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ABSTRACT. During the German Antarctic Expedition ficld season 1989-90. hot-
water drilling was undertaken on the Filehner-Ronne Ice Shelf (FRIS) at 77° S52c W
to investigate the temperature-depth profile and the bottom-melting rate, which arc
significant parameters for mass- and energy-balance studies of the icc shelf. Re-
measurements of installed chains in 1991-92 vie1ded reliable results.

Taking glaciological, geodetic and geophysical data on a flowline through the
central part of fRIS. we devcloped a two-dimensional thermal modcl to reconstruct
the measurernents from a steady-state temperature depth profile about 550 km
upstream on \Hillereisstrom. Considering mass and energy conservation, a basal layer
of 350 m of marine icc was calculated with thermal properties, depending on salinity
and temperature. In areas with strong basal freezing, almost isothermal depth profiles
in tht' marine ice layer arc dt'rived. further downstream, in areas of basal melting, a
ncarly cubic tempcrarure--depth profile is observed.

INTRODUCTION

The grcater part of lhe Antarctic coastline is fi'inged by
floating ict' shcln's, which comprise II % of the total area
of Antarctica tDrC\uy. 1983:. About one-third of the
inland ice drains into tht' two largest icc shelves, thc
Filchner-Ronne Ice Shclf IfRIS) and the Ross Icc Shelf.
F rom two poin ts of view. ice sheIYes playa crucial role in
the g'lobal climatic svstem:

On the one hand, the inland ice discharges its ice
masses into the ice shelves. Assuming steady-state
conditions 0\'('1' large time-scales, icc shelves represent
sensitive indicators for climatic-induced instabilities of the
ice sheet (e.g. ~\lercer, 1978: Van del' Vcen, 198.1).

On the other hand. basal mclting and freezing of ice
shehes is a significant parameter in the f(Jrmation of
.-\ntarctic Bottom \Vater, which sprcads far into the
:'\orthern Hemisphere and ventilates the deep part of the
\\'orld Oceans (Farbach and others, 1991).

For all this, field investigations of glaciologically
relevant parameters like ice thickness. flow velocity,
accumulation rate. tt'mperature. etc., as \-vell as mod cling
of ice flow. mass and energy balance are necessary tools
for a better understanding of the mass balance and
dvnamics of thc Antarctic ice shclves.

For rnore than 10 years, special interest was focused
on the inv-estigation of the central part of the FRIS with
extensive glaciological field work ~Robin and others.
1983, Crabtree and Doake, 1986; Thyssen, 1986;
Engelhard t and Dctcrmann, 1987: Pozdeyev and
Kurinin, 1987; Thyssen. 1988). One main result of
these in\-'t'stigations was an up to 400 m thick marine ice

layer underlying the meteoric ice, which drains from the
\V cst Antarctic ice sheet. This marine layer is a
significant mass-balance factor and was specially
investigated during the German Antarctic Expedition
1989 90 with radio-echo soundings (Thyssen and others,
1992; mindow, 1994) and ice-core drillings (Oertel' and
others, 1992a). In addition, several hot-water drillings
were made to investigate the temperature-depth runc-
tion and the bottom-melting rate by means of
temperature sensors and time-domain reflectometry
(TDR; devices. Re-measurements of the installed
chains in 1991-92 gave rcliable results for the botlOm-
melting rate o\-'er 2 years (GrosfeJd, 1992; Grosfeld and
others. in pre~s).

For a Ilowline through the central part of the FRIS,
we will try to demonstrate in this paper that especially the
temperature-depth function is strongly affected by the
basal-accretion processes. A cOlnparison with measured
temperature-depth data is gi\-'en. Since temperature is ~
significant parameter for the flow properties or ice. it
influences its dynamic behaviour. In previous studies
concerning the flow of FRIS (Lange and MacAyeal,
1988; Determann, 1991), a mean \-'alue 1'01' the temper-
ature-dependent flow parameter was used, whieh is
synonymous to an averaging of the rheological properties
over the whole ice thickness. This is in contrast to the
amount of freezing of marine icc in the central part or the
FRIS, since basal freezing produces a heat input and an
increase in the depth-averaged temperature, while basal
melting erodes the warmest part of the ice column next to
the ice/ocean interface and reduces the mean temper-
ature.
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TEMPERATURE INVESTIGATION

