Title

Author(s)

Citation

Issue Date

Doc URL

Paleoclimatic reconstructions based on borehole temperature measurements in ice sheets : possibilities and limitations

Salamatin, Andrey N.

Physics of Ice Core Records, 243-282

2000

http://hdl.handle.net/2115/32471

Type

proceedings

Note

International Symposium on Physics of Ice Core Records. Shikotsukohan, Hokkaido, Japan, September 14-17, 1998.

File Information

P243-282.pdf

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

243

Paleoclimatic reconstructions based on borehole temperature
measurements in ice sheets. Possibilities and limitations
Andrey N. Salamatin

Department of Applied Mathematics, Kazan State University, 18, Kremlyevskaya Street,
Kazan 420008, RUSSIA

This paper revises recent studies [1-7] on paleoclimatic reconstructions from
borehole thermometry at Vostok (East Antarctica), using more precise or complete, ice-core
and environmental data. The principles of a model for heat transfer and ice flow are described.
Three sequential possible steps of data processing are considered: 1) inverse reconstruction of
the dominant (metronomic) part of the past orbitally driven temperature variations on the
glacier surface from the borehole temperature profile; 2) correlation of the main climatic
events on the smoothed ice-core isotope record with those on the geophysical metronome
resulting in the ice age - depth relationship; 3) calibration of the transfer function converting
the isotopic content measurements to past surface temperatures. Glaciological and
paleoclimatological implications of the results are discussed.
Abstract:

1. Introduction

Different properties of ice cores are
indicators of past climatic changes. Among
them, isotope records are recognized as the
most direct proxy signals of the paleotemperature variations. Their quantitative
interpretation encounters two problems: 1)
ice-core age dating and 2) paleothermometer
calibration. Traditional approaches based on
modelling ice-sheet dynamics and measuring
geographical isotope-temperature slopes still
allow a significant level of uncertainty, and
paleoreconstructions require
additional
independent sources of related data to
become more reliable.
From this point of view borehole
temperature profiles could provide another
piece of relevant information. Certainly, the
Physics ofIce Core Records
Edited by T. Hondoh
Hokkaido University Press, 2000, Sapporo

value of such paleosignals is limited because
of their low resolution and comparatively
short memory. Numerous studies show that
only the recent 10-20 kyear history of
smoothed surface temperature variations can
be straightforwardly distinguished in the
temperature-depth curve from a large ice
sheet. Thus, mathematically, any inverse
procedure of long-term and/or detailed
paleotemperature reconstructions
from
borehole temperature measurements should
be formulated as a solution to an ill-stated
problem. This means that strict a priori
constraints must be imposed on the
permissible parametric form of initial
temperature conditions and past temperature
variations. The choice of these constraints is
the key step which predetermines the
possibility and success of using borehole
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temperature profiles in paleoclimatic
reconstructions. The central part of
Antarctic Plateau with its minimal
precIpItation rates and maximal ice
thickness and age is a unique place on Earth,
where the present-day ice-sheet temperature
is influenced by at least the recent 50-100
kyear climatic changes. Hence the dominant
"metronomic" component of the local
surface temperature history can be deduced
under the basic (a priori) assumption that
Milankovich astronomic cycles prevailed in
the Pleistocene climate. The correlation of
peaks and troughs of the metronomic signal
with those on the smoothed isotope record
leads to the ice-core timescale. The transfer
function between the isotope record and the
surface temperature variations can also be
constrained by minimizing the mean-square
deviation between the borehole temperature
measurements and model predictions.
The paper is mainly built on research
results [1-7] obtained during the recent ten
years (1989-1998) and is an attempt to
incorporate the borehole thermometry data
into ice-core analysis and paleoclimatic
reconstructions within the framework of the
Deep Drilling Project at Vostok Station
(East Antarctica). However, it should not be
considered as a mere review. Most of the
simulations are newly performed with recent
data that are more precise or complete. The
principal aim of the study is to reveal
possibilities and to point out limitations,
related to the use of the ice-sheet
temperature memory, and also to emphasize
the uniqueness of central Antarctica,
particularly Vostok, for this analysis.
Pursuing the above goals and plans, we can
not go deep into discussion of mathematical
methods used in this study and into its
theoretical background, although relevant
and sufficient references are included. We

also leave necessary additional comments to
the following sections and start with a
description of a mathematical model for the
heat transfer and ice flow in a central part of
a large ice sheet, with a special reference to
the conditions in the Vostok region.

2. Mathematical model
2.1. Heat transfer equation
To decipher the information about the
climate history preserved in a present-day
temperature profile, one needs first a
mathematical model which would relate the
climatic input to the evolution of the glacier
temperature field T in time t. The
conventional heat transfer equation along a
fixed ice-flow line in the shallow-ice
approximation [8, 9] takes the form:

OT oT OT) =0- ( AAOT) +Q.
IX (-+u-+wot

os

OZ

oz

oz

(1)

Here s is the distance from the ice divide
along the reference flow line and z is the
vertical coordinate with the z-axis directed
upward (see Fig. 1); u and ware the
longitudinal
and
vertical
velocities
respectively; Q is the strain heating; p is the
density of snow-fim-ice deposits; c and A
are the specific heat and thermal
conductivity of pure ice respectively, while
A is the thermal-conductivity correction
factor which accounts for the enhanced
thermal resistance of the porous ice
structure.
Due to the snow-to-ice transformation,
the density and thermal conductivity of the
upper glacier strata vary significantly with
depth, h = l-z, measured from the ice-sheet
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Figure l: A schematic picture of the ice-sheet flow in the vicinities of Vostok Station with the principal
characteristics. The basal ice flow may be dammed by the bedrock rise at the edge of the subglacial lake
downstream from Vostok and two limiting cases have to be considered: (I) shear deformation and strain
heating in the 3540-meter stratum of the ice sheet overlying the immovable ice and (II) no shear in the
freely floating ice.

surface elevation /(s, t). Hence, in general,
we write
p

= Po p(h),

A=A(p),

-

C= Co c(T), A = Ao A(T),

(2)

where the overbarred values are the relative
characteristics nonnalized by the typical
properties of pure ice designated by the
subscript "0".
Physical properties of ice and other
model parameters are presented in Table 1
together with their basic values assumed for
simulations in Vostok Station area.

The density profile is detennined after
Lipenkov et al. [10]. Thennophysical characteristics of pure ice are taken as in [4, 6]
in accordance with Hobbs [11] and
Vostretsov et al. [12]. A Maxwell type
fonnula for A(p) approximates
the
measurements by Vostretsov et al. [12] and
the wide set of data for snow and fim
collected by Stunn et al. [13].
2.2. Ice flow and compressibility effects
Eq. 1 should be coupled with an iceflow model for the velocity field u, W and the
strain heating Q. This question was specially
addressed in [2] to extend the theory of the
flow-line modelling and shallow-ice
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Table l:

Heat transfer and ice-flow model parameters for Vostok Station.

Meaning of parameters

Basic values' and formulas

Denotations

Environmental conditions:
Inversion temperature
T,
TiD = -39°e
/).
/).0 = 3740 m
Ice-equivalent thickness
b
bO = 2.4 cm/yr
Mass balance
1Jh
6148.3/(273.15 + Tj O)2,
Exponent factor of mass-balance
O.l12°e-!
variations
0.25
Relative mass-balance excess
1 (case I) and 0 (case II)
Shear-flow-rate ratio
a
230m
Basal-shear level
Zb
Physical properties of glacier ice:
Density of snow-fim-ice deposits
P
po(l-c s e- r,h) ,

Specific heat capacity of ice

c(T)

Po = 920 kg·m -3
C s = 0.69, y,. =0.021 m'!
Co [1 + a c (T + 30)] ,
Co = 1.88 kJ·(kg·oq-!,
a c =0.004°e- J

Thermal conductivity of ice

A(T)

Ao[1-a).(T+30)] ,

Ao = 2.55 W·(m·oq-I,
a), = 0.0044°e- 1

Relative thermal conductivity of
porous (snow-fim) ice structure

A(p}

Surface heat transfer coefficient

x

Latent heat of fusion
Glen-flow-Iaw exponent

(p),p)/{P), +l-p),
P),=0.5

a

1[

y

s

c, -

P),+l In(1- c, ) 1
p).

200m
333 kJ'kg- 1
3.0

Tuning parameters
Non-isothermal-flow exponent
Mass-balance amplification factor
Ice-sheet growth feed-back factor
Relative scale of ice thickness
Reduced site location

P

10

0.56
2.53
0.57
0.1

') Here superscript "0" denotes the present-day values of characteristics
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approximation in order to account for the
compressibility of the near-surface glacier
strata.
Velocity profiles were obtained in
tenns of the reduced vertical distance ,
measured as equivalent thickness of pure ice
from the glacier bottom relief zo(s, t) and
nonnalized by the local current iceequivalent thickness LI(s, t):

-

af

pw=-b+-

at

I

41=

fpdz.

