
Studies of Bagley Icefield during surge and Black Rapids
Glacier, Alaska, using spaceborne SAR interferometry

Item Type Dissertation

Authors Fatland, Dennis Robert

Download date 23/05/2023 21:42:15

Link to Item http://hdl.handle.net/11122/9525

http://hdl.handle.net/11122/9525


INFORMATION TO USERS

This manuscript has been reproduced from the rnicrofilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

from any type o f computer printer.

The quality of this reproduction is dependent upon the quality of the 

copy subm itted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book.

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6” x 9” black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order.

UMI
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Aibor MI 48106-1346 USA 
313/761-4700 800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NOTE TO USERS

The original manuscript received by UMI contains pages with 
light, slanted, and/or indistinct print. Pages were

microfilmed as received.

This reproduction is the best copy available

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



STUDIES OF BAGLEY ICEFIELD DURING SURGE AND  
BLACK RAPIDS GLACIER, ALASKA, USING  

SPACEBORNE SAR INTERFEROMETRY

A

THESIS

Presented to the Faculty 

of the University of Alaska Fairbanks

in partial Fulfillment of the Requirements 

for the Degree of

DOCTOR OF PHILOSOPHY 

By

Dennis R. Fatland, B.S.

. Fairbanks, Alaska

December 1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9918837

UMI Microform 9918837 
Copyright 1999, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized 
copying under Title 17, United States Code.

UM I
300 North Zeeb Road 
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



STUDIES OF BAGLEY ICEFIELD DU RING  SURGE AND BLACK 
RAPIDS GLACIER, ALASKA, USING SPACEBORNE SAR

INTERFEROM ETRY

RECOMMENDED:

APPROVED:

By

Dennis R. Fatland

Department Head

F J lc ^ u c S  C
Dean, College of Science, Engineering and Mathematics

Dean/if the Graduate School
/

Date

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT. T his thesis presents studies of two tem perate valley glaciers— 

Bering Glacier in the C hugach-St.Elias Mountains. South C entral Alaska, and 

Black Rapids Glacier in the Alaska Range. Interior Alaska— using differential space- 

borne radar interferometry. The first study was centered on the 1993-95 surge of 

Bering Glacier and the resultant ice dynam ics on its accum ulation area, the  Bagley 

Icefield. The second study site was chosen for purposes o f com parison o f the  inter

ferom etry results w ith conventional field measurements, particularly  cam era survey 

d a ta  and airborne laser altim etry. A comprehensive suite o f software was w ritten  to 

interferometrically process synthetic aperture radar (SAR) d a ta  in order to  derive 

estim ates of surface elevation and surface velocity on these subject glaciers. In ad

dition  to  these results, the d a ta  revealed unexpected but fairly com m on concentric 

rings called phase bull's-eyes', image features typically 0.5 to  4 km  in d iam eter 

located over the central part of various glaciers. These bull’s-eyes led to  a hypo

thetical model in which they were interpreted to indicate transitory  instances of 

high subglacial w ater pressure th a t locally lift the glacier from its bed by several 

centim eters. This model is associated with previous findings about the  n atu re  of 

glacier bed hydrology and glacier surging. In addition to  the dynam ical analysis 

presented herein, th is work is subm itted  as a contribution to the ongoing develop

m ent of spaceborne radar interferom etry as a glaciological tool.
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PREFACE

T he first chapter o f this thesis consists o f an introduction to some of th e  ideas behind SAR inter

ferom etry as applied to  valley glaciers. The rem aining three chapters are papers either in press or 

in preparation for subm ission to  Journal o f  Glaciology. The first paper (C hapter 2) is intended to 

be an algorithm  overview or ‘m ethods’ paper th a t presents some of the com plicated and (for now) 

unavoidable processing details necessary to  get to  the glaciological results. This paper also intro

duces the subject o f the Bering Glacier surge and the analysis of its im pact on West Bagley Icefield 

using interferometry. T his large network of glaciers is located in South C entral Alaska. The second 

paper. C hapter 3. is a sequel to  the first, giving an analysis of the surge im pact on the much larger 

East Bagley Icefield. F inally C hap ter 4 presents a comparison of interferom etric results to field d a ta  

acquired on Black Rapids G lacier in Interior Alaska.

ACKNOW LEGEM ENTS

T he au thor wishes to  acknowledge financial support from several g ran ts to  C. Lingle. These in

clude an NSF Small G ran t for Exploratory Research O PP 93-19873. NASA grants NAGW-4930 

and NAGo-4068. a g ran t from Cray Research. Inc., University Research and Development G rant 

Program , and support via a  research assistantship from the Alaska SAR Facility. The Arctic Re

gion Supercom puting C enter is acknowledged for providing com putational support. The European 

Space Agency is acknowledged for approving ERS d a ta  proposal A02.USA163 (to  C. Lingle). and 

acquiring the SAR d a ta  over Bagley Icefield and o ther Alaskan glaciers and icefields which form the 

basis o f this work.

Continuing with a few personal observations. I would like to thank my advisor Dr. Craig Lingle for 

his guidance, support, and patience throughout my tenure as a g raduate  student. W ithout Craig's 

encouragem ent to ‘get to  the glaciology’ I would have languished in a  morass of interferometric 

com puter code, never to  be seen again except a t GI Christm as parties. As it was I believe I barely 

escaped from the ARSC Visualization Lab with my life (and my bag o f chips, still unconfiscated). 

I owe debts of g ra titude also to  m any o f the UAF Geophysics faculty, particularly  to David Stone, 

W ill Harrison, Keith Echelmeyer, Roland Gangloff, Carl Benson, Shusun Li, and Keith Runcorn.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I would also like to  express my appreciation to the extended family m ade up of the Geophysics 

graduate students a t UAF. and particularly to Ms. Laura Peticolas. who engendered the G raduate 

S tudent Organization and led us to  the realization th a t problems faced by graduate students and 

by the University can be addressed and often solved, given the time and  energy to  make the effort. 

I am  hopeful th a t the consequences of her initiative to  th ink  beyond ju s t  taking classes and doing 

research will resonate throughout our lives.

I was not clear, six or seven years ago. about what I would do in g raduate  school: I only knew 

th a t I wanted to  make som ething of a transition from engineering to science, an idea placed in my 

head originally by my father and  re-awakened by John Villasenor. W hen I was getting ready to  

leave JP L  around 1993, Dick G oldstein took a m om ent to  show me a 4-m eter-baseline interferogram 

he had ju s t generated of R utford Ice Stream in A ntractica. I had very little  idea why he was so 

excited about it at the tim e, bu t finally at this stage, six years later, I am  happy to report th a t I 

have some idea, and th a t I have managed to locate some of the science th a t I set out to find.

Finally. I note th a t the process o f my life is m ade worthwhile by the friends who have helped me 

along the way, and I m ust particularly  acknowledge my friend Donna Anger for lending me a  helpful 

ear and a big dog now and again, and my friend M artin Truffer for innum erable games of chess, 

buckets of coffee, and for saving my bacon when the pressures of life and  deadlines got the heaviest. 

I consider myself a very fo rtunate  individual.

X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1

Chapter 1. Introduction

T his thesis presents a s tudy  o f two tem perate  valley glaciers (Bering G lacier in the  Chugach-St.Elias 

M ountains, South C entral Alaska, and Black Rapids Glacier in the A laska Range. Interior Alaska) 

using Synthetic A perture R adar (SAR) d a ta  and particularly  using the technique of SAR interferom

etry. T his technique, when proceeding from  spaceborne SAR d a ta  and using m ultiple differencing to 

distinguish surface m otion from topography, is term ed differential spaceborne radar interferom etry' 

(DSRI). (A more generalized acronym in com m on usage now is IFSAR. for 'interferom etric SA R ’). 

DSRI is fairly simple in principle but encompasses a complexity of d eta ils  and image processing 

algorithm s necessary to  produce high-spatial-resolution mesoscale glaciological da ta . As a starting  

point, the  general problem  of applying DSRI to  glaciers can be broken down into two sub-problems: 

F irst, the  problem o f ex tracting a  useful signal from SAR images, and second, the problem of inter

preting this signal in a glaciological context. This introduction elaborates some of the ideas inherent 

in DSRI signal processing and d a ta  in terpretation . These themes are fu rth er developed in the en

suing three chapters, which consist of papers either in press or in p repara tion  for submission to the 

Journal o f  Glaciology.

The core idea of interferom etry is the com parison by superposition o f two or more signals. In 

the  case of DSRI. these signals are images produced by spaceborne SA R. T his work uses d a ta  from 

the  European Space Agency (ESA) SAR instrum ents ERS-1 and ERS-2 downlinked to  the Alaska 

SAR Facility (ASF) from 1991 to  1995. T he images produced from th is  d a ta  are two-dimensional 

complex-valued fields in which each pixel has both an am plitude and a  phase. SAR interferom etry 

com pares superim posed pixel phases from  two or more images. These phase values are the sum  

contribution of both stationary  and non-stationary  random  processes overlain by a range signal 

coupling the SAR to  surface scatterers th rough the radar carrier wavelength (here 5.7cm ). It is the 

fo rtunate  correspondence between this wavelength and the typically sm all d istance a glacier moves
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over the course o f a few days th a t perm its the use o f DSRI for observing glacier motion.

Two interferom etric ‘com parison’ source images are produced by SA R  overflights which have a 

sm all variability in their flight paths w ith  respect to  the fixed earth . T ypically  two flight paths vary 

by 10 to  100 meters or more, such th a t during each overflight the side-looking SAR observes the 

surface terrain  from a slightly different perspective. T he precise determ ina tion  of this separation is 

necessary for processing, and was achieved in this work using an itera tive least squares solution to 

a  param eterized relationship between the  unknown flight path  variations and  the known elevations 

and d a ta  values a t a sm all set of ground control points. Once this o rb ita l separation is determ ined, 

the two source images can be processed to  produce a  single image synthesized from the two orbital 

perspectives. T he resulting stereo’ im age of the surface contains in form ation about its topography 

in addition to  inform ation about surface m otion. T he first problem  of D SRI can therefore be restated 

more specifically as the problem of recovering and separating  these two superim posed signals, m otion 

and topography.

The com parison of two images is achieved by sub trac tion  of the phase o f one image from th a t of 

another on a pixel-by-pixel basis to  produce a th ird  im age called an in terferogram ’. This subtraction  

elim inates the stationary com ponent o f the random  phase signal under good observing conditions, 

leaving the residual superim posed surface topography and surface m otion  signals. These must be 

differentiated using m ultiple com parisons (further phase subtractions) betw een several images. T his 

technique is described in more detail in chapter two. Once the two signals are separated, there 

remains the second problem o f in terpreting  them . All m otion is observed by the SAR along a 

one-dim ensional line-of-sight ray from the  SAR to the surface, hence all SAR motion d a ta  reduce 

to  m easurem ents of radial distance change. However, the true glacier surface motion is a three

dim ensional vector that tends to lie close to the glacier surface tangent plane. The resolution of 

the true surface motion vector from the radial d istance change m easurem ent with respect to the 

SAR requires either assum ptions ab o u t the glacier m otion (as presented in this thesis) or m ore 

than  one set of SAR imaging perspectives. T he la tte r  approach is m ore rigorous but tends to  be 

lim ited by operational constraints on SA R  d a ta  acquisition. An im p o rtan t lim itation to using a 

single spacecraft flight path  stem s from  side-looking na tu re  o f synthetic ap ertu re  radars. Since the
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SAR is only sensitive to radial distance changes, glacier surface m otion parallel to  the SAR flight 

path  can not be resolved as such m otion produces com paratively little  change in radial distance. 

Conversely, the technique works best for glaciers th a t flow perpendicular to  th e  SAR flight path , as 

this motion results in the m axim um  relative radial distance change in the d a ta .

In considering the usefulness and validity o f DSRI for glaciology on tem perate  glaciers, questions 

arise concerning o ther influences on the phase signal. For example, could the phase signal be 

influenced by precipitation, e.g. due to changes in dielectric constant, a decrease in surface elevation 

due to a snow overload or m elting, etcetera? Could the phase signal be influenced by atm ospheric 

or ionospheric effects? Such influences would underm ine measurements o f radial distance change 

presumed to be represented by interferogram  m otion phase.

In broadest term s, interferogram phase patterns are in excellent agreem ent w ith the way glaciers 

are known to move. Furtherm ore, a  drop in surface elevation due to m elting over some observation 

tim e interval will result in a  severe change in the scattering geometry of th e  surface layer. This 

means that the SAR return phase a t the second o f two interferometric observations will not be 

correlated to the phase a t the first observation, as the ’scattering an tenna ' intrinsic to the surface 

layer of snow and ice was perturbed. T h at is, the random  phase signal is no longer sta tionary . 

As a result, the interferogram  phase at some pixel (the difference of the two source observation 

phases) will be decorrelated relative to nearby pixels, i.e. the phase signal will consist o f noise. 

Conversely, the absence of noise in an interferogram  necessarily indicates th a t  the structure of the 

scattering layer was stable over the observation interval. In practice, this coherence-stability varies 

from one observation pair to  another and even within a scene, indicating th a t  surface changes due 

to  precipitation, wind and tem perature do affect the interferogram phase signal, but in such a way 

as to tend to  m ake the d a ta  unusable. Only in stable circumstances are coherent da ta  processed 

further to obtain glaciological results.

The principle results presented in this work are surface velocities derived from longitudinal flow 

patterns. In addition to derived two-dimensional vector fields, these velocities are presented as 

centerline speed profiles and lateral transects. T he d a ta  have an approxim ate spatia l resolution of 40 

m eters with speed resolution of less than five centim eters per day. Of particu la r interest are velocity

3
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characterizations before, during, and after the Bering Glacier surge from 1993-1995 (chapters two 

and three). Topographic results are noted on Black Rapids Glacier relative to  airborne laser altim eter 

d a ta , showing good general agreem ent but w ith DSRI errors in excess of a necessary tolerance for 

good mass balance estim ation  (chapter four). T his high uncertainty is a ttrib u ted  to  sm all variations 

in surface speed th a t in troduce considerable topographic errors, as the m otion signal is typically an 

order of m agnitude stronger th an  the topographic signal.

In addition to longitudinal flow patterns, an  im portant characteristic m otion-phase pattern  ob

served repeatedly in the interferogram s of the glaciers in this study is a  phase bull's-eye. a  series 

of concentric rings in the phase signal. These bull’s-eyes are invariably localized over the center of 

an ice mass, either in a  trib u ta ry  or bay or m ore commonly at the center of a  m ain glacier chan

nel. which argues against atm osphere or precipation as a cause. In one case, a  tim e series overlay 

of bull’s-eyes observed during the 1993-1995 Bering Glacier surge covers m ost of the East Bagley 

Icefield centerline over a d istance of 60 km. On Black Rapids Glacier, a bu ll’s-eye is observed which 

persists for several weeks, w ith its center gradually  drifting down glacier a t a ra te  of 30 meters per 

day (chapter four).

The cause of a  phase bull's-eye is an open question. A model is presented here th a t takes as its 

initial premise a hypothetical influx of liquid w ater a t some low point of the glacier bed. The source 

of this water may be some com bination of basal friction, geotherm al m elting, and surface water 

travelling to the bed through the subglacial conduit system. Support for this idea is apparent in one 

instance of a bull’s-eye on a Bering Glacier trib u ta ry  bay which is directly down-glacier from a surface 

lake. If an influx of w ater were to raise the basal water pressure above the overburden pressure, 

it would create a large, localized jacking force th a t could lift the entire glacier a t th a t point. This 

model contains a latent m echanism  for negative feedback, as the change in the subglacial cavity after 

an uplift would perm it changes in the conduit system , for example perm itting  drainage of trapped 

pockets of water and corresponding surface d rop  events. In fact bull’s-eyes are observed with both 

positive and negative phase curvature, which would indicate both surface rise and drop events. The 

necessary water volume represented by a bu ll’s-eye event is of the order o f a m illion cubic meters. 

The model also allows the d a ta  to  suggest tim e and distance scales over which such processes would

4
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5

act. with bull's-eye event tim e scales from less than  a  day up to several weeks. T he d a ta  consistently 

suggest surface elevation changes on a  scale o f a  several centimeters, acting over an  area  o f several 

square kilometers. Thus the m odel accounts for bull’s-eye recurrence, the location o f b u ll’s-eyes 

exclusively over the center of the  ice channel, and the radial structure and size o f th e  bu ll’s-eye. 

It also suggests ongoing subglacial conduit flow blockage and release events consistent w ith current 

m odels of channel reworking.

In the context of this speculative in terp re ta tion , a tim e sequence of interferogram s prior to  and 

during a glacier surge onset would be of considerable interest. Also of interest would be a search for 

bull’s-eyes on cold glaciers with frozen beds. Bull's-eye events and o ther DSRI-derived m easurem ents 

o f tem perate glacier motion have yet to be properly confirmed by sim ultaneous field observations, 

particularly observations th a t m ake use of G PS system s. Such confirm ation would help resolve 

am biguities in the DSRI technique and refine DSRI as a useful glacological tool.
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Chapter 2. Analysis of the 1993—95 

Bering Glacier Surge Using 

Differential SA R  Interferometry

D e n n is  R . F a t l a n d . C r a ig  S. L in g l e

Geophysical Institute. University o f  Alaska Fairbanks. Fairbanks. Alaska 99775. U.S.A.

