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Abstract. Two ice core boreholes of 143.18 m and 447.73 m
(bedrock) were drilled during the 2009–2010 austral summer
on the Bruce Plateau at a location named LARISSA Site Beta
(66°02′ S, 64°04′ W, 1975.5 m a.s.l.). Both boreholes were
logged with thermistors shortly after drilling. The shallow
borehole was instrumented for 4 months with a series of re-
sistance thermometers with satellite uplink. Surface temper-
ature proxy data derived from an inversion of the borehole
temperature profiles are compared to available multi-decadal
records from weather stations and ice cores located along a
latitudinal transect of the Antarctic Peninsula to West Antarc-
tica. The LARISSA Site Beta profiles show temperatures de-
creasing from the surface downward through the upper third
of the ice, and warming thereafter to the bed. The average
temperature for the most recent year is−14.78 °C (measured
at 15 m depth, abbreviatedT15). A minimum temperature of
−15.8 °C is measured at 173 m depth, and basal temperature
is estimated to be−10.2 °C. Current mean annual tempera-
ture and the gradient in the lower part of the measured tem-
perature profile have a best fit with an accumulation rate of
1.9×103 kg m−2 a−1 and basal heat flux (q) of 88 mW m−2,
if steady-state conditions are assumed. However, the mid-
level temperature variations show that recent temperature
has varied significantly. Reconstructed surface temperatures
(Ts = T15) over the last 200 yr are derived by an inversion
technique (Tikhonov and Samarskii, 1990). From this, we
find that cold temperatures (minimumTs = −16.2 °C) pre-
vailed from ∼1920 to∼1940, followed by a gradual rise
of temperature to−14.2 °C around 1995, then cooling over

the following decade and warming in the last few years. The
coldest period was preceded by a relatively warm 19th cen-
tury at T15 ≥ −15 °C. To facilitate regional comparisons of
the surface temperature history, we use ourT15 data and
nearby weather station records to refine estimates of lapse
rates (altitudinal, adjusted for latitude:0a(l)). Good temporal
and spatial consistency of0a(l) over the last 35 yr are ob-
served, implying that the climate trends observed here are
regional and consistent over a broad altitude range.

1 Introduction

Multiple studies from a variety of disciplines show that the
Antarctic Peninsula (AP) is among the fastest-warming re-
gions on the planet. Analyses of meteorological and glacio-
logical data, satellite data and borehole observations display
significant temporal and spatial climatic variability on the AP
(Barrett et al., 2009; Lee et al., 2010; Monaghan et al., 2008;
Nicholls and Paren, 1993; Rignot et al., 2004; Schneider and
Steig, 2008; Turner et al., 2002; Vaughan et al., 2003). Cli-
mate warming in recent decades in the Bellingshausen Sea
has been linked to the reduction of sea ice there (Jacobs
and Comiso, 1997; Stammerjohn et al., 2008). Warming in
the western AP is also associated with a large positive pre-
cipitation trend (Turner et al., 2005), possibly also linked
to the loss of sea ice. Rapid disintegration of several ice
shelves and retreat of tidewater glaciers in this region (Scam-
bos et al., 2003; Cook et al., 2005) are also attributed to
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rising air temperatures (Doake and Vaughan, 1991; Vaughan
and Doake, 1996; van den Broeke, 2005). In particular, the
spectacular disintegration of the Larsen A and Larsen B ice
shelves in 1995 and 2002, respectively, appears to have re-
sulted from decades of warming in the region and an associ-
ated increase in surface melting (Vaughan and Doake, 1996;
Scambos et al., 2003). A few ice core proxy records of tem-
perature from the AP region, using several different means of
inferring past temperature, document this rise of air tempera-
ture and accumulation rate during the last 100–150 yr (Aris-
tarain et al., 1990; Peel and Clausen, 1982; Peel et al., 1988;
Thompson et al., 1994; Mosley-Thompson and Thompson,
2003; Schneider and Steig, 2008; Thomas et al., 2008, 2009).

To better understand the climatic changes of the cen-
tral AP in the immediate vicinity of the Larsen B during
the past few hundred years, two boreholes of 143.74 m and
447.65 m (latter one reached bedrock) were drilled during
the austral summer of 2009–10 on the Bruce Plateau at a
site named LARISSA Site Beta (henceforth L-B) (66°02′ S,
64°04′ W; 1975.5 m a.s.l.). LARISSA (Larsen Ice Shelf Sys-
tem, Antarctica) is a multidisciplinary research project in-
vestigating the recent rapid environmental changes in the re-
gion. The ice cores will be evaluated for isotopic and other
climate-related variations in a later study. For this work, mul-
tiple temperature profile measurements were made using a
calibrated thermistor in two L-B Site boreholes. The site is
in a key location, in close proximity to the remnant of the
Larsen B (Scar Inlet Ice Shelf), active and recently retreated
glaciers on the western AP, and the northernmost Larsen C.
Both the shelf areas are thought to be vulnerable to retreat
and break-up in the style of the 2002 Larsen B disintegration
if the regional warming continues.