(3)

Let A(s, t) designate the total ice-flow
rate along the reference flow tube
nonnalized by the tube width H(s):

r

1 S(
all
A=-f
b-w - H
at
o

0

ds

(4)

'

where b is the ice mass balance
(accumulation rate) on the free surface and
Wo is the ice melting rate at the bottom of the
ice sheet.
Let us also introduce the tuning
parameter 0' (0 ~ O'~ I) as a ratio between
the partial ice-flow rate due to the shear
strains and the quantity A, which includes
ice sliding at the bottom, so that the sliding
velocity is Uo = (I-O')A/LI.
For Glen's flow law, 2eo = Toa./J1(T),
which relates the effective strain rate eo and
stress To in the glacier body (a is the creep
exponent and J1 is the temperature dependent
viscosity
factor),
we
write
after
Salamatin [2]:

O'IAI =(gpo)a

lla+21~~la f(I-~a+l d~
o

A

u = Il [1- 0'(1- G)]

,

;

C;

Here s and are considered as independent
variables and g is the gravitational
acceleration. The integrals G and Fare
functions of
and describe the vertical
profiles of ice velocity in the glacier. The
dependence on the longitudinal coordinate s
is rather weak, and the last tenn in the latter
fonnula for w is negligible, especially in
central parts of large ice sheets where

C;

A~O.

In the framework of the shallow-ice
approximation [8, 9], heating is due to the
plastic (shear) defonnations in the glacier
body and takes the fonn [3]:

Q = gp(l-

C;~~~II~I

(6)

and is fully detennined by Eqs. 5.
Accordingly, the particle derivative of
temperature T, in parentheses on the lefthand side of Eq. 1, can be expressed In
tenns of variables t, s, and [2]:

C;
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dT aT
aT
aT
-=-+u-+wdt
at
as
az
aT
aT waT
=-+u-+-at
as Il ae; ,

(7)

where w is the effective rate of the ice-mass
transfer in the vertical direction.
By definition [2], using Eqs. 3 and 5,
we have

-w=Il-=pw+(I-e;
de; {all
- + uall)
dt
at
as

-(01 01)

-p -+uat
as
=-b+(I-e;t b-wo
1

+ a(b _ w _ all)( - F _
o at
l-e;

l)l.J
(8)

It should be emphasized that the
introduction of the normalized variable e;
and the appropriate determination of the
vertical ice-mass transfer in accordance with
Eqs.7, 8 automatically take into account
both temporal and lateral variations of the
ice-sheet thickness and corresponding effects
of the longitudinal advection and the snowfim-ice compressibility on the heat transfer
process. The term of the horizontal heat
convection on the right-hand side of
equality (7) is now responsible only for the
impact of boundary (surface and bottom)
temperature variations along the ice-flow
line on the temperature field in the ice sheet.
As a rule, it can be neglected in central areas
of ice sheets with small geographical
temperature gradients and bottom temperatures close to the ice melting point.

2.3. Boundary conditions
To complete the above heat transfer
model, we have to set boundary conditions
at the bottom and on the free (upper) surface
of the ice sheet. The general heat balance
equation [3, 9] at the ice-sheet bottom can
be used to describe the thermal interaction of
the glacier with the underlying substrata:

Here qo is the geothermal flux, and Lf is the
latent heat of ice fusion. The last term on the
right-hand side of this equation is the
frictional heating due to the ice sliding over
the bedrock. It is zero in the case of a
floating ice sheet (a= 0 and a/a = 0) or
when the ice is frozen to the bed (a = 1 and
Uo

= 0).

If the basal layer is below the ice
melting point then long-term climatic
temperature fluctuations, which penetrate
through the ice-sheet thickness can perturb
the thermal state of the underlying
rocks [14]. This, for example, is the case in
central Greenland [15] and at Dome
Fuji [16] in Antarctica. Thus the conjugate
boundary value problem should be
formulated to describe the rock-ice thermal
interaction.
However, in Vostok region in central
Antarctica, preliminary simulations [1, 17]
suggested that the bottom ice was at the
fusion temperature Tf . Furthermore, direct
field observations [18] definitely confirmed
the existence of the vast subglacial water
reservoir (Lake Vostok). In this particular
case, based on the above general equation,
we have:

A. N Salamatin
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thermal resistance
glacier strata.

Equilibrium pressure-melting temperature Tf at the ice-water interface depends on
salinity and on the amount of air dissolved
in the water. For the Vostok lake conditions
it could vary from -2.5°C, for fresh (pure)
water [18], to -3.2°C for air-saturated (or
saline) water [19]. As discussed below
(section 4), the latter uncertainty might
result in different estimates of the ice-sheet
thickness constrained from the observed
temperature profile at Vostok.
The boundary condition on the free
surface of the ice sheet should merely be a
given surface temperature Ts as a function of
time. However, the upper heterogeneous
layer of snow, fim, and bubbly ice deposits,
where density p and relative thermal
conductivity A in Eq. 1 change rapidly, is
rather thin. Its thickness at Vostok is not
more than 200-250 m [10, 12], that is about
0.05 in (-scale variation. Hence, it would be
very convenient for numerical simulations to
reduce Eq. 1 to a simpler form, assuming
= 1 and A = 1 in Eqs. 2. To do this
without violating the heat balance of the
glacier, one has to impose a special
boundary condition on the free surface. It is
shown by Salamatin et al. [3] that the
equation that maintains the same heat flux
near the surface and does not change the
temperature distribution in the deeper ice
layers is

p

The integral in square brackets can be
and A given
evaluated explicitly [4] for
in Table 1. It accounts for the enhanced

p

of the

near-surface

2.4. Parametric heat and ice-mass
transfer model at Vostok
Eqs. 1-10 yield a parametric heat and
mass transfer model for temperature field
evolution in central Antarctica, in the
vicinities of Vostok Station.
First, we should note [7] that the ice
freely floating on the lake surface does not
undergo shear deformations, but, in
accordance with new seismic data [20], the
ice sheet is substantially grounded several
kilometers downstream from Vostok so that
the bedrock relief may interfere with the
basal ice movement. A scheme of the ice
flow in the Vostok region is shown in Fig. 1.
Preliminary ice-core studies [21, 22] reveal
that the maximal shear most probably
occurs at intermediate depths (34603540 m), overlying the immovable bottom
ice. If Zb (or ~ = (Zb-ZO)/J) is the lower level
of the basal shear then the local ice-flow
scheme can approximately be obtained from
Eqs. 5 as JJ -). 00 within the interval
O«<~.

Further, following Lliboutry [23] and
Ritz [17, 24], we represent the exponential
function JJ (1) for (> (b as the power
relation

/3>a,

(11)

where JJb is the viscosity factor in the basal
shear layer. The apparent ice-flow exponent
/3, estimated by Lliboutry, adjusts ice
rheology to non-isothermal conditions (to the
temperature gradient in the ice-sheet
thickness) and is considered hereinafter as a
tuning parameter (see Table 1).

Paleoclimatic reconstructions based on borehole temperature measurements
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The substitution of Eq. 11 into Eqs. 5
reduces the integrals to explicit expressions
and yields

Both functions G and F are equal to zero
when 0 s;
Sb .
Finally, Eqs. 1, 2, 6-10, with the use
of Eqs. 12, can be transformed to the quasione-dimensional heat-transfer model, which
generalizes previous results [3, 4].

«

P

cj},?(aT
aT)+Q ,
at + wLl aTJ=~(A
a( a( a(

o

-to <t<O, 0«<1;

a)1[t=-t o =To;

b) 1[(=0

=Tf

(13)

;

X aT
c) - Ll a( I?=l =1[(=1 - Ts ;

0,
Q=

{ gPoLl

Iall a{jJ + 2~AI (

as

-wo

0 s; ( <
\8+1

(1- (h )P+2 1- ()

S[(l-o- Xb

wo)-o-~~

(h}

, ( ? (h

l

0::; S <Sb

-b+(l-

w=

sft b-wo +(p +1 Xl-S )
b

(b-

W. - :

~1 +(,(8 + 1)- [: ~f.

r)] ,

w

o

=( qo + AaTa(
Ll

) / LJ'

I?=O / Po

The initial thermal state of the glacier To is
assumed at a certain time to (BP) far in the
past; X is the apparent heat transfer
coefficient at the glacier surface, defined by
Eq. 10 and given in Table 1.
It should be noted that the spatially
quasi-one-dimensional
formulation
of
model (13) becomes possible due to the
special normalization of the vertical
coordinate (and appropriate determination
of the vertical ice-mass transfer rate w .
The corresponding horizontal component of
the heat convection in Eq. 7 was estimated
in [3] as negligible. C. Ritz (personal communication) confirmed by numerical tests
the validity of such approximation for the
Antarctic Plateau, with its small geographical temperature gradients.
In fact, the above boundary value
problem, relating the mass-balance and
surface-temperature histories at a certain
site on the ice sheet surface to the
temperature evolution in the glacier depths,
is not absolutely local and complete. One of
its principal parameters, ice-equivalent
thickness ii, is a result of the global icesheet dynamics also influenced by past
climate changes. Thus, a supplementary
model should be developed to provide a
consistent parametric presentation of the
climatic input b, ii, and Ts.
2.5. Climatic sub model
In accordance with Robin [25], precipitation in Antarctica can be correlated to
the water-vapor equilibrium pressure in the
atmosphere at the top of the inversion layer
and, consequently, to the condensation
(inversion) temperature Ti in clouds.
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Certainly, the geographical distribution of
accumulation rate is not uniquely governed
by the local inversion temperatures and
precIpItation. In addition to snowfall, it
depends on atmospheric circulation and
wind scour, especially in cold central
regions where the precipitation itself is very
low. However, the saturation vapor pressure
and the inversion temperature represent the
right tendency of temporal changes in the
accumulation rate. Thus, the past values b
can be, at least approximately, calculated as
today's local value bO (found at Vostok
Station in [26]) corrected by the exponential
factor, which is the function of the inversion
temperature fluctuations oT; counted from
its contemporary level Tt The corresponding computational procedure was
elaborated and described by Ritz [17, 24]:
(14)

where ,., b is the factor which accounts for all
the precipitation mechanisms. In accordance
with Ritz's estimations for the Antarctic
Plateau, this parameter is mainly determined
by the dependence of water-vapor
saturation pressure in air on temperature
which is given by Magnus's empirical
formula (see Table 1).
As it has already been mentioned, the
variations of surface elevation in the interior
of the ice sheet represent the global response
of the whole glacier to the changing climate
and are not local by their nature. Special
investigations conducted by Salamatin and
Ritz [5] revealed two major mechanisms that
control this process. They are: (1) the
hydrodynamic interaction between a timelagging low-accumulation-rate interior of a
large ice sheet and its active highaccumulation-rate coastal zone and (2) the
feedback between the inland surface

elevation and its growth linked through the
ice-flow rate. As a result, the evolution of
the ice-equivalent thickness L1 in the central
area of the ice sheet is described by a
nonlinear ordinary differential equation
which can be written

