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Climatic and glaciological information inferred from
air-content measurements of a Law Dome
(East Antarctica) ice core
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3 Antarctic CRC and Australian Antarctic Division, Box 252-80, Hobart, Tasmania 7001, Australia

ABSTRACT. Thetotal air content (V) of ice has been measured along the Dome Sum-
mit South (IDSS) core from Law Dome, East Antarctica. The main features of this record
are the very well-preserved sub-annual fluctnations of V' (down to at least 900 m depth)
and the significant increase of the V' values during the last deglaciation. The sub-annual
variations rcflect changes in close-off porosity, and we interpret the V scasonal peaks as
tracers of depth-hoar layers. For the longer time-scale, the large V fluctuations observed
are interpreted in terms of elevation andjor close-off porosity changes under different
assumptions. We analyze the possible influence of a dillerent global pressure field and/or
a change in scasonal temperature and precipitation cycles during the last glacial period.
Our cstimates of surface elevation changces derived from the V' data are then compared
with independent reconstructions of past elevations.

1. INTRODUCTION

A knowledge of past ice-sheet elevation variations is impor-
tant in the context of understanding climate—ice-sheetinter-
actions and interpreting ice-corc palaco records. In
particular, the interpretation of the isotope-ratio (§%0 of
ice) record in terms of temperature change requires an esti-
mation of clevation variations, because altitude changes
have a direct impact on the temperature of a site, which 1s
indistinguishable from that produced by climatic changes
and therefore recorded by isotopes. In addition, improve-
ment of past-climate simulations by atmospheric general
circulation models (AGCMs) requires a better knowledge
of past ice-sheet topography. Information on the ice-sheet
mass balance (and hence on sca-level variations) is also
obtained from elevation variations.

Ice-sheet models enable us to estimate past ice-sheet ele-
vation variations in relation to climatic changes. However,
most of these models are designed for large ice sheets where
local conditions are relatively less significant, and they de-
pend on boundary conditions such as accumulation, tem-
perature and basal sliding, all of which are subject to
uncertainties. They are thercfore not well suited to the study
of local variations, particularly local elevation change in a
coastal area such as Law Dome, East Antarctica. An alter-
native way to derive information on ice-sheet elevation
change is to measure the total amount of air entrapped in
the bubbles of icc cores. During the transtormation of snow
into ice, air at atmospheric pressure in the firn becomes pro-
gressively trapped as the open pores are transformed into
closed bubbles in the ice {the closc-off process). The air con-
tent (V) of polar ice depends mainly on the atmospheric
pressure and temperature prevailing at the formation site.

V canbe expressed in em” g ' of ice (Martinerie and others,
1992) as:

y-y Ll (1)

Tc PO

In Equation (1), P, and T; are the mean atmospheric pres-
sure and the firn temperature at the elevation of the close-ofl’
level, Py and T} are the standard pressure (1013 hPa) and
temperature (273 K} and V; is the pore volume at close-off
(cm? gfl ol ice). Under present-day conditions, the spatial
distribution of V, shows a clear decrcase with decreasing
temperature. Martinerie and others (1992) used data from
alarge number of sites representing a wide range of climatic
conditions (i.e. temperature, pressure and accumulation) to
obtain a linear fit to the data of :

V. =(6.95x107*T,) —0.043 R=090. (2)

There is, however, considerable variability around the re-
gression line (Fig. la), indicating that some of the V. fluctua-
tions are not correlated with the close-off temperature.

Because of'its pressure and elevation dependence (Fig. 1b
and c), air content measured in deep ice cores has previously
been used as a palacobaromecter, and past ice-sheet cleva-
tions have been reconstructed from this information (Ray-
naud and Lorius, 1973,1977; Budd and Morgan, 1977; Herron
and Langway, 1987; Kameda, and others, 1990).

However, recent work conducted on the Vostok (East
Antarctica) and GRIP (Greenland) cores (Martinerie and
others, 1994; Raynaud and others, 1997) has revealed the
complexity of the V signal and the possibly major role of
other meteorological and glaciological parameters such as
wind-speed and atmospheric-pressure patterns (Martinerie
and others, 1992, 1994; Raynaud and others, 1997). These
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Fag. 1 Present-day distribution of 'V and V; near the surface of
Antarctica and Greenland (adapted from Martinerie and
others, 1992, 1994). The diamonds correspond to the two new
sites of GRIP ( Raynaud and others, 1997) and DSS ( this
work). (a) Vo = f(T.) Solid line represents linear regression
obtained by Martinerte and others (1992); dotted line takes
into account GRIPand DSS sites. (b) V vs atmospheric pres-
sure at close-off depth level. (¢) 'V vs elevation of close-off

level.

results also highlight the fact that variations in the porosity
at close-oft during past periods are not well constrained.

