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Abstract
This paper describes the novel technique of using a phase-sensitive radio-echo system to
determine the basal melt rate along a short profile near Halley Station on the Brunt Ice Shelf.
After an interval of nine days the change in the thickness of ice, between a near surface reflecting
horizon and the ice-shelf base, was measured.  The utilization of internal reflectors as a reference
horizon corrects for the effects of accumulation and densification that might occur over the
measurement interval.  During the nine-day interval the ice shelf thinned by 0.032 �  0.004 m, the
strain rate contribution to this thinning was 0.003 �  0.001 m, giving a localized melt rate of 1.17�  0.17 m/yr.  Our measured value agrees well with a traditional continuity method.  The accuracy
of the phase sensitive radar system allows the spatial variation in basal melt-rate to be measured
over a short time interval, permitting for the first time a measurement of the seasonal variation
in melt rate

Introduction
Knowledge of the basal melt rate is an important component in mass balance calculation, as it
has been estimated to account for more than 20% of the ice mass shed from Antarctica every year
(Jacobs and others,1992).  However, it is believed that the best estimate of the volume of ice
removed by basal melting could be in error by as much as 50% (Jacobs and others,1992).  The
origin and volume of melt water generated by basal melting is an important consideration for the
understanding of the water masses that encircle the continent and indeed the globe (Foldvik, and
Gammelsr� d, 1988).  Another pressing reason for quantifying the spatial pattern of basal melting
is in the validation of numerical models that describe the ice-ocean interaction. Direct
measurements of basal melting, through boreholes in the ice-shelf, are the most accurate but the
difficulty and expense is confirmed by their sparsity.  Generally, basal melt-rates are derived
from indirect measurements and the conservation of volume relationship from either ice-ocean
interaction models or surface glaciological measurements (Jenkins and Doake, 1991).  The
inaccuracies in velocity, accumulation and strain rates mean that the error in the basal melt rate
becomes extremely large if the area of interest, or the measurement interval, is reduced. The
technique of using a phase-sensitive radar to measure the change in thickness of an ice shelf is
described.

Procedure
The first step in determining the basal melt-rate is to measure the thinning rate of the ice shelf.
Our equipment consisted of a network analyzer (HP8751A), configured as a step-frequency radar



and a pair of broadband aerials.  One aerial was used for transmit and an identical aerial for
reception.  The aerials have a bandwidth of 150 MHz and centre frequency 300 MHz.  The
transmit power was 10 mW.  The main advantages of using a step-frequency radar are the
relatively wide bandwidth (which permits the separation of closely spaced reflectors) and that
both the amplitude and phase of the radar echoes can be recorded.  The system was deployed on
the Brunt Ice Shelf near Halley Station (S75.6o, W26.5o).  Ice thickness measurements were taken
at 20 cm intervals along a 15 m long profile.  After nine days the site was revisited and the same
profile was re-measured.  Analysis of the two data sets shows there is a remarkable stability in
the internal layer signature, or fading pattern. Radar shots from the first visit could be accurately
matched with shots from the second visit.  Choosing the internal layer signature that occurs
between 15 m and 40 m depth we were able to shift, in time, the second visit relative to the first
visit until the patterns correlated.  This process of time shifting effectively calibrates the radar
by moving the phase reference (or time zero) from the surface to a depth of 40 m.  Figure 1
shows the amount of correction applied to match the internal layer signature from one pair of
repeat-visit radar shots.  The radar calibration corrects for the effects of accumulation and near
surface densification that might occur between the two visits.  For each pair of corrected shots
the radar returns from the ice-shelf base can then be directly compared.  Figure 2 shows a polar
plot (amplitude versus phase) of the two basal echoes from one such repeat visit.  The phase
difference between the bottom returns is then measured and from solid ice parameters, the change
in ice shelf thickness that occurred between the two visits is calculated.  In the nine-day interval
the average ice thickness change along the profile was 0.032 m.  We estimate the accuracy of the
method to be /133 = 0.004 m, where is the wavelength in ice.