Hereinafter the angle brackets <-> denote the
constant component of a characteristic, i.e.
its value averaged over the periods of
climatic cycles; eb is the relative excess of
the mean accumulation rate in the central
region of the ice sheet over the local
accumulation rate b at the site (Vostok)
under consideration.
The two coefficients Yb and Yz in
Eq. 15 are the principal tuning parameters
attributable to the global behavior of the
glacier. They have a clear physical meaning.
The first one introduces the effect of
practically instantaneous adjustment of the
margins to changes in mass balance. This
accordingly dams or unlocks the ice-mass
transport from the central part of the ice
sheet and amplifies the fluctuations of its
surface elevation. The second one represents
the feed-back which counterbalances
changes in accumulation rate and ice-sheet
thickness (ice flow). Parameters Yb and Yz
have complex structure [5] and depend on a
large number of glacier characteristics and
existence conditions. Their values (Table 1)
were estimated and verified in [5] for the
Vostok region through the intercomparison
with hydrodynamic predictions of general

Paleoclimatic reconstructions based on borehole temperature measurements
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model [24]. Eq. 15 is now included in our
model [6, 7] instead of its high-frequency
approximation (rb, rz = 0) used earlier by
Ritz [17] and Salamatin et al. [3, 4]. The
initial ice-sheet thickness l1(t = -to) is
chosen so as to reach the present-day value
l1(t = 0) = 11°.
It is also worth noting that, in
accordance with similarity theory and scale
analysis [27-29] of the general equations
governing ice-sheet dynamics, the typical
basal viscosity factor /lb in Eqs. 11, 12 is
closely related [5] to the dimensionless
number Kz which is the ratio between the
global vertical scale (average thickness) of
the ice sheet and its thickness at the site of
the study. For the present-day conditions,

where So is the length of the reference flow
line.
Consequently, for the local ice-sheet
surface slope and ice flow rate instead of
Eqs. 4, 12 we can write

all
Ias

Ll [

=~

a(j3 + 2
sobO(l + eb

~AI

(KILlO Jza+Zj;

Xl-S-Ja+2 ---:1

IAI=;ds o(l+e Xb)llFla.
b

'

(16)

Here ; d is the reduced distance from the
ice divide (ridge B) normalized by So and
defined as an apparent quantity which takes
into account the divergence of the flow lines.
It can easily be seen from Eqs. 16 that the
model equations (13)-(15) do not depend
explicitly on the length of the flow line so.
Parameters K z, s d, and eb can be
estimated (see Table 1) directly from the

available geographical data [5, 30, 31].
2.6. Summary of the modeling approach
Thus, for any surface temperature
Ts (t) and related inversion-temperature
variations 8T; (t), as functions of time t, the
temperature
distribution
T(z, t),
the
accumulation rate bet), and the ice-sheet
thickness l1(t) are determined by Eqs.
13-16, provided that the model parameters
in Table 1 are set up and tuned to the
environmental conditions. Based on the
shallow-ice approximation and the flow line
theory, the spatially one-dimensional
formulation of the model is simplified for
conditions in the central parts of large ice
sheets, in particular for Vostok region in
Antarctica. Snow-firn-bubbly ice compressibility effects and subglacial lake
existence are taken into account. Most of the
uncertainties in the general mathematical
description and the input data are presented
through this approach in the parametric
form without significant loss of the model
generality itself. The tuning parameters have
clear physical meaning.
A special interactive computer system
was developed on the basis of the
constructed model. It is aimed at ice-core
dating and paleoclimatic reconstructions
with the use of borehole temperature-depth
profiles and isotopic records. The further
sections of this paper actually follow the
items of the main menu of this system.
At the end of the model presentation, it
is important to point to the principal
assumption underlying the above mathematical considerations and restricting their
validity. That is the time invariant spatial
patterns of accumulation rate and ice-sheet
flow which only make the fixed-flow-line
theory acceptable. This may originally cause
an additional uncertainty in the vertical
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velocities that could manifest itself first of
all through the temporal change in the model
parameters (j, Sd, eb, and to a lesser
degree in
This question was discussed in
[4,6] and is considered below in connection
with the general problem of parametric
sensitivity of model predictions and
inversion procedures.

"b.

3. Borehole temperature memory
3.1. First-guess estimates
To understand the nature of the
paleotemperature records preserved as
transient temperature fields in ice-sheet
thickness, let us consider a basic process of
thermal-wave propagation in a homogeneous
ice-filled semi-space along the h-axis, which
is directed downward perpendicular to the
boundary plane (Fig. 2). The ice moves at
constant velocity v in the h-direction and is
specified by constant thermal diffusivity
k== A/(cp).
Cosine
harmonic
temperature
oscillations of a unit amplitude with
frequency OJ (period 2Jr / OJ) on the semispace surface induce (see Fig. 2) a spatial
thermal wave r of the same time period
propagating along the h-axis with phase lag
Ij/ and exponentially damped amplitude A
[32]

r(h, t)= Acos (OJ t-Ij/);

(17)

v2
4kw

&=--

Eq. 17 shows that the most recent peak
(or trough) in the surface-temperature

variations which occurred at the moment
t* == -Jr / OJ in the past can be distinguished
at the present time with the amplitude A* at
depth h*, where the phase lag '1.J(h*) = Jr.
Previous fluctuations would be represented
by much smaller anomalies with amplitudes
of the order of A*2, A*3, ... at depths 2h*,
3h*, ... , respectively. In most cases they are
vanishingly small. Thus, the general
limitation of the borehole temperature
memory is that this older part of the surfacetemperature history is erased and cannot be
distinguished in the ice.
We estimate v = 2.4 cm.yr· 1 in central
Antarctica (Vostok [26]) and v = 25 cm.yr· 1
in central Greenland [33]; thermal diffusivity is k= l.8·10·6 and l.3·10·6 m2·s· l ,
respectively, after [32]. The rounded
characteristics h* and A* of the remembered
signal for different time scales (periods) of
the surface-temperature perturbations are
given in Table 2. Although rather rough,
these calculations explicitly reveal the
principal peculiarities of the temperature
memory and, among them, its essential
sensitivity to the environmental conditions,
such as the rate of ice accumulation and the
ice thickness.
The main result is that both thermal
diffusion and advection within an ice sheet
of finite thickness work as a "window" filter
with respect to the original climatic signal.
The high-frequency fluctuations of the
surface temperature, those with time scales
less than 1 kyr and comparatively small
amplitudes (-1°C), are almost completely
filtered out in the upper part of the ice sheet
(above a depth of 200-300 m). The level of
the "noise" induced in the deeper strata has
the order of 0.01-0.05°C. On the other
hand, the long-term temperature variations
do not produce a detectable wave-shape
record in the vertical temperature profile

Paleoclimatic reconstructions based on borehole temperature measurements
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Figure 2: The thermal-wave propagation induced in moving ice by the cosine temperature fluctuations
on the ice surface (h = 0). The most recent peak (or trough) in the surface-temperature variations can be
distinguished at the present time with the amplitude A. at depth h•.

which follows the slow changes in the
surface temperature, remammg quasistationary because of insufficient thickness
of the ice. As can easily be seen from
Table 2, the low-frequency threshold is
significantly affected by the vertical velocity
of the ice. From this point of view, the lowaccumulation areas of central Antarctica, in
the vicinities of Vostok Station with the ice
thickness exceeding 4000 meter, are the
unique regions on the Earth. The frequency
band of the deep borehole temperature
record here covers the widest range of
periods up to 100 kyr, including all the main
climatic (astronomic) cycles [34]. For past
(Pleistocene) temperature vanatlOns of
about 10-15°C the expected anomalies in
the thennal state of the glacier would be not
less than 0.5-1 0 C (see Table 2). At the same
time, the temperature-memory length of the

relatively thin (~3000 m) and highaccumulation central part of the Greenland
ice sheet is practically limited by the Last
Glacial Maximum (LGM), i.e. by the time
scales of 20-30 kyr. However, a noticeable
difference in the memory resolution should
be emphasized. The Greenland ice temperatures still keep from 10 to 60 % of the
initial amplitudes of the recent paleotemperature
fluctuations,
while
the
respective level in Antarctica is much lower,
not exceeding 5-8 %. This means, for
example, that the Holocene (1-10 kyr)
climate history with 2-5°C temperature
changes is recorded in Greenland (see Table
2) as a temperature-depth wave signal with
the amplitudes not less than 0.3-1.5°C, but
in Antarctica the same climate periods
would be represented only by the ice-
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Table 2: Relative amplitude levels and penetration depths of recent surface-temperature fluctuations
remembered in central parts of the Antarctic and Greenland ice sheets.

