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Abstract. We have derived digital elevation models (DEMs)
over the western part of the Devon Ice Cap in Nunavut,
Canada, using “swath processing” of interferometric data
collected by Cryosat between February 2011 and January
2012. With the standard ESA (European Space Agency)
SARIn (synthetic aperture radar interferometry) level 2 (L2)
data product, the interferometric mode is used to map the
cross-track position and elevation of the “point-of-closestapproach” (POCA) in sloping glacial terrain. However, in
this work we explore the extent to which the phase of the returns in the intermediate L1b product can also be used to map
the heights of time-delayed footprints beyond the POCA.
We show that there is a range of average cross-track slopes
(∼ 0.5 to ∼ 2◦ ) for which the returns will be dominated by
those beneath the satellite in the main beam of the antenna
so that the resulting interferometric phase allows mapping of
heights in the delayed range window beyond the POCA. In
this way a swath of elevation data is mapped, allowing the
creation of DEMs from a sequence of L1b SARIn Cryosat
data takes. Comparison of the Devon results with airborne
scanning laser data showed a mean difference of order 1 m
with a standard deviation of about 1 m. The limitations of
swath processing, which generates almost 2 orders of magnitude more data than traditional radar altimetry, are explored
through simulation, and the strengths and weaknesses of the
technique are discussed.

1

Introduction

Surface elevation data for ice caps and glaciers derived from
satellite altimetry have been used to produce both surface elevation DEMs (digital elevation models; e.g. Bamber et al.,
2009) and measurements of surface elevation change (e.g.
Zwally and Giovinetto, 2011). The estimation of surface elevation change forms the basis of one of three remote sensing methodologies for calculating ice sheet and glacier mass
balance information (Shepherd et al., 2012; Gardelle et al.,
2012). Continued monitoring of glacial ice is important for
understanding and predicting the potential impact of global
warming on sea level rise.
In the past, satellite radar altimetry has not provided reliable elevation data over small ice caps, like the Devon Ice
Cap in Canada, and had limited utility over the sloping edges
of the large ice caps. Cryosat (CS) was developed by the European Space Agency (ESA) and launched in 2010 to provide radar altimetry data specifically designed to provide improved elevation data over the edges of ice sheets and smaller
ice caps, and for measuring sea ice parameters (Wingham et
al., 2006).
The CS SAR/Interferometric Radar Altimeter, SIRAL, operates in a number of different modes (Wingham et al.,
2006), including two which use coherent along-track “delay Doppler” processing (Raney, 1998) to create a relatively
small along-track footprint (∼ 300 m). The interferometric
SARIn ((synthetic aperture radar interferometry)) mode uses

Published by Copernicus Publications on behalf of the European Geosciences Union.

1858

L. Gray et al.: Interferometric swath processing of Cryosat data

coherent along-track processing of the returns received from
two antennas such that interferometric phase difference can
be used to resolve and geocode the initial returns in the crosstrack plane (Jensen, 1999). Since launch, the SARIn mode
has been switched on extensively over the sloping ice at the
edges of the Greenland and Antarctic ice sheets, and over all
the other glaciated areas on Earth (Parrinello et al., 2013).
This work used intermediate level (L1b) SARIn product
files in which the delay Doppler processing step has been
completed to waveform data, but the processing to terrain
height has not. The waveform data include the unique “point
of closest approach” (POCA) followed in delay time by the
sum of returns from both sides of the POCA. With a crosstrack slope the POCA will be displaced from the sub-satellite
track and its position and height can be calculated using the
interferometric phase (Jensen, 1999). With increasing time
delay beyond the POCA the composite footprint will include
a region beneath the satellite with strong antenna illumination and a region upslope from the POCA with weaker antenna illumination. This is illustrated in Fig. 1. If the upslope
“range-ambiguous” region is illuminated very weakly in relation to the “main-beam” region, then the interferometric
phase will define the cross-track look angle to the main-beam
footprint and can be used with the delay time to map the position and heights of the main-beam footprints. In contrast
to the level 2 (L2) SARIn data product, containing only the
POCA height and position, the current analysis can generate an across-track swath of elevations under suitable slope
conditions. This processing approach was demonstrated with
ASIRAS, the ESA-developed airborne simulator for Cryosat
(Hawley et al., 2009).
In Sect. 2 the problem of interferometric processing of data
in which the range window includes returns from two distinct
areas is addressed. The pre-launch measured antenna patterns
are used in Sect. 3 to estimate the relative power in the two
range-ambiguous zones. The Devon Ice Cap was selected as
one of the Cryosat calibration-validation sites as it has been
studied for many years (reviewed in Boon et al., 2010). Section 4 includes an outline of the swath processing steps for
the L1b data collected over Devon during 2011. Two important limitations of the swath processing approach are discussed in Sect. 5. In Sect. 6 a product simulation approach is
described that shows that the DEM produced by combining
the swath processed results can be used to check and potentially refine the elevation data. The problems, strengths and
potential of the swath processing technique are discussed in
the final section.

