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Modeling the signature of a transponder in altimeter return
data and determination of the reflection surface of the ice cap
near the GRIP camp, Greenland
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ABSTRACT. Using an active transponder with the ERS-1 and ERS-2 radar alti-
meters, the distance to the satellite was measured at a location close to the GRIP site.
Greenland, at an altitude of 32 km. The measurement was executed while the transpon-
der was in the “ice-tracking mode”. Tt includes a bias due to the propagation delay. The
location of the transponder was determined using the global positioning system.

The transponder signal was modeled and the distance from the altimeter to the effee-
tive reflection point of the transponder was determined. Since the transponder was
located within [km of the ground tracks, the measurement was corrected for this offset.
A correction was also done for the surface slope, resulting in the distance (plus bias) to the
closest sub-satellite point on the surface of the (compact) snow.

The transponder signal was then removed from the radar altimeter waveform, en-
abling the determination of the distance (plus bias) from the altimeter to the first reflec-
tive surface within the snow. The difference between this distance and that obtained using
the transponder was < 2 m. This shows that the surface which gives rise to the first return
of the reflection agrees with the surface of the (compact, dry) snow at this high-altitude
location. This is an important result to be used when studying lce-cap topography using

satellite radar altimetry.

INTRODUCTION

As part of the GRIP (Greenland Ice Core Project)-ERS-1
(European Remote-sensing Satellite 1) calibration on the
Greenland ice cap (Keller and others, 1994) a ground-based
active transponder (Powell, 1986; Powell and others, 1993)
was deployed on the Greenland ice cap. The transponder
receives, amplifies and retransmits the radar pulses from
the radar altimeter on ERS-1. Two successful trials had been
accomplished in Jutland, Denmark, in spring 1993, Five at-
tempts were then made with the transponder to acquire and
retransmit the altimeter signal in Greenland, three at Sad-
dle North in June 1993 and two near the GRIP ice-core dril-
ling site at the top of the Greenland ice cap in July 1993 | Iig.
I. These sites were carefully selected 1o be at locations with
very low surface slopes, minimal sastrugi and dry. cold
snow, thus providing optimal conditions for the radar alti-
meter. Only one of the experiments, near the GRIP site,
was successful; the other four attempts succumbed o a bliz-
zard, a temporary shut-down of the altimeter or minor tech-
nical problems that were subsequently corrected. In 1995,
two transponder experiments were successful; hoth were
located near the GRIP site, one using the ERS-1 satellite,
the other using the ERS-2 satellite. These experiments,
and a detailed knowledge of the topography of the ice cap
in the area around GRIP (Ekholm and Keller, 1993: Fors-
berg, 1996), have allowed us to determine the depth within
the snow from which the radar pulse is first reflected.
Experiments are planned that will extend this analysis
to other parts of the Greenland ice cap, where the diclectric
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properties of the snow may differ, for example because of
temperature (Jezek and others, 1994). The transponder will
then provide a ground-truth measurement for the radar al-
timeter’s determination of the topography of the ice cap. Re-
peated altimeter measurements of the ice-sheet surface
elevation can then be used as a signal to monitor temporal
changes due to any “areenhouse effect”,

RETURN TIME OF A PULSE IN A SERIES OF
SPIKE PULSES

The transponder acts as a point reflector (with amplifica-
tion) whereby the ice sheet can be modeled (Brown, 1977)
as a rough, flat surface.

The geometry of the configuration used to derive the re-
turn time of one of the pulses emitted by the altimeter is
shown in Figure 2. We have selected a reference plane that
is the orbital plane of the satellite as viewed from the Earth,

The transponder is a “portable™ instrument (weighing
85 kg) that can be transported to a site; optimally it will be
located at a point on the anticipated ground track below the
satellite. We assume that the orbit of the satellite is circular,
of radius S = R + h, that the transponder lies in this plane,
adistance R from the center of the Earth— so that the alti-
meter passes through the zenith point of the transponder a
distance it above the wansponder location —— and that the
speed of the altimeter (relative to the transponder) is v,

The altimeter emits radar pulses at regular intervals 7'

