The Pennsylvania State University
The Graduate School
Department of Geosciences

RECONSTRUCTING PALEOCLIMATES ON WEST ANTARCTIC
ICE SHEET USING ICE CORE BUBBLE NUMBER-DENSITY

A Thesis in
Geosciences
by
John M. Fegyveresi

© 2010 John M. Fegyveresi

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

May 2010

The thesis of John M. Fegyveresi was reviewed and approved* by the following:

Richard B. Alley
Evan Pugh Professor of Geosciences
Thesis Advisor

Sridhar Anandakrishnan
Professor of Geosciences

Todd Sowers
Senior Research Associate

Katherine H. Freeman
Professor of Geosciences
Associate Department Head of Graduate Programs

*Signatures are on file in the Graduate School

ii

ABSTRACT
A new paleoclimatic indicator based on ice core bubble number-density shows a ~1.7°C
cooling from ~257 B.C.E. to ~1686 C.E. at the WAIS Divide site in West Antarctica.
Independent estimates of paleoclimatic variables increase our confidence in reconstructions. It is
known that density increase and grain growth in polar firn are both controlled by temperature and
accumulation rate, and the integrated effects are recorded in the number-density of bubbles as the
firn changes to ice (Spencer and others, 2006). Number-density is conserved in bubbly ice
following “pore close-off”, allowing reconstruction of either paleotemperature, or paleoaccumulation rate if the other is known.

In this study, a new quantitative late-Holocene

paleoclimate reconstruction is presented for West Antarctica that made use of new data obtained
from the WAIS Divide field site, and the new steady-state bubble number-density model
developed by Spencer and others (2006). Using samples taken from the WDC06A ice core
drilled during the ‘07-’08 West Antarctic Ice Sheet (WAIS) Divide field season, bubble sections
were prepared and digitally imaged at the National Ice Core Lab in Lakewood, CO. These images
were then manipulated, error-checked and reduced into workable bubble number-density data.
For dating purposes and annual layer thicknesses, a preliminary chemistry-based depth-age scale
for the WDC06A core was used (McConnell, 2009). Accumulation rates were estimated from the
layer thickness after correcting for ice-flow strain (a small correction made using a Nye model)
and for densification. (The results are thus subject to revision pending finalization of the depthage scale for WDC06A). The accumulation rates and bubble number-density data were then used
to estimate paleotemperatures, finding a linear cooling of ~1.7°C ± 0.7 between ~257 B.C.E. and
~1686 C.E. This late-Holocene cooling is consistent with new δ18O isotope-derived temperature
data (Steig, 2009), modeled borehole temperature data (personal communication from A. Orsi,
2009), and newly modeled elevation data (Pollard & DeConto, 2009; personal communication
from D. Pollard, 2009) for WAIS Divide. These results could be indicative of a Little Ice Age
(LIA) event in West Antarctica, although paleotemperature data from additional sites would help
to corroborate this. The bubble number-density model itself was further validated in this study by
an observed ~9% increase in accumulation rate per degree of positive temperature change. This
observation is consistent with saturation vapor pressure values (Denton and others, 2005).
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Introduction
In order to better understand the paleoclimatic history of the Holocene epoch, it

is necessary to study climate-dependent proxy data. While many such proxy data exist (e.g.,
Herron & Langway, 1980; Hughen and others, 1998; Johnsen and others, 1972; Sowers and
others, 2003), new methods and independent estimates of existing paleoclimatic variables allow
for more-robust and confident reconstructions, which can assist both in understanding past
climate changes and climate-dependent natural events, and in making better predictions about
climate conditions and ice sheet stability in the future (Whillans, 1976; Thomas and others, 1979;
Hughes, 1973; Conway & Rasmussen, 2009). With the recent recognition by the IPCC that most
of the observed increase in global average temperature since the mid-20th century is very likely
due to the observed increase in anthropogenic greenhouse-gas concentrations (IPCC, 2007), the
ability to better predict future climate conditions becomes essential. This holds especially true
given that these climate conditions may have profound societal impacts (i.e. sea level rise,
droughts, and the reduction of available global freshwater) (IPCC, 2007).
Data from ice cores and associated studies are prominent in paleoclimatic
reconstructions. An exceptional wealth of climate and environmental data related to past abrupt
climate changes, glacial/interglacial and stadial/interstadial conditions, and various natural and
solar forcings is captured in the accumulation of past snowfall on ice sheets. Chemicals are
deposited at the surface or by air moving through old snow very close to the surface. Gases are
trapped deeper, as the overlying snow is mechanically packed and plastically deformed into firn,
and subsequently into ice at the “pore close-off” depth when that firn has reached a total density
of approximately 90% that of the average ice density (Herron & Langway, 1980). At this depth,
the interconnected air passages and pore spaces between grains are pinched off to form bubbles,
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which are isolated from the surface atmosphere (Spencer and others, 2006). Paleoclimatic and
paleo-environmental data are obtained from the geochemistry (major ions, stable isotopes), gas
content, trace element, microbiology, and physical properties of these bubbles and the
surrounding ice (e.g., Johnsen and others, 1972).
While several methods can been employed to reconstruct Holocene climates using these
data, one of the most widely utilized involves interpreting stable-isotope ratios of the ice (δ18O or
δD) (e.g., Epstein and others, 1970). Most simply, it is often assumed that the relationship
between δ18O and temperature for time t is linear and thus provides an excellent
paleothermometer (Cuffey and others, 1994). This δ18O paleothermometer can also be calibrated
using measured ice core borehole temperatures, a thermal model, and a formal inversion as a
more physically based method for climate reconstruction, as was done by Cuffey and others
(1994) in central Greenland. Additionally, useful paleoclimatic information can be gleaned from
the physical properties of ice cores (e.g. ice fabric, bubble number-density, and clathrate
frequency and properties) (Spencer and others, 2006; Uchida and others, 1994).
In this thesis, I present a new, quantitative late-Holocene paleoclimate reconstruction
derived from new WAIS Divide (Figure 1-1) field data (from the WDC06A ice core obtained
during the 2007-2008 season) that characterize paleoclimatic and paleo-environmental conditions
for the time period of ~257 B.C.E to ~1686 C.E. These data are then converted to a temperature
history through the application of a model developed by Spencer and others (2006) that calculates
the bubble number-density of glacier ice as a function of temperature and accumulation rate.
The WAIS Divide drilling site (Figure 1-1) is located at 79o28.058'S, 112o05.189'W,
approximately 160 km from the previous Byrd ice core drilling site, and ~24 km from the current
West Antarctic ice flow divide. This specific drilling location was chosen because it provides an
excellent high-time-resolution analogue to the GISP2 site in central Greenland, in terms of ice
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accumulation rate (~24 cm/yr), temperature, gas age-ice age difference, and distance from the ice
divide, and will thereby provide the first faithful Southern Hemisphere equivalent climate record
at a site with similar environmental conditions (Morse and others, 2002). From 1994-1996, highresolution, grid-based airborne geophysical surveys were performed in West Antarctica in the
Ross-Amundsen ice-divide region to determine the best candidate for a deep ice core drilling
location. The WAIS Divide site was chosen from data collected in these surveys, based on the
presence of smooth bed topography and minimal horizontal ice flow, the overall ice thickness
(~3465 m), a high ice-accumulation rate sufficient to reduce the difference between gas age and
ice age to less than 500 years and to have detectable annual layers to at least 40,000 years, and
because the recovered ice from the previous deglacial period will not fall within the ‘brittle’ or
‘transition’ ice zone (Morse and others, 2002).