2

Interferometry with multiple footprints

Interferometry for civilian Earth observation began in the
1980s (e.g. Zebker and Goldstein, 1986) and evolved rapidly
as an important technique for terrain mapping and the measurement of relative terrain displacement (Rosen et al.,
The Cryosphere, 7, 1857–1867, 2013
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Fig. 1. Cryosat is oriented such that the baseline formed by the two
2 Figure 1. Cryosat is oriented such that the baseline formed by the 2 receive antennas is
receiving antennas is oriented perpendicular to both the along-track
3 oriented perpendicular to both the along-track direction and to the normal to the WGS84
direction
and to the normal to the WGS84 ellipsoid. Each crossEach cross-track scan line will contain a unique estimate of the ‘point-of-closesttrack 4scanellipsoid.
line will
contain a unique estimate of the POCA on the
5 approach (POCA) on the ice surface, followed in delay time by the sum of returns from both
ice surface, followed in delay time by the sum of returns from both
sides of the POCA. With a suitable geometry the returns from the ambiguous region can be
sides 6of the
POCA. With a suitable geometry the returns from the
7 much weaker than those from the main beam underneath the satellite which allows the
ambiguous region can be much weaker than those from the main
mapping of position and height of main beam footprints. The dashed magenta line illustrates
beam 8underneath
the satellite which allows the mapping of position
and height of main-beam footprints. The dashed magenta line il19
lustrates diagrammatically the dB variation in cross-track two-way
gain. Note that the angles have been exaggerated for clarity; the first
side lobe in the pattern occurs at ∼ 2◦ from nadir and represents a
two-way power level of −40 dB with respect to the power at nadir.

2000). In cross-track radar interferometry for mapping, the
differential phase between the returns from two antennas is
used to calculate the cross-track look angle which, together
with the platform position, velocity and range, allows an accurate mapping of footprint height and position. However,
when swath processing is used with CS L1b SARIn data
we must consider the multiple range-ambiguous regions explicitly. In normal SIRAL operation the left hand antenna
(viewed in the direction of motion) is used for transmission
and both the right and the left antennas are used for reception
by the two SIRAL receivers.
With the delay Doppler processing adopted for Cryosat 64
fore–aft “beams” are generated, registered, and summed to
reduce the speckle effect (Wingham et al., 2006; Galin et al.,
2013). A comprehensive model of the power and phase of
the returns has been developed by Wingham et al. (2004,
2006) and used to predict waveform response, particularly
for the region close to the POCA. This model was also used
in CS SARIn mode calibration (Galin et al., 2013). In the
following simplified approach we explore just the implications of the fact that the time-delayed returns beyond POCA
www.the-cryosphere.net/7/1857/2013/
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can originate from two totally separate footprints. As delay
time increases beyond the POCA time one of the two rangeambiguous footprints in sloping terrain will move towards
the sub-satellite track and the other will move away. We refer to the former as the “main” footprints and the later as
the “ambiguous” footprints (Fig. 1). Note that the two parts
of the composite footprint, the main and ambiguous, may be
many kilometres apart but still contribute energy to the same
receiver range window.
The processed receiver output connected to the left hand
antenna VLi for the ith fore–aft beam at zero Doppler range
rL and at an arbitrary point in time (retaining only the phase
term related to the radar range between the phase centres of
the antennas and footprints) can be expressed as a combination of the main and ambiguous components and is
q
(1)
VLi ∝ GL (θm , ϕi ) Am σm0 (χm ) exp(j krLm )
q
+ GL (θa , ϕi ) Aa σa0 (χa ) exp(j krLa ).
GL (θ, ϕ) is the one-way power gain of the left hand antenna
at an across-track look angle of θ and an along-track look
angle of ϕ. Am and Aa are the surface areas of the main
and ambiguous surface footprints defined by the pulse compression range resolution, the along-track delay-Doppler resolution and the angle the beam makes with the local surface
0 (χ ) is the normalized back scattering coefficient
slope. σm,a
for the main or ambiguous
footprints at a surface incidence
√
angle of χ, j = −1 and k is the wave number. The range
variation in any data set is very small in relation to the satellite altitude so that the r 5/2 variation in return power (Raney,
1998) can be ignored. While the delay timing does guarantee that the main and ambiguous footprints are essentially at
the same range, the phase terms exp(j krLm ) and exp(j krLa )
representing the range between the phase centre of the left
antenna and the phase centres of the main and ambiguous
footprints respectively are unknown and independent of one
another.
Similarly the receiver output VRi connected to the right
hand antenna for one Doppler beam and range window is
proportional to
q
VRi ∝ GR (θm , ϕi ) GL (θm , ϕi ) Am σm0 (χm ) exp(j krRm ) (2)
q
+ GR (θa , ϕi ) GL (θa , ϕi ) Aa σa0 (χa ) exp(j krRa ).
The interferogram I is formed through the look summation
of the product
I=

64
X

∗
VLi .VRi
,

(3)

i=1

where the ∗ symbol indicates the complex conjugate operation. The phase of the interferogram then contains information on the path length differences, which can allow a geometric solution for the position of the footprint (as in traditional cross-track interferometry). There are four terms in the
www.the-cryosphere.net/7/1857/2013/
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∗ product. Two of these, the product of the first terms
VRi .VLi
of Eqs. (1) and (2) and the product of the second terms will
remain coherent as delay time increases beyond the POCA
position as these terms reflect the combination of signals
from the right and left antennas for the main and ambiguous footprints separately. The main or ambiguous footprint
size is such that when it is considered as an antenna the resulting “celestial footprint” subtended at the satellite is very
much larger than the baseline between the two antenna phase
centres and the “baseline decorrelation” condition for coherent interferometry is well satisfied (Rosen et al., 2000). This
is not the case for the two cross terms involving a combination of the first and second terms of Eqs. (1) and (2). In
this case the interferogram terms are formed from a combination of the main and ambiguous footprints, which are moving apart as delay time increases. Consequently as the separation between the main and ambiguous footprints increases
above ∼ 10 km the cross-track celestial footprint created at
the satellite will approach and eventually be less than the actual baseline so that the critical baseline condition (Rosen
et al., 2000) will not be satisfied. These cross terms are the
reason that the coherence often decreases beyond POCA.
Note that the subsequent increase in coherence is due to the
fact that the differential phase for the 64 individual beams
in the cross terms becomes random so that when coherently
summed their contribution to the interferogram diminishes.
Consequently, when the two footprints are far enough
apart the interferogram I can be approximated by the sum
of the two terms from the main and ambiguous beams.