=9804x10 s, For simplicity, we initially assume that these
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Fig. 1. The two locations on the Greenland ice sheet where the
transponder was deployed. The GRIP site (7245° N,
36.2° W) is indicated by the solid star, and Saddle North
(66.45° N 433" W ) by the open star.

pulses are spikes (delta functions) and, for convenience, that
one of these pulses is emitted at the instant that the satellite
passes through the zenith position. This pulse is then labeled
as pulse zero, preceding pulses labeled with positive integer
values (1,2,3, .. ) and pulses emitted after the altimeter has
passed through the zenith point labeled with negative inte-
aerwalues (=L —2—5 .

At the instant that the altimeter is emitting the pulse la-
beled n, it is at a position which is a distance nvT" along the
orbital arc from the zenith position. The distance that this
pulse travels to the altimeter is

di = /52 + R? — 25Rcos 8, = ct1.

Here @, is the angle subtended at the center of the Earth by
the are from the satellite’s current position to the zenith po-
sition, and t; is the one-way travel time from the altimeter to
the transponder. In radians, the angle 6, is nvT/S. The re-
turn pulse [rom the transponder travels for a time ta. inter-
cepting the altimeter at the instant that it is a distance
v(nT — t; —t2) from the zenith position. At this instant
the angle subtended at the center of the Earth by the arc
from the satellite position to the zenith position is
! = v(nT —t; —t2)/5, and the distance that the return
pulse travels is

dy = cty = 1/ 5? + R? — 2SR cos 0,

The total travel time of this pulse, to the transponder and

—
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back, is 7, = t; + tasothat &, = 6,
tance traveled by the pulse is

— (vty,)/ S, and the dis-

CTy = \/52 + R2 — 2S5Rcosf,

+1/52+ R?2 — 25Rcos @,
= \/h'z +2RS(1 —cosb,)

+ \/fr? - ‘2[{3[1 - cos(b’,, — %)] .

Rewriting this as

CTn— \/h2 +2RS(1 —cos 8.)

= \/hl - 21?.5[1 - cos(ﬁ,, — Lgﬂ

squaring both sides and simplifying leads to

21,2 =2em,\/h? + 2RS(1 — cos 8,,)
% (I 5
+2RS [CO& @, — cos (H,, S )]

and then

2h 2R
Tu=2—h l—l-i.,g(l—msﬂn)
¢ fi @)
9IRS cos Oy — CUH(G,, — )
+ 5/
c TH

We note that the second term is a small correction to the first
term and that an iterative technique converges quickly to
determine 7.

It is a worthwhile exercise at this point to develop an ex-
pansion of 7, as a power series in 1 to show the character of
the transponder return.

The first term can be written as

2h 2RS
o h?

(1—cosf, )}

|

2 1 .
“f[”?lmﬂgn) 8(1cos9,,)2+...]

and since

§ il _1 nvl’ 2_1 nuT 4+
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Fig. 2. Geomelry of the altimeter passage. The transponder is
deployed at position G, a distance R from the center of the
Earth, C. The altimeter is a distance S from the center of the
Earth, traveling at a constant speed v; it emils a pulse at A at
a time n'T before il passes through the zenith position Z.
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the leading terms of the power-series expansion are then
oF RyeTe 5 Ui 1 " 3% w ™ 4
—_—t =" —-— =+ —n"
& A& RE 128\ 852 " A%) he

The second term in the expression for 7, can be rewrit-

ten as
2RS 2 . ('u—r,,) : ( p -UT,,)
— ———sin{—) sin - —
& 25 " 28
Rv? 2Rv? R T 4
z,—_.)'r,,— ,—)T n -+ T n’.
Se? S 35%¢*
Gathering these expansions together, the power-series

expansion of 7, complete to order n? is

Rv? 2h 2R? BT 4
Tn (1 == @) = —— (—T) T +§7(_”

