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ABSTRACT 
Total gas contents of ice cores together with 

temperature estimates derived from 180/160 and 
2D/*H values have been used to separate topographic 
and climatic changes in the deposition temperature 
history of the ice (Raynaud 1977, Jenssen 1978). The 
most recent analysis (Jenssen in press) made use of 
two linear relationships (one purely empirical, the 
other established empirically but subsequently justi
fied theoretically) to derive an algebraic expression 
for the change of surface temperature with ice-sheet 
elevation. A physical line of reasoning is presented 
which instead infers the climatic history from 
changes in the surface topography of the ice sheet. 
This suggests that a complete interpretation of core 
data must go hand in hand with ice-sheet modeling. 

INTRODUCTION 
The use of ice-core isotopes as proxy climatic 

indicators acquired a new level of sophistication 
when it was realized by Raynaud and Lorius (1973) 
that the total gas content of the ice in a core 
section provides a measure of the elevation at which 
the ice in question was created by pore close-off. 
Data from both Antarctica and Greenland established 
two linear relationships: between the close-off pore 
volume Vc and the ice temperature T at the level and 
time of close-off, and between total gas content V 
and the elevation of the ice at close-off E. The 
first of these relationships represents a material 
property which could be independent of time, location, 
and climatic conditions; the physical processes 
involved have been discussed by Raynaud (in press). 
The second linear relationship was shown by Jenssen 
(in press) to be well approximated, for the relevant 
range of surface temperatures and inversion features, 
by the theoretical V-E dependence in a constant-lapse 
rate ("polytropic") atmosphere. This implies that 
both the theoretical and empirical regression coeffi
cients could be climate-dependent. Jenssen obtained 
an algebraic expression for the crucial T-E depend
ence from the linear approximation to the strict 
theoretical V-E relationship, valid on the average 
over the height and temperature ranges in question. 

A different approach to the problem is taken in 
this paper. It starts from a relationship for the 
change along a sloping ice-sheet surface in the 
surface pressure below a temperature inversion. 

After demonstrating that this again leads to an 
approximately linear V-E dependence, the height 
difference between the close-off levels of two core 
sections is estimated and used to define a "topo
graphical" temperature lapse rate (rate of surface 
temperature change along the ice-sheet surface). The 
climatic temperature change ATci that is contained 
in the total (isotope-derived) temperature change AT 
since the core section was formed is then obtained 
from the difference between the indicated topograph
ical lapse rate &T/AE and the true lapse rate X 
valid at the time of the ice deposition. Values of \ 
are deduced from the surface energy balance and the 
katabatic winds of the present ice sheet and of model 
simulations of past ice-sheet configurations and 
their atmospheric boundary layers. 

THEORY 
1. The hydrostatic equation for pressure changes 
along an ice-sheet surface' 

We assume a surface inversison of (locally) 
constant thickness H and lapse rate Yi = (Tj-Ti)H, 
cf. Figure 1. The surface pressure pi is related to 

Fig.l. Notation used in the paper. 
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that above the inversion by 

P l = P j ( i - Hr . / T j J - s V (1) 

Differentiation with respect to E, and substitution 
of the free-atmosphere hydrostatic equation 

3Pj 

3E 

gpj 

RTT 
(2) 

and of the first two terms of the power series for 
the second right hand factor gives 

3pl _ p l 9 Tl pl gr 

3E R T 1 T I R T, 
(3) 

with r = Ti/Tj, cf. Figure 1. This factor remains 
close to trie value 0.96 over the distances here 
considered. A comparison of (3) with (2) shows that 
the pressure falls more slowly with elevation along 
the ice-sheet surface than along the vertical in the 
free atmosphere. This gives rise to a weak "glacial 
anticyclone" over large ice sheets (Radok 1981). 
2. The theoretical relationship between total gas 
content V and elevation E 

The total gas content is given by 

V = V, 
TnP o n , (4) 

"I T, p 1 '0 

where Vc i s the pore volume at c lose-o f f and the 

subscript o refers to a reference state (sea-level or 
the present condit ions a t the top of the core) . With 
Raynaud and Lebel 's (1979) regression equation 
Vc = cT+d and a quasi-constant harmonic mean tempera
ture defined by 