In this context, we present here new alr-content measure-
ments obtained from the Dome Summit South (DSS) deep
ice core from Law Dome. Law Dome (200 km in diameter,
1390 m a.s.1) 1s a small dome located in Wilkes Land on the
coast of East Antarctica. Its ice flow is largely disconnected
from that of the main East Antarctic ice sheet, with a large
saddle separating the twoice domains (Fig. 2b). The DSS site
66°46'S, 112°48" E; 1370 ma.s.l) is located 4.6km south-
southeast of the dome summit and about 100 km from the
East Antarctic margin (Fig. 2a). The site 1s of particular in-
terest because the low temperatures (annual mean of —22°C)
generally preserve the surface snow from summer melting,
and the very large accumulation rate (0.7 ma ' ice equiva-
lent) ensures that the DSS ice core provides very good tem-
poral resolution for the recent part of the Holocene period
(Morgan and othcrs, 1997).

These characteristics allow us to investigate seasonal cy-
cles of the air content during the latc Holocence period, and
to propose a new interpretation involving atmospheric sur-
face paramcters and the snow structure. We also show results
for the last climatic transition and discuss these in terms of
past changes of close-off porosity (V) and past ice-sheet ele-
vation variation. Comparison with other indicators enables
us to investigate the validity and the sensitivity ol our difler-
ent reconstructions.
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2. DSS V MEASUREMENTS

The results presented in this paper are based on more than
130 individual air-content measurements covering the full
depth of the DSS core. Most of these were obtained using
the barometric method described by Lipenkov and others
(1995). This is basced on accurate measurement of the pres-
surc of air rcleased in a calibrated cell after the melting
and refreezing of an ice sample under controlled tempera-
ture conditions. An initial series of tests of the experimental
system against a well-calibrated reference indicated an ac-
curacy for the method of £06% [average reproducibility
+0.5%; Lipenkov and others, 1993). During our study, we
conducted two new series of measurements on a large num-
ber of samples, in order to further test the experimental
system.

The first series consisted of the measurement of samples
cut from the same slice of ice as was previously analyzed by
the volumetric method, which consists of the collection of
the air in the volumetric burette of a Toepler pump. The
volumetric method has been tested and calibrated (including
the usc of cells with calibrated volume), and therefore pro-
vided an absolute reference for the V measurcments with an
accuracy of £1.5% (Raynaud and Whillans, 1982; Martin-
erie, 1990; Martinerie and others, 1992). Our new test results
are presented in Table 1, together with the data already
obtained by Lipenkov and others (1995). The average ab-
solute difference between the barometric and volumetric
methods is 1.07%, which is in agrecement with the results of
Lipenkov and others (1995). Taking into account all the
double measurements available (1.e. our study and those of
Lipenkov and others (1993)), and considering a slightly
different mode of calculation (sce Table 1 footnote), we deter-
minc an absolute accuracy of the barometric method of
+09%.

The second series of tests was used 1o evaluate the repro-
ducibility by independent measurement of pairs of samples
prepared from a single slice of ice. Most of the DSS samples
have been checked by double measurement {Delmotte, 1997),
particularly the ones corresponding to summer peaks (see
section 3.2). The average reproducibility obtained from 50
double barometric measurements is £0.73%.

Some additional results, for the last climatic transition,
were provided as a by-product of methanc-concentration
measurcments performed by a chromatographic method
(Chappcllaz and others, 1997). The accuracy of this method
does not cxcced £5%, but within this uncertainty the
results obtained agree well with the barometric data, as
shown in Figure 3.