A B S T R A C T . Differential spaceborne radar interferometry observations o f the 

West Bagley Icefield are used to m easure surface velocity and topography. The 

Bagley Icefield is the accum ulation area for the Bering Glacier which surged in two 

phases from spring 1993 through sum m er 1995. The observations presented are 

based on da ta  collected during the w inter of 1992. prior to  the surge, and  during 

winter 1994 while the surge was in full progress. Both observation intervals corre

spond to three-day repeat o rb it phases o f the ERS-1 C-band SAR. T h is paper gives 

an overview of the algorithm s used to  derive surface velocity vector fields and topo

graphy for valley glaciers from SAR images. The resulting high-resolution velocity 

d a ta  clearly show West Bagley Icefield accelerating from its quiescent pre-surge 

velocity by a factor of 2.7 in response to  the Bering Glacier surge. Persistence of 

interferometric phase coherence and the relatively m oderate degree o f acceleration 

on the western arm  of Bagley Icefield suggest th a t the velocity increase m ay have 

been caused by increased longitudinal stress gradients resulting from  coupling to 

the surging m ain trunk of Bering Glacier.*

* This chapter is in press under th is title  and  authorship in Journal o f  Glaciology as of December 

1998.
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INTRODUCTION

This paper presents an overview o f the concepts and m ethods o f differential radar interferom etry 

applied to valley glaciers. This is done from an algorithm  point of view, as the theory is well 

established (e.g. Joughin. 1995: Joughin and others. 1996a: Joughin and others. I996d) with the 

intent of showing the progression from SAR images to  a surface velocity vector field. We also show 

how the constrained m otion o f a  valley glacier can be used to  resolve an inherently am biguous 

com ponent of this velocity and we discuss sources of error. In the context o f this discussion of 

m ethods, this paper presents the results of an interferom etric study o f the Bagley Icefield, showing 

the acceleration of the ice subsequent to the surge onset of the Bering Glacier in 1993 (Figure l-see  

also Molnia, 1993: Lingle and  others. 1993).

The 1991 launch of the  first European Remote Sensing satellite  (ERS-1) was followed by 

R .M .G oldstein 's recognition th a t repeat-pass spaceborne radar interferom etry (SRI) could be used 

to  measure the movement o f polar ice sheets (Goldstein and others. 1993). SRI makes use of the 

com parison of the phase of complex-valued SAR images from repeat orbits. The spatial separation 

between two satellite orbits functions like a stereo-vision optical baseline for resolving topography 

on a  scale of meters. A separate  aspect of complex image phase records surface translations, such as 

ice m otion, as fractions of th e  radar carrier wavelength on a scale o f centim eters. Goldstein's original 

innovation m ade use of fortuitous satellite passes which were spatially  coincident, with separations of 

only a  few meters. These gave poor topographic resolution and so em phasized the ice motion signal. 

The technique has subsequently been generalized to obtain results from more typical orbit pairs 

with larger baselines (hundreds of meters), giving both surface m otion and topography (Gabriel and 

others. 1989; Rignot and others. 1995: Joughin. 1995). The generalized technique, referred to  as 

differential SRI (herein DSRI), has advanced the m easurement of surface movement, deform ation 

and topography of ice sheets and glaciers (Joughin and others, 1996b: Joughin and others, 1996c: 

Kwok and Fahnestock, 1996: Rignot. 1996: Rignot and others, 1996: M ohr and others, in press).
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F ig u re  1. B er in g  G lacier . A laska

Bering Glacier. Bagley Icefield, and associated glaciers, South-Central A laska.
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The launch o f  ERS-L was also followed by a  m ajor surge of the Bering Glacier in the Chugach- 

St.Elias m ountains of Southcentral Alaska. T he Bering Glacier together with its accum ulation 

area, the Bagley Icefield, and associated glaciers (notably Jefferies Glacier) are shown with arrows 

indicating flow directions in Figure 1. W ith  an area of 5200 k m 2. the Bering is the largest glacier 

system in continental North America (M olnia and Post, 1995). A full description of the ice dynam ics 

o f the 1993-95 Bering surge is incom plete, but much o f what is known has been derived from ERS-1 

SAR images. As shown by the tim eline in Figure 2. the first evidence of the surge visible in a 

SAR image becam e apparent in an ERS-1 scene from April 1993 that shows surface d isruptions 

approxim ately 22 k m  up-glacier from  the Bering Glacier terminus within the lower ab la tion  area 

(Roush, 1996). The surge front subsequently propagated down the glacier with speeds o f up to  

100 m d ~ l . reaching the terminus in August 1993. Typical ice velocities varied from 10 to  20 m  d ~ l 

(Fatland and Lingle. 1994). The surge also propagated upstream  to the East/W est Bagley Icefield 

confluence and farther up-glacier in to  the East Bagley Icefield (Figure 1). The first stage o f the 

surge ended in August 1994 with an o u tb u rst flood a t the eastern edge of the term inus. T he second 

stage of the surge began at an indeterm inate tim e after this, with term inus advance observed in 

April of 1995. A second outburst flood in Septem ber 1995 marked the end of the surge.

9
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Figure 2. 1993-1995 Bering Glacier Surge Event Sequence
Timeline showing the progression of the Bering Glacier surge (above horizontal bar) 
and ERS-1 observation phases (below bar). SRI data were obtained from 3-day 
repat orbit periods only.



From 1992 through 1995 the Bering Glacier system  was periodically imaged in the  100 km -  

wide sw ath of the ERS-l C’-band (5.7 cm  wavelength) SAR. For most of this period th e  repeat- 

o rbit interval was either 35 or 168 days and the Bering system  was observed from several different 

o rb ital tracks. The 35+ day repeat interval is too long for useful SRI because surface changes 

introduce decorrelation noise (Zebker and Villasenor. 1992). bu t SAR am plitude images are useful 

for tracking the progress of the surge through changes in large features such as crevasse fields and 

m edial m oraines. From January  through April in bo th  1992 and  1994. ER S-l was placed in an orbit 

(Ice I and Ice II mission phases-Figure 2) which repeated itself to generally better than  250 m eters 

every three days, imaging a 100 k m  length o f Bagley Icefield. Ice velocities and surface stab ility  

on Bagley Icefield were suitable for DSRI. opening the possibility of highly detailed and spatially- 

continuous measurements o f How and topography both  prior to  the surge onset in the w inter of 1992 

and while the surge was in full progress during the w inter o f 1993/1994. By contrast. DSRI has 

proven unfeasible farther downstream  on the  rapidly  m oving ice of the Bering Glacier, b o th  before 

and during the surge. The next section provides a  DSRI processing overview, s ta rtin g  with the 

synthesis of interferograms from SAR im age pairs and continuing to the generation o f topography 

and velocity. These are first presented in the sim ple cases of (i) fixed topography and a m oderate 

satellite  baseline (for ERS-1. <  300 m ), and (ii) a  m oving surface with zero-length interferom etric 

baseline. DSRI is then described in the algorithm  sense for the general problem of a continuously 

m oving glacier surface imaged with a m oderate interferom etric baseline. T he algorithm  is used to 

m easure the pre-surge to  surge velocity increase on W est Bagley Icefield and the sources o f error are 

discussed.

PROCESSING OVERVIEW

This section describes the main SRI and DSRI processing steps, sum m arized in Figures 3-10. An 

excellent resource on the derivation o f the equations given here and further details of DSRI im ple

m entation  in practice can be found in Joughin (1995). T his algorithm  overview presents a  general 

description o f DSRI processing in order to  provide a  basis for evaluating the glaciological u tility  of 

the results. SAR interferometry is a  relatively sim ple im age processing concept m ade com plex in

11
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practice by the exigencies of the d a ta . Figure 3 shows the interferom etric im aging geometry in a 

plane approxim ately perpendicular to  the  in strum ent flight direction. Figure 4 is a flowchart for the 

generation o f a Digital Elevation Model (DEM) from two SAR images as in the  case of an unglaciated 

region in which the interferom etric phase signal represents topography only. An exam ple scene near 

Bagley Icefield, used later to determ ine the in terferom etric baseline, is shown in Figure 5.

T he first step in forming an interferogram  is th e  coregistration of two images to a fraction of 

a  resolution cell (Figure 6). Resolution cells are interchangeably thought o f as sm all blocks of 

pixels defined by the resolution o f the SAR and the  corresponding surface region in the physical 

scene. A resolution cell is generally several pixels in size, bu t it is often convenient to  blur the 

distinctions between pixels, resolution cells, and  corresponding patches of ground. Once two images 

are coregistered, the complex phases are differenced while the am plitudes are retained to form a 

new complex-valued image called an interferogram . T he spatia l separation between the two imaging 

passes in the  plane perpendicular to  th e  spacecraft flight path  is described in term s o f a  line-of-sight 

parallel com ponent Bp and a line-of-sight perpendicular com ponent B n (F igure 3). The latter is 

called the interferom etric baseline and it is analogous to  an optical baseline in stereo imaging. For 

ERS-1 both Bp and Bn are frequently less than  250 m eters for repeat-orbits separated  by three days, 

which represents good orbit control from the point o f view of satellite orb ita l mechanics and glacier 

DSRI.

12
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F ig u re  3. M u lt i-P a ss  S A R  In terfero m etry  Im a g in g  G eo m e try

Interferometric im aging geometry. B n and Bp are defined in the plane of the SA R  look direction, 

perpendicular to  the satellite flight track. Bn is norm al to. and Bp is parallel to th e  line from S i  to 

the center point o f the image swath C.
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Figure 3. Multi-Pass SAR Interferometry Imaging Geometry
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F ig u re  4 . S R I  P r o c e s s in g  A lg o r ith m  F low ch art

SRI processing flowchart showing the generation o f a d ig ita l elevation m odel (DEM) under circum 

stances in which no glaciers are present to  introduce add itional transla tion  phase into the topographic 

phase signal.
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SRI

1 1. Acquire two coregistered images 

I  2. Make interferogram

3. Obtain baseline estimate

i

4. Remove geometric phase

j

5. Unwrap residual topographic phase

r ^ iBaseline
.accurate.

7.Refine baseline

t8. Rectify image to ground range

(

i

9. Determine elevation uncertainties

I
Products:
SAR image and DEM

Figure 4. SRI Processing Algorithm Flowchart
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Figure 5. Non-Glacier SRI ‘Topography-Only’ Phase

Interferograms of a non-glacier-covered valley near Bagley Icefield.
(a) Phase signal prior to removal of flat-earth phase (parallel bands).
(b) Phase signal after removal of flat-earth phase.
(c) Perspective rendering of (b) showing topographic relief with 

slant-range layover still present
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Figure 6. Comparison of Non-Resampled Versus Sub-Pixel Resampled Interferogram Data 
Coherence improvement in interferometric phase on Jefferies Glacier, a tributary of the East Bagley Icefield. 
I .eft image (a) is a glacier surface from two source images coregistered to within 1 pixel.
Right image (b) shows signal gain after sub-pixel coregistration adjustment.
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T he intrinsic phase coherence of an interferogram  is evaluated as a  scalar field of autocorrelation 

values p  for a  sm all cluster o f .V pixels:

E X  m
. = 1 *iViP ~ ( 1)

where x, and  y, are (complex) signal values from source im ages I and  2. respectively, and y“ is the 

com plex conjugate o f y ,. Since an interferogram pixel phase is the difference of the source image pixel 

phases, interferogram  pixels can be represented as x ,y " . Interferogram  coherence varies throughout 

the im age and is used as a  quality guide in subsequent processing.

Having removed the random  phase variation throughout the  individual SAR images by m aking 

an  interferogram . the  residual phase signal 'P is given by

total — 'I^noijc 4" 4^geom 4" topo 4* ^ tr a m  • "  here (2)

2 k B nA R scene .
g e o m  ~   JTT-------------•R  tan  a
_ 2kB„Ah . . .

* to p o  a  - 5 -= ----- : ( 4 )
ft sin a

trans a  2 kA R .  (5)

and  where k  is the radar wavenumber 2ff/A. A is the radar carrier wavelength (5.7 cm  for ERS-1), 

R  is the  d istance from the SAR to the scene center, and a  is the  image-center radar incidence angle 

(F igure 3). A /?Jcens is the change in range across across the image relative to the center range R. 

T h is d istance is m easured in kilometers, in contrast to  D eltaR .  which is the radial distance change of 

a  resolution cell due to  its spatial translation between im aging passes (Figure 7). D eltaR  drives the 

tran sla tio n al phase signal 'Pjran* and is measured in term s of centim eters. The topographic elevation 

o f the  resolution cell relative to  a reference elevation is given by A h .  and only the topographic phase 

term  'I' t o p o  contains an explicit dependence on both the topography and the perpendicular baseline 

p aram eter B n . '8r„oije is related to the interferom etric signal coherence p  and is neglected for now. 

leaving the  three term s ^Sfgeom +  4'topo +  ^ ira n j • These three phase signals must be separated in the 

general case of a  m oving glacier with surface topography.
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F ig u re  7. S urface M o tio n  R esu ltin g  in  R a d ia l D is ta n c e  C h an ges

Two SAR d a ta  acquisitions, with resolution cells 1 and 2 moving during the intervening period

give radial distance changes A /?i and Afto-
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Figure 7

Figure 7. Surface Motion Resulting in Radial Distance Changes
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C ase 1: T o p o g ra p h y  W ith o u t S u rfa ce  M o tio n

We first consider the  case of a fixed surface topography with no glaciers, a m oderate interferom etric 

baseline. \Bn \ <  300 m. and no phase noise. The total phase is then

•r. '2 k B *  . u -I
t o t a l  ~   +  - 5 — ---------• (6 )r t t a n a  n s m a

since 'f,tPonj =  0. Joughin  (1995) gives a derivation of the topographic phase signal and the conver

sion from SAR slan t range images to  ground range. The steps for producing a ground- range DEM 

are presented in ou tline in Figure 4 w ith some elaboration as follows:

1. Image acquisition is a m atter of opportunity  subject to  restrictions of SAR orbital paths and 

o ther flight agency operational issues. Suitable image pairs are coregistered to  w ithin a pixel using 

immobile features. These image pairs are separated by a tim e interval A t which is generally short 

(days) to minimize signal decorrelation. Sub-pixel resam pling is a  second order' process which can 

significantly im prove interferom etric phase coherence as shown in Figure 6 (see also A ppendix).

2. An interferogram  is generated by subtracting the phases of the two images on a pixel-by-pixel 

basis. In this case the resulting phase signal will consist o f the two term s given in Equation 6 plus 

a  spatially varying noise contribution. Pixel phase is often represented visually using color scaled in 

intensity by pixel am plitude. This shows the general phase characteristics of the interferogram  as 

well as identifiable features.

3. Both term s o f Equation 6 are dependent on the norm al baseline com ponent S „ . analogous to 

a  stereo vision in terocular baseline. It is thus necessary to  make an initial estim ate  of B n by some 

means in order to  analyze the phase signal. Image m isregistration can be used for this estim ate but 

it is generally sim pler and more accurate to  consult an appropriate  flight agency online database 

(e.g. for ER S-l. a t ESRIN: h ttp ://g d s .e s rin .e sa .it/). It is som etim es necessary to  iteratively refine 

the initial baseline estim ate  as shown in Figure 4 (see also A ppendix).

4. The geom etric phase contribution to  the to tal phase is a regular, nearly linear ram p, m odulo 2;r, 

which covers the en tire  interferogram (apparen t in Figure 5a). This is prim arily  due to a  dependence 

on the baseline B„ which typically varies nearly linearly by only a few m eters along-track from  one 

end of an image to  the o ther and by its dependence on the incidence angle a  which varies across-track.

19
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Wgeom is the phase signal due to  the im aging geometry th a t would be present in th e  interferogram 

if the scene were completely flat (no surface topography: only the ea rth 's  curvature). Consequently 

Vgeom does not contain any useful inform ation and can be subtracted  from the interferogram  phase 

signal, leaving only residual topographic phase (Figure 5b).

Often ‘flat-earth  ram p ' phase sub trac tion  is followed by low pass filtering th a t reduces signal noise 

and produces pixels w ith near-unity aspect ratio. Filtering the phase signal is o ften  necessary to 

some degree and m ay be im plem ented w ith a  locally adaptive scheme which uses phase coherence 

a n d /o r signal am plitude as a guide.

5. Phase unw rapping is shown in b o th  one and two dim ensions in Figure 8. It consists of the 

addition  or sub trac tion  of integer m ultiples of 2;r to each pixel as necessary to  elim inate phase 

discontinuities and is described in m ore detail in the next section. In noisy areas phase unwrapping 

is qu ite  problem atical: such regions are often cut from the final d a ta  product or in terpolated  between 

regions o f good signal (Goldstein and o thers. 1988: Pritt. 1996. see also A ppendix).

6. An unwrapped phase signal will have a precise relationship between unw rapped phase values 

and corresponding surface elevations. These can be compared to a su itab ly  selected set of tie points 

d istribu ted  as widely as possible throughout the scene. If the fit to  the tiepoin ts is poor then we 

conclude th a t the baseline used in s tep  4 is in error and must be refined, for exam ple using the 

linear least-squares approxim ation described by Joughin (1995). T he baseline estim ate  is refined 

iteratively to an acceptable tolerance before proceeding further.