Results
Having obtained a measure of the ice-shelf thinning rate the next step is to apportion this thinning
to the appropriate constituents, one of which is the basal melt rate.  The classical continuity
equation that describes the volume conservation of an ice shelf can be expressed as:
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where H is the ice thickness, u is the horizontal velocity, t is time, εz is the vertical strain, and the
surface accumulation and basal-melting rates are represented by as and mb respectively (see
Thomas, 1973a, for discussion of the assumptions made in the derivation of the formula).  The
radar measures the Total, or Lagrangian, Derivative of the thickness (DH/DT), represented by
the left-hand side of the equation.  The formula states that the ice-shelf thinning rate is exactly
balanced by the sum of the surface accumulation rate, basal melt-rate and lateral spreading.  Our
measurements, using the phase sensitive radar, of the ice-shelf thinning rate include the non-
steady state term, 

�
H/ � t, which in most flow line models is assumed to be zero.  Since, by

calibration, we have also removed the effects of surface accumulation the basal-melt rate is
simply the ice-shelf thinning rate minus the lateral spreading rate.  Although the value used for
the vertical strain rate comes from measurements made almost two decades before our study
(Thomas, 1973b), we do not anticipate significant changes as the ice thickness in the vicinity of
Halley has not changed over this period.  Taking H to be the measured value of ice thickness
between our reference horizon and the ice-shelf base, then over the nine day period the ice-shelf
thinned through lateral spreading by 0.003 �  0.001 m, which accounts for less than a tenth of the



total thinning.  Therefore, the basal melt rate over one year is 1.17 �  0.17 m/yr, a value that also
agrees very well with the value derived from the flow-line model of Thomas (1973b).

We have presented a novel method of obtaining ice-shelf basal-melt rates by using a phase
sensitive echo sounder.  The technique explicitly accounts for any non-steady state thickness
variations and implicitly removes the need to account for accumulation rates.  Since the strain
rate of an ice shelf is determined by the creep properties of ice, an ice-shelf will respond
relatively slowly to changes to its geometry.  Thus, due to the measurement accuracy of our
method it becomes possibly to measure seasonal and spatial variations in the basal melt rate.

References
Foldvik, A. and T. Gammelsr	 d, Notes on southern ocean hydrography, sea-ice and bottom water

formation, Palaeogeogr. Paleoclimatol. Palaeoecol,. 67, 3-17, 1998.

Jacobs, S. S., H. H. Helmer, C. S. M. Doake, A. Jenkins and R. M. Frolich.  Melting of ice
shelves and the mass balance of Antarctica. J. Glaciol., 38, 375-387, 1992.

Jenkins, A. and C. S. M. Doake, Ice-ocean interaction on Ronne Ice Shelf, Antarctica, J.
Geophys. Res., 96, 791-813, 1991.

Thomas, R. H., The creep of ice shelves: theory. J. Glaciol., 12, 45-53. 1973a

Thomas, R. H., The dynamics of the Brunt Ice Shelf, Coats Land, Antarctica, Br. Antarct. Surv.
Sci. Rep 79, Cambridge, England, 1973b.



  2.2472e-007

  4.4943e-007

  6.7415e-007

  8.9886e-007

  1.1236e-006

30

210

60

240

90

270

120

300

150

330

180 0


 � � 
 �
��� 
 � �

� � � � � � � � � � � � � � � � � � � � � � � � � � �
� ��� � � � ! �"� �#� � � �

$ % & '�( % ) ) ' * ' + , '.-0/ 1 2 345% 6 7 8 + , '9(#% ) ) ' * ' + , '.-:2 1 2
;#<#8 6 '9(#% ) ) ' * ' +#, '.->= ? @ 1 A BCB