All the results presented in this paper have been cor-
rected for the cut-bubble effect. This correction arises from
the gas lost from bubbles near the face of the samples, which
are opened during sample cutting. Martinerie and others
{1990) showed that for typical sample dimensions (20-30g
ofice) this air loss can represent as much as 10% of the total.
For the DSS core, the correction factor 1s ~3.5% in the 200—
400 m depth interval, ~1.84% in the 1100—1170 m depth in-
terval and negligible below 1170 m. The correction factor
was calculated by a statistical method (Saltikov, 1976;
Martincric, 1990; Martincric and others, 1990) from average
bubble diameters measured on thin sections. Bubble diam-
eters vary from 0.30 mm at 20l m depth to 0.20 mm at the
bottom of the core (1170 m).
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Fig. 2. Map location and characteristics of DSS coring site. (a) Geographical situation of Law Dome ( adapted from Etheridge
and others, 1996) (b) Ice flow of Law Dome, and large saddle existing belween dome and main East Antarctic ice sheet ( adapted

Jrom Budd and Murgan, 1977).

3. THE LATE-HOLOCENE RECORD: LONG-TERM
TREND AND SEASONAL VARIATIONS

At DSS, the Holocene period is spread over the upper 1113 m
of the core {Delmotte, 1997, Morgan and others, 1997). Over
this depth interval we sampled at four levels: 200, 393, 591
and 903m {corresponding ages of the ice arc 285+2,
671 £3, 1220 £10 and 2955 £ 150 years before AD 1988). At
each depth level, we measured (at 8 em resolution) contin-
uous ice pleces 0.80-1m long (except for the lowest level,
where the length was only 0.26 m). The data obtained enable
us to investigate the long-term trend of the V record, as well
as the short-term (to sub-annual) variations.

3.1. Late-Holocene V trend

The mean V values calculated for each of the four depth
levels corresponding to the late-Holocene period show no sig-
nificant differences (Fig. 3), and lead to a 01182 cm® g ' aver-
age for the considered time period. The lack of a trend in V
reflects the stability of the dome during the Holocene and
supports the notion of a constant-size ice sheet as indicated
by the stable-isotope (60} record. Indeed, the smoothed

"0 record shown in Figure 3 exhibits fluctuations no larger
than 1%o, which reflect temperature variations of <2°C. This
corresponds to clevation change of <150 m, a variation which
lies near the limit of uncertainty of our interpretation (see
scction 4).

The DSS late-Holocene mean V value of 0.1182 em® g !
corresponds to a Vi value, calculated by Equation (1), of
0133 cm®g ", Both this value and that for the GRIP site
(Raynaud and others, 1997) lie close to the mean of the dis-
tribution of Martinerie and others (1994), as shown in Figure
la. By adding these two new sites to the dataset of Martinerie
and others (1994), and reconsidering the present-day rela-
tionship, we obtain the tollowing linear relationship:

V.=7.02x 10T, (K)—-0.045 R=090. (3)

We use this new parameterisation, which includes the DSS
and the GRIP data, in the following scctions. It differs only
slightly from the one previously established by Martinerie
and others (1994} (scc Equation (2)).

3.2. Sub-annual V variations

The high-resolution V' measurcments conducted at the four
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Table 1. Comparison of air-content measurements oblained using either the barometric or the volumeiric method

Drilling site Depth of slice Volumetric method Barometric method Average Dafference between two methods Source
g S
Measured value  Mean value  Measured value  Mean value
m cm’ g™ em®y! em’yg! em®g’! em’g! % Yo
i ] (3) 4 (9) 6) (7) (&) 9 (16
Km 100 100.12 0.1163 0.1163 0.1160 0.1157 0.1160 0.52 0.52 1
01154
Km 100 100.35 0.1162 0.1162 0.1163 0.1168 0.1165 —0.52 0.52 1
0.1173
Km 100 100.38 0.1151 0.1151 0.1140 0.1154 0.1152 023 023 1
0.1157
0.1164
Km 100 100.41 0.1149 0.1149 0.1164 0.1164 0.1157 1.30 1.30 1
0.1164
Km 100 100.44 Q0.1150 0.1150 0.1167 0.170 0.1160 -172 1.72 1
0.1173
Km 100 100.47 0.1133 0.1133 0.1133 0.1132 0.1133 0.09 0.09 1
0.1131
Km 100 100.53 0.1141 0.1140 0.1133 0.1145 0.1142 -0.41 0.41 1
0.1139 (1156
0.1145
Km 100 100.56 0.11437 0.1143 0.1116 0.1147 0.1145 —0.31 0.31 2
0.1147
Km 400 124.15 0.0895" 0.0895 0.0913 0.0913 0.0904 —2.05 2.05 2
Km 400 12429 00912 0.0907 0.0919 0.0919 0.0913 -1.37 1.37 2
0.0901
Km 400 124.31 0.0931 0.0931 0.0890 0.0898 0.0914 (3.66) (3.66) 1
0.0905
Km 400 124.35 0.0888 0.0838 0.0874 0.0874 0.0881 1.59 1.39 1
0.0875
Km 400 124.58 0.0937 0.0937 0.0932 0.0938 0.0938 -0.11 0.1 1
0.0944
Km 400 124.67 0.09621 0.0962 0.0960 0.0960 0.0961 0.25 025 2
Vostok 193740 0.08814 0.0881 0.0897 0.0897 0.0889 -1.80 1.80 2
Vostok 162770 0.0845! 0.0845 0.0855 0.0855 0.0830 -1.20 1.20 2
Average -0.31 1.07
Standard deviation (1o 1.43 097
Global average {without (366)) —0.57 0.90
Standard deviation (1) 1.00 0.70