Time scales
of perturbations,
yr
80
310
1250
5000
20000
40000
100000

A.

h., m

120
240
470
940
1900
2700
4200

0.04
0.04
0.05
0.05
0.06
0.07
0.08

temperature perturbations of the order of
0.1-0.3°C.
Numerous
earlier
computational
simulations [1, 14, 17, 35-38] and special
sensitivity tests performed for Vostok
conditions in [6] fully confirm the above
estimates and go into many additional details
of the transient temperature processes in ice
sheets, using more elaborate modeling
techniques
and
based on
vanous
experimental data. Nevertheless, the
simplified approach, we have employed
here, is the most obvious way to show that
the temperature-depth profiles in ice sheets
have a very specific, selective and relatively
short, memory. The direct informational
value of these paleoclimatic records was
theoretically estimated by Rommelaere [39]
as rather low. The preserved information
non-uniformly represents the past climate.
For instance, in the Vostok region 75 % of
the informational capacity corresponds to
the recent 6-kyr period and only 5 %
describe the climate history from 15 to 30
kyr BP.
All these analyses lead us to the

principal
problem

Greenland

Antarctica

conclusion that the
of paleotemperature

Inverse
recon-

h., m

A.
0.06
0.08
0.12
0.25
0.56

100
200
420
930
2700
not traced
not traced

structions from borehole thermometry
should be considered as an essentially illposed problem, which does not have, In
general, a unique and stable solution.
3.2. Regularization
and
inverse
procedures
Now it is easy to realize that there
exists an infinite set of significantly different
surface-temperature histories resulting in the
same present-day temperature-depth profile
within the accuracy limits of measurements.
Thus, any direct inverse method cannot be
applied successfully to infer past
temperatures on ice-sheet surface from
borehole thermometry unless the inverse
procedure itself is combined with a
regularization approach. That is we have to
restrict our choice of acceptable solutions,
basing on our a priori knowledge orland
assumptions about the paleoclimate and its
transformation in the ice memory. In
practice, this suggests an appropriate
parametric reduction of the plausible past
surface-temperature vanatlOns in accordance with what is actually kept by and
can be observed in the ice sheet. The latter
question is the key one.
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A special issue [40] was addressed to
the problem of paleoclimatic processing of
underground
temperature
distributions
controlled by thermal diffusion in rocks.
In the case of the Greenland ice sheet,
where
reliably
remembered
(LGMHolocene) climate is comparatively short,
the straightforward, natural regularization is
to damp back through time the searched
surface-temperature fluctuations, keeping
only longer and longer time-scale trends till
the limit of their resolution. To perform such
a procedure, one can simply divide the
temperature history into a number of
intervals which lengths are related to the
accuracy of the borehole-temperature
measurements and progressively grow in the
past. Unknown temperatures, constant
within each interval, form the set of
parameters to be determined through an
inverse procedure. This line of the study was
elaborated in [37,38,41,42]. Additional
constraints on the surface temperature
behavior were also considered [38,41] to
"regularize" the solution of the inverse
problem. Different least-square minimization and optimal control methods were
applied to fit the borehole temperature data
and to infer past climate in Greenland. A
very useful discussion [43, 44] revealed how
crucial the temperature-history parameterization was in accounting for data
uncertainties to avoid over-fitting and to
match the actual information provided by
the borehole-temperature profile. The
probabilistic formulation of the inverse
problem and the use of the Monte Carlo
method [45,46] give the most direct and
complete presentation of errors and
resolution properties of the inferred surfacetemperature history [42].
Passing to the interpretation of
Antarctic ice-sheet temperatures, we follow

the research by Salamatin et al. [3,4, 6, 7].
One should note that, in accordance with the
above preliminary estimates (see Table 2),
unlike Greenland, the Holocene climate
history does not strongly affect temperature
fields in central Antarctica, especially in
their deeper part. Only recent long-term
surface temperature oscillations with periods
from 20 to 100 kyr and relatively high
amplitudes can be remembered in the icesheet. The principal assumption is made that
Milankovich astronomic cycles prevail in the
Pleistocene climate changes depicted in the
known paleoclimatic marine and ice-core
records, e.g. [31,47-61]. Hence the inverse
problem may be formulated primarily to
infer the dominant "metronomic" part of
local paleotemperature history at Vostok by
fitting computed and measured borehole
temperature profiles. Accordingly, to
constrain the inverse procedure and, thus, to
"regularize" its solution, we express the
inferable components of the surface
temperature oscillations Ts(t) as a sum of
harmonics of Milankovich (eccentricity,
obliquity, and precession) periods t1 = 100,
t2 = 41, and t3 = 23, t4 = 19 kyr:
4

Ts{t) =(Ts) + LJA;cos{m t)-Bjsin{mj t)],
j

i=l

-to <t<O,

(18)

where frequencies mj = 21C / t j are fixed and
only the amplitudes (and the phase lags) A j ,
B j (i = 1, ... ,4) are to be found; (Ts) is the
averaged surface temperature.
Hereinafter the value to is taken as
to = 5t1 = 500 kyr, and the initial thermal
state To of the glacier at the far moment to
(BP) in the past in Eq. 13a is defmed as a
stationary state corresponding to Ts == (Ts).
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As for the inversion temperature
perturbations in Eq. 14, an approximate
simplified relation is assumed at this step,
after [53, 62]:

oTs =Ts (t)_TO
s

(19)

with the factor C, = 0.67.
Eq. 19 is thought to represent the right
tendency of the OF, variations [63] and is not
crucial as far as the general dominant
climatic events are concerned. However, it
should be emphasized that the response of Ti
and Ts to the orbitally induced perturbations
may not be identical due to the complex nonlinear heat balance at the glacier surface,
including thermal radiation and heat
exchange with the atmosphere. For instance,
the inversion strength T, - Ts is more likely
linked [63, 64] to the difference between
July and January surface temperatures.
Thus, it could be additionally influenced by
the higher precession oscillations of the
seasonal temperatures in comparison with
the annual temperature variations predicted
for central Antarctica by Short et al. [65].
We come back to this discussion below in
section 4. Here we would like to stress that
Ts is not only distinguished from T" but is
also not assumed to be equal to the surfaceair temperature. The variations of the icesheet surface temperature (oTs) might be not
merely proportional to those of the inversion
temperature (oT,), as Eq. 19 suggests. A
more general form of this equation was
introduced in [6] and is used in the next
section.
Discrepancy between the computed
present-day temperature profile T(z, t = 0)
and an experimental temperature Tex (z)
observed in a deep borehole can be
estimated as the mean-square deviation S

Here Zk are the measurements points and Vk
are the weighting factors proportional to the
standard deviations of the measurement
errors at these points, k = 1, ... , N. Thus, the
inverse procedure is reduced to minimizing
the target norm S as a function of A I, B I
(i = 1,00.,4) and, maybe, V~), Tf and qo, at
given values of Vk, C I, and the other model
parameters (see Table 1): ,do, bO, (J', ....
It should be recognized that both the
initial basic assumption and the above
regularization procedure are somewhat
limiting. Following general conceptions of
Milankovich theory [49,50], they imply
quasi-linear response of Earth's climate to
orbital forcing, disregarding "climatic
noise", with fixed constant frequencies and
phase shifts (supposed to be determined) in
the dominant "metronomic" part of local
paleotemperature oscillations given by
Eqs. 18 and 19. The latter step is an
approximation even in the framework of
Earth astronomy [34] and is supposed to be
valid only within a relatively short interval
of cosmic history not exceeding several
recent glacial-interglacial cycles. Another
peculiarity is linked to the introduction of
the 100-kyr-eccentricity period into Eq. 18.
This radiation astronomic cycle is thought to
be too small in amplitude and rather late in
phase to produce the corresponding climate
cycle by direct forcing, although there exist
various plausible explanations of its even
dominant presence in global climate
changes, which were reviewed by Imbrie et
al. [50]. In any case, the computational tests
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conducted and discussed in [6] prove that
the cycle is not an artifact, and that such a
hannonic with a period t1 at least close to
100 kyr is actually present in the boreholetemperature record. Furthennore, it is clear
that, for each of the hannonic components,
which can be revealed in the surface
temperature variations, the temperature
profile mostly reflects their recent periods
and that any use of Eq. 18 at greater times is
a mere periodic extrapolation. Nevertheless,
we still hope that the main climate changes
might be predicted and dated [4,6, 7] by
these series and that the set of trigonometric
functions in Eq. 18 can be regarded as an
appropriate mathematical basis to expand
the dominant part of Ts (t).
The fonnulation of the inverse problem
is not complete without experimental
borehole temperature data (Tex). Since the
beginning of the deep drilling program at
Vostok Station in 1970, a number of
temperature surveys have been perfonned by
specialists from St. Petersburg Mining
Institute in different holes. Geophysical
studies that were carried out before 1983 to
a depth of about 2040 meters were
summarized in [12]. Temperature observations were repeated several times
during 1983-1988 in borehole 3G [1,3,4].
The most accurate data within the upper
1950-meter strata were obtained by
Yu. Rydvan in 1988 [4]. The absolute
(systematic) error of his measurements was
estimated as ±0.05°C, while the reproducibility was found to be 0.005-0.01 °C. The
first type of error could induce a shift in the
experimental temperature profile rather than
a false wave-like signal detectable by the
inverse procedure. Another temperature
profile was measured in 1993 in 2755-meter
deep borehole 5G by A. Volkov mainly
below the depth of 1950 m six months after