20
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F ig u re  8. P h a se  U n w rap p ing

Phase unwrapping in one and two dim ensions. The jagged nature of the centerline phase plot is 

indicative o f d a ta  noise rather than  variations in velocity. In both the upper and lower plots, a 

signal is shown in which the vertical coordinate is phase constrained to the interval [— ~. jt]. The 

unwrapped phase is no longer subjected to  th is constrain t: instead the interval between adjacent 

unwrapped pixels must have an absolute value less than  tt.
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Figure 8. Phase Unwrapping
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7. It is useful to transform  SA R  image products from  their processed form to  a ground range' m ap 

projection in which each pixel represents the sam e size surface area. Norm ally single-look complex 

(SLC) SAR images are processed to ’slant range' fo rm at, in which each successive pixel in the cross 

track direction represents a  quan tiza tion  of som e num ber of m eters in radial distance from the SAR 

an tenna. For a flat earth  surface, the increasing angle of incidence across the swath will result in 

successively smaller ground-range projections o f each slant-range pixel so th a t  there is not a simple 

constan t relationship between slan t range and ground range pixels. The problem of transform ing 

images to  ground range is fu rther com plicated by layover d istortion  produced by scene topography. 

S lant-to-ground-range rectification using interferom etrically derived surface elevations produces a 

ground-range image in which all pixels have th e  sam e m ap-projection dim ensions (Joughin and 

others, 1996d).

8. Elevation uncertainties can be estim ated  d irectly  from phase variance try using Equation 6 to 

give
_ R s in a  <r* ^
&e le v a tio n  ^  o /  r> *2 kB n

T he end result of the process outlined in Figure 4 is thus a  DEM (herein designated where h is 

the surface height at pixel ( i . j ) ) ,  consisting o f an array  of pixel elevations w ith respect to  a  reference 

d a tu m , with associated errors. T he (rectified) SA R  am plitude im age can be draped over the DEM 

to  show feature correspondence. Typically the derived DEM has an accuracy of ~  5 — 20 m  (Zebker 

and others. 1994), dependent on the availability o f ground control.

C a s e  2: S u rfa ce  M o t io n  W i t h  B n =  0

In this situation we consider a scene containing m oving resolution cells im aged twice from the sam e 

location over some tim e interval A t so th a t B n =  0. giving 'Pgeom =  0 and 'ftopo =  0. W hen a 

particu lar region on a  glacier undergoes a Tigid’ (locally non-deform ing) translation  A x relative to 

som e o ther fixed region in the  scene, there is generally a corresponding change in radial distance 

A R  from th a t resolution cell to the  SAR as shown in Figure 7. Spaceborne SAR has a  coarse-scale 

two-dimensional (m ap view) resolution of the order o f tens of m eters, bu t a t the sam e tim e for each 

resolution cell the SAR m easures rad ar echo phase as a  fraction o f the carrier wavelength. T hus it also

•22
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acts as a  range-sensitive instrum ent on a  scale o f centim eters, but with no angular spatial resolution 

a t this scale. As a result, surface translations result in a  globally ambiguous fractional wavelength' 

interferogram  phase signal which indicates only sm all radial distance changes at each resolution 

cell, relative to nearby resolution cells. For exam ple, if over three days a resolution cell moves 9.1A 

closer to  the SAR. then the roundtrip  distance change is 18.2A which would only be apparent in 

the phase signal as a fractional shift o f 0.2A or 0.2 x 2;r radians in term s of pixel phase. By itself 

this would be indistinguishable from a radial d istance change of 8.1A. 7.1A. etc.. so it is necessary to  

have a gradually varying phase signal w ith locally sm all (<  ~) phase increments between adjacent 

pixels to  allow unam biguous integration of A R.  T his process of integration, starting  from a known- 

value reference location (e.g. a fixed surface) and sum m ing phase increments to  keep track of total 

accum ulated phase is referred to as ‘phase unw rapping’ (Goldstein and others. 1988). Unwrapped' 

phase is no longer constrained to [— tc, ~] and is related, in this example, to the radar line-of-sight 

radial translation of surface resolution cells by the d irect proportionality  'F,ranj =  2 k A R .

C a se 3: A M ovin g  S urface W ith  T o p o g ra p h ic  R e lie f  an d  N on-Z ero B a se lin e

Generalizing Figure 7 to a non-zero baseline will add  geom etric and topographic phase signals ' t geom 

and 'Ftopo- both dependent on the norm al baseline B n . to  the translational phase $ tranj- This 

represents the general case for interferom etric analysis o f glaciers and ice sheets. It is of interest 

to  distinguish the scales of translational and topographic phase, as SRI systems generally give 

topographic resolution on a scale of several m eters (Zebker and others. 1994) whereas the fractional- 

wavelength translation phase m easurem ents give transla tion  resolution on a scale of centim eters. 

Furtherm ore only one o f the three translation  vector com ponents is given by the translation phase: 

th a t is. only the com ponent of ground m otion in the rad ar line of sight direction is obtained. The 

rem aining two com ponents must be derived by o ther m eans, as discussed in the next section.

Assuming B„ has been adequately determ ined and the  geom etric phase removed from an inter

ferogram . the remaining phase is

^ t o t a l  ^  ^ t o p o  4 *

«  ■ 2 k - B n A h  +  2 k A R .  (8)
r t s tn a
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The separation of these two term s exploits the inherent differential scaling of the two types of 

inform ation using m ultiple image pairs: this is shown in the flowchart in Figure 9 and schem atically 

in Figure 10. The phase superposition and separation  is shown in Figures l la -d  on West Bagley 

Icefield. The procedure is as follows.

I. Four source images are used to generate two interferograms with two respective 'no rm al' 

baselines B\ and Bn. Since the random  scattering  phase is (ideally) eliminated in these source 

interferograms. there is no restriction on the tim e interval between pairs. However, subsequent 

interferogram com parisons must account for possible physical differences in the imaging conditions. 

For example, a glacier interferogram  from winter com pared with another from a different season will 

have phase signals reflecting seasonal differences in surface speed, violating the constant velocity 

assum ption ' (see below).

*2. It is assumed (for now) th a t the surface m otion between images I and "2 is the sam e as between 

images 3 and 4. i.e. we assum e th a t the glacier moves with constant velocity so that A R i  =  A Rn = 

A R .  To maximize the probability of this, it is best for the two image pairs to be closely spaced

in time. The result of failure of this assum ption is discussed below. Differencing the phases of

interferograms 'Ft and 'tn  thus cancels the translation  phase com ponent to produce a differential 

interferogram 'F 12 in which the phase represents topography only, scaled by the differential baseline 

By — Bn.

'ifi = 2 k A R l + a B l A h :  (9)

=  2kARn + aB n A h :  (10)

« 13 =  « !  -  V 3 « a ( R i - £ o ) A A .  (11)

where a =  2 k /  R s in a .  Topography-only phase ^ 1 2  is shown in Figure 11c.

•24
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F ig u r e  9 . D S R I  P ro c ess in g  A lg o r ith m  F lo w ch a rt

DSRI processing flowchart, showing the generation o f glacier surface velocity field and . in passing, 

a DEM . under the assum ption of constant glacier velocity.
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DSRI

I. Acquire two pairs of coregistered 
images, make two interferograms

2. Make double interferogram 
topography only

i

3. Use topography-only interferogram 
to remove topography from 
original interferograms

i

I
4. Unwrap residual motion phase

i
5. Project line-of-sight motion into 

velocity vector field

i
6. Determine uncertainties

i
Products:

SAR image, DEM and 
Surface Velocities

Figure 9. DSRI Processing Algorithm Flowchart
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DSRI processing schematic illustra ting  the differentiation of topographic and  transla tion  phases. B\ 

and Bn are the interferom etric baselines (norm al com ponent. B„) for the two source image pairs. 

A R  is the radial distance change to  be derived from the translation  phase signal 'I'tronj -

F ig u re  10. D S R I S ch em atic
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Interferograms  Differential Interferograms

Unwrap phase, rescale 
by base line ratios

AR only

Figure 10. DSRI Schematic



T his set of interferogram s correspond to  various stages of Figure 10. (a) West Bagley Icefield

interferogram . January  19-22. 1992. prior to  the  1993 Bering G lacier surge onset. Ice flows from left 

to  right, (b) Sam e site, da ta  from February 4-7 . 1994. w ith m ore central phase bands indicating 

post-surge-onset velocity increase, (a) and (b) also have the m oderate  glacier surface topography 

folded into the phase signal, (c) Differential interferogram  in which translation  phase is removed 

leaving only topographic phase. Phase-color boundaries are analogous to  topographic contour lines, 

showing a  typical accum ulation area profile w ith glacier m argins higher than  the center, (d) Surface 

translation  phase only for 1994 interferogram . after removal of topographic phase. C om parison with 

l i b  shows m ore central bands present.

F ig u re  11. D S R I  In terferogram s: V ariou s P ro c ess in g  S ta g e s
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Figure 11. DSRI Interferograms: Various Processing Stages
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3. T he isolated topographic phase can be unw rapped into an unconstrained scalar field and 

rescaled to  any desired baseline, particularly to B \  and B->. T h at is. 't’ 12 is rescaled to m atch the 

'J'topo com ponent of interferogram s 4' 1 and 'I’o. so th a t ano ther phase difference can be used to  

isolate the translational phase signal:

t f 12 % 2 k A R  =  4?tranj * ( 12 )

l2  % 2k A R  = t r a n s (13)

4. E ither ^ i _ [ 2, ^ 2 _ i 2. or some com bination (such as their average) can be taken to  represent 

the  isolated translational phase ' t trana- Because the translation  phase represents relative velocity, a

exam ple a  pixel on a m ountain  near the glacier m argin. Because the topographic phase has been

5. T he radial distance change A R  given by 'iftrans can be converted to a  surface velocity vector 

by projection of the (unw rapped) 4*trans phase in to  an appropriately  chosen flow direction (next 

section).

6 . As with the DEM generation process, local phase variance obtained from the d a ta  can be used 

(E quation  5 ) to estim ate uncertainties in A R  which can be translated  into velocity uncertainties.

C O N V E R S IO N  O F R A D IA L  D IS T A N C E  C H A N G E  T O  SU R F A C E  V E L O C IT Y  

V E C T O R  FIELD

Figure 12 shows a coordinate system  with origin located at the center of a  resolution cell, z axis 

defined vertically upwards and x axis lying in the local horizontal plane (not the glacier surface 

plane) pointing in the SAR cross-track direction, which in the case of Bagley Icefield is sim ilar but 

not identical to the glacier flow direction. When th e  side-looking SAR is imaging this resolution 

cell, the SAR will have coordinates (A 's,0 , Z s) .  Between the two passes the resolution cell moves 

a  d istance S  along a flow unit vector u. The derivation o f ti is problem atical, but below it will be

su itab le  fixed point m ust be chosen as the zero-velocity sta rtin g  location for phase unwrapping, for

removed, all pixels on fixed features should have constan t phase, regardless of pixel elevation. T his 

d istinction is apparent in a com parison of Figures 11a and l i b  (which include topographic phase) 

w ith Figure l id  from which the topographic phase has been removed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



derived from a 2-dimensional flow unit vector /  defined in the xy-plane. T he ice-flow vector Sii 

results in a change in radial distance of A R  along a  line-of-sight unit vector r  =  ( r r .O. r : ). where 

rx / r -  =  X s / Z s . In fact. Sii can be w ritten as the sum  of the vector A R ■ r and some vector .4 

perpendicular to  r:

Sii = A R r  + A .  . 4 1  r. (14)

In lieu of fortuitous m ultiple-direction SAR d a ta  acquisitions (Joughin and others. 1996b: Mohr 

and others. 1997) this m ethod of velocity calculation necessitates some means of determ ining the 

unit vector ti for surface-parallel flow in the longitudinal direction. Using the topographic gradient 

(ti =  V h ,j / |V /i , j j  is inadequate because valley glacier topography is dynam ically  supported  by 

moving ice (Raym ond. 1971: Echelmeyer. 1983). It is more feasible to calculate u by assum ing 

th a t the glacier flows parallel to the valley walls across m ost o f its width. In this work, the  two 

relative com ponents of it in the ry-p lane are derived first, giving the m ap-plane flow unit vector 

/  =  { / i , / 2 . 0 }. The r-com ponent of ti is then derived by taking the  surface gradient of the glacier 

topography in the / direction. The unit vector ti =  {u t . u2 , 113} is then  normalized and the transla tion  

vector A R  ■ r  is projected in the u direction to  give 5 . The correction from /  to u is necessary to  

avoid introducing a five per cent error in velocity. T he difficult part of this process, determ ining 

f i  and / 2 a t each glacier-pixel in the image, can be done 'by h and’ for a  particu la r study  site. 

Particularly  problem atical is the determ ination of /  for em baym ents. tributaries, and in representing 

sm all transverse velocity com ponents. A first order approach to deriving /  a t each pixel is to  draw  a 

(sm oothed) centerine through the image which approxim ates the glacier flow direction (Figure 13). 

At a  particu lar pixel along this line, f  is given by the local centerline tangent. A perpendicular 

transect line is extended from this centerline pixel across the glacier, and each pixel of this transect 

is assigned the same value of / .  If the centerline is curved, som e pixels will be visited m ultiple 

tim es by this technique and others will be missed entirely, necessitating some filtering to produce a 

continuous and smoothly varying /  vector field. A second-order im provem ent could m odel the  m ap- 

plane lateral convergence or divergence of this field (in accum ulation and ablation  areas respectively) 

which em pirically seems to  approach 7° — 10° a t the transition  area from centerline flow to the glacier 

shear m argin on typical tem perate valley glaciers. Errors in /  and  thus in velocity are discussed

*29
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below.

Having determ ined /  at a p articu la r pixel and derived ti from the local surface gradient along / .  

the projection geometry gives

- A rtS =  --------------------  ( lo)
ui ■ ri +  U3 ■ f j

where A R  is determ ined from th e  unwrapped translation phase by A R  =  'f?(?arl3/'2k. As a rule

of thum b, for a  glacier moving a t an azim uthal angle 9 w ith respect to  the  cross-track direction under 

ERS-1 im aging conditions, one phase fringe (a complete color cycle) from an image pair separated 

by three days corresponds to ~  2 .5 /c o s9 cm d ~ l . (Here 9 is defined relative to  the cross-track axis 

such th a t it satisfies the constra in t ||0 || <  « / 2 .)

Using the above technique, errors in flow-direction angle 9 and to  a  lesser extent the incidence 

angle a  are the  biggest con tribu to rs to  error in the calculation of surface velocity. Figure 14 shows 

resultant velocity errors in percent for given flow direction and incidence angle errors using the 

approxim ate relationship for surface speed 5  as a function o f unw rapped phase 'P:

,  *

30

'2k - A t  • sin a  ■ cos 9
(16)

Errors in a .  the local incidence angle, are caused by errors in the  estim ation  of glacier surface 

slope: these will be sm aller than  flow-direction errors but are also subject to  greater local variab ility  

with undulations in the glacier surface. Under good conditions DSRI will pick out such undulations 

from the differential topographic interferogram . Using an upper lim it for the flow-direction error 

A 9 of 5° and a m axim um  acceptable velocity error of "20%. Figure 14 gives the restriction that the 

glacier m ust flow in a direction 9 <  65° from the SAR cross-track im age axis. T h a t is. single-pass 

DSRI velocity determ ination works poorly or not at all on glaciers which happen to  flow close to 

the along-track image axis (i.e. parallel to  the SAR flight path ).
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Observed radial translation =  R f .  ad hoc horizontal-plane flow direction =  / .  and derived velocity 

vector = S  ■ u.

F ig u re  12. V e lo c ity  P r o je c t io n  G eo m etry
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Flow-direction unit vectors are determ ined from a  centerline. The local tangent direction is ex trap 

olated laterally across the w id th  o f the glacier.

F ig u re  13. D e te r m in a tio n  o f  T w o -D im e n sio n a l F lo w -D irec tio n  U n it  V ecto rs
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Figure 13. Determination of Two-Dimensional 
Flow-Direction Unit Vectors
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Velocity error as a function of flow-direction error. Inset plot: C orresponding errors for errors in 

incidence angle estim ation.

F igu re  14. V e lo c ity  E rror as a  F u n ctio n  o f  F lo w -D irec tio n  E rror
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Flow direction 6 with respect to cross-track direction

Figure 14. Velocity Error as a Function of Flow-Direction Error
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W E S T  B A G L E Y  IC E F IE L D  R E SU L T S

Figures 15 and 16 show the acceleration of West Bagley Icefield between January  199*2 and February 

1994. Figure 15 shows a  com parison of transect velocity profiles approxim ately  10 k m  dow nstream  

from  the ice divide separating  West Bagley Icefield from Steller G lacier. T he 199*2 velocity transect 

is plateau-like in the center o f the glacier whereas the 1994 transect velocity is som ew hat m ore 

rounded. In the inset graph, both velocity curves from th e  centerline north to the  m argin have 

been rescaled to  com pare curvature with a  sim ple theoretical curve for deform ational flow (flow law. 

n =  3, no shape factors (Glen. 1955)):

34

—  f e ) 4 (17)
1 / 2

Here x  is distance from centerline toward the margin and  r i / 2 is the  half-w idth o f the  icefield. 

T h e  1992 profile is assum ed to  represent the non-surging character o f the West Bagley Icefield 

velocity. The departu re  of th is profile from the curvature given by Equation 17 m ay be indicative of 

th e  influence of the valley shape (Echelmeyer. 1983) a n d /o r  some degree o f laterally-varying basal 

m otion.

T he second departure in velocity profile curvature, th a t from the 1992 profile to the  1994 profile, 

shows th a t the acceleration induced by the surge was stronger a t the  center of the  icefield th an  

a t the m argins. T he m echanism  for this acceleration is likely to  be a  separate  lateral variation in 

basal m otion associated w ith the Bering surge (as opposed to  an increase in flow due to  internal 

deform ational). Such variations have been observed previously (e.g. Raym ond. 1971) and  in this case 

are presumed to  be due to the m anner of coupling between the Bagley Icefield and the Bering Glacier. 

