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ABSTRACT

Of the three primary atmospheric oxidants, hydroxyl radical, ozone, and hydro-
gen peroxide (H,O,), only the latter is preserved in ice cores. To make quantitative
use of the ice core archive. however, requires a detailed understanding of the phys-
ical processes that relate atmospheric concentrations to those in the snow, firn and
thence ice. The transfer processes for H,O, were investigated using field, laboratory.
and computer modeling studies. Empirically and physically based numerical algo-
rithms were developed to simulate the atmosphere-to-snow-to-firn transfer processes
and these models coupled to a snow pack accumulation model. The models. tested
using field data from Summit, Greenland and South Pole, indicate that H2O; is re-
versibly deposited to the snow surface, with subsequent uptake and release controlled
by advection of air containing H,O, through the top meters of the snow pack and
temperature-driven diffusion within individual snow grains. This physically based
model was successfully used to invert year-round surface snow concentrations to an
estimate of atmospheric H,0, at South Pole. Field data and model results clarify the
importance of accumulation timing and seasonality in determining the H2O; record

preserved in the snow pack. A statistical analysis of recent accumulation patterns at



South Pole indicates that spatial variability in accumulation has a strong influence

on chemical concentrations preserved in the snow pack.
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CHAPTER 1

Introduction

1.1 Scope of Research

In order to quantitatively interpret ice-core records of H;O, and other chemical
species as proxies for atmospheric concentrations, a physically based understanding of
the transfer processes from atmosphere-to-snow-to-firn-to-ice is required. H,O, was
chosen as the focus of this study both because of its importance in understanding
oxidation capacity of the atmosphere but also because it is seen as representative
of reversibly deposited species in general. This dissertation consists of four papers
that are associated with atmosphere-snow chemical transfer processes for H,O,. Two
papers address forward chemical transfer modeling where 1) an empirical model and
2) a physically based model were designed and used to simulate snow pit data at
Summit. Greenland and South Pole respectively. A third paper used a physically
based model to invert surface snow concentrations of H,O, at South Pole to an
estimate of the annual atmospheric concentration cycle. The final paper used year-

round. monthly accumulation data from South Pole to describe statistically how snow

accumulates there.
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1.2 Pertinence of Research

The oxidizing capacity of the atmosphere is a function of the atmospheric concen-
trations of ozone, hydroxyl radical, and hydrogen peroxide (H20,). It is important in
understanding past and future global climate change because the oxidation capacity
determines the atmospheric lifetimes of most trace gases. Models for investigat-
ing changes in atmospheric oxidation capacity require historical data for validation
[ Thompson, 1992]. While polar ice cores provide a detailed record of past changes
in atmospheric chemistry and meteorology [ Wolff, 1996], of the primary oxidants.
only H,O, is archived. To make use of the archive in the ice, however, requires a
detailed understanding of the transfer processes or functions that relate atmospheric
concentrations to those in the snow and firn and thence ice.

Most aerosols are irreversibly deposited to snow. That is, once deposited to the
surface through either wet or dry deposition, they are not emitted back to the at-
mosphere. Even for these non-volatile species, transfer processes are often highly
non-linear since deposition efficiencies can depend on such factors as precipitation
formation [Bergin et al., 1995], accumulation seasonality [Davidsen ct al., 1996] and
snow pack ventilation whereby concentrations can be enhanced or reduced by advect-
ing air [Harder et al.. 1996;: Cunningham and Waddington, 1993; Waddington et al..
1996].

Unlike aerosols, volatile species such as H,0,. formaldehyde, and organic acids

are reversibly incorporated in the snow because a fraction of the deposited mass of



these species cycles between the atmosphere and snow as precipitation ages and as
surface and near-surface conditions change [Legrand et al., 1996; Bales et al.. 1992:
Bales and Wolff, 1995].

Models of chemical transfer are most readily formulated in the forward direc-
tion, i.e., atmosphere-to-snow-to-firn-to-ice, and can help lead to an understanding
of the underlying physical processes [Waddington, 1996]. Bergin et al. [1996] devel-
oped a model for atmosphere-to-snow transfer through fog deposition and compared
simulations with surface samples at Summit, Greenland. In the first of two for-
ward modeling papers included in this dissertation, “A lumped parameter model for
the atmosphere-to-snow transfer function for hydrogen peroxide” [McConnell et al..
1997b] (Appendix A), we developed an empirical model to simulate atmosphere-to-
snow transfer and then used the model to simulate snow pit concentration profiles
at Summit. In the second forward modeling paper, “Physically based modeling of
atmosphere-to-snow-to-firn transfer of H,O, at South Pole” (Appendix B), we devel-
oped a physically based model and used this to simulate both year-round surface snow
concentrations and snow pit concentration profiles at South Pole. In the snow pit
applications of both models. a priori information on accumulation history was used.
Long term model simulations using synthetic accumulation records were used to in-
vestigate the preservation of H2O, at depth and the impact of annual accumulation

rate on preserved H,0,.
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The quantitative interpretation of an ice core record requires inverse, rather than
forward modeling, i.e., ice-to-firn-to-snow-to-atmosphere. Inverse models have been
used to estimate atmospheric concentrations for non-reactive gases such as methane
and halocarbons using measurements of firn air for recent atmospheres [Battle et al..
1996] and air bubbles trapped in ice for older atmospheres extending back as much
as 160.000 vears [Barnola et al., 1995; Chappelaz et al., 1990: Schwander. 1996].
In the third paper of this dissertation, “Physically based inversion of surface snow
concentrations of H,O, to atmospheric concentrations at South Pole” [McConnell
et al..1997¢] (Appendix C). we developed a physical model for diffusion in snow grains
and then. assuming that uptake and release of H,0, are driven by temperature and
atmospheric concentration. inverted year-round surface snow samples to an estimate
of the annual cycle in atmospheric H,0,.

Estimation of past atmospheric conditions and chemistry by interpretation of ice
core concentrations necessarily requires transformation from depth to time. Depth-
time curves are typically based on layer counting where peaks or troughs in seasonally
varying chemical species, dust, electrical conductivity, and stable oxygen isotopes
are used as time markers [Jouzel et al., 1983]. Known volcanic markers and bomb
fallout are used as long term controls in the layer counting [Zielinski et al.. 1994].
For lack of better resolution. intra-annual accumulation is usually assumed to be
linear between these annual markers but non-linearities in the intra-annual time-

depth relationship. as well as missing or indistinct annual peaks. greatly restrict the



quantitative interpretation of ice core chemical profiles, particularly for seasonally
varying species [Steig et al.. 1994]. Most chemical species of interest, including H,0,.
show strong seasonal variations [Beer et al., 1991; Fischer and Wagenbach, 1996].
Much of the temporal variability in snow accumulation that distorts the time-
depth relations comes from spatial variability in accumulation. This has been at-
tributed to redistribution of new snow by wind. Fisher et al. [1985] used ice cores
from Greenland and the Canadian Arctic to investigate core-to-core variability and
concluded that, especially for chemical species that diffuse in the snow pack, many
decades of averaging are required to sufficiently reduce the “noise” caused by this
spatial variability. In the fourth paper included in this dissertation. “Recent inter-
annual snow accumulation at South Pole: implications for ice core interpretation”
[McConnell et al., 1997a] (Appendix D). we used recent, year-round monthly accumu-
lation data from South Pole to first model monthly snow accumulation statistically

and then to investigate the implications of these statistics on ice core interpretation.
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CHAPTER 2

Summary of Important Findings

The methods, results, and conclusions of my research are presented in papers
appended to this dissertation. The following is a summary of the most important

findings presented in the four papers.

2.1 Summary of Paper #1: A lumped parameter model for the atmosphere-

to-snow transfer function for hydrogen peroxide

This was the first paper in the literature where an attempt was made to quan-
titatively synthesize field observations of atmospheric concentration, snow pit con-
centration profile, and snow accumulation data with laboratory results in a chemical
transfer model. The model. while empirical, included an atmosphere-to-snow trans-
fer component coupled to a snow pack simulation model. Three terms were used
to define the logarithm of the thermodynamic equilibrium partitioning relationship
between air and snow. A fourth parameter reflected the disequilibrium that may be

preserved because of rapid burial. A fifth term described the interaction of surface
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atmospheric conditions with already buried snow. The model was parameterized us-
ing objective comparison of simulations with three snow pit profiles, each spanning
1 year of accumulation at Summit, Greenland where an independent record of snow
accumulation for each pit was available from automatic snow depth gauges. The

major findings of this study follow.

(1) Interaction of the surface air diminishes very rapidly with depth.
Optimized model results indicated penetration depths of only about 0.024 m into
the snow pack in 0.033 years. While consistent with “retarded” diffusion concepts.
this penetration depth is far less than for more familiar, less reactive species such as

methane or carbon dioxide.

(2) Periods of rapid accumulation allow snow to be buried while still
well out of thermodynamic equilibrium. That is, the model confirmed previous
qualitative observations that summer layers in particular are preserved well out of
equilibrium while winter layers are preserved closer to equilibrium. Analysis of the
model optimization showed that. in agreement with grain diffusion modeling based
on laboratory data. snow formed at co-deposition will on average release about 85%

of its excess H,O, back to the atmosphere before burial.



(3) Accumulation seasonality plays a key role in determining the levels
of H,O, preserved in the firn record. When analyzed using the snow pack
accumulation model, the large variability in H,O, measured in the three snow pits.
each spanning the same vear and located no more than 30 km apart, demonstrated

that accumulation timing is a dominant factor in determining preserved H,0, levels.

(4) Because of this strong dependence on seasonality, atmosphere-to-
snow transfer modeling must include an independent estimate of accumu-

lation timing.

(5) The final preserved H,0; level is, to a significant degree, determined
by the annual accumulation rate. While empirical and tested on snow pits
spanning a single year. the model indicated that both the amplitude and mean of the

preserved H,O, depends on annual accumulation rate.

2.2 Summary of Paper #2: Physically based modeling of atmosphere-

to-snow-to-firn transfer of H.(), at South Pole

A physically based chemical transfer and snow pack model, based on the advection-
dispersion equation and spherical diffusion within representative snow grains. was de-

veloped and tested using field data from South Pole. This study built on our previous



transfer work at South Pole (Appendix C) by extending the physically based model
down into the snow pack. The field data included a unique, 2-year set of weekly
surface snow samples collected vear-round at South Pole, short-term atmospheric
measurements, and 4 snow pits. These were located at stakes in a long-term snow
accurnulation stake array so a year-round, monthly record of snow accumulation was
available for the entire time spanned by the pits. Unlike the earlier snow pack model
used in Greenland, these snow pack simulations included no parameter fitting and
all snow pack characteristics like ventilation and temperature were estimated inde-
pendently using established physical models. In addition, each pit spanned between
4 and 5 years, much longer than the 1 year pits at Summit. The most significant

findings are listed below.

(1) More than 2-years of year-round surface snow sampling and as-
sociated modeling demonstrates that there is a pronounced, repeatable
cycle of H,O; in near-surface snow at South Pole, driven primarily by
temperature. The very pronounced peak in surface snow concentration occurs in
mid-November. well before the summer solstice. showing that the “summer” peak in
H,0, at South Pole, and possibly many other polar sites, is actually a spring peak.
This has important implications for water equivalent accumulation studies that use
annual peaks/troughs in ice cores as time markers. Photochemical modeling indicates

that the peak atmospheric concentration occurs much closer to the solstice. so that it



is the temperature dependence in snow/atmosphere partitioning relation that shifts

the peak in snow concentration well into the spring.

(2) Atmosphere-to-snow-firn transfer of H,0, at South Pole can be mod-
eled by advection of surface air through the top few meters of the pack
and diffusion of H,0; into and out of snow grains in response to changing
atmospheric concentrations and snow pack temperatures. The physically
based snow pack model successfully captured much of the variability in the observed
snow pit concentration profiles with depth using the available monthly accumulation
histories. Simulations of formation temperature (air temperature at the time of layer
accumulation) are in good agreement with formation temperature calculated directly
from measured §'%0 profiles, indicating that the snow accumulation histories are

approximately correct.

(3) Accumulation seasonality is a dominant factor in determining the
levels of H,O, and ¢80 preserved in the firn record. As with the empiri-
cal snow pack modeling at Summit, the very large variability in observed snow pit
concentration profiles covering the same time spans and located no farther than 50
meters apart. as well as model simulations using the monthly accumulation data.
indicated that intra-annual accumulation timing is very important in determining

H,0, and §'80 levels in the snow pack.



(4) Long-term snow pack simulations indicate that firn continues to lose
H,0, to the atmosphere for at least 10-12 years (~ 3 m) after burial at
current South Pole temperatures and accumulation rates. Shallow ice core

H,0, data are required to verify this result but it is far deeper than anticipated.

(5) Long-term model simulations show that preserved H,0, levels are
sensitive to the magnitude of annual accumulation. This result emphasizes
the importance of using physically based models to interpret ice core data since
reported variations in ice core H,O, may be simply the result of changes in annual

accumulation or other accumulation characteristics.

2.3 Summary of Paper #3 Physically based inversion of surface snow

concentrations of H,O, to atmospheric concentrations at South Pole

The quantitative interpretation of an ice core chemical record requires inverse
modeling. e.g., ice-to-firn-to-snow-to-atmosphere. This study was the first attempt
to quantitatively invert snow concentrations to an estimate of the atmospheric con-
centration through time for any chemical species other than the non-reactive gases
such as methane. carbon dioxide, and halocarbons. We developed a physically based

model of snow grain diffusion and used a unique set of year-round. weekly surface



snow samples from South Pole from November, 1994 through January, 1996 to es-
timate the atmospheric concentration. By using only the surface snow record and
making the assumption that surface snow is comprised entirely of “old” snow. we
avoided both the non-linearities in the time-depth relationship and those processes

active beneath the surface. The most important findings of this study are as follows.

(1) The surface snow acts as an excellent proxy for atmospheric concen-
trations. Because the inverted atmospheric concentration compares favorably with
both short-term measurements made in November/December, 1994 and January.
1996 and with photochemical model predictions of atmospheric H,O,, we concluded
that the surface snow acts as an excellent proxy for the atmospheric concentration

through time.

(2) Temperature is the dominant factor determining atmosphere-to-
snow transfer at South Pole. The very pronounced peak in surface snow con-
centration occurs in mid-November. well before the summer solstice. Photochemical
modeling predicts an atmospheric peak much closer to the solstice. Inversion of
surface snow samples. using a physically based model with temperature as the driv-
ing mechanism. results in an atmospheric estimate that matches that predicted by

photochemical models.
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(3) The response time of the surface snow is controlled primarily by dif-
fusion of H,O; into and out of snow grains, with diffusion rates determined
by temperature. The physically based inversion model, which uses spherical dif-
fusion to control uptake and release of H,O,, gives an inversion result consistent
with observations and photochemical modeling. This diffusion-controlled uptake and
release is in agreement with laboratory work reported by Conklin et al. [1993] and

Winterle [1996] .

(4) The annual atmospheric cycle of H,0, concentration at South Pole
has a peak value of ~ 280 pptv approximately around the summer solstice
and a minimum in winter of probably less than ~ 1 pptv. Some asymmetry
in the annual cycle exists because of the springtime stratospheric ozone
hole. This estimate of the annual atmospheric cycle is the combined result of 1)
photochemical modeling, 2) short-term atmospheric measurements, and 3) physically

based inversion of year-round surface snow concentrations.

2.4 Summary of Paper #4: Recent Intra-Annual Snow Accumulation at

South Pole: Implications for Ice Core Interpretation

The seasonality of accumulation plays a key role in determining the levels of

5'80. H,0,. and other seasonally varyving chemical species that are preserved in firn



and thence ice cores. An ice core record contains not only a history of changes in
the atmosphere but also a history of inter- and intra-annual accumulation at the
core site. Because intra-annual accumulation is highly variable from year to year
and from site to site, interpretations of ice core chemical records for global change
studies typically include multi-year averaging to mitigate the unwanted intra-annual
accumulation history. However, the length of required multi-year averaging has not
been quantified. In this study, [ used a unique record of 7.25 years of year-round snow
accumulation from South Pole to statistically analyze monthly accumulation and its
variability over short spatial scales. The most important findings are summarized

below.

