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ABSTRACT. Using a n ac ti \'e tra n sp o nder with the ERS-I and ERS-2 ra da r a lti­
meters, the distance to the sa tellite was m easured a t a loca ti on elose to the G RIP site, 
Grcenla nd , a t a n a lti t ude of 3.2 km. The m easurement was excc uted whil e th e tra nspon­
der was in the "ice-tracking mode". It includes a bias due to the propagation del ay. The 
locatio n o f the transp onder was determined using the globa l positioning syste m. 

The tra nsponder sig na l was modcled a nd the dista nce from the altime te r to th e effec­
tive re fl ec ti on point o f th e transponde r was determin ed . Since the tra n spo nder was 
located within I km of the g round tracks, the measurement was correc ted fo r thi s offse t. 
A correc ti o n was a lso do ne for the surface slope, res ulting in the dista nce (plus bi as ) to the 
closes t sub-satellite point o n the surface of the (compact) snow. 

The t ra nsponder sig na l was then rem oved from the rada r a ltimeter waveform, en­
abling th e determinatio n o f the di sta nce (plus bias ) from the a ltimeter to the first refl ec­
ti ve su rfacc within the snow. The difTerence bet ween this di sta nce a nd that obta ined using 
the tra n spo nder was < 2 m. This shows tha t the surface wh ich gi\'es rise to the first return 
of the re ll ecti on agrees w ith the surface o f the (compac t, dry) snow at thi s hig h-a ltitude 
loca ti o n. This is a n import ant res ult to be used when stud ying ice-cap to pography using 
satellite rada r altimelr y. 

INTRODUCTION 

As pa rt of the GRIP (Greenland lee Core Proj ect)-ERS-I 
(Eu rop ea n Remote-sensing Satellite I) calibra ti on on th e 
Greenl a nd ice cap (K ell er a nd others, 1994) a ground-based 
active tra nsponder (PO\ve 11 , 1986; Powe ll a nd others, 1993) 
\\'as dcployed on the Greenl a nd ice ca p. The transponder 
rcce i\'es, a mplifi es a nd retra nsmits the rada r pu lses from 
the rada r a ltimeter on ERS-1. T\\·o success ful tri a ls had been 
acco mpli shed inJutl a nd , D enma rk, in spring 1993. Fi\'e a t­
tempts were then made 'vvith the transpo nder to acquire a nd 
re tra nsmil th e altimeter sig na l in Greenl a nd , three a t Sad­
dl e North inJune 1993 a nd two nea r the G RIP ice-core dril­
ling site a t the top of the Greenl and ice cap inJuly 1993 (Fig. 
I). These sites were ca refull y se lec ledto be a t locati ons with 
\'C ry low surface slopes, minimal sastrugi a nd dr y, co ld 
snow, thus prO\ 'iding optim a l conditi ons fo r the rada r alti­
meter. Onl y onc of the exp eriments, near the GRIP site, 
was success ful ; the othe r fa ur a ttempts succ umbed to a bli z­
za rd , a temporary shut-down of the a ltime ter or minor tech­
nica l p l'O bl ems lhat were subsequentl y corrected. In 1995, 
two tra nsponder ex perime nts \\'ere success ful ; both were 
located nea r the GRIP s ite, onc using the ERS-l sa tellite, 
the other using the ERS-2 satellite. These ex periments, 
a nd a de ta il ed knowledge o f the topogra phy or the ice cap 
in the a rea a round GRIP ( Ekholm and K ell er, 1993; Fo rs­
berg, 1996), have a ll owed us to determine the depth within 
the snow from which the rada r pulse is first refl ected. 

Experimems a re pl a nned that will eX Lend this ana lys is 
to other pa rts 0 [' the Green la nd ice cap, where the diel ectr ic 

pro perti es o f the sno\\' m ay dinc'!', for exa mpl e because of 
temperature (Jezek and others, 1994). The tra nspo nder will 
then pro\-ide a g round-truth m easuremem for the radar al­
timeter 's de term i nal ion of tile' lo pography of the ice cap. Re­
peated a ltime ter measurem e nts of the ice-sheet surface 
eleva tion can then be used as a sig na l 10 monitor tempora l 
changes due to a ny "greenho use eflec l". 

RETURN T IME OF A PULSE IN A SERIES OF 
SPIKE PULSES 

The transp onder acts a a p o int refl ec tor (\\'ith a mplifica­
ti on) whereby the ice sheet can be modeled (Brown, 1977) 
as a roug h, ll a t surface. 

