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S IR, 

R ep!)' to LLibolllrf s letter" I1 '/~' calwlated basal drags 
oJ ice streams call be Jallacious" 

Professo r Lliboutry (1995) sugges ts that there is a d eep 
layer of soft ice extruding ahead of the m ain glacier and 
that our study discovered the drag impa rted by this deep 
ice, rather than the drag at the very bottom of the glacier. 
I n this letter, we show tha t considera tions of continuity d o 
lead to inferred deep strain ra tes th at a re different from 
those a t the surface, in li ne with Professor Lliboutry's 
sugges tion , but the stresses associa ted with this extrusion 
flow are very small , too small La affect our analysis in a n 
importa nt way. Extrusion flow may be an a ttrac tive idea 
but it cannot acco unt for the unusua l resu lt of ca lcu lated 
!'C\'e rse basal drag. 

I n 'vVhillans and Van der Veen ( 1993 ), we combined 
ca lculations of the effec ts of gravity with forces computed 
from strain rates measured at the glacier surface. The 
strain ra tes pertain to the upper, cold and strong part of 
the glac ier. Forces on the bulk , the sides and base of a 
co lumn through the glacier must sum to zero, thus the 
shear stress on the base of the co lumn ca n be es timated. 
T o our surprise, there are places on Ice Stream B, 
Anta rcti ca, where the calcu la ted basal drag enhances, 
rather than reta rds, glacier motion . 

Lliboutry also sugges ts th a t deep ice can squeeze 
a head , between th e m ain body of ice above and the bed 
below, to th e ex tent that the gross dynam ics of the glacie r 
is a ffec ted. Extrusion fl ow on a ve ry la rge cale wa. 
disc redited by ~ye (1952) but the possibility of ext rusion 
fl ow in res tri cted regions remains open. If it does occur, 
then fas ter ice at depth wou ld exert a drag on the ice 
a bove in the opposite sense to tha t normall y expec ted for 
glac ier flow . 

A full di sc ussio n of the possib le importance o f 
ex trusion flow shou ld consider the rate of deformation 
of th e ex truding layer, the ca use and th e forces 
involved . The cause may be large press ure on the up
glacic r side o[ an o bstruction and small pressure on the 
d ovvn-glac ier sid e. The motion due to th i: pressure 
gra di ent ca n be m od eled fo llowing the method of 
H utte r and others (1981 ), as has been done for co ld 
over wa rm ice in G reen land (VVhillans and J ezek, 
1987 ) . ' Vc doubt th a t signifi cant extrusion can be 
predi c ted follo \\'in g such a lin e of im 'Cs t iga tio n . 
H owever, let us se t asid e the question of the poss ible 
ca use of ex trusion and condu ct a simpler analysis by 
es timating the magni tud e of ex trusion from meas ured 
stra in rates a nd considerations of volume continui ty . 
Using this es tima te, we find in th e nex t pa ragra ph th a t 
thi s poss ibl y forwa rd-extruding ice can exert a drag of 
7.4 kPa on the ice a bove. This i not sufTi cient to exp lain 
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the anomalous basal drag of abo ut 100 kPa calculated 
in th e work under discussion. 

The d e ta ils of the calc ula tion of the effect of extrusion 
flow follow. 

KINEMATICS 

Overall ho rizontal flow di vergence must accord with 
a long-flow changes in wid rh and thickness of the ice 
stream a nd any mass imba la nce. This regional horizontal 
di\'ergen ce is gi\'en by the m ean sum of horizontal normal 
strain rates, which is abo ut 1.0 x 10 3 a I (Whillans and 
Van del' V een, 1993; Hu lbe a nd Whi lla ns, 1994). Local 
values of horizonta l di ve rgence at the surface range from 
- 6.3 x 10 3 a I to 2.6 x 10 3 a I. From th ese numbers. we 
use the ro und \'alue of 5 x 10 3 a I [or the flu ctuation. 
There are no correlating flu ctuations in width, thickness 
or mass bala nce, so there must be corresponding reverse 
normal stra in rates a t dep th. These specia l strain rates are 
likely to occur in the deepes t, wa rmest and hence softest 
ice . Suppo'C that the bottom 10% of the thickness 
contains thi s mobile ice. Then the reverse deep normal 
stra in ra tes must be minus ten times the surface 
Ouctuation , or about ±5 x 10 2a I . This estimate is 
similar to L1iboutry's. (Such deep stra in rates ha\'e little 
effect on the to tal budget 0(' forces discussed in Whillans 
and Va n d er Veen (1993 ) beca use they occ ur in weak ice 
and perhaps beca use th ey li e benea th the app li cable 
column for calculati on .) 

STRESSES 

The stress th a t causes thi s st rain ra te is ± 74 kPa (in 
which the constitutive re la ti on (Jij ' = B Ep1 / 1I - 1Eij, in the 

I .. d . I 3 ' 5 1 0 ') I . U ua nota tion. IS use, \I'lt 1 n = . Cc ~ X - a = Cij 

and a rate factor of B = 200 kPa a~ approp ri ate for ice 
nea r th e melt tempera ture, as in Hooke ( 198 1). Caution 
must be exe rcised because the constituti ve r la tion has not 
been properl y tes ted .) Th e value of ± 74 kPa is th e spec ia l 
norma l stre:s in th e deep laye r that mig ht be pushing or 
pu ll ing ice to or from a no th er site. 