the thenna1-drilling operations had been
stopped. For the latter reason the accuracy
ofthese data was much lower. In the 19961997 season the bottom of the mechanically
drilled borehole 5G reached a depth of about
3523 m and during the next season, after the
ten-months break in drilling, the temperature
logging was extended by R. Vostretsov from
1900 m to this extreme level. The absolute
error of his gauge did not exceed ±0.07°C,
and the sensitivity was not worse than 0.010.02°e. At the end of the 1997-1998
season, shortly after the new round of
mechanical drilling had been finished at the
record depth of 3623 m, the measurements
were repeated by J.R. Petit. Here we use the
stacked 3600-meter deep temperature-depth
curve [7] compiled from the borehole
surveys perfonned at Vostok Station during
the recent decade with corrections due to
logging cable elongation and hole
inclination. Unfortunately, its errors, being
distributed with a standard deviation of
about 0.01 °C in the upper part of the ice
sheet, increase by almost one order of
magnitude near the bottom, and are
estimated to average about 0.04 °C [7].
Accordingly, hereinafter, in Eq.20 we
assume Vk = 1, 4, 6 for Rydvan's, Volkov's,
Vostretsov's and Petit's measurements,
respectively.
The consistency of different paleoclimatic reconstructions based on the
shallow [4,6] and extended [7] temperature
profiles confinns their infonnational value.
Certainly, the use of the more complete set
of data is preferable.
The minimization of the target function
S is perfonned sequentially by combining
the gradient method of steepest descent with
the
singular-value-decomposition
and
Newton methods. The resolution and
uncertainty of the inverse problem solution
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are estimated by the Monte Carlo method
[45,46].
3.3. Milankovich cycles remembered in
the Vostok borehole-temperature profile
Here we summarize the previous
results [3,4, 6] and continue our preliminary computational experiments [7] with
the deep stacked temperature profile, using
more sophisticated ice flow and heat transfer
models (13)-(16)
and
the
improved
formulation of the inverse problem
(Eqs. 18-20) with the weighted mean-square
deviation norm S. All model input
parameters are brought together in Table 1.
As has already been mentioned
(section 2), new seismic and ice-core data
[20-22] indicate that the basal ice flow in
the Vostok region may be dammed by the
bedrock rise (see Fig. 1) at the edge of the
subglacial lake downstream from Vostok.
Thus, in general, two plausible scenarios
can be suggested [7]:
I. The upper 3540-meter stratum of the ice
sheet overlies the immovable bottom ice and
is subjected to intensive shear and strain
heating within the contact zone.
II. There is no shear deformations in the
freely floating ice, and strain heating in the
glacier is negligibly small.
Case I corresponds to CT = 1 and seems
to be more realistic, while case II is modeled
at CT = 0 and should be considered as a
limiting situation useful for estimating
stability of the inverse problem to the ice
flow patterns.
The main results of the metronomic
signal reconstructions for the two cases are
given in Tables 3 and 4 and are also plotted
in Fig. 3 for the variant I.
The revised estimation of the factor X
in model (13) based on Vostretsov's et al.
[12] and Sturm's [13] data (see Table 1)
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shifted the inferred surface temperatures
down by 0.5°C in comparison with [6, 7],
and a plausible range of the averaged
surface temperature (Ts > was taken from
-64.0 to -62.8°C.
To estimate the inverse solution
uncertainty we employed Monte Carlo
method [45, 46], assuming that the mean
weighted variance of the temperature
measurements was close to their squared
deviation from the simulated best-fit
temperature profile: S ~ 0.01°C. Eleven
model parameters Ai, B i (i = 1, ... ,4), (Ts>'
Tf and qo were subjected to the resolution
analysis at the present-day ice-sheet
thickness ho fixed as 3773 m (.10 = 3740 m
in ice equivalent, see Table 1). 1.5.10 5
samples were tested during the random walk
at a 30 % level of acceptance by the Monte
Carlo scheme. Each 50-th accepted set of
parameters for which the misfit function S
was less than 0.02°C was selected, and in
total about 1000 different surfacetemperature histories and bottom conditions
were collected.
The mean values of the model
parameters and their standard deviations,
found through the random walk procedure,
are given in Table 3. They also present
examples of the best-fit solutions to the
inverse problem. For case I, the mean
metronomic surface temperature oscillations
are depicted in Fig. 3a by curve 1 (thick
solid line) and are extrapolated into the
future (dotted line). Curves 2 (thin lines)
show the standard deviations of the
reconstruction. The variance bounds of the
simulated present-day temperature profiles
are drawn in Fig. 3b by dashed lines. They
correspond to S ~ 0.014 °C and confine more
than 80 % of all experimental points (dots)
which represent the deviations of the
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Table 3: Metronomic signal parameters and conditions at the ice sheet bottom estimated by the random
walk procedure in case I (shear defonnation in the 3540-m stratum of the ice sheet overlying the
immovable ice) and case II (no shear in the freely floating ice).

Case I

Case II

Parameter
Mean

AI,oC
A 2 ,oC
A3'oC
A 4 ,oC
BI,oC
B2'oC
B3'oC
B4'oC
(Ts)'OC
Tf,oC
qo, W'm- 2
S,oC

Table 4:

6.89
4.75
-4.89
-1.66
-2.61
-1.17
1.56
-2.89
-63.51
-2.67
0.0353

STD

Mean

STD

0.73
1.11
0.81
0.71
1.41
1.07
1.24
1.14
0.34
0.22
0.0087

3.40
8.30
-4.28
-2.23
-0.52
0.96
0.62
-3.34
-63.63
-2.60
0.0124

0.39
0.76
0.57
1.04
0.98
1.05
2.13
1.72
0.26
0.16
0.0061

0.0095

0.0101

Ice-sheet conditions derived from Milankovich signal reconstructions at Vostok Station.

Case II

Case I
Characteristics

Present-day surface
temperature, °C
Holocene-optimum surface
temperature, °C
LGM surface temperature,
°C
Bottom temperature gradient,
°C'm- 1
Present-day ice-sheet thickness
(at Tf = _2.5°q, m
Present-day ice-sheet thickness
(at Tf =-3.1 0q, m
Ice accretion rate,
mm'yr- 1