The geom etry of the config ura ti on used to deri ve the re­
turn time o f o nc of the pulses emitted by the a ltimeter is 
shown in Fig ure 2. Wc have selec ted a reference pl ane that 
is the orbita l pla ne of the sate llite as vi ewed ['rom the Ea rth . 

The tra nspo nder is a "p o rta ble" instrument (weighing 
85 kg) tha t ca n be transported to a site; optima ll ), it will be 
loca ted a t a point on the a ntic ipa ted g roun d trac k below the 
satellite. \ Ve ass ume that the o rbit of the satellite is circul ar, 
of radius S = R + h, that the tra nsponder li es in this pl ane, 
a di sta nce R from the center o f the Ea rth - so tha t the alti­
meter passes through the zenith po int of the tra nsponder a 
di sta nce h a bo\'C the transpo nder locati on - a nd that the 
speed of the a ltimeter (rela ti ve to the transponde r) is v. 

The altimeter emits rada r pul ses at regul a r inten 'als T 
= 9.80+ x 10 I s. FQI' simplicit y, we initi a ll y ass ume that these 
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Fig. I. The 11/)0 localion5 on the Green/and ice 5heet where Ihe 
tran5ponder wa5 deplOJled. The GRIP sile (72.+5° J\~ 
36.2° W) is indicaled by the 50lid .lIar, and Saddle .vorlh 
(66.4S .\ +3.3° f1/) by the ojJen5tar. 

pulses are spikes (delta fun ctions) and, for conven ience, tha t 
one of these pulses is em itted at the insta nt that thc satell i te 
passes through thc zenith position. This pulse is then labeled 
as pulse zero, preceding pulses labeled with positi\'e integer 
va lues (1,2,3, ... ) and pul ses emitted a ft er the altimeter has 
passed through the zenith point labeled with negat ive inte­
ger values (- I, - 2, - 3, ... ). 

At the instant th at the a ltimeter is emitting the pulse la­
bel ed n, it is at a position which is a di stance nvT a long the 
orbita l a rc from the zenith position. The distance tha t thi s 
pul se travels to the a ltimeter is 

H ere ell is the angle subtended at the center of the Ea rth by 
the a rc from the satellite's current position to the zenith po­
sition, a nd tl is the onc-way travel time from the altimeter to 
the transponder. In radians, the angle ell is nvT / S. The re­
turn pulse from the transponder travel s [or a time t2 , inter­
cepting the a ltimeter at the instant that it is a di sta nce v(nT - tJ - t2) from the zenith position. At thi s instant 
the angle subtended at the center of the Ea rth by the a rc 
from the satellite position to the zenith position is 
e:, = v(nT - tt - t2)/S , and the distance that the return 
pul se tra\·els is 

The tota l tra\'c1 time of thi s pulse, to th e transponder a nd 
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back, is T" = tJ + t2 so that e~ = ell - (VTn) / S, a nd the di s­
ta nce travc1ed by the pulse is 

CT " = JS2 + R2 - 2SRcose" 

+ / S2 + R2 - 2SR eos e;, 

= jh2 + 2RS(1 - eos e,,) 

+ h2+ 2RS[1-eos(ell - V;, )]. 
Rewriting this as 

CT,,- j h2 + 2RS(1 - eos e,,) 

= jh2 + 2RS[1- eos (en _ V; ,)] , 
squaring both sides and simplifying leads to 

and then 

22 y'? ( e ) C T " = 2CTII h- + 2RS 1 - cos 11 

[ ( VTn ) ] + 2RS cos e" - cos el1 - S 

2h 
T 1} =­

C 

2RS 
1 +-?-(l -eos en ) 

h-
2RScosen - cos(el1 _ V~, ) 

+-?- . 
c- Tn 

(1) 

(2) 

\\'e note tha t the second term is a small correction to the fi rst 
term and that an iterative technique converges quickly to 
determi ne T". 

It is a worthwhile exercise at this point to develop an ex­
pansion of T" as a power series in n to show the character of 
the transponder return. 

The first term can be written as 

J 

2h [2RS ]2 ~ 1 + 7 (1 - cos en) 

:::,,; - 1 + - (1 - cos e 1/) - - (1 - eos e" )-+ . .. , 2h [ 1 1 ? ] 
C 2 8 

and since 

1 (nVT) 2 1 (nVT) '"' 
1 - eos ell ="2 S - 8" s + ... 