(1) Preserved snow accumulation at a point can be modeled by a gamma
distribution. The monthly data for all 50 accumulation stakes were binned by
month and the histogram of preserved accumulation for each month fit with a gamma
distribution. The results indicate that accumulation at a point is sporadic, with long
pericds uf iittle or no accumulation interrupted by short bursts of rapid accumula-
tion. A primary use for these statistical distributions of monthly accumulation is in
understanding the significance of short term deviations in observed ice core concen-
trations. That is. are these deviations indicative of atmospheric changes or simply
the result of spatial variability in accumulation. Moreover, these distributions allow

the construction of synthetic accumulation records to be used in snow pack model
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sensitivity studies (e.g., Monte Carlo simulations) and simulations of ice cores where

no record of snow accumulation is available.

(2) At South Pole, multi-year averages of up to 300 years may be re-
quired to mitigate the history of monthly accumulation contained in an
ice core chemical record. Using the gamma distributions of monthly accumula-
tion, 300 vears of averaging are required to have, within the 95% confidence interval.
a sample population monthly mean for each month within 20% of the distribution
mean. Here, the sample population is defined as those years within the multi-vear

average.

(3) ‘Multi-year averages of up to 300 years are required for Summit,
Greenland. By correlating the spatial variability in monthly accumulation with ob-
served peak wind speeds and accounting for mean monthly accumulation, the statis-
tical results were extrapolated to conditions at Summit, Greenland. While averaging
times were expected to be much lower at Summit than at South Pole because of
the much larger annual accumulation rate, the month of minimum accumulation at
Summit coincides with the month of maximum wind speed, leading to the 300 vear
requirement. Recently. Auhns et al. [in preparation] have independently estimated

similar required averaging times for the central Greenland plateau.
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CHAPTER 3

Implications of Important Findings

Results and conclusions are presented in each of the individual papers appended
to this dissertation. In the following, the important findings of the individual papers

are synthesized and the implications of the combined findings discussed.

3.1 Synthesis of Papers:

During the course of this research, modeling of the forward atmosphere-to-snow-to-
firn transfer process has progressed from empirically based (Appendix A) to physically
based (Appendices B and C). Hence. the results of the empirically based modeling
have to some extent been replaced by the physically based model. which incorporates
our current understanding of the transfer processes.

Our understanding of the physical transfer processes is summarized in Figure
1.1. The chemical composition and physical characteristics of the local atmosphere.
combined with the level of incident UV radiation, determine the concentration of

H,0, in the local atmosphere. Transport to the surface occurs primarily through
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wet deposition, although some additional uptake may occur through dry deposition
at or below the snow surface as surface air circulates through the snow pack and
as snow pack conditions such as temperature change. Chemical exchange between
the atmosphere and snow pack continues while the snow is progressively cut off from
contact with the atmosphere during burial. This continues to an unknown maximum
depth but probably no deeper than 5 to 10 m under current South Pole conditions.
Note that the snow pack is generally over-saturated with respect to H,O; since there is
usually insufficient time for the snow to release its excess peroxide (partitioning to the
snow under co-deposition is an order of magnitude greater than that at equilibrium)
before burial.

Transfer efficiency is sensitive to a number of parameters. including temperature.
snow pack physical characteristics, ventilation, and accumulation timing. Temper-
ature plays a key role throughout the transfer process since 1) snow-atmosphere
partitioning of H,O, both at equilibrium and under co-deposition is exponentially
related to temperature, 2) snow formation processes depend on temperature and thus
scavenging efficiency and snow grain size, and 3) diffusion within the snow grains is
exponentially related to temperature and hence the rate of uptake and release of
H,0, by snow. Snow pack physical parameters (e.g.. density. permeability. grain
size) are important. both because of the influence on ventilation but also because up-
take and release of H,0, is strongly dependent on grain radius. Ventilation strongly

controls the overall efficiency of atmosphere-to-snow-to-firn transfer. particularly at
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and below depths where exchange of H,0, by advecting air is the limiting factor. At
shallower depths where ventilation is relatively high. the limiting factor is the rate
of grain scale diffusion. Accumulation timing plays a role in the transfer efficiency
in that high accumulation rates result in more rapid reduction of exchange between
snow pack and atmosphere. Moreover, accumulation timing is the primary factor that
determines wet deposition. If no precipitation occurs or if none is preserved during
some period of time at a snow pit or ice core location, then there will be no record
of the atmospheric concentration for that period except that dep(;sited through dry
deposition by advected surface air into the snow pack.

In the empirically based modeling (Appendix A), the model parameters deter-
mined through objective optimization indicated that the depth of penetration of the
surface air concentration was quite small (on the order of 0.025 m e-folding depth
for a layer exposed for 2 weeks). Conversely, the physically based modeling results
indicated that exchange with the surface continues to greater depth than previously
expected (> 2m). Comparing results between models is difficult since the parame-
ters do not have the same meaning and the underlying concepts behind the models
are quite different. In addition. the models were applied at different sites (Summit.
Greenland and South Pole) with significantly different temperatures and accumula-
tion rates. However. note that in the empirical model the parameter M described
the impact of the current atmospheric concentration on the buried layers at that

time. That is. it described the short-term impact on the buried snow layers and not
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the cumulative. long-term impact. When compared with short-term penetration of
non-reactive gases such as methane or carbon dioxide [Schwander,1996], this pene-
tration depth is quite small and is consistent with retarded diffusion concepts. For
long-term, cumulative release of H,Q;, we have far more confidence in the physical
model results. These results indicated that, given an independent estimate of the
mean ventilation of the snow pack. release of H,O, continues to at least ~ 2 m for
current South Pole conditions. The rate of release with depth will vary strongly from
site to site because of differences in temperature, accumulation rate, representative
grain radius. and the ventilation profile as discussed previously.

As demonstrated by the study of recent accumulation at South Pole (Appendix
D). the assumption that a single ice core is representative of regional scale, short-term
climate and atmospheric chemistry variability is incorrect for current South Pole con-
ditions and probably for many core sites including Summit. Greenland. Long-term
averaging of a single core or shorter term averaging of combined multiple core records
1s required to overcome spatial and temporal variability in accumulation. The strong
dependence of atmosphere-to-snow-to-firn transfer on the rate and timing of accumu-
lation that was indicated by the transfer process modeling (Appendices A. B, and ()
emphasizes the need for the collection of multiple cores whenever possible in order
to evaluate core-to-core variability even over short distances. Inversion of surface
snow samples at South Pole to an estimate of atmospheric concentration (Appendix

() was only possible because of the assumption that timing of accumulation was



relatively unimportant in the very top-most, well-ventilated, small-grained surface
snow. Inversion of snow pit and ice core chemical concentrations to a kigh temporal
resolution estimate of atmospheric concentration will require detailed information on

snow accumulation at the site.

3.2 Implications of Findings:

Physically based modeling of the atmosphere-to-snow-to-firn transfer process for
H,0; clearly indicates that a record of the local atmospheric concentration is pre-
served in the surface snow. firn, and ice core; although the record is strongly per-
turbed by the influence of temperature, snow physical properties, ventilation. and
accumulation rate and timing at the core site. For most situations, snow is buried
out of thermodynamic equilibrium with the atmosphere. At colder and higher accu-
mulation sites, the snow is preserved more out of equilibrium than at warmer and
lower accumulation sites. While this research was focused on H;QO,, many of the
conclusions and the algorithms developed may be applicable to other species show-
ing reversible deposition behavior (e.g.. HCHO, HNQ3, organic acids, §'®0 [Legrand
et al.. 1996;: Neftel. 1996]. While our results indicate that surface adsorption does
not play a significant role for HO, at polar temperatures, there is evidence that it
may for other species like HNO3 [Laird et al., 1996] so additional model development

may be necessary.
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Figure 1.2 shows preliminary model estimates of H,O, concentration and snow pit
profiles at two sites in dramatically different depositional environments: South Pole.
and Siple Dome (81°39" S. 148°49’ W). A first firn core concentration measurement
at South Pole is also shown. Model parameters for the South Pole simulation were
identical to those used in the snow pack simulations reported in Figure 11a, Appendix
B. Modél parameters for the Siple Dome simulation, derived from the available ob-
servations, included an annual air temperature cycle 26°C warmer than South Pole. a
representative snow grain size of 140 pm, and snow pack ventilation identical to that
at South Pole. Accumulation timing was replicated from year to year and distributed
evenly throughout the vear so individual observed summer peaks and winter troughs
will not match in the model results.

Comparison of the snow pack simulations and the observed concentration profiies
indicates that the physically based model has wide applicability. The model simulates
very well both the ~ 4 fold and ~ 50 fold declines in snow pack H,O, from the
surface to 1 m observed at South Pole and Siple Dome respectively. Simulations of
snow pits and ice cores at additional polar sites in Greenland and Antarctica will
further validate the transfer model resulting from this research.

For estimating historical levels of H,05. is it better to use cores from warmer. lower
accumulation or from colder. higher accumulation sites? When using physically based
modeling to actually simulate development of an ice core archive (using a priort

knowledge or assumptions of accumulation timing, temperature. and ventilation).



these results suggest that colder, higher accumulation sites are preferable since the
model will simulate how far out of thermodynamic equilibrium the snow is likely to be
preserved. In addition, higher accumulation will result in a higher frequency archive
of all chemical species which will aid in estimating and verifying the temperature and
accumulation history used in modeling. Conversely, for qualitative interpretation.
warmer, lower accumulation sites may be preferred since the preservation level is less
sensitive to depositional parameters. That is. preservation is closer to thermodynamic
equilibrium. Note. however. that this research unambiguously indicates that simple.
qualitative interpretation of an ice core record of H,O; from any location as an
atmospheric proxy is suspect since transfer efficiency can be so dependent on factors
other than atmospheric concentration.

The snow, firn and ice chemical record for H,O; contains a record of not only at-
mospheric H,0,, but also of near-surface air temperature, snow pack ventilation and
especially accumulation rate and timing. Note that the atmospheric H,O, concen-
tration itself is strongly dependent on air temperature and water vapor. in addition
to other atmospheric constituents like OH. NO, and HO, concentration and to inci-
dent UV radiation. Hence. with sufficient understanding of the underlyving physical
transfer processes and using a prioroinformation on air temperature and ventilation.
this chemical record of H-O, can be used 1) to estimate the atmospheric concentra-
tion of H,O, through time or 2) to estimate such phenomena as historical shifts in

accumulation timing or seasonality at an ice core site. For the former. independent
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information on accumulation rate and timing would be required while for the latter.
independent information (e.g., photochemical model results) or assumptions about
the atmospheric concentration through time would be necessary. Since ice core con-
centration profiles of other chemical species contain similar information (e.g.. §'*0
for temperature and accumulation timing; HNOj for accumulation timing at some
ice core locations), coordinated, simultaneous snow pack modeling of multiple species
will result in estimates with the highest levels of confidence.

A preliminary firn core record of H,0, at South Pole is shown in Figure 1.3. Note
the ~ 8 fold decrease in preserved H,O, from 2 to 10 m. The same concentration
profile after conversion from depth to time is also shown. Note that the sharp increase
in measured snow pack H,O, mirrors the development of the stratospheric ozone
hole over Antarctica that started in the 1970s. Is this dramatic increase in the firn
record indeed a record of stratospheric ozone depletion or is it simply a result of
depositional and transfer processes? By using the transfer process model resulting
from this research. in combination with the long duration instrumental record of
temperature, UV radiation. and atmospheric chemistry available at South Pole and
detailed atmospheric photochemical and snow pack ventilation modeling, it will be
possible to unravel the depositional and transfer effects from the firn core record
to vield a proxy record of atmospheric H,O, over the recent past. Because of the
well documented. dramatic impact of the springtime stratospheric ozone hole over

Antarctica on the local photochemistry at South Pole and the long-term instrumental
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record there, a unique opportunity currently exists at South Pole to validate this
transfer process model for H,O, and to develop and evaluate transfer models for

other chemical species using surface snow samples, snow pits, and firn cores.
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Figure 3.1: Processes and steps involved in the transfer function relating concentra-
tions in ice to those in the atmosphere.



41

Depth, m

-

0 3 6 9
H,0,, uM
Figure 3.2: Observed snow pit (solid), firn core (dot-dash) and physically based
model simulations (dot) of H,O, concentrations in snow and firn at (a) South Pole
and (b) Siple Dome, Antarctica. In the simulations, annual accumulation was repli-
cated from year to year and distributed uniformly throughout the year so individual
summer peaks and winter troughs in the model results will not coincide with obser-
vations. Trends in observed and simulated concentration changes with depth are well

matched at both sites. indicating that the physically based transfer model has wide
applicability.
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Figure 3.3: Preliminary firn core concentrations of H,O, at South Pole plotted against
(a) depth and (b) time. Note the strong decrease in concentration to about 5 m.
followed by a slower decline to ~ 13 m. The time of rapid change coincides with the
development of the stratospheric ozone hole over Antarctica that began in the early
1970s.
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Appendix A

A Lumped Parameter Model for the Atmosphere-to-Snow

Transfer Function for Hydrogen Peroxide



O AGU T

Tol: +1-202-482-6900
Fax: +1-202-328-0588

October 13, 1997

Mr. Joe McComnell

The University of Arizona
Hydrology Department
Ilarshbarger Building, Room 122
Tucson, Arizona 85721

Dear Mr. McConncll:

‘We are pleased to grant permission for the use of the following material requested for
inclusion in your thesis, including microfilm editions thereof: “A lumped paramcter model for
the atmosphere-to-snow tranafer function for hydrogen peroxide”. Permission is restricted 10 the
use stipulated. The original publication must be appropriately cited. The credit linc should read:
“authors, journal or book title, volume number, page numbers, year,” and the phrase "Copyright
by the American Geophysical Union." Substituts the last phrase with "Published by the
Amcrican Geophysical Unian® if the paper is not subject to U.S. copyright ~ sec tho copyright
line on the first page of the published paper for such classification.

Please feel free to contact me again if you need further assistance. Thenk you.

Sincerely,
@7«.4;: 4\, ot fracs € =
Julie A. Hedlund

Manager
Publications Administrai

=~

=~



Journal of Geophysical Research. in press. Copyright 1997 by the American Geophysical Union

A Lumped Parameter Model for the Atmosphere-to-Snow Transfer
Function for Hydrogen Peroxide

Joserr R. McCoNNELL!. ROGER C. BaLEs*. JaAMES R. WINTERLE!, HAMPDEN KuHNs®. AND CRARLES R.

STEARNS®
Of the main hetic oxid only hydrogen p id (H;Oz) is preserved in polar ice
cores. To make use of the pctoxxde record. hmm qui q ding of the

“transfer function” or of H304 and those prmrved
in the ice core. Snow-pit Hy0, pmﬁlu adjacent to three automatic snow-depth gages from
Summit. Greenland were used to and evaluate the perft of al d
parameter model to relate co ionsin the phere with those i in surface snow and shall

firn. Three of the model pln.rne:ezs deﬁne an ethbnum partitioning coefficient between snow
and here as a of dep ! temperature. Model parameters yielded
a function that closely mnched previous laboratory estimates [Conkfin et al, 1993]. A fourth
the disequilibrium that may be preserved dunng periods of npnd accumulation.
The final model parameter describes the exchange of H30; b rface snow and the
atmosphere, allowing already buried snow to either take up or release H20; as condmons in and
above the snowpack change. We simuiated snow pit profiles by bining this fe
modei with a finite-difference mode! of gas-phase diffusion in :he mawpa:k Two .pphcazuons
for this transfer function are (1) to the local l or Hy0,

concentration in the past imm snow-pic and i m-:-cora records and (2) :o mvert mow—pu and ice-core

Hz0- pmﬁles to b of the or 1 time series. In che first
ase nn dep of snow I is ded, and in the second application. an
P of the 1 HO4 heric cycle is ded
INTRODUCTION [1991] evaluated the seasonal variation of a number of chem-

Knowledge of the oxidizing capacity of the atmosphere,
primarily a function of the atmospheric concentrations of
ozone, hydroxyl radical, and hydrogen peroxde (H202), is
an important key to understanding past and future global
climate change. Of these primary oxidants. only H,0; is
archived in polar ice cores. To make use of the ice-core
record as a data constraint for atmospheric photochemical
modeling, however. requires a detailed. quanticative under-
standing of the transfer function relating the atmospheric
concentration to that in the firn and ultimately the ice core
{Thompson, 1995]. The incorporation of H;O; inco fimn is
reversible, maldng the transfer function a nonlinear func-
tion of temperature. snow accumuiation, and the extent of
postdepositional air-snow exchange.