In 1990, five chains with 64 100 n platinum R TD
temperature sensors were frozen into the 239 ± 2 m thick
icf' shdfin thf' vicinity of point 61 (Fig. 1) on FRIS. Due
to logistical reasons, the hot-water drillings were
perfcmned in the ice-edge region of the icf' shdf; 50 km
northwest of Filchner Station, while the main region that
is affected by the accumulation of almost 100 m marine
ice is located further to thf' south. The distribution of
marine icc and its thickness was derived by Thyssen
(1988) and Thyssen and others (1992) from radio-echo
soundings and surface-elevation measurements. In the
investigated area, the meteoric and marine ice was 86 and

~153m thick, respectively.
A temperature-depth profile from the remeasurement

in 1992 is shown in Figure 2 (solid line;. The upper 8 m of
the temperature profile arc inf1uenced by the "varm
summer period and show a steep negative gradient.
Further down, the temperature profile shows a uniform
gradient. There is no change in the temperature gradient
at the boundary from mf'tf'oric to marinf' icf', indicating;
similar heat conductivities and therefore the same thermal
properties for both media. Only the lowest 25 m above the
icc-shelf bottom arc inf1uenced by bottom-melting
processes and show a steeper temperature gradient. The
basal ice is eroded by melting processes so fast that heat
conduction cannot follow and the temperature-depth
function shows a large difference over a small depth range.
The influence of the heat input fi'om bottom accrf'tion in
the central part of the FRIS, which causes an inversion in
the temperature gradif'nt and an almost isothermal basal

layer of warm ICC with freezing-point temperatures.
vanishes at the drill site, 30 km from the ice edge. The
temperature profile is a typical cubic one, indicating
basal-melting processes.

About 150 km upstream of the hot-watn drillings, a
temperature-depth profile was measured by Ocrter and
othf'rs (1992bl in a core drilling at point 236. The
drillhole reachf'd down to a df'pth of 320. 7 m, whereas the
total ice thickness was calculated to be 422 m from surface
elevation and isostatic-equilibrium conditions (Thyssen,
1988). The transition from meteoric to marine icf' \Ias
detected at a depth of 153 m, which had already been
determined by electromagnetic soundings during the
1989 90 field season (personal communication frOin
='J. Blindow) and is thf' same as the depth at point 61.
The temperature-depth profile (Fig. 2, broken line;
shows an S-shaped form, due to bottom freezing of
warm marine icf'. For the samf' rf'ason as in the case of
basal melting, heat-conduction processes are too slow for
tempf'rature compensation between the warm basal ice
and the coldcr glacier icc, so that advection processes
dominate. The typical S-shaped temperature depth
profile has already been described by ?\lorgan (1972:
for the Amery Ice Shelf, where a basal layer of 158 m of
marine icc was found. Point 236 is located at the northern
boundary of a heavily crevassed area north of Henry Ice
Rise. This area probably conforms with the region of
main basal freezing as it has been outlined by Thvssen
and others (1992) from intensive EMR soundings. For the
mod ding of the energy balance on a flowline starting on
Mollereisstrom through the central part of FRIS, passing
point 236 and point 6 I, we expect that the S-shape of the

Fig. 2. Aleasured lemlmalure-dejilh jJr~files al jlOinl 61
(solid line) (Grodeld and others, in INfSS) (lnd jJoint 236
(broken line) (Derler and olhers, 1992b). 7 he hori.contal
solid line indicales the ice-shelf bottom al the two lomtions,
while Ihe dolled llOri"conlal line indicales the boundal)'
between meleorir to marine ia.
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MODEL THEORY

oT 1 _ Q
-, = -\1(k\1T) -1J. \1T+- (1)at pCp pCp

(4)

(6)

( z) . . zw(z) = 1 - H aj + ZCzz + H rn

Eq uation (I) changes to

k - k. /38(z)
8 - ] + T - 273

The vertical-velocity component 'W controlling the
advective-heat transport is a function o[ depth and can
be derived by integrating the vertical strain rate

= -(En + Eyy) over the icc thickness, which is given
by the condition o[ incompressibility. 'W is a composed
paramcter and given at thc ice surface by thc accumul-
ation rate ai (ai = til p), at the ice bottom by the melting
or li'eezing rate rn (rn < 0 melting; rn > 0 freezing), and
by strain thinning within the ice column. The origin o[
the coordinate system was set to the ice surface, where x
points into the direction o[ flow, y and z were chosen to
make the system righthanded, with z positive downwards.