~nv~ 
Z 

s 

i I 
Fig. 2. Geometry qf the altimeter pa55age. The tmn5/Jonder i5 
deplO)ied at p05ition C, a di5tance Rfrom the center qf the 
Earth, C. The altimeter i5 a di5tance Sfrom the center qfthe 
Earth, traveLing al a con5tant speed v; it emit5 a pulse at A at 
a time nT bifore it pa55e5 through the zenith p05ition Z. 
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the leading terms of the power-seri es expansion are then 

2h R v2T 2? R (1 3 ) v4
rl -I 

-;; + sTc n- - 125 5 2 + h2 ----;;;;n. 

The second term in the expression for T ", can be rewrit­
ten as 

2R5 2 (V'Tn) ( VTn) - -?--sin - sin en --
e- Tn 25 25 

Rv
2 

(2RV2 ) (RV-I.T 3) 3 
;:::; 5e2 T11 - 5e2 T n + 353e2 n . 

G athering these expansions toge ther, the power-se ri es 
ex pansion of T11 complete to order n 4 is 

( 
RV2 ) 2h (2RV2 ) R v2T 2 2 T11 1 - -- = - - --T n +---n 
5e2 e 5 e2 5 he 

(
R v.JT;; ) ;3 R (1 3 ) v.Jr' <l 

+ 353e2 n - 125 5 2 + h2 ----;;;; n. 

ror the ERS-l satellite, the numerical values of the qua n­
tities used above arc: 

R ;:::; 6.37 x 106m 

5 ;:::; 7.16 x 10Gm 

v;:::; 7.50 x 103m S-l 

e = 3.00 x 108m S- I 

11, ;:::; 7.925 x 105m 

T = 9.804 X lO--I. s 

Substituting these values into the power-se ri es expansion 
lead s to an estim ate of the return time T " (s) as 

TII ;:::; (5 .3 x 10- 3 ) - (1.25 x 10- 1211,) + (0.20 x 1O- 12n 2
) 

+ (2 x 1O- 25 n 3
) - (5 x 1O- 24n 4

), 

a nd for the transponder return to be visible in the a ltimeter 
reco rd 1nl:::: 2000. and thi s shows tha t the vari ation in the 
travel time of the pulse as the a ltimeter passes ove r the 
transponder is, to a good approxi m a tion, a pa rabolic func­
ti on of the di stance from the altimeter to the zenith point of 
the transponder. It is this unique p attern (along wi th the 
a mplification of the signal by the tran sp onder) tha t m a kes 
the transponder return very easy to identify in the a ltime ter 
record. 

't\Te choose to compute the del ays in these travel times 
rela ti ve to the delay of the pul se emitted at the insta nt that 
the altimeter is at the zenith positi on, i. e. the pulse la beled 
n = O. The travel time for thi s pulse is 

211, 2R5 [1 - COS(Ci' )] 
TO =-+-?- . 

e C- TO 

The additional delay, ~n, of th e pul se emitted at time nT 
before the a ltimeter reaches the zenith position is 

~" = T" - T O, 

and {i'om Equation (2) this can be written (so as to retain as 
much acc uracy as possible in the computa ti ons) as: 

211, [J 2R5 ] ~11 = -;; 1 +7(1 - cos en) - 1 

2R5 [COS ell - cos (e" - v~:, ) 1 - cos C'~[) )] 
+-?- - . 

e- T" TO 

(3) 

From this specification a se t of values of the relative delays 
can be computed for a specified pa ir of the parame ters h 
and v. 

AMPLITUDE VARIATION OF RETURNED PULSE 

The pulses a rc highly directional; the b eam width, 1;V, is 
1.360 = 0.02374 rad. For simplicity we ass ume that the a lti­
meter p asses direc tl y over the transponder, th at the antenna 
lies in the plane of the orbit and that the boresight of the 
antenna points at the center of the Earth. \ 'Ve neglect any 
variation in the signal streng th due to the sm all changes in 
di sta nce be tween the altimeter and the tra nsp onder. 

The ga in for each path be tvveen the altime ter and the trans­
ponder, wh en the angle be tween the bo res ight of the anten­
na and the antenna- tra nsp onder line is cP, is 

g(cp) = exp [-21n4C~I) 2]. 