Mean

STD

Mean

STD

-58.42

0.12

-58.42

0.12

-53.2

0.9

-53.0

0.9

-77.6

3.1

-80.1

2.1

0.0208

0.0007

0.0209

0.0005

3781

10

3778

8

3752

10

3749

8

1.2

0.2

3.5

0.1
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temperature measurements from the mean
best-fit temperature-depth curve.
It is important to note that many
equally good (acceptable) best-fit solutions
exist within the variance limits determined
by the Monte Carlo method and, in general,
they are not presented uniquely by modal
values of coefficients Ai, B i (i = 1, ... , 4).
Actually, several intervals for the averaged
surface temperature from a wider range
-65.4 < (Ts>< -61.8°C were additionally
tested to confirm this fact. Feasible changes
in thermophysical properties of ice stated in
[11, 12, 32] were considered as well. Every
time the amplitudes of the metronomic
Milankovich components in Eq. 18 could be
respectively adjusted to arrive at the best-fit
approximation of the measured temperatures
by a simulated profile. The distribution of
deviations followed the pattern displayed in
Fig.3b. Table 3 also shows that these
parameters
may
vary
considerably,
especially between different variants. In
spite of this, the principal result [4, 6]
remains the same: the total sum of the
inferable surface temperature variations,
given by Eq. 18, is strongly constrained by
the borehole temperature memory, and the
major climatic events (peaks and troughs)
and their ages are always reliably
reproducible. Fig. 3a is a good illustration of
the latter conclusion. Thermal conditions at
the ice-water interface are also well
determined and are close to their modal
values in each case (see Table 3).
However, partly due to relatively low
accuracy of the deeper part of the stacked
experimental temperature profile and partly
due to more diverse computational runs in
comparison with [4, 6], the variance in ages
of single peaks and troughs in metronomic
signals is estimated to be about 2.1 kyr on
average. That is higher than the value of
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1.5 kyr found in [6]. More details concerning the age uncertainty of the climatic
events were discussed in [4, 6] and are
presented further in section 4 where the
Vostok ice core chronology is developed.
Two peculiarities are revealed in
computational tests performed with the
newly extended borehole temperature
observations. First, the geothermal flux
from the subglacial lake at the ice-sheet
bottom in the vicinities of Vostok Station is
found to be noticeably lower than qo ~ 0.053
W·m- 2 deduced in [6] and the general
prediction of qo ~ 0.054 W·m- 2 obtained
in [66] for the central part of the Antarctic
ice sheet from analysis of the thermal regime
above subglacial lakes at more than 50
locations. The reason for this might be that
the upper part of the borehole temperature
profile, used in [4, 6], represents mainly the
general temperature picture typical for the
vast central Antarctic region and does not
contain sufficient information to distinguish
specific local perturbations in the deeper
part of the temperature field at Vostok. In
both cases I and II the subglacial water
freezes at the ice sheet bottom (see Table 4).
The latter prediction is in a good agreement
with preliminary ice core studies [21,22]
which show that the bottom ice stratum at
Vostok, below a depth of 3540 m, is
comprised of accreted ice. The rate of
accretion varies, being influenced by the
100-kyr-eccentricity cycle in paleoclimatic
temperature fluctuations which penetrate
through the ice thickness.
Secondly, the metronomic surface
temperature variations (Fig. 3a) inferred
from the stacked experimental temperaturedepth curve are somewhat larger than those
deduced earlier from the shallow part in
[4, 6]. As before, in all series of
computations the present-day temperature
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Figure 3: (a) Metronomic signal in the Vostok surface temperature variations (curve 1) inferred from
the stacked borehole temperature profile and extrapolated into the future (dotted line) in the case I with
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ice-sheet thickness (dots). The dashed curves are the standard deviation bounds of the simulations which
correspond to the target norm S "" O.014°C.
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on the surface of the ice sheet is identically
found to be Tso = -58.42°C. The standard
deviation does not exceed O.l2°C, and this
value is hereinafter considered as a reference
temperature. It is given in Table 4 together
with other data derived in this study in the
of the
metronomic
signal
course
reconstructions. The difference between the
present-day temperature on the ice-sheet
surface and meteorological observations of
the annual surface-air temperature, -55.5°C
at Vostok [26, 53], is quite obvious. The
Holocene climatic optimum is also well
reproduced as -53.2±0.9°C. The Last
Glacial Maximum temperatures in case I
(see Fig.3a and Table 4) are found to be
-77.6±3.1°C. They are even lower in case II
(see Table 4). Certainly, Eq. 18, being
rather flexible in long-term scales, does not
describe the details of the recent HoloceneLGM climate period which might be
remembered by the borehole temperature.
Thus, every time the resulting best-fit
metronomes are overtuned by the
experimental observations themselves - not
only by their errors. Furthermore, the past
precession cycles have faded from the
borehole temperature memory, and the
amount of belief in their high swings
revealed in the inferred surface temperature
histories should be reduced to minimum. For
this reason, paleotemperature reconstructions performed in the next section and
based on isotopic ice-core records (direct
temperature proxies) are thought to be more
accurate. In section 4 it is shown that they
result in more moderate estimates of the
LGM temperatures than those given in
Table 4.
Finally, we would like to emphasize
that the present-day thickness of ice at
Vostok is not known precisely. Its value is
directly related to the ice melting point Tf at
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the ice-water interface. The simulated
borehole temperature profile is practically
linear in its bottom part. Hence, the
thickness of the ice sheet ho = 3773 m
assumed in our computations can easily be
recalculated for any small correction of Tf .
The bottom temperature gradients and the
estimates of ho determined for pure fresh
(Tf =-2.5°C) and air-saturated or saline
(Tf =-3.1 0c) water in the subglacial lake
are presented in Table 4. The latter estimate
is rather close to the recent seismic
measurements [20] which estimate a depth
at Vostok as ho ~ 3750 m.
3.4. Summary of borehole thermometry
analysis
New estimates and computational
experiments confirm the general results of
earlier studies. Borehole temperature
memory in ice sheets has a very specific
nature. For each component of the past
surface temperature oscillations at a certain
time scale only its recent fluctuation (period)
can be distinguished in the transient presentday temperature field in the glacier. The
memory resolution proportionally fades
back through time. Vertical advection and
finite thickness of the ice determine its lowfrequency limit. Thus, any inverse procedure
for paleotemperature reconstructions must
be based on an appropriate regularization
approach: a reduced (simplified) parameterization of the surface temperature
history consistent with informational
capacity of the temperature profile and our
a priori knowledge about past climate
features.
From this point of view, central
Antarctica (Vostok region) is a unique place
where borehole thermometry of the ice sheet
may be sufficient to constrain the dominant
metronomic part of the past surface
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temperature variations presented by the
main Milankovich climatic cycles. A
random walk Monte Carlo method is
employed to solve the inverse problem and
to infer the best-fit metronome from the
stacked experimental temperature-depth
curve at Vostok. Although less accurate, the
new deeper part of the profile reveals larger
glacial-interglacial temperature fluctuations
and lower values of the geothermal flux
from the subglacial lake than were estimated
before. Ice accretion is now predicted at the
ice-water interface (see Table 4). The
principal result of the reconstruction
remains unchanged. The major climatic
in
inferred
paleotemperature
events
variations on the ice sheet surface and their
ages are reliably reproducible and can be
used as time markers to determine
chronostratigraphy of isotopic 1ce-core
records. Every time the metronomic
Milankovich signals are extended to the
maximal age of the ice cores at the bottom
of the borehole. The crucial difference
between the recent part of the inferred
surface temperature oscillations remembered by the borehole temperature profile
and their older part which is constrained by
the assumption about the Milankovich
periodicity determining the climate should be
emphasized.
As a general comment, it may be
important to mention that one could
compare
the
inferred
Milankovich
components of the climate response at
Vostok (see Table 3) with the original
orbital insolation cycles. This might be done
as an independent study and needs an expert
in this area.

4. Ice core age dating and isotropic
paleothermometer calibration
4.1. Vostok ice core chronology
The ice-core chronology 1S traditionally obtained by direct modeling of ice
sheet dynamics and by computation of iceflow lines [24, 31, 52, 59, 67]. The problem
is that uncertainty of the extended
glaciological timescale (EGT) suggested for
Vostok ice cores [31] reached, for instance,
±20 kyr mainly due to lack of knowledge
about accumulation rate distribution and
about basal ice flow conditions upstream of
Vostok [24]. Further corrections [56, 59]
constrain the chronology to several marine
stages discovered in the ice core
paleoclimatic records and take into account
the existence of the subglacial lake. The
estimated accuracy of the refined and further
extended glaciological timescale (GT4) is
about ±I5 kyr. Visual stratigraphic dating
[68] and multiparameter continuous count
approach [69], recently developed for
Greenland ice cores, are thought to have a
limited application in central Antarctica
because of its extremely low accumulation
rates.
Another way of ice age dating is to
establish a common temporal framework on
the basis of SPECMAP chronology
[47,48,51] by correlating ice-core climate
records with corresponding time series from
ocean sediments, e.g. [55, 70-73]. The latter
is an important step toward a comparison of
glaciological and oceanic paleoclimate
archives, although, in this case, besides the
inherited errors of the tuning procedures,
±2.5-3.5 kyr [48], we fall into uncertainties
which arise from comparing signals of
different origins. Additional errors may also
be encountered if the age of air bubbles
trapped in polar ice is involved [73-75]. The
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total accuracy is expected to be not better
than ±5-6 kyr. Direct tuning of the Vostok
deuterium
record
to
insolation
"metronomes" attempted in [55] seems to be
more efficient and is thought to be at the
accuracy limit of tuning approaches because
of the nonlinear climatic response to orbital
forcing (climatic noise), estimated as ±4 kyr
[49].
The borehole temperature analysis
performed in section 3 gives us a new basis
for constraining the Vostok ice core
timescale. It has been shown that the main
climatic cycles and corresponding major
events in past surface temperature variations
can be restored and their ages are reliably
predictable. Once the geophysical metronome is established, the next step is to
correlate it with the isotopic temperature
record to deduce the ice core chronology
[4,6]. This method automatically takes into
account time-averaged constant phase
differences between oscillations of Earth's
orbital elements and Milankovich cycles in
local paleotemperature response. Although it
does not eliminate the general errors of
tuning approaches, it presents an alternative,
independent way for ice-core dating.
The deuterium content (oD) of the
Vostok ice cores from the deep boreholes 3G
(2083 m) and 4G (2546 m) was studied in
[31, 52, 53]. Isotopic data [56] from the
2755-meter deep 5G core used in [6] have
recently been extended to a depth of 3350 m
[58,59]. The stacked continuous deuteriumdepth profile [59], which we utilize here for
ice core dating and
paleoclimatic
reconstructions, is plotted by dots in Fig. 4a.
The conventional empirical equation
(21)

supported by modeling [25,62, 76], relates
deuterium ratios oD, corrected for changes
in the oxygen-isotope composition of ocean
water 0180sw [48,51, 73], to inversion
temperature fluctuations. CT is the isotopetemperature temporal slope estimated in
[31,53] for Antarctica as 9 per mil·oe l
from contemporary spatial distributions of
isotopes and temperatures.
It is important to note that to actually
compare the metronome with the isotopic
temperature record and to deduce the ice
core timescale, we do not need to know the
magnitude of the coefficient CT in Eq.21.
We have only to assume that the surface and
inversion temperatures underwent main
climatic changes synchronously, and
therefore the smoothed isotopic temperature
record is supposed [6] to mimic the inferred
metronomic signal.
To filter out high-frequency components a mean square parabolic-spline
approximation is applied to the isotope
record oD. The resulting curve is shown by
the thin solid line in Fig. 4a. Possible errors
in positioning maximums and minimums on
the smoothed paleoclimatic signal oD80l 80 sw were discussed in [6]. They do not
exceed ±l 0-15 m in the upper half of the
record and decrease to ±2 - 3 m in its deepest
part. This makes not more than O. 8-l. 0 kyr
in age and should be added to the dating
uncertainties. The mean ages and depths of
the respective peaks and troughs identified
in the metronomic surface temperature
signal (case I, Fig. 3a) and in the isotopedepth curve (Fig.4a) are given in Table 5
together with the total correlation errors
which take into account all sensitivity tests
performed in both cases I and II. The
distribution of errors clearly reveals the
alternating regions with high and low
uncertainty of the age dating procedure. The
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Figure 4: (a) Vostok deuterium ice core record (dots) and its parabolic-spline approximation (solid line)
used in the ice-core age dating procedure. (b) The smoothed isotope record (curve 2) correlated with the
metronome (curve 1) from Fig. 3a (both curves are normalized).

average standard error of the correlation is
about 2.3 kyr. However, a special remark
should be made here. Ice core analysis
revealed [59] some indications of ice flow
disturbances below 3310 m at Vostok. This
considerably reduces the confidence in the
identification and correlation of the two last

extrema on the isotopic and metronomic
signals in Fig.4a. The corresponding ages
are designated by"?" in Table 5.
A continuous time scale can be obtained
by linear interpolation between neighboring
points in Table 5. The normalized
Milankovich component of the past
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Table 5: Vostok ice core chronology. Age-depth correlation of peaks and troughs in metronomic and
isotopic temperature signals and standard errors of the correlation.

