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ABSTRACT, .'\TASA f1ights O\'Cr southern Greenland in 199 1, 1992 a nd 1993 , 
using a scanning laser a ltime te r with Global Positi onin g S ys tem (GPS ) na\ 'iga ti o n, 
have d emonstrated a ca pa bili ty to measure ice-surface e lenllions ro an accuracy 0(' 10-
15 cm, Flig hts o, 'e r j a kobsha \'ns lsbrze re,'ea led \\'int e r thi ckenin g by sevt' ral meters 
bc t\\'cen September 1991 a nd April 1992 , By July 1993. surfacc eb 'ations sho\\'ed a 
small add itional incrcase , poss ib ly assoc iatcd with th e cold 1992 summ er. D a ta 
co ll cc ted oyer the ice sheet east o r j akobsha,'ns Isbrce sho\\' neglig ible cha nge o\'Cr th e 
sa me pe ri od: but furth er south, a t la titud e 65 K , th e \\'es tern pa rt of th e ice shee t 
appears to ha\ 'e thi ckened b y up ro 2 m be t\\ 'Cc l1 1980 a nd 1993 , I t is clear that such 
meas urements must be continued O\'Cr ma ny years. both to quantify the e/1cl'ls of inter
an nu a l \'ar ia bilit y a nd to meas ure long-term trends , T o this cnd, wc plan to complete 
a first sUJ'\'ey of a ll major dra inage basins on th e ice sheet in ~1 a~'-june 1994, and th en 
to l'Cs ur\ 'ey all fli g ht lines at 5 a inter'\'al s, \\ 'ith mo re frequ ent fli g hts O\'e r selected 
ro u tes, 

INTRODUCTION 

i\ l ass ba lance is genera ll y computed b y co mpa rin g 
es timates of total snow accumulation \\'ith est im a tes of 
total loss b y bot h melting a nd ice d isc ha rge th e 
comparison of t\\'O very large numbers, eac h of \\'hi ch 
has signifi ca nt errors, A more direc t indica tion of ice-shee t 

mass bal a nce can be obtained b y comparing prec ise, 

repeat measurements of surface -e le\'a ti on profi les ac ross 
the ice, Tim e se ries of ele\'Cuion measurements by sa tellite 
rad a r altimeters ha\'e bce n used in this \l'ay to es timate 
ice-shee t thi ckening rates (Z\\'a ll y a nd o th e rs, 19891. 

Unfortunately, th ese data are of insulTi c ient accuracy to 

detec t thicken ing / thinning rates o \'er surfaces \\'ith slopes 

of more than about I :'I oreon'r , erro rs a re introduced 
by surface slopes a nd undu lations within th e beam
limit ed foo tprint a nd by radar penetrat ion into th e 
surfacc sno \l', Consequent ly. sa te ll ite radar-a ltimctry 

d a ta are of littl e use for change d e tec tion o\ 'er the 

m a rg ins o f ice shee ts a nd O\'e r indi\'idu a l g laciers , 

prec ise ly the regions where we wo uld expect cl C\'Clt io n 
changes to be g rea tes t. 

a n a irbo rne rad a r o r lase r a ltimete r \\'ith a foo tprint o ra 

fi.' \\' tens of centimeters to Cl Ie\\' m c te rs, C o nsequc nt ly, 

in Se ptember 1991, Apri l 1992 and Jun e Ju ly 1993. 
:-\ASA condu c ted airborne a ltim e tc r miss io ns o \'C r 
Greenland in an attcmpt to determinc whether ice
surface e levations ca n be meas u red fro m an aircraft to 

th e acc ura cy n eed ed to d e tec t ice thinn in g or 

thi cken ing O\'e r per iods of a few years, Th e resu lts arc 

pro mising , indi ca ting th a t \\'e ca n m easure ice-surface 
e leva ti o ns to a n acc uracy of be tte r than 15 cm o \ 'er 
fli g ht lines of seve ra l h undred kil o l11ete rs (Kra bi ll a nd 
others, in press ) , H ere , \\ 'C present res ults from re pea ted 

fli g ht lines O\'Cr Jakobsha\ 'ns I sbrce showin g significant 

th ickenin g of th e ice , 

i\ Ja n )' of these prob lems ca n bc overcome by using 

MEASUREMENT SYSTEM 

The instrum ent complement included : seve ra l G lo ba l 

Positionin g System (GPS ) rece i\ 'e rs linked to a ntennas a t 
n \ ri ous loca tions on the airc raft fu se lage , ta il a nd wings; a 
sca nning laser a ltime te r; a nadir-loo king lase r a ltim cter; a 
radar a ltimcter; a nd , in 1993, a radio-frequ ency Ice-
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pe ne tra tin g ra d a r. In 1991 Il'e a lso ca rri ed a multi-beam 
rad a r a ltim e te r, \\,ith th e ol 'e ra ll goa l of cs ta bli shin g a n 