Seasonality in the ice-core preservation of various chemi-
cal species is well known. Numercus authors have discussed
the seasonal dependence of §**Q, which is thought to be pri-
marily related to the evaporation and condensation history
of water and is taken as a marker for climatic temperature
[Ciats et al.. 1995]. Sigg and Neftel [1988! among others
have discussed the marked seasonality of H;0,. Beer et al.
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ical species (‘°Be. C1~, SO?~, H;01, ¥°Pb. mineral dust,
and §'*0) in a smow pit at Dye 3, Greenland. Quantitative
interpretation of ice~core records spanning multipie years to
centuries is particularly uncertain for seasonally dependent
chemical species since the variance associated with the an-
nual cycle is generally far greater than any expected climatic
variation with time [Steig et al.. 1994]. Hence a single- or
multiple-year deviation in a species such as H,O; or §'*0
may be nothing more than a relatively minor shift in sea-
sonal accumulation patterns.

If the atmosphere-snow transfer function is known. then
ice-core records can be inverted to give the atmospheric
H20: concentration at the time of snow accumulation. Con-
versely, for a strongly seasonally dependent chemical species
such as H2O43, the transfer function can be used to invert
the H3O; profile with depth into an estimate of the snow ac-
cumulation pattern at the particular pit or care location, if
assumptions about the atmospheric H20; concentration and
temperature histories are made. This inversion to accumu-
lation history would allow the accumulation at the ice-core
location to be deconvoived from the overall ice-core record.

We have developed a five-parameter model for the H20,
transfer function and used | vear of data from three snow
pits and automatic snow-depth gages (ADG) to estimate
parameters and evaluate model performance. It was our
hypothesis that given the timing of snow accumulation, air
temperature, and atmospheric concentration of H202 during
the year. a relatively simple five-parameter model would be
adequate to simulate concentrations of HyO; in near-surface
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Fig. 1. The atmosphere-snow log concentration ratios for H 02

from the three pits as a function of temperature at the time of
accumulation. The “ADG effective equilibrium” is a best fit to
these data. The laboratory equilibrium line is a fit to measure-
ments reported by Conklin et al. [1993]; the codeposition and
Henry’s law (A’ y) lines are calculated.

snow and buried snow/firn.

MoDEL
Our snowpack model includes (1) a transfer-function com-
ponent to relate atmospheric H202 concentrations to those
in surface and near-surface snow/firn and (2) a vapor-diffusion
component to simulate diffusional redistribution deeper in
the firn, down to the depth of pore close off.

Five-Parameter Transfer Function Model

Previous workers have argued that H2O, in fresh snow
is either deposited according to codeposition (Figure 1) if
condensation takes place in the gas phase or according to
Henry’s law equilibrium if H,O; is scavenged by liquid par-
ticles (e.g., rime formation) [Sigg and Neftel, 1988]. Co-
deposition refers to equal rate of condensation of H,O and
H20,, resulting in the same molar ratio in frozen precipita-
tion as in the air. Differences in sticking coefficients can also
be included [Bales and Choi, 1996]. Immediately after for-
mation, H20, is released from the solid particles since such
high concentrations are not stable in solid ice [Bales et al.,
1995b]. Laboratory studies by Conklin et al. [1993] showed
that the equilibrium uptake capacity of snow for H,O, was
approximately exponentially related to temperature (Figure
1) over the range of temperatures typical of Summit (-60 to
-10 °C). Hence, if fresh snow is buried rapidly, then its snow-
atmosphere H,O, concentration ratio should be somewhere
between the Henry’s law condition (K #) and the laboratory
equilibrium (K'p) [Bales et al., 1995a). It should be below
the codeposition condition since concentrations above code-
position would be highly unstable and, for most of the year,
precipitation is thought to form in the gas phase with only
a minor (albeit important) contribution from rime [Borys
et al., 1991; Fuhrer et al., 1996]. The exact concentration
ratio preserved in the snow immediately after burial, then,
is a function of not only the season and temperature but
also the precipitation type (formation in the liquid or gas
phase), the rate of release of H,O; from the snow or ice
crystal (which may be affected by grain size and changes

in grain surface area during snow metamorphism), and the
burial rate.

In the five-parameter model proposed here, we use a quadratic,
three-parameter relation to describe the temperature-dependent

relation between snow and air concentrations of H,O: at
equilibrium:

1ogm£’ﬂ = WP L BT ¥ C (1)
Cair
where Csnow is the equilibrium concentration (moles per
liter) of H2O> in surface snow, C,i is the concentration (at-
mospheres) of H2O2 in the air in contact with the snow,
and T is the surface temperature (degrees Celsius). To our
knowledge, the air temperature to surface snow tempera-
ture relation is not well known so surface temperature, T,
is taken to be the air temperature at 2 m. Equilibration in-
volves H,O; partitioning into the bulk ice and accumulation
at the grain-surface, with bulk partitioning being dominant.

In the snowpack, however, equilibrium with the atmo-
sphere may not have been reached, since after the snow has
been buried only limited exchange with the atmosphere is
possible. To allow for preservation of the snow prior to it
reaching equilibrium with the atmosphere, we define a sim-
ple disequilibrium relationship that is a linear function of
the deposition rate:

d
Q=10+ d—j S )

where dz/dt is accumulation rate in meters per year, and Seq
is the parameter that describes the sensitivity to deposition
rate. This factor Q is used to modify the snow-atmosphere
H2O: partitioning ratio:

( Canow

canow
Cair )eﬁective ) Q(

Cmr )equilibrium (3)
Q is only applied to the surface layer of snow, before it is
buried by subsequent snowfall.

When the accumulation rate is very low, the effective and
equilibrium concentration ratios are equivalent. Conversely,
for very high accumulation rates, the effective log concen-
tration ratio can be significantly larger. Note that on the
equilibrium versus temperature diagram (Figure 1), the ef-
fective equilibrium line will simply shift up by log @ for the
case with a constant accumulation rate.

Interaction of the atmosphere with buried snow is well
known, and formal analyses of postdepositional changes and
burial rates have been made [Bales and Choi, 1996; Davis
et al., 1996; Waddington et al., 1996]. We use the final pa-
rameter in the transfer-function model to describe the bulk
interaction of near-surface snow with the atmosphere above.
This single term reflects the net impact of near-surface meta-
morphic process and wind mixing of surface snow layers, as
well as advection and diffusion of high-concentration air into
the snowpack in summer and low-concentration air in win-
ter. This can be written as

Ciy =

MC|=0,l+(1"M)C|,t—1 (4)

where C, ; is the effective snow equilibrium concentration of
H;0,, i is the layer number (relative to the surface layer
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at 1 = 0), tis the time step associated with the current
surface layer, and M is the fraction of the current surface
equilibrium condition (Ci = o,:) in the current concentration
of a buried layer (C.:). We assume that such interaction
decreases exponentially with depth, and to allow more ex-
change when snow stays at the same depth for long peri-
ods of time, the exposure time (t;) or time before the next
layer accumulates is included. Thus the impact M of the
current atmospheric concentration on a buried layer can be

described as
-z
5
i (cl Zefold ) ( )

where z; is the buried layer depth relative to the surface and
Zefold (meters per year) determines the e-folding depth of the
surface impact for a given exposure time ¢;. E-folding depth
is the depth divided by the exposure time when the value of
M is 1/e or 0.37. Note that, unlike Q, the surface interaction
described by M takes place after burial. Note that time-
dependent, physical characteristics other than exposure time
may also be included in this term (e.g., windiness, surface
roughness) if they are thought to have an impact on the
degree of interaction of surface conditions with the buried
near-surface layers.

M =

Vapor-Diffusion Model

After burial of snow, hydrogen peroxide undergoes dif-
fusional redistribution with summer-related peak values de-
creasing and winter-related troughs increasing [Sigg and Nef-
tel, 1988]. We use a “retarded-diffusion” model based on
Fick’s law to describe the smoothing of H20; in the firn
[Bales et al., 1987, Whillans and Grootes, 1985). The effec-
tive gas-phase diffusion coefficient is lower than the molecular-
diffusion coefficient to account for retardation caused by re-
tention of the diffusing gas in the ice. Whillans and Grootes
[1985] demonstrated that diffusion in the open pore space
was the rate limiting step in §**O diffusion and so computed
the diffusivity of §'®0O as a function of the partial pressure
of water vapor over ice and the fraction of the air in the
bulk snow volume. Sigg and Neftel [1988] found through a
simple analysis of the annual variance in the H,O, signal
in recent snow and at depth with diffusion backed out that
the effective diffusivity of H20; is about 1.5 to 1.75 that
of §'80, reflecting a lower uptake capacity of the snow for
H20; than for §'%0.

We used a simple finite-difference implementation of the
Whillans and Grootes [1985] model to simulate gas-phase,
postdepositional diffusion in the snowpack. By repeatedly
running a 100-year simulation and then comparing the re-
sulting H,O2 profile to that measured in the Eurocore in
1988 [Sigg and Neftel, 1988), we computed an H20; to §'*0
diffusivity ratio of about 1.7, consistent with the earlier es-
timates of Sigg and Neftel.

In the snow-pit simulations, a surface layer of snow accu-
mulates with thickness z; and an H20; concentration consis-
tent with the chosen model parameters A, B, C and S.,. Af-
ter accumulation, the modeled H20> concentration changes
according to the rate of burial, the surface conditions during
the early stages of burial, and the model parameter z.foid.
The layer compacts following the depth-density relation ob-

served on the 1993 GISP2 core (which is consistent with the
spot measurements made on the Eurocore), and diffusion
ensues.

A seasonal density function, exponentially damped with
depth with an e-folding depth of 2 m, is superimposed on
the monotonic density profile to approximate the shallow
density profile observed in snow pits at Summit. The tem-
perature of the snowpack changes with depth and season
and is modeled by heat conduction into the snow, assuming
a sinusoidal annual surface temperature cycle. Observations
from the automatic weather stations were used to derive
an annual temperature sinusoid for Summit that reaches a
maximum each year on July 14 of -12 °C and has a mean of
-31°C (data not shown). The diffusivity was computed from
this snowpack temperature and the modeled density. Input
data include the timing of snow accumulation events, which
can vary smoothly with season or sporadically from layer to
layer, the (constant) layer thickness deposited in each event,
the atmospheric H202 concentration, and the surface air
temperature during the simulation. The result is synthetic
profiles with depth (or time) for H20> and §'0. Note that
a constant layer thickness was used in the finite-difference
implementation of diffusion; this is not a significant con-
straint, especially since snow pits are generally sampled in
even depth intervals.

METHODS

Snow pits were dug at three sites where snow accumula-
tion was recorded. Two pits were dug in June 1995 directly
beneath acoustic depth gages located at the Kenton and
Greenland Ice Sheet Project 2 (GISP2) automatic weather
stations (AWS) [Stearns et al., 1993]). The Kenton AWS is
located about 30 km to the south of the GISP2 deep drill
site (72° 58 N, 38° 46' W) at Summit, Greenland; the GISP2
AWS is about 1 km south of the main GISP2 camp. The
third pit was dug adjacent to an array of 25 type E (0.076-
mm diameter) thermocouples suspended vertically over the
snow surface. The interval between each thermocouple was
approximately 2.5 cm. Temperature was sampled every 3
hours using a Campbell Scientific CR10 data logger and
AM25 solid state multiplexor. The data logger and mul-
tiplexor were buried in the snow 5 m from the thermocouple
array. As long as a thermocouple remained above the snow
surface, then the diel temperature cycle was obvious in its
output. However, when buried, the diel cycle was heav-
ily damped, thereby indicating when the snow surface had
reached the thermocouple height. This pit, located about 10
m from the GISP2 AWS, was sampled in early May 1995.
The pits beneath the acoustic depth gages were sampled at
approximately 3-cm resolution, while the pit by the thermo-
couple string was sampled more finely in the shallow section
and at about 3 cm spacing in the deeper section.

Snow §'80 was measured by equilibration with dry CO;
at 15°C using 2-mL meltwater samples in an automated
CO02-H20 equilibration unit coupled to a Delta-S gas ratio
mass spectrometer. H2O, analyses were done as described
previously [Bales et al., 1995b).
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Fig. 2. Hz0; concentrations, §'%0, and timing of accumula-
tion from the three snow pits dug beneath ADGs at Summit.
Greenland: (a) Kenton AWS, (b) GISP2 AWS, and (c¢) GISE2
therm ple pits. The dashed lines represent extrapolated ac-
cumulation histories.

REsULTS

Field Measurements

The H202 and 60 profiles showed distinct differences
between pits, with much of the difference due to when snow
accumulated at each site. The measured H,0, and *'"0O
profiles for each pit showed the typical seasonal cycle. with
higher values in summer and lower values in winter (Figure
2). The dates of accumulation at each depth were measured
for 1994-1995 and inferred prior to summer 1994 (dashed
lines), since none of the depth-measurement devices were
deployed at exactly the same place for more than 1 vear.

The same pit data are combined and plotted in Figure 3
against the time of year that the snow accumulated. The air
temperature from the Kenton AWS is plotted along with a
photochemical model estimate of the atmospheric H,O, con-
centration [Bales and Choi, 1996]. The 7-day average of the
measured atmospheric H,O, concentrations from mid-April
to mid-July 1995 is plotted with the photochemical model
estimate. As reported for previous years at the same site,
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Fig. 3. Snow H20; concentrations, air temperature, measured
and deled at ic H, Oz trations, and §'20 plot-
ted against time. Note that in order to illustrate changes over
a calendar year, the field data have been split with June to De-
cember 1994 plotted on the upper half and January to June 1995
plotted on the lower half of the graph.

measured and modeled values were in approximate agree-
ment [Bales et al., 1995; Neftel, 1996; Fuhrer et al., 1996].
Note that on a timescale, the overall shapes of the annual
H20; and §'®0 profiles were quite similar between all three
pits. One remaining difference is the higher H,O, values in
the thermocouple string pit in late summer and early fall
1994.

The summer peaks in §'®O were much broader than those
for H20, and extended well into the autumn. Because the
H:0; signal reflects both the depositional temperature and
the atmospheric H20; concentration, which is itself a strong
function of the actinic flux, the HO, maximum in the snow
pit was found relatively close to the summer solstice. On the
other hand, §'®0O reflects the warmer conditions in autumn
since it is thought to be primarily determined by precipita-
tion temperature and, to a lesser extent, by transport.

The observed air temperature (dashed line) is plotted with
the §'®*0 implied temperature (symbols) as a function of
season on Figure 4. While the overall shape is similar in
the observed and implied seasonal temperature cycles, the
£'®0 implied cycle is shifted to earlier time and has a lower
amplitude about the mean. Both of these characteristics are
consistent with postdepositional changes in §'%0, as with
H20;.

Using the annual atmospheric H,O; cycle estimated from
photochemical model calculations, the observed H20; con-
centrations from snow pits, and surface temperature, we cal-
culated “observed” snow-atmosphere concentration ratios.
These are plotted as a function of surface air temperature
on Figure 1 for comparison with Henry’s law, codeposition,
and published laboratory equilibrium relations. While the
ADG measured relation generally lies between the codepo-
sition line and the equilibrium (K'p) line as expected, it
is clearly not linear in log-linear space, and by this simple
analysis, field measurements are not in agreement with the
laboratory equilibrium measurements. Two possible expla-
nations for this discrepancy are: (1) that the snow continued
to interact with the atmosphere at least for some time after
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relation given by Cuffey et al. [1992): T = (§'30 + 18.2)/0.53,
where §'80 is in per mil.

burial and (2) that the snow had not vet reached equilib-
rium when it was buried and closed off from contact with
the atmosphere [Bales et al., 1995a].

Model Fits

The measured H20; concentration, accumulation timing,
and accumulation temperature from the thermocouple string
pit (Figure 2c) were used in a systematic search routine to
estimate parameter values for the five-parameter transfer-
function model. We chose a simple root means square (RMS)
error between the target (observed) and modeled snow pit
H2 O3 profile as the objective function to be minimized. Note
that the objective function has units of concentration.

The optimized parameters were 3.12, -0.035, 0.00025, 0.72,
and 1.05 for A, B, C, z., and S, respectively. Selected
orthogonal objective function surfaces at the minimum are
shown in Figures 5a-5d. Note the well-defined minima and
relatively smooth error surfaces. Note also that many of the
parameters are interdependent, so the optimization must
be carried out for all five parameters simultaneously. The
temperature-dependent snow-atmosphere relations defined
by parameters A, B, and C, labeled “thermocouple opti-
mization” (Figure 6), are in excellent agreement with the
laboratory equilibrium line.