For the pulse from the a ltimeter to the tra nsponder, the a rc 
from the a ltimeter to the zenith point has a length of nvT , 
the a ng le subtended by this a rc at the Ea rth's center is en, 
and the a ngle subtended by this arc a t the transponder's 
locati on is 'lj; = nvT / h. R eferring to Fig u re 2, the angle cPl 
for the fo rward pulse is th en 

,/,J = of. _ e = nvT _ nvT = nvT !!. . 
'f/ tp " 11, 5 h 5 

The sa me ga in occurs on the return path except that the di s­
tance from the zenith po int to the a ltime te r 's position has 
become nvT - VTn . The appropriate a ng le for the return 
path is 

,/, _ V(71T -T,,) R 
'f/2 - 11, 5 ' 

By selling 

2 h2W 2 R2 
W = 21n 4v2T252 

and a pproximating TII by TO, the tota l ga in on the pulse la­
beled 71 is 

(_712) [-(n - --d] 
C II = exp w2 exp w2 

where I = To/T. 
Tfthe re is a small along-track pointing e rror in the bore­

sight o f the a ltimeter, the max imum a mplitude of the rc­
turned pul se would no t co incide with th e shortest retur n 
time of th e pulse, i. e. if th e antenna or the a ltimeter points 
slightly a head or verti call y downward , t he maximum 
amplitude of the retumed pulse would occur before the 
satellite reaches the zcnith position, a t som e positive value 
or n ra ther than at n = O. An equi\'a lent offse t wo uld occur 
when the transponder, which is leveled by a spirit level, is at 
a sm all tilt. A sma ll tilt of the transpo nder towards the 
incoming a ltimeter would provide the same offse t of the 
max imum amplitude of the returned pul se to a positive value 
of n . 

Th e possibility of either offse t can be ta ken into acco unt 
in the m odeling or the a mplitude vari a tio n of the pulse in a 
simple way by introducing a pa rameter N , the value of n at 
which the gain is max imum, and then revi sing the gain 
function to 

[
-(11 - N)2 ] [-(11, - N - "d] 

GlI = exp ? exp 2 . 
w- w 

(4) 
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DIVISION OF THE PULSE INTO BINS, AND THE 
SHAPE OF THE WAVEFORM GENERATED 6000 

Until this sec tion, the altirneLer pulse (and the refl ecLed 40001 
pulse ) h a\'e been ass umed to be delta functions or spikes. 
H owever, the point ta rget response of the altimeter radar ~0001 
should be model cd as a Gaussian return, di st ributed around , I~~~~~~~~ 
the arri\'altime of the spike. "' 

I nstead o f a delta function response after a lag time of T/I 

for the pulse labeled n, the appropriate model is then a re­
sponse: 

where the p a rameter (5 is 6.604150 ns for the ice mode of the 
a lLimeter, a nd the pulse a mplitude An is the product of a 
consta nt A llIax (itself determined by the powe r in the ori­
gina l tra nsm iss ion from the a ltimeter and the amplificaLion 
produced by the transponder ) a nd the gain of this indi­
\'idua l pulse, C,/) due to the ba ndwidth. 

The altim e te l~ after emitting a pulse, waits for a time ­
this waiting inten'al is determined in part by the recent hi s­
tory of its receptions-and then begins to reco rd the re­
turned sig na l. The altimeter computer record s the signal 
strength a t the start of 64 consecutive time intervals. The 
durati on of each of these intervals (one bin ) is B; in the ice 
mode B = 12.159533 ns. The enti re 64 bi ns ( ::::::; 800 ns) is 
called the range window. Normally the range window drifts 
as the altimeter computer updaLcs the waiting interval with 
each new return; however, the waiting inter val during a 
transponder experi lll ent is fixedlo r the duration of the ex­
periment. 

'Vc suppose that the pre-se t waiting tim.e is TO - X and 
then consider a sequence of bi ns where bin 1 sta rt s a t TO - X , 
bin 2 starts a t TO - X + B , and, in general, bin lYl starts at 
TO - X + (l\J - 1)B. 

The response recorded for bin 1\.1 is then 

7',, [TO - X + (111 - l )B ] 

= A exp { - [To - X + (M - l )B - TII]2 } 
11 2(52 (5) 

_ A { _ [£1 11 - X + (111 - 1)B ]2 } 
- 11 exp .) . 2(5-

Since B / ((5.)2) = 1.3019, contributions from this pulse 
will only be significant for, at most, seven con sec utive bins 
centered upon the bin in which the spike would appear. 