(1/T) = (1/(T. : - . » / ; * dT/T , (5) 

TEMPERATURE 

Fig.2. Estimated changes in deposition temperature 
and elevation for a 1 400 m section of the Byrd 
core. Numerical values are given in Table I; the 
input gas contents and temperatures (6 values) 
have been taken without adjustment from Raynaud 
(1977, table VII). The ordinate scale represents 
meters (elevation) and 'CxlOO (temperature). 

and with T2 = 203 K, Tj = 273 K in the power series 
approximation for Pi/p0. this becomes 

V = T 0 (c + d (1/T) [l-(g/R) (1/T)r E]), (6) 

or numerically V = 0.1352 - 1.704xl0"5 E. Raynaud 
and Lebel 's (1979) resu l t was V = 0.138 - 1.66xl0"5 E. 
3. Estimation of height and temperature changes 

In tegrat ion of (3) over the height/ t ime in terva l 
separating two neighboring core sect ions, subst i tu t ion 
in (4 ) , and solving fo r the height di f ference leads to 

RTT / T .+T . ^A 

9Ti V 2 / 

V. l̂i 
V i (vc»j V i 

where the subscripts refer to the jth or (j + l)th 
datum points in the core. Now Tj/T1 » T/T' = 1, and 
Vc = cT + d (Raynaud and Lebel 1979); furthermore, 
the inversion temperature 1\ has been found to be a 
linear function of the ice-sheet surface temperature 
both for Antarctica (Phillpot and Zillman 1970) and 
for Greenland (Putnins 1970, table XXXIX). Thus, AE 
is fully determined by the total gas contents of the 
two sections and by the temperatures deduced from 
their isotope ratios. The computed height difference 
arises from the fact that the ice in the two core 
sections has come from different locations; moreover, 
the shape of the ice sheet may also have changed 
between the formation dates of the ice in the two 
sections. For a proper interpretation of the core 
record, these "advective" and "topographical" effects 
need to be separated. 

A corresponding problem arises in connection with 
the temperatures in Equation (7). During the time 
interval separating the sections, the surface tempera
ture at the level of section 1 may have undergone a 
climatic change ATci. A "topographical lapse rate" 
between two points A and B may be defined as 

X = (TA - TB)/AE. (8a) 

Now, i f TB = T j + i , then we may wr i te TB = T j+ i + AT c i , 
where ATci i s the c l imat ic change over the time i t 
takes the ice at locat ion B to move to locat ion A 
downstream. Hence, 

A = [T j - (T j+ i + AT c l ) ] /AE. (8b) 

Def ining x' = (T j - T j+ i ) /AE, then c lear ly 

ATcl = (A' - X) AE (9) 

Note that, strictly, the AE terms in Equations 
(8a) and (8b) are slightly different because the ice-
surface shape will, in general, change with time. 
However, over the time interval separating two adja
cent core sections, this is a minor effect; a strict 
justification for neglecting it will be given in a 
separate paper applying the model presented here to 
a modeled ice-sheet history. Also, it will be shown 
that ATCT is the true climate change, and contains 
no effects due to motion down the flow line or thick
ening/thinning of the ice. 

The key parameter in Equation (9) is the topo
graphical lapse rate X which prevailed during the 
time interval over the ice-sheet region under con
sideration. The estimation of this parameter forms 
a further problem to be solved for an adequate inter
pretation of a core record. 

DISCUSSION 
The separation of advective and topographical 

contr ibut ions to AE can be made, in p r i nc i p l e , by a 
model reconstruct ion of the ice-sheet shape tha t 
existed during the time in terva l between the form
at ion of the two core sect ions. While the surface 
slope f o r a s ingle in te rva l w i l l be subject to con-
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TABLE I. SAMPLE CALCULATION FOR THE BYRD CORE 

Depth 
(m) 

180.4 

247.0 

347.3 

501.3 

701.0 

900.7 

1 066.8 

1 200.44 

1 367.5 

1 601.9 

Total gas 
content 

(mm3 g_1 

119 

117 

117 

115 

117 

114 

113 

113 

115 

117 

ice) 

S^O/^O 

(°/oo) 

-32.9 

-32.9 

-32.9 

-33.1 

-33.9 

-33.3 

-34.35 

-36.8 

-41.25 

-40.34 

Ti 

(K) 