The long trough in the objective function surface (e.g.,
Figure 5a) indicates that the uptake capacity with temper-
ature parameters are interdependent. Hence there is little
difference in the RMS error between the modeled and ob-
served profiles for B = 0.4, C = 3.0 and B = 0.0, C = 3.75.
A similar interdependence can be found between the inter-
cept term, C, and the disequilibrium term, S., (Figure 5b).
These troughs, however, define a family of curves that all
have very nearly the same slope within the temperature
range -10 to -45 °C. This slope is essentially parallel to that
found in the published laboratory work. The intercept, C, is
highly dependent on the lowest temperature values because
(1) the deposition rate is lowest for these values and (2)
the disequilibrium term is positive so the thermodynamic
equilibrium concentration ratio must always be less than
the effective ratio (equation (3)). Unfortunately, these low-
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Fig. 5. Selected orthogonal objective function surfaces from the
five-parameter transfer-function model optimization using the
thermocouple-string pit data.

temperature values have the greatest uncertainty since con-
fidence in the timing of the accumulation is lowest in winter.
This is due to the much smaller diel temperature cycle for
the thermocouple string pit and because the acoustic depth
gages tend to perform poorly in midwinter when the sensors
get encrusted with blowing snow. Also, the modeled atmo-
spheric H20, concentration is very low, making the ratio of
snow to atmospheric concentration more sensitive to error.
In addition, long-range transport of H202, which is small
relative to the in situ photochemical production in the at-
mosphere over Summit in summer, is much more important
in winter when the in situ production is essentially absent.
The modeled atmospheric concentration used in this study
did not include a long-range transport term. As demon-
strated in Figures 5c and 5d, there is far less interdepen-
dence between the surface interaction parameter zegid and
the uptake capacity parameters A, B, and C and the dise-
quilibrium parameter S.q.

To test the generality of the parameters estimated from
the thermocouple string pit, additional optimizations were
made using the two acoustic depth gage pits. For these
cases, the surface interaction and disequilibrium terms were
fixed at zefola = 0.72 and S.q = 1.05 since we had the most
confidence in the depth-accumulation date relationship for
the thermocouple pit. The resulting uptake capacity re-
lationships are plotted in Figure 6 as “Kenton optimiza-
tion” and “GISP optimization.” Again, note the excellent
agreement between the GISP2, thermocouple and labora-
tory equilibrium relationships, although the Kenton esti-
mate was not as consistent.

The modeled snow-pit profiles for H,O, using the parame-
ters estimated from the thermocouple pit are shown in Fig-
ure 7. The overall shapes are similar for the Kenton and
thermocouple pits but differ for the GISP2 pit. As can be
seen in Figures 2a-2¢, the GISP2 accumulation history had
marked differences from the thermocouple and Kenton pits.
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DiscussioN

In our five-parameter model, we assumed that pit-to-pit
differences in H20O, concentrations versus time (Figure 3)
were the result of different accumulation rates and thus vary-
ing degrees of (incomplete) equilibration of buried layers
with the atmosphere. It was assumed that all of the pits
experienced the same depositional temperatures and atmo-
spheric H,02 concentrations throughout the year. There is
a strong positive correlation between accumulation rate and
H202 concentration; that is, a short-term increase in ac-
cumulation rate leads to a short-term increase in preserved
H202, which strongly supports the idea that the snow is pre-
served out of thermodynamic equilibrium (e.g., Figure 2c).
This relationship is also seen to a lesser degree in the §'%0
profile and suggests a transfer function for §'®O that is to
some degree a function of accumulation rate. For ice cores
we must rely on §'20 implied temperatures to interpret the
H,0; profile, so understanding any 6§30 transfer function
is of utmost importance also.

While effects of both the surface interaction and disequi-
librium terms depend on how the deposition rate varies both
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throughout the year and between sites, some insight into the
physical meaning of the parameter values can be gained us-
ing the average accumulation rate at Summit of about 0.6
m yr~. For a 30 layer per year model (t; = 0.033 years), the
average e-folding depth of surface interaction when zefod =
0.72m yr~! is 0.024 m. Similarly, the average value for Q
when S.q = 1.05yr m™" is 1.64, representing a 0.21 shift up-
ward in the effective log concentration ratio to temperature
relation (Figure 6). From Figure 1, the concentration at
codeposition would be about 5.6 times that at equilibrium.
On average, snow formed by codeposition has released about
85% of the excess H>O, when Q = 1.64 and t; = 0.033y.
Laboratory studies show that, at -15 °C, snow will release
about 85% of its excess H2O: after 0.033 y. Note that the
majority of the snow represented in the pits accumulated
when air temperatures were about -15 °C (Figure 3). There-
fore, if deposition is more rapid in the summer and fall, as
it was during the 1994-1995 period at Summit, then buried
summer and fall snow is strongly out of equilibrium and
winter snow is closer to equilibrium. The result is a highly
nonlinear shape of the “ADG effective equilibrium” line, as
on Figure 1.

To investigate the sensitivity of the final preserved H,0-
profile to the timing of snow accumulation, model snow pits
were constructed using the optimum parameters listed above
for a number of deposition sequences (Figure 8). First, note
the major spring and minor fall maximums in the uniform
deposition case for Summit conditions (Figure 8a). While
the surface interaction term tends to make the preserved
H2O; profile less sensitive to accumulation timing, the dis-
equilibrium term greatly enhances this sensitivity. Hence,
halving the uniform deposition rate (Figure 8b) resuited in
far smaller annual cycles and a 20% lower average concen-
tration.

Doubling the uniform deposition rate (Figure 8c) greatly
enhanced the annual cycles because of both enhanced dis-
equilibrium and less diffusional redistribution and also in-
creased the average preserved H202 concentration by 50%.
Sporadically varying accumulation (Figure 8d) resulted in a
much less uniform H2O; profile with fall minima sometimes
preserved and much greater variance in the amplitudes of
the spring maxima but little change in the average concen-
tration preserved.



The modeled pic reflects the patterns observed in the ther-
mocouple and Kenton pics better than for GISP2. Since
snow accumulation was approximately coincident for the
thermocouple and Kenton, then seasonality in the parame-
ters Seg and Zetaia would not be distinguishable. GISP2. on
the other hand. had far more accumulation in winter and
far less in the fall. Hence the difference in fit may be caused
by seasonality mm these two parameters. That is. grain size
and/or snow recrystallization rate may be different in the
summer half of year. leading to a different S.q for winter
snow than for summer snow. The GISP2 pit may be overly
sensitive to deposition rate in winter.

Application of this model to infer past atmospheric H20,
concentrations from those in the ice-core record will require
an independent estimate of the timing of snow accumulation.
Attempts to estimate the timing of accumuiation at ice-
core locations such as Summit, Greenland, have been made.
although they have generally relied on relatively low spa-
tially resolved and recent records such as passive microwave
remot ing data [Sh et al., 1995] or synoptic-scale
meteorological information [Bromuwich et al., 1993] coupled
to snow-pit or surface observations for calibration. However.
as is demonstrated by the strong variability in chemical-
species depth profiles in snow-pits collected at the same time
and within a few kilometers of each cther. the correspon-
dence between the regional-accumulation pattern and that
at a point is often quite low. Other authors have used snow-
pit stratigraphy [Alley et al.. 1990: Gow. 1965}. as a means
of estimating accumulation timing. These studies rely pn-
marily on hoar layvers and so are generally limited to defining
late spring to eariy fall marker horizons.

Estimating accumulation timing using known transfer func-
tions to invert chemical records has the advantage of being
specific to the individual pic or ice-core location and it can
be extended back in time to preindustrial conditions or even
earlier. Seasonally varying chemical species such as Ca’*.
NH7. NO7. and methanesulphonate (MSA) could be nsed
to estimate the timing of snow accumulation. assuming the
seasonal pattern of relative atmospheric concentrations for
each species is known. Ca?*, NH;. and MSA are acro~ol-
associated species, transported to an ice-core site from lower
laticudes, and once deposited are relatively immobile in the
snow /firn. Concentrations depasited in the snow depend
largely on atmospheric concentrations rather than on tem-
perature. NOS undergoes some pastdepasitional exchange.
but seasonal patterns are still relatively preserved. Oin,-
ously, if more chemical species are used. there will be more
confidence in the accumuiation estimate. The 60 is neralen!
for its temperature record but can also provide an indication
of the seasonality of accumulation.

In periods with a known or relatively constant annual at-
mospheric H20; concentration, H0: can be used to e
construct the accumulation historv. H;O; should be better
than the other species noted above because of its distinct
seasonal cycle. While subseasonal resolution is possiblc in
situations where the annual H,O; cycie is preserved. 1 mayv
also be possible to identify and deconvolve multiyear accu-
mulation seasonality shifts in situations where the seasonal
H,03 cycle does not survive diffusional smoothing. For cou-
pled H20; and §'*O profiles, the annual cycles are in phase

so that changes in accumulation timing would result in ap-
proximately coincident increases or decreases of both signals.
Conversely, climatic cooling would result in higher preserved
H10; (Figure 1) and lower §'*0 for a negatively correlated
relationship.
CONCLUSIONS

Because the log concentration ratio estimated in the op-
timization is an equilibrium relationship, it should apply ¢o
all polar sites. The disequilibrium parameter and especially
the surface interaction parameter, however. depend on pre-
cipitation characteristics, grain size. solar radiation. wind.
surface roughness, and ather site-specific features. While
parameter estimation using only one record from one site
yielded a temperature-dependent snow uptake capacity for
H30, that is in excellent agreement with previous labora-
torv work. there is clearly a need for more such data sets
both from Summit and from other areas. Data from po-
lar sices with different temperature ranges (e.g., south pole)
would better define this relationship although our current
success in matching the laboratory-determined A'p will al-
low constraint of that function and focusing future evalua-
tions on the disequilibrium parameters. ADG pit profiles
longer than 1 year in duration would allow much better
parameterization of the surface interaction term, and vear-
round surface samples and micropits would result in better
definition of the disequilibrium term. The still large RMS
error of appraximately 5 uM between the modeied and ob-
served snow-pits indicates that (1) finer-resolution sampling
of snow-pits and more closely spaced thermocouples would
reduce uncertainty of parameter estimation and (2) an addi-
tional model term or terms, e.g., to capture effects of wind,
may be necessary. Future madel development will focus on
improving the agr t b the modeled and observed
profiles by (1) incorporating physically based grain size and
temperature effects into the surface interaction and disequi-
librium parameters and (2) decoupling the surface interac-
tion and disequilibrium time steps from the inpack vapor
diffusion time step so that snow depaesition and subsequent
removal by wind scouring is better simulated in the model.
The iatter change is particularly important for modeling pits
in sites with low and highly variabie accumulation rates such
as south pole.

By coupling process-levei models of specific physical phe-
nomena (e.g., wind pumping) with this type of lumped pa-
rameter model that is parameterized directly by field data,

we hope to improve our underscanding of the overall acmosphere-

to-snow transfer process for H20; and other reversibly de-
posited chemical species. A quantitative understanding of
the transfer function will make possible estimates of the
uming of snow accumulation in ice-cores and so improve
interpretation of all seasonally dependent chemical species.
Moreover, the transfer function for H2O2 will make possi-
ble inversion of ice-care records to local H20, atmospheric
concentrations and thus provide more reliable constraints
for modeling changes in the global atmospheric oxidation
capacity.

Finally, a multispecies ice-core record with subannual res-
olution reaching at least back to preindustrial times is needed
to test the model’s ability to invert an ice-core HyO; record.
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Abstract. Quantitative interpretation of ice core chemical records requires a
detailed understanding of the transfer processes that relate atmospheric concentrations
to those in the snow, firn, and ice. A unique, 2 year set of year round surface snow
samples at South Pole and snow pits, with associated accumulation histories. were
used to test a physically based model for atmosphere to firn transfer of H2O2. The
model, which extends our previous transfer modeling at South Pole into the snow
pack, is based on the advection-dispersion equation and spherical diffusion within
representative snow grains. Required physical characteristics of the snow pack, such
as snow temperature and ventilation, were estimated independently using established
physical models. The surface snow samples and related model simulations show
that there is a repeatable annual cycle in H,O; in the surface snow at South Pole.
It peaks in early spring and surface snow concentration is primarily determined
by atmospheric concentration and temperature, with some dependence on grain
size. The snow pits and associated model simulations point out the importance of
accumulation timing and annual accumulation rate in understanding the deposition
and preservation of H,O2 and 6'80 at South Pole. Long term snow pack simulations
suggest that the firn continues to lose H,O, to the atmosphere for at least 10-12 years

(~ 3 m) after burial at current South Pole temperatures and accumulation rates.



Introduction

The oxidizing capacity of the atmosphere, primarily determined by concentrations
of ozone, hydroxyl radical, and hydrogen peroxide (H20), is important in
understanding global climate change because it determines the atmospheric lifetimes
of most trace gases. Models for investigating changes in atmospheric oxidation
capacity, however, require historical data for validation [Thompson. 1992]. Ice cores
provide a detailed record of past changes in atmospheric chemistry and meteorology.
although of the three primary oxidants, only H20, is preserved. Quantitative
interpretation of an ice core record requires detailed understanding of the physical
transfer processes that relate atmospheric chemical concentrations to those found in
surface snow, firn, and ice [Neftel, 1996; Wolff, 1996].

Unlike aerosols, volatile species such as hydrogen peroxide, formaldehyde,
and organic acids are reversibly incorporated in the snow because a fraction of
the deposited mass of these species cycles between the atmosphere and snow as
precipitation ages and as surface and near-surface conditions change [Bales et al..
1992; McConnell et al., 1997c]. H,O,, which is important because of its photochemical
role, has been relatively well studied and is also seen as a good model compound for
understanding reversible deposition in general [Bales and Wolff, 1995].

Models of chemical transfer, or transfer functions, are most readily formulated in
the forward direction, i.e., atmosphere-to-snow-to-firn-to-ice, and can help lead to an
understanding of the underlying physical processes [ Waddington., 1996; McConnell
et al., 1997c]. In an example of a forward model, McConnell et al. [1996b] developed
a lumped-parameter model to simulate H2O, concentrations in a snow pit given
photochemical modeled estimates of the atmospheric concentration of H,O, and a
priori knowledge of the timing of snow accumulation from automatic depth gauges.
The empirical model was used to simulate three snow pits at Summit, Greenland,
each spanning the same period of summer, 1994 to summer, 1995. To define model

parameters, simulations were objectively compared to the three pit concentration



profiles. The results indicated that the preserved H20, profile is strongly dependent
on snow accumulation rate and timing but the model was not able to simulate pits
adequately with different accumulation histories without modifying the empirical
parameters. That is, the empirical parameters were not general.

The interpretation of an ice core record requires inverse, rather than forward
modeling, i.e., ice-to-firn-to-snow-to-atmosphere. McConnell et al [1997c] used
a set of year round surface snow scrapes to test a physically based model for
atmosphere-to-snow transfer and, by inversion of the surface snow record, were able
to estimate the annual cycle in atmospheric H,O, at South Pole. By restricting
the inversion to surface snow samples and making the assumption that snow at
the very near surface was “old” snow, they avoided both the non-linearities in the
time-depth relationship and unknown accumulation events. They also avoided those
processes active beneath the snow surface, e.g., diminished exchange during burial,
redistribution of H,O, by vapor phase diffusion in the snow pack. Before attempting
the more complete inverse modeling of buried snow and firn, the forward processes of
atmosphere-to-snow-to-firn-to-ice transfer must be better understood.

In this study, we developed a physically based, forward model for atmosphere-to-
snow-to-firn transfer that extends our previously reported model for atmosphere-to-
snow transfer down into the snow pack [McConnell et al., 1997c]. The model, which
is based on the advection-dispersion equation and includes spherical diffusion within
the snow grains, simulates a snow pack concentration profile for H,O, given time
series of atmospheric H2O., air temperature, snow pack temperature with depth.
ventilation characteristics with depth, and accumulation history. To test the model.
we used a unique, weekly set of surface snow samples collected year round at South
Pole, as well as 4 snow pit concentration profiles collected at South Pole in January,

1996.
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Methods

Field sampling at South Pole was designed to focus on individual components of
the transfer process. For example, surface snow scrapes were collected vear round
to focus on rapid cycling of H;O, between atmosphere and very near-surface snow
and short-term atmospheric measurements of H,O, were made in order to calibrate

photochemical modeling.