C Sec?
For the ERS-1 satellite, the numerical values of the quan-

1 Ru*T? a R 1 1. N 1
il e e — ] —
3532 )" T 125\82 " n2) The

tities used above are:
R ~6.37 x 10°m
S =~7.16 x 10°m
vRT7.50 x 10°ms™!
¢=3.00x%10°ms !
h =7.925 x 10°m
T =9.804 x 107 s

Substituting these values into the power-series expansion
leads to an estimate of the return time 7, (s) as

7 2 (5.3 x 107%) — (1.25 x 107"2n) + (0.20 x 10~ ?n?)
+ (2% 107%0%) — (5 % 107*'n?),

and for the transponder return to be visible in the altimeter
record |n| < 2000. and this shows that the variation in the
travel time of the pulse as the altimeter passes over the
transponder is, to a good approximation, a parabolic func-
tion of the distance from the altimeter to the zenith point of
the transponder. It is this unique pattern (along with the
amplification of the signal by the transponder) that makes
the transponder return very easy to identify in the altimeter
record.

We choose to compute the delays in these travel times
relative to the delay of the pulse emitted at the instant that
the altimeter is at the zenith position, i.e. the pulse labeled
n = 0. The travel time for this pulse is

2h  2RS {l - Lor,('—}')]

TH="—+—5
¢ ¢ 0

The additional delay, A, of the pulse emitted at time n1’
before the altimeter reaches the zenith position 1s

Au == 105
and from Equation (2) this can be written (so as to retain as
much accuracy as possible in the computations) as:

A,,:2—h \/l+g{l—('()59”)—1
e h* .
. ‘ (3)
+2RS cos B, —cos(f, — &) 1 —cos(*P)
(,2 Tn T

From this specification a set of values of the relative delays
can be computed for a specified pair of the parameters h
and v.
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AMPLITUDE VARIATION OF RETURNED PULSE

The pulses are highly directional; the beamwidth, W, is
.36 = 0.02374 rad. For simplicity we assume that the alti-
meter passes directly over the transponder, that the antenna
lies in the plane of the orbit and that the boresight of the
antenna points at the center of the Earth. We neglect any
variation in the signal strength due to the small changes in
distance between the altimeter and the transponder.

The gain for each path between the altimeter and the trans-
ponder, when the angle between the boresight of the anten-
na and the antennatransponder line is ¢, is

il = | 3 1114(;‘:,)_

For the pulse [rom the altimeter to the transponder, the arc
from the altimeter to the zenith point has a length of noT’,
the angle subtended by this arc at the Earth’s center is f,,,
and the angle subtended by this arc at the transponder’s
location is ¢ = nvT /h. Referring to Figure 2, the angle ¢

for the forward pulse is then
noT T noT R

h S h 8
The same gain occurs on the return path except that the dis-
tance [rom the zenith point to the altimeter’s position has
become nvT' — vr,. The appropriate angle for the return
path is

o=y - Hn =

b — v(nT — 1) R
wETTE &
By setting
5 h*W?2R?
21n442728?

W =
T, the total gain on the pulse la-

o 2
& — el =Y | =l =)
T =G 2 exp e

where v = 7y/T.
If there 1s a small along-track pointing error in the bore-
sight of the altimeter, the maximum amplitude of the re-

and approximating 7,, by
beled n 1s

turned pulse would not coincide with the shortest return
time of the pulse, i.e. il the antenna of the altimeter points
slightly ahead of wvertically downward, the maximum
amplitude of the returned pulse would occur before the
satellite reaches the zenith position, at some positive value
of n rather than at n = 0. An equivalent offset would occur
when the transponder, which is leveled by a spirit level, is at
a small tilt. A small tilt of the transponder towards the
incoming altimeter would provide the same offset of the
maximum amplitude of the returned pulse to a positive value
of n.

The possibility of cither offset can be taken into account
in the modeling of the amplitude variation of the pulse in a
simple way by introducing a parameter NV, the value of n at
which the gain is maximum, and then revising the gain
function to

~{n— N —4)

w?

—(n— N)?

ur?

G, =exp exp (4)
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DIVISION OF THE PULSE INTO BINS, AND THE
SHAPE OF THE WAVEFORM GENERATED

Until this section, the altimeter pulse (and the refllected
pulse) have been assumed to be delta functions or spikes.
However, the point target response ol the altimeter radar
should be modeled as a Gaussian return, distributed around
the arrival time of the spike.