244.7 

244.7 

244.7 

244.6 

244.8 

244.4 

243.6 

241.8 

238.5 

239.1 

AE 

(m) 

128.1 

0 

126.3 

-134.7 

202.3 

55.6 

-26.6 

-180.5 

-113.9 

X' 

(°C/100 m) 

0 

0 

0.079 

-0.445 

-0.198 

1.439 

-6.767 

-1.828 

0.527 

(°C 

2 

2 

2 

0 

X 

100/m) 

.5 

ATC1 

CO 

-1.28 

0 

-1.16 

1.95 

-2.42 

-0.31 

2.33 

6.91 

-0.03 

IAE 

(m) 

0 

128 

128 

254 

120 

322 

378 

351 

121 

57 

-"Tcl 

CO 

0 

1.3 

1.3 

2.4 

0.1 

2.9 

3.2 

0.9 

-6.0 

-6.0 

siderable uncertainty, the joint analysis of the AE 
values for an entire intermediate or deep core, and 
even more for several cores from different locations 
in the same ice drainage basin, can be expected to 
produce a closely constrained set of values for AE 
and ATci. 

To estimate the true topographical lapse rate X, 
we can take recourse to the fact that this parameter 
is governed by the energy balance of the sloping ice-
sheet surface which drives its katabatic wind system. 
Budd and others (1971, figs. 3 and 4) have shown 
that four different regions must be distinguished in 
this context. Over the central plateau of Antarctica, 
x is relatively small and variable, ranging from 
0.5°/100 m to pockets of small positive values (i.e. 
temperature increase with elevation). The central 
region (which is of very restricted extent for west 
Antarctica and Greenland) is surrounded by a belt 
with X values exceeding 2"/100 m. This is the source 
region of the katabatic winds which further downslope 
create the third zone, with X close to the dry-
adiabatic lapse rate of 1° 100 nr1. Beyond it 
lies the steeply-sloping coastal belt with smaller 
X values, created probably by the evaporation of 
drift snow which provides the additional forcing of 
the extremely strong winds in that region (Radok 
1973). 

This distribution of X values can be expected to 
hold for any ice-sheet configuration, but the extent 
of the different zones and their boundaries would 
change with the ice-sheet topography. A sequence of 
model-simulated ice-sheet shapes, providing a plaus
ible and consistent separation of advective and topo
graphical contributions to a complete set of AE 
values, should at the same time account for the 
changes in X, thereby suggesting a plausible and 
consistent series of climatic temperature changes. 
This constitutes what might be called the "grand 
problem" of ice-core climatology. 

SAMPLE RESULTS 
The procedures described above have not yet been 

fully tested; they will merely be illustrated by a 
calculation for the Byrd core using the gas-content 
and temperature S data in table VII of Raynaud (1977). 
The depth range covered is from 180.4 to 1 601.9 m 
and corresponds to a time interval of about 13 ka. 
Balance model results for the Byrd flow line (Budd 
and others 1971: profiles 1 (top)) suggest that the 
ice at the lower level comes from 200 km upstream 
and from about 300 m above the formation level of 

the ice now at 180 m depth. Present topographical 
lapse rates (Budd and others 1971: map 3/4) lie 
around 1"/100 m in the katabatic winds around Byrd 
but rise to above 2°/100 m in the source region of 
the deeper ice. This is the justification for the 
x values used in the calculations. The results are 

shown in Table I and Figure 2; they resemble the 
corresponding estimates obtained by Raynaud (1977) 
and Jenssen (in press). It can be seen from Equations 
(8) and (9) that the estimated climatic temperature 
changes are highly sensitive to errors in AE. This 
underlines the need for using data from several 
cores for a consistent climatic and topographical 
ice-sheet history. 

Finally, given a sequence of topographical lapse 
rates defined by a model history of an ice sheet, a 
succession of temperature fields for the ice-sheet 
surface is directly determined by the temperatures 
along the ice-sheet boundary (which can be inferred 
from other proxy data or from a climate model). The 
calculations of this paper can, in that case, be done 
without invoking the isotope/temperature relationship, 
which thereby is itself opened to study as a histori
cal phenomenon. 
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