Borehole temperatures are a useful source of past climate
information in areas of sparse long-term records and repre-
sent an independent and direct “memory” of the past sur-
face temperatures. They allow reconstructions of past sur-
face temperature based on inverse modeling, so long as key
parameters (accumulation, densification of snow, ice thick-
ness, geothermal heat flow, and physical properties of ice)
can be adequately inferred from an understanding of glacio-
logical and geological properties of the region (Harris and
Chapman, 1997; Pollack and Huang, 2000; MacAyeal et al.,
1991; Dahl-Jensen et al., 1998; van de Wal et al., 2002; Muto
et al., 2011). This study attempts to determine the history
of the surface mean annual temperature (Ts) as represented
by the mean temperature at 15 m depth (T15) using an inver-
sion technique (Nagornov et al., 2001) similar to the control
method developed by MacAyeal et al. (1991). Considering
that the detailed accumulation history of the site is as yet
unknown and our assumptions that the basal heat flux is con-
stant and heat generation from ice flow are negligible, we
limited our Ts reconstruction to the last 200 yr. Two other
borehole temperature profiles in the AP region were mea-
sured earlier andTs was reconstructed by inversion methods
(Nicholls and Paren, 1993; Barrett et al., 2009). These ear-

lier investigations on the AP produced results comparable
to ours (presented below). However, neither ourTs recon-
struction presented here nor any previous borehole thermal
profile inversions have been directly validated by reconstruc-
tions based on stable isotope data. Forthcoming analyses of
δ18O andδD in the L-B ice cores will provide a test of these
results.

We also extract a preliminary value of the modern accu-
mulation rate and basal heat flux for the site using a simple
steady-state thermal model. Based on our measuredT15, re-
constructedTs, and the measured temperatures from nearby
AWS and conventional weather stations, we determine spa-
tial and temporal lapse rates (change in temperature with lat-
itude or with elevation, dT /dx or dT /dz: we refer to lapse
rate here as as0a(l), an altitudinal lapse rate corrected for lat-
itude among various sites). A relatively constant lapse rate
for the region gives us confidence that a single climate trend
describes the pattern of temperature changes on the western
side of AP for the past∼50 yr.

In the following sections, we review the site character-
istics of the Bruce Plateau summit and discuss the drilling
and temperature measurements in detail. We then introduce
the model and the initial steady-state approximation to set
boundaries on accumulation and geothermal heat flux. We
discuss the model result and compare it to other records (di-
rect and proxy) of the climate history of the Antarctic Penin-
sula. We compare the implied lapse rate among some of the
records to establish some confidence in using coastal and
ridge crest records together, as they span some range of lat-
itude. The data and comparisons support a strong regional
pattern of early 1900s cooling and later rapid warming to the
present; recent trends are mixed, but remain relatively warm.

2 Site description

The borehole site is at 66°02′ S, 64°04′ W, approximately
2 km east of the present AP ice divide, and 1975.5 m above
the EGM96 geoid. Thus, it lies between the catchments of the
Larsen B Ice Shelf (Leppard Glacier, flowing to the northeast
from the site) and the Larsen C Ice Shelf (Atlee Glacier to
the southeast). To the west of the ridge crest, ice drains into
Birely Glacier and Barilari Bay.

A geophysical site survey of surface topography, ice mo-
tion, ice thickness, and accumulation conducted in the month
preceding the borehole drilling (December 2009; Pettit et al.,
2011) revealed a significant accumulation gradient near the
drill site, with much lower accumulation (60 to 80 % of the
near-summit rate) just 4 km to the east. Ice thickness varies
greatly over the survey region, from a maximum of over
800 m to less than 400 m to the west. The site characteris-
tics are shown in Table 1. Bedrock morphology appears to be
a set of rolling hills, with distinct deeper troughs in the direc-
tions of the two glaciers fed by the summit catchment area.
A weather station with a sonic accumulation sensor collected
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Table 1.LARISSA Site Beta, Bruce Plateau site characteristics.

Surface elevation divide: 2012 m;
ice core site: 1976 m

Thickness divide: 460 m;
ice core site: 447 m

Distance east of the divide ∼2 km
Surface slope ∼0.025 at the core site
Surface velocity 10 (+/−4) m yr−1

15 m temperature (average annual)−14.8◦C

Accumulation rate (1963–2010): ∼2 m yr−1

Pore close-off depth 80 m
Bed temperature −10.2◦C

Geothermal flux 88 mW m−2

data for 5 months before being buried. It revealed an accumu-
lation rate in excess of 3 m per year water equivalent. How-
ever, the 2010 season may have been anomalous due to an
intense pattern of westerly winds and high southern annular
mode (SAM) index during the 2010 austral winter (see e.g.
http://www.antarctica.ac.uk/met/gjma/sam.html).

3 Drilling

Ice coring was carried out with a dry hole electromechani-
cal drill (EMD) and an ethanol thermal-electric drill (ETED;
Zagorodnov et al., 1998). The drilling program at the L-
B site spanned 42 days in December–February 2009–2010.
The first borehole (L-Ba) was drilled to 143.74 m depth on 3
January 2010 with the EMD; the second (L-Bb) was drilled
1.2 m from L-Ba down to 178.5 m with the EMD, and then
to the bedrock at 447.65 m with the ETED (Zagorodnov et
al., 1998, 2005). During the operation, the borehole fluid
(ethanol-water solution) used with the ETED was lowered
(by bailing) to a depth of 244 m. Many aspects of the drilling
at the L-B site, including the sticking and subsequent extrac-
tion of the drill, are similar to those experienced during the
Bona-Churchill ice coring project in 2003 (Zagorodnov et
al., 2005).