Notes: The difference between the two methods has been calculated from a mean value corresponding to the average of the two methods for a given slice of ice
isee column 8). In column 10, number 1 refers to the work of Lipenkov and others (1995), and number 2 to this study.

f Personal communication from V. Lipenkov (1996},
! Martineric (1990).

depth levels reveal significant V' variations on a sub-annual
time-scale. 6O measured on the same samples clearly indi-
cates the scasonality, with higher § values corresponding to
the summer, and lower values to the winter (Fig. 4). The
records for the first three depth levels each contain two con-
secutive seasonal cycles. In addition, HyO, concentration,
another seasonal marker, was measured on the 201 and
393 m depth series. We observed that whereas the 60 and
H,05 records show regular cycles with smooth transitions
between summer and winter seasons, the V signal is charac-
teriscd by a relatively constant background (around
0.117 cm® g ") interrupted by short, sharp peaks 5-12% above
the annual winter minimum and occurring within the
summer period. The results are similar to other data from
Law Dome (Lebel, 1978; Martinerie and others, 1992) and
data from other locations such as Dyc 3 and Camp Century,
Greenland (Berner, and others, 1978; Raynaud and Lebel,
1979; Raynaud and Whillans, 1982; Herron and Langway;,
1987; Martinerie and others, 1992).
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Since air-pressure fluctuations are smoothed by the slow
diffusion of air in the firn, the seasonal variations in V must
be due to variations in close-off porosity. It has been pro-
posed, for instance by Lebel (1978) and Raynaud and
Whillans (1982), that seasonal variations of surface air
temperature influence the snow porosity at the surface
through the size and shape distribution of the firn grains,
and that a memory of thesc initial seasonal fluctuations is
maintained down to the close-off level.

On the other hand, using data from the very high-accu-
mulation site DEQOS8 on Law Dome, Martinerie and others
(1992) observed that the high V' {and hence V;) pcaks arc
generally narrower than the summer isotopic (6) peaks.
These authors concluded that it is unlikely that the V; sca-
sonal changes are directly related to the surface air tempera-
ture and suggested instead that a sealing effect, as first
proposed by Schwander and Stauffer (1984) and Stauffer
and others (1983), occurs in the close-off region. Dense
winter layers close first, and thus prematurely scal the
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Fig. 3. DSS 'V records for the Holocene and the Last glacial—interglacial iransition. Individual V measurements are represented
as full diamonds, and open crossed circles are average values for each Holocene level. Dashed lines correspond to mean Holocene
and glacial values ( calculated from the four mean V' Holocene values and the glacial points ). The isotopic record ( adapted from
Morgan and others, 1997), presented as a smoothed curve for the Holocene part, depicts the last climatic transition around 1113 m
depth. Corresponding depth ice ages are indicated for the first 1100 m on upper axis. Below that depth, no ages are indicated because

the preliminary dating is not accurate enough.

summer layers found just below, which have a lower density
{higher porosity).

We note that none of the above interpretations completely
accounts for the typical narrowness of the V peak.