airbo rn e ca pa bility to m easure icc thic kening / thinning 

ra tes, we aimed to m eas ure ice-surrace e lc\'a tio n to be tte r 

th a n 20 Clll, This required ma king ra nge measure m ents to 

th e ice surface with a n acc uracy o r a [e w centime te rs, a nd 
d e te rmining a irc ra ft locati o n to b e tter than 10 c m, 
~lo reOl"(' r , la ter SUlyeys Illust be m a d e OITr precise ly 

the sam e a reas o f' th e ice shee t. This la tt er requirem elll 

cann o t be m e t by n adir-l ookin g a ltim c te rs beca use 

a irc ra ft trac ks OI 'er lo ng di sta nces a rc bound to m ea nd er 

a t leas t a [CII' tens o f' m e ters o fI' th e d es ired trac k, 
Co nsequ entl y , o ur prim e a ltim e te r \\'as a co ni ca ll y 
sca nnin g lase r. rhe Airbo rn e O cea nog ra phi c Lid a r 
(!\OL ) (Kra bill and Swif't , 1985 ) , Thi s h as th e 

aeh- a ntage o r prc)\' iding a sw a th o f m eas ure m ent s 

be nea th th e a irc raft but th e di sach 'a nt age o f mag nirying 
th e e ITeCl of erro rs in a irc ra ft a ttitud e. \\ 'hi c h co nseque ntl y 
must be kn o wn to within a reIl' hundredths o r a d eg ree . In 
this paper , Il'e use o nl y res ults 1'1'0 111 th e AOL. 

The lase r beam o f' th e AOL is d e flec ted by Cl nuta tin g 

mirro r to scan off-nadir a nd produ ce a n ellipti ca l spira l o f 

d a ta po ints as th e a ircra ft m Ol'es [(J rll'a rd. This prO\' id es 
e le\ 'a ti o n est im a tes Il'ithin a sll'<lth o r di a m e te r a pp rox i
ma te ly oll e-third to o nc-h a ll' th e a ircra rt gro und c lea ra nce 
(ge ne ra ll y a bout ,~OO m ), d e pe nding o n th e o IT-n adir 

a ng le . The lase r spo t o n th e surface was a pprox im a tel y 

Im in di a m e te r. \\ ' ith a lase r pul se ra te o f 800 s 1 a nd 

Il' ith 5 co ni ca l sca ns s I. th e m ax imum a lo ng-trac k 
se pa ra ti o n be tween laser foo tprints \\,a, 20 m , a nd the 
c ross-trac k sc pa rati o n less th a n + m . R a n ges \\'e re 
ca lcul a ted fro m th e tim e illten 'a l be tllTe n lase r-pul se 

tra nsmiss io n a nd rece ipt o f th e re flec ted pul se , Fo r each 
fli g ht , m eas ured ra nges a rc ca libra ted o\'er a meas ured 
base line to a [ixed ta rge t. Erro rs a r e es tima ted to be a t 

Lilt' .) cm ICI'el. 

Aircra ft a ttitud e pitc h . roll a nd h ea ding were 

m easured by a n Ine rti a l N a\' iga ti o n U nit (l .\1C ). D a ta, 

co ll ec ted whil e fl ying a t diITe re nt roll a nd pitc h a ng les 
o\'er th e ho ri zo nta l ocean surface in a fj o rd , a rc a na lyzed 

to prm' id e es tim a tes o[mo ul1tin g biases be tween th e AOL 

axes a nd th ose o r th e INU. In additi o n , d a ta ri"o m three 

\I'ide '" se pa rated GPS a ntennas o n th e a irc ra ft pro \'ided 

in de pe nd ent es tim a tes o f a ircra rt a ttitude in o rd er to 
m o nit o r I:\U drif't durin g fli g ht. 