I∝

64
X

[G2 (θm , ϕmi ) Am σm0 exp(j k1rm )

(4)

i=1

+ G2 (θa , ϕai ) Aa σa0 exp(j k1ra )]
3/2

1/2

Where the two-way gain G2 (θ, ϕ) = GL (θ, ϕ) GR (θ, ϕ)
and 1rm,a are the path differences from the either the main
or ambiguous footprints to the two antennas. Note that the
magnitude of the interferogram is now in units of power and
not backscattered field amplitude. If the antenna gains illuminating the ambiguous footprints are much less than those
illuminating the main beam (< −30 dB) then the phase of the
interferogram will be approximately that given by the first
term in Eq. (4). With the current SIRAL transmit–receive
configuration, and when the second term in Eq. (4) can be
ignored, the interferogram phase ψ given in the L1b product
file can be related to the cross-track look angle θ to the main
footprint by
sin(θ + β) = −ψ/kB,

(5)

where B is the interferometric baseline, β is the roll angle
of the baseline, and θ is positive when the look angle is to
the right of the sub-satellite track when viewed in the direction of motion. Knowing the satellite position, the range and
the cross-track off-nadir look direction it is then possible to
The Cryosphere, 7, 1857–1867, 2013
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map the surface footprint position and height as in traditional
cross-track interferometry.

3

Suppression of ambiguous returns

We estimate the relative contribution from the main and ambiguous zones as a function of cross-track slope by using
prelaunch measurements of the antenna patterns (Saab Space
AB, 2007). Figure 2 (top) illustrates the relationship between
the circular iso-range contours and the fore Doppler beams
for a locally spherical Earth model. The positions of every
second Doppler beam are indicated by the dotted magenta
lines extending in a grid across Fig. 2 (top). The range and
angle coordinates are presented for the situation in which
there is no surface slope. However, the relative positions and
angles would still apply when there is a surface tilt although
in this case the 0.0 point on the plot would be the position
of the POCA. In “delay Doppler” processing the slant range
variation for across-track footprints is compensated such that
1
the 64 fore–aft beams for one across-track line can be regis2
tered and “stacked” to reduce the speckle effect. The space3
craft is accurately attitude controlled to point the peak an4
tenna gain downwards perpendicular to the WGS84 ellipsoid
5
so that, with an across-track slope, the peak antenna gain
6
does not coincide with the POCA.
7
An effective two-way cross-track antenna pattern
8
G2-way (θ ) appropriate for interferometry was calculated
9
using summation of the pre-launch two-dimensional patterns
10
at the anticipated Doppler beam fore–aft angles (Wingham
11
et al., 2006).
12

G2-way (θ) =

i=64
X

3/2

1/2

GL (θ, ϕi ) GR (θ, ϕi )

13

(6)

i=1

Figure 2 (bottom) illustrates five across-track track cuts of
the two-way pattern at five values of the along-track angle ϕ
from 0◦ to the nominal maximum angle of ∼ 0.76◦ as dotted black lines. The solid blue line represents the G2-way (θ )
sum of the 64 fore–aft two-way pattern cuts. Note that if the
POCA is directly beneath the satellite then all 512 samples
in range would be illuminated by the main lobe of the twoway pattern. However, with an across-track slope of 1◦ , the
POCA position is displaced such that the initial returns are
subject to much lower two-way gain, and subsequent returns
have very different antenna gains between the left and right
sides of the POCA. Experience with L1b data over Devon
shows that the initial returns from glacial terrain are normally
still strong enough for correct operation of the tracking loop,
which defines the range window, even at across-track slopes
of ∼ 1.5◦ .
Figure 3 illustrates the relative power of the ambiguous
beam in relation to that in the main beam for across-track
terrain slopes between 0.5 and 2◦ . A circular Earth was used
for this simulation with the initial SARIn mode sampling
The Cryosphere, 7, 1857–1867, 2013

Fig. 2. (Top): the surface area illuminated by a burst of 64 pulses
extends fore–aft and side-to-side of the sub-satellite point. A locally
circular
Eartharea
model
has been
used
to pulses
illustrate
thefore-aft
relative
Figure
2 (top):
The surface
illuminated
by a burst
of 64
extends
and sidepositions
of
some
of
the
circular
iso-range
contours
and
half of
to-side of the sub-satellite point. A locally circular Earth model has been used to illustrate the
the 32 fore Doppler beam positions. The central (dark blue) semirelative positions of some of the circular iso-range contours and half of the 32 fore Doppler
circular contours illustrate the first nine iso-range contours after the
beam positions. The central (dark blue) semi-circular contours illustrate the first 9 iso-range
POCA. Subsequently, the blue semi-circles indicate the positions
contours
after the
POCA.
Subsequently,
the blue
semi-circles
indicateintheeach
positions
of every
of every
25th
iso-range
contour.
The
512 samples
wave25th form
iso-range
Theare
512separated
samples inin
each
scan line
are separated
or contour.
scan line
thewaveform
L1b filesorused
in this
work byin the
m ininslant
range.
The mcross-track
footprint
dimension
change
L1b 0.47
files used
this work
by 0.47
in slant range.
The cross-track
footprint
dimension
rapidly
thelarge
large
at POCA
(∼to1.5
20thm
for the
change
rapidlyfrom
from the
sizesize
at POCA
(~1.5 km)
~20km)
m fortothe∼400
footprint
beyond
400th The
footprint
the POCA.
The positions
of are
theshown
Doppler
the POCA.
positionsbeyond
of the Doppler
beams extending
across-track
by dotted
beams extending across-track are shown by dotted magenta lines,
magenta lines, for clarity every second beam is shown. Both distance and angular coordinates
for clarity every second beam is shown. Both distance and angular
in degrees are given for the across- and along-track dimensions with respect to the POCA.
coordinates in degrees are given for the across- and along-track dimensions with respect to the POCA. (Bottom): the relative two-way
21
antenna gain is shown for cross-track cuts at five different fore angles corresponding to the central and the 8th, 16th, 24th and 32nd
beams. These are the dashed lines while the solid blue line corresponds to the effective two-way pattern G2-way (θ) given in Eq. (6).
Note that the cross-track angle extent in Fig. 2 (bottom) is much
wider than that in Fig. 2 (top).