The vertical velocity in depth z is (Robin, 1955;
:YIacAyeal and Thomas, 1986):

and the product of density and specific heat (prp)s:

where H is the ice thickness.
In contrast to the meteoric icc, the marine icc layer is

formed in the water column underneath the ice shelf by
crystallization of ice platelets accumulating at the bottom
of the icc shelf. This process is caused by a large
circulation system in the water column (Hellmer and
Olbers, 1989, 1991;.Jenkins, 1991) and can be eXplained
by an ice-pump model, which was first introduced by
Robin (1979) and Lewis and Perkin (1986). The ice
platelets first form a slushy layer at the icc-shelf bottom
(Thyssen, 1986; Engelhardt and Determann, 1987),
which then condense during its accretion to a compact
layer. The enclosed liquid-brine pockets drain during the
compaction process into the sea and thus a marine-ice
layer with very low salinities in the upper parts is built
(Oertel' and others, 1992a).

To consider these processes in our temperature model,
we subdivided the marine ice into two layers. In the
lowest part of the ice shelf: a slushy layer with thermal
properties depending on salinity and temperature was
chosen. Here, we used a thermodynamic model for sea-ice
formation comparable to that described by Cntersteiner
(1964) and Maykut and Untersteiner (1971), who gave
the following equations for the conductivity ks:

The subscripts i and S re[er to pure ice and marine ice,
respectively, where kj=2.10Wm1K-1; /3= 0.117
Wm2kg!; 8(z) is the salinity in kgm3

; T is the
6 3 Itemperature in K; (pcp); = 1.842 X 10 J m K ; and

"y = 17.169 X 106 J K kg!. The second layer above the
slushy layer consists o[ old desalinated ice with a constant
salinity, so that only the temperature-dependence of the
thermal properties has to be regarded.

(2)k
K=-

pCp

The general eq ua tion of energy conservallon in a
homogeneous medium can be described as (Carslaw
and Jaeger, ]9.59):

temperature depth profile will strongly increase in the
region of the main basal accumulation. Further north, the
S-shape will yanish due to heat-conduction processes and
fllrther downstream duc to bottom-melting processes.

In the next section, a two-dimensional model [or the
calcula tion of the energy balance under consideration for
mass conseryation is described.

where T is temperature; t is time; p, cp and k are the
density, specific-heat capacity and thermal conductivity
of the medium, whereas p, k are [unctions of space
(X, y, z); fi is the three-dimensional yelocity vector with
its Cartesian components 'u, 'V, 'W, and Q is the rate of
internal-heat production. Using this description of energy
conservation, conductive terms, as well as advective
terms, are considered.

For the determination of the tempera tun: field for the
special problem of FRIS, a separation in a meteoric and
in a marine layer was chosen [or consideration o[ their
diflerent thermal properties.

In the meteoric ice, the process o[ lirn densification
influences the temperature-depth function in the upper
100m of the ice column. This effect has been regarded
using functions of depth for density given by Herron and
Langway (1980) and for thermal conductivity given by
Van Dusen (1929) or Schwerdt[eger 1963a), respec-
tively. The variation of the thermal properties with
temperature has not been taken into consideration, since
this effect is small compared with the firn densification in
the upper layers and the influence of basal freezing in the
lower part o[ the ice column.

In addition, fllrther simplifications, resulting from the
special geometry of ice shelyes, are applied. Sanderson
and Doake (] 979) have pointed out that in nearly all
cases yertical shear in icc shelves is negligible. A vertical
column of ice remains vertical, far away [rom grounded
regions, so that horizontal components of velocity and
strain rate can be treated as depth-independent variables.
In this case, the horizontal temperature gradients are
negligible compared to the vertical gradient. Horizontal
diffusion terms vanish, while the vertical diffusion term
dominates. Since the only significant source of internal-
hcat production is strain hcating, the Q term is also
negligible [or ice shelves. From the condition of a depth-
independent velocity, another simplification can be
determined. The deriva tive oT / at can be regarded as a
local deriyative, moving with the column, so that the
horizontal advcctive term is implicitly incorporated
!Paterson, 1981). With the delinition of the thermal
diffusivity:
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Another two equations were introduced into our
model. From basal fi'eezing, the slushy layer may be
influenced by crystallization heat. Since there is no
definite temperature for the phase change from the fluid
to the solid state, the latent heat of fusion Ls has to be
described as a function of temperature and salinity.
According' to Yen (1981), Ls is:

a = ~ln(lO%o)
H'l 0.1%0

So denotes the salinity of the old desalinated ice with
0.1%0, according to the analysis of the core samples
(Oertel' and others, 1992a), and

Ls = 4.1868(79.68 ~ 0.505(T - 273) - 27.3S(z)

+ 4311." S(z) ).
uT - 273 (7)

{
So

S(z) = So cxp[a(z - Zll1ar/sl)]

for Zmct/ll1ar < Z ::; Zmar/sl

for Zlllar/sl < Z ::; H .
(12)

In addition, the density of marine ice is a function of
_salinity, temperature and air-bubble content

(Schwerdtfeger, 1963b). From core samples of the
marine ice of FRIS, we know that this ice is clear and
already free of bubbles (Oertel' and others, 1992a), so
that Ps is:

is the coefficient of the exponential function. The
parameters Zmel/mar and Zmar/sl describe the depth of the
meteoric to marine-ice interface and from the old marine
icc to the slushy layer. The maximum salinity at the iee-
shelf bot tom was set at 10 0/00'

with the air-bubble content ():= 0 and the density of pure
ice Pi = 917 kg m-3

.

Summarizing these equations, the amount of internal
energy due to the formation of icc crystals or melting of
icc at the icc-shelf bottom is:

This description of the influence of crystallization
processes at the bottom of the ice shelf can be regar-
ded as an internal-heat source in the heat-conduction
equation. Since the release oflatent heat within the slushy
layer is already regarded in the definition of conductivity
and volune heat in dependence of salinity and tempera-
ture, it is better to be considered in the thermal-boundary
condition at the ice/sea-water interface. Heat conduction
and advection are the major processes in the slushy layer.
Thus, the energy equation for the upper layers of old,
desalinated marine ice is:

(
4.56S(Z))

Ps = (1 - a) 1 - T _ 273 Pi (8)

(9)

NUMERICAL SOLUTION AND BOUNDARY
CONDITIONS

The differential equations describing the temperature
regime of a flowline through the central part of FRIS
were solved by means of the finite-difference method
using normalized, dimensionless coordinates for depth
and time derivatives. \Ve used the actual ice thickness H
of the ice column as the length scale, so that z* =
z/(H(t*)), with a dimensionless time-scale t' = Bt, where
B = 111 [S-1]. With this definition, the vertical-scale
transforms to z* = 0 at the ice surface and z* = 1 at
the ice-shelf bottom. In addition, a pseudo-advective
term -z* H(t*) a;' is introduced into the scaled energy
equation, regarding the dynamic change in the vertical
grid spacing that is caused by the thickness variation
along the _flowline while the number of grid points
remains constant. \Ve used an explicit scheme for the
approximation of the differential equation with centered
finite-differences for the depth derivatives and a forward
difference form for the time derivative. The explicit
scheme is characterized by a strong stability condition
and given as ",i1t/ i1z2 ::; 0.5, where i1t and i1z are the
grid steps in time and depth.