Ai rc ra rt loca ti o n \I'as d e te rmined usi ng d ifTe r e n tial 
GPS tec hniques, requiring simulta n eous acqui siti o n o r 

GPS d a ta a boa rd th e a irc ra ft a nd a t a fi xed loca ti o n 

(Kra bill a nd l\lartin , 198 7) . Hi g h acc uracy requires 
ex te nsi\ 'e pos t-process ing, and is no t a c hi e \'ed until 
a f't e l' th e fli g ht. \\'e a lso used rea l-tim e G PS d ata to 
prm 'id e th e pil o t with a \ 'isual di spla y o f th e ni ght line 

a nd th e c urre nt o fE e t [i'om d es ired trac k (\\ ' ri g ht. 

1992 ). D a ta fro m th e 199 1 a nd 1993 seasons indi ca te 

tha t m os t of th e fli g ht lin es lIT re within 50 m o r the 

p rescribed trac k. 
Flights we re m ad e o ut o f' K a nge rlu ss uaq , so uthwes t 

G ree nla nd. \los t fli g hts inc lud ed passes OI 'e r a stre tc h o r 

th e runway th a t had bee n sUI'\Tyed in g rea t d e ta il using 

su rrace-based G PS, D a ta from th ese O\ 'e rp asses agree to 

Il'ithin 12 c m (Kra bill a nd o th e rs, in press ) . Flig hts we rc 
a lso made OIT), locati o ns o n th e iee shec t where g ro und
based GPS o bse l'l'a ti o ns prO\ 'id e a n ind e pendent es tim a te 
o r sudace d e\·a ti o n. These also agreed a t th e 10 CI11 IcIT I. 
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Fig, 1. Airbome laser-allimeter measuremellts al a loralioll ll'ltere all easl u'eslJligltllille (0 /1 12 SejJlember 1991) crosses a 
lIorth south lille 011 Ihe same d(~l'. The insel S/z 01C'S a hislogram q/ elevatioll dijjerel/ces. 
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A ['urth er chcc k o n data co nsistenc\ ' is pro \'ided b\· 

comparing res u lts fro m fli g' hts o\"t' r id enti ca l ro ut cs a nd 
ri 'o m locati o ns w here [li g ht lines crossed (Fig. I I . Th e 

199 1 m easu rc m c n ts shO\\"('d ag ree m en t to be ll er th a n 
25c l11, \I 'ith ha lf agree ing to be ll e r th a n 10c l11. In 1993, 

m os t re pea t-trac k m eas urcm c nt s agreed to w ithin IGc m . 

This impro\T m c nt \I 'as associa ted prima rih- with a n 

in c rcase in th e compl C' m e nt o f' GPS sa telli tes, \I 'hi c h 

y ield ed bette r a irc ra rt traj ec to ri cs. but a lso \I 'ith imprO\'e 
I11 CI1lS in o ur ca libra ti o n tcc hniqu es a nd m eas urem e nt 

procedures res ultin g fro m lesso ns lea rn ed durin g 199 1. 

On so m e occas io ns th ese repea t fli g hts \lT IT separa ted b y 

scw'I'a l cl ays, so pa rt o f th e o bsc l'\T d diffe rence m a\' ha \ 'e 

bec n real. 
In 1993, m a n y fli g hts passed 0\"(' 1' th e same 70 km 

trac k a s th ey !en a nd re turn ed to K a ngerluss ua q. Th e 
\lTs tCrIl end o f' thi s segm ent surkred sig nifi ca nt c ha ngcs 

du c to m o ti o n and m clting eve n d uring o nc d ay . But th c 

eas te rnm os t -W km prO\' id ed Cl sta bk e no ug h surface 10 

m a ke m ea ning ful compa ri so ns, a nd d a ta fro lll Ill os t " o u t" 
a nci " bac k" fli g'hts sho \l'cd ag ree m e nt to he ll Cl' th a n .'i c m. 
Th e resu lts fi-o m 199 1 a nci 1992 presc nt ed here arc 

acc ura te to approximately 20c m , a nd th ose li 'olll 1993 to 

a bo ut 10 c m. Th e e ln'a ti o n c h a nges s ugges ted b\' 

compa ring th e d ata a re fa r larger th a n this. 