Instead of a delta function response after a lag time of 7,
tor the pulse labeled n, the appropriate model is then a re-
sponse:

(t - Tu)z

2]

ru(f} = /-lH CXpP|— 9
a0

where the parameter o is 6.604150 ns for the ice mode of the
altimeter, and the pulse amplitude A, is the product of a
constant A (itsell determined by the power in the ori-
ginal transmission from the altimeter and the amplification
produced by the transponder) and the gain of this indi-
vidual pulse, G, due to the bandwidth.

The altimeter, after emitting a pulse, waits for a time —
this waiting interval is determined in part by the recent his-
tory of its receptions— and then hegins to record the re-
turned signal. The aliimeter computer records the signal
strength at the start of 64 consecutive time intervals. The
duration of each of these intervals (one bin) 1s B; in the ice
mode B = 12159533 ns. The entire 64 bins (=800ns) is
called the range window. Normally the range window drifts
as the altimeter computer updates the waiting interval with
cach new return: however, the waiting interval during a
transponder experiment is fixed for the duration of the ex-
periment.

We suppose that the pre-set waiting time is 75 — X and
then consider a sequence of bins where bin 1 starts at iy — X,
bin 2 starts at 7y — X + B, and, in general, bin M starts at
™m—X+(M-—1)B.

The response recorded for bin M is then

ralto — X + (M - 1)B]
X+ M-1)B-7]

= Au 2 [
exp ¥ )
_ a4 exp] ([Ba= X+ (1-1)BPY
2¢°

Since B/(r'.r\/i) = 1.3019, contributions from this pulse
will only be significant for, at most, seven consecutive bins
centered upon the bin in which the spike would appear.

The altimeter in fact accumulates the contributions to
the 64 bins for 50 consecutive radar returns to produce a
wavelorm. During the time that the altimeter passes over
the transponder and is within the range at which it can ac-
quire the radar returns, about 4000 pulses are emitted and
the returns accumulated into 80 wavelorms. We will call this
set ol 80 waveforms the observed “signature” of the trans-
ponder (Fig. 3).

The nature of the transponder return, because of the am-
plification of 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 distance between the
transponder and the altimeter with great precision.

Using the arguments expressed above, it is possible to
generate a theoretical “signature” of the transponder. This
signature will of course depend on a number of parameters,

71)
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Fig. 5. The observed signature of the transponder. This is the
set of 80 waveforms that were recorded as the satellite passed
over the transponder’ location. Note the distinetive pattern
caused by the transponder; it s almost parabolic and easily
visible due to the amplification.

for example the speed v of the altimeter relative to the trans-
ponder, the height h of the altimeter over the transponder as
it passes through the zenith point, the factor X in the waiting
time, the pointing crror N in the antennae, and the maxi-
mum amplitude of the return Apa, as well as the fixed pa-
rameters, the bin size B, the spread of the signal @, and the
beamwidth W (or equivalently w). From the initial values
selected for these parameters a set ol waveforms, a theoreu-
cal signature of the transponder, can be calculated (Fig. 4).

Fig. 4. The theoretical signature of the lransponder.

This theoretical signature is then subtracted from the
observed signature to leave a residual. Since the altimeter
is sensitive only to the amplitude of the returned pulse and
not to its phase, the contents of each bin in the observed sig-
nature must be non-negative and the residual thereflore
should have (if there were no noise in the signal) no negative
values. 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 residuals minus a penalty factor times the sum of
the negative contents. If the penalty factor had been set o

Fig. 5. The residual signature.
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unity, the quality of the fit would have been measured by
the sum of the absolute values of the hin contents; however,
we chose a penalty factor, p, of 250, thus strongly favoring
residuals where very few of the bin contents were negative,

This observed signature, &, is an 80 by 64 matrix of in-
teger values; each of the 80 rows is a waveform. For any
chosen set of the parameters (v, h, X, N and A,,..) a theo-
retical signature, 7, also an 80 by 64 matrix of integer
values, is computed. The residual signature is then the 80
by 64 matrix of integer values, R,