STRESS GRADIENTS 

This stress may va ry from site to site. The distance to 
consider fo r this varia tion is 2000 m, the size of th e region ' 
of calc u lated negative drag. Thus, there can be gradiel1ls 
in norma l stress of 2 x 74 kPa /2000 m. (This is a gradient 
in dev iato ri c normal stress . The full stress gradient is 
simila r. ) 

DRAG ON TOP OF EXTRUDING LAYER 

Supposing th a t the ex truding layer is a bo ut lOOm thick 
( 10% of th e ice thi ckness ) , a nd that there is no friction on 
the und ersid e of the ex trusion, the extrusion is mec han
ica ll y opposed by drag with the ice above. A simple 
budge t o f fo rces [or this ex truding layer yields a drag of 
7.4kPa be tween the ex truding layer and the ice above it. 
This is th e number noted earlier. 

Being stimu la ted by L1iboutry's ( 1995 ) letter, a nd 
continu ing to neglec t a qu a ntita ti\ 'C cons id era tion for the 
cause, we a lso co nsid ered the poss ibilit y of faster 
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extrusion. However, we find that this is inconsistent with 
meas ured mass imbalances. This new id ea is tha t deep ice 
may squirt in time-pulses. Being faster than the extrusion 
considered above, episodic extrusion would be mech a n
ically more important. It would cause a drop in ice
surface elevation over th e site of origin of the extrusion 
and surface lifting over the destination. M easurements of 
rela tive vertical velocity obtained with precision GPS of 
an expanded grid on I ce Stream B, Antarctica (Hulbe 
and Whillans, 1994), do show importa nt topogra phic 
changes, but the cha nges are not a t sites that wou ld 
acco unt for the negative basal drag. Thus, not even 
episodic, non-steady ex trusion can acco unt for the reverse 
basal drag. 

Since cond ucting th e work discussed in Whillans and 
Van der Veen (1993), we have completed a much more 
extensive stud y of the region, using a grid expanded five
fold . Th e interpretation of these new results is given in 
Hulbe and Whillans ( 1994) and Hulbe (1994; which 
contains data tables) . Based on this more extensive 
survey, our current view is that there a re zones of ice of 
differing viscosity horizontally juxtaposed. Including 
appropriau.: horizontal va riation in viscosity would lead 
to more sensible calculated basal drag. W e propose that 
bands of special strength develop in ice after ex trem e 
simple shear (a t the sid es of up-glacier tributaries) . The 
viscosity may vary according to the up-glacier origin of 
the ice. 

Lliboutry's (1995 ) suggestion is very reasonable to the 
ex tent th at he carri es it. H owever, the stresses imparted 
by the envisioned ex trusion arc too sma ll to explain the 
calcu lated backward basal fri ction. Th e reason the issue 
arises for Ice Stream B, Antarctica, could be that the ice 
stream is unusual or, a lternatively, that the survey work 
was more thorough th a n on many other glaciers. The ice 
stream has such a simple geometry that unusual results 
cannot be a ttributed to uncertainties 111 Ice thickness or 
width. 

We thank Professo r Lliboutry for raising this sugges
tion. It is good for Science to discuss possible oversights. 
\Ve remain concerned that we may have overlooked som e 
perfectly good explanation for the results and wou ld 
welcome more suggestions, including furth er considera
tion of ex trusion flow. 
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SIR, 

Anarysis of satellite-altimeter height measurements above 
continental ice sheets 

In a recent paper in th e J ournal of Glaciology the 
performa nce of three radar-altimeter " retracking" algo
rithms was in vestigated using simulated waveforms 
(Femenias a nd others, 1993) . One of the techniques 
used was d escribed as the Offset Center of Gravity 
(OCOG ) method. There appears to be a misunderstand
ing abou t the function of thi s a lgorithm which, in itself, is 
not a re tracking procedure but a means of d etermining 
tbe amplitude of the waveform. This amplitude is then used 
to find the position on the leading edge of the waveform 
which equals some percentage of the amplitude (e.g. 0.3 , 
used by Partington and others (199 1)) . Furthermore, to 
reduce th e effects of the leading edge on the amplitude 
estima te, each waveform sample is squared. The centre of 
gravity and waveform width that can be obtained from 
using the OCOG proced ure were never intended to be 
used to calculate a re track position in the way that they 
have been by Femenias and others (1993). Instead, they 
were designed to be used as part of a satellite onboard 
tracking loop (such as is used for the ice mode of the ERS-
1 altimeter) . A complete and correc t description of a 
retracking procedure using the OCOG algorithm is given 
in Bamber ( 1994). I t should be noted that using the 
waveform width and centre of gravity to find the retrack 
point on the waveform a nd using the amplitude to 
" threshold " re track it give very diITerent results. 
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