Year Round Surface Snow Samples

Surface snow samples were collected approximately once a week by NOAA
winter-over staff in the Clean Air Sector at South Pole. Samples were taken from
December, 1994 through December, 1997. To mitigate spatial variability, each
surface sample consisted of six individual surface snow scrapes with an average
water-equivalent depth of about 0.05 g cm™2. When sampling in the presence of a
strong vertical gradient, detailed knowledge of sample depth is critical. The surface
scrapes samples were aliquoted individually at South Pole and then re-frozen for
eventual analysis for HyO2 and §'30 at our lab in Tucson. H,0, concentration was
determined using the peroxidase-based fluorescence method [Sigg et al., 1992]. §'80
was measured by equilibrium with dry CO, at 15 °C using 2-ml meltwater samples
in an automated CO,; — H,O equilibration unit coupled to a Delta-S gas ratio mass

spectrometer.

Snow Pits at Accumulation Stakes

Snow pits were sampled at 1 cm vertical resolution, the samples aliquoted and
re-frozen on site and then returned to Tucson for H,O; and 6'80 analyses. The pits
were located about 500 m from the Amundsen-Scott Station (Figure 1), adjacent
to poles that are part of a long-term, snow accumulation stake array [McConnell
et al., 1997a]. Only stakes around the perimeter of the accumulation array were

considered as possible sampling sites in order to have as little impact on the



long-term accumulation record as possible. After analyzing the year round, monthiy
accumulation data, pits at four stakes were selected to give minimum (stakes 31 and
01) and maximum (stake 06) variance in monthly accumulation about the mean over
the 7.25 yr continuous record. An additional stake (stake 10) was selected because it

showed maximum accumulation in the month just prior to sampling (Figure 2).

Short-Term Atmospheric H;O, Measurements

Two short-term periods of atmospheric H,O; measurements were made in
November/December, 1994 and January, 1996 [McConnell et al., 1997c]. Intakes were
located near the Clean Air Facility at a height of ~2 m. The continuous gas-phase

detector was described in Bales et al. [1995].

Models

To model atmosphere-to-snow-to-firn transfer processes requires time series of a
number of variables that are difficult, if not impossible, to measure year round. Thus.
separate models were used to estimate 1) the atmospheric concentration of H,O,, 2)
the ventilation characteristics of the snow pack, and 3) the snow temperature with
depth. In addition, we used previously reported modeling and laboratory values for
1) H,O, partitioning between snow and air at equilibrium and 2) diffusion rates for

H-2O3 in ice.

Atmospheric Photochemical Modeling

South Pole is an ideal place to undertake atmospheric photochemical modeling
because 1) the very cold temperatures and continental climate mean that homogeneous
phase reactions dominate the photochemistry, making the modeling tractable, 2)
the local area is relatively free of anthropogenic influence, and 3) a long time series
of high quality, year round chemical, radiation. and meteorological measurements

are available. These include surface ozone (O3), ozone burden and direct ultraviolet
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radiation, air temperature, wind speed and direction. methane (CH;) and. more
recently, carbon monoxide (CO) [Hofmann et al., 1996]. The primary drawback to
working at South Pole is that many model parameters. including chemical reaction
and diffusion rates, must be extrapolated to the very cold temperatures that occur
there.

As in our previous study at South Pole, we used steady-state photochemical
model predictions at a number of discrete times during the sunlit time of year to
define a representative annual cycle in atmospheric HoO;. The box model was
designed specifically to model oxidants such as H,O; in polar conditions and uses
a subset of the chemical reactions described in Stewart [1995] and Stewart and
Thompson [1996]. Multi-year averages of air temperature, pressure, relative humidity.
total ozone burden, carbon monoxide and surface ozone were used to parameterize
the model. To our knowledge, the atmospheric concentration of NOy at South
Pole has not been measured so this was set at 1 pptv. Measurements of NO, on
the order of 1 to 2 pptv at Cape Grim support such an estimate for the pristine.
Southern Hemisphere atmosphere [I. Galbally, personal communication]. Short term
atmospheric measurements of HoO, (Figure 3) from November/December, 1994 are
in agreement with model estimates while those from January, 1996 are somewhat

lower, possibly because of local pollution from nearby construction.

Snow Pack Ventilation Modeling

Air is driven through snow and firn as a result of pressure gradients. This
process, called windpumping, is driven by barometric pressure variations, wind
turbulence, and wind flow across the irregular snow surface [ Waddington et al., 1996].
The primary factors that control the level of windpumping are the magnitude of the
surface forcing pressure and the permeability of the firn with depth. The former
depends on a combination of the wind speed and the sastrugi geometry and the

latter on grain size, sintering, and density in the firn. Using a ventilation model
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described by Albert [1995] and permeability estimates based on grain sizes and density
relationships, we predicted vertical ventilation vectors for snow pack permeability
and surface forcing pressure scenarios. Grain size and density measurements included
our own as well as those of others [Giovinetto, 1960; Gow, 1965].

Layers of dense, fine-grained., wind-packed snow have a marked effect on both
ventilation rate and depth of penetration. Snow pits that we collected in late
November, 1994 showed a 0.3 m layer at the surface of very fine-grained, dense
snow with distinct syn-depositional features such as cross-bedding throughout. We
interpreted this to be accumulation from the most recent winter. Conversely, snow
pits collected in mid-January, 1996, showed no such features even though chemical
analyses and accumulation records show clearly that accumulation from the most
recent winter was preserved in the pits. In agreement with other work [Harder et al..
1996], we believe that winter snow is originally fine-grained and densely packed by
wind-redistribution. During the summer warming, however, the pack metamorphoses
with larger grains growing at the expense of smaller grains [Arons and Colbeck.,
1995]. The syn-depositional features are mostly obliterated and the density (and
so permeability) increases significantly. The result is that the winter layer (if it
accumulates and persists) acts as a cap, restricting ventilation in winter and spring.
Once this cap has matured and until a new cap forms, ventilation in late summer to
early fall is enhanced.

The results of ventilation modeling are shown in Figure 4. The wind-packed,
low permeability surface layer was assumed to exist in winter and spring and then
metamorphose and disappear in summer. “High” winds (dotted) develop a surface
forcing pressure of 2.5 Pa while “low” winds (dot-dash) develop 0.25 Pa. Winter
(no symbol) sastrugi have a shorter spacing than in summer, so winter ventilation
is vigorous near the surface but decays rapidly with depth. Assuming the same
sastrugi wavelength as in summer but with the wind packed surface layer persisting,

spring ventilation (filled circles) is reduced at the surface but penetrates deeper than



in winter. Summer ventilation (open diamonds) penetrates to large depths and is
more vigorous at the surface than spring ventilation since the surface wind pack has
matured. The small peak in ventilation at about 20 cm depth on all profiles results
from a marked drop in density (and so increase in permeability) that corresponds to
the previous year’s summer/fall hoar layer. Note that mean annual wind speeds at
South Pole are about 5 m s™!, equivalent to the “low” wind condition or 0.25 Pa
surface forcing pressure.

Because of the very wide variability in ventilation rates for different conditions.
many of which are difficult to measure or quantify, an intermediate, low wind vertical
ventilation rate with depth was used year round (solid). Ventilation was approximated

I and

using an exponential function with a maximum at the surface of 0.00013 m sec™
an e-folding depth of 1.0 m. These ventilation rates are in approximate agreement

with those reported by Cunningham and Waddington [1993].

Snow Pack Temperature Modeling

Measured air temperature, relative humidity, and wind speed were used in the
snow pack temperature model SNTHERM [Jordan, 1991] to estimate snow pack
temperatures with depth for the duration of the transfer modeling and snow pack
simulation. Snow pack temperature at any time and depth during the snow pack

simulations was interpolated from this 2-D temperature field (Figure 5).

Chemical Transfer and Snow Pack Model

The amount of H2O, incorporated into precipitation is strongly temperature
dependent and, we assume, determined by co-deposition of water and H;03 in
proportion to their gas phase concentrations [Neftel et al., 1995}. Conklin et al.
[1993] and later Winterle [1996] used column experiments in the laboratory to
estimate equilibrium partitioning between snow and air. Particularly at the very

cold temperatures found in polar regions, such measurements are difficult to make



63

because they must be of very long duration. In this study. we used the equilibrium
relationship, Kp, determined in our earlier study at South Pole [McConnell et al..
1997¢] which is somewhat higher than that published by Conklin et al. [1993] (Figure
6). As indicated by laboratory measurements, Winterle [1996] also concluded that
the Conklin et al. [1993] line was low.

Because concentrations from co-deposition are super-saturated with respect
to the solid phase, snow releases H,O, after formation [Bales et al., 1995]. The
time required to reach equilibrium is long and surface conditions like temperature
and atmospheric concentration of H2O, change relatively quickly. The result is an
equilibrium concentration target that is very likely changing faster than the snow’s
capacity to adapt, so the surface snow concentration is essentially always in some
state of disequilibrium.

In this snow pack model and in our earlier work at South Pole, we assumed that
H,0, is contained in the bulk ice and not adsorbed on the surface. Consequently,
uptake and release are controlled by diffusion into and out of the snow grains,
depending on the distribution of H,O; in the grain, the temperature, the grain
shape and size, and the concentration of H,O; in the air at the outside boundary
of the grain. We assumed that snow is made up of radially symmetric, spherical
grains with radius, r, and used a finite-difference approximation of the spherical
diffusion equation to model uptake and release of H20 resulting from changing firn
air concentrations. Each grain was typically approximated with 10 concentric shells.

The spherical diffusion equation is:

(1)

ac, _ p_,—_g[rzac_,]
at r2grl  Or
where C, is the local H,0, concentration at any point in the ice sphere and D; is
the diffusion coefficient in ice. Based on laboratory measurements at -5, -30, and -50
°C [Winterle, 1996}, D; is highly temperature-dependent and can vary as much as

2 orders of magnitude during the year at South Pole. As with snow-air equilibrium



64

partitioning, we extrapolated these measured values to snow pack temperatures using
the van't Hoff equation. At -15 °C, the diffusion rate for HyO; is 2.3x10~15 m?2 s-!
which compares to 10~!® m?2 s™! for hydrochloric acid (HCl) and 10~ m? s~! for
nitric acid (HNO3) at this temperature [Domine and Thibert, 1995).

Snow is eventually buried and cut off from contact with the atmosphere and so
preserved in some state of disequilibrium, depending on how long it has remained
at the surface after original precipitation, how quickly the snow can release or take
up H20,, how quickly surface conditions are changing and how quickly the snow
is buried. We view the snow pack as a diffusive medium with air containing H,O,
circulating through it. Movement of H,0; is described using a finite-difference

approximation to the 1-D advection-dispersion equation:

0Cair _ azcair aCa.ir ‘
5 = D 332 -U 32 + 5§ (2)

where Cy;, is the concentration of H,O; in the circulating air, ¢t and = are time and
depth respectively, D is the dispersion, U is the velocity of the air in the z direction,
and SS represents the sources and sinks for H,O, within the snow pack [Bales and
Choi. 1996]. For continuity to hold, U must average to zero over time. The dispersion
term, D, includes both molecular diffusion and mechanical dispersion although
mechanical dispersion is several orders of magnitude greater than molecular diffusion
at depths less than several tens of meters. In the model, the mechanical dispersion
term is proportional to the level of turbulent ventilation and the density. For
completeness, we have included a temperature and density-dependent approximation
to molecular diffusion following Whillans and Grootes [1985]. As discussed above,

the source and sink term, SS. is determined by the rate of diffusion into and out of

modeled snow grains.

Snow Pack Model Summary

During snow pack simulation, snow accumulates on the surface and forms a layer

of specified thickness and density. All accumulation is modeled as newly precipitated



snow and not wind drift. It is assumed that grain-scale diffusion can be characterized
by a representative or effective grain radius. For South Pole simulations. we took
80x10~® m as the effective grain radius throughout the year, following Harder et al.
[1996]. Initial density at the surface was assumed to be 0.35 g cm™2 and constant
throughout the year. Timing of layer accumulation is determined by a specified
accumulation history for the site. At the time of layer accumulation, H,O, is
modeled as uniformly distributed within the grain and concentration determined
by co-deposition and measured air temperature (~ 10m). Snow can release and/or
take up H20; from the surrounding air as conditions change and as the snow moves
from co-deposition concentrations toward equilibrium, although in the model, grain
radius does not change after formation. The circulating air, or firn air, concentration
Cqir of HyO3 is calculated by solution of the finite-difference approximation of
the advection-dispersion equation (2). Snow pack temperature and ventilation is
interpolated from the 2-D fields that result from separate modeling. The atmospheric
H,0, concentration at the upper boundary is interpolated from a time series resulting
from separate photochemical modeling. At the lower boundary, the change in firn air
concentration near the bottom of the snow pack is projected across the boundary and
the result assigned to the firn air at the bottom of the modeled snow pack. In order
to minimize edge effects, the bottom of the simulated snow pack is padded with snow
layers that have concentrations varying with depth that are consistent with the start
date of the simulation.

As burial ensues, contact with the air at the top of the snow pack is progressively
reduced. Densification occurs and, for South Pole, is described using an empirical

depth-density relationship [Mosley-Thompson et al., 1995]:
p = -—4.8z107%2%2 +0.0196Z + 0.35 (3)

where p is layer density in g cm~2 and Z is depth in meters. Note that if deflation

occurs, the appropriate number of whole or fractional layers is stripped from the
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model and layer depth adjusted accordingly. Density is not reduced when lavers are
brought closer to the surface.

The firn air concentration, Cy;r, was computed in these simulations with a time
step on the order of 30 minutes (Equation 2), while spherical grain diffusion was
computed with a 6 minute time step (Equation 1). Tests indicated that there was

little sensitivity in the model results to time steps in these ranges.

Results
Surface Snow Simulations

The results of more than two years of year round weekly surface snow sampling
are shown in Figure 7. H2O, values range from the mid-winter concentrations of
2-3 uM to more than 20 zM in spring. Note the repeatability in the annual cycle
in surface snow concentration, although the spring peak is somewhat lower in 1996
than in 1995. The snow sample water equivalent depths averaged 0.055 g cm~2 and
mean depths were approximately consistent from sample period to sample period.
Variability in individual sampling depth within each sampling period was quite large,
however.

For comparison with our earlier transfer modeling work at South Pole [McConnell
et al., 1997c], the snow pack model was used to simulate the expected surface snow
concentrations of H,O, in very near-surface snow from Jan, 1994 through July,
1997. Surface snow physical parameters, including representative grain radius and
ventilation, were different from those used in the deeper pit simulations. Three
representative grain radii were tested: 20, 40 and 80 um (Figure 8). Note that Harder
et al. [1996] report blowing snow radii at South Pole from 15 um in winter to 30
pm in summer. Ventilation in the very shallowest snow pack was assumed to be
very rapid, meaning that the top 0.0015 m of snow was in unrestricted contact with
the atmosphere above. This was accomplished by setting both the lower and upper

boundary conditions in a 10 layer. 0.015 m snow pack to the modeled atmospheric



concentration. While the annual atmospheric concentration cycle was kept constant
from year to year, measured air temperatures were used to model snow pack and
skin temperatures, leading to some yvear to year variability in simulated surface snow

concentration.

Snow Pit Simulations

Figure 9 shows the simulated snow pit concentration for the given monthly
accumulation histories (Figure 2) along with measured H,O, concentration. Note
that these simulations included a constant annual cycle in atmospheric concentration.
Because there can be large differences in depositional temperature and atmospheric
concentration across a month, we linearly interpolated the accumulation records to
an approxim-a.te 1 cm nominal layer thickness and then determined the deposition
time for that 1 cm layer (Figure 2). The formation temperature for each layer,
estimated from the measured §'80 profile for each pit, is plotted along with the
simulation formation temperature (Figure 10). Note that the formation temperature
was estimated from measured 680 using a linear relationship with slope 2.3 o/o0o
(°C—1) (after Jouzel and Merlivat {1984]) and the intercept adjusted to give the
desired mean. This estimated formation temperature was back-diffused using a
high-boost filter and layer-stripping algorithm (after Sigg et al. [1994]).