Re=8—-1,

The criterion of best fit of the theoretical signal to that
observed is that

C= > Ry-p Y Ry (6)
positive negative
elements elements
was a minimum,

The ERS-1 satellite 1s in an orbit with an inclination of
98.543" and a semi-major axis of 7159.496 km (LSA, 1993),
Ignoring the non-sphericity of the Earth, the initialization
value of the height h would be 788 km; taking the oblateness
of the Earth’s figure into account, the initialization value ac-
tually used was 801 km.

The values of v, h, X, N and A,,.. are adjusted, in an
iterative procedure, to calculate theoretical signatures and
residuals, and the quality of each of these determined in
order to leave a minimum remnant €' in the residual set of
waveforms.

In practice, the procedure appears to be quite sensitive
to the changes in these parameters, so that the values that
provide the best fit of the theoretical signature to that
observed are well determined (Figs 6-9).

The set of 80 wavelorms that constitute the observed sig-
nature acquired on 7 July 1993, the theoretical signature
which best fits this observed signature and the correspond-
ing residual signature are shown in Figures 3 5.

Once the theoretical signature of the transponder return

4295000—
C
4290000
4285000}
| I J
19.650 19.700 19.750 19.800
Bin Number

Fig. 6 Variation of the criterion, C, with bin number,
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Fig 7 Variation of the criterion, C, with offiet number, N .
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Fig. 8 Variation of the eriterion, C, with the velocity of the
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Fig. 9. Variation of the criterion, C, with the wavenumber at
which the altimeter is al the zenith point above the trans-
ponder.

has been established using the above procedure, a parabola
is then fitted to this theoretical signature to determine the
zenith range to the altimeter for this OVerpass.

The two experiments from 30 June and 1 July 1995 also
had the transponder signature clearly visible in the alii-
meter record. These data have been analyzed in the same
manner as described above to determine the distance from
the transponder location to the altimeter. Again, the
smooth variation of the eriterion €' with respect to each of
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the parameters was observed and the determination of this
zenith distance to within 10em (ignoring the atmospheric
propagation delay) was made. Contours showing the
observed and residual signatures for each of these experi-
ments are shown in Figure 10. Again, note that the ampli-
tude and parabolic shape of the transponder return clearly
identify it in the observed signatures.

CALCULATION OF DISTANCE FROM ALTIMETER
TO TRANSPONDER

According to the European Space Agency, the pre-set com-
ponent of the waiting time for the 7 July 1993 overpass was
(392160 + 33 309.113281— 2496) x 12.5ns — 29.8 ns

=5287134.116 s

in order to produce a spike located in bin 32. The first term
392160 % 12,5 ns and the third term —2496 x 12,5 ns are fixed
values: the middle term is the delay set by the recent history
of the returns.

Since this is the expected delay for a pulse to be trans-
mitted and returned, the one-way distance is

59287134.116 x 1079 x % — 792521.466 m.

The best fit of the theoretical signature to the observed
signal places the zenith-most return at bin 22717, 1€ 9238
bins before bin 32; since the duration B of each bin is
12.159533 ns, this is a decrease in the one-way distance by
an amount

9.283 x 12.159533 x 107" x % ~16.920m

for a total one-way travel distance from the altimeter to the
effective point of reflection of the transponder that 1s
Dy = 792521.466 — 16.920 = 792 504.546 m.

A “front-end measurement” (Francis, 1993) contributes
an external range bias of d R = —4L.5 cm which must be sub-
tracted from the measured range, giving a final range of
792 504.961 m.

Equivalent calculations for the experiments of 30 June
1995 and 1 July 1995 give the altimeter—transponder dis-
tances at these instants as 792 553.673 and 792 564.188 m, re-
spectively.

We note that atmospheric corrections must be taken into
account in order to determine this final distance accurately.