Our high-resolution data provide new information for
interpreting the V seasonal records. We use the 8%0 and
H,0, records to define precisely the timing of the V' peaks
within the seasonal cycle. H,Oo concentrations depend
principally on the intensity of solar radiation (Neftel and
others, 1986, 1995), whereas isotopic maxima are associated
with temperature maxima. Based on these two temporal in-
dicators, Van Ommen and Morgan (1996) noticed a time lag
(~18 days) between the maxima of peroxide concentration
and the maxima of the isotopic composition measurcd in
the ice of the DSS core. They linked the highest values of
peroxide with the austral summer solstice. As a result, the
isotopic maximum occurs around mid-January, in accord-
ance with the temperature maximum from local meteorolo-
gical data (Russell-Head and Simmonds, 1993). The V peaks
lag the isotopic maxima, and thus occur during the trans-
ition from summer to winter (Fig. 4). This period of the year
is characterised by a strong temperature gradient in the
upper 10 m of snow (Xie and others, 1989). The existence of
such temperature gradicnts generally causes the formation
of depth hoar, by sublimation of the water vapour from the
warm lower layers to the cold upper layers (Alley, 1988;
Alley and others, 1990; Paterson, 1994). Sublimation is re-
stricted to the upper few meters of snow (i.e. it 1s sensitive
to the surface meteorological conditions), and its major con-
scquence is a modification of the structure of the snowpack.
Depth-hoar layers are distinguished by coarse grains and

low densities (Alley and others, 1990; Paterson, 1994}, which
result in these layers being highly porous. We suggest that
the late-summer peaks observed in V are causced by the pre-
scrvation of the physical properties of the depth-hoar layers
(specifically the narrow, low-density layer) down to the
close-off depth. ‘The peaks of high V and therefore high V;
are thus associated with high-porosity layers of depth hoar
forming at or near the surface during the transition from
summer to winter. This interpretation accounts for the nar-
row shape of the V peaks in comparison with the isotope
and HoOs signal.

Depth-hoar layers have been identified in stratigraphic
studies of several ice cores in the Law Dome arca (Budd,
1966; Xie and others, 1989). Depth hoar could also play a
role in other sites where seasonal V variations have been re-
ported (Lebel, 1978, Raynaud and Lebel, 1979; Martinerie
and others, 1992). At these sites the V maxima are always
associated with isotopically warm, i.e. summer, ice. Depth-
hoar formation generally occurs in autumn, but in some
places temperature gradients within the snowpack are also
sufficient in summer (Alley and others, 1990).

Other meteorological parameters, such as wind, may
also play a role in determining the porosity of the surface
snow and thus influence the close-off porosity (Martinerie
and others, 1994; Raynaud and others, 1997). Alley (1988)
reported on the formation and diagenesis of depth hoar in
polar snow and firn and showed that depth-hoar layers were
often associated with wind-slab formation. This accords with
the corrclation between wind speed and porosity, as pointed
out by Martinerie and others (1994). Further information
about the interpretation of the V variations in relation to
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Fig. 4. Air-content sub-annual variations for the 200, 393, 591 and 903 m depth levels. All the graphs are presented with 1sotope
measurements performed on the same samples. The upper two graphs include the H2O 5 record, which is also a seasonal marker,

snow and firn structurc could be obtained from a combina-
tion of structure analyses and air-content measurements.

4, AIR-CONTENT VARIATIONS OVER THE LAST
GLACIAL-INTERGLACIAL TRANSITION: A RE-
CORD OF PAST ICE-SHEET ELEVATION CHANGE?

Because of the pressure dependence of V' (see Equation (1)
and Fig. 1b), air-content profiles have been interpreted in
terms of past ice-sheet elevation changes (Raynaud and
Lorius, 1973; Raynaud and Lebel, 1979; Herron and Lang-
way, 1987, Kameda and others, 1990). Based on present-day
V. — T, parameterisations, and using the isotope profile as a
record of past temperatures, these authors proposed past
ice-sheet elevation reconstructions for different sites. Never-
theless, recent studies conducted on the Vostok (Martinerie
and others, 1994) and GRIP (Raynaud and others, 1997)
cores point out the complexity of the air-content signal. In
Greenland, for example, past ice-sheet elevation reconstruc-
tions based on air-content data agree qualitatively with
simulations produced by ice-sheet models (Raynaud and
others, 1997), but obtaining quantitative estimates is not
straightforward. Indeed, glacial-interglacial V changes
also reflect changes in the atmospheric pressurc pattern in-
duced by large-scale atmospheric circulation changes at
that time or during the glacial. Furthermore the mechan-
isms governing the present-day V; variations are not fully
understood, so V., behaviour under glacial conditions is not
well constrained.

Hcre, we first investigate the glacial-interglacial V
change in terms of pressure and clevation changes, assuming
that the present-day V;—T, relationship (Equation (3)) is
valid for the past periods and using the ice isotopic record
as a temperature indicator. We then discuss the reliability of
our results and the possible influence of other parameters.
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We finally propose a range of surfacc-clevation change de-
duced from air-content data and compare it with other in-
dependent elevation reconstructions.

