (8S) episode was very complex (variable
wind speed and direction, riming, rapid modification of
the snow crystal shapes after deposition, see Cabanes
et al., 2002), [CH3;CHO],0w shows a similar trend,
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decreasing from about Sppbw to about ~1.5ppbw
in a few days (Fig. 2, bottom). As observed also for
HCHO (Perrier et al., 2002), initial and steady-state
[CH3CHOJ;p0w measured during this episode were about
half of that observed for the 7S layer. This episode was
characterized by higher temperatures (7= —15°C) and
by a rapid drop of HCHO and CH3;CHO mixing ratios
associated with ozone destruction by bromine chemistry
(Bottenheim et al., 2002).

In the period between 12 and 22 April, almost
constant [CH3CHO]g,0w Were measured in both subsur-
face layers (5S) and (6S) (Fig. 3). Although the dates of
deposition of these layers is unknown, Dominé et al.
(2002) estimate that they were several days to 2 weeks
old at the beginning of the sampling period and had
probably achieved, on 12 April (first sampling), the
evolution that we observed for fresh snow. We also note
that the ~4 and ~3.5ppbw mean concentrations
measured for 6S and 5SS layers, respectively, are
comparable to the steady-state concentration measured
in the 7S layer several days after the 13-14 April
snowfall.

In summary, [CH3CHO],0w in surface layers decrease
rapidly within 3-5 days after the snowfall to reach a
steady-state concentration of ~1ppbw in the winter
and, except during low ozone episodes, 3.5—4 ppbw in
the spring. Interestingly, these decreasing trends resem-
ble those observed for HCHO at Summit, Greenland, in
summer (Hutterli et al., 1999) and at Alert in the spring
during this campaign (Perrier et al., 2002). Note,
however, that in winter HCHO measurements do not
indicate such an initial decrease (Perrier et al., 2002),
while CH;CHO measurements do.

3.2. Acetone in the snowpack: preliminary results

To the best of our knowledge, acetone has never been
measured in snow. Acetone is less reactive than light
aldehydes with derivatization agents used. Here, reac-
tion times of at least 5-7 days were required (Houdier
et al,, 2000) and only a few samples were analyzed

Table 3

during the spring campaign, to yield preliminary data
(Table 3).

Concentrations in surface snow, in the range
1.5-3.1 ppbw, seem to be higher at the FTX than at
site A. High values were also recorded at this site for
CH;CHO but each set of samples was characterized by a
very strong variability that forced us to discard those
data. A contamination caused by the proximity of
the building is possible, although it was not observed for
HCHO. The snowpack at the FTX was much thicker
than at site A, because of wind effects around the
building. This may have affected acetone concentra-
tions, but our understanding of acetone-snow interac-
tions is not sufficient to elaborate on this point. As
illustrated by the relatively low standard deviation, no
contamination was encountered for acetone. Interest-
ingly, the FTX data suggest a slightly higher nighttime
concentration in surface snow, but data are too sparse
and this observation will need further confirmation.

4. Discussion

4.1. Acetaldehyde snowpack loading and snow-boundary
layer partitioning

By using the mean thickness, densities and steady-
state [CH3CHOJs,0w of the different layers, the total
acetaldehyde loading per surface unit of the snowpack
was calculated, and found to be 10 and 19ngem =2 of
snow in winter and spring, respectively (Table 1).
Surface snow layers, which may exchange more rapidly
with the atmosphere, contribute only ~3% and ~9%
to the total loading of the snowpack in winter and
spring, respectively.

The partitioning of CH;CHO between the atmo-
spheric mixing layer (ML) and the snowpack can be
determined from our data and gas-phase measurements.
For a highly stable atmosphere such as that generally
observed during ALERT 2000, the height of the ML for
CH;CHO can be approximated by the vertical distance
the molecule can diffuse in one lifetime (Guimbaud et al.,

Acetone concentrations in surface snow layers in the spring. Time is EST (GMT-5)

Snow layer Layer number Sampling site Sampling date [(CH3)2COlsnow Standard deviation
(ppbw)
Crusted 6S A 12 April, 15:00 1.61 0.10
Loose 5S A 12 April, 15:00 1.51 0.05
Loose 5S A 12 April, 16:00 1.62 0.11
13-14 April fall 7S FTX 19 April, 14:30 2.55 0.15
Crusted 6S FTX 19 April, 14:30 2.00 0.14
13-14 April fall 58 FTX 20 April, 3:30 2.70 0.37
Crusted 6S FTX 20 April, 3:30 3.05 0.25
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2002). As discussed by Guimbaud et al. (2002), assuming
an atmospheric lifetime of 19h and an eddy diffusivity
coefficient K. =95cm?s!, the mixing height was
H =25m for CH3CHO in mid-April. In the dark
period the lifetime of CH;CHO, mainly determined by
physical removal processes, is longer than several tens of
days, which allows the mixing of CH3;CHO within the
winter inversion layer. The spring-time height of the
inversion layer at Alert was 400m (Guimbaud et al.,
2002). In the winter, convection is reduced because the
atmospheric temperature gradient is stronger, and we
postulate a 300m thick ML in winter. Assuming
homogeneous Pcp,crno throughout the ML, and using
mean values of 74ppt (Pt = latm, Tpean = 238K
Guimbaud et al., 2002) in winter and 228 ppt in spring
(Pior = latm, Tiean = 248 K; Boudries et al., 2002),
we calculated that 67% and 94% of the CH;CHO in
the (snow+ ML) system was in the snowpack in winter
and spring, respectively. Most of the CH3;CHO in
the (snow+ ML) system is then sequestered in snow.
Even in the absence of chemical production in the
snowpack, physical exchanges of CH3;CHO between
the snow and the ML has the potential to impact
lower tropospheric chemistry. Understanding and quan-
tifying these potential exchanges requires the under-
standing of the mechanisms of incorporation of
CH;CHO in snow.

4.2. Incorporation mechanisms of acetaldehyde in snow

4.2.1. Mechanism assumptions

Acetaldehyde in snow can be incorporated either by
(i) adsorption onto the surface of precipitating snow
crystals; (ii) dissolution in the ice volume with the
formation of a solid solution at thermodynamic
equilibrium (SSE); (iii) dissolution into the ice volume
governed by Kkinetic processes, rather than equilibrium;
(iv) a combination of several of the above three
mechanisms (Dominé et al., 1995; Dominé and Thibert,
1996; Bales and Choi, 1996; Thibert and Dominé, 1997,
1998). These mechanisms lead to three different
equations that relate the mole fraction of CH;CHO in
snow (Xcu,cHo) to other chemical and physical para-
meters. These equations are listed below, and the reader
is referred to Perrier et al. (2002) for details regarding
their derivation. Egs. (1)—(3) apply to mechanisms (i),
(ii) and (iii), respectively,

n AH
Xcmyeno = A SSA(Pepcro) /" exp (=2 ), (1)
nRT
. (AH
Xewycno = A'(Pen,cno) " exp( — ), ©)
n'RT

Pch;cno %cHscHo | Mu,o
XcH;cHO = , 3)
Pu,o om0 \ Mcuscho

where T is temperature, SSA the specific surface area of
snow, Pcu,cuo the CH3;CHO partial pressure, A and A’
constants, n and n’ the number of entities created by the
adsorption/dissolution of CH3CHO on/in the ice sur-
face/volume (Thibert and Dominé, 1997), AH,4s and
AHyg,, the molar enthalpies of adsorption and sublima-
tion of CH3CHO on/from ice, « is its mass accommoda-
tion coefficients on ice and M its molar masses. Each
possible mechanism can be tested using Egs. (1)-(3).

4.2.2. Adsorption

This hypothesis was tested by plotting, following
Eq. (1), Ln(JCH3CHO], .. /(Pcuscao X SSA)) as a func-
tion of 1/T (Fig.4). If CH3CHO is located on the
surface of ice crystals then, assuming linear adsorption
isotherms, the plot must be linear. Because CH;CHO is
not expected to dissociate on the ice surface we assumed
n =1 in the calculations, implying that CH;CHO does
not create defects on the ice surface (Thibert and
Dominé, 1997). Assuming that equilibration with the
atmosphere occurs within 1-2h or less, all the surface
snow-phase [CH3;CHO],,,w data obtained were used.
When sampling times for Pcp,cno and [CH3;CHO]guow
were <1h apart, the data point for Pcu,cro (Boudries
et al.,, 2002) closest to the sampling time was used.
Otherwise, 24 h averaged Pcuh,cno values were used. A
constant Pcy,cro value of 74 pptv (the average value of
the less numerous winter data) was used for winter
(Guimbaud et al., 2002). Temperatures, measured at the
GAW laboratory, 460m South of the FTX building,
were averaged over the hour that preceded sampling.
SSA values at the time of snow sampling were
interpolated from the data shown here.

Fig. 4 shows that this hypothesis gives a linear fit with
a good correlation coefficient (R?> = 0.70, 40 data points)
with spring data only. A molar enthalpy of adsorption
of AH,qs = —58.2kImol~! is derived from the slope of
the least-square fit. AH,qs of CH3CHO on ice is
unknown but the value of —58.2kJmol~' found here
is fairly close to that determined by Schaff and Roberts
(1998) for (CH;),CO at 140K: —40kJmol '. Picaud
et al. (2000), using molecular dynamics at 0 K, obtained
AH,qs (acetone on ice)=—49kJ mol ™. Acetaldehyde is
more polar than acetone and a slightly higher energy is
reasonable and could be explained by 2-3 H-bonds.
Considering spring data alone, adsorption then appears
to be a reasonable mechanism to explain the incorpora-
tion of CH3;CHO in snow.

This hypothesis breaks down when the lower winter
values are added to the spring data, and using all data
yielded R?> = 0.12 with 67 data points. Furthermore,
Fig. 4 shows no correlation by considering winter data
only, possibly because the temperature range in winter
was narrower than in spring. Another reason may be
because Pcu,cHo were not as well known in winter.
Thus, one cannot definitely rule out that winter data
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Fig. 4. Arrhenius-type plot to test the adsorption hypothesis.
We assumed n = 1. Pcy,cuo data were from Boudries et al.
(2002). Pcu,cuo in winter was assumed to be constant at
74 pptv. Temperatures, 1h averaged, were measured at the
GAW laboratory. SSA values at the time of sampling were
interpolated from the data of Cabanes et al. (2002). Closed
diamonds are the April data. Open circles are the February
data. The solid line is the linear regression curve for April data.
The dashed line is the linear regression curve for both April and
February data.

alone would have shown a reasonable linear Mfit.
Figs. 1-3 also show that [CH3CHO],0w 1s correlated
with SSA, which does suggest that adsorption may be
involved.

Nevertheless, the winter data of Fig. 4 are far removed
from the spring least-square fit. This suggests that either
different incorporation mechanisms are involved in
winter and spring or/and that there is an additional
spring-time source of CH;CHO in snow.

4.2.3. Solid solution at equilibrium (SSE)

To test for the SSE hypothesis (Eq. (2)) we have
plotted in Fig. 5 In([CH3CHO],,,./(Pcu,cHo)) as a
function of 1/T. We used #n' =1 in the calculations.
Long equilibration times are required for volume
processes. Even though the diffusion coefficient of
CH;CHO in ice, D, has never been measured, data exist
for other molecules. Those of HCl and HNO; (Thibert
and Dominé, 1997, 1998) and the self-diffusion of water
in ice (Hobbs, 1974) are in the range 10~ '>~10"'%cm?s ™!
for the temperatures of interest here, and we assume that
D falls within this range. The diameter of the hollow
columns and bullets of the snow falls of the 3 February
(BW) and of 13-14 April (7S) layers were about
50-80 um, (Dominé et al., 2001; Cabanes et al., 2002)
so that the diffusion distance for equilibration was about
x = 30 pm. The time constant for diffusion, given as ¢ =
x?/D, was then 1-100 days, depending on the value of D.

Volume equilibration will then be much longer than
surface equilibration and only steady-state values of
[CH3CHOJsp0w were selected for the plot of Fig. 5.
Pcu,cno and T were 24h averaged to account for the
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Fig. 5. Arrhenius-type plot for SSE hypothesis calculated by
using steady-state [CH3;CHOl,ow. 24h averaged Pcp,cho and
T and n = 1. Closed diamonds are the April data. Open circles
are the February data. The solid line is the linear regression
curve for April data.

long equilibration time scales. As in Fig. 4, this
hypothesis gives a linear fit with a good R? coefficient
(R* = 0.89, 20 data points) with spring data. This good
correlation is lost when winter data are included
(R*>=0.13, 30 data points). AHg,(CH;CHO from
ice)=67kImol ™! can be derived from the spring plot.
Thibert and Dominé (1997, 1998) observed that, for HCI
and HNO;, partial molar enthalpies of evaporation
from water, AHc,p, and partial molar enthalpies of
sublimation from ice, AHg,,, were fairly close. For
instance, they measured for HCIl, AHg,,(HCIl) =
63.7kJmol™" (Thibert and Dominé, 1997) whereas
AHeyp(HCI) was about 74kJ mol~" (Fritz and Fuget,
1956). It is thus interesting that our value of AHy,, is
fairly close to the partial molar enthalpy of evaporation
of CH3CHO: AH.y, = 52.240.2kJmol™! (Betterton
and Hoffmann, 1988), suggesting that incorporation of
CH;CHO in a SSE is also a possibility. The winter
values, that are lower than the spring fit, again suggest
that either different incorporation mechanisms are
involved in winter and spring or that there is an
additional spring-time source of CH3;CHO in snow.

4.2.4. Solid solution ruled by condensation kinetics

We finally examined the hypothesis of the formation
of a solid solution ruled by condensation kinetics
(Eq. (3)). The mass accommodation coefficient of
CH3;CHO on ice is unknown. To test the validity of
Eq. (3), we calculated the ratio acp,cno/om,0. If the
hypothesis is correct, ocp,cuo/om,0 should be the
same for all snow layers, except for a possible
temperature dependence. This ratio was calculated using
[CH3CHOJ,0w measured for two fresh snowfalls and
one winter hoar frost samples. Assuming that, on 19
April, the very surface layer was mostly composed of
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surface hoar, we also calculated the ocy,cno/om,0 ratio
for that layer. Data for Pn,o were calculated at the
elevation where the ice crystal formed, which was
determined from temperature and relative humidity
vertical profiles (Cabanes et al., 2002) and from ground
values for surface hoar and hoar frost. The lack of
CH;CHO vertical profiles forced us to assume that
Pcu,cuo at the height where the snow formed was
similar to the ground value. Initial [CH3CHO],,,, for
the 7 February (4W) snowfall was extrapolated to the
date of the precipitation i.e. to ~4 ppbw on 7 February.
Since the 13-14 April (7S) snowfall was first sampled a
few hours after the snowfall the value determined on 14
April was used.

The calculated ocp,cno/om,0 ratios obtained for the 7
February and 13-14 April snowfalls were 0.0126 and
0.0339, respectively. Both these values are within a
factor of 2.7 of each other which is reasonable
considering the approximations made, especially on
the vertical profile of CH;CHO. The value obtained for
the hoar frost of 16 February was 0.0023, while that for
the surface hoar of 19 April was 0.0055. Both hoar
values are within a factor of 2.3 of each other, which
may also be considered reasonable, considering that
Pcu,cno right at the snow surface may have been
different from the values measured 1 m (Guimbaud et al.,
2002) or 2m (Boudries et al., 2002) above the snow.
However, hoar values and precipitating snow values
differ by a factor of up to 15, implying that it is unlikely
that [CH3CHOJ,0w can be explained by condensation
kinetics for both precipitating snow and surface hoar.
This process may, however, apply to one of these snow
types. According to Dominé and Thibert (1996),
condensation kinetics is more likely to apply to fast
growing ice. The growth rate of surface hoar is much
slower than that of snow in the atmosphere. Several days
were required to observe surface hoar crystals that
reached the size of precipitating snow, that forms in a
few hours, and we conclude that condensation kinetics
may explain the composition of precipitating snow, but
not that of surface hoar. This is consistent with the
observation that on 19 April, the composition of the 7S
layer was the same as that of both underlying 6S and 5S
layers. On 19 April, this very surface layer was mostly
composed of surface hoar (Cabanes et al., 2002) and its
concentration is then close to the steady-state value of
other layers, that may be the equilibrium value.

It is also noteworthy that acp,cao/on,0 ratio for both
fresh snow and surface hoar are higher in spring than in
winter. Again, we come to the conclusion that either
different processes are involved in winter and in spring,
or that an additional process is involved in the spring.

4.2.5. Preliminary interpretations
In summary, the three incorporation mechanisms can
each explain a fraction of the data. Surface incorpora-

tion is consistent with all the spring data. Equilibrium
volume incorporation is consistent with steady-state
concentrations of spring surface snow. Kinetic volume
incorporation is consistent with fresh snow data. No
single mechanism can explain all the data, indicating
that a combination of these three mechanisms is
involved or that processes not envisaged come into
play. Given the lack of data on the physical parameters
describing the interactions of CH3;CHO and ice, we
cannot construct a valid incorporation model that
would explain all the data. The presence of an extra
source of CH3CHO in the spring is suggested by most of
our data (Figs. 4 and 5) and deserves further discussion.

Photolysis of an organic precursor is possible. From
gas-phase measurements, Sumner and Shepson (1999)
suggested that HCHO was photochemically produced in
the snowpack and released to the atmosphere. One
postulated mechanism was the oxidation of organics
adsorbed on the surface or dissolved in the bulk of snow
grains by radicals such as Cl or OH, that were
photolytically produced in the snowpack. A similar
photolytical source has been postulated for CH;CHO or
higher carbonyls, also based on gas-phase measurements
(Guimbaud et al., 2002; Grannas et al., 2002; Boudries
et al., 2002).