4 Temperature measurements

Two temperature measurement systems were used: (1) a cal-
ibrated profiling thermistor on the drilling cable and (2)
a string of 17 calibrated platinum resistance thermometers
(PRT) installed in L-Ba and equipped with a recording and
telemetry system. The downhole temperature profiling probe
consisted of a hermetically sealed glass encapsulated ther-
mistor (100 kOhm at−20 °C). It was calibrated with the ref-
erence thermometer to a precision of 0.1 °C. The time con-
stant of the probe is 10 min in air and 1 min in fluid. The
probe was lowered into the borehole on a two-conductor
electromechanical drilling cable with a loop resistance of

5 Ohms. Variations of the loop resistance with temperature
are two orders of magnitude less than those in the thermistor
and are neglected. The drilling setup depth readout has 1 mm
resolution. According to the cable specifications, the maxi-
mum cable elongation during the temperature measurements
is ∼0.3 m or 0.14 % of maximum borehole depth. Thus, the
precision of the probe positioning in the borehole is conser-
vatively assumed to be∼0.05 m. During measurements the
probe was held at the specified depth for 20–30 min in the
dry section of the borehole and for 3–5 min in the fluid-filled
part of the borehole.

The first temperature measurements in L-Ba were con-
ducted five days after completion of the borehole drilling
on 8 January 2010, or nine days after drilling at 15 m depth.
The first temperature measurements in L-Bb were performed
on 17 January (borehole depth 305 m), or eight days after
drilling at 15 m depth. Temperature discrepancies between
the borehole thermistor logs did not exceed 0.1 °C at any
depth (Table 2). Similar or smaller temperature discrepancies
were found during the last temperature measurements on 1
February 2010, two days after L-Bb reached the bedrock and
five days after drilling to 430.9 m depth. Data below 430.9 m
depth were excluded from the analyses. We used the 1 Febru-
ary record for the inversion analysis (Table 2). According
to our experimental data obtained in fluid-filled boreholes
(Zagorodnov et al., 1994), temperature disturbance caused
by drilling dissipates to the level of precision of our mea-
surements within five days.

The PRT string was left in the open hole, but this was
quickly covered and partially filled by wind prior to 1 March
2010, the start of the temperature record we present (Ta-
ble 2). Temperatures were recorded hourly and compiled into
monthly means. Estimated error of mean value for open-hole
measurements is 0.05 °C. Temperatures between the two sys-
tems from similar depths below 15 m agree to within 0.1 °C
(e.g. at∼16,∼40, and∼120 m; see Table 2).

It was found that the temperature at 15 m depth (T15) is
−14.78 °C, which is inferred to be close to the mean annual
temperature for the preceding year. A minimum temperature
of −15.8 °C was measured at 173 m depth, and the bottom
temperature was estimated to be−10.2 °C.

A previous study in Greenland of a dry borehole equilibra-
tion disturbed by drilling showed that the temperature mea-
sured at the borehole bottom soon after dry hole electrome-
chanical drilling is about 1 °C higher than after equilibrium
is attained. There are a few processes that disturb borehole
temperature: (1) the major heat source is cutting of snow-
ice-firn with the drill; (2) depending on air temperature, sur-
face solar radiation, borehole depth, and the drill can be a
source or sink of heat; (3) air motion induced by drill low-
ering and raising could introduce or remove heat from the
borehole; and (4) natural air circulation in the snow-firn and
borehole could cause short-term temperature fluctuations at
any depth in the borehole. Our observations show that most
of the heat introduced to the borehole by drilling operations
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Fig. 1. Maps of the study area.(a) Overview of sites used for latitudinal assessment of climate trends; inset box is area of(b). Panel(b)
shaded relief map of the LARISSA Site Beta area (modified from a British Antarctic Survey base map for the region). Triangles are weather
station locations; circles are ice core sites.

is dissipated within 24 h. Morris and Vaughan (1994, 2003)
pointed out that in boreholes of 10 m depth or less, mea-
sured temperatures depend on the calendar date of measure-
ments and may differ from the equilibrated temperatures by
±0.1 °C. Paterson (1994) provides an example of observed
annual temperature waves of 0.85 °C and 0.2 °C, respectively
at 10 m and 16 m depth but also notes other observations with
no annual temperature variations (within ±0.1 °C) at 11 m
depth. Thus, it is reasonable to conclude that the depth of
the mean annual temperature for a given site depends on the
local snow-firn-ice properties, accumulation rate and possi-
bly wind conditions. Four months of temperature monitoring
(March through July of 2010) with the PRT string installed
in L-Ba revealed little change from the temperature values
measured nine days after drilling for depths greater than 15 m
(Table 2).

Most of the borehole temperature data on the Antarc-
tic Peninsula, including that from the Detroit Plateau site
discussed below, were obtained from 10 m depth boreholes
drilled with a hand auger and measured within hours of the
completion of drilling. Drilling with a hand auger in snow
and firn could be considered as less thermodynamically in-
trusive than EM drilling (i.e. less disturbance of firn tem-
peratures). However, estimates of the power exerted during
hand augering are 300–400 W. Hand augering rates (below
the top few meters) are at best 2–3 m h−1. The same param-
eters for EM drilling are 100 W and 10–15 m h−1 at 10 m
depth. Hence, energy dissipation with hand augering is likely
higher than EM drilling. Therefore, borehole temperatures
from 10 m boreholes measured within 10–12 h of drilling are
likely to be a fraction of a °C higher than the equilibrated
borehole temperature and could be affected by seasonal tem-
perature variations.

The four-month temperature series in L-Ba of 12 PRT
shows seasonal temperature variations of 0.1 °C at 10 m, but
near-uniform temperatures at 15 m and below (<±0.05 °C,
Table 2). Therefore, at the L-B siteT15 was assumed to
equal the mean annual air temperature and the followingTs
reconstructions and lapse rate estimates are made for 15 m
depth. These observations validate that high vertical advec-
tion (modeled at 1.9× 103 kg m−2 a−1, see below) signifi-
cantly increases the depth of the annual temperature wave
attenuation.