4.1. The DSS record

By combining all our barometric and chromatographic air-
content measurements between 1100 and 1140 m depth (21
different levels) we obtain a V record of the transition from
the Last glacial to the Holocene. The results show a gradual
increasc of the air content, from typical Last glacial values
around 0110 cm® g71 to the mecan Holocene valuc of
0.8 cm® g™ (Fig. 3). The V increase parallels the isotope
record, but the scatter over the limited number of measure-
ments during the deglaciation and the lack of V' measure-
ments for the carly Holocene period (Fig. 3) preclude
investigation of any precise timing difference. According to
Whillans (1981}, the early Holocene should be the critical
period when focusing on the time response of an ice sheet
to an accumulation and/or temperaturc increase.

The scasonal fluctuations of 5 12% observed in the
Holocene V data are not seen in the transition record
because, at this depth, as a result of layer thinning, the
samples cover a much longer time period than for the Holo-
cene samples. For instance, at 1100 m depth a 3 cm sample
represents at least 3 years’ accumulation. The 7% increase
in V between the glacial and the Holocene therefore repre-
sents a long-term change in air content duc to change in air
pressure and close-off volume (V7).

4.2. Law Dome past ice-sheet elevation variations

We first assume that Equation (3), linking the porosity at
close-off with the temperaturc at close-off, remains valid
during glacial conditions. We test the sensitivity of the recon-
structed elevations by applying different § =7 relationships.
Firstly ('Table 2, case 1), we cstimate the close-off temperature
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Table 2. Law Dome past ice-sheet elevation vartation inferred from air-conlent measurements.

V Temperature (T,) Pore volume (V.. ) Pressure (P,) Glacial present day
Sensitivity measured  { calculated using isotopic { calculated using {calculated using AP corrected AE corrected
experiment transfer function) Eguation (3) ) Lguation (1) )

cm® g ! K cm® g mbar mbar mbar m m

(1 2 (3 4 {9 16) (7) (8

Present day 0.1182 251" 0.13311 827"
0.1312 839

Last Glacial Period, —32 22 291 200
case | 0.1103 240 0.1235 795 44 —34 100 309
Last Glacial Period, =25 -15 227 136
case 2 0.1103 235 0.1200 802 37 =27 336 245
Last Glacial Period, —48 -38 436 345
casc 3 0.1105 235 0.1235 779 —60 =50 545 455

Notes: Sensitivity of the reconstruction to different parameterisations: case /: classical interpretation of the V signal using spatial isotopic gradient (0.65%, "C
to calculate the temperature used in both Equations (1) and (3); case 2 same as for case 1, but using scasonal isotopic approach (0.44%. "C ‘) instead of
spatial gradient; case 3 seasonal isotopic parameterisation was used (o infer the 7 temperature in Equation (1), and spatial gradient was used 1o describe
the temperature in the V. T, relationship {(Equation (3)). The corresponding elevation changes are calculated using the present-day pressure elevation
gradient of 0.1l mbarm™ {as given by Martinerie, 1990). In cach case, two calculations have been made, the first using the present-day pressure
(827 mbar}, the sccond using the calculated pressure given by Equation (1) (839 mbar). This provides us with boundary limits, which can be considered as

error bars for vur estimations.
-
Present-day value.

t Calculated using Equation {1} and present-day automatic weather station pressure for comparison with parameterisation method.

in the glacial using the classical §—7T transfer function, i.e.
spatial gradicent of 0.65%e °C' given hy Morgan (1979), and
secondly (Table 2, case 2), we use the seasonal gradient of
0.44%0 °C™" (Van Ommen and Morgan, 1997). In doing so
we implicitly assume that the true transfer function lics
somewhere between these two values, this choice allowing
us to bracket the clevation change between an upper and a
lower bound. (A detailed discussion of the validity of the iso-
tope/temperature transfer function, beyond the scope of this
paper, can be found in Jouzel and others (1997)) The differ-
ence in glacial/interglacial elevation change obtained for the
two cascs 1s ~50m (see Table 2), i.c. the elevation change is
not very sensitive to a single temperature change.