Additional snow pack simulations were made using mean monthly accumulation
rates observed at South Pole [McConnell et al., 1997b]. Accumulation rate and
timing, atmospheric concentration, and temperature were repeated from year-to-year.
Annual accumulation was approximated with 24 layers, each with a nominal thickness
of 0.0121 m (Figure 11). For comparison, the running yearly average from the mean
monthly accumulation simulation is plotted with the 4 observed H,0O; profiles. In
general, the simulation under predicts the observed pit concentrations, although
much of the discrepancy may be because accumulation for these 4 pits is not well

represented by the mean monthly values used in the simulation.
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Discussion
Surface Snow Simulations

In our earlier transfer modeling work at South Pole [McConnell et al.. 1997c].
surface snow concentrations of H,O, were inverted, using a snow grain diffusion
model, to an estimate of the atmospheric concentration. However, the previous
snow grain model used an analytical solution to the spherical diffusion equation
(Equation 1) that assumed a uniform concentration at the start of each weekly time
step. To assess the impact of that approximation, the finite-difference, grain-diffusion
model was used to simulate expected surface snow concentrations for the given
model atmospheric concentration. If the approximation in the earlier model is not
significant, then the simulated and observed surface snow concentration profiles
should approximately match.

As shown in Figure 8, the new model does not replicate the observed surface
snow time series with the grain radius used in the earlier study. In particular, the
rapid spring rise in concentration in 1995 cannot be matched unless a smaller grain
radius of 40 zm is used. While this grain radius is well within the expected range for
surface snow, release of H,O, in the late summer and autumn is too rapid, resulting
in snow concentrations lower than observed at that time.

To understand the differences between the previous and present grain diffusion
models, the distribution of H202 within the grains is shown in Figure 12 for the 80
and 40 gm grains. With a radius of 80 um, there is approximately a 5 week lag in
response between the center and outside of the grain. This lag provides “memory”
for larger grains that is reduced or missing in smaller grains. Distribution of H,0;
within the grain is most uniform during mid-summer when the snow is warmest and
the diffusion rate at a maximum. Therefore, the very sharp peak in early November,
when temperatures are low, can be replicated only with very small grains on the
order of 40 um because the center of the larger grain remains essentially unchanged

for some time. However, the subsequent release of H,0, after the surface has warmed
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in mid-summer and fall is too rapid in the smaller grain. In sum. the distribution of
H,0; in the grain is clearly not uniform during most of the annual cycle. making the
assumption of uniformity in the earlier study invalid.

[t should be stressed that these surface snow simulations assume that the surface
snow is entirely comprised of “old” snow. That is. snow that precipitated sometime
previously and has been in contact with the atmosphere during that time. If samples
at the time of the sharp spring rise in surface snow H20, included newly precipitated
snow, then the model simulation will require smaller grains radii than actual to
compensate. Because the diffusion rate increases exponentially with temperature.
then newly precipitated snow during periods of cold snow temperatures will have a
more significant impact on simulations than new precipitation during warm periods.
This suggests that this technique of inverting surface snow samples to an estimate of

the atmospheric concentration is more robust in summer than winter.

Snow Pit Simulations

In general, agreement and disagreement between simulated and observed values
occurs simultaneously in the H20, concentration (Figure 9) and the formation
temperature (Figure 10) profiles (pit 6, 0.2 to 0.6 m). This suggests that at these
depths, either the monthly accumulation record is incorrect, the depth-density map
is in error, or accumulation at these times was a result of drifting snow and not new
precipitation. As expected. agreement is better between simulated and observed
profiles for estimated formation temperature than for H,O, because the relation
between formation temperature and §'80 is linear and because air temperatures
were measured for the entire duration of snow pit accumulation. However, this
agreement between simulated and observed formation temperature indicates that the
accumulation histories are generally accurate and that the depth-density relationship
used in the snow pack model is approximately correct.

The character of many features, such as the sharp, 7 cm low concentration layer
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in pit 10 at 35 cm depth followed by the distinct maximum at 44 cm. are replicated in
the simulations for H20O,, although sometimes with a shift in depth. This replication
of the observed variability indicates that the model captures most of the physical
processes in atmosphere-to-snow-to-firn transfer at South Pole. The occasional shifts
in depth between observed and simulated profiles is not surprising for a number of
reasons. First, accumulation was recorded only once a month and so we linearly
interpolated the monthly accumulation record to a smaller time interval. However.
there may be up to 1 month difference between the model accumulation date and that
when accumulation actually occured since a month’s accumulation may have occured
the day before or after a measurement was taken. Second, the accumulation stakes
were reset either once or twice a year (to accommodate rising snow level) which may
have introduced error of unknown magnitude into the accumulation histories. Third.
even if the accumulation histories are exactly correct, uneven compression of the snow
layers during firnification will lead to a non-linear and perhaps sporadic mismatch
between model and observed snow pits since densification in the model is assumed to
follow the smooth depth-density relation given by Equation 3.

In general, winter minima in the simulations were below those observed for
both H,O; and formation temperature. For H,O,, these winter-time concentrations
change very little from their original deposition concentration since temperatures are
very cold and diffusion very slow when this snow is at or near the surface. The likely
explanation for the lower-than-observed winter minima is that the model paradigm -
accumulation only resulting from new precipitation and not drifting of existing snow
- does not hold for much of the winter. In contradiction to this, Gow [1965] concluded
that accumulation mostly occured in winter. Additional explanations would be
that concentration at the time of formation is not determined by co-deposition or
that winter snow grains are much smaller than summer grains, leading to enhanced
uptake of H2O2 by diffusion well after deposition. Uptake could also occur during

recrystallization of the pack during summer warming but such snow metamorphism



and grain growth is beyond the scope of this modeling study.

Snow pit simulations using mean monthly accumulation rates (Figure 11)
indicate that firn continues to lose HyO5 to the atmosphere for about 8-10 vears
after precipitation, or about 2.5-3.0 m depth for current South Pole conditions.
Below this depth, there is apparently little additiohal loss but the amplitude of
the annual cycle continues to decrease because of vapor phase diffusion. This loss
to the atmosphere is related to the ventilation rate, snow grain radius, snow pack
temperature throughout the year, and to the accumulation rate since rapid burial
will cut off exchange with the atmosphere more quickly. A comparison of simulated
mean annual concentration of HyO; after 10 years with different annual accumulation
rates (Figure 13) demonstrates that there is a marked, approximately linear increase
in preserved H,O, with increasing accumulation rate. That is, increases in annual
accumulation rate will result in increases in H,O; in firn and ice cores. Note that
Jouzel et al. [1983] reported recent increases in accumulation at South Pole as
measured in firn cores which is in agreement with long term, spatial accumulation
studies by Mosely-Thompson et al. [1995]. This recent increase in accumulation rate

should translate to an increase in firn core concentrations of H,O4 near the surface.

Conclusions

The physically based advection-dispersion and snow grain diffusion model
presented here provides insight into the deposition, subsequent uptake and release,
and final preservation of H,O; in the snow and firn. While longer duration and winter
atmospheric measurements of H;O, would reduce uncertainty considerably. the results
of the modeling indicate that the surface snow is essentially always out of equilibrium
since environmental conditions like temperature and atmospheric concentration are
changing faster than the snow’s capacity to adapt. Even very near-surface snow
concentrations, while strongly reflecting the atmospheric concentration, do not have

sufficient time, especially at winter temperatures, to come to equilibrium with the
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atmosphere. When cut off from vigorous exchange with the atmosphere. the firn
air quickly establishes equilibrium with the outside of the snow grains. Results also
suggest that accumulation in winter at South Pole often does not only consist of
newly precipitated snow but has some component of drifted older snow.

As in our earlier snow pit modeling at Summit, Greenland, the large variability
in the concentration profiles among 4 snow pits at South Pole leaves no doubt about
the importance of accumulation seasonality in determining the final H,O, and §'%0
preserved in firn and ice. This supports the need for using multiple cores and pits to
investigate short-term atmospheric phenomena. The character of many of the features
unique to each pit were successfully replicated in model simulations of both H,O,
and formation temperature, and this, with only monthly accumulation histories.
Ultimately, accumulation timing and formation temperature must come from the
chemical record itself via modeling of more than one chemical species simultaneously.
This will require detailed knowledge of transfer functions for seasonally dependent
species other than H20, and §'80 and incorporation of this understanding into
physically based numerical models.

Long duration snow pit simulations using mean monthly accumulation rates
measured at South Pole indicate that the firn continues to lose H,O, to the atmosphere
for at least 8-10 years, depending on grain size, temperature, and accumulation and
ventilation rates. However, H,O, analyses on a number of shallow firn cores from
South Pole with co-registered §'80 and physical measurements like grain size, are
needed to verify this result. The apparent dependence of preserved mean annual H,O2
simply on such parameters as annual accumulation rate, emphasizes the importance
of using physically based numerical models to quantitatively interpret observed snow

pit and ice core records.
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Figure 3. Spot measurement (circles) of atmospheric H,O; at South Pole and the
repeated annual cycle used in surface snow and snow pack simulations. The latter was

estimated using a photochemical box model [McConnell et al., 1997c].
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Figure 7. H,0;, concentrations (a) and sample depth (b) in surface snow at South

Pole. Error bars show 1 standard deviation.
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Figure 8. Observed (circles) and simulated surface snow concentrations at South

Pole for effective snow grain radii of 80 (dashed), 40 (dotted) and 20 (solid) pm.
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Figure 9. Measured (solid) and simulated (dashed) concentration profiles for 4 snow

pits at South Pole. The pits were sampled in January, 1996.



84

Depth, m

|

Il " Il "bl L s L --d
-70 -50 -30 -70 -50 -30 -70 -50 -30 -7

Estimated Formation Temperature, °C

0 -50 -30

Figure 10. Measured (solid) and simulated (dashed) formation temperature profiles

for the snow pits in Figure 9.



0.0 ~ 0.0
0.5 T <+ 0.5
E o -
< |
‘a 1-0 "', 9 1-0
8 .
o |
1
| :
15 ! i il 115
) { | I I :
T
B bupep  du el
1 | | 'LI | .'_‘ILLLL. | - lL ) I S I.JAILL*
4812 4812 4812 4812 4 812
H,0,, uM

Figure 11. Snow pack simulation (a) using mean monthly accumulation at South
Pole (following McConnell et al., [1997b]). For comparison with observations, the
running annual average for the pit simulation (a) is plotted with the observed profiles
at stakes 01 (b), 06 (c), 10 (d), and 31 (e). Note that the simulation curve is generally
lower then the observed profiles, indicating that the snow pack model may be under

predicting the snow concentration with depth.
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Abstract. Inversion of chemical records archived
in ice cores to atmospheric concentrations requires
a detailed understanding of atmosphere-to-snow-to-ice
transfer processes. A unique year-round series of surface
snow samples, collected from November, 1994 through
January, 1996 at South Pole and analyzed for H;0,,
were used to test a physically based model for the
atmosphere-to-snow component of the overall traasfer
function. A comparison of photochemical model esti-
mates of atmospheric H10;, which are in general agree-
ment with the first measurements of atmospheric H,O»
at South Pole, with the inverted atmospheric record
(1) demonstrate that the surface snow acts as an excel-
lent archive of atmospheric HOa and (2) suggest that
snow temperature is the dominant factor determining
atmosphere-to-surface snow transfer at South Pole. The
estimated annual cycle in atmospheric H,0; concentra-
tion is approximately symmetric about the summer sol-
stice, with a peak value of ~280 pptv and a minimum
around the winter solstice of ~1 pptv, although some
asymmetry results from the springtime stratospheric
ozone hole over Antarctica.

Introduction

Ice cores provide a detailed record of past changes
in atmospheric chemistry and meteorology. Chemi-
cal species are incorporated into snow and thence ice
through wet and dry deposition. Most aerosols are
irreversibly deposited, meaning they are not emitted
back to the atmosphere after deposition. More-volatiie
species such as hydrogen peroxide (H,0,), formalde-
hyde. and organic acids are reversibly incorporated in
the snow. Some fraction of the deposited mass of these
species returns to the atmosphere as precipitation ages
and as surface and near-surface conditions change.

Quantitative interpretation of an ice core record re-
quires detailed knowledge of the transfer processes that
relate local atmospheric concentrations of chemical spe-
cies to those found in surface snow, firn, and ice {Nef-
tel, 1996]. This is particularly important for reversibiy
deposited species since post-depositional processes may
play a more important role in determining the ice-cote
concentration than do depositional fluxes. H2Oa2, which

Copyright 1997 by the Amenican Geaphysical Unioa.
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shows strong post-deposition modification. is a good
model for other reversibly deposited chemical species
(Bales and Wolff, 1995]. A mathematical description
of these transfer processes, referred to as the trans-
fer function, can be formulated in the forward semse
that describes how H;02 in air is incorporated into
snow and firn. In an example of a forward model, Me-
Connell et al. [1996b] developed an empirical. lumped-
parameter model to simulate H202 concentrations in
a snow pit given photochemical modeled estimates of
the atmospheric concentration of H20, and a priori
knowledge of the timing of snow accumuiation from au-
tomatic depth gauges. Simulations were compared to
observed profiles to define model parameters. The in-
terpretation of the ice core record, however, requires
inverse modeling, where ice core concentrations are in-
verted to an estimate of the atmospheric concentration.
Non-linearities in the time-depth relationship and the
convolution of those transfer processes active at the
surface (e.g., partitioning between snow and air, post-
depositional exchange with the atmosphere) with those
active beneath the surface (e.g, diminished exchange
during burial, redistribution of H302 by vapor phase
diffusion in the snow pack) hamper inversion of ice cote
records.

In this study, we estimated year-round atmospheric
concentrations of H.0- at South Pole using a quaati-
tative, physically based inversion of concentrations in
snow samples. To test the inverse model, we used
a unique, 14-month long series of surface snow sam-
ples, thereby avoiding both the non-linearities associ-
ated with the time-depth relationship in firn and the
transfer processes active beneath the surface. We com-
pared these inverted atmospheric concentrations with
the first measurements of atmospheric H2O» at South
Pole and with steady-state photochemical model pre-
dictions.

Methods

Surface snow samples were collected by NOAA winter-
over staff in the Clean Air Sector at South Poie on
approximately a weekly basis from November, 1994
through January, 1996. To mitigate spatial variability,
each sample consisted of six surface snow scrapes with
an average water-equivalent depth of 0.5 g cm~>. The
surface scrapes were aliquoted individually at South
Pole and analyzed for H2O3 at our lab in Anizona. Con-
tinuous. short term measurements of atmospheric H,0-
were made in November/December, 1994 and in Jan-
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uary, 1996 at South Pole using a gas-phase detector
(Bales et aol., 1995a].

Model

The amount of H202 incorporated into precipitation
is thought to be strongly temperature dependent and
determined by co-deposition of water and H:Oa in pro-
portion to their gas phase concentrations. Snow on
the ground releases H,O2 since concentrations from
co-deposition are supersaturated with respect to the
solid phase [Bales et aol,, 1995]. The ice-air equilib-
rium relation, also a strong function of temperature
(Figure 1), was confirmed by objective optimization
of 2 lumped parameter model of the transfer function
for H20, using snow-pit data in Greenland (McConnell
et al., 1996b]. The time required to reach equilibrium
in the solid phase is relatively long and surface condi-
tions like temperature and atmospheric concentration
of H,Q2 change quickly, so the equilibrium concentra-
tion target is likely to be changing faster than the snow’s
ability to adapt. The result is a surface snow concentra-
tion that is essentially always out of equilibrium. This
snow is eventually buried and cut off from contact with
the atmosphere and so preserved in some state of dise-
quilibrium, depending op bow long it has remained at
the surface after original precipitation, how quickly the
snow can release or take up H;O2, how quickly surface
conditions are changing, how quickly the snow is buried
and the level of ventilation. Note that recent high-
resolution snow pit data from South Pole [McConnell
et al., 1996a] do not show any consistent loss of H;0,
after burial.

In laboratory experimeants, the rate of H,02 degassing
from firn was found to be adequately described by
a spherical diffusion model of individual snow grains
within the firn:

(1)

log K, mol L’ atm’

3 ‘ ‘ —
-50 -40 -30 <20 -10
Temperature, °C

Figure 1. Snow-atmosphere partitioning relations de-
termined by laboratory experiments [Conklini et al.,
1993] and this study. Co-deposition refers to equal rate
of condensation of HaO and H,0,, resulting in the same
molar ratio in frozen particles as in the air.
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Figure 2. Simulated response of H202 concentration
in spherical ice grains (200pm radius) to changes in tem-

from a) -40 °C to -30 °C and b) -40 °C to -20
SC. Simulated temperatures increase at 4 weeks and
return to -40 °C at 20 weeks. Gas-phase H,O. is 100
Dptv.

where C, is the local H,0; concentration at any point
in the ice sphere and D; is the diffusion coefficient in
ice [Winterle, 1996]. We use this spherical diffusion
model with a strongly temperature-dependent D; (de-
rived from independent laboratory experiments) to de-
fine a physically based snow response function to simu-
late how snow will uptake or release H.O; as environ-
mental conditions change.