Results of temperature measurements in L-Ba and L-Bb
are shown in Fig. 2. Continuous temperature monitoring over
several days for L-Bb and over four months for L-Ba greatly
reduced the uncertainty of the final temperature profile used
for modeling. The data presented here (Fig. 2, Table 2) have
errors of approximately ±0.1 °C or less. The measurements
in the adjacent boreholes agree to within ±0.1 °C.

5 Model

Temperature distribution in an ice sheet over a period of time
[0, tf ] is represented by the solution of the following equa-
tion relating the time change in temperature to the diffusion,
advection, and viscous heating within the ice:

ρC
∂T

∂t
= ∇ · k∇T + ρCu · ∇T + ε̇σ (1)

whereT is the temperature,ρ is the ice density,C is the spe-
cific heat capacity,k is the thermal conductivity,u is the ice
velocity, andε̇σ is a term representing the viscous heating
term (̇ε is the strain rate tensor andσ is the stress tensor).
In our forward model we make three assumptions. First, we
assume that the viscous heating term is negligible relative to
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Table 2.Borehole Temperature measurements at LARISSA Site Beta, Bruce Plateau.

Thermistor Logging1 PRT Temperature Monitoring2

Borehole L-Ba Borehole L-Bb Borehole L-Ba

Depth, m TJan08, °C Depth, m TFeb01, °C Depth3, m TMarch, °C TApril , °C TMay , °C TJune, °C Tavg , °C

2.5 −13.86 −13.90 −14.07 −14.44 −14.07
3.0 −14.26 −14.19 −14.23 −14.48 −14.29

8.41 −15.35 5.0 −15.20 −14.98 −14.84 −14.77 −14.95
10.51 −15.30 10.0 −15.12 −15.10 −15.07 −15.03 −15.08

16.82 −14.68 16.0 −14.72 −14.74 −14.76 −14.78 −14.75
21.02 −14.75 21.02 −14.75 24.0 −14.71 −14.71 −14.71 −14.72 −14.71

32.0 −14.69 −14.70 −14.71 −14.68 −14.69
42.04 −14.70 40.0 −14.70 −14.70 −14.72 −14.71 −14.71

55.0 −14.76 −14.77 −14.80 −14.81 −14.78
63.06 −14.78 70.0 −14.93 −14.95 −14.93 −14.94 −14.94
84.09 −15.07 90.0 −15.22 −15.23 −15.22 −15.23 −15.23

105.11 −15.40
126.13 −15.61 120.0 −15.57 −15.56 −15.57 −15.57 −15.57
147.15 −15.70
168.17 −15.77
189.19 −15.77
210.21 −15.84
231.24 −15.68
252.26 −15.21
273.28 −15.16
294.30 −14.90
315.32 −14.53
336.34 −13.98
357.36 −13.39
378.86 −12.70
400.77 −11.93
409.92 −11.61
420.43 −11.29
430.94 −10.82

1 Temperature precision for all thermistor measurements is ±0.05 °C. See text for averaging times.
2 Temperature precision for all monthly-averaged PRT measurements is ±0.05 °C.
3 Nominal depths at the time of installation in early February. Rapid accumulation changed the depths during the period of monitoring: March, add 0.7 m; April, add 1.3 m;
May, add 2.0 m; June, add 3.8 m; Average (shown in Fig. 2)triangles, add 2.0 m.

the other terms (heating of the deforming layer becomes sub-
stantial at>800 m depth; e.g. Radok et al., 1970). The mag-
nitude of the viscous heating term can be characterized by es-

timating a characteristic strain rate (ε̇char=
ḃ
/
H) and stress

(τchar=

(
ε̇char

/
A

)1/3
) for the divide (Pettit and Waddington,

2003). For the Bruce Plateau, this characteristic strain heat-
ing is of the order 9×10−6 W m−3, which is small relative to
the other terms. Similar calculations justifying elimination of
internal heating terms are presented in Nagornov et al. (2006)
and Price et al. (2002).

Second, we assume that although the horizontal and ver-
tical velocities are of comparable magnitude, the tempera-
ture gradient in the horizontal dimension is negligible rela-
tive to the vertical gradient. We, therefore, assume that we
can use a one dimensional model in the vertical direction.

In making this assumption, we estimate the heat produced
due to vertical advection in the snow near the surface as
∼10−3 W m−3. In order for horizontal advection to be ne-
glected (be at least an order of magnitude smaller than ver-
tical advection), our horizontal temperature gradient must
be smaller than 0.002 °C m−1 (or 2 °C km−1). This is much
larger than the horizontal temperature gradients present at the
Bruce Plateau surface.

Finally, we assume that past variations in the flow field,
u, due to migration and thickening or thinning of the ice di-
vide in the past 200 yr, have had a negligible effect on the
temperature field compared to past variations in the surface
temperature and accumulation rate. Models of changes in the
flow field suggest that the ice core site has likely been 1 to
2 km to the east of the divide for the past century and proba-
bly longer (Pettit et al., 2011).
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Fig. 2. (a) Borehole temperatures measured at LARISSA Site
Beta and steady state model results used for estimating the range
of geothermal heat flux and mean accumulation. Crosses are the
thermistor-measured values for L-Bb; triangles are PRT-measured
mean temperatures in L-Ba spanning five months; the colored lines
are steady state model results that bound the likely range of con-
ditions for the profile (see the text for the parameters). Panel(b) is
the invertedT s temperature history (blue) and possible error (black)
proportional to instrumental inaccuracy of 0.1◦C; panel(c) is atten-
uation depth of surface temperature oscillations in the glacier.

