Our measurements agree with theoretical
data based on the revised HKF equation of
state, with the possible exception of the low-
er pH range (Fig. 4). The slight offset may be
caused either by improper assumptions in the
calculation (21) or by an association con-
stant for HCI® that is weaker than predicted
(18). This needs to be confirmed, however,
by additional experiments.

The YSZ membrane electrode provides a
highly accurate means of measuring the pH of
compositionally complex aqueous fluids at el-
evated temperatures and pressures. This is par-
ticularly relevant to the study of mid-ocean
vent fluids (Fig. 4), where the sensor could be
used to measure pH.p directly, providing an
unparalleled constraint on sub-sea-floor hy-
drothermal processes. Results of this study,
however, are not limited to the field of geo-
chemistry but are applicable to any study in
which accurate pH values of aqueous fluids at
supercritical conditions are needed.
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Climate Change During the Last
Deglaciation in Antarctica
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J. Steig, E. D. Waddington, E. S. Saltzman, P.-Y. Whung,

K. C. Taylor

Greenland ice core records provide clear evidence of rapid changes in climate in a variety
of climate indicators. In this work, rapid climate change events in the Northern and
Southern hemispheres are compared on the basis of an examination of changes in at-
mospheric circulation developed from two ice cores. High-resolution glaciochemical se-
ries, covering the period 10,000 to 16,000 years ago, from a central Greenland ice core
and a new site in east Antarctica display similar variability. These findings suggest that rapid
climate change events occur more frequently in Antarctica than previously demonstrated.

Among the rapid climate change events,
the Younger Dryas (YD, a return to near
glacial conditions during the last deglacia-
tion) has received considerable attention

because it is the most dramatic of the cli-

mate events that have occurred since the
end of the last glacial period. It is well
documented in the Northern Hemisphere
by a variety of paleoclimate records (1).
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However, characterization of the YD in the
Southern Hemisphere suggests that there
may have been regional differences. In New
Zealand, glacier advances occurred during
this time (2), but along the Pacific rim of
the Americas this period is characterized by
glacier retreat (3). Stable isotope records
developed from several Antarctic ice cores
suggest that the most likely analog for the
YD in Antarctica is a slight cooling [an
Antarctic cold reversal (ACR)] that inter-
rupts a two-step deglaciation comprising
two warming trends (4, 5). To further in-
vestigate the ACR-YD association and ad-
ditional complexities of interhemispheric
climate change during the last deglaciation,
we examined glaciochemical records for the
period 10,000 to 16,000 years ago derived
from a newly recovered east Antarctic
record, the Taylor Dome ice core (Fig. 1).

Taylor Dome (77°47.7'S, 158°43.1'E,
elevation of 2400 = 20 m) is a local ice
accumulation area that supplies ice to major
valley glaciers in Southern Victoria Land,
Antarctica. It has been dated through a
combination of ice flow modeling, marker
horizons (radioactive bomb layers and vol-
canic events), and the correlation of °Be,
3'80 of O,, and stable isotopic measure-
ments with other Antarctic ice cores, yield-
ing a 20 precision of dating of ~350 years
for the period under study (6, 7). Compar-
ison of the stable isotope records from Tay-



lor Dome and Vostok indicates that dating
of the Taylor Dome record is consistent
with other Antarctic ice core records and
that it displays an ACR event (6). Taylor
Dome glaciochemical series that represent
continental sources (for example, calcium)
have a pattern similar to the Dome B dust
record (5); however, Taylor Dome glacio-
chemical series derived from marine sources
(for example, chloride) provide a signifi-
cantly different signature from that in the
stable isotope and dust series.

The high-resolution chemical records
from Taylor Dome and the Greenland Ice
Sheet Project Two (GISP2, Fig. 1) provide
a basis for interhemispheric comparison.
GISP2 ice core chronology is based on an-
nual layer counting (8, 9). Both the GISP2
stable isotope record (10) and the GISP2
chemical series display classic North Atlan-
tic climate sequences, including Oldest Dry-
as, Bglling, Older Dryas, Allergd, Intra-
Allergd cold period (IACP), and the YD
(Fig. 2).

The GISP2 calcium series differs mark-
edly from that of the Taylor Dome ice core
(Fig. 2). Higher concentrations of calcium

South Pole
: ® @ Dome B

# Vostok

Taylor Dome

Fig. 1. Location maps for Taylor Dome in Antarc-
tica and GISP2 in Greenland.

in the GISP2 record document the greater
influence of continental sources in the
Northern Hemisphere. Although both se-
ries drop to near-Holocene values at
~14,600 years ago, the Taylor Dome calci-
um series is marked by a gradual decline in
concentration from ~15,600 to 14,600
years ago (Fig. 2). GISP2 calcium concen-
trations, on the other hand, display a prom-
inent drop at ~14,600 years ago (Fig. 2).
The maintenance of near-glacial atmo-
spheric circulation patterns and consequent
high amounts of calcium transported to
GISP2 resulted because North Atlantic
Ocean ice cover was sustained through the
early stages of Northern Hemisphere ice
sheet decay (11). Because the primary
sources for late glacial Antarctic ice core
dust are African, Australian, and South
American arid regions (12), the stronger
meridional and zonal circulation that car-
ried these dusts to Antarctica during the
late glacial period (13) apparently gradually

REPORTS

ceased by ~14,600 years ago.

The chloride and calcium series from
GISP? are closely parallel (Fig. 2). The sim-
ilar behavior of these two dissimilar source
species is a product of their incorporation
and long-range transport to Greenland in
large-scale atmospheric circulation systems
such as the westerlies (14, 15). Both seasalt
and dust are incorporated into this circula-
tion in regions of strong cyclogenesis that
form along marine and atmospheric thermal
gradients. In the Southern Hemisphere,
fluctuations in the size of polar atmospheric
circulation have been documented by exam-
ination of recent trends in the Antarctic
snow accumulation rate (16) and in Tasma-
nian tree ring records (17). As of yet, asso-
ciations between the histories of northern
and southern polar atmospheric circulation
systems have not been investigated.