The altimeter in fact accumul ates the contributions to 
the 64 bins for 50 consecutive radar returns to produce a 
waveform. During the time that the altimeter passes over 
the transponder and is within the range at which it can ac­
quire the radar returns, a bout 4000 pulses a rc emitted and 
the returns acc umulated into 80 waveforms. "Ve will ca ll this 
se t of 80 wavefo rms th e observed "signature" of the trans­
ponder (Fig. 3). 

The na ture of the transponder return, because of the am­
plification o f the signal by the transponder and also because 
of the unique structure of the set of waveforms recorded, can 
then be used to determine the zenith dista nce between the 
transponder a nd the altime ter with great precision. 

Using the a rg uments expressed above, it is possible to 
generate a theoretical "sign a ture" of the tra nsponder. This 
signature will of course depend on a number of pa rameters, 
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Fig. 3. The observed signature if the tmnspondel: Th is is the 
set of 80 wavifonns IIUlt were recorded as the satelhte passed 
over the tmnsjJonders location. Note the distinctive pattern 
caused ~JI the tmnspondel;' it is almost parabolic and easily 
visible due to the amplification. 

for example the sp eed v of the altimeter relative to the trans­
ponder, the heig ht h of the altimeter over the transponder as 
it passes through the zenith p oint, the factor X in the waiting 
time, the pointing error N in the a ntennae, and the maxi­
mum amplitude of the return Amax, as well as the fixed pa­
rameters, the bin size E, the spread of the signal (5, and the 
beamwidth TIV (or equi valentl y w ). From the initial values 
selected for these parameters a se t of waveforms, a theoreti­
cal signature of the transponder, can be calculated (Fig. 4). 

Fig. 4. The theoretical signature rif the transpondel: 

This theore tical signature is then subtracted from the 
observed signature to leave a residu al. Since the altimeter 
is sensitive only to the amplitude of the returned pul se a nd 
not to its phase, the contents of each bin in the observed sig­
nature must b e non-negative a nd the residual therefore 
should have (if there were no noise in the signal ) no negative 
va lues. The criterion that was used to measure the quality of 
the fit of the theoretical signature onto the observed signa­
ture was taken to be the sum of the positive contents of the 
bins in the residua ls minus a penalty factor times the sum of 
the negative contents. rf the penalty factor had been se t to 

Fig. 5. The residual signature. 
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unity, the qualit y of the fit would have been measured by 
the sum of the absolute va lues of the bin contents; however, 
we chose a penalty factor, p, of 250, thus strongly favoring 
residua ls where very few of the bin eO lllents were negati\·e. 

This obsenTd signature, S, is an 80 by 64 matrix of in­
tege r va lues; each of the 80 rows is a waveform. For a ny 
chosen se t of the parameters (v, h, X , Nand Amax ) a theo­
retical s ig nature, T , a lso a n 80 by 64 m a trix of intege r 
values, is computed. The res idua l signature is then the 80 
by 6+ matrix of integer va lues, R . 

R = S -T. 

The c riteri on of best fit of the theoretical sign al to tha t 
obsenTd is tha t 

c= R i) -p L R ij (6) 
positive negative 
elements elements 

was a mll11mum. 
The ERS-l satellite is in an orbit with an inclination of 

98.543 ° a nd a semi-m ajor ax is of 7159.496 km (ESA, 1993). 
Ignoring the non-spherieity of the Earth, the initialization 
va lue ort he height h would be 788 km; taking the ohlateness 
of the Earth's figure into account, the initia li zat ion va lue ac­
tua ll y uscd was 801 km . 

The \ 'alues of v, h, X , Nand Amax a rc acUusted, in a n 
iterative proced ure, to calculate theoretica l s ig natures and 
residua ls, a nd the qua lit y or each of th ese determined in 
order to lea\'e a minimum remnant C in the residual set of 
wa\Tforms. 

In prac tice, the procedure appears to be quite sensitive 
to the changes in these p arameters. so that the \'a lues tha t 
provide the best fit 0 (' th e theo retical sign a ture to tha t 
obsen'ed a rc well determined (Figs 6- 9). 

The set of80 wa\ 'eform s th at constitute the obsen 'ed sig­
nature acq uired on 7 July 1993, the theo retical signature 
which best fits thi s observed signat ure a nd the correspond­
ing residua l signature a re shown in Figures 3- 5. 