O ne possible m echanism  is a longitudinal stress impulse im parted  by the  removal o f  restrain ing  ice 

dow nstream  as the Bering Glacier surged. R elative to the m argins, the central part o f West Bagley 

Icefield is less susceptible to  m arginal shear stress. Another po ten tial factor in causing la teral sliding 

variations is a hypothetical increase in subglacial water pressure acting  to  reduce basal shear stress, 

e.g. Robin and W eertm an. 1973.
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Com parison of several overlain velocity transects from 1992 and 1994. T h e  dissim ilarity in these 

profiles indicates variable sliding speed, probably in response to  the Bering G lacier surge. T he inset 

plot shows both velocity curves from  the centerline north to the m arg in , arb itra rily  rescaled for 

com parison of shape with the curvature of a theoretical (flow law. n =  3) velocity profile (solid line).

F ig u re  15. C om parison  o f  V e lo c ity  T ra n sects  from  1992 a n d  1 9 9 4
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Transect distance (km) from south to north 

Figure 15. Comparison of Velocity Transects from 1992 and 1994
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West Bagley Icefield longitudinal velocity com parison. 1992 to  1994. (a) Velocity-only phase signal 

from 1992. with transect location and longitudinal profile shown in white, (b) Sam e location. 1994. 

Areas which are black o r solid color indicate signal dropout due to  poor coherence, (c) Centerline 

velocity profile com parison, (d), (e) Perspective rendering o f surge-related acceleration of West 

Bagley Icefield, looking west from the E ast/W est Bagley confluence. Vertical relief indicates surface 

speed.

F igu re  16. W est B a g ley  Icefie ld  L o n g itu d in a l V e lo c ity  C o m p a riso n . 1 9 9 2  to  1994
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Figure 16. West Bagley Icefield Velocity Comparison, 1992 to 1994
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Figures L6a and L6 b are translation-only differential interferograms from 1992 and 1994. respec

tively. Considerable changes in the phase signal in the central part of the glacier show the longitudinal 

acceleration in the 1994 image associated w ith the Bering surge, also shown by the  change in the 

centerline velocity profile in Figure 16c. A remarkable aspect of this centerline com parison is th a t 

the 1994 profile is very sim ilar to  the 1992 profile multiplied by an em pirical factor o f 2.7 (dotted  

curve in Figure 16c).

Near the confluence where West and East Bagley Icefields flow together, the centerline velocity 

has increased from 0.36 m  d ~ l in 1992 to  0.95 m  d ~ l in 1994. Differential in terferom etry  also showed 

appreciable acceleration over the one m onth interval from January to February 1994. At the ra te  of 

acceleration derived from this one m onth period, the influence of the surge on W est Bagley Icefield 

can be estim ated to  have lasted for four to five months by the time the February 1994 d a ta  were 

acquired. W ith the uncertainty in surge onset location (symbol. Figure I. or possibly farther up- 

glacier) and surge s ta r t  tim e (apparently  between late March and late April 1993. possibly earlier), 

these d a ta  suggest th a t  the speed of up-glacier propagation of the Bering surge to  the Bagley Icefield 

confluence was of the order of 200 to  500 m  d ~ l . Subsequently, increased longitudinal stress gradients 

caused the centerline velocity of West Bagley Icefield to increase by a factor o f  ~  2.7 over a tim e 

period tha t may have been as little  as four m onths.

F A IL U R E  O F T H E  C O N S T A N T  V E L O C IT Y  A S S U M P T IO N

To claim  th a t the differential interferogram  shown in Figure l ie  contains only inform ation about 

topography it is necessary to assum e th a t the glacier velocity field is tim e-invarian t so tha t the 

translation com ponents of the source phase-signals cancel. This 'constant velocity assumption" 

(herein CVA) is generally quite valid on ice sheets (with notable exceptions: see Joughin  and others. 

1996c). For tem perate  valley glaciers with sliding speeds highly coupled to  subglacial hydrology, it 

m ay be best to say th a t, if possible, the CVA assumption should be demonstrated  to  be valid, for 

exam ple by deriving consistent topographic phase from a tim e sequence of m any im age pairs. Most 

valley glacier CVA failures are observed to  be small in m agnitude, usually a  fractional part o f a 

fringe representing velocity differences of less th an  one centim eter per day. A m ore extrem e example
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of CV'A failure is shown in the  differential interferogram  (nominally topography-only ) in Figure 17. 

in which two concentric fringe patterns or bull's-eyes appear on East Bagley Icefield, each ~  4 k m  

in diam eter. T he constituent observation intervals are January '2-5 and January 11-14. 1994 and 

the differential baseline B\ — B? is ‘28 m. Such a phase pattern, if it were to  indicate topography, 

would represent two steep conical hills 1600 m  high.

There are o ther possible causes for phase anom alies of this so rt, most notably some m anner of 

atm ospheric or ionospheric contam ination of the propogating radar signal. The effects of atm ospheric 

water vapor on topographic phase described by Goldstein (1995) and by Zebker and others (1997) 

are present at low latitudes but are unlikely to have such a strong influence during winter a t 60° 

N latitude. Furthermore the  nature of these bu ll’s-eyes (and o thers seen in similar d ata) argues 

against atm ospheric causes in general as they are cleanly localized and rest sym m etrically over the 

hypothetical deepest part of East Bagley Icefield. In fact we suppose tha t the most likely explanation 

for these bull's-eyes is not th a t they represent a variation in longitudinal sliding velocity, but th a t 

they represent a  local rise of the surface of ~  20 cm over a three day tim e interval, from January  2 to 

January  5. This value is consistent with observations on Black R apids Glacier, a surge-type glacier 

in central Alaska, where Heinrichs and others (1996) observed annual elevation cycles of ~  1 m  and, 

more to  the point, elevation changes on a scale of 10  — 20  cm have been observed over a m a tte r 

of hours in association with rapid lake drainage events (M. Nolan, personal com m unication). A 

hydrological event of this so rt, norm ally considered unlikely in w inter, may be facilitated by the 

dynam ics o f the Bering surge (for com parison see K am b and others. 1985, regarding a surge-related 

event in February 1983 on Variegated Glacier, Alaska). The volume represented by this hypothetical 

surface uplift is 7 x 10” m3.

The hypothesis of a surface rise is only one possible type of surface translation (albeit the m ost 

obvious one) which could account for the observed bull's-eyes. T his emphasizes the im portance 

of recognizing tha t subtle aspects of glacier dynam ics and associated CVA failures introduce local 

errors into the DSRI technique for estim ation of the velocity field.

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Differential Interferogram  (nominally topography-cnly) o f part of East Bagley Icefield w ith  two 

features indicating failure of constant velocity assum ption, from January  1994. These features are 

speculatively interpreted as surface uplift o f more th an  20 cm  over a three-day interval. Ja n u a ry  2-5.

F ig u r e  17. P h a se  B u ll’s-E ye F eatu res. E ast B a g le y  Ice fie ld  1994
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Figure 17. Phase Bulls-Eye Features, East Bagley Icefield 1994
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R E S O L V IN G  S U R G E  D R A W D O W N

We expect the acceleration of West Bagley Icefield to  be accom panied by a drawdown o f th e  surface, 

but resolving th is change in surface elevation using DSRI-derived DEMs is problem atical. The 

theoretical lim it to  ERS-I-based SRI elevation is ~  5 m r m s  (Zebker and others. 1994). However, 

the effects of sm all baselines for this data , acting in conjunction with phase noise, sca tte ring  depth 

uncertainty, and the potential for CV'A failure (West Bagley Icefield was accelerating in 1994) require 

us to  revise th is lim it upward to 20 m rm s  accuracy at best. At th is limit of resolution, a com parison 

of pre-surge (1992) and during-surge (1994) elevation interferogram s failed to give conclusive evidence 

of surface drawdown. Taking a pre-surge centerline surface velocity of 100 m a ~ 1 and a surface slope 

of 0.95°. and using a conventional flow law calculation for tem perate  ice with sliding speed ranging 

from 2 0 % to  80% of the total speed (no valley shape factors since the half-width is g reater than 

three tim es the probable depth (Patterson. 1994)). the inferred depth of West Bagley Icefield is 

about 500 — 700 m .  T he time of exposure to  surge influence a t the West Bagley Icefield equilibrium  

line is estim ated a t between 150 and 200 days. A continuity  calculation for the observed speed-up 

shown in Figure 16c gives a maximum theoretical drawdown of 5 — 10m. which accounts for the 

difficulty in resolving such a drawdown using DSRI.

S U M M A R Y

The large-scale glaciological problem of characterizing the dynam ic behavior of West Bagley Icefield 

during the 1993-95 Bering Glacier surge is addressed by differential interferometric analysis of SAR 

d a ta  (DSRI). DSRI is only applicable to the study  of relatively slow flow, for exam ple on Bagley 

Icefield and Jeffries Glacier, as it is easily rendered ineffective by decorrelation noise from rapidly 

moving and deform ing (i.e. surging) ice. The lim itations o f DSRI including its considerable com pu

tational com plexities are compensated by the capacity o f this technique to produce glacier DEMs 

and surface velocity vector fields at high resolution.

Due to  the abundance of stable ice-free topography, interferom etric baselines for valley glacier 

scenes are com paratively easy to determ ine and refine (com pared to  the relatively featureless polar 

ice sheets) using tiepoint-iteration techniques. Baseline refinem ent is consequently lim ited  by tie-
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point errors and decorrelation noise. The determ ination of precise baseline d a ta  by the various flight 

agencies (e.g. European Space Agency) has reduced the problem of baseline refinem ent. Decorre

lation noise also makes the analysis of tem perate  valley glaciers difficult relative to  ice sheet d a ta . 

This decorrelation is likely due to  high tem peratures and proxim ity to coastal w eather system s in 

the G ulf of Alaska.

Using only a single observation geometry, an assum ption of flow parallel to the axis of the valley 

(ra ther than  flow down the surface gradient) should be used to  obtain  valley glacier surface velocity 

fields. Flow-direction errors are minimized as the direction of glacier flow approaches the radar 

cross-track look direction but are exacerbated in regions o f complex flow, particu larly  at glacier 

confluences. In addition to  flow-direction errors. DSRI error sources (in the ERS-1 3-day repeat 

context) can be sum m arized as follows: Errors in baseline estim ation will give a  system atic bias 

to the entire scene which can easily be m istaken for real d a ta  (Joughin and others. 1996a). Phase 

unwrapping from a non-zero-velocity s ta rting  location will introduce a small constant offset to  all 

d a ta  within a particular scene, in general less than (2 /cos 9) cm d ~ l . A phase unwrapping error 

(using the Goldstein technique (1988)) m ay introduce discontinuities in the unw rapped phase as 

integer m ultiples of 2ir. If undetected during analysis, these will lead to errors in the  derived surface 

velocities by corresponding integer m ultiples o f (2.5/cos 0) cm d ~ l . Such discontinuities are often 

easily noticeable and may be remedied by filtering. Coherence-related phase noise introduces a high 

frequency noise com ponent in velocity or topography results. In this work, phase noise introduces a 

speed uncertainty of about ± (3 /co s0 ) m m  d ~ l in regions of high coherence. Finally an im portan t 

case-dependent source of error is failure of the constant velocity assum ption (C’VA). In subtle cases 

the introduced errors will be less than  one fringe (< (2.5/cos0) cm d ~ l ). Drastic CVA failures can 

invalidate velocity and topography results but can also provide insights into glacier dynam ics and 

subglacial hydrology.

P articu lar to  the Bering Glacier surge, a  three-fold acceleration of West Bagley Icefield is clearly 

observed in the comparison of DSRI results from 1992 to  1994. This observation was possible because 

phase coherence is m aintained in 1994 scenes acquired while the surge was in progress, im plying th a t 

the surface o f West Bagley was fairly stable over three-day periods during this tim e. Such stability,
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combined with moderate acceleration relative to  the  Bering G lacier surge, m ay further im ply that 

the massive restructuring o f the subglacial hydrological system  associated w ith surging glaciers 

(K am b and  others. 1985) did not extend up into West Bagley Icefield. If th is  is the case, the  20 km  

longitudinal acceleration profile was probably caused by a sim ple reduction o f dow nstream  restraint 

due to  lowering of ice during the surge. This dow nstream  surface lowering may have im parted 

increased longitudinal stress gradients which had greatest effect along the centerline of West Bagley 

Icefield where the resistance of m arginal shear stress was m inim al. The d a ta  also place a  coarse 

lim it of 200 to  500 m d ~ l on the upstream  surge propagation  speed. T h is  is considerably faster 

than  the observed downstream propagation of the  surge front a t ~  100 m  d ~ l (Roush. 1996). The 

pre-surge velocity was used to  estim ate the depth  o f West Bagley Icefield at 500 — 700 m.  The 

surface drawdown implied by the acceleration event was not observed, possibly because it was not 

w ithin the resolution limits of topographic DSRI.
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A P P E N D IC E S  

Im a g e  C o reg istra tio n

Im ages are misregistered due to  scene topography, the spatia l separation o f the two spacecraft 

orb ita l passes (the baseline), and o ther system ic errors. Im age coregistration to  w ithin one pixel 

is accomplished with a straightforw ard linear transla tion  o f one image. Sub-pixel coregistration
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is com m only applied to improve phase coherence. In a  system  of glaciers with a  variety of flow 

directions (Figure I) it is necessary to  use a locally adap tive  resampling technique to  com pensate 

for m isregistration incurred by the ice m otion on top o f the o ther effects. For th is work, ‘20.000 

local m isregistrations measurements are calculated on a  1/3 k m  grid for each 40 k m  x 50 k m  scene. 

T his is done both from image I to  im age 2 and vice versa, w ith only reciprocating offset vectors 

retained in order to  elim inate spurious results. Each m easurem ent is made using sm all correlation 

chips oversampled by a factor of 4 in both  directions. T he resulting m isregistration grid is low-pass 

filtered to  reduce noise, giving a self-consistent sm ooth ly  varying fractional-pixel offset grid which 

is used to  drive a local bilinear in terpolation  resam pling o f one of the two images. T his technique 

provides extrem ely useful signal recovery as shown in Figure 7.

B a se lin e  C a lcu la tio n

A linear approxim ation to the non-linear problem  o f refining the interferometric baseline is given 

by Joughin (1995). The standard approach involves phase unwrapping an interferogram  to deter

m ine phase differences between several tiepoint locations in the scene. These phase differences are 

com pared to  the theoretical phase differences given an assum ed baseline, and the error between the 

two is used to  refine the baseline estim ate. T his process is itera ted  to give convergence to  a  working 

baseline. The difficulty for valley glaciers is th a t ice covered regions with good phase signal coher

ence have surface velocity inform ation folded into the unw rapped phase, and the areas which are not 

moving are generally mountains which often have poor signal coherence and are difficult to  phase 

unwrap. A solution lies in performing the baseline estim ation  process further along the sw ath in an 

area with m oderate topographic relief and no moving ice. T he baseline is then ex trapo lated  back 

to  the scene of interest, as orbital separations vary slowly and fairly linearly over d istance scales of 

tens o f kilometers.

P h a se  U n w ra p p in g  and A d a p tiv e  P h a s e  F ilte r in g

In general, interferograms of tem perate valley glaciers contain  a  great deal of decorrelation noise 

(for exam ple, relative to polar ice sheets). T his is due to  such influences as surface ro tation in 

areas w ith curving flow lines, rapid m arginal shearing between the constraining valley walls and the
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center of the glacier, surface deform ation of rapidly m oving (e.g. surging) ice. surface melting, and  

in the case of the Bering system , wind and precipitation from mercurial coastal w eather systems. 

Decorrelation noise necessitates adaptive phase filtering prior to  phase unwrapping in order to recover 

lower frequency phase signals th a t are corrupted by high frequency noise. The tradeoff in this process 

is a loss of resolution, so that the problem becomes one o f performing the m inimal am ount of phase 

filtering.

We used G oldstein 's phase-unwrapping algorithm  (G oldstein and others. 1988). Valley glaciers 

often include large regions of mediocre to poor coherence, so the interferometric phase is adaptively 

low-pass filtered using both am plitude and coherence weighting. Adaptive filtering selectively im 

proves coherence in noisy areas and enables the algorithm  to unwrap more of the scene while keeping 

the full spatial resolution intact in areas with good coherence. Low-pass filtering only works in areas 

where some coherence remains and where the phase signal is low frequency. There is a  danger in 

low-pass filtering areas with extrem ely poor coherence, as a  coherent signal can 'em erge' with no 

physical meaning. Unwrapping such a  false signal using G oldstein 's technique can lead to global 

(m ultiple of 2 jt) phase errors elsewhere in the scene.

M anual assistance can be provided to the phase unwrapping process. In this work, sets of points 

were chosen by hand such th a t they passed through regions of low coherence. These points were 

connected by lines to  the edge of the image so that the resulting pixel chains would guide the branch- 

cu tting  part of the unwrapping algorithm , acting in effect like singularity grounding cables. M anual 

assistance is not feasible for large-scale SRI applications, but for small scale research projects w ith 

well-defined regions of interest it can prove useful in elim inating spurious data .
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Chapter 3. Acceleration of Bagley 

Icefield During the 1993-95 Surge of 

Bering Glacier, Alaska, Observed W ith  

Spaceborne SA R  Interferometry

D e n n i s  R .  F a t l a n d

Geophysical Institute, University o f  Alaska Fairbanks, Fairbanks. Alaska 99775. U.S.A.