Considering these assumptions, we can refine the model
describing temperature history at the L-B ice core site
(Nagornov et al., 2006):

ρ(z)C(z)
∂T (z, t)

∂t
=

∂

∂z

[
k(z)

∂T (z, t)

∂z

]
−ρ(z)C(z)w(z)

∂T (z, t)

∂z
,

0 < z < H,

0 < t < tf,

∂T

∂z
(H,t) = −

q

k(H)
,

T (0, t) = U0 + µ(t),

T (z,0) = U(z), (2)

where timetf corresponds to the end of the period; time 0
corresponds to the initial time;H is the thickness of the ice;
ρ(z) is the ice density as a function of depthz; C(z) is the
specific heat capacity;k(z) is the thermal conductivity;q is
the basal heat flux;U0 is the surface temperature;µ(t) is
the deviation of surface temperature from the initial value
(µ(0) = 0); w(z) is the advection or vertical velocity; and
U(z) is the initial temperature distribution.

An initial temperature profileU(z) in the ice sheet may be
represented by the solution of the following equation:

d

dz

[
k(z)

dU(z)

dz

]
− ρ(z)C(z)w(z)

dU(z)

dz
= 0,

0 < z < H,

dU

dz
(H) = −

q

k(H)

U(0) = U0 (3)

The specific heat capacity and thermal conductivity are ap-
proximated by the empirical formulae presented in Paterson
(1994):

C = (2098+ 7.122T ), Jkg−1K−1 (4)

k=9.828e−0.0057(273.15+T ), Wm−1K−1 (5)

The density profile was approximated by Salamatin (2000)
as

ρ = ρice(1− c0e
−γ z), (6)

where ice densityρice = (916.8− 0.14027T ), kg m−3, c0 ≈

0.58, andγ ≈ 0.021, m−1.
Vertical velocity at the surface is assumed to balance the

mean accumulation rate (i.e. no surface elevation change)
and to decline linearly with depth to zero at the base of the
ice sheet.

Assuming a steady state ice sheet (i.e. constant thick-
ness and no basal melting), our measured borehole tem-
perature profiles provide a target for model determina-
tions of the terrestrial heat flowq (assumed constant) and
temporal variations inTs and accumulation. Assuming a
steady-state temperature gradient in the lower section of
the borehole allows us to extrapolate below 430.9 m to
the bed and refine our estimate ofq. The three steady
state profiles shown in Fig. 2 represent the reasonable
range of centennial boundary conditions. The red line rep-
resents constantTs = −14.78 °C, accumulation̊a= 1.9×

103 kg m−2 y−1 and q = 88 mW m−2; the green line is the
result forTs = −16.0 °C, å= 1.2× 103 kg m−2 y−1 andq =

88 mW m−2; and the blue line shows the result forTs =

−17.0 °C, å= 0.9× 103 kg m−2 y−1 andq = 85 mW m−2.
The above boundary conditions were used to reconstruct

Ts over the 200 yr preceding 2010. The Tikhonov regular-
ization method (Nagornov et al., 2001, 2006; Tikhonov and
Samarskii, 1990) was used for the reconstruction ofTs. The
invertedTs is shown in Fig. 2.

6 Discussion

6.1 Basal temperature and heat flux

Extrapolated and modeled bottom temperature at the L-B
site isTb = −10.17 ± 0.2 °C. The steady state model reveals

The Cryosphere, 6, 675–686, 2012 www.the-cryosphere.net/6/675/2012/



V. Zagorodnov et al.: Borehole temperatures reveal details of 20th century warming 681

a relatively high basal heat flux,q = 85–88 mW m−2, com-
pared to the average continental geothermal heat fluxQ =

65 mW m−2 (Pollack et al., 1993).Q refers to the geothermal
heat flux not subjected to past climate changes, andq repre-
sents the heat flux at the base of glaciers that are subject to
past climate changes or/and glacier dynamical changes. The
estimated meanQ over most of Antarctica varies between
37 and 64 mW m−2 (Siegert and Dowdeswell, 1996). About
70 % of the known subglacial lakes in Antarctica are found
where the one-dimensional heat transfer model (similar to
our model) predicts bottom melting. These regions have a
meanQ value of 54 mW m−2.

In the AP region there are few borehole temperature data
and models that provideq and Q values for comparison
with our results. Two geophysical models (Pollack et al.,
1993; Shapiro and Ritzwoller, 2004) yield an averageQ of
90–100 mW m−2 for the AP. Using a magnetic field model,
Maule et al. (2005) estimated a meanQ of 50–60 mW m−2.
Glacier thermodynamic models, similar to that in our study,
also suggest an above-averageq of 90–100 mW m−2 at the
Dolleman Island site (Nicholls and Paren, 1993). A steady
state model with relatively stable measured boundary condi-
tions (Ts calibrated from isotopes and measured accumula-
tion) over the last 400 yr at Dyer Plateau (Thompson et al.,
1994) provides an estimate ofq = 42 mW m−2 there. More
distant from the AP region, above average values ofq (75.1
and 69 mW m−2) were reported at Law Dome (Dahl-Jensen
et al., 1999) and Siple Dome (Engelhardt, 2004), respec-
tively. Thus, our results forq are at the high end but within
the range of those measured elsewhere in the AP and compa-
rable to some values measured elsewhere in Antarctica.