Depth,
m

Age.
kyr

Error
kyr

Depth,
m

Age,
kyr

Error,
kyr

67
233
448
623
704
811
967
1171
1272
1389
1521
1789
2006
2121
2185
2278
2358
2490
2538
2596

2.0
9.6
22.2
33.0
43.9
52.8
62.3
82.4
95.8
105.2
115.2
124.8
137.5
148.2
155.9
168.1
179.8
199.0
211.4
217.1

0.8
0.9
1.4
2.5
2.8
2.6
2.2
2.6
1.6
1.2
1.2
1.5
1.7
2.9
2.3
4.9
5.0
2.2
1.0
1.9

2678
2751
2810
2836
2876
2932
2975
3029
3050
3110
3153
3168
3186
3231
3248
3291
3323
3335
3350

229.6
240.9
251.7
261.7
270.0
284.7
304.2
313.2
323.6
332.4
344.8
356.6
364.4
375.6
386.7
403.0
419.5(?)
426.3(?)
434.6(?)

1.1
2.0
1.8
2.1
3.6
3.6
1.9
2.3
1.4
1.4
1.4
2.1
1.4
2.9
4.9
4.5
2.0
2.7
4.2

temperature vanatIons on the ice sheet
surface inferred from the borehole
temperature profile and the smoothed ice
core isotopic content fluctuations versus
time are compared in Fig. 4b. In spite of the
resemblance between the two curves, as
before in [6], the difference mainly in the
preceSSIOn
oscillations
should
be
emphasized. In accordance with the
sensitivity and resolution analyses performed in section 3, this discrepancy can be
considered as a fact of a quantitative
meaning only during the recent 20-40 kyr
climate history.
The resulting Vostok timescale as a
compound of linear interpolations IS

presented in Fig. 5 by the thick solid line. It
closely coincides in its upper part with the
timescale developed in [6] and does not
noticeably differ from its preliminary
version [7]. As before it is referred to as the
Geophysical
Metronome
Timescale
(GMTS). Again, we have to point out that
the linear response of the climate to orbital
forcing and the periodic extrapolation of
Eq. 18 beyond the time range of the borehole
temperature memory are the principal
assumptions on which the formulation and
the use of the metronome are based. Thus,
additional error: ±2.5-3.5 kyr of the socalled overtuning effect [47-49] due to
neglecting non-linearity in climatic transfer
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Figure 5: Age-depth relation for the Vostok ice core (GMfS) deduced from the analysis of the borehole
temperature profile and its comparison with the glaciological timescale (GT4) developed on the basis of
ice sheet flow modelling [59]. The error blanket indicates overall uncertainties of the GMTS chronology.

mechanisms should be taken into account.
Combining the latter estimates with the
standard correlation error, 2.3 kyr, we can
predict the total average accuracy of the ice
core chronostratigraphy (Table 5) as ±3.54.5 kyr. The distribution of the overall
uncertainty of the dating along the Vostok
ice core is shown in Fig. 5 as an error
blanket by dotted lines.
Comparison of the upper part of
GMTS down to 2755 m with different
shallow timescales [31, 55, 71-73] and dust
markers [56, 70] was discussed in details in
[6]. It confirmed the validity of the dating
procedure and the above estimates of its
uncertainty. In Fig. 5, we compare GMTS
with the new glaciological timescale GT4

[59] developed independently for Vostok on
the basis of ice sheet dynamics computation.
The standard deviation between the two
chronologies is about 8.3 kyr which seems
to be a rather good result if the above
mentioned input-data problems of the direct
ice flow modeling are taken into account.
However the discrepancy reaches ±I520 kyr in the deeper half of the ice core. The
age of the ice at a depth of3350 m predicted
by GT4 (458.3 kyr) seems to be too large
compared to 434.6 kyr of GMTS, although
in the view of the above mentioned dynamic
perturbations both estimates are not
relevant.
Following Salamatin et al. [6], It IS
interesting to relate the events of the marine
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stages in benthic 5 18 0 (global ice volume)
variations and their ages [47, 48, 51] to
those of the corresponding climatic changes
revealed in the surface temperature
variations at Vostok (see Fig. 3a and
Table 5). This would result in the average
lead of the polar temperature changes of
about 2. 9±3.4 kyr and 4. 6±3.1 kyr for the
dating [47,48] and [51], respectively.
Almost the same phase difference of 3±4 kyr
in precession band was obtained in [55], and
the phase lag estimate of 3-5 kyr between
the benthic 5 18 0 signal and the southern sea
surface temperatures was deduced In
[57, 71]. A broad band phase lag centered
on 2 kyr was found from the ice sheet
modeling [77]. The above comparison
confirms the expected consistency between
GMTS and SPECMAP timescales.
4.2. Paleoclimatic reconstructions based
on ice core isotope record
Let us now focus on the second
problem of ice core data interpretation:
conversion of the measured isotope records
into past temperature changes. The conventional approach in this field is based on
the use of Eqs. 19, 21 which were initially
established as empirical geographical
correlations for Antarctica [78, 79] and
Greenland [80, 81] and reproduced by
Raleigh-type modeling [62, 76]. The
principal source of uncertainties here lies in
the assumption that the local temporal and
present-day spatial isotope-temperature
relationships are identical [52, 80]. The
GCM analysis [82] shows, for example, that
for East Antarctica the difference may be of
the order of 30 %. The recent rather exhaustive reVIew
[83] confirms the
possibility of the temporal isotopetemperature slopes being up to 50 % less in
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comparison with
their
geographical
analogues.
It is also very important to distinguish
between the temperatures that are introduced
and employed as paleoclimatic characteristics [25]. Ice core isotope records, for
instance, are thought to represent climatic
variations of the annual temperature in
clouds where precipitation is formed, i.e. the
averaged temperature at the top of inversion
layer T; weighted by the subsidence
seasonality effect [83]. The isotopetemperature ratio CT in Eq. 19 relates 5D to
or;. On the other hand, the ice sheet body
keeps memory about the past surface
temperature Ts in the upper stratum of
snow-fim deposits where the boundary
conditions on the glacier thermal state are
imposed. As it has already been mentioned,
it differs both from the surface-air
temperature and from the inversion
temperature. The total strength of inversion
T;-Ts has a very specific seasonal nature
[63,64]. It reaches its maximum in winter,
being close to zero in summer. Its magnitude
is linked to the swing in seasonal surface
temperatures. These temperatures, for
instance, have much higher precession
oscillations than annual temperatures in
central Antarctica [65]. Thus, paleoclimatic
changes in Ts might not be merely
proportional to or;, as it was predicted on
geographical basis [62]. Eq. 19 and the use
of the ratio C; most likely are valid for longterm climate variations but may fail in
precession and shorter cycles. From this
point of view borehole-temperature profiles
could provide another unique piece of
relevant information [1, 17, 36, 37, 40, 42,
84]. The studies [6,36, 85-87] conVInCingly show the usefulness of borehole
temperature for calibrating the isotopic
paleothermometer.
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It is important to recognize [6] that the
primary step in matching the ice core
isotopic ratios oD with observed borehole
temperature is to relate or; to ors , which is
the principal climatic input of the heat-andmass-transfer model (13)-(16). Following
[6], we assume a generalized form of the
transfer function based on Eqs. 19,21:

oT
s

oUb )

= 01; _ aT; -aTsC; (KO/1 -a

C

C

1

1

L

sw

1

+op(t}

_ 0 D-801SOsw
C;CT

Here a n and a Ts are the inversion and
surface temperature-elevation gradients at
the site of consideration; a L relates sea level
variations to the isotopic composition of sea
water (a L > 0); K; is the isostasy coefficient
approximately determined for ice-rock
hydrostatic equilibrium as K; = I-polp r,
where pr is the density of rocks; &1 .1-.10.
The first leading term in Eqs. 22 is a direct
consequence of Eqs. 19 and 21. The second
term reflects the surface temperature
variations induced by changes in the ice
sheet surface elevation. It was estimated in
[6] as being relatively small and
insignificant. The principal innovation in
Eqs. 22 is the introduction of a supplementary climatic signal 0 p(t) in ors which
does not exist in the scaled oD (or or;)
record, but might be remembered in the
borehole temperature.
Now, when the ice core timescale is
developed, another inversion problem can be
formulated. The above parameterization