ABSTRACT. Tim e-varying accelerations were observed on Bagley Icefield dur

ing the 1993-95 surge of Bering Glacier. Alaska, using repeat-pass SAR interferom 

etry. Observations were from datasets acquired during winter 1991/92 (pre-surge), 

w inter 1993/94 (surge-state), and w inter 1995-96 (post-surge). T he surge is shown 

to have extended 110 km  up the icefield to  w ithin 15 km o r less of the flow di

vide. Acceleration and step-like velocity profiles are strongly associated w ith an 

along-glacier series of central phase bull's-eyes with diam eters of 0.5 to  4 km . These 

bull's-eyes are hypothesized to represent glacier surface rise/fall events of 3 to  30 cm 

during  1-3 day observation intervals and suggest m igrating pockets of subglacial 

w ater as an enabling m echanism. T he resulting  surface velocity gradients cause 

both  compressive and extensive stresses th a t produce patterns of orthogonal sur

face crevassing characteristic of the Bering and o ther glaciers during surge.*

* In preparation for submission to  Journal o f  Glaciology.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IN T R O D U C T IO N

T he Bering Glacier, together w ith Bagley Icefield (its associated accum ulation  area) and  sm aller 

tribu taries, covers an area of 5200 km 2 in the Chugach-St.Elias M ountains o f South-Central Alaska, 

USA. In spring 1993 a  m ajor surge began on the Bering Glacier ablation  area which proceeded in 

two phases through sum m er 1995. bo th  of which ended with ou tburst floods a t the term inus. An 

overview o f the Bagley Icefield/Bering Glacier system  and the progression o f the surge is given in 

Fatland and Lingle (in press). W hile that work devoted particular a tten tio n  to  the dynam ics of 

the West Bagley Icefield, this s tu d y  presents results from a subsequent analysis of the surge on the 

considerably larger East Bagley Icefield. Further observations and studies of the 1993-95 Bering 

Glacier surge can be found in M olnia (1993): Lingle and others (1993): M olnia (1994): M olnia and 

Post (1995): Roush (1996): Herzfeld and Mayer (1997).

Surging glaciers have been recognized for several centuries, but serious scientific s tu d y  o f the 

problem  of how and where surges happen began only as recently as the 1960s. A m ajor sym posium  

on the subject was held in Quebec. C anada in 1968. a t which Hoinkes (1969) showed th a t periodic 

ca tastroph ic glacier advances were recorded in 1678 and L772. Research into the phenom enon 

over the last three decades has focused on the com plex relationship between surges and subglacial 

hydrology. Robin and W'eertman (1973) described the backward propagation o f surge m otion  up- 

glacier from the in itiation or trigger" zone, hypothesizing that this was due to the dam m ing  of 

subglacial water. Subsequent theoretical work by Bindschadler (1983) described a param eterized 

relationship between subglacial w ater pressure and glacier surging. An im portan t and  detailed 

study  o f glacier surges was presented by Kamb and others (1985). Surge cessation was observed to 

coincide with floods of sedim ent-laden water at the glacier terminus on Variegated and W est Fork 

Glaciers (Harrison and others. 1986 and 1994: Raym ond. L987). This work led to the understanding  

th a t w ater is trapped under the glacier during the surge by a large-scale disruption o f the  basal 

d rainage system, resulting in a large volume of stored w ater and bed separation . The resu ltan t high 

subglacial water pressure is thought to  lead to  rapid surge motion through some com bination of 

ice-bed decoupling (i.e. flotation above and sliding over a hard bed) a n d /o r  shear failure o f non
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consolidated material a t the base of the glacier (i.e. plastic failure of a  deform able, soft bed). In 

both cases, the shear stress a t the glacier m argins exerts the dom inant restrain ing force as the basal 

shear stress is reduced. T he work presented here makes use of high-resolution spaceborne radar d a ta  

to contribute to the analysis of this complex problem.

The Bagley Icefield and the upper part of Bering Glacier were observed from winter 1991/92 

through winter 1995/96 by European Space Agency (ESA) synthetic ap e rtu re  radars (SAR) onboard 

ERS-I and ERS-2 in short-repeat (1-3 day) orbits. Data downlinked to  the Alaska SAR Facility 

from these satellites were interferom etrically processed into three d a tase ts  showing the nature of ice 

flow on Bagley Icefield before, during, and after the surge. T he first d a tase t, acquired in winter 

1991/92 by ERS-1 (3-day repeat orbit) shows the quiescent pre-surge surface velocity field on most 

of Bagley Icefield, which is the prim ary accum ulation area of Bering Glacier. The second dataset, 

acquired by the same means during winter 1993/94. is a time-series of images showing the surface 

velocity field and surface acceleration over two m onths on Bagley Icefield during the dom inant first 

stage of the surge, slightly less than one year after the probable tim e of onset. The third dataset, 

acquired by ERS-1 and ERS-2 during tandem  1 -day repeat orb its, w inter 1995/1996. shows the 

return to quiescence after the surge on both Bagley Icefield and along the entire Bering Glacier 

ablation area to the term inus.

An im portant feature of the present study is the discovery and in terpretation  of consistently 

recurring anomalies in the d a ta  which are referred to  as phase bull's-eyes’.

M E T H O D S

T he use of SAR interferom etry for glacier measurements has been described elsewhere, including 

Gabriel and Goldstein (1989): Goldstein and others (1993): Joughin  (1995); Rignot and others 

(1995); Joughin and others (I996abc): Kwok and Fahnestock (1996): Rignot (1996): Rignot and 

others (1996); Mohr and others (1997); and Fatland and Lingle (in press). T he basic technique is 

a  comparison of two coregistered SAR images, both of which have phase angle values assigned to 

each pixel. By subtracting these phases on a pixel-by-pixel basis, a  new im age is generated called 

an interferogram in which (under good conditions) the stationary  random  component of the phase
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has been removed, leaving a residual signal containing inform ation abou t the surface topography 

and surface motion. T he surface topography phase arises from the slightly  different orbital tracks, 

separated by a ‘baseline' o f a few hundred m eters or less, followed by the SAR during the two source 

d a ta  acquisitions. This topographic phase signal typically resolves vertical relief with a resolution o f 

less than  ‘20 meters. The surface motion phase is due to  sm all relative displacements of the surface 

of the moving ice on the scale of the radar carrier wavelength. 5.7 centim eters.

The surface motion phase signal, which is typically an order of m agnitude larger than  the surface 

topography phase signal, can be separated from the la tte r using m ultip le differencing of more th an  

one interferogram in circum stances where the surface is moving a t a constan t velocity. This technique 

and o ther technical details of SAR interferometry are further described in the references given above. 

In this work, the differentiation of these two phase signals using m ultip le differencing techniques was 

not feasible due to the constantly-changing surface velocities on Bagley Icefield during the surge. 

Instead, surface m otion was obtained for sm all-baseline pairs by first performing two-dimensional 

phase unwrapping and then extracting one-dimensional transect d a tase ts, either laterally across the 

glacier or longitudinally along the glacier centerline. T he topographic signal was ignored along the 

lateral transects, which traversed a region with very little  vertical relief. Along the glacier centerline, 

which has a modest and fairly constant slope, the effect of the phase signal due to surface topography 

could be approximately com pensated using a precise estim ate of the  orbital baseline, determ ined 

during processing. These two approaches allowed for the  isolation o f the  surface m otion phase signal 

and hence estim ation o f surface velocities on East Bagley Icefield during  the surge.

Figure 18 shows the East Bagley Icefield and associated tribu taries. Two datasets are indicated: 

A series of lateral transects and a longitudinal profile. The la teral transects are labelled A -N : 

transects A-K follow the course of Bagley Icefield and transects L -N  traverse trib u tary  glaciers. 

The longitudinal profile is indicated by the dark  centerline passing through markers F l - F l l .
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This figure is taken from the USGS 1:250000 Bering Glacier topographic m ap. Transverse profile 

areas are indicated with boxes and le tter labels A-N. Arrows indicate profile direction, corresponding 

to  left-to-right in profile plots in Figures 19 and 22. The central longitudinal profile through the 

fastest-moving ice is indicated by the  solid line running east to west from  the east edge of East Bagley 

Icefield. This line, m arked by feature d iam onds F I— FI 1. begins abou t 15 km east of the  flow divide 

and runs 100 km to the Bering G lacier. Phase bull's-eyes that are ap p aren t on a t least one occasion 

in the L994 tim e sequence are indicated by concentric dotted-line circles. A tim eline is inset a t the 

lower left that shows the progression o f the Bering Glacier surge, above the horizontal bar, and ERS 

observation phases, below the bar (adap ted  from Fatland and Lingle, in press). ERS-1 spaceborne 

radar interferometry (SRI) d a ta  were obtained  from 3-day repat o rbit periods before and during the 

surge, as shown in the first two 'SR T boxes. After the surge. ER S-1/2 1 -day repeat tandem  mission 

(TM ) d a ta  were acquired in late O ctober. 1995. indicated in the "TM S R I' box.

F ig u re  18. E ast B a g ley  Ice fie ld
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Transect d a ta  were extracted from the unwrapped phase signal and converted directly  to velocity 

profiles, ignoring elevation. The m ain  1993-94 data  sequence consisted of norm al interferometric 

baselines of 98. 54. 19. 4. 30. 139. and  63 m. Assuming a worst-case transverse elevation variation 

across the glacier as large as 200 m . this would result in corresponding velocity errors of 5. 3. 1. 

0.2. 2. 7. and 3 c m d _1. These errors are com parable to o ther errors in velocity estim ation  resulting 

from assum ptions about flow direction and are much sm aller th an  the typical centerline velocities 

of about 5 m d - 1 .

For the longitudinal transects, the  gross elevation signal was subtracted  from the d a ta  prior to 

conversion to  surface m otion. T his signal arises from the 880 m  elevation difference between the 

transect s tarting  point. 15 km down-glacier from the East Bagley Icefield flow divide, and the end 

point, another 90 km down-glacier a t  the East/W est Bagley confluence. In each case the baseline- 

dependent topographic signal was sub trac ted  linearly, introducing self-consistent sm all-order errors 

due to  neglect of actual variations in the glacier surface slope. Note th a t phase bull's-eyes, inter

ferogram anomalies discussed in deta il below, also introduce surface velocity errors of comparable 

m agnitude. In this study, velocity errors are estim ated to be generally less than 2 0 c m d -1 .

P R E -S U R G E  TO  S U R G E -S T A T E  V E L O C IT Y  C H A N G E  

O b servat ions

Figure 19 shows centerline velocity along the longitudinal profile F l - F l l  (Figure 18) for Jan  19-22. 

1992. before surge onset, and January  11-14. 1994. during the surge. The sequence of transect 

locations A -J are also indicated in Figure 19 for reference. T he Bering Glacier surge was first 

observed during spring 1993 in the ablation area below Bagley Icefield (Molnia. 1993: Lingle and 

others. 1993. 1994: Roush, 1996). T h e  surge subsequently propagated  up-glacier (as well as down- 

glacier) toward the Bagley Icefield flow divide. This is apparen t in the 1994 longitudinal velocity 

profile, which shows higher velocities and more variability than  the pre-surge profile. On West Bagley 

Icefield the surge-state velocity profile was very close to the pre-surge velocity profile multiplied by 

a constant factor of 2.7 (Fatland and  Lingle. 1998). On East Bagley Icefield the correspondence is 

not as clear but the velocity profiles before and during the surge have sim ilar structure.
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F ig u re  19. E a st B agley  Icefie ld  C o m p a riso n  o f  1992 to  1 994  L o n g itu d in a l V e lo c ity  

P rofiles

Centerline m arkers F l - F l l  and transects A -J  correspond to  locations marked on Figure 18. Areas 

with signal loss are interpolated with do tted  lines. The horizontal axis from left to right corresponds 

to  distance down-glacier from the flow divide on East Bagley Icefield, which increases from east to 

west.
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Figure 19. East Bagley Icefield Comparison of 1992 to 1994 Longitudinal Velocity Profiles



Profile segments w ith longitudinally  increasing velocity along the upper reach of Bagley Icefield— 

west of m arker F I. between m arkers F2 and F3. and between markers F4 and F5— all occur directly 

dow nstream  from trib u ta ry  confluences. Along the lower reach of Bagley Icefield from m arkers F6-  

F 10  there is relatively little  confluence o f ice (only contributions from em baym ents in the confining 

valley walls) but the  profile segm ents o f increasing velocity—-markers F6 to FT and FS to F9— are 

more pronounced. T he sharpest velocity increase occurs a t the confluence of East and West Bagley 

Icefield between m arkers F10 and F I I. Interferogram  phase bull’s-eyes, discussed below, occur m ore 

frequently in this dow nstream  region.

In terp re ta tio n

T he velocity profiles in the upper reach of East Bagley Icefield (transect A through m arker F4) are 

sim ilar in structure. This con trasts w ith the strong 9‘2-versus-94 velocity divergence further west 

(downstream ), showing how the surge influence dim inishes with distance from the Bering Glacier. 

Because of this dim inished influence in the upper reach, the surge-state velocity profile retains the 

expression of local m odulating  influences. In particular, the velocity profile suggests that there is a 

correlation between the locations of trib u tary  confluences and extensional flow, which is in agreem ent 

with theoretical and observational results presented by Gudmundsson (1997) and G udm undsson and 

others (1997).

The region from m arkers F4 to  F6 m arks a transition  to  much stronger surge influence, with 

steeper velocity-increase segm ents from F6 through F10 in the 1994 profile, but com paratively 

little  tribu tary  input. Finally, as the east and west branches of Bagley Icefield flow together into 

Bering Glacier, the segm ent between FIO and F l l  exhibits the strongest velocity increase. Here 

the velocity reaches 5 m d - 1 , still less than  half the m axim um  velocities observed by Roush (1996) 

farther downstream  on the Bering G lacier. In general the step-like nature of the velocity profile 

strongly suggests localized phenom ena m odulating the surge of Bagley Icefield.

S H E A R  M A R G IN  W ID T H S  A N D  M A X IM U M  P R IN C IP A L  S T R A IN  R A T E S

An im portant consequence of the high resolution o f SAR images is th a t the volume of d a ta  can 

become overwhelming. T he East Bagley Icefield shear-m argin widths and m axim um  strain  rates
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are presented as a means of characterizing the ice deform ation in a m anageable fashion a t a sm all 

num ber of sites. The large initial d a ta  volume is an asset, however, as particular sites need not be 

chosen a priori as in the case of a  field campaign.

O b serv a tio n s

Figure 20 shows a comparison of 1992. 1994. and 1995 shear-m argin widths and m axim um  principal 

strain  rates across both the northern and southern shear m argins of East Bagley Icefield (sites A -K . 

Figure 18). Also included are d a ta  for the three trib u tary  transects, labelled L. M. and  N. The 

widths o f the shear margins were estim ated  from interferogram s. In some cases, this estim ation  was 

inferred from bands of incoherent interferogram  phase, with the incoherence due to some com bination 

of high surface deformation com bined with the lim itations o f the SAR resolution. M axim um  extensile 

strain  rates in the range 1 to  7 x l0 - 4 d - 1  were estim ated from the steepest lateral velocity gradients, 

assuming flow parallel to  the valley walls. This gives a  principal extensive stra in -ra te  axis oriented 45 

degrees down-glacier from the valley walls relative to  the transverse direction, causing corresponding 

shear crevasses to point 45 degrees up-glacier. In some cases where interferogram shear m argins were 

obscured by incoherence, the velocity gradient could still be estim ated from the velocity a t the center 

and the assumed zero-velocity condition a t the valley wall.
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F ig u re  20 . L ateral T ran sect S ite s  A —N : C h a ra c ter is tic  W id th s  and  S tra in  R a te s . 19 9 2  

v ersu s 1994

T he horizontal axes are indexed by site le tters A -N . as labelled in Figure 18. Indicated m axim um  

sheer m argin strain  rates and glacier w idths were determ ined either by interpolation or d irect m ea

surem ent from interferogram d ata . Most velocity transects show a nearly linear steepest g rad ien t' 

region across the shear m argin which was used to  calculate m axim um  principle strain  rates using the 

assum ption of parallel flow in two dim ensions (i.e. no vertical component, after Vaughan (1995)).
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In terp reta tio n

T he prim ary down-glacier trends shown in Figure 20 are the increases in shear-m argin width and 

shear strain  during the surge, as would be expected. The trib u ta ry  sites L and M appear to be 

essentially unaffected by the surge, whereas site N. in closer proxim ity to the down-glacier region of 

East Bagley Icefield, shows a  decrease in shear-m argin strain ra te  during  the surge and an apparent 

shift in the location of the central flow channel relative to 1992. T h is m ay be due to a dynam ic 

restraint imposed on the  trib u tary  by the surge.