scheme in which each scan line contains 512 samples of
the wave form, coherence and phase separated in time by
3.125 ns. Figure 3 shows that there is a range of slopes and
delays for which we anticipate that the amplitude of the ambiguous return would be small enough that the interferogram
phase could be used as a first estimate of the angle to the
main beam. It is important to emphasize that this is a guide
to what is possible; real glacial ice terrain has a relatively
smooth but complex surface topography so that the acrosstrack dimension of a main-beam footprint may be quite different from that of the equivalent footprint in the ambiguous beam, which would affect the main to ambiguous ratio.
However, the implication of Fig. 3 is that there are a range of
www.the-cryosphere.net/7/1857/2013/
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given in Eq. (6). Note that the cross-track angle extent in Fig. 2 (bottom) is much wider than

5

that in Fig. 2 (top).
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8
9
10
11
12
13
14

Fig. 4. The western part of the Devon Ice Cap with topography
2
illustrated in colour. The sub-satellite position of the 23 February
Fig. 3. Ratio of the interferogram power in the ambiguous beam
4. The western
of the Devon
Cap with
topography
in colour.
The
3 Figure
descending
pass part
is shown
as aIceblack
line
and theillustrated
positions
of the
to that in the main beam for cross-track slopes between 0.5 and
sub-satellite
positionscanning
of the Feb.altimeter
24th descending
4 beam
is shown in
as white.
a black The
line and
the
airborne laser
data pass
are shown
dotFigure
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of the
interferogram
powerEarth
in themodel.
ambiguous
to that ininthe
main
2.0◦ 3.based
a locally
spherical
Thebeam
minimum
the
5
positions
of
the
airborne
laser
scanning
altimeter
data
is
shown
in
white.
The
dotted
black
ted black lines indicate the sub-satellite tracks of the 25 descending
of the
ambiguous
occurs
ambiguous
forsuppression
cross-track slopes
between
0.5° and power
2.0° based
on a when
locally the
spherical
Earth model. The
6 lines
indicate
the sub-satellite
tracks
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descending
passes which were
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create
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which
were used
to create
DEM illustrated
in Fig.
footprints
are
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the low power
antenna
gain
region
betweenfootprints
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suppression
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the ambiguous
◦
7
the
DEM
illustrated
in
Fig.
8.
The
position
of
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Devon
Ice
Cap
in
the
Canadian
Arctic
position
of
the
Devon
Ice
Cap
in
the
Canadian
Arctic
is
shown
inis
the main lobe and the first side lobe at ∼ 1.5 from nadir.
are illuminated by the low antenna gain region between the main lobe and the first side-lobe
8 shown
in the insert.
In figure
this figure
topography is isderived
fromfrom
the Canadian
digital
the insert.
In this
thethetopography
derived
the Canaat ~ 1.5° from nadir.
9 elevation
database
merged with
the CS swath
processed
results
in Figureprocessed
8.
dian digital
elevation
database
merged
with
theshown
CS swath
cross-track slopes and delays from POCA that would poten- 10 results shown in Fig. 8.

tially support swath processing.
22

4

Processing outline and results

We illustrate the steps in the processing by using the descending pass acquired over the Devon Ice Cap on 23 February 2011. In Fig. 4 the sub-satellite descending tracks for the
period between February 2011 and January 2012 are shown
as dotted black lines and the 23 February pass is shown as
a solid black line. The white lines indicate the positions of
the airborne laser data acquired during the 2011 CRYOVEX
campaign, which have been the primary reference data for
the evaluation of the Cryosat elevations.
Cryosat data are read from the ESA-provided SARIn
“DBL” files (version 3.9) containing a sequence of crosstrack waveform records separated by ∼ 300 m along-track,
each of which contains 512 samples of the power, coherence
and phase. These values span a total range window of 240 m
which will translate into a ground range swath typically up to
∼ 5 km. In the latest ESA data release the sampling has been
increased by a factor of 2 so that the total swath window for
512 samples has been reduced to 120 m. In the L1b file each
line record has already been averaged, or “multi-looked”, by
summing up to 64 registered fore–aft beams. Notwithstanding this averaging, the interferogram output still suffers from
both residual speckle and thermal noise. Phase noise has been
reduced from that in the original L1b file by recreating the interferogram, smoothing the real and imaginary components
on a line-by-line basis and extracting the phase from the
www.the-cryosphere.net/7/1857/2013/

smoothed interferogram. This process effectively reduces the
inherent slant range resolution from ∼ 0.5 to ∼ 2.5 m. The resulting across-track resolution then depends on the local incidence angle, e.g. at a local incidence angle of 1◦ the crosstrack surface resolution is ∼ 143 m. Note that even with the23
smoothing, the cross-track footprint size for swath processing is normally much smaller than a typical POCA footprint.
The resulting power, coherence and phase are illustrated in
Fig. 5 as a function of the delay window.
Data were quality controlled interactively and regions in
each line with high phase noise or low coherence (< ∼ 0.8)
were removed from the analysis. The phase is unwrapped
on a line-by-line basis by working in both directions from
a central, high coherence region. Profiles of the power, coherence and phase are shown in Fig. 6 at the position of the
white arrow in Fig. 5. The part of the line which was used for
mapping can be seen as the red section of the phase (3 plot).
The smoothed, unwrapped differential phase (shown in red)
and information on the interferometric baseline were used
to estimate the unit vectors in the “Cryosat reference frame”
(Wingham et al., 2006) pointing towards each footprint in the
cross-track swath. Using the data provided on satellite position and delay times, the positions and heights of footprints
were calculated in a geodetic frame assuming that the differential phase reflected returns from the main beam alone and
any contribution from range-ambiguous regions was negligible.