Results obtained along the Vostok and GRIP cores {Mar-
tinerie and others, 1994; Raynaud and others, 1997) strongly
suggest that a simple use of the V,, — T, relationship alone can-
not cxplain the long-term V fluctuations. Indeed, other cli-
matic parameters such as changes in wind speed
(Martinerie and others, 1994) or in the seasonality of the pre-
cipitation (Raynaud and others, 1997) may affect the firn por-
osity. At DSS the mean wind speed 1s fairly constant all year
round at 83 ms”". This lies above the threshold of 6.0 ms ™
given by Martinerie and others (1994) for significant wind
snowpacking, which can have a significant effect on the sur-
face snow density (e.g. snow porosity; Kotlyakov, 1961). There-
fore we cannot exclude the possibility that some of the V;
variations in the past are related to changes in the wind.

Recently, new interest has been shown in possible
changes in the scasonality of the temperature and/or preci-
pitation during the last Glacial Period. Simulations con-
ducted with several AGCMs (unpublished information
from G. Krinner and others) show increased amplitudes of
the annual temperature cycles during the Last Glacial Max-
imum (L.LGM), mainly due to colder temperature in winter
than in summer. Such seasonal changes would lead to stron-
ger summer-to-winter temperature gradients, which in turn

could influence the formation of depth hoar. As a result,
morc intense depth-hoar layers should occur, which should
be reflected by wider andjor higher V' peaks. We can investi-
gate the effect of a temperature seasonality change using our
Holocene sub-scasonal data. For example, if we supposc a
doubling or tripling of the late-summer peak duration
during the Glacial Period at DSS, this would increase the
mean annual V signal by a maximum of 1% or 1.8%, re-
spectively (sce Table 3). On the other hand, if we consider
not only a change in the peak duration but also a 15%
change in the peak amplitude (induced by a 15% increase
in the temperature seasonal-cycle amplitude as suggested
by AGCM simulations; personal communication from G.

Krinner, 1997) this leads to a maximum V' (V) change of
21% (Table 3). Such a change is small compared to the
glacial-interglacial V increase (7%) and would lead to
higher V' (V) during the deglaciation. On the other hand,
sublimation processes involved in depth-hoar formation are
sensitive not only to temperature gradients but also to the
temperature itself. If we assume only that the surface tem-
perature was lower during the ice age, then the depth-hoar
formation would be reduced. Our calculations inTable 3 do
not include such an effect. It is possible that a seasonality
change in the temperature cycle could be completely coun-
terbalanced by the temperature decrease during the LGM,
leading to similar or even lower V' (V) values.

Another way to investigate the influence of non-thermal
parameters {e.g. wind and/or seasonality changes) on the V
variations is to use the spatial gradient to describe the tem-
perature in Equadion (3}, and the seasonal gradient in Equa-
tion (1) to calculate B, {lable 2, case 3). This approach is
justified because V; should be more sensitive to climatic con-
ditions occurring when the snow is deposited (cf. section 3.2),
whereas the close-off temperature, which is the temperature
shown in the denominator of Equation (1), reflects the mean
interannual temperature at the site. We assume that the spa-
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Table 3. Iffect of seasonality change on air-content fluctuations

Winter Mean V Summer V summer Double summer-duration Triple summer-duration
{ full year) amplitude value calculated mean V calculated mean V-
change Value Variation from Value Variation from
present-day value present-day value

cm’ [3 ! cm® g % cm? g71 em® g"l Y em® g ! %

o 2 3 A 3 (6 (7 @

Max. 0 0.1283 01194 1.00 0.1203 L76
Mecan Q0.1176 0.1182 0 0.1232 0.1185 028 0.1190 068
Min. 0 0.1225 0.1184 0.18 0.1188 0.53
Max. 15 01299 0.1197 123 0.1207 209
Mecan 0.1176 0.1182 15 0.1240 0.1187 040 0.1192 0.85
Min. 15 0.1232 0.1185 029 0.1190 068

Notes: We have considered two hypotheses. No change in the V summer peak amplitude and a 15% amplitude change. For each hypothesis, we also constder
three different cases corresponding to the maximum, the mean and the minimum amplitude encountered in the V scasonal data (sce Fig. 4). Columns 5
and 7 present the mean V' change assuming a doubling and tripling, respectively, of the sumimer-peak duration and assuming no change in the winter mean

{column 1). Columns 6 and 8 express these changes in terms of percentage variation with respect to the present-day V mean value {column 2).

tial isotopic gradicnt probably better reflects the tempera-
ture conditons prevailing during the snow deposition,
whereas the seasonal isotopic gradient is a better approxima-
tion of the mean surfacc interannual temperature.