DETERMINATION OF DEPTH WITHIN SNOW
FROM WHICH FIRST REFLECTION OCCURS

In cach transponder experiment, the location of the site was
carefully selected. The position was near the GRIP camp in
a well-surveyed region known to have a low surface slope,
minimal sastrugi and dry, cold snow. The transponder was
then placed at a point directly below a predicted crossover,
and the exact location determined by a global positioning
system instrument.

For 7 July 1993 the location was determined as
72458976507 N, 39.01542036° W. This point is 1.1010 km from
the surface track. In 1995, the location was 72.45620830° N,
39.018726833° W for both acquisitions of the signal. For the
30 June 1995 experiment with the ERS-1 altimeter, the
ground track was then 07780km from the transponder,
while for the 1 July 1995 result with the ERS-2 altimeter

1a z8 38 48 58 68 78 Ba

= ik L =T P

18 z8 38 48 58 68 7a 88

Fig. 10, Contour of the abserved signature of the transponder obtained (a) on 30 June 1995 and (¢ ) on 1 July 1993, and contours of
the residual signatures after the removal of the best-fitting transponder return ( b.d).
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the ground track was 0.7303 km from the transponder. In all
cases, the surface track passed between the location of the
transponder and the highest point on the ice cap, so that
the transponder was at a slightly lower clevation than the
point directly below the satellite.

From a contour map of the area (Fig. 11; Forsherg, 1996), it
is apparent that the snow surface is very regular in this
region. The local slope of the surface is 1.603 +0.100 m km |,
at an angle oy = 0.001603 rad or 0.09185" to the horizontal.
The angle between the surface track of the satellite and the
direction of the gradient is 3 = 138°.

Surface Topography
7 2 ]
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Fig. 1. Surface topography near the GRIP site ( Forsbers,
1996). Contour interval is 2.5 m. Dashed line shows ground
track of ERS-I; star locates position of transponder; short, so-
lid segment indicates duration of orbit during which signal
Jrom transponder was acquired.

The transponder sits on the snow surface, and the top of
the instrument is 0.800 m above the snow. The electrical de-
lay of the transponder (the time taken to capture, amplify
and transmit the return signal) is equivalent o a distance
of 6780 £0026m (Rutherford Appleton Laboratory
analysis), meaning that the effective point of reflection for
the transponder is 3.390 - 0.800 m below the snow surface.
Therefore the distance from the point on the snow surface
directly below the transponder to the altimeter’s zenith po-
sition, [, 18 D = Dy + (—3.390 + 0.800) m. For the three

(‘.\'p(‘l‘i]]l(‘lllﬁ these distances are then

D'|[.\ D

m m
7 July 1993 792504961 792502.371
30 June 1995 792 553,673 792 551.083
1 July 1995 792 564.188 792 561.598

A coordinate system with the origin at the Earth’s center,
the z axis in the direction of the surface track, and the z axis
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through the surface track and [, allows the local surface
height to be modeled as

z(x,y) = VR* — 22 — 2 + ay(x cos B + ysin 3)
i 2 (7)
i
~R- ?2’7}?} + ap(x cos 3+ ysin )

and Fy as (0,0, R+ Dy). In this coordinate system, the
point on the snow surface directly below the transponder’s
location is (0, yr, 2(0, yr)). and the distance from this point
o Fyis

D = \/yr? + [R+ Dy — 2(0, yr)]". (8)

Since yr, R and D are known, this determines the distance

Dy as

o 1
Dy =/ D? — yp? + apyrsin 3 — % (9)

The distance from F to an arbitrary point on the snow sur-
face is d where

d2 = ;(:2 - y? + [H + Dy — 2(_-1" U”_)
5 9 2

x4+ : .
—nr gz cos 3+ ysin 3)

>+ + | Dy +

(10)

Then the point on this snow surface closest to ;. [rom
which the first return will arrive, is at (¢, ye, 2.) where .
and y,. minimize d2.

This gives the conditions that

e == oo and e e ST L)

where

r‘['2 l-('
Tt (Du == ‘)_[]) = (\‘(]'f'(-) (TE = (’l-“) =)

The equation for 1. can be solved iteratively, then z. and
finally d can be determined.