The Cryosphere, 7, 1857–1867, 2013
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1
2
3
4
5

Fig. 5. Illustration of the return power for the central part of the
February 23 pass (top), the filtered coherence (middle), and the difFigure 5. Illustration of the return power for the central part of the Feb. 23 pass (top), theFig. 6. Top: profile of the return power for the scan line at the poferential phase (bottom), all as a function of the delay window ex1
filtered
coherence
(middle),
and distance.
the differential
phase
all ashas
a function
of the delay
sition of the white arrow in the illustration of return power in the
pressed
as a slant
range
Note
that(bottom),
the phase
not been
window
expressed
as
a
slant
range
distance.
Note
that
the
phase
has
not
been
unwrapped
atupper part of Fig. 5. Note the leading edge is relatively weak, inunwrapped at this stage. The white arrow in the upper image of redicative of the low two-way antenna gain at the POCA cross-track
turn power indicates the position of the profiles shown in Fig. 6.
angle. The strong delayed returns reflect the fact that the delayed
24main-beam returns have a much stronger two-way antenna gain.
Second from top: profile of the smoothed coherence for the same
scan line. Note that the dip in the coherence at ∼ 30 m in the delay
The resampling from the irregularly spaced across-track
window corresponds to the situation when the baseline decorrelasampling to a regular lat–long grid was completed in two
tion affects the “cross terms” discussed in the text. The high coherstages: the initial processing leads to a sequence of latitude,
ence for the range window between ∼ 60 and 180 m implies that the
longitude and elevation values for that part of each waveform
interferogram can be represented by Eq. (5) and that the returns are
or cross-track scan line which satisfies the coherence requiredominated by those from the main footprints. Third from top: the
ment. Although the results are irregularly spaced, they span
original phase from the L1b file is shown for the scan line in blue.
The region of the scan line for which processing was done is shown
an almost straight line in the latitude–longitude domain. Coin red. Note that the phase has been low pass filtered, the boxed
efficients for a second order polynomial are obtained from a
region in this figure has been blown up in the bottom figure and
least squares fit of the latitude to the longitude values. Latiillustrates the degree of smoothing; the red line is the unwrapped
tude and elevation data can then be interpolated at a regular
smoothed phase and the blue dots are the original values. Although
sampling in longitude. For the average latitude of the Devon
it is slope dependent the sampling and resolution in the across-track
Ice Cap the 0.004◦ sampling in longitude corresponds to a
direction is normally better than in the along-track direction, even
spacing of 115 m, which is larger than the normal separation
with this smoothing.

of the original irregular longitude values in swath processing
so that the oversampling created by the phase filtering is reduced. The second stage is then the resampling of the elevation from the irregular to regular values in latitude leading to
elevations interpolated to a lat–long grid with a sampling of
0.001◦ in latitude (equivalent to a spacing of ∼ 112 m). This
resampling greatly simplifies the merging of data from differThe Cryosphere, 7, 1857–1867, 2013

ent passes but the original geocoded but irregularly sampled
elevation data would still be useful to many users.
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Fig. 7. Illustration of the swath processed geocoded elevations for
the 23 February descending pass. The oblique white line indicates
3 Figure 7. Illustration of the swath processed geocoded elevations for the Feb. 23rd descending
the sub-satellite track and the position of the maximum antenna
4 pass. The oblique white line indicates the sub-satellite track and the position of the maximum
gain. The two white arrows indicate the position of the E–W pass
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Figure 7 illustrates the resampled elevations as colour and
shows that, in this case, results could be obtained over a
cross-track distance of approximately 5 km. The results were
checked against the reference airborne laser scanner (ALS)
data flown over the Devon Ice Cap during the 2011 CRYOVEX campaign. Because the laser footprint is so small
(∼ 0.5 m2 ) in relation to the Cryosat swath processed footprint (104 –105 m2 , depending on the local incidence angle)
the ALS data was used to create a reference DEM whose
values were weighted averages centred on the lat–long grid
used for the Cryosat geocoding. The position of the E–W
ALS line is shown in Fig. 7 by the white arrows. The mean
laser height minus CS swath processed height for this data
set was −0.28 m and the standard deviation of the difference
was 0.44 m. If the phase filtering stage was omitted the higher
phase noise resulted in position errors for the footprint centres and the standard deviation of the difference increased to
0.74 m. In both cases ∼ 100 height differences were used.
Results from 24 ascending and 25 descending passes were
combined separately to create two DEMs. These data were
acquired throughout the period from February 2011 to January 2012, usually two or three acquisitions per month for
both ascending and descending passes. The DEM illustrated
in Fig. 8 was created from a combination of the results from
the 25 descending passes and Fig. 9 illustrates the comparison between the CS and airborne laser altimeter derived reference data. The E–W elevation profile at 73.339 N is shown
www.the-cryosphere.net/7/1857/2013/

in the upper plot and the histogram of height differences between the CS and ALS data is illustrated in the middle. The
mean difference is 0.49 m and the standard deviation of the
height differences is 0.75 m. The lower plot in Fig. 10 illustrates the E–W slope (approximately across-track) and shows
that the western slopes of the Devon Ice Cap do match those
predicted by Fig. 3 as being appropriate for swath processing.
5

Impact of interferometric phase and roll angle errors
on swath processed height errors

Accurate mapping with CS in the cross-track direction depends on a precise knowledge of the cross-track look angle
from nadir, which is estimated from the differential phase
and the baseline roll angle. Variable solar illumination leads
to some small bending on the satellite such that the star
tracker data, which provides the satellite attitude data, may
not reflect the exact roll angle of the interferometric baseline
(Galin et al., 2013). At POCA, the beam intersects the surface at right angles (local incidence angle = 0◦ ) so that while
a small roll angle error leads to a cross-track position error,
to first order it does not lead to a height error. In essence one
gets the correct elevation for the wrong position. However,
with swath processing the radar beam will not intersect the
cross-track surface at an incidence angle of 0◦ so that any
roll angle error would result in mapping and height errors.
For example, a roll angle error of 1.10−4 radians (∼ .006◦ ) at
a typical CS range of 730 km leads to an across-track mapping error of ∼ 73 m in the position of the pixel. If this occurs when the radar beam intersects the surface at a local
incidence angle of ∼ 1◦ in the cross-track direction then the
The Cryosphere, 7, 1857–1867, 2013
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resulting bias in height would be ∼ 1.3 m. In summary, the
first order error in derived height εh depends on the error in
the cross-track off-nadir angle and the local incidence angle
χlocal , and is given by

εh = εph /[kB] + εroll r χlocal .
(7)
In Eq. (7) we assume that the off-nadir angles are small
enough that sin θ = θ and that any error in range r is negligible. The phase error εph can be due to phase noise, phase calibration drift and also through the assumption that the interferogram phase reflects just the main footprints when in fact
there may be a small contribution from the ambiguous region. The roll angle error εroll is not constant and may reflect
the changing thermal environment (Galin et al., 2013). As
χlocal is essentially zero for the POCA this equation implies
that swath processing will not achieve the height accuracies
possible with the standard geophysical L2 POCA height estimates. This is certainly true for the range of cross-track angles for which the SARIn mode was expected to work (nominally < ∼ 0.6◦ , note the phase will “wrap” at an off-nadir angle of ∼ 0.54◦ complicating the operational algorithm). However, our experience with the L2 results over Devon, is that
when either the across- or along-track angle exceeds ∼ 0.5◦
The Cryosphere, 7, 1857–1867, 2013

the leading edge of the POCA return is quite variable and the
“retracker” required to identify the POCA position and interpolate the POCA phase may not generate reliable results. In
30 essence, the operational SARIn mode was not designed for
larger off-nadir angles. This shows that swath processing can
complement the L2 results by providing heights in an acrosstrack off-nadir angle regime, which is outside the range for
which we expect good L2 POCA results.
To minimize a possible roll angle error the results from
each CS pass were compared to reference heights derived
from the ALS flown over the Devon Ice Cap during the CRYOVEX campaigns. The baseline roll angle was adjusted such
that the derived E–W slope better matched the reference data
slope. For example, a roll angle offset of 0.00023 radians
was used to process the 23 February data leading to a difference standard deviation of 0.43 m. However, if no roll offset was used there was a tilt in the difference results in the
cross-track direction and the standard deviation increased to
0.88 m. In general the roll angle correction was typically of
order 2.10−4 radians but the uncertainty in this value does
lead to potential bias errors in the absolute swath processed
height estimates. In fact we cannot be certain that the roll angle correction is due purely to a roll angle error; there could
be a small ambiguous zone component to the interferometric phase. If the procedure to minimize the tilt between the
reference data and the CS results was omitted in processing all the data, i.e. the satellite roll angle was used without
www.the-cryosphere.net/7/1857/2013/
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any correction, the average difference between the resulting
Cryosat DEM and the reference data increased to ∼ 2.6 m but
the standard deviation about the mean only increased from
0.75 to 0.83 m. This area is still under active investigation.
The impact of an unknown ambiguous zone contribution is
not easy to anticipate a priori but the use of data simulation
using the derived DEM does help evaluate the results; this is
discussed further in the section below. The worst case height
error occurs when the phase of the ambiguous zone contribution is some multiple of π/2 with respect to the phase of
the main-beam contribution. If the ambiguous power is 30 dB
below that in the main beam then the worst case error in the
look angle is ∼ 9.5 10−5 radians leading to a height error of
38 cm if the local incidence angle in the main beam is 0.5◦ .
6

Data simulation

Cross-track profiles of elevation as a function of position can
be estimated from the CS generated DEMs for each scan line.
By using the satellite position and timing information this allows the estimation of look angle, cross-track slope, local incidence angle and footprint size for each of the cross-track
footprints. Note that this can be done for both the “main”
and “ambiguous” beams separately. Also, the relative power
in the main and ambiguous beams can be estimated using
the footprint size, the local incidence angle and the antenna
gain patterns. The relative power for the 23 February data is
illustrated in the upper panel of Fig. 10 and the simulated
power for the main beam is illustrated in the lower panel.
This was based on the size of the footprint in the main beam
and a relative backscatter model linear in local incidence angle (−2.5 dB times the local incidence in degrees) and clearly
captures the main features of the actual data. In the same way,
the relative received power in the range-ambiguous beam can
be compared to that in the main beam directly beneath the
satellite. This shows that for much of the received swath the
contribution of the upslope range-ambiguous region is very
small (−30 to −40 dB with respect to the main beam). Also,
with the knowledge of the look angles it is possible to estimate the phase as well as the magnitude of the contribution
from the ambiguous region so that regions with potentially
significant errors can be removed. However, with the crosstrack slopes on the western flank of the Devon Ice Cap, the
minimum coherence criteria used already eliminates much
of the areas affected by the ambiguous regions upslope. A
re-examination of the processed data shows that while the
simulation approach does improve results through the elimination of some poor regions the problem of small bias errors
can remain.
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Discussion and conclusions

The increased data volume possible with swath processing
of Cryosat SARIn L1b data over sloping glacial ice allows
the creation of DEMs where previously radar altimetry provided only a sparsely sampled along-track elevation profile
often with some uncertainty as to the position of the footprint
(see e.g. Hurkmans et al., 2012). Even at latitude ∼ 75◦ N the
available data from one year over the Devon Ice Cap was sufficient to allow the creation of DEMs from both ascending
and descending passes. At higher latitudes the sub-satellite
tracks converge and the task becomes easier.
However, there are problems that do not exist with the conventional processing to the L2 SARIn products. Firstly, the
time-delayed footprints beyond POCA contain contributions
from at least two footprints and useful results can only be
generated when the returns from one contiguous footprint
are much stronger (> ∼ 30 dB) than any other footprint in the
same time-delay window. This restricts the method to areas
with an average cross-track slope of ∼ 0.5 to ∼ 2◦ . Secondly,
swath processing places stringent requirements on the baseline roll angle and phase calibration, which are difficult to
satisfy. In particular, the uncertainty in the baseline roll angle will lead to biased height errors. Careful comparison of
the CS DEM results with our various surface elevation data
shows that spatially varying bias errors of order 1 m can exist.
Further, we find that there appears to be a bias again of order
1 m between the DEM derived from the descending passes
and that derived from the ascending passes. The reason for
this difference remains uncertain. However, one advantage of
swath mode processing is that the complexity associated with
interpolating the surface return position (the “retracker”) is
avoided.
Once a DEM of the area has been completed it is possible
to use the simulation approach to estimate the contribution
from the various footprints and to further refine the results
through the elimination of any data, which may have significant errors. Our results over Devon also show that results are
worse when there is an average along-track slope > ∼ 0.5◦ ,
or when there is significant topographic variation. For example it was much more difficult to obtain useful results on the
eastern flank of the Devon Ice Cap which has a much more
varied topography.
While the results to date are not good enough to map the
seasonal time rate of change of Ku band radar altimeter elevation due to snow accumulation, surface melt, firn compaction, etc., further work will explore the limits of the technique and hopefully improve the absolute accuracy. Nevertheless, the demonstration that multiple passes can be combined to create DEMs of sloping glacial ice terrain is of
value. It is anticipated that this approach could be used over
at least parts of the major outlet ice streams and glaciers in
Greenland and Antarctica covered by CS SARIn data. Improved surface elevation and slope data is important for a
better understanding of ice dynamics: it will enable better
The Cryosphere, 7, 1857–1867, 2013
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mapping of the slope in the direction of movement (related to
the driving stress) and also the mapping of surface elevation
“dips” in ice streams and glaciers such as the elevation results
derived from 19 Cryosat descending passes for the subglacial
Lake Mercer (SLM) and shown in Gray et al. (2013). Periodic filling and draining of SLM and many other subglacial
lakes was documented by Fricker et al. (2007) and Smith et
al. (2009) with ICESat data after the initial observation of
the associated vertical surface movement through 3-D InSAR
work (Gray et al., 2005). The increased data volume possible
with CS swath processing combined with the improved spatial resolution will help in mapping the surface subsidence
or inflation associated with the periodic filling or draining
of subglacial lakes. In this regard McMillan et al. (2013)
have already used Cryosat data to measure the ice surface
uplift subsequent to the drainage of the CookE2 subglacial
lake originally identified by Smith et al. (2009). Although
they used the Cryosat level 2 elevation results, the improved
resolution and ability to map the cross-track position of the
footprint helped make this possible.
While these new results on DEM creation from Cryosat
L1b SARIn data are encouraging, further work is required to
better refine and exploit this potentially valuable data source.
In the current work, airborne laser data was used to refine
results, this is clearly not generally possible. However, other
approaches are possible; low resolution DEMs for Antarctica
or Greenland (e.g. Bamber et al., 2009) could be used as an
initial input for simulation and then refinement of swath processing results. Also for appropriate cross-track slopes the
POCA estimates from either the ESA L2 or L1b files could
be used as reference data to help refine the baseline roll angle or the potential contribution from the range-ambiguous
zone in swath processing. Work is underway to explore these
options. The ultimate height accuracy possible with swath
mode Cryosat processing remains to be determined but the
Devon results imply that height errors with a standard deviation of less than 1m are possible, although there can be bias
errors of order 1 m.
Acknowledgements. ESA provided the Cryosat data and supported
the Devon Ice Cap cal/val experiment through the CRYOVEX
overflights. The Technical University of Denmark team, led by
Rene Forsberg, operated the CRYOVEX instruments and processed
the airborne laser scanner (ALS) altimeter data used as the
reference data. Mike Demuth, GSC, initially led the Canadian
Cryosat-related work on the Devon Ice Cap, his contributions are
gratefully acknowledged. D. Wingham, the driving force behind
Cryosat and formerly Principal Scientist, provided useful input and
encouragement for the initial stages of this work. Natural Resources
Canada (D. Burgess, ESS Contribution number 20130133), NSERC
(L. Copland), NASA (grant NNX10AG22G to R. Hawley), the
German Ministry of Economics and Technology (Grant 50EE1008
to V. Helm), and the Canadian Space Agency (GRIP grant to
D. Burgess) have supported this work.
Edited by: R. Kwok