It is then strange that snow-phase measurements of
HCHO do not indicate a photolytical source, while
snow-phase measurements of CH3;CHO do. This could
be due to the weak interaction of HCHO with the ice
surface. HCHO produced on the surface would then be
released to the gas phase, and will remain undetected in
snow. This is consistent with the conclusion of Perrier
et al. (2002) that HCHO is located in the ice volume, not
on its surface. On the contrary, we suggest that
CH;CHO has a strong affinity for the ice surface, so
that when CH3CHO is photolytically produced on an ice
surface, its residence time is sufficient to delay its release
to the atmosphere. Since production is continuous in the
spring, it leads to enhanced measured concentrations.
One way to reconcile winter and spring data, as shown
in Figs. 4 and 5, is to suggest that the correct value of
Pcu,cho in the spring would not be the atmospheric
values, but the snowpack values. Guimbaud et al. (2002)
show that snowpack values were up to 8 times higher
than atmospheric ones in the spring. A factor of 5 would
be sufficient to reconcile winter and spring data of
Figs. 4 and 5. Because of the large uncertainties on
Pcu,cho in snow, caused by mixing with atmospheric air
and other artefacts, this cannnot be fully tested, but
using the higher Pcp,cho values in snow would include
the photochemical production, and lead to the determi-
nation of equilibrium parameters valid for our whole
data set.

It is even possible that CH;CHO produced on the
surface diffuses into the ice volume. Yet another
possibility is that a precursor dissolved in the ice volume
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yields CH3CHO upon photolysis. Lastly, snow chem-
istry may be different in winter and spring, and melting
spring snow for analysis could produce CH3;CHO by
liquid-phase reaction of precursors that would be absent
in the winter, due to the different atmospheric chemistry
in the absence of sunlight. Although speculative, this
may also explain why contamination problems were
more severe in the spring.

4.3. Uptake mechanisms for acetone in snow

Our preliminary snow-phase acetone measurements
are insufficient to discuss the incorporation mechanism
of acetone in snow. Our data can be used to compare the
affinities of CH3;CHO and (CH;),CO for ice. Mean
spring P(ch;,),co were ~700pptv (12-24 April period),
i.e. about 3-4 times the mean Pcu,cno. Values for
[(CH3),COJsnow, however, were about half those of
[CH3;CHO]gp0w for surface layers. So the apparent
Henry’s law coefficient of acetone in ice is a factor of
6-8 smaller than that of acetaldehyde. This may also
indicate a smaller acetone photochemical production in
ice. It is also noteworthy that crusted (6S) layer
exhibited a 40% higher [(CH3),COJshow at midnight
than at noon which is compatible with rapid exchanges
with the atmosphere. This could be explained by
temperature-sensitive processes such as adsorption/
desorption but this is a preliminary conclusion.

5. Summary and conclusions

Acetaldehyde snow-phase concentrations were in the
range 1-4 and 1-10 ppbw during the winter and spring
campaigns, respectively. Snowpack acetaldehyde was
shown to represent 67% and 94% of the (snow+ ML)
system in winter and spring, respectively. As also
deduced for formaldehyde (Perrier et al., 2002), the
snowpack then has the potential to impact CH3;CHO
gas-phase concentrations. Acetone was measured for
the first time in Arctic snow and concentrations of
1.5-3 ppbw were obtained in the spring.

The mechanism of incorporation of CH;CHO in ice is
probably the result of several processes. While CH;CHO
concentrations correlate well with snow SSA both in the
winter and in the spring, incorporation of CH;CHO on
the ice surface only can be safely ruled out, as
equilibration of the surface with the atmosphere is
expected to be rapid, and the data of Figs. 4 and 5 show
a difference between winter and spring that cannot be
explained by adsorption only. The formation of a solid
solution at equilibrium (SSE) cannot either explain all
the data because spring-time concentrations are gener-
ally higher than winter time ones, which is contrary to
thermodynamics. A spring-time photochemical source

of CH3CHO in snow is a possible explanation of the
spring/winter difference.

Many assumptions had to be made to reach these
conclusions. Additional studies are required to reduce
their impact. Vertical CH3;CHO profiles should be
obtained. Analytical methods should also be improved.
Contamination problems were encountered when mea-
suring snow-phase acetaldehyde and its measurement in
the atmosphere remains difficult. Acetone measurements
in the snowpack must also be improved to allow an
easier monitoring of its concentrations. Laboratory
measurements of adsorption isotherms and mass accom-
modation coefficients of carbonyls on ice and their
solubility and diffusion coefficients in the ice volume are
necessary to interpret fully the present data, and to lead
to a physical model of carbonyl/ice interactions that can
describe air—snow exchange of carbonyls.
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