P H A S E  BU L L  S -E Y E S  

O bservation s

Before proceeding to surge-state observations of East Bagley Icefield, it is relevant to establish the 

common occurrence of phase bull 's-eyes in interferogram s of glaciers, as shown for example in Figure 

21. These bull’s-eyes are radially sym m etric phase patterns with varying degrees of elongation an d /o r 

distortion. They occur both  in isolation as well as in conjunction w ith o ther b u ll’s-eyes, and are 

consistently located over the deeper parts of a channel of ice. Phase bull’s-eyes are typically 0.5 to 

4 km in diam eter and. due to  their size and m agnitude, cannot represent topography. Consequently 

phase bull’s-eyes on glaciers m ust necessarily represent motion along the one-dim ensional SAR line- 

of-sight vector to the ice surface. T his motion, herein referred to as a bull's-eye event', m ust take 

place during the 1-3 day observation interval between two SAR im aging passes. Bull’s-eye events are 

therefore time- and space-localized variations in the norm al movem ent of the glacier surface. Figure 

18 indicates a distribution o f bull's-eye events from the 1994 surge-state d a ta , in which bull's-eyes 

are apparent on East Bagley Icefield, the non-surging Yahtse G lacier to  the south , and elsewhere.
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(a) 1994, Jan (2-5) -  Jan (11-14) (b) 1994, Jan (2-5) -  Jan  (17-20) (c) 1994, Jan  (11-14) -  Jan (17-20)

(a), (b), (c): Three differential interferograms that resolve the ambiguity of the time of the doable bullseve. Any 
balLs-eye events m ast occur daring either the first o r  second 3-day observation interval. Using the vertical motion 
model, this sequence demonstrates that the g lader surface rose a t  both boOs-eye centers by 18 cm between L'TM 
7:19 Jan 2 and LTM  7:19 Jan 5,1994, The third image shows ongoing activity centered a t slightly different 
locations; more pairs would be needed to discriminate the time ami direction of these later events..

(d) 1994, Jan  (11-14) -  Jan  (20-23) (e) 1994, Jan  (17-20) -  Jan  (20-23)

(d), (e): A later tim e-sequence showing continued ba t less dram atic activity, with the locations of the two large 
Jan 2-5 bafiseyes indicated as before with white crosses. The dashed white circle in (d) indicates an intermediate 
region probably active both daring Jan 2 -5  and Jan 11-14 bat not active from Jan 17-23.

Figure 21. Multiple Differential Interferogram Time Sequence
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Phase bull's-eyes occur with both positive and negative phase curvature. Because they  have 

typical m agnitudes of one to ten fringes, they are often obscured by the interferogram  phase of 

the norm al dow nstream  flow of the glacier. Thus they are generally more apparent in differential 

interferogram s in which two ice-flow phase signals are used to  cancel one another. T h a t is. for two 

observation intervals A and B. a phase bull's-eye m ay not be apparent in corresponding interfero

gram s a  and 3. but a differential interferogram (a  — J )  th a t removes most o f the surface m otion 

phase will clearly reveal the phase bull's-eye on the glacier. In such a  case, the tim e a t which the 

bull's-eye event occurred is ambiguous. For example, negative phase curvature in the differential 

interferogram  will represent either a toward the SA R ’ m otion during interval A. or ‘aw ay from 

the SA R ' m otion during interval B. This am biguity can often be resolved using a th ird  observation 

interval C (interferogram  7 ). If the phase bull's-eye event occurred during A. then this event will 

also be apparent in differential interferogram (0  — 7 ). bu t not in (3  — 7 ).

In ter p r e ta tio n

W ithou t independent inform ation, the interpretation o f phase bull's-eyes m ust rely on a conceptual 

transition  from indicated m otion along the radar line o f sight to  actual m otion of the glacier surface 

in three dim ensions. The sim plest idea invokes vertical rise or fall of the surface and is adopted 

here as part of a hypothetical model of the principle m ode of bull's-eye events. In th is  m odel, 

subglacial w ater flows through a distributed subglacial dra inage system  to the deep cen tral part of 

the glacier channel creating a localized transient fluctuation in basal water pressure th a t  exceeds 

the overburden. Such localized transients, also thought to  occur during surge-onset. would lift the 

glacier upwards from the bed resulting in the observed phase bull's-eyes. Similarly when subglacial 

channel conditions perm it w ater drainage from a locally elevated region, the surface would drop 

producing a phase bull's-eye o f opposite sign.

C ircum stan tial support for w ater as a driving m echanism  is apparent in one instance o f a  bull's- 

eye on a  Bering Glacier trib u ta ry  bay directly down-glacier from a surface lake. Furtherm ore, d a ta  

acquired several m onths after the surge ended (O ctober *27-28. 1995) show the ice near the term inus 

to  be stagnan t across the entire Bering Glacier piedm ont lobe, while at the sam e tim e II  o f 14 phase 

bull's-eyes do tting  the region indicate surface drop events o f from 3 to 30 cm during a one-day tim e
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interval. This one-day observation is consistent w ith the notion th a t after a surge ends, previously 

trapped  basal water drains out through open channels. The change in w ater volume indicated  by the 

d a ta  is on the order of 10-30 million cubic m eters per day. Phase bull's-eyes are com m only d isto rted  

from circular shape in a  m anner that appears consistent with dow nstream  ice flow, particu larly  

around bends or at channel confluences. This suggests that the sim ple vertical m otion m odel is only 

a  s ta rtin g  point and th a t asym m etrical bull's-eye events may also indicate variations in horizontal 

velocity.

D U R IN G -S U R G E  A C C E L E R A T IO N  

O b serv a tio n s

Seven sequential interferograms from 1994 were used to generate a tim e sequence o f centerline ve

locity profiles. The reference points F l - F l l  are indicated in Figure 18. The three-day interferogram  

observations intervals were: Jan  ‘2-5. Jan  11-14. Jan  17-20. Jan  20-23. Feb 7-10. Feb 13-16. and 

Feb 25-28. Each profile was adjusted by the gross topographic gradient based on the interfer- 

om etric baseline as described above. Profile pairs were then subtracted  and norm alized by the 

inter-observation tim e interval to  produce a  sequence of longitudinal acceleration profiles, shown 

in Figure 22. with vertical axis representing acceleration in c m d - 2  and horizontal axis indicating 

d istance down-glacier from the East Bagley Icefield flow divide in kilometers
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Time-interval dates are indicated in the upper left interior of each plot, w ith J  =  January  and F =  

February, 1994. The horizontal axis indicates the distance down-glacier from the East Bagley Icefield 

flow divide. From left to right on th e  horizontal axis corresponds to east to west (i.e. right to left) 

on Figure 18. As an exam ple, the plot a t the upper left shows acceleration along the longitudinal 

centerline between two observations: T he first observation was during the  January  2-5  tim e period, 

and the second during the January 11-14 tim e period. The acceleration becomes more pronounced 

from left to right, i.e. w ith increasing proxim ity to  the Bering Glacier.

The left-hand colum n plots: (a), (b), (c). (d), (e). and concluding with (j). com prise a sequential 

tim e series th a t begins w ith the interval given in the example above and concludes w ith the February 

13-16 to February 25-28 tim e interval acceleration measurement.

Plot (b) also begins a second sequence o f increasingly longer-duration acceleration m easurem ents, 

continuing with plots (f). (g). (h). and (i). Here the first (reference) observation interval is always 

th a t from January  11-14. while the second observation interval varies from January  17-20 (plot b) 

to  February 25-28 (plot i). The la tte r  shows th a t time averaging over longer intervals produces a 

m ore uniform longitudinal acceleration profile.

F igu re  22. A c ce ler a tio n  P ro files

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

(J2—5)—(J11—14) (a)

2  0F=~"ST

J  - i t

1

L Horizontal Axis: Distance Do wn-G  lacier 
From East Bagley Flow Divide (Ian)

22 (J11-I4M J17-20) (b)

i

- I F  ' «

■ P :  I 2 3 4 5 6 7 8 9 lfl!
-2t—.— ............................................

, 2  (J17-20M J20—23)

1 1u
e

I  0
•Ju 1< -1

i

(C) 2

'■V

, 2  (J20—23)-(F7-10) (d)

2L (J1 I-I4H J20-23) (0 s \ / y r  2

- i :

i

2F- (J11—14)—(F13—16)

2  OS

-lr

i
—2 -

,L (J1I-I4M F25-28)

-i:

: L (F13-t6M F25-28)

i  o— e :
u —
J  - i :

- 2 :

« -cc

(J ll-1 4 )—(F7-10) (g)

SC ’

(h)

(i)

a J ?  ^

Figure 22. Acceleration Profile Time Sequences

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T he graphs in the left-hand colum n o f Figure 22 (concluded in the graph a t the bottom -right) 

com prise the  consecutive series o f acceleration profiles from January  2-5 through February 25

28. T h e  second image includes a  key to  the horizontal m arkers F l - F l l .  In the first graph, th e  

d ip /d ro p o u t between markers F6 and  F7 is due to  th e  January  2-5  bull's-eye uplift event (F igure 

21). W ithou t recognition of the  bu ll’s-eye. this would be m isinterpreted as rapid dow nstream  flow 

(in the d irection o f the SAR). O th er bull’s-eye events also contribu te localized bum ps in the profiles, 

apparen t in the  second and th ird  plots.

The graphs in the right-hand colum n are progressively longer time-interval acceleration profiles 

from the  Jan u a ry  11-14 d a ta  to  la ter datasets. Longer tim e intervals show a reduction in th e  

sm aller-scale structu re  and the em ergence of a g radual acceleration profile of constant slope, seen 

for exam ple in the final plot. (January  11-14)— (February  25-28).

In te r p r e ta tio n

T he sequential series in the left-hand column has two im p o rtan t characteristics. The first is the  long

term  trend  o f gradually increasing acceleration with d istance from the flow divide toward the Bering 

Glacier ab lation  area, at a slope o f ~  10- 4 cm d - 2  k m '1. The second characteristic is the short 

tim e-interval acceleration changes along the lower reach of East Bagley Icefield, down-glacier from 

approxim ately  the 70 km location (between markers F 6 and F7). This location, which corresponds 

to the two bu ll’s-eyes shown in Figure 21. seems to  behave like a hinge from which acceleration 

pulses em anate . T his is particularly  apparent in p lo ts 2. 3. 4. and 5 in the left-hand colum n tim e 

sequence. T he bottom -left plot also suggests a transition  region from roughly 45-70 km which tends 

to act as a  consolidated unit. T his regional characterization of East Bagley Icefield in term s of an 

‘upper-transition-Iow er’ sequence based on acceleration profiles is consistent with the velocity profile 

analysis presented above.

Also of note in Figure 22 is the recurrence of positive acceleration values a t the eastw ard lim it 

o f the SAR scene (km 15). T his im plies th a t the surge influence continues up to the flow divide, 

possibly displacing it eastward.
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A F T E R -S U R G E  R E T U R N  TO  Q U IE S C E N C E

T he first phase of the Bering Glacier surge ended in August 1994 with an outburst flood a t the 

term inus, followed by about 9-10 m onths of quiescence (Roush. 1996). The second phase of the 

surge began in spring 1995 and ended in late sum m er. Later in 1995 the Bering Glacier was imaged 

by both  E R S-l and ERS-2 in one-day repeat tandem  m ission' (TM) orbits. The interferogram  from 

an E R S-1/2 small-baseline image pair acquired O ctober 27-28. 1995 shows the first observed phase 

coherence on the Bering Glacier ablation area from the Bagley Icefield to the term inus in Vitus 

Lake near the G ulf of Alaska coast, as shown in Figures 23 and 24. (Earlier a ttem p ts failed due to 

signal noise presumably caused by the longer 3-day interferom etric observation interval.) Because 

the interferom etric baseline is less than 2 0  m eters, the contribution of topography to  the phase of 

th is single interferogram is small (one color fringe per 500 meters elevation change) so th a t m ost of 

the detailed phase structure visible in Figures 23 and 24 may be interpreted as being due to  surface 

m otion.

Figure 23 shows the interferom etric phase from the confluence of East and West Bagley Icefields 

down the Bering Glacier to the up-glacier lim it of the term inus piedmont lobe. On East Bagley 

Icefield a t the eastern limit of the TM SAR scene the  post-surge velocity is about 4 5 c m d - 1 . This 

increases to  a region of maximum velocity labelled in Figure 23 on the upper part of Bering Glacier 

th a t corresponds to site J on Figure 18. The velocity here varies from 1 0 0 -I3 0 cm d _1. which is 

com parable to the pre-surge velocity of ~  130 cm d -1 . Downstream from site J there are three 

d istinct regions where tightly spaced fringes indicate th a t the surface velocity is decreasing.

Further downstream  on the Bering Glacier the 1995 d a ta  show the ice flow essentially ceases about 

40 km above the terminus. leaving the entire piedm ont lobe stagnant but for a scattering o f phase 

bu ll’s-eye events (Figure 24). The surface relief from the term inus on Vitus Lake to the eastern limit 

o f the stagnan t ice is about 700 meters or about 1.4 phase fringes. The bull’s-eye patterns observed 

across the piedm ont lobe strongly suggest continued drainage o f subglacial pockets of w ater resulting 

in localized surface drops, as discussed above.
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Tandem  Mission interferogram of the reach of Bering G lacier from the Bagley Icefield confluence to 

the piedm ont lobe. The sm all interferometric baseline (20 m) means that most of the observed phase 

structu re  is due to variations in surface m otion, as indicated  by labels. T he surrounding m ountains 

have been rendered as greyscale SAR image am plitude to  emphasize the moving glacier ice. in color. 

Arrows on the glacier indicate flow direction.

F ig u re  23 . B erin g  G la cier . O ctob er 28, 1995 . A fte r  S u rg e
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Tandem Mission interferogram  of the Bering G lacier term inus piedm ont lobe. This im age is a 

continuation of Figure ‘23 (note overlap in upper right corner w ith  the  middle-left part of Figure 23). 

T he piedmont lobe show s little  o f the phase s tru c tu re  associated w ith longitudinal flow, indicating 

th a t the ice is fairly s tag n an t. A number of phase bull's-eyes are accentuated with white arcs.

F igu re 24. B er in g  G la c ie r  T erm in u s. O c to b er  28 . 19 9 5 . A fte r  S urge
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D IS C U S S IO N

The relatively quiet Bagley Icefield surge response— in contrast to  m ore widespread and dynamic 

fracturing and chaotic motion w ithin the Bering Glacier ablation area— was accompanied by the 

surface stability  and  hence stationary-phase signal coherence necessary to obtain  results from SAR 

interferometry. Near the East-W est Bagley Icefield confluence. West Bagley Icefield accelerated from 

January through M arch. 1994. at an average rate of O .ocm d - 2  to  abou t l m d ' 1. On East Bagley 

Icefield, the corresponding acceleration was considerably higher a t 1.3 cm d - 2 . w ith a maximum 

observed velocity o f about 5 m d - 1 . For both East and West Bagley Icefield these accelerations 

attenuated fairly linearly to near zero with distance up-glacier tow ard their respective flow divides. 

Both flow divides m ay have been displaced away from Bering G lacier by the surge, but this was not 

directly observed in the SAR d a ta . These observations are consistent with those given by Herzfeld 

and Mayer (1997). who observed surge-related crevassing as far east as m arker FI on Figure 18. The 

segmented structu re in both the velocity and acceleration profiles observed on East Bagley Icefield 

indicates locally varying influences from longitudinal stress, bed conditions, and lateral shear stress 

from converging tribu taries. In particu lar it is likely th a t the lateral shear-stress coupling of East 

and West Bagley Icefield at their confluence plays an im portan t role in m odulating the velocities 

of each. The acceleration of East Bagley Icefield may also have constrained the flow of one of its 

tributaries as shown in the pre-surge to  surge-state m arginal shear zone analysis.

It is suggested here th a t water moving through subglacial conduits may reach and locally exceed 

the overburden pressure, lifting the entire ice mass several-to-tens of centim eters and producing 

frequently-observed interferogram  phase bull's-eyes. It is of interest to  note, in light of the strong 

versus weak sim ilarity  of pre-surge to  surge-state velocity profiles on West and East Bagley Icefields 

respectively. that while there is a high spatial and tem poral density of bull's-eye events on East 

Bagley Icefield, there is practically no clear evidence of phase bu ll’s-eyes on West Bagley Icefield.

The d a ta  indicate th a t up to 5% of East Bagley Icefield m ay have been influenced by bull's-eye 

events at any given tim e during the surge in winter 1994. Phase bu ll’s-eyes with both positive 

and negative signs are observed, indicating surface rise and drop events in the proposed model. A
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large num ber of bull's-eyes were also observed on the post-surge s tag n an t ice o f the Bering Glacier 

piedm ont lobe, most of which indicate a surface drop th a t can be a ttr ib u te d  to  ongoing post-surge 

drainage o f subglacial water. A sim ilar phenomenon m ay have been observed in a 10 cm drop 

observed by Kam b and others (1985) at the end of the 1982-83 surge o f Variegated Glacier. On 

non-surging glaciers, bull’s-eyes are commonly (but less frequently) apparen t.

T he phase bull’s-eye model, in which pressurization/depressurization events occur continuously 

along the line of m axim um  glacier depth, should be tested in the field by accurately m onitoring 

surface elevations over short intervals of several days using a  G PS netw ork and by m easuring glacier 

depth  profiles (seismics. ice penetrating radar).

S U M M A R Y

SAR images used in this study typically yielded valid d a ta  over areas o f 1000 — 2000 km 2 with a 

horizontal resolution of 40 — 80 m. While this is a positive developm ent in glaciological remote 

sensing, there is an accom panying problem in the m anagem ent of extrem ely  large d a ta  volumes. A 

d a ta  m anagem ent technique presented here is the reduction of the d a ta  to  a  sm all set of characteristic 

param eters, for exam ple shear-m argin widths, m axim um  principal s tra in  rates, and velocity and 

acceleration profiles th a t characterize the flow and serve as an historical benchm ark.