The simulated response of snow to changes in temper-
ature is given in Figure 2. For a temperature increase
from -40 to -30 °C (Figure 2a), it takes nearly 15 weeks
for the initial 20 xuM spow concentration to approach
the new 6 M equilibrium. When the temperature is
changed back to -40 °C, equilibrium at the original con-
centration is achieved after 20 weeks. In the second sim-
ulation (Figure 2b), the temperature is raised from -40
to -20 °C. The new equilibrium concentration of 2 M
is approached after only about 6 weeks because of the
higher diffusion coefficient at this warmer temperature.

Year-around, monthly accumulation data from South
Pole suggest that an individual surface snow sample is
predominately “old” smow [McConnell et al., 1996a),
meaning that snow found at the surface precipitated
some months prior to sampling and has been in contact
with the atmosphere for that time. The histogram of
the gross monthly accumulation recorded at fifty accu-
mulation stakes for the period September, 1988 through
Ja.m;a).ry, 1996 shows a distinct mode around zero (Fig-
ure 3).

From the cumulative distribution function, the rela-
tive probability that the surface elevation has changed
by less than 2.5 cm in a month is about 50%. If the sur-
face elevation has changed, it is likely that the added
accurnulation is “old” surface snow that has been redis-
tributed by wind. We make the simplifying assumption
that surface snow samples are composed of “old” snow.
Hence, post-depositional processes at the surface dom-
inate precipitation processes and H20a at South Pole
is treated as a completely reversibly deposited chemical

ecies.

We hypothesize that changes in surface snow con-
centrations are driven primarily by changes in sur-
face temperature and atmospheric H.O»  Using the
temperature-dependent spherical diffusion model and
the computed skin temperature, the snow’s response to
changes in environmental conditions over the elapsed
time between surface sampling is simulated to give Ry,
the fraction of total equilibrium change in concentration
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Figure 3. Histogram (a) and associated cumulative
distribution function (b) of recent monthly snow accu-
mulation at South Pole based on 50 stakes measured
over a 7.5 year period [McConnell et al., 1996a].

achieved after some elapsed time. In Figure 2, R/ starts
at zero when the temperature is first changed from -40
°C to -30 °C, increases exponentially and approaches
1.0 after about 15 weeks. The equilibrium snow con-
centration is computed as:

Seq(t) A Sob:(t 1) Sobs(t) (2)
Ry

where S, is the equilibrium concentration (uM) of
H,0, and S, is the observed concentration. With
the temperature and the equilibrium snow concentra-
tion known, the atmospheric concentration is readily de-
rived from the snow-atmosphere partitioning relation-
ship (Kp) (Figure 1).

Results

Surface snow concentrations showed a pronounced,
repeatable seasonal cycle with a maximum of (~22 uM)
in early to mid-November, well before the summer sol-
stice, and a broad minimum of (~2 pM) near the win-
ter solstice (Figure 4). Spatial variability in surface
concentration is generally far lower than temporal vari-
ability. Continuous atmospheric H,O» measurements,
presented as weekly averages (Figure 5), were 200-250
pptv in Nov/Dec, 1994 and 90-100 pptv in Jan, 1996.
No diel cycle in atmospheric concentration was seen.

Atmospheric Photochemical Model Estimates

Steady-state photochemical model predictions at seven
discrete times during the sunlit time of year were used
to define a representative annual cycle in atmospheric
H,0, (Figure 5a). We used a photochemical box model
that included a subset of the chemical reactions de-
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Figure 4. Measured concentrations of H,O, in surface
snow (a) and computed surface snow temperature (b) at
South Pole. Temperature estimates computed using an
energy balance model [Liston, 1995] from measurements
routinely collected by NOAA of air temperature, wind
speed, and relative humidity.
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Figure 5. Atmospheric concentrations of HO> at

South Pole: (a) estimated from a photochemical box
model using multi-year-averaged seasonal cycles in mea-
sured O3, CO, temperature, relative humidity, and
ozone burden; error bars represent expected variability
from short term changes in these values; and (b) box
model estimates extrapolated to the full annual cycle
and using measured relative humidity, compared with
the optimized inversion of the surface snow samples and
atmospheric measurements.

scribed in Stewart and Thompson [1996]. Annual cycles
for air temperature, pressure, relative humidity, actinic
flux, carbon monoxide (CO), and surface ozone (Oj3)
were taken from multi-year averages of measurements
at South Pole. To our knowledge, no measurements
of nitrogen oxide (NO) have been made so a concen-
tration of 1 pptv was used throughout the year. In the
model, O3, CO, and NO were fixed and incident UV ra-
diation computed using the latitude, time of year, and
stratospheric ozone burden. Since H,0, concentration
is highly sensitive to actinic flux and water vapor, the
error bars on Figure 5a represent the expected range
due to short-term variations in the most sensitive input
variables.

Because measured relative humidity was significantly
higher around the 1995 summer solstice then around
the 1994 solstice, the measured relative humidity with-
out multi-year averaging was used to model atmospheric
H;0, for comparison to the snow inversion model re-
sults (Figure 5b). v

Inversion Model Results

A parameter search was conducted to estimate the
snow-atmosphere partitioning relationship (Kp). Us-
ing that reported by Conklin et al. [1993] resulted in
atmospheric concentrations far higher than both ob-
servations and those predicted by the photochemical
model. By comparing the estimate of the atmospheric
concentration derived through surface snow inversion
with that predicted by photochemical modeling, opti-
mum parameters describing a quadratic shape of Kp
relationship with temperature were determined. Note
that the entire 14 month surface snow record was used
to define that 3 parameters in the Kp relationship with
temperature. The optimized annual atmospheric H1O»
cycle was inverted from the snow concentrations shown
on Figure 4 using a Kp double that given by Conkiin
et al. {1993] (Figure 1) and an effective snow grain ra-
dius of 70um [Harder et al., 1996] (Figure 5b).

Discussion

The estimated annual atmospheric concentration cy-
cle derived through inversion of the surface snow sam-
ples (Figure 5) is periodic and in good agreement with
both photochemical model estimates and direct atmo-
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spheric measurements made in late November and early
December, 1994, although not with similar measure-
ments made in January, 1996. During the latter pe-
riod, there was significant local pollution from construc-
tion at the new Clean Air Facility at South Pole which
may have reduced the measured levels of H.O2 some-
what. In addition, a constant NO concentration was
used throughout the year in the photochemical mod-
eling. Higher NO levels later in the summer would
decrease the atmospheric H2O, concentrations at that
time, bringing the photochemical model and measure-
ments into closer agreement. Atmospheric H,O2 levels
are strongly sensitive to water vapor mixing ratio and
actinic flux. Both are strongly sezsonal at South Pole
and the former is approximately symmetric about the
summer solstice while the latter is, at present, asym-
metric because of the springtime stratospheric ozone
hole. The photochemical model and surface snow in-
version estimates suggest that a sharp, approximately
symmetric peak in the atmospheric H,O2 concentration
(~280 pptv) occurs one to two weeks before the sum-
mer solstice while concentrations are very low (~1 pptv)
throughout much of the winter.

The equilibrium snow-atmosphere partitioning rela-
tionship indicated in this study is greater than that
previously reported from laboratory experiments. It
should be noted, however, that only two individual lab-
oratory experiments [Conklin et al., 1993] were made
at the very cold temperatures generally found at South
Pole, primarily because response of the snow is so slow
as to require experiments of very long duration. Hence,
the laboratory-based equilibrium partitioning rejation-
ship is essentially an extrapolation from much warmer
temperatures (-30°C and —8°C). In addition, rein-
terpretation of the Conklin et ol. [1993] data and in-
corporation of new laboratory data suggests that Kp
is probably higher than previously thought {Winterle,
1996].

W]hile the surface-snow concentration cycle is clearly
not symmetric about the solstice, the estimated atmo-
spheric cycle is approximately so, demonstrating that
the bulk of this asymmetry about the solstice is due to
the very strong temperature dependence in the uptake
capacity of H20; ia snow. That is, the asymmetry in
surface snow concentration is caused by the highly non-
linear, temperature dependent transfer function acting
on a nearly symmetric atmospheric concentration, cen-
tered a few days to weeks before the solstice, and a
symmetric surface temperature cycle that is centered
about 10 days after the solstice.

Conclusions

By comparing direct short term measurements and
photochemical model predictions with estimates of the
annual atmospheric H3Oa concentration cycle that re-
sult from physically based inversion of surface smow
sample concentrations, we conclude that surface snow
acts as an excellent proxy for the annual atmospheric
cycle. While this inversion of surface snow H,04 con-
centrations to an estimate of atmospheric loading is
an important step toward the objective of inverting
snow-pit and ice-core records into a long-term, inter-
annual evaluation of atmospheric H202 concentrations,
it should be emphasized that transfer processes active
beneath the surface have not been addressed here. To
accomplish such an inversion will require a detailed un-
derstanding of the timing of accumulation at the core
location and exchange between atmosphere and snow
during burial. With no diel cycle. a long-duration, year-

around instrumental record of atmospheric chemistcy
and meteorology. and year-round access by winter-over
personael, South Pole is an ideal location for the study
of atmosphere-to-snow transfer processes.
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Appendix D

Recent intra-annual snow accumulation at South Pole:

Implications for ice core interpretation
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Recent intra-annual snow accumulation at South Pole:
Implications for ice core interpretation

Joseph R. McConnell, Roger C. Bales, and Donald R. Davis
Department of Hydrology and Water Resources, University of Arizona, Tucson

Abstract. Spatial and temporal variability in snow accumulation can have a
significant impact on interpretation of ice cores, particularly for chemical species
that show a strong seasonal dependence either in atmospheric loading or in the
atmosphere-to-snow transfer process. Using a unique, 7.25-year record of recent,
year-round monthly snow accumulation at South Pole, we compute the number of
years of averaging required to statistically ensure that an ice core record would
have equivalent representation of snow from each month of the calendar year. For
current South Pole meteorological conditions, averaging times of the order of 300
years are required to ensure equal representation of each month, with May being the
least well-represented month. To ensure equal representation of 3-month seasons
still requires averaging times of the order of 130 years. Through correlations of
variability in monthly accumulation with potential snow transport by wind, we
estimated a similar averaging time for Summit, Greenland. For studies of long-
term, inter-annual changes in the atmospheric concentration of species that are
reversibly deposited to snow such as hydrogen peroxide (H,03), it is imperative
that comparisons are made over intervals with equivalent representation of high
versus low concentration periods. This is critical for H,O, because it has a very high
annual variability in the surface snow, driven by photochemical and temperature

cycles.

Introduction

Hydrogen peroxide (H102) and other “reversibly de-
posited” chemical species of interest in ice core analy-
sis show a strong seasonal dependence in atmospheric
and/or surface snow concentrations. We use the term
“reversibly deposited” to refer to species that are de-
posited as an impurity in the ice matrix but are suf-
ficiently volatile to undergo postdepositional exchange
with the atmosphere. Accumulation at polar ice cor-
ing sites can be highly variable in time and space, so
an ice core record for these chemical species may reflect
not only the interannual and intra-annual variations in
the atmospheric concentration, but also a history of the
season of snow accumulation for reversibly deposited
species and a history of the season of deposition for
irreversibly deposited species. Since interannual atmo-
spheric loading is of primary interest in climate change
studies, these subannual histories of accumulation and
deposition can be considered to be “noise” on the ice
core record. Because the intra-annual variation is often
far larger than any expected long-term changes in at-
mospheric concentration [McConnell et al., 1996], very
large deviations in the ice core record, over both short

Copyright 1997 by the American Geophysical Union.
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and long time sequences, can exist simply because of
variations in the season of accurnulation archived in the
core (Steig et al., 1994]. Multiple-year averages of ice
core records are often used to mitigate this temporal
and spatial accumulation variability, with typical aver-
aging pericds ranging from annual to century timescales
{Sigg and Neftel, 1991]. However, the averaging time re-
quired to sufficiently remove the potential impact of the
subannual accurnulation history is generally not known.

McConnell et al. [1997) reported year-round surface
snow concentrations of H203 at South Pole (Figure 1).
Note that the peak snow concentration occurs in mid-
November, well before the summer solstice. The overall
H,0, variation in the surface snow is from over 20 uM
in mid-November to approximately 2 uM around the
winter solstice. In addition, the average concentration
in the surface snow for November is nearly twice that
for either October or December. Comparisons from year
to year or between multiyear averages are only statisti-
cally reliable if high and low surface snow concentration
periods are equally represented in each time range com-
pared.

In this study, we use a multiyear record of recent,
year-round monthly snow accumulation at 50 closely
spaced stakes (Figure 2) at South Pole to derive quan-
titatively the averaging time required to statistically en-
sure that the snow accumulation record is filtered out
of the chemical record, thersby revealing any significant
long-term variations in surface snow concentrations. To
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Figure 1. Hydrogen peroxide in surface snow at South
Pole. Error bars represent 1 standard deviation.

our knowledge, this is the only accumulation record at
any cold polar ice site of such long duration (7.25 years)
and high time resolution (monthly throughout the year)
that is replicated by a large number of stakes (50).

Methods

We used a known statistical distribution to describe
the monthly accumulation variability at the 50 stakes
in the 0.3-ha study plot, located about 400 m grid east
from the dome at Amundsen-Scott Station. This distri-
bution was then used to compute the number of years
that must be sampled (i.e., inciuded in the average) in
order to have, within some specified confidence inter-
val, statistical assurance that the sample mean for a
particular month is within a specified percentage of the
underlying population mean or longer-term, spatially
smoothed average accumulation for that month.

Data

This work is based on data from a snow stake ac-
cumulation field that is approximately 50 m by 60 m
in area with a stake separation of roughly 10 m in-line
with the prevailing wind and 5 m in the crosswind di-
rection (Figure 2). Monthly snow height measurements
on each of the 50 stakes were made throughout the year
by meteorological staff at South Pole. Snow height was
measured relative to the tops of the ~1.5-m bamboo ac-
cumulation stakes to within ~0.15 cm, and the stakes
were reset once or twice each year as snow accumulated.
These simple month-to-month differences in the individ-
ual height measurements represent the gross accumula-
tion at each stake. The continuous monthly record used
in this analysis extends from September 1988 through
December 1995. Occasional inaccurate resetting of an
individual stake is probably the primary cause of un-
certainty in the snow accumulation record, but the im-
pact on the overall monthly accumulation histograms
is negligible since each is made up of either 350 or 400
individual measuremeants.

If all values are summed and used simply as 2 mean
monthly accurnulation record. this array has an implicit

spatial wavelength window or band-pass region for hor-
izontally propagating accumulation features given by
nd, where n is the sumber of stakes in the in-line or
cross-line direction and d is the respective stake spac-
ing in meters. Spatial wavelengths shorter thac this
window, but still longer than twice the stake spacing
{Nvquist sampling), will be strongly attenuated by the
spatial array. For instance, long-wavelength pertur-
bations in snow accumulation associated with airflow
around the buildings at the Amundsen-Scotz Station
{Mosley-Thompson et al., 1995] will not be attenuated
by the spatial array, while the short-wavelength varia-
tions caused by sastrugi may be. An analysis of this
sort that uses the individual stake data without sum-
mation can be biased by these long and short spatial
wavelengths that have not been properly sampled and
so lie outside of the array’s band reject region { Telford
et al., 1976].

Monthly accumulation values were summed to define
gross time-depth values at each stake. Since snow is of-
ten deposited and subsequently blown away, the gross
time-depth maps were modified to keep only the old-
est snow at each depth level (Figure 3) in the time-
depth relationship. These modified time-depth relation-
ships were then resampled to yield net or “preserved”
monthly accurnulation at each stake.

Fitting Gamma Distributions to Preserved
Monthly Accumulation

The gamma distribution is commonly applied in hy-
drology to describe the spatial distribution of precipi-
tation. Individual storm events typically produce expo-
nentially distributed rain gage data (Rice, 1988]. Dur-
ing a typical moath, a number of individual storms may
take place; so the monthly rain gage precipitation rep-
resents the sum of exponential distributions, which is a
gamma distribution. While the concepts do not trans-
late exactly to a snow environment because of wind re-
distribution of accumulating snow, we use gamma dis-
tributions to describe the always nonnegative preserved
monthly accumulation values. A gamma distribution is
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Figure 2. Map of the the snow stake accumulation
field, which is located just outside of the clean air sec-
tor, about 400 m grid east of Amundsen-Scott Station,
Antarctica.
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Figure 3. Time-depth map for an individual accumu-
lation stake showing both gross moathly accumulation
and net preserved accumulation.

defined by two parameters: the shape parameter o and
the scaling parameter A. The distribution mean is given
by a/) and the variance by a/A%.