According to Waddington (1987) both above and below
averageq values in ice sheet areas of shallow and intermedi-
ate thickness can be considered as a slowly varying param-
eter that is dependent not only on current boundary condi-
tions but also on the previous climatic and dynamic history
of the specific area on the glacier. At the L-B site, the ice
dynamics has a large vertical component and therefore bot-
tom conditions depend on theTs history. Waddington (1987)
and Ritz (1987) show that basal conditions (Tb andq) are
subject to climate perturbations. For a model to attain accu-
rate results for a 3-km thick ice sheet, another 2–4 km rock
layer below the ice has to be assumed. In thinner glaciers the
bottom conditions are more sensitive to changes on the sur-
face. However, for the short-term (200 yr) surface condition
reconstructions considered here, the bottom boundary condi-
tions can be set as constant, although they may not represent
the longer-term (multi-millennia) mean.

Firn and ice diffuse the high frequencies in the climate
temperature signal that propagates from the surface down-
ward. In the case of an ice sheet, the temperature oscilla-
tions propagate due to the combined effect of heat conduc-
tion and the vertical advection rate. Near the surface the
main mechanism of heat propagation is vertical advection.
At some depth, conduction becomes the primary mechanism.

Figure 2c shows how the periodic climatic signal from the
surface attenuates with depth. The bottom axis of the graph
indicates the approximate temporal filtering scale of surface
temperature oscillations; the left axis of the graph shows the
depth of penetration of these periodicities.

One implication of the relatively highq we derive for the
L-B site is that the critical ice thickness, at which bottom
melting occurs, will be thinner than for many other Antarctic
regions (“critical thickness” is a term suggested by Zotikov,
1986). Using a steady state model, we derive a critical thick-
ness of∼650 m, even when surface conditions vary over a
large range (̊a= 0.9 to 1.9×103 kg m−2 a−1 andTs = −17.0
to −14.8 °C). Radio-echo sounding profiles for the region
(Pettit et al., 2011) demonstrate significant ice thickness vari-
ations. Areas of thicknesses exceeding of 650 m are present
a few km to the northeast and southeast at the uppermost
reaches of the Leppard and Atlee glacier catchments. There-
fore, bottom melting probably occurs relatively high up in
these glacier systems and subglacial lakes similar to those
detected under the West and East Antarctic Ice Sheet are pos-
sible. Moreover, there is evidence for active subglacial lakes
in the area (Zotikov, 1963; Duxbury et al., 2001; Fricker et
al., 2007; Scambos et al., 2011). Internal deformation and
basal sliding of the glacier could provide additional heat, and
thus bottom melting could occur at ice thicknesses less than
650 m.

6.2 Accumulation rate

Analyses of geographical and historical instrumental data
(Turner et al., 2002) demonstrate significant temporal and
spatial variations of accumulation in the AP region due
to the specifics of topography, snow surface erosion and
snow re-deposition. A large west-to-east gradient in ac-
cumulation exists due to orographic effects and the west-
erly mean wind pattern. The recent mean annual accumu-
lation in the Bruce Plateau region was found to be about
2×103 kg m−2 a−1 (Turner et al., 2002). This regional value
is supported by the results from a high-spatial-resolution
regional atmospheric model (van Lipzig et al., 2004) that
also gives an estimated average value for the entire AP re-
gion of 1.2× 103 kg m−2 a−1. Shallow ice cores taken in the
general region of the L-B site in 1975 (64°05′ S, 59°35′ W
and 66°25′ S; 64°57′ W, Peel and Clausen, 1982) indicate
mean accumulation rates of 2.7×103 kg m−2 a−1 and 0.661×
103 kg m−2 a−1, respectively. Mean precipitations at the two
weather stations closest to the L-B site, Faraday/Vernadsky
and Palmer, are 1.045× 103 and 0.77× 103 kg m−2 a−1, re-
spectively (Turner et al., 2002). From 1956 to 1993 the fre-
quency of precipitation events increased by about 40 % at
the Faraday/Vernadsky Station (Turner et al., 1997, 2005).
Ice core data from the Dyer Plateau, Siple Station, and
most recently from the Gomez ice core reveal a consid-
erable increase in accumulation during the past 150 yr up
to 100 % (Thomas et al., 2008; Thompson et al., 1994;
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Mosley-Thompson et al., 1991). The most recent compre-
hensive climate model (RACMO-2, as shown in van den
Broeke, 2005) yields an accumulation rate ofå= 2.5×

103 kg m−2 a−1 for the Bruce Plateau region. In general, both
model results and ours are in agreement for the region. Other
instrumental results at lower elevations or at different lati-
tudes along the Antarctic Peninsula show substantial differ-
ences, but these likely reflect the strong temperature and pre-
cipitation gradients.

6.3 Surface temperatures and regional lapse rates

We examine the relationship among local temperature
records on the western side of the AP and along its crest in
the vicinity of the L-B site using borehole temperatures and
weather station data. Two weather stations are used in this
study, Faraday/Vernadsky (FV) and Rothera (RO), as they
have the longest and least interrupted records compared to
other stations in the region. Moreover, these stations are of-
ten used to represent the region in climate reconstructions.
The temperature records from the stations exhibit large inter-
annual variability but show a significant rise in mean annual
temperature over the last 40 to 55 yr.

Temperatures reconstructed by inverse methods for the L-
B site are subject to the attenuation of high frequency temper-
ature variations with depth (i.e. further back in time). Thus,
to facilitate a comparison with instrumental data, the station
temperature records should be averaged as well. We applied
an 11-yr unweighted running mean to the annual tempera-
ture records for the two stations to facilitate their comparison
with the reconstructed borehole temperature record (Figs. 2
and 4).