T he results presented here show the extent and m anner in which th e  Bering Glacier surge prop

agated up into the Bagley Icefield. Consistently recurring anom alies in the d a ta , referred to as 

phase bu ll’s-eyes, are interpreted to represent local raising or lowering o f the glacier surface by 3 to 

30 cm during 1-3 day observations intervals. In some cases, non-radial irregularities in the bull’s-eyes 

suggest th a t this vertical m otion is also coupled to variations in horizontal velocity. The general 

natu re of these phase bull’s-eyes suggest th a t they are expressions o f m ig rating  pockets of subglacial 

w ater th a t cause localized variations in subglacial w ater pressure, in tu rn  m odulating  (and perhaps 

enabling) the acceleration response of East Bagley Icefield to  the Bering G lacier surge. T he accom

panying positive and negative velocity gradients, while not sufficient to  cause heavy fracturing along 

m ost of the  reach of East Bagley Icefield, are nevertheless consistent w ith the extrem e orthogonal 

crevassing observed dow nstream  on Bering Glacier as well as on o th er glaciers during surge. This
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open-ended hypothesis could possibly prove relevant to  the general problem of the  bed morphology 

o f surging glaciers as well as to  the  longitudinal transm ission o f pulses of acceleration during a surge. 

T he less frequent but still rem arkable presence o f bull's-eyes on non-surging glaciers (notably the 

Yahtse. Tana, and Jefferies Glaciers near Bagley Icefield and on Black Rapids G lacier in the Alaska 

Interior (Fatland and Truffer. in preparation)) suggest th a t the apparent discrete regions of stored, 

pressurized subglacial water are ubiquitous, becom ing m ore extensive and dom inan t during surges.
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Chapter 4. An Interferometric Study of 

Black Rapids Glacier Alaska

D e n n i s  R .  F a t l a n d . M a r t i n  T r u f f e r

Geophysical Institute. University o f Alaska Fairbanks. Fairbanks. Alaska 99775. U.S.A.

ABSTRACT. Surface velocities, s tra in  rates and elevations are measured on 

Black Rapids Glacier, Alaska, a surge-type tem perate valley glacier, using differ

ential spaceborne radar interferometry from a single satellite o rbital track imaging 

geometry. These results are compared to  field cam era d a ta  and airborne laser al

tim etry. Error analysis indicates that errors are prim arily due to  longitudinal and 

vertical variations in glacier motion on a  tim e scale of tens of days. A phase bull's- 

eye anom aly th a t persists for two m onths in 1992 is described in the speculative 

context of the basal hydrology associated with glacier surges.*

* In preparation for submission to  Journal o f  Glaciology.
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IN T R O D U C T IO N

Black Rapids Glacier is a surge-type tem perate  valley glacier located along the Denali fault in the 

Alaska Range of interior Alaska. It is 42 km long w ith an average w idth o f 2.3 km and a m ean 

grade o f 2° (Figure 25). Black Rapids G lacier last surged in 1936/37 and has been the subject of 

intensive field study from 1970 to the present. An im portan t reference on field work on Black R apids 

G lacier through 1995 is Heinrichs and others, 1996. T he main glacier makes a  hairpin turn near the 

equilibrium  line, but aside from this bend, it flows obliquely away from and later directly towards 

the E R S-1/2 SAR look direction, in the accum ulation and ablation areas respectively, making it an 

excellent subject for study using differential spaceborne radar interferom etry (D SRI). This technique 

involves differentiation of superim posed signals in interferom etric SAR d a ta , where the two signals 

o f interest indicate surface topography on a vertical scale of m eters and surface motion on a  scale 

o f centim eters per day (Gabriel and G oldstein. 1989: Goldstein and  others. 1993: Joughin. 1995: 

Rignot and others. 1995: Joughin and others. I996abc: Kwok and Fahnestock. 1996: Rignot. 1996: 

Rignot and others. 1996: Mohr and others. 1997; Fatland and Lingle. in press). An earlier study  

on Black Rapids Glacier (R abus and Fatland. in preparation) used a simplified approach to  SAR 

interferom etry which correlated one-dim ensional surface velocity transects to  existing survey and 

seasonal trend data.
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O utline of Black Rapids G lacier. Alaska Range. Interior Alaska. Two flight altim eter tracks are 

shown, one running along the main branch o f the glacier, and one running along the m ajo r 

trib u ta ry —the Loket— into th e  m ain branch. T he m oraine pushed out by the Loket trib u ta ry  is 

indicated by a bold line. D otted circles are p lo tted  every 5 km along a centerline coordinate system . 

The diam onds at the W ills  E ar ' site and the Lake' site show the positions o f stakes th a t are su r

veyed by autom ated cam eras. L'nits on the axes are m eters in a local coordinate system  w ith the 

o rd inate  axis pointing north . T h e  main glacier flow is from west to  east.

F ig u re  25. B lack  R a p id s  G la c ier
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We present here a study  of Digital Elevation Models (DEMs). surface velocity vector fields, 

and strain  rate fields produced by DSRI in comparison with field m easurem ents. DSRI uses the 

assum ption that the velocity fields remain constant between two sequential observation periods, an 

assum ption that is more valid on polar ice sheets than  on tem perate valley glaciers. Failure of this 

assum ption introduces errors and can highlight interesting dynam ical behavior, as described below. 

The principle SAR observations are from winter 1991-92 (3-day repeat o rb its using ERS-l) and from 

winter 1995-96 (1-day repeat orb its using E R S-l/E R S-2 Tandem  Mission pairs). D ata accuracy and 

errors are discussed throughout, w ith emphasis on the recurring them e o f high local relative accuracy 

combined with lower absolute accuracy.

FIE L D  DATA

Two prim ary sources of field d a ta  are used for comparison with SAR-derived results.

1. C am era Survey D ata a t two locations. 'W ill’s E ar' (14 km) and Lake’ (20 km). (Both in the 

ablation area; see Figure 25). Photography period: W inter 1995-1996. coincident with SAR
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Tandem  Mission da ta .

2. Airborne Laser A ltim etry data : Acquired 1995 Days 138. 139 (June 28. 29).

T able 1. F ie ld  cam era  v e lo c it ie s . B lack  R ap id s G lacier . 10 -d ay  averages

Location Velocity 1995 Day 351 1996 Day 56 1996 Day 91

W ill’s Ear 

Lake

Horizontal

Horizontal

9-3 ±  0.8 cm /day 

10.8 ±  2.4 cm /day

1 1 . 0  ±  1 .0 cm /d ay  

13.7 ±  4.1 cm /d ay

13.0 ±  1.2cm /day  

13.3 ±  4.1 cm /day

C am era S u rvey  D a ta

Cam era d a ta  show th a t the horizontal glacier speed varies during the w inter to  within ~  30% of 

the mean. Positive flow direction angles (i.e. above horizontal) were reported by Heinrichs over 

winter 1992/93 of +0.4° near W ill's Ear and +2.0° at Lake. This is presum ably due to seasonal and 

long-term thickening of the glacier during the quiescent period between surges. The im plications 

of the vertical velocity com ponent on SAR-derived DEMs and velocity determ ination are discussed 

below.
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A SAR DEM is com pared with two airborne laser a ltim eter tracks acquired on 1995 Days 138/139. 

T he Day 138 track begins a t the upper end o f Loket T ributary  and follows the Black Rapids centerline 

to the term inus. The Day 139 track does the same sta rtin g  from the  top  of the main accum ulation 

area. The nominal a ltim eter accuracy is about 0.3 m  with a beam  footprin t of about 0.18 m in 

d iam eter when the aircraft is 100 m above the glacier surface (Echelm eyer et al. 1996).

T O P O G R A P H Y

M e th o d s

A differential SAR interferogram — i.e.. an interferogram  in which the  surface motion signal has been 

removed by differencing two source interferograms— was rectified to  UTM projection using three 

different ground control point schemes outlined below. G round control points are reference values 

th a t guide the transform ation of SAR image d a ta  into a geographical coordinate system. The da ta  

were acquired by the E R S -1/2 Tandem Mission on 1995 Day 351 and  1996 Day 91. The resultant 

m ap-plane DEM was then  com pared with airborne laser a ltim etry  profile d a ta  (1995 Day 138. Day 

139).

- C a se  1 (Worst): G round control points were taken from L’SGS 1:250000 scale m ap. 61 m (200 ft) 

contours, made from aerial photographs acquired in 1958 (ellipsoid NAD 27).

Result: The SAR DEM was consistently more than  100 m below the laser altim eter profiles.

- C a se  2 (Best): G round control points taken directly from the a ltim eter flight track. 1995 Day 

138.

Result: The SAR DEM was much closer to the altim etry  d a ta .

SAR DEM - a ltim e try  for Day 138: difference =  5 ±  26 m.

SAR DEM - a ltim etry  for Day 139: difference =  —36 ±  85 m .

- C a se  3 (Interm ediate): G round control points sam e as Case 2 bu t w ith three additional ground 

control points taken from  the second altim eter track. 1995 Day 139.

Result: The SAR DEM varied further from the altim etry  th an  in Case 2.

SAR DEM - a ltim e try  for Day 138: difference =  1 ±  32 m.
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A irb o rn e  Laser A lt im e tr y
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SAR DEM - a ltim etry  for Day 139: difference =  — 29 ±  96 m.

A n a ly sis

This error discussion, as well as th a t for velocity determ ination, ignores po ten tial atm ospheric in

terference w ith the  SAR signal discussed by Goldstein (1995) and by Zebker and others (1997). 

prim arily due to the high latitude of th e  study  site and lack of evidence for such interference. The 

SAR image pixel spacing is 20 m with low-pass filtering reducing the horizontal resolution to  40-50 

m. This filtering is necessary to reduce high-frequency noise intrinsic to  the  SAR data . For com

parison purposes, sub-sam pled airborne a ltim eter d a ta  was used with along-track sam ple spacing 

sim ilar to  th e  SAR DEM resolution.

Figure 26 shows a best-fit com parison o f altim eter d ata  (1995 Day 138) with corresponding 

differential SAR DEM d a ta  (source observations from 1995 Day 351/352 and  1996 Day 91/92). 

Here we wish to account for elevation differences of up to 70 m and a s tan d a rd  deviation o f 26 m. 

The seasonal tim e lag gives an elevation change o f less than 8 m. M ap plane coregistration of the 

two d a ta  sets is accurate to 80 m. giving less than  4 m vertical error. Penetration  depth  of the 

C-Band (5 .7cm  wavelength) radar is a t m ost a few meters (Eric Rignot. personal com m unication. 

1998). W hile dry  snow can permit significant microwave penetration, this shallow  penetration depth 

is particularly  constrained by the typical w inter snow depth on the Black Rapids Glacier ablation 

area of two m eters, as seasonal melt cycles introduce significant firn and ice lensing which scatter 

the incident rad ar signal. Com paring these relatively small error sources (less than  10 m) w ith the 

much larger errors given above we conclude th a t the errors are prim arily in trinsic to the SA R DEM.
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Com parison of an Airborne Laser altim eter track d a tase t w ith a  SAR DEM. The a ltim eter d a ta  

runs from the upper accum ulation area of Loket trib u ta ry  down the center of Black Rapids to 

the  terminus, (a) indicates the full da tase t, (b) is a sub-range (indicated in (c)) over which the 

a ltim etry  elevation is subtracted  from the SAR DEM elevation. The curve in (b) can be evaluated as 

a  potential observation of surface motion variations between the two SAR interferogram  observations 

(1995 Day 351 and 1996 Day 91). This variability would include both longitudinal velocity changes 

and  vertical m otion.

F ig u re  26. C o m p a riso n  o f  A irb o rn e L aser A lt im e tr y  D a ta  w ith  a  S A R  D E M
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Field cam era d a ta  strongly suggest th a t the SA R  DEM errors are due to relative changes in 

glacier surface m otion during the two source observation intervals. Cam era d a ta  given in T able 1 

indicate spot horizontal speed increases o f ~  3.1 ± 3 .1  cm /d ay  ( ~  30%) during this tim e. Taking an 

approxim ate average SAR DEM error of 50 m (Case ‘2. above) and a differential baseline o f 90 m we 

calculate a com parable velocity change o f 3 .3cm /d ay . T hus errors in the SAR DEM are consistent 

w ith field m easurem ents of horizontal surface m otion variations. These errors should tap e r to  zero 

a t the fixed glacier m argins, but this idea could not be confirmed due to SAR coverage lim itations 

and the restriction o f the altim eter track to the glacier centerline.

A sim ilar com parison, m ade using SAR Tandem  Mission d a ta  from 1995 Day 351 and  1996 Day 

56. gave consistent (and  slightly better) results, due in part to a larger differential baseline (‘224 m ). 

T he elevation difference from the laser altim eter track  (Loket-Black Rapids, Day 138) improved 

from 5 ±  26 m to —‘2 ±  19 m error. Bumps in the SAR DEM profile correspond precisely to  a ltim eter 

track crossings o f the  current and previous Loket trib u ta ry  m edial moraines shown in Figure ‘27. 

Both moraines, crossed obliquely by the altim eter track, are abou t 150 m wide and ‘20 m  high. The 

structure of the Loket m oraine is shown in more detail by a series o f SAR DEM transects, indicating 

localized relative ' d a ta  quality  despite lim itations on absolute d a ta  validity.
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The existing copy of the figure contains the caption. Further notes to  include: The scene is in UTM 

projection with 20 m x 20 m pixels. In plots (a), (b). and  (d), the horizontal axis is given in terms 

o f sam ple index (pixel num ber). A line of .V pixels will represent from .V • 20 to  .V • 20 ■ \ /2 m .

F ig u re  27. M ed ia l M o ra in e  E lev a tio n  P rofiles
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Sample Index

Sample Index

(a): Full-resolution airborne laser altimeter signal showing 
Loket tributary moraine crossing. Data were acquired on 
1995 Day 138.
(b): SAR DEM moraine crossing corresponding to (a).
Data were acquired 1995 Day 351 and 1996 Day 91.
(c): Second SAR DEM moraine crossing further down- 
glacier (old Loket moraine prior to last Black Rapids 
Glacier surge).
(d): Sub-scene from SAR image showing altimeter flight 
track (moraine crossing is between two white dots) and a 
series of eleven alternating solid/da shed-line moraine 
crossing locations.
(e): Overlay of moraine crossings Indicated in (d) showing 
increasing relief and width of the moraine.

1360

Sample index

Figure 27. Medial Moraine Elevation Profiles
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Figure 28 is a comparison o f the 1992 Day 22 and 1993 Day 361 Loket trib u ta ry  m oraine positions 

from SA R am plitude images. T he m oraine bulge moves downstream  into the m ain  glacier channel by 

about 70 m over this tim e interval giving a  speed of 10cm /d ay . In com parison. 1995 interferogram  

d a ta  gives 10.4 cm d -1 . The curren t position of the Loket moraine resembles th a t o f the m oraine 

cut off and transported down-glacier by the 1936/37 surge. This led Heinrichs and others (1996) to  

speculate th a t Black Rapids G lacier m ay again be approaching its surge geom etry. T he geom etrical 

argum ent for an imminent surge is valid only if the m oraine continues to  in trude laterally across 

the m ain valley (i.e. the two m erging flows are not in steady state) as dem onstrated  by the above 

SAR-derived results. However, current mass balance and surface evolution d a ta  (unpublished d a ta , 

not presented here) argue against the likelikhood of an im m inent surge.
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T his plot shows the relative positions of the leading edge of the Loket medial moraine from 1992 

Day 22 to  L994 Day 35 with an aspect ration close to 1:1. The outward bulge in 1994 indicates th a t 

the m oraine is not yet in equilibrium . The upstream  (straight) leg of the m oraine is fairly fixed and 

so may be taken as a  good approxim ation to a flowline.

F ig u re  28 . L oket M ed ia l M ora in e  M ig ra tio n . 1992-1994
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Figure 28. Loket Tributary Relative Medial Moraine Positions, 1992 and 1994.



A com parison analysis o f SAR DEM d a ta  from 1992 (ERS-1 Ice Phase I) proved inconclusive. 

Heinrichs and others (1996) indicate an elevation increase of less than  5 m over th is tim e interval 

in the accum ulation zone and up to 25 m of surface drop near the term inus, well w ithin th e  signal 

variations introduced by motion changes. W hile DSRI analysis gave a  qualitatively sim ilar result, our 

failure to obtain quantifiable results in this case re-emphasizes the contingent difficulties associated 

with transform ing radar d a ta  to calibrated absolute values.

V E L O C IT Y

M e th o d s

Several assum ptions are necessary to derive surface velocity vector fields from a single o rb it-tra jec to ry  

im aging geometry. The principle assum ption is one of flow along the surface taken in the direction 

parallel to  the glacier's constraining valley walls (F atland  and Lingle, in press). Flow direction 

for tribu taries and confluences are determ ined by a com partm entalized best guess technique, with 

some guidance from field d a ta  and from com parison of images separated by two years in which 

pothole features and medial moraines are observed to  move, as in Figure 28. Once an estim ated  

surface flow-direction field is established, the radial d istance phase is projected into surface tangent 

velocity vectors and divided by the observation interval to produce a  velocity vector field (Figure 29). 

As noted above, variations in glacier speed are the prim ary contribu tor to errors in the  estim ated 

velocities.
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Velocity vector field plots, (a) is a  series o f transects w ith flow directions and relative am plitudes 

overlain on top of a  darkened am plitude image, (b) indicates velocity contours, (c) is a three

dim ensional perspective in which vertical relief indicates speed.

F ig u re  29 . S u rfa ce  V e lo c ity  V e c to r  F ie ld
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Figure 29. Velocity Vector Field, 1995 Day 351 ^



O b servation s

Figures 29 and 30 show graphical representations o f the Black Rapids Glacier surface velocity field. 