The results of the different sensitivity tests are sum-
mariscd in‘lable 2. All three cases predict a lower pressure
{higher elevation) on the Law Dome during the last Glacial
Period (lable 2), but they lead to pressure and elevation var-
iations of =25 to —48 mbar (+227 to +436 m), respectively,
with reference to the present-day pressure of 827 mbar
{and using the current local pressure-elevation gradient,
~ 11 mbar (100 m}~" {Martinerie, 1990)).

Part of the pressure variation could result from changes
in the atmospheric pressure field during the LGM. Recent
investigations on the LGM pressure changes have been con-
ducted by G. Krinner and others (unpublished informa-
tion), using scveral AGCMs. Most of the models agree on a
lowering of the pressure field over Antarctica in the range 0
15 mbar during the LGM, depending on the elevation of the
considered site. In the case of DSS (1370 m a.s.l), the pres-
surc lowering should have been on the order of 5-15 mbar.
Assuming a mean pressure decrease of 10 mbar during the
LGM, we infer a thinning of 135-345m for the summit
region of Law Dome between the LGM and the Holocene.

In summary, our V data indicate that during the last de-
glaciation the summit region of Law Dome was subject to a
maximum lowering of 135—345 m. Thc large range 1s mainly
linked with uncertainty in the behaviour of the close-off por-
osity. These estimates do not include any effect of less promi-
nent depth-hoar development due to colder temperatures
during thce glacial.

4.3. Comparison with other elevation indicators at
Law Dome

Past ice-sheet elevation changes can also be estimated by
ice-sheet modelling or glaciological and/or geomorphologic
indicators. No detailed modelling reconstruction has yet
been dedicated to the specific region of Law Dome (large-
scale Antarctic models do not properly represent Law Dome
as a single dome because of their grid resolution). On the
other hand, estimates of glacial-interglacial elevation
changes deduced from isotopic records measured in the
Law Dome coastal arca (Grootes and Stuiver, 1987) and

262

geomorphologic studies in the vicinity of this site (Good-
win, 1993) are available for the last climatic transition. Both
of these studies predict a thinning of a few hundred metres
during the deglaciation, and confirm that the dome re-
tained ice flow independent of the main East Antarctic ice
sheet during the LGM and was not overridden by the East
Antarctic major ice sheet, as previously suggested by Budd
and Morgan {1977). Note that the elevation-change estimate
given by the isotopic record of the BHF core (Grootes and
Stuiver, 1987) is not very accurate for the summit area
because BHF is located near the ice-sheet margin and its
1sotopic record includes a significant variation due to ice ad-
vection (Fig. 2b). In contrast to this marginal ice core, the
DSS record is only minimally affected by changes in the ori-
gin of the ice. In DSS the glacial-interglacial é shift is 7%
Isotopic records from inland in East Antarctica, where ele-
vation changes arc expected to be small due to the very low
accurnulation, indicate lower shifts: 6.0%o at Vostok (Jouzel
and others, 1987), 5.4%o at Dome C (Lorius and others, 1979)
and 5.8%o at Dome B (Jouzel and others, 1995). If we assume
that the isotopic shifts of Dome C, Dome B and Vostok are
representative of a pure climatic change, the average differ-
ence from DSS, 1.3%0, can be attributed to an elevation
effect. With the present-day local isotope-clevation gradient
of 0.5%o0 (100 m)~" (Budd and Morgan, 1977), this leads to an
elevation decrease of about 260 m.

All these estimates arc on the whole in very good agree-
ment with our reconstruction based on V data.

5. CONCLUSIONS

Understanding seasonal variations in the air content (V) of
polar ice is important for investigating the climatic factors
influencing the changes of V' on long time-scales (e.g
glacial-interglacial cycle). The high-resolution V measure-
ments performed on parts of the late-Holocene ice of the
DSS core reveal narrow V peaks in the part of the core de-
posited in the late summer. We propose that these peaks are
due to low-density layers of firn produced by depth hoar
formed at or near the surfacc.

For the Last glacial-interglacial transition, our results in-
dicate 2 maximum lowering of the surface at Summit of
136—345 m. The main uncertainty about the clevation is due
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to the poorly constrained behaviour of the porosity at close-
off. This includes the influence of depth-hoar formation
during glacial times. This small altitude variation is in agree-
ment with other indicators of elevation changes and suggests
that the general shape of Law Dome remained essentially
similar during the Glacial Period and the Holocene.
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