For a given distribution, the central limic theorem
states that in the limit as the aumber of samples ap-
proaches infinity, the sample mean will approach the
population mean and the sample mean distribution will
be normally distributed [Rice, 1988]. For this analysis,
the sample mean is the mean amount of snow that accu-
mulated during the month in question within the entice
averaging period. The population mean is that given
by the gamma distribution fit to the available monthiy
accumnulation data for all 50 stakes. Figure 4 shows
the probability distribution of the sample mean as the
number of samples (i.e., years averaged) increases. Note
that the mcde of the sample mean approaches the pop-
ulation mean as the number of samples increases and
that the sample mean and mode rapidly converge. in-
dicating that the sample mean distribution quickiy ap-
proaches a normal distribution. Because the sample
mean is essentially normally distributed, one can ensure
that the sample mean is within a proportional error ¢ of
the population mean, with 95% confidence, by having
the minimum sample size greater than

n = (3;:)2 (1)

where m., is the gammadistribution mean and ¢ is the
standard deviation (Rice, 1988]. Also, n should be large
enough to ensure normality of the sampie mean by the
central limit theorem, typically at least 30.

Results

Histograms for all monthly accumulation values, both
before and after modification to net or preserved accu-

mulation, are shown in Figure 5. Since the accumu-
lation data are monthly, then this is the smallest time
interval that can be evaluated with confidence. The pre-
served monthly data were classified by month and com-
bined for all vears and stakes to yield 350 to 400 sam-
ples for each month of the calendar year. Histograms
of these monthly accumulation values are shown in Fig-
ure 6. Note that a time interval longer than a moath
might be used if the intra-annual variability in surface
snow concentration for a chemical species can be readily
classified by that longer time period. For example, sea-
sons or 3-month periods might be suitable for a mostly
irreversibly deposited species such as ammonium since
month-to-month variability is not as high as for 2 pho-
tochemically produced species like HyO2 (unpublished
data).

Using a simple root-mean-square (RMS) minimiza-
tion routine and constraining the distribution mean to
be equal to the accumulation data mean, gamma distri-
butions were fit to the individual monthly histograms
of net accumnulation (Figure 6). The resulting gamma
distribution parameters, along with the mean and cal-
culated standard deviation for each month, are given in
Table 1. The gamma distribution parameters for each
month were used in (1) to compute the required number
of samples that must be averaged to ensure consistent
representation of that month in the average for propor-
tional error limits of 0.4, 0.2 and 0.1.

The averaging lengths reported in Table 1 indicate
that, given current South Pole accumulation character-
istics and for analyses involving chemical species that
show strong month to month changes in atmospheric
loading, a very long time-averaging window must be
used when investigating interannual variability. To en-
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Figure 4. Distribution of the sample mean as the num-
ber of samples increases from 1 to 30. The shape o and

scaling A parameters for the November gamma distri-
bution were used for illustration (Table 1).
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Figure 5. Histograms of gross and net preserved
monthly accumulation for all 50 stakes and all mea-
surement periods.

sure that each month within the year is adequately rep-
resented in a time average, the overall averaging time
must be set to the largest value found for any individ-
ual month. For example, more than 310 years would be
needed to include May accumulation for ¢ = 0.2. Note
that this is the averaging length for a single core. Aver-
aging of adjacent cores would decrease the time window
proportionally. That is, two adjacent cores combined
would require half the averaging length. A similar, sin-
gle core analysis was made for seasonal resolution for ap-
plication to species with less month to month variability
but still showing a strong annual cycle. Seasons were
defined at South Pole as November, December, Jan-
uary for summer; February, March, April for autumn;
etc. Averaging times to ensure consistent representa-
tion of each season within an averaging time window
are reported in Table 2. As would be expected, required
averaging times are less for seasonal than for monthly
resolution, although the averaging times are still quite
large (over 130 years for ¢ = 0.2). Note that as the res-
olution is lessened (e.g., month to season to year), the
accumulation values become progressively more inter-
dependent since depressions in the snow surface tend to
fill in the next time period. Interdependence will result
in an underestimate of the required number of averaging
years. Note, however, that Palais et al. [1982] found no
statistical correlation between surface form and annual
accumulation at the Dome C site in Antarctica.

These averaging time estimates are for current ac-
cumulation conditions at South Pole. Different polar
locations with different meteorology and snow accumu-
lation characteristics will have different averaging times.
Moreover, depositional conditions may have been differ-
ent at South Pole in the past.

Discussion

Independence of Monthly Accumulation

This analysis assumes that monthly preserved accu-
mulation values at each of the 50 stakes over the mul-

May

0.8 Jul Aug

10 0 § 10 0 5 10

0 § 10 0 5 10 0 E W 1%

Preserved monthly accumulation, cm

Figure 6. Monthly histograms of net preserved accumulation data for all 50 stakes. Solid lines

are fitted gamma distributions.
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Table 1. Monthly Accumulation Statistics and Fitted Gamma Distribution
Parameters for South Pole and Computed Averaging Times for Three Propor-

tional Error Limits ¢

Gamma Gamma Standard
Shape Scaling Mean  Deviation Average Time n, years
Month a & m~, cm 04, CIM eelld L rEsls e=l]
Jan. 0.531 0.266 1.99 2.74 47 190 750
Feb. 0.421 0.192 2.19 3.38 60 240 950
March 0.461 0.266 1.74 2.56 54 220 870
April 0.371 0.138 2.68 4.40 68 270 1100
May 0.321 0.120 2.68 4.73 78 310 1200
June 0.401 0.184 2.18 3.44 62 250 1000
July 0.341 0.173 1.97 3.37 73 290 1200
Aug. 0.361 0.142 2.55 4.24 69 280 1100
Sept. 0.421 0.117 3.59 5.53 60 240 950
Oct. 0.471 0.125 3.77 5.50 53 210 850
Nov. 0.561 0.201 2.79 3.73 45 180 710
- Dec. 0.690 0.540 1.28 1.54 36 150 580

Mean refers to gamma distribution mean.

tiyear record are essentially independent both in time
and space. For example, November 1994 accumulation
at stake 1 is assumed to be independent of November
1994 accumulation at all other stakes and to be inde-
pendent of accumulation at stake 1 and all other stakes
for November 1993.

The temporal independence criterion was investigated
by plotting monthly accumulation at a stake n for a par-
ticular year y against accumulation at the same stake
for the previous year, y — 1. No visual correlation
was found. Similarly, the spatial independence crite-
rion was tested by plotting monthly accumulation at
one stake against monthly accumulation at a number
of surrounding stakes. No significant correlation was
found, perhaps because the stake spacing is somewhat
random and, for the most part, larger than the domi-
nant wavelength of the sastrugi. As a second test, the
time series of monthly accumulation for each stake was
cross-correlated against time series for adjacent stakes,
and, except for evidence of the annual accumulation cy-
cle, again, no strong correlation between adjacent stakes
was seen.

Interannual Accumulation

The mean monthly accumulation derived from the
snow stake data used in this study is 2.44 cm of sur-
face snow. Assuming a surface snow density of 0.35 g

cm~3 [Mosley- Thompson et al., 1995] yields 10.3 cm of
water equivalent per year. This annual accumulation
rate is well within the range of reported regional values
for this time period at South Pole [Mosley- Thompson
et al., 1995], although slightly higher than the reported
transect values for accumulation approximately 1 km
from the South Pole Station. Note, however, that a
trend toward increasing recent accumulation has been
reported and that the published transect values are for
an earlier time period of 1978 through 1990. The agree-
ment between the previously reported net annual accu-
mulation rates and those from the accumulation stake
array suggests that the array has no discernible local
snow-trapping effect. The monthly mean accumulation
and standard deviations listed in Table 1 demonstrate
that, while highly variable, the maximum accumulation
at South Pole occurs in spring (September/October),
with summer (December/January) having relatively lit-
tle accumulation.

Since this current study examines spatial variability
over relatively short distances (meters to tens of meters)
and over short time periods (months to seasons), we
have not considered any possible influence of the South
Pole Station buildings and structures on the local, long-
term accumulation. Variability within these distances
and times is primarily determined by peak wind veloci-
ties. While it seems unlikely that our findings would be
significantly affected by the long-wavelength accumula-

Table 2. Seasonal Accumulation Statistics and Fitted Gamma Distribution
Parameters for South Pole and Computed Averaging Times for Three Propor-

tional Error Limits ¢

Gamma Gamma Standard
Shape Scaling Mean  Deviation Average Time n, years
Season a A m~, Cm o, Cm e=04 e=0.2 e=0.1
NDJ 0.761 0.125 6.10 6.99 33 130 520
FMA 1.431 0.217 6.61 5.53 18 70 280
MJJ 1.011 0.148 6.83 6.79 25 99 400
ASO 1.441 0.151 9.56 7.97 18 69 280

Seasons are defined as NDJ, November, December, January; FMA, February,
March, April; MJJ, May, June, July; and ASO, August, September, October.
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Figure 7. Standard deviation of gross monthly accumulation over the 50 accumulation stakes

and corresponding monthly maximum winds.

tion perturbation of the nearby Amundsen-Scott Sta-
tion, such trapping of snow by the station would likely
decrease local wind speeds and increase net accumu-
lation, making the averaging time estimates computed
here shorter than what would be required farther away
from the station.

Extension to Other Polar Ice Coring Sites

Wind velocities at South Pole are quite high. partic-
ularly during winter months, and we hypothesize that
the very large stake-to-stake variability in monthly ac-
cumulation is primarily caused by these high winds
since snow transport is highly dependent on wind speed
[Pomeroy and Jones, 1996; Pettre et al., 1986]. The
standard deviation in gross monthly accumulation is
plotted in Figure 7, along with two indicators of windi-
ness during each accumulation month. The average
peak wind is the simple average over the month of the
peak wind velocity recorded for each day. The peak
monthly wind is the maximum wind reported for any
day during the month. Note the obvious correlation
of monthly accumulation variance to both peak wind
speed indicators.

Investigations of transport of snow by wind in polar
environments have found that the mass of snow trans-
ported is empirically related to the wind speed at 10
m height raised to the power 4.2 [Pomeroy and Jones,
1996]. If the stake-to-stake variability in snow accumu-
lation is related to transport by wind, then there should
be a correlation between wind speed raised to the power
4.2 and the standard deviation of the monthly accumu-

lation. The peak wind speeds reported for each day
were raised to the power 4.2, averaged over the month,
and the average raised to the power 1/4.2 to create a
proxy snow transport time series Uproxy during the time
period covered by the accumulation record. This proxy
record, also plotted in Figure 7, shows a similar cor-
relation with accumulation variance. In Figure 8, the
standard deviation in monthly net accumulation is plot-
ted against monthly proxy snow transport and a func-
tion of the form ¢ = AULZ,, fitted to the data. Note
that the function approximates the accumulation data,
confirming that the stake-to-stake variation in snow ac-
cumulation at South Pole is indeed correlated to snow
transport by wind.

For potential ice coring sites with lower peak winds,
the variance in monthly accumulation from location to
location and from year to year should be significantly
less. If we make the assumption that the stake-to-
stake monthly accumulation variance to peak daily wind
speed relationship at South Pole (Figure 7) has general
application in polar environments, then it is possible to
extend these averaging results to other ice core sites.
Using ~2-m wind speeds from the automatic weather
station at Summit, Greenland [Stearns et al., 1993],
to estimate the potential monthly transport of snow
by wind, we derived the monthly standard deviations
shown in Table 3. Note that in using the ~2-m wind
speed without correction to 10 m, we may have under-
estimated the standard deviation at Summit to some
degree. Because the surface roughness over snow is gen-
erally < 0.1 cm [Lettau, 1969], the differences from ~2
to 10 m are relatively small. Snow accumulated during
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Figure 8. Standard deviation of gross monthly ac-
cumulation over 50 accumulation stakes (June 1991
through December 1995) plotted against a proxy record
of sncl;w transport by wind during each accumulation
month.

the measurement period, so 2 m is only an approxima-
tion for the Summit wind speed measurement height.
Again, because of the low surface roughness, the differ-
ence in 1.5- and 2.5-m wind speeds is < 10%.
Estimates of the intra-annual precipitation over cen-
tral Greenland based on regional scale meteoralogy {Bro-
muwich et al., 1993] suggest that maximum precipitation
occurs in late summer to easly autumn and 2 minimum
in late winter to early spring, with approximately twice
the accumulation rate at the maximum than at the min-
imum. Analyses coupling passive microwave data with
local air temperature and high-resolution §'%0 profiles

in the snow pack to estimate the timing of accumula-
tion at Summit [Shuman et al., 1995] found. although
highly variable. an annual accumulation cycle with sim-
ilar peak/trough tirning but an amplitude of the cycle
less pronounced than that suggested by the Sromwich
et al. [1993] regional analysis. We approximated the
monthly precipitation as a sinusoid with peak timing
as described above, an amplitude giving twice as much
accumulation at the maximum as at the minimum, and
a monthly mean of 3 cm yr~*! (Table 3), yielding a to-
tal of 60 cm yr~! (H. Kuhns, personal communication,
1996). Again, using (1), we computed the required av-
eraging time for proportional error limits of 0.4, 0.2,
and 0.1 percent for Summit (Table 3). Averaging times
are much lower than for South Pole when precipita-
tion is high and wind speeds are low. However. peak
wind speeds at Summit are higher than at South Pole
and precipitation may be near a minimum during the
month of strongest winds (March), leading to a long av-
eraging time of the order of 300 vears for that month
(for e = 0.2).

Conclusions

There are important differences in the implications
of these findings for interpretation of irreversibly versus
reversibly deposited species in ice cores. The timing of
deposition should be more important for irreversibly de-
posited species, e.g., aerosol-associated cations and sul-
fate. On the other hand, postdepositional exchange is at
least as important as depasition for reversibly deposited
species in determining concentrations buried and thus
preserved in firn/ice. The timing of accumulation de-
termines the extent of postdepositional exchange.

Averaging times of the order of 300 years may be
somewhat larger than would be required at other ice
core sites, at least in part because of the moderately
high winds and low to moderate accumulation rates
found at South Pole. Extension of these results to con-
ditions at Summit, Greenland, suggests that for many
months, much lower averaging times are adequate; al-
though the longest averaging time (March) is similar to

Table 3. Estimated Monthly Accumulation Statistics for Summit,
Greenland, and Computed Averaging Times for Three Proportional

Error Limits ¢

Wind Standard
Transport Deviation  Mean Average Time n, years
Month Uproxy oy, CM m,,cm =04 ¢=0.0 ¢=0.1
Jan. 9.38 1.9 3.6 T 30 110
Feb. 11.12 3.9 3.4 30 130 530
March 12.43 6.2 3.6 70 300 1200
April 9.00 1.6 4.2 4 20 60
May 8.10 1.0 5.0 1 4 20
June 8.50 1.3 5.8 1 5 20
July 7.94 1.0 6.4 1 2 8
Aug. 7.81 0.9 6.7 1 2 8
Sept. 8.46 1.2 6.4 1 4 20
Oct. 9.56 2.1 5.8 3 13 50
Nov. 10.35 29 5.0 9 30 140
Dec. 11.62 4.7 4.2 30 130 500
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South Pole. While annual accumulation at Summit is
nearly double that at South Pole, peak wind velocities
are often higher and precipitation may be at a mini-
mum during the month of highest wind speeds. Ice cor-
ing sites with more annual accumulation and/or lower
peak wind velocities would have lower required averag-
ing times. On the other hand, for very low accumu-
lation sites like Vostok, required averaging lengths are
probably much greater since the minimum number of
samples in the averaging length is related to the mean
accumnulation raised to the power -2.

An intra-annual accumulation study of this type would
not have been possible without the year-round monthly
accumulation data. South Pole is the only potential po-
lar ice coring site that is occupied year-round, so it is
the only place where a long-term, high time resolution,
multiple-stake accumulation record of this type can be
collected at this time. We very strongly encourage the
continued maintenance of this unique record, both for
intra-annual accumulation studies and for atmosphere-
snow transfer studies in general.
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