(21), (22) of the past inversion and surface
temperature variations can be constrained by
the ice-sheet temperature memory at Vostok
on the basis of the heat transfer and ice-flow
model (13)-(16) and the target norm (20).
As in [6], we assume an';::! aTs ';::!
-O.OloC·m- J after [88], aL ';::! -100 m·
per mil- l after [89], and K; ';::! 0.66
(Po = 920 kg·m- 3 , pr 2700 kg·m- 3). Consequently, C, CT , and op(t) are to be
determined through minimization of the
standard deviation S between the simulated
and observed borehole temperature profiles.
First of all the paleothermometer
calibration was attempted in [6] at 0it) == O.
In accordance with the structure of Eqs. 22,
the product C CT was undoubtedly a single
principal scaling parameter which influenced
the S-function values. However, CT
manifested itself additionally (although not
dominantly) in accumulation rate predictions
as a combination Cr l1]b through Eqs. 14,
21. Conventional present-day geographical
estimates of C T ';::! 9 per mil·oC- 1 and C; C T
l
';::! 6 per mil·oe (C';::! 0.67) were confirmed
as the best fit values but at a very high level
of discrepancy between temperature
measurements and computations: about 20
times greater than that for Milankovich
metronome reconstructions. This was an
evidence that additional 0 p-signal did exist
in the past surface temperature variations,
but was missing in the scaled isotopic
temperature record. The image of the signal
kept in the borehole temperature memory,
i.e. the difference between the measured
temperature profile and its best-fit
simulation, had a very close resemblance to
what could have been induced in the ice
sheet thickness by a supplementary
precession cycle. We do not have sufficient
direct information to extend 0 p periodically
back into the past but the above mentioned
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seasonal origin of the inversion strength
could be one of the reasons for selective
amplification of the precession climatic
oscillations in the surface temperature which
makes, in particular, the early Holocene
temperatures warmer and the LGM
temperatures colder in Antarctica than it
was thought before. Certainly, this is not the
only approach that might be considered and
a borehole temperature profile could
probably reveal more details in the recent
paleotemperature history, but at least an
additional precession signal 5p (its recent
period) is needed to correct the surface
temperature variations OFs in Eqs. 22. Since
climatic changes in the inversion and surface
temperatures are assumed to be orbitally
driven and synchronous, the inferable
components of Spare taken after [6]
proportional to the precession harmonics of
the metronome given by Eq. 18:

;=3,4

- to < t < 0,

(23)

The
mverse
problem
of the
paleothermometer calibration is now
formulated as a problem of the S-function
minimization with respect to parameters CT
and a p for the stacked Vostok temperature
profile at C; = 0.67 and coefficients A;, B; (i
= 3, 4), present-day surface temperature Tso,
and geothermal flux qo taken as determined
in section 3 in Milankovich metronome
reconstructions (see Tables 3 and 4).
The best-fit values of the conversion
parameters in Eqs.22, 23, Holocene and
LGM temperatures, and other estimates
obtained for cases I (shear deformation and
strain heating in the upper stratum of the ice
sheet overlying the immovable bottom ice)
and II (no shear in the freely floating ice) are

brought together in Table 6. Time series of
paleoclimatic characteristics inferred in
case I are plotted in Fig. 6. The minimal
standard deviations S become comparable
with those found for the metronomic signals,
although the latter ones still remain twice as
small, since the paleothermometer parameterization in the form of Eqs. 22, 23 is
not so flexible as that of Eq. 18. This
confirms the above supposition that a more
accurate temperature profile might be used
in future to achieve a higher resolution of
the LGM-Holocene climate at Vostok.
The primary result of the reconstruction is that the introduction of an
additional precession signal in the surface
temperature variations noticeably improves
the fit between the simulated and measured
temperature profiles and leads to 50 %
lower estimates of the temporal deuteriumtemperature slopes in comparison with their
spatial values. Both C; and the product C; C T
in Eqs. 22 should be considered now as
scaling parameters relative to the long-term
climate vanatlOns only. The annual
temperature on the ice sheet surface and the
inversion strength undergo more intensive
and selectively amplified oscillations in the
precession band with additional increase in
their amplitudes of about 1.5-2.0°C
represented by the 5 p signal. This implies
that
the
recent
glacial-interglacial
temperature
transition
over
central
Antarctica deduced from the stacked
borehole temperature profile at Vostok could
be even greater than it was predicted in [6].
The LGM-Holocene temperature increase
was about 20-23±3°C in the ice sheet
temperature and about 13-15°C in the
inversion temperature (see Table 6 and
Fig. 6a, curves 1, 3). The surface
temperature reconstruction performed in this
section on the basis of the ice core isotope
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record appears to be rather close to the
metronomic signal (compare curves I and 2
in Fig. 6a), especially during the recent 25kyr interval of the borehole temperature
memory. All estimates of the LGM surface
temperature presented in Tables 4 and 6
agree within the uncertainties predicted by
the Monte Carlo resolution analysis.
However, the paleothermometer calibration
is thought to be more reliable.
Interpretations of the GISP2 [86] and
GRIP [87] ice core isotope records using
borehole thermometry revealed similar
changes (21-22°C) in the surface
temperature in central Greenland. It should
be emphasized once more that, as against
the unique situation in Antarctica, the long
term (obliquity and eccentricity) climatic
cycles can not be separately distinguished in
the borehole temperature
and the
paleothermometer calibration procedure
could not have felt the selective
amplification of the precession signal even if
Table 6:

it had existed in the Greenland inversion
strength in the past. Recent direct
paleotemperature reconstruction [42] predict somewhat larger glacial-interglacial
increase in the surface temperature over
central Greenland: 24.5±2°C. Additional
argument for a higher estimate of the LGMto-Holocene warming in Antarctica could be
obtained from the analysis of crystal growth
in the ice sheet [90]. Recent ice core isotope
measurements at Low Dome (Antarctica)
and their comparison with measured
temperature seasonality [91] have also
shown that the temporal oxygen isotopetemperature gradient is about 40 % less than
the estimate based on the local spatially
derived calibration. In the coastal region
(with minimal strength of the inversion) the
last glaciation has been predicted to be
~ 13°C colder than present. This finding
agrees well with the inferred mverSlOn
temperature change at Vostok.

Results of isotopic paleothermometer calibration at Vostok.

Parameters, characteristics

Case I

Case II

0.24

0.31

4.9

4.3

3.3

2.9

-65.5

-66.2

-53.9

-53.0

-74.2

-76.3

0.026

0.015

Precession ampli11cation factor:
ap

oDloTj temporal slope:
C T , per mil·OC- 1
oDloTs long-term temporal slope:
CjC r , per mil·OC- 1
Mean surface temperature:
(T),OC
Holocene-optimum surface
temperature,

°c
LGM surface temperature,
°C
Standard deviation:
S,oC
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Figure 6: Time series of paleoenvironmental characteristics reconstructed from the smoothed Vostok
isotope record for case I with the shear deformation and strain heating in the 3540-meter stratum of the
ice sheet overlying the immovable ice. (a) Temperature variations on the ice sheet surface (curve 1) and
inversion temperature oscillations (curve 3) counted from their present-day reference levels in
comparison with the Milankovich metronomic signal (curve 2). (b) Accumulation rate variations
calculated from inversion temperatures. (c) Past changes in the ice-sheet thickness simulated at Vostok.
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Past variations of the accumulation
rate b and ice sheet thickness L1 (in ice
equivalent) are simulated simultaneously
with the paleothermometer calibration on the
basis of the climatic submodel (14), (15).
The new peculiarities in the isotope record
interpretation lead to new predictions of
their changes which directly depend on OF;
and hence on the factor CT. Figs. 6b and 6c
show the accumulation-rate and ice-sheetthickness fluctuations at Vostok in the past
for case I but do not differ much from those
in case II. The general picture remains close
to the earlier reconstructions [6, 7]. The
maximal swing of the ice thickness
oscillations between glacial and interglacial
stages might reach 200-250 m.
4.3. Summary of glaciological implications
The stacked temperature profile
measured in the 3623-meter deep borehole at
Vostok Station provides an important
additional constraint for ice core dating and
isotopic paleothermometer calibration. The
extended Geophysical Metronome Timescale
(GMTS) is deduced by correlating the major
climatic events in the smoothed isotopic
temperature record with those in the local
geophysical metronome inferred from the
borehole temperature memory as a dominant
Milankovich component of the past
temperature vanatlOns on the glacier
surface. The total accuracy of the ice core
chronology is estimated to be about ±3.54.5 kyr on average. The age of ice at the end
of the isotope record, at a depth of 3350 m,
is predicted as 434.6 kyr. GMTS, based on
the general tuning approach, is thought to be
consistent with the SPECMAP chronologies
established for deep-sea records.
The conversion procedure of matching
the scaled isotope (deuterium) record to the

temperature profile at Vostok revealed
relatively more intensive (additionally
amplified) precession oscillations in surface
temperatures than in inversion temperature
fluctuations. The total surface temperature
increase during the last deglacial transition
is found now to be almost two times higher
than it was predicted from contemporary
spatial isotope-temperature correlations in
Antarctica. The mean Pleistocene-climate
temperature on the glacier surface at Vostok
is estimated as (Ts>~ -66°C and is about 78°C lower than its present-day value
TsQ = -58.4°C.
The surface temperature
increased from -75±3°C in the LGM at 22
kyr BP to its Holocene maximum
-53.5±I°C at 9.6 kyr BP. Past variations of
the accumulation rate and the corresponding
changes in the ice-sheet surface elevation are
simultaneously simulated.

5. Conclusion
The paper continues the research line
started in [4-7]. It is mainly a review, but it
also contains new results and revises
previous studies. The paper does not cover
all details of paleoclimatic reconstructions
discussed earlier in [1-7]. On the other
hand, for the first time, it summarizes and
presents the complete description of the
model on which the Vostok borehole
thermometry interpretations were and are
based. The stacked, recently extended,
3600-meter deep borehole temperature
profile [7] is used now for ice core dating
and paleoclimatic analysis. A Monte Carlo
random walk method has additionally been
introduced into computational experiments
to estimate the uncertainty of the inverse
problem solutions. The principal results and
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conclusions are outlined as summaries at the
end of each section.
Here, we would like to emphasize that
the studies performed in this paper confirm
or detail all earlier findings. They show that
the borehole temperature memory in central
part of the Antarctic ice sheet, in particular
at Vostok, contains unique data on the past
climate changes and on the thermal
conditions in the basal stratum (subglacial
lake). More accurate temperature measurements are needed to achieve a better
resolution of the recent LGM-Holocene
climate history. Paleotemperatures inferred
at present can be considered as a
background for future reconstructions.
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