RESULTS 

[n Septembe r 199 1. April 1992 a nd Jul y 1993. \IT 

o \"(' rfl e \l ' a ro utc d o\ l"11 Jako bsha \ 'l1s I sbrLl' Fig. 2 . [ 11 

it s 10 \lT r rea c hes, J a ko bsha \ 'ns Isbm' m O\'('s a pprox i
m a tc h- 8 km e\T ry ~ car, making it th e \l o rld 's fas tes t 
g lac ier. It dra ins a \ 'C ry la rge a rea or Gree nl a nd into a 

(jo rd th a t is o n'" .5 km wid e. \\' ithin the J a ko bsha \'n 

dra in age bas in , a t surf'ace ei c \ 'a ti o ns 10 \1'('1' th a n a bo Llt 

I +00 m . th ere is co nside ra ble s url~t CC m e ltin g in summ e r, 
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of airrraJi laser-a/lilllell), jlighls. ( ColII/Ji/rr/ lu H. 
B rl'Cher . Tfte Oftio Slale L · I/ il 'er.l i~) ' . ) 
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\I·ilh f~t s t-n o \l ' in g m elt s trea ms c utting into the ice . a nd 

la rge la kes of m elt \l a ter r() rmin g in d epress io ns (Th o mscn 

a nd o thers. 1989 1. Th e in te nse m e lting thin s th e ice a nd 
IOIlT rs th e S Urf~I (T el('\ 'a ti o n to a minimum a t th e cnd of 

th e melt seaso n . [n lI'inter, hea \ '>' sna il acc umula ti o n . as 

11'(' 11 as ac" 'Cc t io n o f th e stcc p'" slo ping ice , ra ises th c 

surfacc e! C\'a ti o n to a ma ximum a t th e beg inning o f' th c 

m e lt seaso n . Beca use J a ko bsh <l \ 'ns [ sbr,t' is so act i\ '(', wc 
ex pected thi s se <l so na lthi c ke ning a nd thinning to be q uite 
la rge . prO\ 'iding a n opportunit ~ · lO tes t th e a bility o f th e 

a irbo rn e a ltim e try sys te m to d e tec t c ha nges in s url ~l ce 

el C\·a ti o n. 

Fig ure 3 sholl's a n e le\ 'a ti o n pro file O\'e r th e I(mer 

rea ches ofJ a ko bskl\ns [slmc , d eri\ 'Cd ri 'o m a irbo rn e d a ta 
co ll ected in 199 1. \I 'ilh e ln 'a ti o n c ha nges bt,tll 'ee n 199 1 
a nd 1992. a nd hl'lIlTC n 199 1 a nd 1993, a lso plo tt ed . The 
m os t o b\ 'io us c ha nge be tll'ee n 199 1 a nd 1992 is th e 

thi c kenin g in Fig ure 3B b y sc\ '(' ra l tens o f m e ters be t\l 'Ce n 

[o ngitud cs 309 .95 ZI nd 3 10.0 E. This rc prese nts a n 

ack ance o r th e g- Iacier fro nt 11 >' a bo ut 2 km , lI'hi ch d oes 
no t full y re fl ec t th e g lac ie r sp eed s in ce th e re 11 a s 
undoubt cdl y sig nifi ca llt cah' in g o r ice bergs in th e 

interim. By July 1993 th e g lac ier fro nt ha d re treated 

s[i g hll y behind its 199 [ caking- pos iti o n, as indica ted by 

th e stro ng thinning inl a nd f'rom lo ng itude 3 10 .0 E in 

Fig ure 3(:. Thi ckn C'ss cha nge nea r th e ice i'ro nt is o bsc ured 
b ~ ' m O\T m e llt o ri el' pinn <ldcs a lo ng th e pro file . Upstrea m , 
be LII'ee n lo ng itud es 3 10. 1 and 3 10 .2 E, th e g lac ier 
thi c kened b ) sew' ra l m e ter, be t\l 'Ce n Septembe r 199 1 

a nd ..... pril 1992. \r e cX p CC l thi s to be IJa la nced to sO lll e 

ex tellt b y subscqu ent sumlll cr m eltinf!,·. but a \ 'e n ' co ld 
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Fig. 3 . . 1. SIIIj{{('e /HqJlle of ]akobj/w1'II .\ II brtl' deril'l'd 
fro/ll lite 1991 !coer Pig/lt.l. <l'illt /)101.1 q/ eiel'{{lioll 
di[/m'"rt' 1 8 . . from 199 1 10 1992. alld C. jiolll 1991 10 

1993, al loealioll.1 wllerl' /a lerj7iglil.) u'ere coillciill'lIl Il'il/1 

/99 1 IIIcajl/rellIl'lI l.l . The (a/z'illgjrolll ~/Ihe glacier Il'a.1 al 

IOllgllllde 3/0 {; ill 199 / , al 309.95 1~' ill /9.92 alld al 
310/J1 I~ III /993. Pillllae/e.1 .II'({ll '([rd I!/IIII' ifl'.Ji'olll are 
iCl'lil'rg,l. 
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summ er in 1992 , a nd th e QI 'e ra ll thi ckenin g (of pe rh a ps 
3 m ), still shows in th e compari son o f' d a ta from 199 1 a nd 
1993, cl es pite a \'ery wa rm 1993 summer with reco rd 
melting in ma ny pa n s of th e a bla ti on zo ne, 