The Cryosphere, 7, 1857–1867, 2013

References
Bamber, J. L., Gomez-Dans, J. L., and Griggs, J. A.: A new 1 km
digital elevation model of the Antarctic derived from combined
satellite radar and laser data – Part 1: Data and methods, The
Cryosphere, 3, 101–111, doi:10.5194/tc-3-101-2009, 2009.
Boon, S., Burgess, D., Koerner, R., and Sharp, M.: Forty seven years
of research on the Devon Ice Cap, Arctic Canada. Arctic, 63, 13–
29, 2010.
Fricker, H. A., Scambos, T., Bindschadler, R., and Padman, L.: An
active subglacial water system in West Antarctica mapped from
space, Science, 315, 1544–1548, 2007.
Gardelle, J., Berthier, E., and Arnaud, Y.: Slight mass gain
of Karakoram glaciers in the early twenty-first century, Nat.
Geosci., 5, 322–325, 2012.
Galin, N., Wingham, D. J., Cullen, R., Fornari, M., Smith, W. H.
F., and Abdall, S.: Calibration of the Cryosat Interferometer and
Measurement of Across-track Ocean Slope, IEEE T. Geosci. Remote., 51, 57–72, 2013.
Gray, L., Joughin, I., Tulaczyk, S., Spikes, V., Bindschadler,
B., and Jezek, K.: Evidence for subglacial water transport
in the West Antarctic Ice Sheet through 3-dimensional satellite radar interferometry, Geophys. Res. Lett., 32, L03501,
doi:10.1029/2004GL021387 2005.
Gray, L., Burgess, D., Copland, L., Galin, N., and Cullen, R.: Using
the Cryosat Interferometric swath mode for glacial ice topography: Proceedings of the 2012 ESA EO4Cryosphere Conference,
ESA Special Publications SP 712, May 2013.
Hawley, R. L., Shepherd, A., Cullen, R., and Wingham, D. J.:
Ice-sheet elevations from across-track processing of airborne interferometric radar altimetry, Geophys. Res. Lett., 36, L25501,
doi:10.1029/2009GL040416, 2009.
Hurkmans, R. T. W. L., Bamber, J. L., and Griggs, J. A.: Brief communication “Importance of slope-induced error correction in volume change estimates from radar altimetry”, The Cryosphere, 6,
447–451, doi:10.5194/tc-6-447-2012, 2012.
Jensen, J. R.: Angle measurement with a Phase-Monopulse radar
altimeter, IEEE Trans. Antennas Propag., 47, 715–724, 1999.
McMillan, M., Corr, H., Shepherd, A., Ridout, A., Laxon, S., and
Cullen, R.: Three-dimensional mapping by Cryosat-2 of subglacial lake volume changes, Geophys. Res. Lett., 40, 4321–
4327, 2013.
Parrinello, T., Mardle, N., Bouzinac, C., Badessi, S., Frommknecht,
B., Davidson, M., Hoyos, B., and Fornari, M.: CryoSat: ESA’s
Ice Explorer Mission: Two Years in Operations: Status and
Achievements, Abstract book: Third Cryosat Users Workshop,
Dresden, Germany, 2013.
Raney, R. K.: The delay/Doppler radar altimeter, IEEE T. Geosci.
Remote, 36, 1578–1588, 1998.
Rosen, P., Hensley, S., Joughin, I., Li, F., Madsen, S., Rodriguez,
E., and Goldstein, R.: Synthetic Aperture Radar Interferometry,
Proc. IEEE, 88, 333–382, 2000.
Saab Space AB: SIRAL 3 Antenna Subsystem, report to ESA, 2007.
Shepherd, A., Irvins, E., Geruso, A., Barletta, V., Bentley, M.,
Bettadpur, S., Briggs, K., Bromwich, D., Forsberg, R., Galin,
N., Horwath, M., Jacobs, S., Joughin, I., King, M., Lenaerts,
J., Li, J., Ligtenberg, S., Luckman, A., Luthcke, S., McMillan,
M., Meister, R., Milne, G., Mouginot, J., Muir, A., Nicolas, J.,
Paden, J., Payne, A., Pritchard, H., Rignot, E., Rott, H., Sorensen,
L., Scambos, T., Scheuchl, B., Schrama, E., Smith, B., Sundal,

www.the-cryosphere.net/7/1857/2013/

L. Gray et al.: Interferometric swath processing of Cryosat data
A., van Angelen, J., van der Berg, W., van den Broeke, M.,
Vaughan, D., Velicogna, I., Wahr, J., Whitehouse, P., Wingham,
D., Donghui, Y., Young, D., and Zwally, J.: A reconciled estimate
of ice-sheet mass balance, Science, 338, 1183–1189, 2012.
Smith, B., Fricker, H., Joughin, I., and Tulaczyk, S.: An inventory of
active subglacial lakes in Antarctica detected by ICESat (2003–
2008), J. Glaciol., 55, 573–595, 2009.
Wingham, D. J., Phalippou, L., Mavrocordatos, C., and Wallis, D.:
The mean echo and echo cross-product from a beam forming,
interferometric altimeter and their application to elevation measurement, IEEE T. Geosci. Remote, 42, 2305–2323, 2004.

www.the-cryosphere.net/7/1857/2013/

1867

Wingham, D., Francis, C., Baker, S., Bouzinac, C., Brockley,
D., Cullen, R., de Chateau-Thierry, P., Laxon, S., Mallow, U.,
Mavrocordatos, C., Phalippou, L., Ratier, G., Rey, L., Rostan,
F., Viau, P., and Wallis, D.: Cryosat: A Mission to determine the
Fluctuations in Earth’s Land and Marine Ice Fields, Adv. Space
Res., 37, 841–871, 2006.
Zebker, H. and Goldstein, R.: Topographic mapping from interferometric SAR observations, J. Geophys. Res., 91, 4993–4999,
1986.
Zwally, H. J. and Giovinetto, M. B.: Overview and assessment of
Antarctic Ice Sheet mass balance estimates: 1992–2009, Surv.
Geophys., 32, 351–376, doi:10.1007/s10712-011-9123-5, 2011.

The Cryosphere, 7, 1857–1867, 2013