Using the approach introduced by Morris and Vaughan
(1994, 2004), we limited our study to a comparison of the
reconstructed temperatures with the two closest weather sta-
tions: Faraday/Vernadsky and Rothera. The intent of the anal-
ysis is an examination of the consistency of temperature
trends in the records, when adjusted for altitude and latitude.
We extract a latitude-adjusted lapse rate from the Ts temper-
ature history at LARISSA Site Beta (L-B) relative to the two
weather stations by the following equation:

TL-B = TWS+ S + 0a(l)1E or

0a(l) =
TL-B − (TWS+ S)

1E
,◦ C/100m, (7)

whereTL-B andTWS are the mean annual temperature (°C);
S = (LL-B − LWS)

TRO−TFV
LRO−LFV

is a latitudinal correction coef-
ficient (in °C);0a(l) is the altitudinal temperature lapse rate
adjusted to a latitude (in °C);1E = hL-B − hWS is elevation
difference between sites (m); h is the site elevation (m a.s.l.);
L is the latitude of the site (degrees); subscripts L-B, FV,
and RO denote LARISSA Site Beta, Faraday/Vernadsky, and
Rothera, respectively. WS denotes the specific weather sta-
tion relative to whichTL-B is calculated (see Table 3).

Fig. 3. LARISSA Site Beta altitudinal lapse rate calculated with
respect to the Faraday/Vernadsky (crosses) and Rothera (triangles)
weather stations; circle is Detroit Plateau mean value.

The results are shown in Table 3 and Fig. 3. Note that
0a(l) is calculated using a weather station-derived mean an-
nual temperature record with a one year lag. Paterson (1994)
estimated that the propagation of the winter minimum wave
to 10 m depth required 5.5 months, and in general the pre-
viously definedTs temperature represents the mean of the
previous year’s temperatures (with a small influence from
preceding years as well). One can draw a similar conclusion
from data presented by Morris and Vaughan (1994).

A relatively consistent value of0a(l) = 0.60 °C/100 m (Ta-
ble 3) was obtained for the L-B site relative to the two sta-
tions. A uniform lapse rate relationship between sites implies
that their climate histories are controlled by similar circula-
tion, moisture flux, or heat flux changes.

Similar estimates of0a(l) with respect to the De-
troit Plateau (DP) (64°05′ S, 59°35′, 1806 m a.s.l.;T10 =

−14.8 °C in November of 1975; Martin and Peel, 1978;
Morris and Vaughan, 2004) were conducted relative to the
L-B site, FV, and RO. Estimated0a(l) values for 1975 are
0.67 °C/100 m, 0.55 °C/100 m, and 0.79 °C/100 m, respec-
tively (Table 3), with a mean0a(l) = 0.67 °C/100 m (Fig. 3).
The0a(l) values calculated with respect to DP are less consis-
tent than those calculated with respect to the L-B site. This is
likely due to the much larger year-to-year local variability in
the single year comparisons relative to the smoothed records
represented by the 11-yr means applied to FV and RO data,
and the inherent smoothing of borehole temperature inver-
sion results.

The mean value for the L-B site from our analysis with
FV and RO is0a(l) = 0.60 °C/100 m. For comparison, Mar-
tin and Peel (1978) estimated0a(l) for the central and western
regions of the Antarctic Peninsula at 0.68 °C/100 m, while
Morris and Vaughan (2004) obtained0a(l) = 0.72 °C/100 m.
A possible explanation would be the longer and more precise
borehole temperature data and significantly longer weather
station observation records used in our study. These values
reveal temporal consistency of the local0a(l) over the last
∼40 yr despite mean temperature changes exceeding 2 °C
that include periods of warming and cooling.
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Table 3.Altitudinal temperature lapse rate on the western side of the Antarctic Peninsula∗.

Period of time (L-B) – FV (L-B) – RO DP – FV DP – RO DP – (L-B)

2009 0.61
2009 0.61
1999–2009 0.6
1999–2009 0.6
1985–1995 0.57
1985–1995 0.58
1971–1981 0.6
1971–1981 0.6
1975 0.6 0.67 0.55 0.79
1975 0.6
Mean 0.60 0.60
Standard dev. 0.015 0.011

∗ Interpolated to 66° S latitude; see details in text; 1991–2009, 1985–1995 and 1971–1981 periods of time
correspond to the values in Fig. 3 and shaded areas in Fig. 4.

6.4 Regional comparison ofTs history for the AP

ReconstructedTs profiles from several key records of tem-
perature (occupied weather stations, ice core isotope chem-
istry, and our L-B borehole temperature inversion) are shown
in Fig. 4. The figure combines the ice coreδ18O tempera-
ture proxy record from the Gomez ice core (Thomas et al.,
2009), theδD ice core record from Dallinger Ice Cap ice core
(Aristarain et al., 1990), weather station records for the Or-
cadas (OR), Faraday/Vernadsky (FV), and Rothera (RO), and
inverted borehole temperature records from the Rutford Ice
Stream ice core (Barrett et al., 2009) and Dolleman Island
(Nicholls and Paren, 1993). The proxy temperature data and
the weather station air temperature records are smoothed us-
ing an 11-yr window.

Figure 4 demonstrates three features of the climate his-
tory: (1) cooling conditions during the 19th century, (2)
a relatively cold first half of the 20th century, and (3) a
warming of ∼0.33 °C decade−1 since approximately 1950.
All the climatic features cited are observed in most north-
ern Antarctic Peninsula ice core proxy temperature record
from the Dallinger Ice Cap and in most southern site, the
Rutford Ice Stream inverseTs. The Dolleman Island inverse
Ts also demonstrates 19th century cooling along the east-
ern coast of the Antarctic Peninsula. The stable isotopes
proxy temperature profile from the Gomez site ice core rep-
resents high frequencyTs changes over the last 150 yr, rela-
tively cold conditions from 1850 to 1950, and rapid warming
over the last 60 yr. Ice core proxy temperature profiles from
Dyer Plateau (not shown; see Fig. 2; Mosley-Thompson et
al., 2003) display a warming from 1940 to 1990 preceded
by a relatively stable 300-yr long period. The Siple Station
ice core proxy temperature record (not shown; see Fig. 2;
Mosley-Thompson et al., 2003) is characterized by rather sta-
ble temperatures over the last 500 yr. Neither of these ice core
records contain the most recent two decades.

