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[1] The Antarctic Peninsula has warmed faster than the
global average rate of warming during the last century. Due
to limited availability of long term meteorological records,
the geographical extent of this rapid warming is poorly
defined. We collected borehole temperature measurements
in the upper 300 m of Rutford Ice Stream, West Antarctica,
and employed an inverse modeling scheme with a heat
diffusion-advection equation to determine the recent surface
temperature history of the borehole position. Our results
reveal recent warming of 0.17 + 0.07°C (decade) ' since
1930. This result suggests that, at least in an attenuated
form, the rapid warming observed over the Antarctic
Peninsula extends as far south as Rutford Ice Stream. This
result agrees with other recent results that show a warming
trend across much of the West Antarctic Ice Sheet.
Citation: Barrett, B. E., K. W. Nicholls, T. Murray, A. M.
Smith, and D. G. Vaughan (2009), Rapid recent warming on
Rutford Ice Stream, West Antarctica, from borehole thermometry,
Geophys. Res. Lett., 36, L02708, doi:10.1029/2008 GL036369.

1. Introduction

[2] The Antarctic Peninsula warmed dramatically
(~0.56°C (decade) ") during the last half-century, as indi-
cated by meteorological records of mean annual temperature
[Turner et al., 2005]. This warming exceeds the global
average warming of 0.06 + 0.02°C (decade) ' during the
20th Century [Intergovernmental Panel on Climate Change,
2001], and is in contrast with East Antarctica, which shows
limited or no warming trend [Vaughan et al., 2003]. The
geographic extent of the peninsula’s rapid warming is
difficult to determine because of the sparsity of meteoro-
logical records, and there are few estimates of surface
temperature change for West Antarctica south of the Ant-
arctic Peninsula. However, Steig et al. [2008] show a
warming of 0.17 + 0.06°C (decade) ' averaged over the
West Antarctic Ice Sheet. We have used borehole temper-
ature measurements from Rutford Ice Stream (Figure 1) to
infer decadal scale trends in its recent surface temperature
history and provide some insight into the distribution of
surface warming in West Antarctica.

1.1. Borehole Thermometry

[3] Borehole temperature measurements can be used to
infer recent surface temperature history because surface
temperature fluctuations diffuse downwards through the
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subsurface, primarily by conduction. Surface temperature
histories have been estimated from vertical temperature
profiles in both frozen [e.g., Lachenbruch and Marshall,
1986] and unfrozen ground [e.g., Pollack et al., 1998].
Applying the technique to an ice column requires the
consideration of vertical advection due to surface accumu-
lation, basal melting and strain thinning in addition to heat
conduction. Different implementations of the technique
have been used to determine surface temperature histories
on millennial [Dahl-Jensen et al., 1998], centennial [van de
Wal et al., 2002], and decadal [Nicholls and Paren, 1993]
scales, and to determine geothermal heat flow at the bed of
an ice sheet [Engelhardt, 2004].

1.2. Rutford Ice Stream

[4] Rutford Ice Stream drains approximately 10% of the
West Antarctic Ice Sheet from a drainage basin of about
49,000 km? into Ronne Ice Shelf [Doake et al., 2001]. The ice
stream flows toward the south—east with a speed of 300—
400 m a~ ' between the Ellsworth Mountains to the south—
west and Fletcher Promontory to the north—east (Figure 1b).

[s] Rutford Ice Stream is close to having a net flux
balance [Doake et al., 2001] and is therefore in a state of
dynamic equilibrium. However, recent estimates of surface
elevation change from satellite altimeter data show that the
drainage basin is thickening by ~8 cm a~' [Vaughan et al.,
2008]. The source of precipitation for this region is most
likely the Bellingshausen and Amundsen seas [Doake et al.,
2001], which also have a strong influence over the Antarctic
Peninsula [Vaughan et al., 2003]. It is therefore plausible
that Rutford Ice Stream will have similar climatic changes
to the Antarctic Peninsula, some 500 km to the north.