3

Figure 1-1 Map of West Antarctica showing locations for the WAIS Divide, Byrd, and Siple
Dome ice core drilling locations. The WDC06A ice core is being drilled at the WAIS Divide site
located at 79o28.058'S, 112o05.189'W, approximately 160 km from the Byrd ice core drilling site,
~24 km from the current West Antarctic ice flow divide, and ~1640 km from McMurdo Station.
The ice at the WAIS Divide site is ~3465 m thick with a bed elevation of ~1700 m below sea
level. Contour isolines represent surface elevation in meters. Figure modified from Conway and
others (2005).
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2
2.1

Bubble Number-Density Paleoclimatology
Background and Fundamentals
A new paleoclimatic indicator was recently developed by Spencer and others (2006) that

facilitates the reconstruction of either paleotemperatures or paleo-accumulation rates by utilizing
both an empirical steady-state model optimized to fit published data, and quantitatively measured
number-densities of bubbles in (ice core) glacier ice. This indicator is based on the premise that
temperature and accumulation rate are the primary drivers of firn densification and that the
integrated effects of these two parameters on density increase and grain growth in polar firn are
recorded in the number-density of bubbles formed during the sintering process as the firn is
transformed into ice at the “pore close-off” depth (Spencer, 1999; Spencer and others, 2006).
That number-density is then conserved in the bubbly ice following this “pore close-off”, allowing
reconstruction of either the firnification paleotemperature or paleo-accumulation rate provided the
other parameter is known.
This method, originally born out of work by Gow (1968a), was later propounded in
parallel by both Lipenkov and others (1998) and Alley and Fitzpatrick (1999), and ultimately
made into a viable technique by Spencer and others (2006). During the development of this new
method, 15 sites were used to calibrate the steady-state bubble number-density model by using a
forward firn-densification model (Spencer and others, 2001; Spencer, 1999) and previously
published bubble number-density, accumulation rate, and paleotemperature data (from 3 sites in
Greenland and 12 in Antarctica) (Figure 2-1). These sites were identified and chosen based on
the availability of appropriate published data, and on the near-constancy of the temperature and
accumulation rate over the relevant bubble-forming time interval. A final, 16th site at Dome Fuji,
Antarctica, was then used to test the validity of the completed model (Spencer and others, 2006).
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For ease, this method was originally developed under the assumption that
paleotemperature is the known variable, and that the model would elucidate accumulation rates.
The alternative approach, however, of solving for the paleotemperatures requires only negligible
adjustments and is equally valid. This alternative approach of solving for paleotemperatures (by
using independently estimated accumulation rates) was used for this thesis in interpreting the
WAIS Divide bubble number-density data, allowing for not only a new 17th site for validation of
the technique, but also making it the first successful implementation of the technique’s
complementary approach.

2.2

Physical Overview
The transformation of snow to firn, and ultimately to ice, is principally governed by the

temperature and by the weight of overlying material (by way of snow accumulation rate) (Gow,
1968b). The sintering process nears conclusion when the pore spaces are inevitably cut off from
the atmosphere, isolating the air pockets to form bubbles (Figure 2-2). In higher-accumulation
environments, this process is achieved more rapidly due to greater overburden pressures. The
crystal size at the depth of bubble trapping is controlled by the time to the transformation, and by
the crystal growth rate, which is primarily controlled by temperature. For these reasons, the most
rapid transformation, resulting in the highest-time-resolution climate records and minimal gas
age-ice age difference, are favored by higher temperature and/or higher accumulation-rate
conditions. Because of this dependence on accumulation rate and temperature, there are
considerable variations in “pore close-off” depths and firnification times at various geographical
locations. At higher-accumulation sites such as WAIS Divide, Antarctica (Figure 1-1) or GISP2,
Greenland, this process takes only a few hundred years, and may even be achieved in decades at
sites of exceptionally high accumulation such as parts of Law Dome, Antarctica. In contrast, at a
low-accumulation site such as Vostok, Antarctica, the process takes a few thousand years and is
6

significantly more sensitive to slow temporal accumulation rate changes (i.e. rate changes through
interglacial/glacial transitions) (Sowers and others, 1992). The consequence of this is that the
captured bubbles in glacier ice can preserve a record of environmental conditions during the time
that the enclosing ice was still firn, with time-resolution that increases with accumulation rate and
with temperature (e.g. Figure 2-3). Note, however that the “pore close-off” process is not
instantaneous, introducing slight additional smoothing.
Gow (1968a) showed that the geometry of firn at “pore close-off” is essentially selfsimilar. This means that ice with bigger grains at close-off produces fewer but larger bubbles
than does smaller-grained ice. During burial following “pore close-off”, the ice grain-size itself
quickly becomes an unreliable indicator of firnification conditions due to natural process (grain
splitting in response to accumulated strain energy, for example) that act to change those sizes in
ways that depend on conditions other then temperature and accumulation rate (Spencer and
others, 2006; Alley and others, 1995). Conversely, bubble number-densities in ice preserve
firnification conditions reliably for a longer period of time, due to the slow diffusion between
bubbles (Ikeda-Fukazawa and others, 2001) and the near-absence of bubble coalescence or
splitting in most ice-sheet situations (Alley & Fitzpatrick, 1999). It is important to note however,
that bubbles will only preserve conditions until they collapse into clathrate-hydrate crystals under
sufficient burial pressures (e.g., Shoji & Langway, 1982; Pauer and others, 1999; Salamatin and
others, 1998); it remains unclear whether original bubble number-density can be estimated
quantitatively from clathrate number-density or from bubbles formed by relaxation of clathratecontaining ice.
The work of Spencer and others (2006) summarizing data from numerous sites shows the
high accuracy of Gow’s (1968a) argument that firn is self-similar, with little scatter about the
mean bubble-number/grain-number ratio. Grain size in polar ice increases with age as represented
by:
7
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(1)

r(t) = r0 (t 0 ) +k(T) × (t − t 0 )

where r(t) is the average grain-size (m) at time t(a), r0 (t 0 ) is the average grain-size at time t 0

€ growth rate (m2a-1) at temperature T (K) (Gow, 1968a). Furthermore:
and k(T) is the crystal

€

€
 E 
k = k0 exp − g 
 RT 

€

€

2

r0 (t 0 ) = −2.42 ×10−9 T + 9.46 ×10−7 (m 2 )
€

(2)

(3)

where k0 is a constant (67.4 ± 17.4 m2a-1), E g is the grain-growth activation energy (46.9 ± 4.8 kJ

€

mol-1), R is the gas constant (8.31447 kJ mol-1K-1) (Gow, 1968a; Gow, 1969), and the initial

€ grain size r0 (t 0 ) was estimated€from a diverse data set.