Once the theoreti ca l signature of the tra nsponder retu rn 
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Fig. 6. r (l7' iatioll cif the criterion. C, with bin number. 
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Fig. 9. Variation qfthe criterion, C, with the wal'etllI l1Iber at 
which the altimeter is at the ::.enitlt point abol'e tile tmns­
pal/de?: 

has been esta blished using th e a bO\'C procedure, a p a ra bola 
is then fitted to thi s theo retica l signature to de term ine the 
zenith range to th e a ltimeter for thi s m'Crpass. 

The two experiments from 30 .June and I Jul y 1995 a lso 
had the tra nsponder signature clea rl y \'isibl e in the a lti­
meter record. These data ha\'C been ana lyzed in th e same 
manner as described abm'e to de termine the di sta nce fi'om 
the transponder locat ion to the a ltimeter. Aga in , the 
smooth \'a riation of the criterion C with respec t to each of 
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the pa rameters \,-as obsen -ed and the determ ination of this 
zenith distancc to w ithin 10 cm (ignoring the atmosp heric 
propagati on delay ) was made. Contours showing the 
obsenTd and residua l signatures (o r each of these experi­
mem s are shown in Figu re 10. Agai n, note that the a mpli­
tude a nd pa rabolic shape of the tra nsp onder return elearl y 
ide11li fy it in the observed signatures. 

CALCULATION OF DISTANCE FROM ALTIMETER 
TO TRANSPONDER 

According to the Europea n Space Agency, the pre-se t com­
ponent of the waiting time for the 7 J u ly 1993 overpass was 

(392160 +33 309. 113281- 2496) x 12.5 118-29.8 118 

= 5 287134.116 11S 

in order to produce a spike located in bin 32. The first term 
392 160 x 12.5 ns a nd the third term - 2496 x 12.5 ns a re fi xed 
values; the midd le tefm is the delay se t by the recent hi story 
of the re tu rns. 

Since this is the expected delay for a pu lse to be trans­
mitted and return co, the onc-way di stance is 

c 
5287 134.116 X 10- 9 x "2 = 79252l.466111. 

The best fit of t he theoretica l sig na ture to the obser ved 
signa l places the zenith-most return a t bin 22.717, i. e. 9.283 
bins before bin 32; since the duration B of each bin is 
12. 159533 ns, th is is a decrease in the onc-way di stance by 
a n amount 

c 
9.283 x 12.159533 x 10- 9 x - = 16.920 m 
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for a tota l onc-way travel di sta nce from the a ltimeter to the 
effective point of renection of the transponder that is 
DTA = 792 52l.466 - 16.920 = 792504.546 m. 

A "from-end measurem ent" (Francis, 1993) contributes 
an externa l range bias of dR = - 41.5 cm which must be sub­
tracted from the measured range, giving a fin al range of 
792504.961 m. 

Eq uiva lent calcu lations for the experiments of 30 J une 
1995 a nd 1 J uly 1995 give the altimeter- transponder di s­
tances a t these instants as 792553.673 and 792564.188 m, re­
spective ly. 

\Ve no te that atmospheric correcti ons must be taken into 
acco unt in order to determine this fin al di sta nce' acc uratel y. 

DETERMINATION OF DEPTH WITHIN SNOW 
FROM WHICH FIRST REFLECTION OCCURS 

In each transponder experiment, the location of the site was 
carefu lly selected. The pos ition was near the GRIP camp in 
a well-su rveyed region known to have a low surface slope, 
minim a l sastrugi and dry, cold snow. The transponder was 
then placed at a point directly below a p red icted crossover, 
and the exact location de termined by a g loba l positioning 
system instrument. 

For 7 July 1993 the location was determined as 
72.45897650° N, 39.01542036° W. This poin t is 1.l0l0 km from 
the surface track. In 1995, the locati on was 72.45620830° N, 
39.018726833° \V for both acquisitions of the signa l. For the 
30 J une 1995 exper iment with the ER S-l a ltimeter, the 
ground track was then 0.7780 km from the transponder, 
while fo r the I July 1995 result with the ER S-2 altimeter 

18 28 38 48 58 68 78 

18 28 38 48 58 68 78 88 

Fig. 10. Contourqfthe observed signature cif the transponder obtained ( a) on 30 J une 1995 and (c) on J J uly 1995, and COl1tOU1'S rif 
[he residual signatures cifter the removal rifthe best fitting transponder return (b, d). 
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t he ground track was 0.7303 km from the transponder. In a ll 
cases, the surface track passed be tween the locati on of the 
transponder and the highest po int on the ice cap, so that 
the transponder was at a slightl y lower e!e\·ation tha n the 
point directl y below the satellite. 

From a conto ur map of the a rca (Fig. 11 ; Forsberg, 1996), it 
is apparent tha t the snow surfacc is very regula r in thi s 
reg ion. The local slope of the surface is 1.603 ± O.lOO m km ~ I , 
at an angle eto = 0.001603 rad o r 0.09185° to the ho ri zonta l. 
The angle bctween the surface track of the satellite a nd the 
directi on of the g radient is (3 = 138°. 

Surface Topography 

73.ot----t---_+_--;~7"l--b"7""7---t:---_+_--__t--_t 

30 km 

Fig. JJ. SlI1jace topogm/Av Ileal' the GRIP site ( Forsberg, 
/996). Contour interval is 2.5 17l. Dashed Line shows gmund 
t rack of ERS -I; star locates I)osit iOJl of tmnsponder; short, so ­
lid segment indicates duratioll of orbit dllTing which signal 
from tralls/)ollder was acquired. 

The transponde r sits on the snow surface, and the top of 
the instrument is 0.800 m above thc snow. The eleClI-ieal de­
lay of the transp onder (the time ta ken to capturc, a mplify 
a nd transmit the return signa l) is equivalent to a di sta nce 
o f" 6.780 ± 0.026 m (Rutherfo rd Appleton La bora tory 
a na lysis), meaning that the effec ti ve point of refl ec tion for 
the transponder is 3.390 - 0.800 m below the snow surface. 
Therefore the di sta nce from the po i nt on the snow surface 
directl y below th e transponder to the altimeter's zenith po­
siti on, Po, is D = D TA + (-3.390 + 0 .800) m. For the three 
ex peri ments these di stances a rc the n 

DTA D 

III 111 

7 Jul ), 1993 79250+.961 792 .102.371 
30 June 1995 792553.673 792551.083 
IJul y 1995 79256+.188 792 561.598 

A coordinate ys tem with the o rig in at the Ea rth's eenter, 
the x ax is in the direction of the su rface track, and the z axis 

through the surface track a nd Po, allows the local surface 
height to be modcled as 

z(x, y) = J R2 - x2 - y2 + eto(x eos ,6 + Y Sill (3) 

x2 + y2 (7) 
~ R - 2R + eto(xeos ,6+ ysin p ) 

and Po as (0, 0, R + Do). In thi s coordina te sys tem, th e 
point o n the snow surface directl y below the transponde ,·'s 
location is (0, YT. z(O. YT )), and the dista nce from this po in t 
to Po is 

(8) 

Since YI', R and D a re know n, this de termines the dista nce 
D o as 

? 
YT­

D o = J D2 - YT2 + CtOYT sin (j --. 
2R 

(9) 

The dista nce from Po to a n a rbi tra ry po int on the snow su r­
face is d where 

? ? r + y . 
[ 

.) 2 ] 2 
= :r+y- + D o + 2R -eto(.reos (3+ ysm (3) 

(10) 

Then the point on thi s snow surface closes t to Po, fro m 
which the first return w ill a rri ve, is a t (:rc, Ye, z(") where :Ce 
and Ye minimize d2 

This g i\"Cs the conditi ons that 

X c = Tc eos ,6 and Ye = 1"(" sin .J (ll ) 

whe re 

( T 2 ) (T ) 
Tc + Do + 2~ - 0.07 ·c ~ - eto = O. 

Th e equat ion for 1"(. can be soh·ed itera ti\"Cly, then Zc a nd 
fin all y d ca n be determined . 

D 

III 

7 Jul y 1993 792502.371 
30 JuI1c I995 792551.083 
IJuly 1995 792561.598 

!J r D" 

III III 

1101.0 792500.121 
778.0 7925 .. 9.671 
730.3 792560.298 

,. 
l 

III 

d 

III 

11 29.9 i92 -199.215 
I UO.O 7925 18.7(;5 
I J:lO.O 792559.392 

An average of the five waveforms (from the res iduaJ sig­
natures ) nea rest to tha t generated when th e a ltimeter was a t 
Po was used to determine th e return from the surface. E ac h 
of t hese 3\·era"e wavefo rms was fitted (Fig. 12) to a fi\ "C­
pa ra m eter model of a "s ingle-ramped" waveform (lwa ll y 
and others, 1994). 

For the 7 Ju ly 1993 signal, the first re fl ec ti on from th e 
snow occ urs at bin 19.81 ±O.I OO, preceding the transponde r 
return by 2.907 ±O.IOO bins. This corres p o nds to a onc-way 
di sta nce of 2.907 x 1.822668 = 5.298 ± 0.182 Ill . The distance 
from the a ltimeter to thi s re fl ecting surface within the snow 
is the n 

XI = DTA - 5 .298 = 792 504.961 - 5.298 

= 792 499.663 ± 0.182 111. 

This then implies tha t th e first return fro l11 the snow surface 
occurs a t a depth of 0.448 m in the snow. 
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The depths calculated in the same mann er for the three 
experiments a re: 

IJ-rA De/a)' Dela), :r r .1', - d 

m bill s III III III 

7 Jul y 1993 792.')0+.961 2.91 5.298 792 +99.663 0.H8 

30 June 1995 792553.673 1.87 1 +08 792550.26+ 1.+99 
IJuly 1995 79256 klS8 1.')2 2.770 792561.+21 2.029 

The two vertical lines in each diagram of Figure 12 indi­
cate the bin positions associated with our location of the 
snow surface a nd with the first return from the surface. In 
each case, the locati on of the snow surface corresponds to 
the left Yerliea l line, and thc first return location COITe­
sponds to the right \·erticalline. 

In this a nalysis of th r location of the surface of first re­
fl ection in the snow, it is important to note tha t atmospheric 
correc tions th at are necessa r y in the dete rmination of the 
actual distance between the transponder and the altimeter 
a re not required here. Since exactly identical atmospheric 
correc tions wi ll apply to the transponder return a nd the re­
fl ection from the snow surface, and wc are essenti ally deal­
ing wi t h the di fference between these two travel times, the 
two correc tions will cancel each other. 

ERROR ANALYSIS 

The di stance, D yA , obta ined from fitting the theoretical sig­
nature to the obsen'ed sig na ture has an estimated error of 
0.010 bins or 0.018 m (sce Figs 6-9). The d ista nce between 
the transponder and the surface track, YT, has an estimated 
er ror o f ± O.lm, a nd the angle f3 has an error of ±2° = 
±O.035rad. 

The error estimate then computed for D is ± O.024 m and 
for D o is ±O.090 m. Then the error in 1'c is ±70.5 m, in z is 
± O.l60 m a nd in d is ±0.208 m. 

The location of the first reflection from the snow, from 
the wa\'efo rm s is estimated to ha\ 'e an error of ±O.IOO bins 
or ±O. 182 m , a nd hence the error estim a te on the depth 
within the snow at which th e first refl ection occurs is esti­
mated to have an error of ±O.276 m. Wc consider these error 
estim ates conservative; the differences between the results 
in 1993 a nd 1995 arc considerably large r than three times 
this sta ndard deviation . A possible cause of these differences 
is the snow conditions at the times of the measuremellls. 

CONCLUSION 

Because of the unique nat u re of the transponder return, it 
can be clearly ide11lified in the altimeter record and then 
can be m odcled very we ll , lea\ 'ing the return from the snow­
fi eld . Th e separation of the to ta l signature into its transpon­
der and snowfi eld components is excell ent. The modeling is 
\'ery sensitive to the transp o nder parameters and varies 
smoothl y with these parameters, resulting in a n accuracy 
below the 10 cm level (igno ring the atmosphe ri c propaga­
tion delay ). The first reflection of the radar pulse from the 
compac t, dry snow near the LOp of the Greenland ice cap 
occurs within 2 m of the snow surface. The atmospheric 
propagation delay in the pulse's two-\Vay tra nsit time wi ll 
have to be inco rpora ted to d e termine the ac tual distance 
from the tra nsponder to the satellite in future a nalyses; how-
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Fig. 12. Average waviform oflheJive waveforms when the al­
limeter was neanstthe zenith position (o/Jen circles) and Ihe 
Jive-pammeter ''singLe-mmped)) model (solid line ) for each cif 
the three Iransponder experiments: ( a) 7 July 1993, (b) 30 
June 1995 and (c) 1 JII0' 1995. R ight vertieal Line is the bill 
location ifthe}zTSI returnJrom the snowJronz the model) and 
left vertical line is the billloeation cif the snow sUlJace. 

ever, in thi s determination of d epth within the snow at 
which the signal refl ection occurs, thi s bias occ urs identi­
call y to the two refl ections under consideration a nd has no 
effect on the difference between these two distances. 
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