2. Method

[6] In February 2005, we installed a thermistor string in a
hot-water drilled borehole located near the middle of the ice
stream, approximately 35 km upstream from the grounding
line (S78°08.4" W83°55.2"). The string contained ten 3K3A
Betatherm thermistors spaced at 31.5 m intervals between
15 m and 300 m depth. These thermistors were calibrated
prior to deployment and their resistance was measured
24 months after installation, thus allowing sufficient time
for the borehole temperatures to recover from the drilling
operation. We estimate the accuracy of the measured tem-
peratures to be £0.01°C.

2.1. Forward Model

[7] The evolution of the temperature field within a dry ice
pack can be described by the following equation

or

P =V (pRVT) = V- (pTU) (1)
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Figure 1. Location map. (a) The Antarctic Peninsula
showing the Siple and Faraday meteorological stations,
Dolleman Island, the Subglacial Lake Ellsworth (SLE) and
Pine Island Glacier basin (PNE) sites and our Rutford Ice
Stream borehole location. (b) Rutford Ice Stream showing
the thermometry borehole, and the 100 km flow line up-
stream of the borehole (bold line).

where p is the ice density, T is the temperature, x is the
thermal diffusivity and U is the three-dimensional velocity
field. By assuming 7 is constant in horizontal directions,
equation (1) can be written

+E@+xHH—wH)? (2)
X

o "o 87,06)( p Ox

e or T (85 dp
where H is the ice column thickness, H is the time rate of
change in H, x is the depth scaled by H (x = 0 at the ice
surface, x = 1 at the bed), and w is the vertical velocity of
the ice column (a function of x). Equation (2) is a second-
order non-linear partial differential equation which we
solved numerically using a fully implicit discretization.

[8] The boundary conditions for the model were the ice
surface and bed temperatures. The bed temperature was
fixed at —2°C, the approximate pressure melting point
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beneath 2200 m of ice, but we assumed that the base was
not melting at an appreciable rate. Surface temperature
varied as a function of time. The model also required inputs
of the vertical density profile (assumed to be constant
through time), the thermal diffusivity (a function of the
density and ice temperature), the ice thickness (assumed to
be constant through time), and the vertical velocity profile
of the ice. The vertical velocity profile of the ice is
determined from the density profile, surface accumulation
and basal melt rates, and the rate of change in ice thickness.

[9] Density profiles have been measured on Rutford Ice
Stream by seismic refraction surveys [Smith, 1997]. These
profiles show little geographic variation, and good agree-
ment with shallow ice-core and snow-pit densities where
available.

[10] The snow accumulation on the ice stream was mea-
sured by Doake et al. [1987] between 1983 and 1984. They
found a near linear increase in accumulation rate with
elevation, from ~0.40 Mg m > at 300 m elevation to
~0.70 Mg m~? at 600 m elevation. We used an elevation
profile of the ice stream from BEDMAP [Lythe et al., 2001],
and the ice stream’s present flow velocity profile to estimate
the accumulation rate history. The current velocity at the
borehole position is ~377.3 m a~' [Murray et al., 2007].
We supplemented this velocity measurement with InSAR
data (E. King, personal communication, 2008) to determine
how contemporary velocities vary over the length of the ice
stream. We assumed that the ice stream velocities and
accumulation pattern have not changed significantly over
the duration of the modeled surface temperature history.

[11] The forward model defined by equation (2) was used
to calculate the evolution of the ice column’s temperature
using a predefined surface temperature history. A steady
state thermal profile was calculated by modeling 1000 years
with a constant surface temperature. We then applied 1000 years
of changing surface temperature. Present day accumulation
and flow velocity are well constrained from ~100 km
upstream of the drill location (further upstream, conditions
are complicated by convergence and a change in flow
direction), which corresponds to ~300 years of displace-
ment. However, including 1000 years of surface tempera-
ture variability in the model enables the steady-state starting
condition to be forgotten. We truncated the final surface
temperature histories to the most recent 300 years.

2.2. Inverse Model

[12] We used an inversion scheme to find surface tem-
perature histories that produce ice column temperature
profiles with a close fit to our measured temperatures. The
fit between modeled temperatures and our data was defined
as their root mean squared (RMS) difference.

[13] The inversion started with a constant surface tem-
perature history, chosen randomly between —27.5°C and
—26°C (encompassing the entire range of measured temper-
atures) and defined with a temporal resolution of 15 years.
This surface temperature history was updated by changing
the temperature at a randomly chosen temporal point. The
updated surface temperature history was adopted if the
forward model produced an improved fit to the measured
data, otherwise it was rejected and a different random
alteration was tested. The inversion continued until the
model fit could not be improved.
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Figure 2. Thermometry inversion results. (a) Vertical
profile of temperature measured in 2007 (dots) with the
forward modeled thermal profile from each of 50 inversions.
(b) The surface temperature history for the geographic drill
location from the 50 inversions (gray lines) and the mean of
these results (black line).

[14] The inversion result is the surface temperature his-
tory of the ice column as it flowed downstream over the last
300 years. However, this includes the effects of both climate
and the changing geographic location of the ice column
with time. To obtain the surface temperature history at the
geographic location of the borehole, we corrected the
inversion results using the spatial trend in present day
surface temperature along the flow line. This trend was
obtained from the Advanced Very High Resolution Radi-
ometer (AVHRR) data from the period 1982 to 2000 from a
grid with ~12.5 km spacing [King and Comiso, 2003], and
interpolated to the flow line. AVHRR temperatures may
suffer from a lack of direct calibration, however we use only
the spatial trend.

3. Results

[15] Our measured vertical temperature profile from Rut-
ford Ice Stream is shown in Figure 2a; it is characterized by
temperatures of —26.8°C at 300 m depth, decreasing to a
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temperature minimum of —27.0°C at 110 m depth, and
increasing to a temperature maximum of —26.5°C at 15 m
depth. We performed 50 inversions on these data (Figure 2).

[16] Each inversion result displays a broadly consistent
pattern. The mean of the 50 inversions represents the most
probable 300 year surface temperature history at the bore-
hole location (Figure 2b). The results suggest a decrease in
surface temperatures during the 19th Century and a faster
warming over the most recent 75 years. The warming trend
is ~1.3 + 0.5°C over these 75 years (the error is derived
from the standard deviation of the 50 inversions at the
beginning and end of the warming trend); a rate of ~0.17 +
0.07°C (decade)™".

4. Discussion

[17] Ourresearch shows that Rutford Ice Stream, ~500 km
south of the Antarctic Peninsula, has been warming since
~1930. Prior to this there may have been a period of cooling,
which is a similar result to that presented by Nicholls and
Paren [1993] from Dolleman Island (Figure 1). The fact that
rapid warming has occurred at Rutford Ice Stream is
consistent with new estimates of average warming across
West Antarctica [Steig et al., 2008]. We also looked for
other evidence of temperature trends south of the Antarctic
Peninsula in order to improve our knowledge of the
distribution of warming in West Antarctica.

[18] A 19 year long meteorological surface temperature
record exists for Siple Station (Figure 1a) between 1979 and
1997 [Shuman and Stearns, 2001, 2002], which shows a
strong warming trend of 1.1 + 0.55°C (decade)™! (one
sigma confidence limit), but this trend must be interpreted
with caution because the time series is short [Vaughan et al.,
2003].

[19] In the absence of continuous meteorological data,
satellite-borne measurements (e.g. AVHRR) can provide
regular surface temperature measurements over large areas.
However the temporal coverage of AVHRR data does not
extend far enough into the past to be useful for multi-
decadal surface temperature histories. Furthermore,
AVHRR is only effective during cloud free conditions,
which may limit the possibility of calculating an annual
average temperature.

[20] 10-m temperatures are often used as a proxy for
mean temperature over the most recent few years because
seasonal fluctuations in temperature decay in amplitude
with depth. These fluctuations are effectively absent below
20 m depth [Paterson, 1994], but Morris and Vaughan
[1994] showed that corrections for seasonal fluctuations,
based on the time of year and measurement depth, can be
used to make use of 10-m temperatures.