” r D” Te d

m 1 m m m
7 July 1993 792502.371 HOLO  792500.121 11299  792499.215
30 June 1995 792551083 7780 792549.671 11300 792548765
| July 1995 792561.598 7303 792560.298 11300 7925539.592

An average of the five wavelforms (from the residual sig-
natures) nearest to that generated when the altimeter was at
Py was used to determine the return from the surface. Each
of these average waveforms was fitted (Fig. 12) to a five-
parameter model of a “single-ramped” waveform (Zwally
and others, 1994).

For the 7 July 1993 signal, the first reflection from the
snow occurs at hin 19.81 £0.100, preceding the transponder
return by 2907 £0.100 bins. This corresponds to a one-way
distance of 2907 x 1.822668 = 5.298 + 0.182 m. The distance
from the altimeter to this reflecting surface within the snow
is then

Ty = Drp — 5.298 =792504.961 — 5.298
=792499.663 £ 0.182 m.

This then implies that the first return from the snow surface
occurs at a depth of 0.448 m in the snow.
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The depths calculated in the same manner for the three
experiments are:

Dra Delay Delay L T —d

m hins m m m
7 July 1993 792 504.961 291 5208 792499.663 0.448
30 June 1995 792553673 1.87 3408 792 550.264 1.499
1 July 1995 792 564.188 1.52 2770 792561421 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 and with the first return from the surface. In
cach case, the location of the snow surface corresponds to
the left vertical line, and the first return location corre-
sponds to the right vertical line.

In this analysis of the location of the surface of first re-
flection in the snow, it is important to note that atmospheric
corrections that are necessary in the determination of the
actual distance between the transponder and the altimeter
arc not required here. Since exactly identical atmospheric
corrections will apply to the transponder return and the re-
flection from the snow surface, and we are essentially deal-
ing with the difference between these two travel times, the
two corrections will cancel each other.

ERROR ANALYSIS

The distance, Dy, obtained from fitting the theoretical sig-

nature to the observed signature has an estimated error of

0.010 bins or 0.018 m (see Figs 6-9). The distance between
the transponder and the surface track, yr, has an estimated
error of £0.1m, and the angle [ has an error of £2° =
+0.035 rad.

The error estimate then computed for 12 is £0.024 m and
for Dy is £0.090 m. Then the error in 7. is £70.5m, in 2 is
+0.160 m and in d is £0.208 m.

The location of the first reflection from the snow, from
the waveforms is estimated to have an error of 40,100 bins
or £0.182 m, and hence the error estimate on the depth
within the snow at which the first reflection occurs is esti-
mated to have an error of £0.276 m. We consider these error
estimates conservative; the differences between the results
in 1993 and 1995 are considerably larger than three times
this standard deviation. A possible cause of these differences
15 the snow conditions at the times of the measurements.

CONCLUSION

Because of the unique nature of the transponder return, it
can be clearly identified in the altimeter record and then
can be modeled very well, leaving the return from the snow-
field. The separation of the total signature into its transpon-
der and snowfield components is excellent. The modeling is
very sensitive to the transponder parameters and varies
smoothly with these parameters, resulting in an accuracy
below the 10 cm level (ignoring the atmospheric propaga-
tion delay). The first reflection of the radar pulse from the
compact, dry snow ncar the top of the Greenland ice cap
occurs within 2m of the snow surface. The atmospheric
propagation delay in the pulse’s two-way transit time will
have to be incorporated to determine the actual distance
from the transponder to the satellite in future analyses; how-
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Fig. 12. Average waveform of the five waveforms when the al-
timeter was nearest the zenith position (open circles ), and the
[ive-parameter “single-ramped” model ( solid line ) for each of
the three transponder experiments: (a) 7 July 1993, (b) 30
Fune 1995 and (¢) 1 July 1995, Right verlical line is the bin
location of the first return from the snow from the model, and
left vertical line is the bin location of the snow surface.

ever, in this determination of depth within the snow at
which the signal reflection occurs, this bias occurs identi-
cally to the two reflections under consideration and has no
effect on the difference between these two distances.
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