Unlike the comparison between the
GISP2 and Taylor Dome calcium series, the
chloride series do display notable similari-
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Fig. 2. The §'80 (per
mil), calcium [parts per
billion (ppb)], and chlo-
ride (ppb) series covering
the period 10,000 to
16,000 years ago from
Taylor Dome and GISP2.
The sample interval for
GISP2 (red) 880 is 20
cm, and for GISP2 calci-
um, 3.5 years. The sam-
ple interval for Taylor
Dome (blue; dots mark
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ples) 8780 is 1 m and for
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sample intervals  for
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ties (Fig. 2). To investigate these in greater
detail, we resampled a portion of the Taylor
Dome record at higher resolution for chlo-
ride and compared it with the GISP2 chlo-
ride series. Their variability is equivalent
(within a factor of 2), and both display
similar style abrupt change events. The
onset of the YD in the GISP2 record
occurs in less than 20 years (8, 18), and
although not as well dated, the onset of
the ACR in the Taylor Dome record also
appears to be rapid (Fig. 2). Mean chloride
concentration during the YD in Greenland
is 75% of the maximum late glacial value,
whereas the ACR at Taylor Dome (Fig. 2)
is 54% of the last glacial maximum value,
consistent with results from Dome B (5).
Although it is tempting to correlate specif-
ic, decade-to-century-scale, rapid change
events, the control of dating on the Taylor
Dome is not equivalent to that of the
GISP2 series.

From <10,000 to 14,600 years ago,
Southern Hemisphere polar atmospheric
circulation was not extensive enough to
incorporate significant amounts of dust
from ice-free continents of the Southern
Hemisphere despite arid conditions during
at least portions of the YD-ACR periods in
regions such as Africa (19). However, at-
mospheric circulation was vigorous enough
to increase the transport of sea salt to Ant-
arctica. Fluctuations in the size of this at-
mospheric circulation system are recorded
in the Taylor Dome chloride series. This
series displays variability and a general se-
quence of events (a YD equivalent or an
ACR plus several other rapid change
events) that are very similar to events char-
acterizing the deglaciation record in Green-
land ice cores. The diversity of events dis-
played in the Taylor Dome chloride series
may not have been observed in previous
Antarctic stable isotope or dust series be-
cause of the resolution of these records or
because these events were largely restricted
to change over the Antarctic Ocean. Be-
cause modern sea-salt concentrations de-
cline markedly with distance inland from
the coast, sites such as Taylor Dome would
be expected to contain a more complete
record of fluctuations in sea salt. Glacio-
chemical series provide a measure of atmo-
spheric circulation (14, 15) and not of re-
gional surface temperature, as do stable iso-
topes (20). Thus, glaciochemical series pro-
vide a compatible view of climate change,
recording migrations of atmospheric circu-
lation over continents and oceans.

We conclude, on the basis of our com-
parison of Taylor Dome and GISP2 ice core
records, that similar-scale fluctuations of
atmospheric circulation occurred over both
northern and southern polar marine areas
during at least the deglaciation. Fluctua-
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tions in temperature over Antarctica and
Greenland may not have been as similar,
perhaps because of the dramatically differ-
ent degree of change in ice cover over these
two regions. The origin and detailed phas-
ing of the events compared in this study are
still unknown, leaving open the question of
a forcing mechanism. However, we now
have a demonstration that events similar in
variability to those seen in Greenland ice
cores do exist in Antarctic ice core records.
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Melting of H,S0O,-4H,0 Particles upon Cooling:
Implications for Polar Stratospheric Clouds

Thomas Koop and Kenneth S. Carslaw

Polar stratospheric clouds (PSCs) are important for the chemical activation of chlorine
compounds and subsequent ozone depletion. Solid PSCs can form on sulfuric acid
tetrahydrate (SAT) (H,SO,-4H,0) nuclei, but recent laboratory experiments have shown
that PSC nucleation on SAT is strongly hindered. A PSC formation mechanism is pro-
posed in which SAT particles melt upon cooling in the presence of HNO; to form liquid
HNO,-H,S0,-H,0 droplets 2 to 3 kelvin above the ice frost point. This mechanism offers
a PSC formation temperature that is defined by the ambient conditions and sets a
temperature limit below which PSCs should form.

Nitric acid—containing polar stratospheric
clouds (type 1 PSCs) are typically observed
at temperatures below 196 K (1). Their
formation leads to a considerable increase
in aerosol surface area and therefore in the
rates of important heterogeneous reactions.
Despite their importance, the composition
and formation mechanisms of type 1 PSCs
are not completely understood (2). It is now
recognized that background liquid aerosols
absorb large amounts of HNO; with de-
creasing temperature and grow into liquid

HNO,-H,S0,-H,0 PSCs (3-5). Alterna-
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tively, all, or at least a fraction, of the
background nuclei for PSC growth can be
solid, most likely SAT. Sulfuric acid tetra-
hydrate is frequently observed in laboratory
experiments (3, 6-8), and the existence of
H,SO,-containing solids in the strato-
sphere has been inferred from observations
(9). Once formed, SAT particles can persist
to temperatures as high as 210 to 215 K,
above which they melt to form H,SO,-H,O
droplets (6).

Because SAT particles are stable over a
wide temperature range, they are likely to
persist for long periods. Therefore, it is es-
sential to understand how PSCs form when
they act as the condensation nuclei. The
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