[21] We measured a 10-m temperature of —29.4 + 0.1°C
at the PNE camp (Figure la; S77°34.23" W95°55.70") on
the Pine Island Glacier drainage basin on December 30th
2004. The same location was visited on January 4th 1958
and a 10-m temperature of —29.87 £+ 0.01°C was measured
[Anderson, 1958; Bohlander and Scambos, 2001]. The
corrections described by Morris and Vaughan [1994] are
not required here because the measurements were made at
the same depth and time of year. These values have a
difference of +0.5 = 0.1°C over 47 years, corresponding to a
change of +0.11 + 0.02°C (decade) .
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Figure 3. Precision of 10-m temperatures for decadal scale
surface temperature trends. (a) One example of a surface
temperature history with a constant mean of —27.5°C and
an inter-annual variability with 1.5°C standard deviation.
(b) Twenty examples (from 100) of modeled temperature
profiles (gray lines), and the mean temperature profile
(black line) with two standard deviations (gray shape). For
10-m temperature measurements, the mean value of the
surface temperature history can be estimated with +0.6°C
precision (two standard deviations; 95% confidence).

[22] At Subglacial Lake Elsworth (SLE) (Figure la;
S78°58.679" W90°30.712") we measured a 20-m tempera-
ture of —31.9 + 0.2°C in December 2007. This station is
between Stations 660 and 690 of the Sentinel Range to
Marie Byrd Land IGY Traverse where 10-m temperatures
were measured in January 1958 [Anderson, 1958;
Bohlander and Scambos, 2001]. A linear interpolation of
these 10-m temperatures to the location of our 20-m
temperature gives —32.01 £ 0.01°C. Because the depth of
our temperature was not the same as the IGY temperatures,
it is necessary to correct the IGY temperature for seasonal
effects (Our temperature is at 20-m and therefore not
sensitive to seasonal effects). The corrected temperature
for 1958 is —31.6 £ 0.1°C; a difference of —0.3 + 0.2°C
over 50 years, or a change of —0.06 + 0.04°C (decade) .

[23] Inter-annual variability in mean annual surface tem-
peratures means that 10-m and 20-m temperatures may not
accurately represent the average temperature over the most
recent few years, and that the difference between a pair of
10-m or 20-m temperatures may not give a good indication
of decadal trends, except where those changes are substan-
tial. We investigated this using our forward model for a
100 year surface temperature history with a constant mean
and an inter-annual variability with a standard deviation of
1.5°C (the largest inter-annual variability reported by
Vaughan et al. [2003] from Antarctic meteorological sta-
tions). We ran the forward model 100 times and measured
the distribution of modeled temperatures at 10-m depth
(Figure 3). We found that the 10-m temperatures had a
standard deviation of 0.3°C. We conclude that for an inter-
annual variability with a standard deviation of 1.5°C,
measured 10-m temperatures should be within +0.6°C
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(two standard deviations; 95% confidence) of the underly-
ing decadal trend in surface temperatures. Similarly, we
found that measured 20-m temperatures should be within
+0.4°C of the underlying trend. Therefore, a difference
between a pair of 10-m temperatures of +0.85°C and a
difference between a 10-m and a 20-m temperature of
4+0.72°C is possible from inter-annual variability alone.
For our pair of temperatures from PNE that span 47 years,
a measured decadal warming or cooling trend would need to
exceed +£0.18°C (decade) ' to be statistically significant.
Similarly, from our data at SLE, only a decadal warming or
cooling trend that exceeds +0.14°C (decade)! would be
statistically significant.

5. Conclusions

[24] There is limited information available about the
surface temperature history south of the Antarctic Peninsula,
but we have shown that borehole thermometry is a practical
method for obtaining multi-decadal surface temperature
histories. Our results quantify the warming at Rutford Ice
Stream as 0.17 + 0.07°C (decade) ' since 1930. This shows
that the rapid warming that has been observed on the
Antarctic Peninsula has also occured, more slowly, at
Rutford Ice Stream.

[25] 10 or 20-m temperatures can provide average tem-
peratures of the most recent few years and we have
presented repeat measurements spanning ~50 years from
PNE and SLE. The temperature differences observed at
these two sites are both small enough to be caused entirely
by inter-annual variability, and we conclude that there has
not been any warming trend at these sites large enough to be
detected by the data.

[26] We have increased the known geographical extent of
recent warming to Rutford Ice Stream, 500 km south of the
Antarctic Peninsula. Further borehole thermometry in other
locations south of the peninsula and across West Antarctica
would allow the geographical distribution and rates of rapid
warming to be more completely determined.
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