The thermal-boundary conditions of the problem are
given in Dirichlet's form at the ice surface by the mean
annual temperature Tm, which is influenced by a seasonal
variation. T(z = 0, t) is:

and fur the slushy layer:
T(z = 0, t) = To(t) = Tm. (13)

fJT k, fJ2T [1 (3 fJS ] aT
fJt = (pcp), fJz2 + (pcp)s T - 273 fJz - W . fJz

1 {3S (fJT) 2- -- --- - (11)
(pcp), (T - 273)2 az

Equations (10) and (II) come frum Equations (3), (5)
and (6;.

The salinity profile in the slushy layer can be taken as
an exponential function according to Kipfstuhl (1991),
whereas the thickness of the slushy layer (H'I) scale the
values:

380

The influence of a special seasonal phase, which can be
described by the additional term Ts sin(wt ') in the
boundary condition, can be regarded for a composition
of measured data with the calculated model. Here Ts and
w/21r describe the amplitude and frequency of the
seasonal variation and t' the special seasonal phase, at
which the measurement was performed. At the bottom,
the boundary condition is described by the freezing point
Tf of sea watcr at the icc/sea-water interface (Foldvik and
Kvinge, 1974):

T(z = H, t) = 'Il,(t) = Tf = as\, + b - cPo (14)
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flow are zero. As internal shear is negligible, the
continuity equation can be separatcd into two equat-
IOns, one for the meteoric part and one for the marine
part:

Here, 0= -0.057"C, b = 0.0939°C and c = 7.64 X

lW"'oC dbaI' -), Sb is the salinity of the sea water and P
is the pressure at the interface in dbar. The interaction
between ice shelf and ocean is important for the melting
or freezing of the ice shelf as well as the formation of Ice
Shelf \Vater, which influences the freezing point. Hence,
for its calculation. the heat and salt fluxes at this interface
are important parameters and have been described by
Hellmer and Olbers (1989) and Scheduikat and Olbers
(1990). The heat balance is given by:

. 8Hmet.
OJ = 'u-",-- - czzHmct

uX

uHmar . H
m = 'u-",-- - Czz mar'

uX

(21)

(22)

(15)

where g"T is the total heat nux crossing the interface.
According to \Velander (1977), g.",.'!' is proportional to the
temperature difference between the sea water and the ice-
shelf base Tw -n:

Deriving accumulation rate OJ, meteoric ice thickness
Hmet and marine-ice thickness Hmar along a flowline by
geophysical and glaciological measurements, the vertical
strain rate E:zz can be calculated from Equation (21).
Together with Equation (22), it is possible to obtain the
basal melting/freezing rate.

(16)

By assuming the model is exactly on a flowline, the
velocity components perpendicular to the direction of

8H 8H
0= ll,- + 1)- - E:•. H - 0,1' -m. (20)8x 8y ,.

RESUL TS OF THE THERMAL MODEL ON A
FLOWLINE THROUGH THE CENTRAL PART OF
FRIS

For the determination of the temperature regime in the
central part of FRIS, the thermal model was applied to a
flowline through the central part, starting on Moller-
eisstrom south of Henry Ice Rise and Berkner Island in
the vicinity of site 5, passing the geodetic points 336-335-
236-235-136, and ending at point 61 (Fig. 1). The
flowline was calculated fi'om a two-dimensional ice-flow
model described by Determann (1991). The boundary
values at the ice surface and bottom, as well as the
thickness distribution of meteoric and marine icc, were
taken from geophysical data (Thyssen and others, 1992),
geodetic data (Determann, 1991; Ritter and Karsten,
1991; Moller and others, 1992), glaciological data (Graf
and others, 1991; Kipfstuhl and Oertel', 1991; Morris and
Vaughan, 1991), and oceanographic modeling (Hellmer
and Olbers, 1991). The initial temperature profile was
assumed to be that of a steady state, according to Crary
(1961), with melting conditions at the ice-shelf base. This
assumption can be confirmed by radio-echo soundings in
this area. The detected bottom reflections show large
amplitudes with mirror-like conditions, indicating basal-
melting conditions and an absence of marine icc
(Crabtree and Doake, 1986; Thyssen, 1988).

For the numerical simulation. the ice thickness at site
5 was measured as 10 16 m. It was divided into 255 steps
wi th an increment of 4m. The duration of the simulation_
along the flowline was calculated from the velocity field as
1362 a. The time increment was set at 0.01 a, which
fulfilled the stability condition with its decreasing depth
increment during the whole simulation. At the end of the
simulation, an ice thickness of 235 m was reached.

In Figure 3, an overview of the input data along the
f10wline is shown. The circles correspond to measured data
at fixed geodetic points, while flow-velocity data were taken
at a distance of about 2 km from the flowline calculated by
Deterrnann (1991). For equidistant grid points, the data
were additionally interpolated by a spline algorithm. The
vertical strain rate was calculated from data in the area of
the basal marine layer with a separated continuity equation
(cf. Equation (21)). The data show a negative gradient in

(18)

(17)

qT _ k(dT)
I - dz z = slush! sea water

and into heat conduction through the ice:

The interaction of ice and sea water also depends on the
salt flux, where the total salt flux gw S is cqual to the flux
% s, caused by melting or freezing:

Here Sb and Sw are the salinities at the ice-shelf base and
the ocean, and Is = 5.05 x 107m s 1 is the turbulent salt-
exchange coeflicient.

Using this set of equations, the basal temperature Tb
and the melting/freezing rate m can be derived with
known values for~, Tw, Sw. The values for Tw and Sw can
be taken from an ocean model conducted by Hellmer and
Olbers (1989,1991).

Since, in the freezing domain, the build-up of the
marine ice body comes mainly from the formation of frazil
ice in the water column underneath the ice column, we
need to have a more complex oceanographic model to
calculate the real basal-accretion rate. For this reason, we
derived the melting/freezing rate for the central part of
FRIS in areas with marine ice from the continuity equation
for mass conservation (e.g. Crary and others, 1962):

Pw = 1028 kg m:1 is the sea-water density, which is
determined by oceanographic measurements at the ice
edge of FRIS (Foldvik and others, 1985); cpw = 4000
J kg -I K -I is the specific-heat capacity of sea water; and
fT = 1 x 10 "'m s 1 is the turbulent-heat exchange coeffi-
cient. gw T is divided into the heat flux at the ice/sea-water
interface due to melting or fi'eezing (cf. Equation ~9)):

381

https://doi.org/10.3189/1994AoG20-1-377-385 Published online by Cambridge University Press

https://doi.org/10.3189/1994AoG20-1-377-385


Gml/dd and Tkyssen: /v[ odeling on the Filchner Ronne Ice Shelf, Antarctica

Time of simulation (a) Time of simulation (a)

0 200 400 600 "00 1000 1200 o 200 400 600 "00 1000 1200

on on
0 0
0 0

Q Q

on on

'" '"-0 0 I ,
~- 0 0

, 0 0

"::0 Q

" ~
o~ .• "0is 0

0 0
Q Q '" "I I , I

lOO 200 300 400 500 100 200 300 400 500

7~ :il 0 0

'" oi oi
I I~

G~ 0 0
0 N

'" 0" ~ '" oi oi-

~o
I I ~

0.~ ~ :2 •. ~oi, I

100 0 100 200 300 400 500 0
0 0.. .... ..

0 ..
M2 2 l!! ,,'

t- "., " "~ ~i. •• is 0 ~ ~.•.•~ :il .•.• .,
on .•.•
~ '""

100 200 300 400 500 100 200 300 400 500

Profile length (km) Profile length (km)

Fig. 3. input data for the thermal model (references in the text). Circles indicate results from measurements at distinct
geodetic points along the calculated flowline. The solid line is the result of a spline interpolation at equidistant grid points.
In the case o/vertical strain rate, the values between 0 and 100 km lj)erecalculatedfrom Equation (20) ,from 100 to 300 km
from Equation (21).

Fig. 4. Ice thickness and meltingfji-eezing rate (jlOsitive
values: jieezing) along the flowline through the central
part of FRIS. Sea-bottom tofJograjlhy in the upper plot is
taken from Pozdqev and Kurinin (1987).
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±0.5ma-l, this value confirms with the investigation of
basal melting from three independent experiments in the
same region (Grosfeld and others, in press). Here, a mean
melting rate of -1.4 ± 0.5m a I could be determined.

the area between Henry Ice Rise and Berkner Island, where
the ice flows through a narrow confined channel with
strong lateral shear. The vertical strain rate decreases from
-1.0 x 10 3a I to -4.3 X 10-3 a-I, which is caused by the
large decrease in metcoric icc thickness from 830 to 330 m
over a distance of about 90 km. After 200 km of profile, the
influence of Henry Ice Rise and Rerkner Island is passed
and the ice spreads due to horizontal divergence. This efleet
can also be recognized in the velocity profile that rapidly
incff:ases north of Henry Ice Rise.

The strong dccrease in meteoric ice thickness is partly
compensated by the accumulation of marine ice. The
amount of freezing and melting, which already occurs in
the northern part of the ice shelf, was calculated in the
arca of marine ice from Equation (22) and in areas of no
marine icc from Equation (15). The ice thickness and the
calculated freezing/melting rate is shown in Figure 'I-. The
icc-thickness profile is typical for icc shelves. Starting with
a large ice thickness of more than 1000 m near the
grounding line, the ice thins along its flow out to sea.
After about 100 km, the process of basal freezing
influences the mass balance. The maximum amount of
freezing occurs at approximately 150-180 km of profile,
the norlhern edge of Henry Ice Rise. Here, freezing ratcs
of 2 m a I are calculated. The area extends to about
260 km length, whcrc an intermediatc rcgime is reached
and neither significant freezing nor melting dominate.
The increase in meteoric ice thickness, which is caused by
snow accumulation, is compensated due to thinning by
strain. After 450 km, a melting-profile regime dominates.
The melting rate increases continuously to a value of
-3ma I until it decreases agoain to a value of 2ma-1

near point 61. Considering the error estimate of about
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The thermal model for this flowline was used with the
describcd boundary valucs and conditions. Thc marine
layer was divided into a slushy layer and an old desalinated
part. The maximum thickness, the slushy layer could
achie\T, was set 50 m. For marine ice at thicknesses greater
than 50 m, the ice nearest the boundary with the meteoric
ice becomes consolidated. This is in agreement with an
increasing sensible softening in the lower 35 rn of the ice
shelf found by Engelhard t and Determann (1987) from
hot-water drilling at point 335. They explained this by a
non-consolidated layer of slush. For the model, this layer
was enlarged to 50 m to include the full consolidation and
desalination of the slushy layer to the so-called old marine
ice. The result of the thermal model with scaled dimensions
in depth is shown in Figure 5.

The change in temperature-depth profile with
simulation time and hence with distance along the
flowline shows an extreme influence by basal freezing.
Lp to 100 km, a typical cubic profile indicating melting
conditions was calculated. In the area of basal accretion,
this profile changes into an S-shape with about 40% of
the icc column showing temperatures between -2.25° and
-6.0"C. The thermal conductivity of the slushy layer is
about one-third lower than that of pure ice. A comparison
with a thermal model neglecting the salinity and
temperature-dependent thermal ice properties has been
made. The change of temperature gradient in the lowest
50 m is during its building process steeper than in the case
of a slushy layer. which demonstrates the absence of the
isolating slush.

The relatively warm temperatures influence the
thermal properties in large parts of the marine ice
during the main basal freezing. In the intermediate part
from 360 km onward, conductive heat transports are the
major proccsses. The steep temperature gradient at the
interface from meteoric to marine ice weakens and the
marine ice gets colder. From 450 km of the profilc, the
temperature-depth function is significantly influenced by
basal melting. Over a distance of abou t 30 km, the slushy
layer melts and the almost isothermal profilc with
temperatures between -2.0' and -4.0uC vanishes. The
temperature-depth profile changes into a cubic profile,
where the basal melting erodes the warmest part of the ice
column and reduces its mean temperature.

In Figure 6, single calculated temperature profiles at
distances of 25 krn along the llowline and a comparison

with measured profiles are shown. In this plot, the
influence of basal accretion can easily be recognized. In
the area of main basal freezing (profile at 175 km
distance) the temperature-depth gradient changes to an
almost isothermal profile with temperatures between
-2.315° and -2.415cC over a depth range of 180 m.
\Vith decreasing basal freezing, the temperature gradient
increases and changes into a cubic one in the area of basal
melting near point 1:16. The calculated profiles can be
compared with measured data at two different sites. At
point 236, the model shows colder temperatures than the
measured data in the depth range of 20-270 m. The
maximum temperature difference of -1.31 °C occurs at
140 m depth. Below 270 m, both data sets fit dose
together. There are several reasons for the difference
between the calculated and measured data. On the one
hand, the boundary values and the ice thickness depend
very much on the estimated flowline and can only give an
approximation of the real history of ice flow. On the other
hand, the two-dimensional calculation docs not inelude
the inlluence of the large crevassed zone in the central
part, which probably is directly correlated with the
thermal regime. Lastly, the measured temperature data
themselves contain different possibilities for a non-steady
state at the end of the field seaSOll 1991-92. Since ice-core
drilling transports warm temperatures from the lower
part of the ice shelf into the upper ice layers, the drillhole
warms up, causing a disturbance in the steady-state
temperature-depth profile. A comparison of the tempera-
ture data at point 236 with that at point 61 shows that the
temperatures at 110 200 m depth are 0.3°C warmer at
point 236 than those at point 61. From heat-conduction
processes between the cold meteoric and the warm marine
ice, an additional warming can he expected on the track
from points 236 to 61. Therefore, the actual temperatures
at point 236 are probably lower than measured, and
eloser to the modeled profilc than suggested by the
measurements. Because of these reasons, the calculated
temperature profile can be taken to be in agreement with
the measured data.

The temperature profile at point 61 fits closer the
results of the simulation. Over the whole depth range, the
measured data can be reconstructed to the calculated
values. The influence of bottom accretion has faded away
and the effect of basal melting forms a cubic temperature
profile with the same basal temperature gradient.
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CONCLUSION

\Vithin the international Filchner-Ronne Ice Shelf
Programme, we investigated the temperature depth
profile by means of hot-water drillings and developed a
two-dimensional thermal model to calculate the influence
of the large bottom accretion and building ofa basal layer
of up to 400 m marine ice in the central part. The
temperature-depth profilc was measured at the ice-edge
region of FRIS and shows a typical cubic profile
consistent with the melting base. The influence of basal
freezing in the central part has vanished at this location,
and differences in the thermal properties of meteoric and
marine icc could not be rccognized. 1\ comparison with a
temperature depth profile measured 150 km upstream in
a drillhole by Oerter and others (1992b) shows a
significant influence due to bottom freezing. The profile
changed into an S-shape form, caused by the heat input
fi'om the accretion process. For simulating the temper-
ature regime on a flowline through the central part and
for the reconstruction of the measured data, a two-
dimensional thermal model was developed. The sub-
division of the ice column into meteoric and marine parts,
which consisted of an older desalinated layer and a slushy
bottom layer, was achieved by considering thermal
properties depending on salinity and temperature in
marine ice, especially in the slushy bottom layer. The
time-dependent calculation was computed by means of
FD methods with normalized depth and time derivatives.

Boundary values were taken from geophysical, geodetic,
glaciological and oceanographic data, and models of the
FRIS regiOl"!.:

The model results show a strong influence of basal
accretion on the temperature field in the central part.
Basal freezing rates of up to 2 m a I were found northeast
o[Henry Ice Rise as a result o[mass-balance calculations.
In the area of maximum fi'eezing rate, the temperature-
depth profile changes from a cubic one into an S-shaped
profile with almost isothermal conditions over a depth
range of more than 180 m. About 40% of the ice column
was dominated by temperatures between -2.25° and
-6.0"C. About 100 km from the ice edge, melting occurs
and erodes the relatively warm basal icc. A comparison of
measured and calculated data shows convincing results.

Obviously, the thermal regime of the Filchner-Ronne
lee Shel[is significantly influenced by the amount of basal
fi'eezing, which finally aHects the flow properties o[ the
whole ice shelf and hence its dynamics.
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