Most temperature profiles presented in Fig. 4 have a peak
during the 1995–2000 period followed by recent cooling.
Our reconstructed maximumTs of −14.2 °C corresponds to
approximately 1995, but our ability to determine the timing
of the warmest temperatures is limited to ±5 yr due to ther-
mal diffusion and assumption of constant precipitation rate.
This peak is noteworthy, becauseTs = > − 15 °C has been
suggested as a threshold for the possibility of summer sur-
face melting (Zagorodnov et al., 2006). With sufficient melt,
percolation could raise theT10 or T15 temperature by up to
12 °C compared to conditions without melting (see Fig. 1 in
Zagorodnov et al., 2006). There is abundant evidence of sur-
face melting on the AP (e.g. Tedesco, 2009; Fahnestock et
al., 2002). However, according to Vaughan (2006), there is
a very narrow area at the crest of the Bruce Plateau where
melting events are absent or very rare, and the L-B site is
situated in this region. Radar backscatter for the L-B site
is very low (−20.9 to−21.1 σ0, Radarsat Antarctic Map-
ping Project, Antarctic Mapping Mission−1 data set; Jezek,
2002), consistent with a lack of refrozen melt layers within
the firn.

Air temperature from a weather sensor on the PRT mon-
itoring system recorded a few hours of above-freezing air
temperatures on 6 March 2010 (maximum 1.1 °C), but it is
unclear if the surface was above freezing at this time (sen-
sor height was 5.8 m). Although one might assume that the
observedTs peak at L-B might be associated with increased
heat absorption during occasional melt periods in the mid-
1990s, there is no evidence of melt-related structures at the
corresponding depths in the L-B ice cores (40.8 to 72.0 m
depth). The visible stratigraphy of the two LARISSA Site
Beta ice cores reveals only a few very thin ice crusts in the
entire firn section, only two thin (<3 mm) melt layers, and
no evidence of percolation. Thus, we infer that surface snow
melting at the L-B site is confined to rare events of short du-
ration and does not affect theTs value.

www.the-cryosphere.net/6/675/2012/ The Cryosphere, 6, 675–686, 2012



684 V. Zagorodnov et al.: Borehole temperatures reveal details of 20th century warming

Fig. 4. Temperature histories from weather stations, borehole tem-
peratures, and ice core isotope-derived records for sites on the
Antarctic Peninsula and the adjacent West Antarctic Ice Sheet (see
locations in Fig. 1). Shaded areas are the time intervals for which
weather station data are available for the L-BTs reconstructed data
used in0a(l) calculations (Table 3).

7 Conclusions

Borehole measurements along with steady state and inver-
sion models allow an estimation of the following modern cli-
matic parameters at LARISSA Site Beta:

– T15 = Ts = −14.8 °C, representing an approximate an-
nual mean for the period February 2007 to January
2008;

– Ts max= −14.2 °C in 1995( ±5 yr) is the warmest period
during the last 70 yr and is not associated with signifi-
cant surface melting;

– Ts patterns are best described by a period of moderate
temperatures in the 19th century, followed by cooling to
a minimum early in the 20th century (Ts =∼ −16.1 near
1930), and then a warming to the maximum temperature
in ∼1995;

– The rate of warming over the last∼70 yr is 0.033 °C
a−1;

– The lapse rate0a(l) = 0.60 °C/100 m for the re-
gion of the B-L borehole, Detroit Plateau, and
Faraday-Vernadsky to Rothera; this relationship appears
steady over the past few decades;

– ȧ = 1.90× 103 kg m−2; possiblyȧ(Ts) = 1.2× 103 (at
−16.0 °C), 0.9× 103 (at−17.0 °C) kg m−2;

– Tb = −10 °C, andq = 88 mW m−2 and appears to have
been steady over the last 200 yr.

The low-resolution climate history of the L-B site over the
last 200 yr demonstrates cooling from the mid-19th century
to the early 20th century and is evident in the northern part of
the Antarctic Peninsula on James Ross Island (Dallinger Ice
Cap) as well as on Rutford Ice Stream far to the south. On
the other hand,δ18O-based temperature records from Siple
Station, Dyer Plateau and Dolleman Island show much more
modest temperature variations. These older records terminate
prior to 1990. The more recent Gomez ice core (2007) reveals
a warming rate comparable with that at the L-B site over re-
cent decades.

Over the last 200 yr, the bottom temperature at L-B was
roughly 10 °C below the pressure melting point. However, on
the Bruce Plateau the ice thickness in many locations exceeds
600 m. Thus, the estimated basal heat flux of 88 mW m−2 at
L-B is sufficient to support bottom melting in the vicinity of
the drilling site. The heat dissipated in the bottom portion of
a glacier in that region due to ice flow can contribute heat so
that bottom melting can exist in areas with thinner ice, lower
surface elevation and/or higher surface temperatures. Finally,
the uniform lapse rate relationship calculated between the L-
B site and 2 permanent weather stations implies that their cli-
mate histories are controlled by similar circulation, moisture
flux, or heat flux changes.

Supplementary material related to this article is
available online at:http://www.the-cryosphere.net/6/675/
2012/tc-6-675-2012-supplement.pdf.
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