Fig ure 4 sho \l's e le\'a ti o n pro fil es a nd e lenlti on 
cha nges fa rth er upstrea m , where th e g lac ie r surface is 
free o f c revasses a nd pinn acles . H ere, be twee n 199 1 a nd 
1992, th e ice thickened b y a lmos t 2 m , but th e thi ckening 
wes t of 3 10 .90 E long i tud e \I'as cycl ic a long th e profil e. 

This was ca used by surface undul a ti o ns mO\'ing forwa rd 

with th e g lacier. These undula ti ons we re superimposed on 
th e la rge r-sca le topogra ph y. They had a wave leng th of 
a bout 600 m a nd a mplitude of2 3 m , a nd in th e 7 month 
interi m be tween o bse rnlt ions th ey had shifted to be 
a lmos t exac tl y o ur of ph ase \I'ith rh e ea rli er obse r\'{l ti ons. 

Compa ri son o f th e two se ts of d a ta yie ld ed a sinuso id a l 
cun'e with a n a mplitud e of a bo ut 5 m , Eas t 0[ 3 10,9° E 
long itud e, surface undulat ions become mo re erra ti c, a nd 
th e com parisons a re less reg ul a r. 

Fig ure 4 sugges ts th a t the thi ckening be tween 199 1 
a nd 1992 was susta ined through to th e summ er of 1993, 

by whi ch time it ave raged a bo ut 2 m . This canno t be 

interpre ted as representing a trend ; int er-a nnua l \,(lri a
bility in th e a bla ti on region is \'ery la rge, a nd co ul d cause 
short-te rm ra ising or lowcring of th e surface by se\'C ra l 
meters (Braith wa ite, in press ). The \'ery co ld sum mer o f 
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Fig. l. The 1991 slll face fJrifile oJ ] akobs/iavlls i sbuc 

inland oJ thal shown ill Figure 3. Jliost oJ this region is 
crevasse-Jree, and Ihe elevalion-difJerellce /)IO IS show a 
thickenillg Irend oJaboll1 2111. with a slrollg (vC/ic 1'ftrialioll 
ill Ihickening rate . Jl osl o/Ihe Ihickening o(wrred belweell 
SejJlember 199/ alld A/Hi! /992. 

1992 \I·ill certa inl y ha \'C a fIec ted a bl at io l1 ra tes, a nd th e 
[ull efIi:::c ts o f' 1993 summer melting a rc no t rell ectcd in o ur 
d a ta, \I 'hi ch \\'ere acquired 0 11 9 Jul y with se\ 'e ra l wee ks o[ 

melting still to come. 

CONCLUSIONS 

:\'ASA has d e\'e lo ped a n airbo rn e ca pa bilit y to measure 

ice-surface e le\'a ti ons to a n acc uracy of a bo ut 10 ( m o\'e r 

fli ght lines of se\'e ral hundred kilometers. Th e instrum ents 
need ed to ac hieve thi s a re a sca nning laser a ltimete r a nd 
GPS rece ive rs linked to va ri ous a nt enn as on the a irc ra ft. 
Oth er instrum ents th a t a re ro utinely in clud ed on o\'C r-i ce 
mi ss ions a re nadir-l oo king laser a nd rad a r a ltime ters, a nd 

a low-frequency ice-penetra tin g rad a r. 
Th e res u I ts presen ted here revea l seasona l a nd in te r

a nnu a l thi ckening, by se \'era l meters, in the 10\l'C r reac hes 
o f J a ko bsha \ ' I1S l sbra:?, up to a n a lti tud e of J 000 m or 
more . S uch inte r- a nnu a l cha nges in su rface e!c\'a ti on a re 
to be expected in a reas o[ strong a bla ti on. \\'e repea ted 

th e fli g hts O\ 'e r J a kobsha \'l1s l sbnc in Jun e 1994, a nd pl a n 
peri odi c addition a l fli g hts in th e fu ture. Th ese will a llow 
us to assess more ri go ro usly th e effec ts of inter- a nnua l 
\'a ri a ti ons in a bla ti o n a nd sno\\' acc umula ti on a nd , if the)' 
a re susta in ed [or a lo ng eno ugh peri od , to d e te rmine long
te rm trends in ice thi ckn ess . 
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