D ata gaps at both the main Black R apids Glacier bend near the equilibrium  line and in the Loket 

tribu tary  are due to orientation of the ice flow parallel to  the SAR flight track. T he longitudinal 

velocity profile in Figure 29(b) shows the expected extensional and compressional flows in the accu

m ulation and ablation areas respectively. Superim posed on this trend is a 50% (8 c m d _ I ) slowdown 

of the main glacier above the Loket trib u ta ry  confluence. C ontinuing down-glacier, the velocity re

covers' im mediately after the confluence. T he distance over which this slowdown occurs corresponds 

to  3-4  ice thicknesses, in good agreem ent with the longitudinal coupling scale suggested by Kamb 

and Echelmeyer (1986). A high-resolution longitudinal velocity profile such as th a t presented here 

can be used to infer rates of basal m otion using inverse theory (Echelmeyer. in preparation).
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These plots are overlays of early 199*2 (dashed) and  late 1995 (solid) la tera l glacier speed profiles. 

T he corresponding locations are shown on the im age a t the bottom . T h e  direction-sense of each 

profile is indicated by the com pass labels a t the extrem e left and right in teriors o f four of the plots 

(S =  South. N'W =  Northwest, etcetera).

F ig u r e  30 . C om p arison  o f  1992  D a y  22  a n d  1995 D ay 351 T ra n sec t V e lo c ity  P rofiles
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Figure 30: Comparison of 1992 Day 22 and 1995 Day 351 
Transect Velocity Profiles
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Figure 30 shows 17 transverse velocity profiles from the accum ulation area (8 km) down-glacier 

to 10 km above the term inus (32 km). The southern m argin profiles undergo a  transition  from 

parabolic shape, indicative of deform ational flow (8 km  group), to  steep-gradient plug-flow shape 

(14-20 km ), indicative of more rapid basal m otion. Further down glacier they transition again, back 

to parabolic shape (above Loket tributary). In contrast, the  heavily debris-covered northern margin 

are consistently parabolic with an outer inflection indicative of stagnan t ice.

From survey cam era d a ta , the Will's Ear site speed changes from 9.3 ±  0.8 to  L 1.0 ±  1.0 cm d - 1 . 

an increase o f 18% over the DSRI 67 day observation interval from 1995 Day 351 to 1996 Day 

56. The corresponding DSRI velocity is 10.5 ±  0 .9 c m d _1. T he Lake survey site speed changes 

from 10.8 ± 2 .4  to  13.7 ± 4 .1 c m d _ l . an increase of 27%. while the corresponding DSRI velocity is

14.8 ±  0 .3 c m d - 1 . Using the Heinrichs (1994) flow directions (i.e. positive emergence velocities) in 

place of surface-tangent flow the DSRI velocities were recalculated at 1 1 .9cm d - 1  a t W ill’s Ear and

9.8 cm d - 1  a t Lake.

Error A n a ly s is

This analysis begins with the flow direction model discussed in Fatland and Lingle. in press, with 

the objective o f quantifying errors in velocity m agnitude, i.e. glacier surface speed. High-frequency 

signal noise and baseline estim ation error contributions are reduced in processing to be sm all relative 

to the o ther error sources discussed here.

Surface Velocity Variation Errors

We consider two constitutive interferograms with a slight relative variation in surface velocity. These 

variations are  sm all in contrast to common phase bu ll’s-eye pa tte rn s and are therefore not readily

noticeable in an  image. In term s of the radial m otion change A R . later to  be projected into a

velocity error, we take relative interferogram phases to  be

Ac., =  C' • B x - A/i -  2k  • A R . (18)

Aoo =  C  ■ So • A/i — 2k ■ ( A R  +  SR ). (19)

Here C  is a  function of incidence angle a  and slant range R , C =  -2 k /(R -s in .a ) .  k  is the wavenumber.

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27r/A. about L L l.lm - 1  for ER S-1/2. 6R  is a range motion change due to  a ice velocity variation 

during observation interval 2. B i and B n  are the  respective interferom etric baselines perpendicular 

to  the radar line of sight. Taking the second as a scaling of the first. Bn =  F - B \ .  we find a differential 

motion-only phase

♦mot ion =  ~ 2 k  • ( A / ?  +  . ( 2 0 )

As expected for two identical baselines (F  =  1). the motion signal can not be distinguished. As 

B n  varies from B i the influence o f the velocity variation driving S R  decreases. Taking the velocity 

change SV  as a proportion o f the m ean velocity I '.  6V  =  E ■ V.  the velocity calculated from the 

SAR d a ta  will be in error by an am ount

f error =  ■ ( 2 1 )

For example, taking B i =  —156 m and B n  = 67 m. with a velocity change o f 30%. the calculated 

velocity from the first observation interval (first interferogram) will be only 80% of the true  velocity. 

This evaluation rather problem atically relies on advance knowledge of the ice speed variability. In 

principle, the effects of surface velocity variability should be minimized by using SAR observations 

that are closely spaced in tim e.

Zero- Velocity Reference Point Errors

For 1995 (E R S -l/2  Tandem  Mission) the zero-velocity phase at the glacier m argin had uncertainty 

±0.12 rad. This constant value was projected into the flow-direction vector field to  give errors of 

0.14 — 0.52 cm /day. dependent on the azim uth flow-direction angle 9 in the range 0 — 75° relative 

to  the SAR cross-track axis (where 9 is chosen to  be an acute angle).

Flow Direction and Incidence Angle Estim ation Errors

Azimuthal (map projection) flow direction angle 9 and  incidence angle a  are related to speed 5  by

,  A  R
s  = ---7—---- r=, (22)

cos 9 ■ sm  a ■ A l

where A R  =  —Ae>/2A* and A T  is the repeat-pass tim e interval. Glaciers flow parallel to  th e ir con

straining valley walls with slight divergence in ab la tion  areas and convergence in accum ulation areas
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as one traverses from the center to the glacier m argin. Flow directions are fu rther com plicated by 

variations in the constraining rock and. m ore significantly, by the influences o f trib u taries  (Ray

m ond. 1971. Echelmeyer. 1983). We take an  'average' flow direction error o f 8° in consideration 

o f errors in estim ating  flow direction com bined w ith divergent/convergent flow. This gives velocity 

errors of abou t 15% in the Black Rapids accum ulation area. 5% in the plug-flow area above the 

Loket m oraine, and 2% below the Loket m oraine where the glacier flows d irectly  along th e  SAR 

look direction (Fatland and Lingle. in press). T he slope of the SAR DEM profile in com parison 

w ith the slope of the airborne laser a ltim eter tends to vary by about 0.4°. giving a  velocity error 

contribution of about 2% for E R S -l/2 . Note th a t this error is less than  related uncertain ties due to  

non-surface-tangent flow of the glacier ice as described above.

Error Sum m ary

C onsideration of all the error sources gives an  absolute velocity uncertainty o f ~  *21% on the  Black 

Rapids Glacier accum ulation area and ~  14% on the ablation area.

S T R A IN  R A T E S

L'sing surface velocity vector fields discussed above, it is straightforw ard to  produce a  two

dim ensional principle stra in  ra te  field as shown in Figure 31 in which vertical stra in  is neglected 

(Vaughan, 1995). On Black Rapids Glacier the  m axim um  observed principle stra in  ra te , found in 

the shear m argins, was abou t 2.5 x 10- 4 d - 1 . S tra in  rates determ ined from local velocity gradients 

are not subject to absolute velocity errors.
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B U L L 'S -E Y E S  

O b servation s

A differential interferogram  from  1992. generated by differencing two interferogram s with sim ilar 

baselines, exhibited an unusual localized fringe pattern  which suggested further investigation. Figure 

32(a) shows the norm al' situation , a subscene from an ERS-L/2 Tandem  Mission interferogram  

acquired four years later (1995 Days 351/352. baseline 156m). This subscene (indicated  in Figure 

25) includes the ice divide between Black Rapids Glacier and the Susitna G lacier where the ice is 

moving very slowly. Here the  interference fringes primarily indicate topography. T he sam e area 

is shown in Figures 32(b) and (c), the suspect passes during the ERS-1 Ice Phase I Mission. The 

acquisition dates were 1992 Days 22/25 and Days 37/40. with interferom etric baselines of 27.4 m 

and 37.9 m respectively.
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(a) ERS-1/2 Tandem Mission data, 1995 (b) ERS-1 3-day repeat, 1992 Day 22-25

Tandem Mission data (a) has no bullseye phase, 
whereas both 1992 subscenes (b) and (c) do. In 
subscenes (b), (c), and (d) the mountains are 
masked out in Mack. In subscene (b) the tributary 
associated with the bullseyes is labelled *T’. The 
pothole area is labelled ‘P’. Black Raplds/Susitna 
Glacier ice divide (approximate) is shown as a 
dashed line in (a) and (b). The •+’ indicates 
780 meter downstream migration of the bullseye 
center over 27 days.

The differential interferogram (d) shows little 
topography due to the small differentia! baseline 
(-10 m) but the difference in bullseye amplitudes 
from (a) to (b) is dearly apparent. The bullseye 
in (d) is interpreted as a difference in magnitude 
between two events, each occurring over separate 
3-dav intervals.

Plot (e) shows inferred surface rise rates at the 
siowiv migrating bullseye centers for (b) and (c) 
plus three additional scenes from early 1992.

(e) 1992 Inferred rise rates

<c)

(c) ER S-13-day repeat, 1992 Day 37-40

(d) differential interferogram, (b) — (c)

Julian day

Figure 32. Black Rapids Bullseye Events, 1992.
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In bo th  I99‘2 subscenes, a very distinct concentric phase 'bu ll's-eye' pattern  is apparent in con trast 

w ith the 1995 d a ta . It is more pronounced in the second im age, and the differential interferogram  

in Figure 32(d) shows th a t the difference between the two source interferograms is itself a  teard rop

shaped bull's-eye. The differential baseline for this subscene is 10.5 m. small enough to alm ost 

com pletely remove topographic sensitivity, evidenced by the  near-constant phase on the ice ap a rt 

from the bulFs-eye. The bull's-eye in (d) is clearly a result of the failure of the assum ption o f 

constan t ice velocity, ra ther than evidence for the existence of a  15.714 m — high hill pro trud ing  

from the center of the glacier (FAA. personal com m unication. 1998). The 3-day observation interval 

in 1992 (in contrast w ith only l-day intervals in 1995) does not account for these patterns, which 

are furtherm ore not evident in 3-day repeat d a ta  from early 1994 (ERS-1 Ice Mission II).

T he tear-drop  shaped phase bull's-eye is about 3.5 km  long, ending with its wide end in the 

■potholes' area, a group of sem i-perm anent depressions which may be relics associated with past 

surges o f Black Rapids Glacier. The bu ll’s-eye is 1.7 km wide and is centered slightly to  the north  

o f the glacier centerline. Its apex favors the trib u ta ry  com ing into the ice divide from the north , a 

bias even m ore apparent in the constitu tive interferogram s (b) and (c).

In te r p r e ta tio n

O ur in terp re ta tion  of these bull’s-eyes invokes a  vertical m otion model in which bull's-eyes represent 

changes in surface elevation over three day tim e intervals. For ERS-l d a ta  from 1992. one fringe 

corresponds to  abou t 3.1 cm of vertical m otion per three days. The bull's-eyes here indicate th a t the 

surface is moving upwards by about 3 cm /d ay . Three additional scenes from 1992 were processed, 

and although the signal was noisier, the bull's-eye pa tte rn s persisted with two distinct trends. The 

first is shown in Figure 32(e) in which the hypothetical surface rise rate a t the center of each bull's- 

eye is p lo tted  w ith tim e. The second trend is the progressive movement of the bull’s-eye centers 

dow nstream  a t about 30 meters per day. Table 2 shows relevant factors from the 5-element 1992 

d a tase t. T h e  consistent appearance o f these b u ll’s-eyes over several weeks eliminates the possibility 

th a t they are atm ospheric effects.
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T a b le  2 . B u ll ’s -e y e  D ata . B lack  R a p id s  G la c ier  1992

d a ta  acquisition 

1992 days

baseline

(meters)

rise rate 

(cm /day)

bull's-eye distance 

dow nstream  (meters)

'22-25 24 2.6 ±  0.5 0

28-31 -209 3.1 ± 0 .5 0 ±  40

37-40 35 3.6 ±  0.5 510 ± 6 0

46-49 127 2.6 ±  0.5 460 ±  160

49-52 -181 •2.3 ±  0.5 780 ±  70

These observations suggest a model in which the subglacial water pressure is close to the  overbur

den pressure. Additional water input from some source causes the pressure to  exceed the overburden. 

W ater sources include melting from geotherm al and frictional heat (~  1—‘2 cm /year (Paterson. 1994)) 

as well as possible channel flow of stored m eltw ater from the south-facing tributary. The basal water 

pressure jacks the glacier upward at the bull's-eye at a rate of about 3 cm /day. com parable to rates 

reported elsewhere (Iken and others. 1983: Kamb and others. 1985). As the water cavity grows it 

also m igrates downstream  at about 30 m /d ay . The d a ta  in Table 2 indicates th a t this m igration 

may be som ew hat episodic rather than continuous.

An ex trapo la ted  integration of the rise rates, taking into account their areal ex tent and the 

dow nstream  bull's-eye m igration, gives a to tal uplift over 85 days of 1.0 ±  0.2 m. corresponding to 

a  volume o f abou t three million cubic m eters. An incident related to this im plicit w ater storage 

capacity occurred during a field campaign on Black Rapids Glacier in April 1996 (well before the 

onset of surface m elt). W ater was pum ped from a 600 m — deep borehole with a w ater level 80 m 

below the surface (an hydraulic head at 96% of the overburden pressure). 3000 liters o f water, the 

approxim ate equivalent of the to tal borehole volume, were removed from the borehole in ‘20  m inutes 

with no noticeable change in this water level. Furtherm ore. 1000 liters were subsequently pum ped 

back into  the borehole in the same am ount o f tim e with the same result, indicating th a t the  borehole 

was connected to  a considerable subglacial aquifer. The frequent initiation of surges in early  winter 

seems to  im ply th a t a surging glacier m ust be capable of storing a substantial am ount of water
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subglacially. after the end of the melt season.

In conjunction with the hypothesis of vertical m otion due to  basal water pressure, we suppose 

th a t sliding anomalies might also introduce horizontal m otion and vertical s tra in s, m aking a further 

contribution to the observed phase patterns. From continuity arguments, an upward strain  should 

necessarily be accompanied by a  corresponding downward strain  which would show as a bull's-eye 

of opposite sign, yet none are observed. Observations on Gornergletscher in the Swiss Alps show 

hydraulic uplift to be the dom inant com ponent of vertical surface motion (Iken and others. 1997). If 

subglacial water pressure is taken to be the principle source, however, there is s till the problematical 

issue of "where did the water come from ?’ i.e. where are the signs of surface lowering? It is possible 

th a t a  com bination of water storage, vertical straining, and the exigencies of d a ta  processing combine 

to  account for the anomaly.

S U M M A R Y  A N D  D I S C U S S I O N

For this work the ratio of available to usable interferogram s was found to be abou t 7:1. Of those 

usable, a sm aller subset still were of adequately high signal-to-noise ratio to give quantifiable absolute 

elevation results, particularly due to  large tim e separations over which seasonal velocity variation 

would introduce errors in the data . W hile qualitative and smaller-scale local-relative' results are of 

interest, as seen in the discussion of the Loket m oraine tribu tary  structure, im provem ents in DSRI 

m ethods combined with better d a ta  availability are necessary to address topography-related  issues 

such as mass balance. Towards this end. this work dem onstrates the usefulness o f altim etry  da ta  

as ground control for SRI-derived DEMs of glacier surfaces. SAR instrum ents carrying two cross

track interferom etry antennas, such as the NASA AIRSAR system or the proposed shuttle  radar 

topographic mission, record no m otion signal and are therefore optimal for topographic m apping of 

glaciers. Combined with a high-precision laser altim eter

Velocity vector fields are generated from DSRI d a ta  with intrinsic uncertain ties deriving from 

glacier velocity variability, as shown in survey cam era d a ta , and requisite assum ptions about flow 

direction. The resulting vector fields can be thought of as first approxim ations with absolute errors 

on the order of 25%, but with very high local relative fidelity. Field point-m easurem ents of velocity
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could be used in a m anner analogous to  the use o f a ltim etry  data  for topographic ground control 

points to constrain these uncertainties and improve the absolute accuracy o f the results. M ult-pass 

DSRI is a  more rigorous m ethod o f resolving flow directions (Mohr and others. 1997) bu t in practice 

d a ta  availability is limited due to  operational coverage constraints.

T he phase bull's-eye sequence plotted in 30(e) shows a slowly varying phenom enon of several 

weeks dura tion . Phase bull's-eyes are ambiguous in nature: that is. they can not be a ttr ib u ted  to 

typical glacier flow, and they can not be fully resolved because they represent ice m otion observed 

only along the axis of the SAR look-direction. In th is work they were interpreted as vertical m otion 

as the sim plest and most consistent in terpretation. In interpreting ice-penetrating rad ar studies. 

Gades (L998) suggests localized bed changes as an im p o rtan t factor in large scale changes in glacier 

speed. Both SAR d a ta  and cam era d a ta  show large scale speed variations, and at the sam e tim e 

the phase bull's-eyes indicate spatially  localized hydrological events. Since DSRI bull's-eyes are 

associated w ith surging (Fatland. in preparation), the 199'2 migrating bull's-eye sequence m ay be 

speculatively interpreted as a nascent surge-initiation event (glacier-bed decoupling) which dispersed 

before reaching a necessary critical instability.
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