€

The time to “pore close-off”, (t- t 0 ), can be estimated from the accumulation rate and

€temperature using a firn-densification model (e.g., Spencer and others, 2001). The equations
above then give the grain size€at this close-off time and close-off density. Comparing the
measured bubble number-density to the grain number-density produced by this exercise for 15
calibration sites yielded a ratio of 2.02 ± 0.08 (Spencer and others, 2006). Subsequent
reconsideration of the data set, and the issue of microbubbles, has led M.K. Spencer to revise this
slightly to 1.89 ± 0.14 (Figure 2-1) (personal communication from M.K. Spencer, 2009). This
means that there are roughly two bubbles for every grain that was present at “pore close-off”.
This value was later used to accurately estimate accumulation rates at the 16th (and independent)
test site (Dome Fuji, Antarctica). Furthermore, when extended over the last 5 kyr in central
Greenland (GRIP), this bubble number-density method yields accumulation rate and temperature
results consistent with trends produced by other independent techniques (Spencer and others,
2006) (e.g. Figure 2-4). This provides a solid case that bubble number-densities can provide
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correct accumulation rate or temperature estimates, and that this method could be extended to
new sites such as WAIS Divide, Antarctica.

2.3

Bubble Number-Density Model at WAIS Divide
The high average ice accumulation rate at WAIS Divide (~24 cm/yr) makes it an

excellent candidate for using bubble number-density paleoclimatology to reconstruct lateHolocene climates with high time resolution. The WAIS Divide ice age-gas age difference is
~225 years, so the technique will average over intervals of approximately this length.
Unfortunately, while the WAIS Divide site does permit higher-resolution reconstructions and
more dependable model results than at many sites, the WAIS Divide bubble record is truncated
by a relatively young bubble loss by transition to clathrates. For the ice at the WAIS Divide site,
the bubble-clathrate zone begins at approximately 600-700 meters depth, which equates to an age
of only about 1000 B.C.E. Until bubble-to-clathrate transitions are understood better and a model
is developed that incorporates clathrate number-densities, the bubble number-density model is
limited to this very narrow time scale at WAIS Divide.
In order to employ the bubble number-density model and create the temperature
reconstructions, both bubble number-density data and accumulation rates are necessary. Bubble
number-density data were acquired by preparing, digitally imaging, and analyzing bubble thin
sections obtained from ice at multiple depths from the WDC06A WAIS Divide ice core.
Accumulation rates necessary for the model were estimated from ice layer thickness after
correcting for ice-flow strain (small Nye model correction) and densification. For dating
purposes, a preliminary depth-age scale for the WDC06A based on chemistry data was used (and
is thus subject to revision pending finalization of this scale) (McConnell, 2009).
In this thesis, I present the complete methods used to obtain bubble thin sections and
bubble number-density data, historical accumulation rates, and modeled paleotemperature results.
9

I then compare those results to recent δ18O-derived and modeled borehole-derived temperature
data from the WAIS Divide site as well as recently modeled elevation data for the Byrd, Siple
Dome, and WAIS Divide sites.
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Figure 2-1 Bubble model calibration showing fractional error of accumulation rate estimates
based on bubble number-density relative to independently derived published values. A bubblenumber/grain-number ratio of 1.89 ± 0.14 minimizes the error. Plot modified from Spencer and
others (2006).
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Figure 2-2 Cartoon representing the sintering process, showing how air bubbles are ultimately
trapped during firnification at “pore close-off” depth. Depth to “pore close-off” will differ
significantly depending on accumulation rate and temperature at the applicable site(s) (Raynaud,
1992). Cartoon is not to scale.
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Figure 2-3 Ice age-gas age difference for Vostok, Antarctica. Changes in accumulation rates
over time result in changes in overall time to “pore-closeoff”. This in turn results in variations in
age differences (Barnola and others, 1991).
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Figure 2-4 Bubble number-density reached under steady-state conditions. The small triangle
between contours is present to illustrate that an increase in bubble number-density from 220 to
330 bubbles/cm3 (as seen in Greenland over the last 5kyr) can be attributed to either a decrease in
temperature or an increase in accumulation (Spencer and others, 2006).
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3

Methods and Bubble Number-Density Data

3.1

WDC06A Ice Samples, Bubble-Section Preparation, and Imaging
In order to create the necessary ice core bubble thin-sections for measurement of bubble

number-densities, several steps were required either in the field or at the National Ice Core
Laboratory’s -26°C sample prep room. First, 10 cm long samples had to be cut from the
appropriate WDC06A ice core sections. Each of these samples was removed by making a single
cut 10 cm from the end of, and normal to the long axis of, a meter-long ice core section. Samples
were collected at ~20-meter depth intervals. In total, 23 samples were taken from the WDC06A
ice core, at depths ranging from 120 meters to 562 meters. Twenty-two of these samples were cut
on-site by Nicole Reed (Metro State College, Denver, CO) during the ’07-’08 WAIS Divide field
season (with only the last sample being cut the following June at the National Ice Core
Laboratory in Lakewood, CO). These 10 cm samples were used first for ice density
measurements, and then for both horizontally and vertically oriented bubble thin-sections.
Density was measured by submersing the 10 cm ice samples on a metal “basket” into a
small reservoir of isooctane, measuring the volumetric displacement, and making the necessary
buoyancy corrections to allow for the effect of the metal “basket” (Gow and others, 1997). The
ice density can be represented by:


Weight of Ice In Air
Density of ice = 
 × Density of Isooctane
Weight
of
Ice
in
Air
(Weight
of
Ice
in
Isooctane
Buoyancy
Correction)



€

(4)

Where the density of isooctane is represented by:
ρ iso = 0.7084 - [(0.00075573) × Isooctane Temp at Time of Measurement ( C)]

(5)

And buoyancy correction as a weight by:
€
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Buoyancy Correction = (0.465 × Liquid Level) - 62.61

(6)

Densities for the 23 samples were measured in this fashion and recorded (Table 3-1). These
€

measurements were then combined with existing density data determined by the volume-mass
method for the firn and shallow ice samples at depths from the surface down to 120 m that were
previously measured on-site at WAIS Divide (Sowers, 2008) (Figure 3-1). Once plotted, a bestfit curve was calculated that was estimated by combining a 10th order polynomial equation
(Appendix, Equation A-1) and an average ice density limit. The sample ice densities follow the
polynomial fit until reaching a calculated average ice density of 0.915 ± 0.001 g/cm3. This value
was determined by averaging the measured ice density values from the 23 samples and then by
making a small correction to account for a minimal pressure and bubble compression effect as
described by Bader (1964). While the ice density does increase very slightly over the sample
depth range, that increase is small enough where using an average of 0.915 g/cm3 is viable. This
exact density is reached at a depth of ~130 m, and is thus used for all greater depths. Densities at
specific shallow depths, and ice-equivalent depths, were calculated from the polynomial fit
Preparing bubble thin-sections required making two additional cuts to the ~10 cm ice
core samples. First, a vertically oriented piece of ice approximately 2 cm thick was cut from the
side of the sample using a band saw, followed by a 2 cm horizontally oriented piece from the top
of the sample. Each of these smaller samples was then placed onto a microtome (Figure 3-2),
“locked” into place using a small bead of water, and shaved down to create a clean, flat surface.
Following this cleanup, the samples were mounted onto glass plates. The top plate was mounted
to the ice using a bead of water around the perimeter, while the bottom plate was mounted to the
ice using a rapid-curing cyanoacrylate adhesive (Pacer Tech E-6). Once set up, each sample
(dubbed a “sandwich”) was held with clamps overnight to ensure a firm set on both sides (Figure
3-3).
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After each “sandwich” was allowed to set, it was cut in half using the band saw to create
two separate thin (4 mm) samples bound on one side by a glass plate (one glued down, and one
tacked down with water). The glued sample was put into a storage bag to be used later to create a
functional thin-section for ice grain analyses. The other sample, tacked down to the glass plate
with water, would be used as the bubble-section. Before it could be photographed, the vertical
and horizontal bubble-sections had to be thinned to approximately 1.25 mm thickness using the
microtome. This ensured that the sample was thin enough that few or no bubbles overlapped
each other when photographed, complicating interpretation. Thinner samples are prone to
breakage during microtoming, requiring much additional work in section preparation and the
wasting of ice. Finally, the samples were measured for overall thickness by using a precision
digital vernier caliper. This was done in order to properly calculate later the volume of ice in
each sample. These measurements were made of the bubble-sections by taking readings of the
glass thicknesses (with and without the ice) at each of the four corners of the samples, averaging
them, and then subtracting them from each other to obtain an overall ice thickness for each
bubble-section (Appendix, Table A-1). This same process was followed for each of the 23 larger
~10 cm samples, yielding 46 “sandwich” samples, and ultimately 46 bubble-sections (23
horizontally oriented and 23 vertically oriented).
The final phase of on-site fieldwork done at the National Ice Core Laboratory was that of
photography and imaging. Each of the 46 bubble-sections was mounted on a side-lit stage in a
dark room, so as to illuminate the bubbles clearly. After adding a small millimeter ruler for scale,
the samples were digitally photographed using a mounted Nikon D90 camera setup with various
aperture and shutter speed settings. The cleanest and most vivid image for each sample was then
labeled and saved for later use in calculating bubble number-densities (e.g. Figure 3-4).
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3.2

Bubble Image Management and Reduction
Obtaining reduced and usable bubble number-density data required performing several

clean up and conversion operations on the raw digital bubble-section images (Figure 3-5). Each
image was first examined in detail. A 75 mm by 75 mm square area was selected that was most
free of smudges, cracks or other marks, and thus that provided the cleanest and most consistent
area of the bubble-section. This helped to ensure accurate bubble counts. It’s important to note
that each 75 mm measurement is in reference to the image software (Adobe Photoshop). A
measured millimeter within the software was calibrated to a true millimeter via the scale included
in each image. Once selected, each smaller square image was examined using Adobe Photoshop,
and scrutinized for non- and partial-bubbles using the built in edge-detection function. Nonbubbles (i.e. smudges, glass marks, cracks, etc) were shaded out and removed, while partialbubbles (bubbles without clear 360 degree edges) were manually edited to more clearly elucidate
ambiguous edges, or removed if located on one of the edges. Next, each edited square was
converted to a binary image in order to highlight the bubbles and to more clearly check for bad
pixels and overlooked spots. Finally, colored versions of the binary images were overlain on
their originally edited counterparts to check for any outstanding errors. This complete process
was done for two separate 75 mm x 75 mm squares on each raw bubble-section image, so that the
ultimate bubble number-density counts for each sample depth could be calculated by taking an
average of these two distinct smaller squares (to rule out any kind of image bias). In addition,
this four-step clean-up process was done twice for each smaller image in order to estimate the
reproducibility of the technique. Once all final image reads and edits were completed, a FoveaPro Adobe Photoshop plug-in was used to automatically measure all of the bubbles and generate
a detailed table of pertinent data. These tables (e.g. Appendix, Table A-4) included bubble counts
and various other applicable statistics (e.g. average inscribed bubble radii, bubble elongation,
convex bubble area, etc).
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3.3

Bubble Number-Density Calculations and Data
Converting the bubble counts to final bubble number-densities for the given samples

required some mathematical manipulation of the automatically generated Fovea-Pro statistical
data. By definition, a bubble number-density value represents the number of bubbles present per
volume of ice sample. The two pieces of the Fovea-Pro data necessary to determine these
densities are the number of bubbles (features), and the volume of ice in each sample. Corrections
are required for surface and edge effects. Because bubbles touching the edges were edited out,
the length and width of the section in which bubbles were counted were each reduced below 75
mm by twice the bubble radius. Likewise, because bubbles were counted that had centers either
above the upper surface or below the lower surface but that intersected the surface, the thickness
of the section in which bubbles were counted was larger than the measured value by twice the
bubble radius (Figure 3-6). Bubbles exhibit a fairly narrow size distribution, the mean size was
simply used, taken as the inscribed radius returned by the software. Using measured ice
thicknesses and including these corrections, the final calculated bubble number-density can be
represented by:

Number of Bubbles
Bubble Number - Density = 
 [ Thickness + (2 ⋅ Avg. Insc. Radius)] ⋅ [Length - (2 ⋅ Avg. Insc. Radius)] 2


(

)






(7)

Using the above formula, bubble number-densities were determined for all 23 horizontal and 23
€

vertical samples (Appendix, Tables A-2 and A-3). One additional correction to the data was
needed. Bubbles are formed with atmospheric pressure, and then compressed fairly rapidly until
the internal bubble pressure nearly equals the ice-overburden pressure; further compression is
then very slow to maintain the internal pressure at the ice-overburden pressure, until clathrate
formation removes the bubbles. The finite thickness of a sample, together with the progressive
vertical compaction of the ice column caused by this bubble compression, means that the number
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of bubbles with centers within a given thickness will increases slightly with depth. This is not a
climatic effect, and must be corrected for. The shallower samples had to be adjusted so that their
densities were represented in terms of the average ice density. This correction slightly increased
the bubble number-densities for those shallower samples by mathematically bringing in more
bubbles into their respective volume spaces. This was normalized by dividing each sample by it’s
own measured ice density, and then by multiplying it by the average ice density. The calculated
average density (as stated in section 3.1) for the 23 original samples was determined by averaging
all of the sample densities and found to be 0.915 g/cm3. This ice density correction can be
represented by:

B ⋅ ρ 
BC =  O A 
 ρM 

(8)

Where BO is the observed bubble number-density (bubbles/cm3), ρM is the measured ice density
for the given sample (g/cm3), ρA is the average ice density (g/cm3), and BC is the corrected bubble

€

number-density (bubbles/cm3).
As stated previously, each sample was read twice, from two different locations in
the image (by two different people). This was done to establish proper reproducibility and
standard deviation errors bars. For each horizontal and vertical sample, the four separate readings
were averaged together to arrive at a single corrected bubble number-density value (Table 3-2).
Standard deviation values were manually calculated for each sample depth by first finding the
difference in average bubble counts from each of the different reads. The absolute value of these
differences were subtracted from the overall bubble count mean, squared, and averaged together.
The standard deviation value was then determined by taking the square root of that averaged
value. The final bubble count results were then combined with these appropriate error bars and
plotted vs. depth (Figure 3-7). The plots were limited to a linear fit due to the relative low-time20

resolution nature of the samples (representing a span of over 200 years of time for each sample
due to the ice age-gas age differences). Anything more than a simple linear trend fit to the data
could represent a possible false interpretation. These final bubble number-density data were
those later used in conjunction with calculated accumulation rates to perform the paleoclimatic
reconstructions.
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Figure 3-1 WDC06A ice-core measured ice density data. Plot (A) represents raw data, while
plot (B) includes a best fit curve that was calculated using a 10th order polynomial equation in
combination with an average ice density limit of 0.915 g/cm3.
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Figure 3-2 A medical microtome was used to prepare the ice samples. Image (A) shows the
microtome located at the National Ice Core Laboratory, cleaned and ready for an ice sample.
Image (B) shows the microtome located on-site at WAIS Divide, Antarctica with a working ice
sample mounted on the stage.
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Figure 3-3 Horizontally and vertically oriented “sandwich” samples clamped to allow for glue
setting. These samples would each be cut in half to create two horizontal, and two vertical
sections.
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Figure 3-4 An example of a primary unedited image. This sample, representing the 400 meter
(depth) vertically oriented bubble-section, was photographed at the National Ice Core Laboratory
alongside a small ruler for scaling. Each tick mark on the ruler represents 1 true mm.
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Figure 3-5 Four step “clean-up” process used on 75 mm x 75 mm sections to elucidate bubbles
for each sample. Image (A) represents raw data. Image (B) shows non-, partial-, and edgebubbles blacked out, with ambiguous bubble edges drawn in for clarity. Image (C) represents
binary conversion with bubbles highlighted for clarity and bad pixels edited out. Image (D)
shows the final step of overlaying binary to image (B) to check for errors.
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Figure 3-6 Usable sample volumes were calculated by making small corrections to the actual
volumes. A correction was made by subtracting out edges and by adding a small amount of
thickness to the top and bottom of each sample. All formula values are in millimeters.
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Figure 3-7 Final horizontal (A) and vertical (B) bubble number-densities (from Table 3-2)
plotted vs. depth. While there exists some variability in each plot, both sets of samples show a
nearly horizontal linear trend over time. Error bars reflect a combination of reproducibility error
among similar data samples, and a standard deviation across the entire sample sets.
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Table 3-1 Density data for the 23 ice samples from the WDC06A ice core. The last column
indicates calculated ice densities (g/cm3).
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Table 3-2 Final bubble number-densities for each of the 23 horizontally and vertically oriented
samples. Values were obtained by first averaging duplicate reads of the same smaller sample area
(for reproducibility), and then by averaging against duplicate reads from a different location on
the same sample (to rule out image bias).
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4
4.1

Results
Depth-Age Scale and Accumulation Rates
The accumulation-rate history is required to estimate temperature history from bubble

number-density history. The most direct way to estimate accumulation rate is from the iceequivalent thickness of annual layers, corrected for thinning from ice flow. A reliable depth-age
scale is thus required.
Annual layers have been counted in many ways in the core, including visibly by Penn
State and coworkers (Alley and others, 2009), using dielectric properties by Kendrick Taylor and
coworkers (Taylor, 2009b), and chemically by Joe McConnell and coworkers (McConnell, 2009).
The techniques generally agree well. The chemistry-based depth-age scale, while preliminary, is
believed to provide the most accurate representation of annual layer timing and thicknesses and
was therefore used in this study. (The additional accumulation-rate data from Banta (2008) for
the WAIS Divide site based upon the WDC05A and WDC05Q ice cores are for much shallower
depths; the Byrd site (Neumann and others, 2008) is far enough away that spatial gradients render
the data unsuitable for the analyses here.)
Raw annual-layer thicknesses from the chemistry-based depth-age scale were corrected
first for density, and second for plastic deformation by way of an ice-flow strain model (Nye,
1963). Densities were assigned to each annual layer based upon interpolated values taken from
the density curve created earlier (Figure 3-1). Each layer was then divided by the average ice
density of 0.915 g/cm3 (solved for previously), and subsequently multiplied by it’s own measured
density. This was a similar correction to the one that was made previously in order to normalize
the density of the ice samples. It simply allows each layer to be counted as “ice” by pulling out
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air from relevant shallow snow and firn layers. This density correction applied only to depths
shallower than ~130 m, because deeper ice was so close to the average den
sity of 0.915 g/cm3 that it was simply used. The density correction can be represented by:

 T ⋅ ρL 
Tρ = 

 ρI 

(9)

Where ρL is the density of the given ice layer (g/cm3), T is the measured layer thickness (mm), ρI
is the average ice density of 0.915 g/cm3, and Tρ is the density-adjusted layer thickness (mm).

€

Using a simple Nye approximation, these density-adjusted layer thicknesses were then adjusted
for ice-flow strain by way of the following equation:

T ⋅ H 
TO =  ρ

 Z 

(10)

Where Tρ is the density-adjusted layer thickness (mm), H is the total ice sheet thickness at WAIS
Divide (3465 m), Z is the height of the given layer from the bed of the ice sheet (m), and TO is the

€

final ice-flow and density-corrected layer thickness (mm) or ice equivalent accumulation rate.
The ice-equivalent thickness at WAIS Divide today is about 3440 m, so use of the thickness
including firn would be most appropriate if there has been slight thinning at the site recently.
This small difference has only a negligible effect on the results in any case. Using these two
equations, layer thicknesses (and thus ice-accumulation rates) were calculated for each annual
layer from the surface down to a depth of 570 m. These data were then plotted vs. their age, and
clearly show an overall average decrease in accumulation rate from 400 B.C.E. to Present, with
some smaller variations (Figure 4-1).
Each sample of ice in this study was temporally constrained by the average accumulation
rate over the period within which it formed. Assuming isothermal conditions, the higher the
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average accumulation rate for that time period, the faster the build up of overburden pressure, and
hence the quicker the ice formed from firn. In order to execute an accurate paleoclimatic
reconstruction, average accumulation rates representative of specific ice-formation time periods
for each sample had to be calculated. In the firn densification process, it is known that “porecloseoff” occurs when the density reaches approximately 90% that of the average ice density
(Herron & Langway, 1980). Using the ice density curve for WAIS Divide (Figure 3-1) and the
average calculated ice density of 0.915 g/cm3, this 90% ice density value was determined to be
0.824 g/cm3 and achieved at a depth of 76 meters below the surface. Correcting for ice density
and ice-flow strain, this 76 meters of firn, equates to 57 meters of actual ice (Table 4-1). For each
sample used in this study, 57 meters of ice equivalent accumulation was then calculated up from
its respective depth based upon the calculated accumulation rates, and an actual depth and age
were recorded. This gives an accurate representation of the time between deposition as firn and
bubble-trapping as ice, together with the average accumulation rate over that time (Table 4-2).

4.2

Paleoclimatic Reconstruction
For each horizontal and vertical sample in this study, a paleotemperature was determined

using a combination of the calculated bubble number-density and average accumulation rate by
way of the aforementioned steady-state bubble number-density model (Spencer and others, 2006).
All potential model outputs were formatted into a straightforward spreadsheet table with columns
(vertical) representing temperature, a rows (horizontal) representing ice-accumulation rate, and
the intersections representing bubble number-densities. To determine a sample’s correlated
paleotemperature simply involved finding the row representing the ice-accumulation rate, reading
across to find the bubble number-density, and then reading up the columns to find the
paleotemperature (Figure 4-2). Because accumulation rates were insensitive to small changes, all
values (Table 4-2) were rounded to the nearest millimeter. Bubble number-densities that fell
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between two table values, however, were used to linearly interpolate more accurate
paleotemperatures. This process involved determining specifically where the actual bubble
number-densities fell between table values and extrapolating that relationship up to the related
table’s temperature values. Looking at Table 4-2 and the example of ice-accumulation of 219
mm/yr, a hypothetical bubble number-density of 423 bubbles/cm3 would fall exactly halfway
between 438 and 412 bubbles/cm3. This would equate to a temperature halfway between 240 and
241 K, or 240.5 K.
Vertical error bars for all plots had to be calculated to accurately represent bubble
number-density error and the systematic steady-state model error. In addition, horizontal “error
bars” had to be drawn in to represent the ice age-gas age difference (or ice formation period) for
each sample. These horizontal bars don’t actually represent an error, but rather the integrated
time period over which each sample took to form. To convert the bubble number-density errors
into accurate temperature errors, average conversion values had to be calculated from the steadystate model output table. For each vertical and horizontal sample, a value was recorded for the
number of bubbles that correlated to 1 degree of temperature change (depending on where that
sample’s bubble number-density fell in the table). These values were averaged together for both
sets of samples and subsequently divided into the bubble number-density errors to produce a
temperature equivalent. The systematic model error was estimated based upon ± 0.14 error in the
bubble-to-grain ratio determined earlier (Spencer and others, 2006). Adjusting the bubble-tograin value in the steady-state model by this value of ± 0.14 produced different temperature
values for each sample. These values were then converted into an overall systematic temperature
error of approximately ± 0.9°C . To obtain final error bar values these two overall error values
(bubble number-density and systematic) were then combined to find a quadratic mean value
(RMS) for both the horizontal and vertical sample sets. In cases where the horizontal and vertical
sample plots were combined and averaged, so too were their overall errors bars. Finally, for all
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data plotted vs. age, the horizontal “error bars” were drawn, representing the integrated iceformation period with the data point falling exactly halfway within that period.
Looking first at the raw reconstructed temperature/depth plots (Figure 4-3), there is
clearly an overall decrease that is seen as one moves from deeper ice to shallower ice. Both the
horizontal and vertical sample sets agree closely (and well within uncertainties). It was also
encouraging to see that the linear regression trends showed a nearly identical slope. Converting
the depths to ages and plotting (Figure 4-4) obviously shows the same data trends and agreement
as seen in the raw plots (as one moves from ~257 B.C.E. to ~1686 C.E.), however these plots also
illustrate just how much variability exists in the placement of the horizontal values due to the
integrated ice-formation time periods (represented by the horizontal error bars).
In both the horizontal and vertical sample sets, the linear trend indicates an overall
temperature decrease over the associated time period, of ~1.65°C and ~1.67°C respectively.
These sample sets (and their associated error bars) were then averaged and plotted with linear
trend lines versus both depth, and age (Figure 4-5). These final two plots represent the best
paleoclimatic reconstruction obtained using all of the data sets from this study. The final
reconstructed linear temperature trend in these plots, and thus result of this study, indicates
a decrease of ~1.66°C from ~257 B.C.E. to ~1686 C.E. Averaged vertical error bar values for
these final plots were calculated to be ± 0.74°C.
At a cursory glance, these results would seem to agree with the overall decrease in
accumulation rate (Figure 4-1) over the same period. Although a decrease in accumulation rate
doesn’t necessarily indicate a decrease in temperature, it usually follows a direct relationship as
warmer climates do drive a condition of higher atmospheric moisture and increased snowfall
based on the saturation vapor pressure (Banta, 2008; Denton and others, 2005). For our data,
there is an observed increase in accumulation rate of about 9% per degree (Figure 4-6), which is
very close to the “common” 7% per degree as discussed by Denton and others (2005). It is
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important to note that with the vertical error bars of ± 0.74°C, and a statistical confidence interval
on the linear regression lines that translates to approximately ± 1.1°C, that the overall temperature
trends could vary significantly from the calculated ~1.66°C. The results, however, would still
likely reveal a slight cooling trend over the late-Holocene time period of ~257 B.C.E to ~1686
C.E. Running through the steady-state model to arrive at these results, it was clear that the
systematic and reproducibility errors do exist. That the results from the vertical samples
corroborate those form the horizontal, and that bubble number-density reproducibility errors were
small (even when read by two different individuals) was sufficient enough to feel confident about
these overall results.
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Figure 4-1 WAIS Divide accumulation rates (mmice/yr) calculated after density and ice-flow
strain correction. Red line indicates a 225-year moving average and shows an overall
accumulation rate (mmice/yr) decrease from 400 B.C.E. to Present (with some small variations).
Blue line represents the linear regression line showing the overall decreasing trend.
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Figure 4-2 Example illustrating how paleotemperatures were determined using steady-state
model output tables. The columns (vertical) record the temperature (k), while the rows
(horizontal) record the accumulation rate in mm/yr. Here, an ice-accumulation rate of 219 mm/yr
was first read off the horizontal row. This line was then read across until the appropriate bubble
number-density of 408 bubbles/cm3 was arrived at. Lastly, from the bubble number-density
value, the column was read up to the top to determine a temperature of 241 K. All accumulation
rates were rounded to whole numbers, and bubble number-density values that fell between table
values were interpolated ensuring more accurate temperature reconstructions.
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Figure 4-3 Reconstructed temperatures plotted vs. sample depth. Both horizontal (A) and
vertical (B) samples show a similar decreasing linear trend. Error bars represent a root mean
square value derived from both systematic model and bubble number-density errors.
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Figure 4-4 Reconstructed temperatures plotted vs. age. Both horizontal (A) and vertical (B)
samples show a similar decreasing linear trend. Vertical error bars represent a root mean square
value derived from both systematic model and bubble number-density errors. Horizontal error
bars represent ice formation time period or “delta age” from Table 4-2.
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Figure 4-5 Reconstructed averaged temperatures plotted vs. sample depth (A) and age (B).
These plots were constructed by merging horizontal and vertical sample plots. Vertical error bars
represent a root mean square value derived from both systematic model and bubble numberdensity errors. Horizontal error bars represent ice formation time period or “delta age” from
Table 4-2. Total temperature change for both plots is approximately 1.66°C based on linear
regression lines and relevant uncertainties.
41

Figure 4-6 Reconstructed average temperatures plotted vs. measured accumulation rates. Plot
shows an approximate 9% increase/decrease in accumulation rate per degree. This agrees closely
with the 7% value discussed by Denton and others (2005). Vertical error bars represent an RMS
value derived from both systematic model and bubble number-density errors.
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Table 4-1 Calculated values for time-dependent ice-equivalent firn thickness at WAIS Divide
from the surface down to “pore close-off” depth.

Table 4-2 Values for time-dependent accumulation rates and ice formation periods at WAIS
Divide, Antarctica for each of the 23 sample depths calculated using chemistry-based depth-age
scale (McConnell, 2009). “Delta Age” represents the ice formation time period, while “Avg.
Accum Rate” represents the calculated accumulation rate for each sample based upon the 57 m
ice equivalent from Table 4-1.
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5
5.1

Discussion
Result Comparisons and Model Viability
The primary goal of this study was not simply to present a quantitative late-Holocene

paleoclimatic recontruction for West Antarctica, but to also test the validity and feasibility of
using the newly developed bubble number-density method (Spencer and others, 2006) as an
accurate paleoclimatic proxy. Encouraging results from both the horizontal and vertical samples
show nearly identical linear trends with an overall temperature cooling of approximately 1.66°C
over the time period of ~257 B.C.E. to ~1686 C.E. One way to test whether or not these results
are genuine and indicative of actual temperature changes, is to compare them with other
independent findings. This would also help to ensure the validity of the model itself.
Recent δ18O isotopic data for WAIS Divide provided by the University of Washington
(Steig, 2009) were used as the basis for comparison. These data came from measurements made
at 50 cm intervals on the WDC06A WAIS Divide ice core. (There are higher resolution, 3 cm
interval isotopic measurements being measured at the University of Colorado’s INSTAAR
(Personal Communication from B. Vaughn, 2009), but these data are not yet available). Plotting
the raw δ18O isotopic data vs. age (Figure 5-1-A), shows an apparent decreasing linear trend over
time (which would also indicate lower temperatures). To convert the δ18O isotopic ratios to
approximate temperatures, a modern δ18O isotopic value, average annual surface temperature, and
a calibration for WAIS Divide were necessary. The current average annual surface temperature
for WAIS Divide is approximately -31.1°C (Taylor, 2009a), and a good approximation for the
modern δ18O value (by averaging values over the past 15 years at WAIS Divide) is -31.6 (o/oo)
(White, 2009). While no accepted δ18O proxy calibration for WAIS Divide has been published, a
good standard value that was used in this study was ± 0.6 per mil representing ± 1°C (Jouzel and
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others, 1997). Applying these values to the δ18O isotopic ratios linearly produces an estimated
δ18O isotope derived temperature plot (Figure 5-1-B).
A comparison of the isotope-derived temperatures with the bubble number-density
derived temperatures shows a clear agreement between the linear trends (Figure 5-2). It’s
important to note, as was stated earlier, that because the bubble number-density indicator
averages conditions over the firnification time and so lacks especially high time-resolution, a
simple linear trend fit to the data captures most of the significant variability. However, applying
a 100-point running average to the isotope data produces a curve with similar features to the
bubble-based record with a 6-point running mean (Figures 5-3). It can also be noted that the
WDC06A δ18O isotopic data agree closely with high-resolution δ18O isotopic data from the
WDC05A ice core (White, 2009) measured at the University of Colorado (Figure 5-4). This ice
core was drilled during the ’05 field season at WAIS Divide less than 1 km from the site of the
WDC06A ice core, but only to a depth of 300 meters (with only ~266 m being reliably measured
for stable isotopes). This limited the isotope comparison to ages of ~950 to ~1580 C.E.
An additional comparison is possible between the temperature histories from the bubble
number-density and from modeled borehole temperatures at WAIS Divide. During the ’07 and
’08 field seasons, air temperatures from the WDC05A ice core borehole were logged and later
inverted into surface temperatures using a 1-D forward model (Personal communication from A.
Orsi, 2009). Plotted against both the bubble number-density and converted δ18O isotope
temperature data sets, these modeled borehole temperatures show a remarkable agreement with
both of the sets’ linear regression lines (Figure 5-5). This additional corroboration helps to
bolster the genuineness of the estimated bubble number-density temperature data. Because the
temperatures were logged from the WDC05A borehole, the overall comparison was limited to an
age of ~1000 C.E.
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While all of the comparisons done above certainly help to strengthen the validity and
feasibility of the bubble number-density model as a dependable paleoclimate proxy, it was also
necessary to step back from the results, and revisit some of the other data from WAIS Divide in
simpler terms. Looking at just the measured bubble number-densities again (Figure 3-7), there
are nearly net-zero horizontal linear trends apparent in both the vertical and horizontal data sets.
While this could indicate a combination of constant temperature and accumulation rates over the
given time period, measured accumulation rates clearly show a steady decrease over time (Figure
4-1). With all else being equal, a steady decrease in accumulation should drive larger grain
growth within the firn and ice, and thereby a lower bubble number-density (Spencer, 1999).
Because of the relatively net-zero constant bubble number-density counts seen across both
samples sets, this tendency for larger grain growth (and lower bubble number-density) would
have to be offset by a tendency for smaller grain growth (and higher bubble number-density),
easily explained by the observed decrease in temperature (Gow, 1969). As was stated earlier, this
makes sense; a decrease in accumulation rate is usually coupled with a decrease in temperature.
This relationship is based upon the saturation vapor pressure and is often estimated at about a 7%
decrease in accumulation per degree (Denton and others, 2005). The reconstructed bubble
number-density temperature data do show an approximate linear decrease in accumulation rate of
9% per degree (Figure 4-6). So, the observed overall decrease in accumulation rate should result
in an overall decrease in temperature based on both the saturation vapor pressure, and observed
constant bubble number-densities across sample sets. The modeled bubble number-density
temperature results do confirm this.
Looking at all of these results and comparisons, it is reasonable to say that using the
bubble number-density of glacier ice as paleoclimatic indicator is a viable technique and that the
steady-state model developed by Spencer and others (2006) is functionally valid. Ideally, this
technique should be employed at further sites with the observed results tested against other
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additional climate data sets. In addition, this method could also be further validated at WAIS
Divide by applying the model’s complementary approach to solve for accumulation rates
(provided other independent published temperature data become available).

5.2

Interpretation and Potential Future Work
A ~1.66°C cooling over the 2000 year time period in this study could be attributed to

several different causes or influences. While the latest IPCC report does state that there is no
conclusive evidence that the Little Ice Age (LIA) was global event (IPCC, 2007; Kreutz and
others, 1997), these results could realistically indicate that West Antarctica did in fact experience
a similar LIA event to the one experienced in the Northern Hemisphere (Johnsen and others,
1972). This conclusion is also supported by the work of Orsi and others (Personal
communication 2009) who suggest that a West Antarctic LIA event may be a result of a strong
Amundsen Sea Low, which is also supported by sodium studies at both Siple Dome and Law
Dome. The ~1.66°C cooling may also just be isolated to a smaller area around the WAIS Divide
site itself. Looking at other available data sets from different sites in West Antarctica, there does
exist some disagreement in the scientific community over Holocene climate reconstructions.
Stable δ18O isotope data from the nearby Byrd (Johnsen and others, 1972) and Siple Dome
(Personal communication from A. Schilla, 2009) ice-coring sites both appear to indicate a slight
warming trend over the same time period as in this study. In addition, surface melt layers seen in
the Siple Dome ice core also paint quite a different picture of a late-Holocene warming trend (Das
& Alley, 2008; Das & Alley, 2005).
Steig and others (2001) have argued that West Antarctic Holocene warming trends seen
in ice core studies could be explained by elevation changes with the ice sheet itself. While the
overall climate may have been constant or even cooling, a 200- or 300-meter decrease in the
elevation of the ice sheet could result in a net positive temperature change of a few tenths of a
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degree to 2-3 degrees. This could easily explain the warming trends seen at Siple Dome and
Byrd, but doesn’t explain the already observed cooling at WAIS Divide found in this study.
Recent 3-D West Antarctic Ice Sheet modeling results (Pollard & DeConto, 2009; personal
communication from D. Pollard, 2009), however, suggest that the elevation at the WAIS Divide
site (specifically 79o28.058'S, 112o05.189'W) increased slightly (by about 60 meters) from 500
B.C.E. to 1700 C.E., while the elevations at the Siple Dome and Byrd sites decreased slightly (by
about 25 and 35 meters respectively) (Figure 5-6). This modeling work involved combining an
ice sheet and ice shelf model capable of high-resolution nesting, with various climate forcings
and a new treatment of grounding-line dynamics and ice shelf buttressing. The results were
shown to agree well with the ANDRILL sediment core record (Pollard & DeConto, 2009). While
these modeling results are preliminary, they could help to explain some of the differences seen between the WAIS Divide, Siple Dome, and Byrd sites. It is also important to note that sites like
Siple Dome could simply just be more sensitive than a site like WAIS Divide to increased marine
influence (Das & Alley, 2008).
It’s clear that making a solid hypothesis to explain the observed cooling for the WAIS
Divide site seen in this study would require additional investigation. Future work should include
employing the bubble number-density model on ice core data from Siple Dome, Byrd, and on the
samples from the WDC05A (WAIS Divide) ice core. Analyzing borehole data for the Byrd site
could also help to authenticate the rather outdated, and possibly unreliable, isotope data.
Realistically, the more additional paleoclimatic data sets that can be obtained for West Antarctica,
the better the overall climatic picture that can be drawn for the late-Holocene. In the end, the
results in this study may just be showing that the late-Holocene climates in West Antarctica are
simply more in line with the late-Holocene climates that have been measured for East Antarctica
(Masson and others, 2000).
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Figure 5-1 δ18O isotopic data for WAIS Divide plotted vs. age. Plot (A) shows raw data plotted
vs. age. Plot (B) shows isotope data linearly converted to approximate temperatures based on
modern WAIS Divide isotope values, surface temperature values, and a ± 0.6 per mil per degree
calibration. Plots shown with linear trends and smoothed 100 per. running averages.
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Figure 5-2 δ18O isotope derived temperature data and bubble number-density derived
temperature data plotted vs. age. This plot elucidates the close agreement between linear
regression lines of the two data sets. Vertical error bars represent an RMS value derived from
both systematic model and bubble number-density errors. Horizontal error bars represent ice
formation time period or “delta age” from Table 4-2.
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Figure 5-3 Comparison plot showing similarities between the smoothed curves of the δ18O
temperature data and the bubble number-density temperature data. Shaded areas delineate three
similar temperature regimes characterized first by a slight decrease (1), then by a distinct
temperature “bump” (2), and lastly by a “flattening-out” of the temperatures (3). Running
average values were chosen to maximize smoothing, without washing out major features.
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Figure 5-4 Correlation between δ18O isotopes from the WDC06A, and WDC05A ice cores.
Conspicuous agreement is seen between smoothed running averages of the two data sets thereby
confirming their authenticity. All WDC05A data was limited to a depth of ~266 meters, or an
age of ~950 C.E.
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Figure 5-5 Correlation between δ18O isotope values from WDC06A core, with bubble numberdensity temperatures, and WDC05A borehole-derived temperatures. There is close agreement
between isotope and bubble number-density linear trends, with borehole-derived temperatures.
All WDC05A data was limited to a depth of ~266 meters, or an age of ~950 C.E.
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Figure 5-6 Modeled elevations for WAIS Divide (A), Byrd (B), and Siple Dome (C). Between
500 B.C.E. and 1700 C.E., Byrd shows a 35 meter elevation decrease, and Siple Dome a 25 meter
elevation decrease. WAIS Divide, however, shows a 60 meter increase over that same interval.
WAIS Divide and Siple Dome data were modeled at 10-year intervals. Byrd data were modeled
at 100-year intervals. All data obtained from Pollard and DeConto (2009) and D. Pollard
(personal communication, 2009).
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6

Conclusions
Understanding past climate changes and the causes behind them can help to increase the

accuracy of climate predictions. This holds especially true in light of the now-recognized
anthropogenic influence (IPCC, 2007) and possible instability of the West Antarctic Ice Sheet
(Conway & Rasmussen, 2009; Whillans, 1976). The WAIS Divide site was chosen as a
candidate ice core drilling site because of it’s ability to provide a high-time-resolution climate
record and a faithful southern hemisphere analogue to the GRIP ice core in Greenland. While
several climate records and reconstructions do exist for West Antarctica (Johnsen and others,
1972; Steig, 2009; Das & Alley, 2008), the agreement amongst them is often limited.
In this study, a new paleoclimatic indicator based on ice core bubble number-density
developed by Spencer and others (2006) was used in conjunction with ice core samples taken
from the WAIS Divide WDC06A core, and annual layer thicknesses (calculated from a
chemistry-based depth-age scale), to create an independent quantitative late-Holocene
paleoclimate reconstruction. This reconstruction shows a linear cooling of ~1.7°C over the time
period of ~257 B.C.E. to ~1686 C.E., with averaged vertical error bars of ± 0.7°C, and a
statistical confidence interval on the linear regression lines that translates to approximately ±
1.1°C. This cooling of ~1.7°C does agree with δ18O isotope data for both the WDC06A and
WDC05A ice cores (White, 2009; Steig, 2009) as well as recently modeled temperatures from the
WDC05A borehole (personal communication from A. Orsi, 2009), and could be indicative of a
Little Ice Age type event. In addition, recent ice sheet modeling results (Pollard & DeConto,
2009; personal communication from D. Pollard, 2009) could help to explain the observed cooling
trend at WAIS Divide, despite apparent warming trends at the Siple Dome and Byrd sites (Das &
Alley, 2008; Johnsen and others, 1972). The preliminary modeling results show that from 500
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B.C.E. to 1700 C.E. there was an elevation increase of approximately 60 meters at WAIS Divide,
while the elevation at the Siple Dome and Byrd sites decreased (by about 25 and 35 meters
respectively). The bubble number-density model itself was validated by the observed ~9%
increase in accumulation rate per degree of positive temperature change, consistent with
saturation vapor pressure values (Denton and others, 2005).
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APPENDIX: ADDITIONAL DATA
Table A-1 Measured bubble-section thicknesses for WDC06A ice core samples. Final column
represents the averaged approximate ice thickness of each sample in mm. These values were
obtained by subtracting the average glass thickness from the average section thickness (glass and
sample).
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Table A-2 Final horizontal bubble number-density calculations and values.
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Table A-3 Final vertical bubble number-density calculations and values.
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Table A-4 Example Fovea-Pro output table showing a small portion of the data returned for each
bubble image. Each “Feature_Number” indicates a single bubble, while the remaining columns
show data related to that specific bubble.
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Equation A-1 10th Order polynomial equation used to determine ice density values at WAIS
Divide down to a depth of 130 meters (where the calculated value of 0.915 g/cm3 was achieved).

y = -1.7288e - 24 ⋅ x10 + 4.9571e - 21⋅ x 9 - 6.064e -18 ⋅ x 8 + 4.1265e -15 ⋅ x 7 1.7075e -12 ⋅ x 6 + 4.413e -10 ⋅ x 5 - 7.058e - 08 ⋅ x 4 + 6.7634e - 06 ⋅ x 3 0.00038387 ⋅ x 2 + 0.015406 ⋅ x + 0.41092

€
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