 ± 
 ± 
 ± 

D E FG E G D9H#IG E F J9K L
Phase difference 42.5 o

M N O P Q P R S T U V W U X Y T N Z [ \ ] ^ Y _ U ` ] a R T S Z b c d S Z Z S X e ] Z [ V f `

21.5 22 22.5 23 23.5 24 24.5 25
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
x 10

-5

g�h#i j"kmlon9p q p r

s t u v w v x y z t { | y } t ~ � ~ � | y � y | { � � ~ | | � z y } t � u t � } � | � y z z y � � | t � u � t u � y } � | � v

�9�#�#� � � � ��� � ��� � � � � � ��� �9�#�#� � � � ��� � ���#� � � � � ���

� ��� � � � � � � � � �� � �   ¡ ¢5£ � � � �¤ ¤ ¤ ¤ ¥ ¥�¦ § ¨ © ª « § © § ª¬ ­ ® ¯ ° ±m² § © § ª³ ³ ³ ³
´ µ ¶¸·º¹ » µ ¼ ½¾ · ¿ À µ ¾ · ÁÂ½ ÃÄ Ã ¾ ¾ · Å Æ ½ ·

Ç ÈÉ ÊË
ÌÍÎÏ Ð Ñ
Ò ÓÔ Õ
Ö

× Ø Ù Ú Û Ü#Ý Þ Ý ß ß à á â ß ã#ä�å ß æ çéè ã á à ß ã#Ý ê ê Ý ë à ß è ã ìí à á î�à à ã¸ÝºÞ à ï á ð�æ å#ñ òÂÝ ã Þ�ó ô çõå æ ß#æ ã àºï Ý è ßæ å ß à ï à Ý á ö ÷ è ä è á"ä ð æ á ä Û5ø ð àºß Ý Þ Ý ß ß à á â ß ã#ä"ð Ý ÷ àí à à ã�Þ à ç�æ Þ â ê Ý á à Þ�Ý ã Þºå æ ß#ù ê Ý ß è á ë9æ å Þ è ä ï ê Ý ëá ð àÂÝ ç9ï ê è á â Þ àºæ å á ð àÂä à ù æ ã ÞÂð Ý ä í à à ã¸ä ð è å á à Þ úß à ê Ý á è ÷ à5á æ5á ð àÂÝ ç9ï ê è á â Þ àºæ å á ð àmå è ß ä á ÷ è ä è á Û"ø ð àä è ç�è ê Ý ß è á ë í à á î�à à ã9á ð àºß Ý Þ Ý ß ß à á â ß ã ä�è ä5ä á ß è û è ã ì Ûø ð à5ß à á â ß ã#ä í à á î¸à à ã9á ð àm÷ à ß á è ù Ý ê ê è ã à ä5Ý ß àä ð æ î�ã9è ã9ç�æ ß àºÞ à á Ý è ê è ã�ü è ì â ß à9ñ í Û

ý þ ÿ � � ����� � � 	 � 
 � 
�� 
 � ��� � � � ��� 	 
 	 � � � � � � � �
� � � ��� � ����	 
 ��� � � � � � 	 � � � 
 � 
 ��� � � � � ��� � ��� 	 
 	 �
� � � � � � ��� 	 � ��� � � � � � ��
 � ��� 
 �  	 � � 
�	 � 
�� � � �
� � ��� 	 
 	 ��! 	 � � 
 � � � � � " � � � ! # ��$ � � ��	 � 
 ��� �
! � � � �  	 � 
 � ��� � � ��� � ��� � �%� � � � � & � � ��� � � � � ���
� � � ��� � �%� � ! � � 
�� 
 � 
 � � 	 � ��� �%
 �  	 # � 
�' � � 
 � � � 

� ��� � �� � � � ( � #�) � )�� ��� �  	 � 
 � ��� ��� � ��� 
 � � � � 
 � 
 � �
� � ��� 
 ����� � 
 � � 
 ��	 � � � � � 
 �*	 � � 
�	�
 
 � � 	 � ! ��� �
+�! ��
 ��� �  
 
�
 ! �


