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1. Introduction

1.1 The Elevation Changes Of the Greenland Ice Sheet (ECOGIS)
 Project

The project is funded by the Danish Natural Science Council’s Polar Research Program. The Involved Partners are:

· The National Survey and Cadastre - Denmark (KMS), Geodynamics Dept.

· University of Copenhagen, Geophysical Dept.

· Technical University of Denmark, Danish Center for Remote Sensing (DCRS).

The scope of this multidisciplinary project is to evaluate available space- and airborne means of obtaining elevation data over the Greenland Ice Sheet. Data from Synthetic Aperture Radar (SAR) interferometry, radar and laser altimetry, kinematic and static Global Positioning System (GPS) measurements are compared. Additionally the feasibility of measuring climate induced elevation changes by the various remote-sensing techniques is assessed.

The project implied field work such as continuation of measurements at the GReenland Ice core Project (GRIP) drilling site at Summit, commencing of repeated measurements at the North GReenland Ice core Project (NGRIP), Saddle North, Sukkertoppen and Geikie (see Figure 1.2.1).

In this work, the focus will be on the results obtained from European Remote Sensing satellites no. 1 and 2 (ERS-1/2) SAR interferometry data provided by the European Space Agency (ESA).

1.2 Glaciology

Readers wishing additional information are referred to texts by [Paterson, W.S.B., 1994] and [Hooke, R. LeB., 1998] for example.

The cryosphere (ice sheets, ice caps, ice streams, ice shelves, alpine glaciers, sea ice, snow etc) is an important part of the Earth's land-ocean-atmosphere system. The various sub-systems of the cryosphere are sensitive monitors of climate change due to their sensitivity to changes in mean temperature and precipitation. Some components (the polar ice sheets for instance) respond very slowly to climate change, with response times of hundreds to thousands of years, while others (e.g., mountain glaciers or sea ice) respond rapidly, on the order of seasons to decades [Dixon, T.H., 1994A].

It is important to determine whether the ice sheets are stable, shrinking or growing, due to their characteristics as indicators of global climate changes. We must therefore determine the current volume of ice and the rate of changes. Repeated elevation measurements, thus determining the rate with which they change, are the most feasible way to carry out this investigation. However, the elevation data have to be as accurate as possible to enable accurate estimations of the rate of change. 

Currently, the changes of ice sheets do not contribute significantly to the rate of sea-level change. Instead, the sea-level change is mainly caused by thermal expansion of the oceans and melting from mountain glaciers [Dixon, T.H., 1994A]. Nevertheless, we have to monitor the ice sheets closely since this could change in the near future since global warming will both result in larger accumulation and in increased melting. 

In addition to estimates of volume and volume changes we need to obtain accurate estimates of the flow of glaciers, ice caps and ice sheets because changes in ice dynamics indicate changes in the global climate [Mohr, J.J., 1997]. Surface topography reflects the driving and resisting forces that affect ice motion (e.g., gravitational acceleration in the direction of surface gradient and bedrock topography, respectively). The glaciological community therefore needs accurate Digital Elevation Models (DEMs) and surface flow models that they can apply as boundary conditions in glaciological flow models.

2. Test Sites
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Figure 1.2.1: Field work sites. Background: 2x2 km DEM [Ekholm, S., 1996]

The test sites were selected in different regions
. The balance of accumulation and melt varies with elevation, latitude and local climate. Consequently, the physical properties
 of the snow pack vary across the ice sheet thus providing different backscatter signatures (pixel brightness).

The five sites are marked on the map in Figure 1.2.1:

NGRIP: The site is for logistical reasons situated at the North Greenland Ice core Project (NGRIP) camp. The NGRIP site was originally selected because of the small amount of precipitation in the area.

GRIP: The site is situated at the former Greenland Ice core Project (GRIP) camp. The camp was placed at Summit since at this location the ice motion is solely vertical. Hereby it is possible to continue the repeated GPS measurements of a reference pole performed on a yearly basis since 1992.

Geikie is a small, irregular ice cap (approx. 25x75 km) located at the Scoresbysund fjord. The ice cap has several fast flowing outlet glaciers surrounded by steep mountains. This site was chosen as primary test site for SAR interferometry.

Saddle North, which is the topographic saddle point between the Main Ice Sheet and the Southern Ice Sheet.

The Sukkertoppen Ice Cap (approx. 25 x 25 km) some 150 kilometers south west of Kangerlussuaq (Søndre Strømfjord). This ice cap is surrounded by much more smoothly undulating terrain than the Geikie ice cap.

ERS-1/2 SAR images covering three of the sites namely Geikie, GRIP and Saddle North were processed. 

2.1 Geikie Ice Cap

The central East Greenland region around Scoresbysund Fjord is very rugged and the tertiary basalt area south of the sound presents steep topography rising 2000 m above the fjord. The basalt is divided by numerous glacial streams and topped by local ice caps. The steep mountains result in large areas where interferograms cannot be unwrapped.

Geikie is a small, highly irregular ice cap situated at approximately 70(N and 26(W (south of Scoresbysund Fjord). The average elevation of the ice cap is approximately 2000 meters and measurements from 1998 indicate that the average thickness of the ice cap is more than 300 meters.

This ice cap was chosen as a test area because of the location close to an airstrip (Constable Point), which made the logistics much easier to handle. Additionally, the existing maps of the area were of a poor quality so an update was needed. The rugged terrain, however, constitutes a challenge to SAR interferometry. 

[image: image2.png]



Figure 2.1.1: Interferogram and amplitude image created from an ERS-1 scene (January 07/96, orbit 23430, frame 2187) and an ERS-2 scene (January 08/96, orbit 3757, frame 2187). One color cycle represents a phase change of 2( (Nielsen, 1996(
The regions covered with ice (when they are not in the shadow of the surrounding mountains) do not correlate equally well interferometrically due to the fast movements of the outlet glaciers. Most of the ice cap seems to be in the percolation zone as the SAR backscatter is very high (see Figure 2.1.1). 

Icelandic low-pressure systems produce a substantial amount of precipitation. The accumulation is considerable (a couple of meters snow) but the summer melting is also relatively large, especially on the slopes facing south (favorable incidence angle for solar energy). 

2.2 GReenland Ice core Project (GRIP)

GRIP is situated at the former Greenland Ice core Project (GRIP) camp. The camp was placed at Summit since at this location the ice motion is solely vertical [Paterson, W.S.B., 1994] and [Reeh, N. and W. Dansgaard, 1976]. The surface slope is less than one degree in the central region of the ice sheet so the surface undulations are small. The Summit is located in the uppermost part of the accumulation zone, the dry zone (cold snow pack, absence of melt water), where the backscatter is low so the correlation tends to be low too. The local accumulation is approx. 0.23 meters ice per year [Hvidberg, C.S., K. Keller, N.S. Gundestrup, C.C. Tscherning, R. Forsberg, 1997].

The spaceborne data was collected by the ERS-1/2 AMI. ERS-1/2 SAR images from 1991, 1994-1996 were processed.

2.3 Saddle North

Saddle North is the topographic saddle point between the domes of the Main Ice Sheet and the Southern Ice Sheet. The Saddle North region is in the percolation zone (lower elevations, higher accumulation and presence of percolating melt water) that is the region with the brightest return signals, so here the correlations tend to be higher. The accumulation is substantially higher here than at Summit.

The spaceborne data was collected by the ERS-1/2 AMI. ERS-1/2 SAR images from 1996 were processed.

3. Data Analysis

3.1 SAR Interferometry
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Figure 3.1.1: Plot of the approximate position of the used ERS-1/2 SAR scenes. Track and frame numbers are indicated.

Interferograms covering different regions of Greenland were processed. The approximate position of the various scenes can be seen in Figure 3.1.1 (track and frame numbers are included). These locations correspond to three of the test sites, namely Geikie, GRIP and Saddle North.

The ascending scenes are oriented SE/NW while the descending are oriented NE/SW. In most regions of Greenland, mainly descending data are available so it is rare that both ascending and descending data are available that cover the exact same area. 

In all regions, some ground truth data, such as GPS data, are available. Other DEMs and velocity field models are also to a large extend available. These data and models are either used as sources of tie points or to evaluate the results. Of the available models, the balance flow model
 by [Joughin, I., M. Fahnestock, S. Ekholm and R. Kwok, 1997], the DEM by [Bamber, J.L., S. Ekholm and W.B. Krabill, 1997] and the 2x2 km full-coverage DEM by [Ekholm, S., 1996] were used.

Balance velocities are estimates based on a surface DEM, a bedrock DEM and local mass balance (difference between the local accumulation and ablation). [Joughin, I., M. Fahnestock, S. Ekholm and R. Kwok, 1997]

Summit is the one of the three regions where most interferometric pairs are available but many of those are from 1991 (ice mode A and B
) when the sun spot activity was high, which increases the amount of ionospheric noise [Ian Joughin, personal communication]. These early data are also affected by problems with the data collection at the Tromsø Satellite Station [Søren Nordvang Madsen, personal communication] 

As described in [Nielsen, C.S., 2000], the interferograms contains information about both topography and surface deformations. In ice-covered areas, these changes can be considered a measure of surface velocities. Only velocities in the Line-Of-Sight (LOS) direction
 are observable in interferograms so in order to obtain the full velocity vector it is necessary to have interferometric pairs from both ascending and descending tracks. The only exception is areas where the general flow is parallel to the LOS direction – then we have all the needed information. However, we can obtain an estimate of the full surface velocity vector from a single direction (ascending or descending) if the surface gradient is known.

3.1.1 Geikie Ice Cap

The Geikie region is scattered with steep mountains so there are large areas where the interferograms cannot be unwrapped. Not all the regions covered with ice (when they are not in the shadow of the surrounding mountains) do correlate equally well due to the fast movements of the outlet glaciers.

The Danish Center for Remote Sensing (DCRS) provided the hard- and software (h/w and s/w) for the InSAR processing. The s/w is described in [Mohr, J.J. and S.N. Madsen, 1996] and [Mohr, J.J., 1997]. 

3.1.1.1 Data

Due to the rapid surface changes of the ice (ice motions and change in surface conditions), it is necessary to use frames from the one-day or three-day repeat modes. Additionally, the spatial baseline should be no longer than ~100 m. because of the (in some areas) highly sloping surface. Therefore, the number of suitable interferometric pairs is limited
.

Only two ascending and two descending pairs with a reasonable baseline (both temporal and spatial) were available. Unfortunately, the ascending pairs (frame 1413) only covered approximately 1/3 of the ice cap – frame 1413 only covers the northeastern part of the ice cap but there are no usable ascending frames from the two more useful tracks (130 and 402). 

The used interferometric SAR pairs (ERS-1/2 tandem mode) are from September 21-22 (ascending), January 7-8 (descending), February 8-9 (ascending) and February 11-12 (descending) as seen in Table 3.1.1.1 and Table 3.1.1.2. B( is the perpendicular baseline, B((the parallel baseline and Bt the temporal baseline.

Orbit
Dates
B( [m]
B(( [m]
Bt [days]

21890 – 2217
0921 - 0921
33
77
1

23894 - 4221
0208 - 0209
-170
-101
1

Table 3.1.1.1: Ascending data covering Geikie (track 359, frame 1413, and year 1995-96).

Orbit
Dates
B( [m]
B(( [m]
Bt [days]

23430 - 3757
0107 - 0108
-8
-6
1

23931 - 4258
0211 - 0212
-115
-71
1

Table 3.1.1.2: Descending data covering Geikie (track 396, frame 2187, and year 1996).

Three of the interferometric pairs are from the same winter (January and February 1996) but since there were no other sets available, the fourth one had to be from the previous fall. This is not ideal since the physical properties will be different (due to higher temperatures, summer melting, changing weather patterns etc.).

The interferometric pairs are not equally suitable for determining topography since the altitudes of ambiguity
 vary from approximately 60 to 1250 m. The pair with the shortest perpendicular baseline is actually more useful for velocity field determination. 

Ideally the SAR images should be from the same period as the rest of the data (GPS, laser altimetry etc.)
, but the surface conditions are most favorable at the end of the winter season and not in the middle of the melting season. It is not possible to fly the altimeter profiles and set up the corner reflectors in the winter and therefore the airborne EMISAR mission has to be executed in the midst of the melting season. Since the ERS-1/2 SAR images often observes a severe degree of decorrelation due to summer melting; it is preferable that these images are selected from the late winter period. 

Of these eight scenes, four interferograms were formed using the DCRS processing system, starting from ESA raw data (Mohr et al., 1996(. As an example, the interferogram created from the two January scenes (short baseline) is shown in Figure 2.1.1.

The fact that the mountains are so steep provides another challenge. It was not possible to unwrap the phase in the mountainous areas in any of the interferograms. It was therefore necessary to find the tie points used to geo-reference the Digital Elevation Model (DEM) in the ice-covered regions.

The obtained correlation was reasonable over much of the Geikie plateau and surrounding mountains, but with many breaks and shadows due to the very steep topography. [Nielsen, C.S., R. Forsberg, S. Ekholm and J.J. Mohr, 1997]

3.1.1.2 DEM

No reference points on solid ground were available due to unwrapping difficulties in the mountainous regions. Instead, areas with surface slopes oriented parallel with the satellite tracks are located (these areas will seem stationary, since only ice flow perpendicular to the satellite tracks can be observed). Reference elevations (from 1996 laser altimetry profiles) are assigned to these regions and the interferometric phase is inverted to absolute three-dimensional positions using these values in calibrating the corresponding baseline and removing the absolute phase. [Nielsen, C.S., R. Forsberg, S. Ekholm and J.J. Mohr, 1998].

Due to the use of precision orbit data, the tie points need not be identified in the interferogram neither for baseline calibration nor for geocoding. [Mohr, J.J., S.N. Madsen and N. Reeh, 1997]. [Nielsen, C.S., R. Forsberg, S. Ekholm and J.J. Mohr, 1997]

3.1.1.3 Velocity Field Model (VFM)
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Figure 3.1.2: Plot of the velocity field derived from ascending and descending SAR interferograms.

Unfortunately, there are only ascending frames available covering a fraction (approx. 1/3) of the ice cap. In this region (where both ascending and descending data are available), we can obtain the full velocity vector (making use of the ‘surface flow perpendicular to the surface normal’ assumption, described in [Nielsen, C.S., 2000]. The resulting VFM can be seen in Figure 3.1.2
Over the rest of the ice cap we have descending data available, thus providing us with the surface topography (and thereby. the surface gradients) and the velocities in one direction (descending LOS).

Nevertheless, we can still obtain an estimate of the full surface velocity vector, if we assume that the velocity and surface gradient vectors are parallel (the ice flows down the steepest slope at all points). 
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Figure 3.1.3: Geometry of velocity vector estimates. C is the descending estimate, B is the projection of C onto the surface gradient. c is the unknown ascending estimate. 

We get an underestimate of the total surface vector by projecting the known velocity vectors onto the surface gradient vectors: 
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Where C is the estimate of the velocity vector from the descending data and S the local surface gradient (see Figure 3.1.3). To get the full velocity, we still need the component obtainable with ascending data, c. By some simple geometric reflections, we can still get a rough estimate of this component.

We know that the angle, (, between the LOS vectors of the ascending and descending data set is approximately 140º at this location. We also have access to the angle, (, between C and S. Therefore, we can estimate the angle ( between c and S. We can also determine a  (=A) from the vectors C and B. Finally, we have
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Therefore, the estimate of the total surface velocity is 
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In section 4.2, there will be a comparison of the hereby obtained velocity estimates and the corresponding GPS velocities.

3.1.2 GRIP

The Jet Propulsion Laboratory (JPL) provided the h/w and s/w for the InSAR processing. It should be noted that the s/w is different from the s/w provided by DCRS; but the theoretical background described in [Nielsen, C.S., 2000] still applies. 

Ideally the perpendicular baseline, when it comes to monitoring topography, should be as long as possible due to the flatness of the terrain (altitude of ambiguity). The only problem is that severe spatial decorrelation in the dry-snow zone limits the baseline to less than a couple of hundred meters [Ian Joughin, personal communication] 

3.1.2.1 Data

Pairing of a multitude of SAR images were tried but many of them did not correlate at all. Information about the obtained interferometric pairs can be seen in Table 3.1.2.1 - Table 3.1.2.3.

3.1.2.1.1 Track 16, Frame 1467 and 1485

These are ascending data with the scenes lying NE of the Summit (see Figure 3.1.1). In Table 3.1.2.1, the vitals are given. B( is the perpendicular baseline, B((the parallel baseline, (B( the azimuthal change in the perpendicular baseline, (B(( the azimuthal change in the parallel baseline and Bt the temporal baseline.

Orbit
Dates
B( [m]
B(( [m]
(B (  [m]
(B (( [m]
Bt [days]

12958 - 13001
0106 - 0109
-90.1
17.1
6.2
2.4
3

12958 - 13044
0106 - 0112
-25.1
44.3
13.2
5.1
6

13001 - 13044
0109 - 0112
65.1
27.2
7.0
2.7
3

Table 3.1.2.1: Ascending data baselines (track 16, frame 1467 and 1485, and year 1994).

All of these pairs have relatively short baselines so they (especially the 12958 - 13044 pair) are suitable for velocity field estimation. None of the pairs are independent so it is not possible to generate a DEM from two independent data sets. The temporal baselines are relatively short - these are ERS-1 three-day repeat, ice mode D data - which unfortunately makes them less suitable for velocity field estimation (here, the 12958 - 13044 pair with a 6-day temporal baseline is again the best).

In general, the correlation is good, even for the interferogram with the longest temporal baseline. However, some interesting features are important to notice (an example is given in Figure 3.1.4). In the right-hand side of both the amplitude and correlation image, wave-like variations appear approximately perpendicular to the direction towards summit. In addition, corresponding undulations appear in the phase image. 
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Figure 3.1.4: Amplitude, correlation and phase of ascending data (orbit 13001 and 13044, track 16, frame 1467 and 1485, and year 1994).

The cause is thought to be wind
 generated surface perturbations where the structure of the snow grains will be different on the leeward and windward side of the crest [Weber Hoen, a.o., personal communication]. [Hoen, E.W. and H.A. Zebker, 1999] showed, that the correlation will be higher on the leeward side of the crest. 

3.1.2.1.2 Track 39, Frame 2133

This descending scene is located just SE of the Summit. In some of the images, the GRIP camp (ski- and taxiways) can be seen. These data are all ERS-1 three-day repeat ice mode A data, but it was possible to create interferograms with other temporal baselines as it can be seen in Table 3.1.2.2.

Orbit
Dates
B( [m]
B(( [m]
(B (  [m]
(B (( [m]
Bt [days]

222 - 265
0804 - 0807
57.4
54.5
5.1
2.2
3

222 - 437
0804 - 0816
-22.1
121.4
-7.7
-1.5
15

222 - 609
0804 - 0828
56.6
17.0
-10.3
-3.8
27

222 - 695
0804 - 0903
54.2
82.5
-11.8
-3.9
33

265 - 437
0807 - 0816
-79.5
66.8
-12.8
-3.7
12

265 - 609
0807 - 0828
-0.9
-37.5
-15.5
-5.9
24

437 - 609
0816 - 0828
78.7
-104.3
-2.6
-2.3
12

437 - 695
0816 - 0903
76.3
-38.9
-4.0
-2.4
18

609 - 695
0828 - 0903
-2.4
65.4
-1.4
-0.2
6

1383 - 1469
1021 - 1027
-32.5
-99.2
-16.9
-7.5
6

1598 - 1684
1105 - 1111
-37.1
73.2
-14.1
-5.4
6

1598 - 1770
1105 - 1117
270.5
58.0
4.6
0.4
12

1684 - 1770
1111 - 1117
307.6
-15.1
18.7
5.8
6

1770 - 2028
1117 - 1205
-12.9
76.3
-9.8
-3.2
18

1856 - 1942
1123 - 1129
39.4
33.5
-3.4
-1.1
6

Table 3.1.2.2: Descending data baselines (track 39, frame 2133, year 1991).

Some of the scenes are useful for VFM generation due to their short perpendicular baseline (see Table 3.1.2.2). Because of the low surface velocities in the region, a long temporal baseline is ideal – if the temporal decorrelation is not too severe

The longest obtained temporal baseline is of 33 days, which is rather good taking the snow zone into consideration (spatial and temporal decorrelation). Due to the relatively short perpendicular baseline of the 222 – 695 pair, the decorrelation is not as severe as for the 1684 – 1770 pair, which has a temporal baseline of only 6 days

All the 1991 data have feather-like streaks to some extend. In the following, these are considered noise (since it has not been determined whether they are atmospheric signals or caused by pre-processing errors).

In Figure 3.1.5, we see that the features apparent in the amplitude are not present in the correlation images. The correlation decreases with time (temporal decorrelation), but the overall picture is muddled by the fact that also spatial decorrelation is taking place. 
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Figure 3.1.5: Amplitude, correlation and phase of descending data (orbit 222 - 265, 609 - 695 and 222 - 695, track 39, frame 2133, and year 1991). We see that the interferogram with the longest temporal baseline displays the lowest correlation (temporal decorrelation).

The moving average filter ensures that the fringes turn out clearly, even when the correlation is rather low. However, this can be problematic in areas where the topographic variations and/or surface velocities are high, since it might enable the unwrapping procedure to unwrap regions that should remain untouched. This is of course not an issue here at Summit where both elevation changes and surface velocities are low.

3.1.2.1.3 Track 411, Frame 2133

This descending scene lies SW of Summit. These are ERS-1/2 tandem-mode data so the temporal baseline is one day. In Table 3.1.2.3, we see that two of the pairs have perpendicular baselines useful for VFM generation. However, the temporal baseline is too short – it is important to notice, that the surface velocities are generally so low (in the order of mm to cm per day) in these interior parts of the ice sheet, that they will be below or close to the noise level of the 1-day repeat SAR data (the wavelength is 5.6 cm).

Orbit
Dates
B( [m]
B(( [m]
(B(  [m]
(B(( [m]
Bt [days]

22443 - 2770
1030 - 1031
-38.8
-4.5
-1.3
-0.8
1

23445 - 3772
1208 – 1209
18.9
12.0
-3.6
-1.6
1

23946 - 4273
0212 - 0213
107.0
69.1
-1.5
-1.0
1

Table 3.1.2.3: Descending data baselines (track 411, frame 2133, year 1995-96).
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Figure 3.1.6: Amplitude, correlation and phase of descending data (orbit 22443 - 2770, 23445 - 3772 and 23946 - 4273, track 411, frame 2133, and year 1995-96). The interferogram with the longest perpendicular baseline displays the lowest correlation (spatial decorrelation).

In Figure 3.1.6, we see that both the amplitude and correlation images seem to have far less features. However, we can clearly see the effect of spatial decorrelation – the longer the perpendicular baseline, the lower the correlation. Since these are ERS-1/2 tandem-mode data, the temporal baseline is one day for all the pairs.

One of the data sets used to create the 23946 - 4273 interferometric pair had several missing lines approximately 2/3 down. This caused the remaining part of the interferogram to be misaligned and the correlation to be very low. In the subsequent data processing, only the uppermost part was used.

3.1.2.2 VFMs

Using data with short perpendicular baselines and long temporal baselines are the best way to obtain reasonable VFMs. Let us use the interferometric pairs with the following image (orbit 222, track 39, frame 2133) as an example. All four pairs have comparable perpendicular baselines but the temporal baselines vary from three to thirty-three days (see Table 3.1.2.2).
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Figure 3.1.7: Plots of surface velocities derived from interferograms with different temporal baselines. The amplitude image indicates where some of the GRIP strain net poles are located (including velocity vectors). The velocity estimates improves with the length of the temporal baseline (27- and 33-day repeat).

In Figure 3.1.7 we can see that the resulting VFMs varies highly and that the later ones seems to make more sense. In the last two VFM plots, we see that the velocities vary from close to 0 m/y around GRIP to more than -10 m/y downhill from GRIP. The negative sign is due to the fact, that the ice is moving towards the sensor. The large area with velocities close to zero is caused by the fact that we only measure velocities in the LOS direction so movements of the ice in the SSW/NNE directions are not observed.
3.1.2.3 DEMs

Twelve DEMs covering frame 39, track 2133 were created. Each DEM was created using two independent interferograms with the same temporal baseline.

Orbit 1
Orbit 2
B( [m]
B(( [m]
(B(  [m]
(B(( [m]
Bt [days]
B(t2-t1) [days]

265 - 437
1598 - 1770
-305.9
-154.3
-21.1
-7.9
15
93

437 - 609
1598 - 1770
-193.1
-160.5
-7.3
-2.6
12
81

437 - 695
1770 - 2028
91.6
-181.5
7.2
1.0
18
93

609 - 695
1383 - 1469
28.7
164.4
15.4
7.2
6
54

609 - 695
1598 - 1684
33.3
-8.1
12.4
5.1
6
69

609 - 695
1684 -1770
-310.7
83.5
-17.9
-6.0
6
75

609 - 695
1856 - 1942
-45.4
32.4
0.8
0.8
6
87

1383 - 1469
1598 - 1684
4.6
-172.4
-3.2
-2.1
6
15

1383 - 1469
1684 - 1770
-339.1
-80.9
-35.1
-13.2
6
21

1383 - 1469
1856 - 1942
-74.1
-132.0
-14.5
-6.4
6
33

1598 - 1684
1856 - 1942
-78.6
40.4
-11.4
-4.3
6
18

1684 - 1770
1856 - 1942
264.9
-51.1
20.8
6.8
6
12

Table 3.1.2.4: Double-difference pairs used for DEM computation (track 39, frame 2133, year 1991).

One of these could not be unwrapped (1383 – 1469 / 1856 – 1942), while (1383 – 1469 / 1598 – 1684) looks highly suspicious (see Figure 3.1.9). Only five of these double-difference pairs have long  (>100 m) perpendicular baselines.

It can be seen in Figure 3.1.10 that the double-difference interferograms with longer baselines (high fringe rate) gives smoother DEMs while the double-difference interferograms with shorter baselines (low fringe rate) give wildly undulating DEMs. This makes sense because the DEMs with the longer baselines are the most accurate, since the longer the baseline the higher the topographic sensitivity (ambiguity altitude).

We computed a weighted average in order to obtain a DEM where the effect of various artifacts have been minimized:
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Where Zpixel  is the weighted-average elevation of the pixels in the final DEM, B(, individual  is the individual perpendicular baseline and Zpixel, individual  is the elevation of the corresponding pixel in the individual DEM.

Three different weighted DEMs were computed for track 39, frame 2133:

· One where all ten individual DEMs were taken into account.

· One where the seven DEMs with the longest perpendicular baselines were used.

· One where the five DEMs with the longest perpendicular baselines were used.

It is clearly seen in Figure 3.1.9 that the resulting weighed-average DEMs (as expected) are very similar. 

[image: image14.jpg]Filtered (moving average filter) ERS-
1/2 double difference interferogram
(orbit 265/437 and 1598/1770, track 39,
frame 2133, 12-day temporal baseline).
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(orbit 609/695 and 1856/1942, track 39,
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baseline).
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Filtered (moving average filter) ERS-
1/2 double difference interferogram
(orbit 1684/1770 and 1856/1942, track
39, frame 2133, 6-day temporal
baseline).
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day temporal baseline) overlaid the
2x2-km Greenland DEM.
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Figure 3.1.8: DEMs (track 39, frame 2133, year 1991). We clearly see that the double-difference interferogram with the shortest baseline (low fringe rate) yields the noisiest DEM.
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Figure 3.1.9: DEMs (track 39, frame 2133, year 1991, continued). We clearly see that the double-difference interferogram with the shortest baseline (low fringe rate) yields the noisiest DEM.

Three DEMs covering frame 411, track 2133 were created. Each DEM was created using two independent interferograms with the same temporal baseline.

Orbit 1
Orbit 2
B( [m]
B(( [m]
(B(  [m]
(B(( [m]
Bt [days]
B(t2-t1) [days]

22443 - 2770
23445 - 3772
-57.9
-16.0
2.0
0.8
1
70

22443 - 2770
23946 - 4273
-146.1
-72.3
-0.4
0.2
1
105

23445 - 3772
23946 - 4273
-88.2
-56.3
-2.4
-0.6
1
35

Table 3.1.2.5: Double-difference pairs used for DEM computation (track 411, frame 2133, year 1995-96).

Only one of these double-difference pairs have a long (>100 m) perpendicular baseline the two others have intermediate baselines, i.e. they are not well suited for VFM generation either.

It can be seen in seen in Figure 3.1.10 that the double-difference interferograms with longer baselines (high fringe rate) again gives smoother DEMs while the double-difference interferogram with shorter baseline (low fringe rate) gives a wildly undulating DEM. 

Two different weighted DEMs were computed for track 411, frame 2133:

· One where all three individual DEMs were taken into account.

· One where only the two best DEMs (longest perpendicular baselines) were used.

The individual DEMs and the latter of the two weighted-average DEMs can also be seen in Figure 3.1.10.
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Figure 3.1.10: DEMs (track 411, frame 2133, year 1995-96). The double-difference interferogram with the shortest baseline (low fringe rate) yields the noisiest DEM.

3.1.3 Saddle North

The JPL provided the h/w and s/w for the InSAR processing. 

3.1.3.1 Data

Several data sets covering this region were ordered from ESA but only three scenes were processed. Some of the data never arrived and others were in an old format that the processor could not read. Information about the used scenes can be seen in Table 3.1.3.1.

Orbit
Dates
B( [m]
B(( [m]
(B (  [m]
(B(( [m]
Bt [days]

23860 - 4187
0206 - 0207
187.4
102.3
-3.4
-1.8
1

Table 3.1.3.1: Descending data covering Saddle North (track 325, frame 2241, 2259 and 2277, year 1996).

[image: image17.wmf]Correlation of ERS-1/2  interferogram (orbit 23860 and 4187, track 325, frame 2241, 2259 and 2277, 1-day temporal baseline).  

Amplitude of ERS-1  SAR image .  

(orbit 23860, track 325, frame 2241, 2259 and 2277)

Filtered (moving average filter) phase of ERS-1/2  interferogram (orbit 23860 and 4187, track 325, frame 2241, 2259 and 2277, 1-

day temporal baseline).


Figure 3.1.11: Amplitude, correlation and phase of descending data covering Saddle North (track 325, frame 2241, 2259 and 2277, year 1996).

The three scenes were mosaiced together so that the resulting interferogram covers three scenes (see Figure 3.1.11). With only one interferogram, it is not possible to derive a DEM since this requires a second interferogram (double-difference).

The amplitude image appears more or less featureless besides the dark feature corresponding to the less correlated part of the image (the fringes also appear unclear here even after the moving average filter has been applied). The top of the plots corresponds to the SE-E part of the saddle point that is the onset of a fast moving outlet glacier.

3.1.3.2 VFM

The processed mosaic covers the central part of the saddle perfectly as seen in Figure 3.1.12.
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Figure 3.1.12: Amplitude image and velocity field model covering Saddle North. 

The general motion in the area must be assumed to be away from the ridge (including the saddle point) so in this case we are lucky and the main component of the motion is actually observable from the satellite (see Figure 3.1.12). The temporal baseline is unfortunately very short so the data are rather noisy.

The resulting velocity field model agrees well with the balance velocity model by [Joughin, I., M. Fahnestock, S. Ekholm and R. Kwok, 1997].

4. Comparison

4.1 SAR DEMs and Control Data

4.1.1 Geikie

Over the Geikie ice cap both laser altimeter and spaceborne (ERS-1/2) InSAR data are available.

Kinematic GPS, roll and pitch from an IMU and averaged laser data yields surface elevation data at a 1 s spacing (approximately 60 m) along the sub-track of the aircraft. The laser footprint is very small, typically < 1m, so the laser data may be considered point values just like other types of geodetic control points. However, because the laser randomly samples the topography, including the river valleys, discrepancies are expected in highly varying topography.

The laser profiling was demonstrated to yield dm-level results in marine tests [Forsberg, R., K. Hehl, L. Bastos, A. Gidskehaug, U. Meyer, 1996(, but due to atmospheric problems (the GPS reference is located approximately 2500 m lower than the flight tracks) a reduced accuracy is expected on the Geikie profiles. 

In Table 4.1.1.1, the comparison of airborne laser altimetry with ERS-1/2 SAR is shown. The comparison is only done over the central part of the ice cap where we have data from both sources. The laser data used in the comparison are from the 1997 field season. Tie points for the ERS-1/2 baseline estimation are from the 1996 field season (in 1996, the orientation of the laser was done by a dual-axis accelerometer, mounted next to the laser, which together with GPS-derived accelerations may be converted into approximate roll and pitch). 


Mean [m]
Std. Dev. [m]

Laser – laser (1997 data, 545 cross-overs)
-0.01
0.65

Laser – ERS-1/2 InSAR (1995-1996 data, 100 m res., over ice)
-3.48
13.75

Table 4.1.1.1: Comparison of airborne laser altimetry and ERS-1/2 InSAR. 

Some of the discrepancy can probably be referred to aliasing because of the different data types (laser altimetry is point measurements with a 60 m along track resolution
, while the InSAR data are averaged to a 100x100 m resolution). The InSAR bias could most likely be minimized if the reprocessed 1996 laser altimeter data were used as tie points. Another issue is residual tropospheric effects (the ERS-1/2 at an elevation of almost 800 km during acquisitions). 

The accuracy of the ERS-1/2 InSAR data makes them suitable for DEM generation in Greenland
 but not for elevation change measurements where a sub-m accuracy is required as a minimum.

4.1.2 GRIP

The extensive GPS strain net measurements at GRIP would be an excellent source of control points. Unfortunately, track 39, frame 2133 is the only scene, that overlaps part of the network. Unfortunately, the InSAR data are rather noisy, especially in the far range, where the control points are located, so a comparison would not make much sense.

Instead, the InSAR DEMs have been compared to the 2x2 km Greenland DEM [Ekholm, S., 1996]. Here it is important to notice, that tie points for the InSAR DEM generation have been extracted from the 2x2 km Greenland DEM. They have been used to determine the optimal baseline in a least-squares sense, so the resulting DEM does not necessarily have a mean difference equal to zero.

In Table 4.1.2.1, the individual InSAR DEMs for track 39, frame 2133 are compared with the 2x2 km Greenland DEM [Ekholm, S., 1996].

DEM
Mean [m]
Std. dev. [m]

265 – 437 / 1598 – 1770
-23.05
30.19

437 – 609 / 1598 – 1770
0.99
21.59

437 – 695 / 1770 – 2028
1.53
44.64

609 – 695 / 1383 - 1469
-20.89
108.33

609 – 695 / 1684 – 1770
1.67
32.23

609 – 695 / 1856 – 1942
0.57
126.03

1383 – 1469 / 1598 – 1684
92.90
726.91

1383 – 1469 / 1684 – 1770
-2.36
15.49

1598 – 1684 / 1856 – 1942
-2.71
75.93

1684 – 1770 / 1856 – 1942
-1.98
28.83

Weighed-average DEM (10)
-5.57
13.79

Weighed-average DEM (7)
-5.56
13.83

Weighed-average DEM (5)
-5.74
14.13

Table 4.1.2.1: Comparison of ERS-1 InSAR and 2x2 km Greenland DEM [Ekholm, S., 1996] (track 39, frame 2133, year 1991).

The deviation from the reference DEM is mainly caused by the different resolutions (100x100 m vs. 2x2 km). The small-scale features observed in the InSAR DEMs are not observed in the coarser reference DEM. However, there are also low-frequency undulations in the InSAR DEMs that are not explained by difference in resolution. These may be caused by either atmospheric disturbances or by baseline estimation errors.

We clearly see that we lower the standard deviation by establishing a weighed-average DEM. 

In Table 4.1.2.2, the individual InSAR DEMs for track 411, frame 2133 are compared with the 2x2 km Greenland DEM [Ekholm, S., 1996].

DEM
Mean [m]
Std. Dev. [m]

22443 – 2770 / 23445 – 3772
0.87
30.31

22443 – 2770 / 23946 – 4273
2.71
15.50

23445 – 3772 / 23946 – 4273
1.77
12.43

Weighed average DEM (3)
2.30
15.02

Weighed average DEM (2)
2.46
14.00

Table 4.1.2.2: Comparison of ERS-1 InSAR and 2x2 km Greenland DEM [Ekholm, S., 1996]. (track 411, frame 2133, year 1995-96).

We notice that the individual DEMs in Table 4.1.2.2 generally look more promising compared to those in Table 4.1.2.1. The 1991 data were in general noisier due to ionospheric disturbances and data collection problems, so this was expected. Additionally, the 1-day repeat of the tandem-mode ensures that the temporal decorrelation usually is lower.

Nonetheless, the weighed-average DEMs end up being very comparable. So apparently, the averaging eliminates a large part of the temporal variations

4.2 SAR VFM and GPS Velocities  

It is important to note that the two estimated velocity “fields” originates from very different data sources:

The static GPS measurements were only performed in the summer (with approx. 11 months in between). The missing month might cause too small estimates of the pole movements due to lack in summer melting.

The interferograms are formed with one day in between (one pair in September 1995, one in January 1996 and two in February 1996).

It is important to note that the two estimated velocity ‘fields’ originates from very different data sources:

· The static GPS measurements were only performed once a year (with approx. 10 months in between). The missing months will cause underestimates of the pole movements. Additionally, only a limited set of samples is available (five).

· The interferograms are formed with one day in between (one pair in September 1995, one in January 1996 and two in February 1996). The surface velocities have to be sufficiently large in order for them to be measurable. The one-day temporal baseline causes the velocity estimation to be rather uncertain (in Figure 3.1.7 we saw that the estimate is improved with increasing temporal baseline). However, here we have a large set of samples - basically covering the entire ice cap.

In Table 4.2.1, the two sets of velocity estimates are compared.

Site
1996 Coordinates
SAR velocity
GPS velocity
Diff.


Lat. [(]
Lon. [(]
(vtot( [m/year]
(vtot( [m/10 months]


East
69.93373
-25.38094
5.31
10.03
-4.72

North
69.98697
-25.52310
1.09
3.33
-2.24

South
69.88528
-25.53801
12.13
16.40
-4.27

Top
69.93645
-25.52982
0.40
1.52
-1.12

West
69.93836
-25.67828
13.64
10.60
3.04

Table 4.2.1: Comparison of velocities determined from SAR interferometry and changes in aluminum pole coordinates. The first SAR velocity (at the East site) is derived from both ascending and descending data, while the rest are derived from only descending data.

At the East site, the SAR velocity was extracted from the original VFM (derived from both ascending and descending data), while the SAR velocities at the other sites are from the second VFM (velocities projected onto the surface gradient vector). We see that the second set of estimates is actually closer to the GPS estimates. A reasonable explanation is that the baseline estimation error for the ascending data set is large because all the tie points are lumped together in a small part of the image. This will only affect the VFM formation and not the DEM generation - only descending data have been used for that.

It is important to notice, that the surface velocities are generally so low (in the order of mm to cm per day) in these interior parts of the ice cap, that they will be below or close to the noise level of the 1-day repeat SAR data (the wavelength is 5.6 cm). The results should therefore be used with caution.

In addition to that, we have assumed that the surface velocity vectors are perpendicular to the normal of the surface, in order to make the SAR VFMs. As discussed in Chapter 1.2, this is only the case at the equilibrium line. Geikie is too small and irregular for this assumption to work well.

5. Discussion

5.1 Error Sources

There is a multitude of errors sources, but here we will only stress some of the most important ones:

· Phase unwrapping. Various processing schemes are available. Caution has to be observed - some unwrapping algorithms do too good a job, so that fringes in highly undulating topography or rapidly moving surfaces are unwrapped even though the result is nonsensical. 

· Decorrelation. Interferometry requires that the many small reflective objects contributing to each pixel (snowflakes, leaves, grains of soil etc.) remain unchanged (so that the random component of the phase is the same for both images).

· Temporal decorrelation induces noise in the measurements and eventually prevents phase unwrapping. Decorrelation occurs because of changes in the physical or geometrical properties of the observed surface. When it comes to ice sheets or caps, it can occur due to surface freeze/thaw, snow drifting, accumulation etc.

· Spatial decorrelation. The viewing geometry of the two images becomes too different when the perpendicular baseline is too large. The distance at which this occurs depends upon the observed surface and rarely approaches the theoretical limit.

· Baseline and orbital estimation and tie points. The position and attitude of the platform is usually not known with high enough accuracy so tie points are needed to determine the position/baseline.

· Atmospheric disturbances. Ionospheric errors are frequency dependent and can be minimized by the use of dual-frequency instruments. Tropospheric errors are frequency independent and can only be eliminated by the use of several independent data sets. Atmospheric signals. Like standard GPS processing software, InSAR software should incorporate some sort of ionospheric and tropospheric corrections. Both techniques work in the same range of the electromagnetic spectrum so it should be possible to get some inspiration from the treatment of GPS data.

· Signal penetration. The SAR signal will typically not bounce off the surface, but rather interact with the subsurface media. Some of the important issues are:

· Scattering processes. 

· Penetration depth.

· Inversion of line-of-sight displacements to three-dimensional velocities. Assumption: Surface velocity vector perpendicular to surface normal.

· Terrain type affects the properties of the interferogram. Different terrain types can be discriminated based on backscatter, temporal and spatial decorrelation, etc.

Some aspects, such as temporal decorrelation and atmospheric disturbances, impose intrinsic limitations. Others, such as phase unwrapping and SAR system instability corrections, are subject to future improvements. [Mohr, J.J., 1997]

5.2 Bedrock Topography

It would be interesting to compare the surface features observed in the amplitude images, DEMs and VFMs with the regional bottom topography.

5.2.1 Geikie
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Figure 5.2.1: Gridded GPR data. Black lines indicate flight tracks.

The 1998 airborne survey of Geikie included airborne sounding radar profiles. The bottom topography is highly variable with an average thickness of the ice cap of more than 300 m and local maximums of up to almost 800 m. (see Figure 5.2.1) The effects of the bottom topography should be visible at the surface due to the limited thickness.

We might argue that the minimum and maximum right next to each other are artifacts since we do not see them reflected in the surface topography. Since they coincide with the flight tracks they must originate from the data extraction (from the radar profiles) rather than from the gridding process.

5.2.2 GRIP

The digital bottom topography model by [Gudmandsen, P., 1970] does not have a high enough resolution to be of any use. [Hodge, S.M., D.L. Wright, J.A. Bradley, R.W. Jacobel, N. Skou and B. Vaughn, 1990] publicized a detailed survey of both surface and bottom topography in a region around Summit that [Keller, K., 1995] digitized. 

It can be seen in Figure 5.2.2 and Figure 5.2.3 that the elevations vary more than a kilometer so it might be possible to observe the effects on the surface even though the thickness of the ice is in the range of 2-3 km. The high-resolution bottom topography model does not coincide exactly with the location of the SAR scenes but there are some overlapping areas.
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Figure 5.2.2: Plot of bottom topography with SAR scenes (track 39 and 411, frame 2133; track 16, frame 1467 and 1485) overlaid. The elevations are orthometric heights and the contour interval is 50 m.

[image: image21.wmf]
Figure 5.2.3: Plot of bottom topography (not in scale) overlaid. The elevations are orthometric heights.

The bottom is smoothly undulating in most parts of the surveyed area and the only significant feature is the mountain in the northeastern corner. This would be the only feature observable in the SAR data because of the local thickness of the ice sheet. In the VFMs from track 39, we see that the measured velocities are slightly smaller in this region. The explanation could be that the mountain acts as a barrier for the ice flow thus forcing the ice to move in a direction where the component observable to the SAR is smaller. 

6. Conclusion

The ERS-1 data from phase A (ice-mode) are not very suitable for neither DEM generation nor surface velocity studies. The data seem to be far too noisy in a non-random way. Data from the later ERS-1 modes and the ERS-1/2 tandem-mode seem to be less noisy so for future studies it would make more sense to use these data. Unfortunately, the tandem-mode 1-day repeat is far too short to determine the surface velocities with high accuracy in slow moving areas.

ERS SAR interferometry is useful in areas with poor DEM coverage or when the required resolution (in elevation) is in the order of 10-100 m (dependent upon the undulations of the observed area). However, it is important to notice that tie points from another source (DEM or GPS surveys for example) are necessary in order to generate accurate DEMs and VFMs. 

The accuracy is highly dependent upon the quality of the tie points. At Geikie, we used high-accuracy laser altimeter data with a relatively high horizontal resolution (comparable with the SAR DEM resolution), while at GRIP and Saddle North, the tie points were extracted from the 2x2 km Greenland DEM and the balance flow model. Improvements in both the DEMs and VFMs are expected if GPS tie points (repeated measurements, so that both position and velocity is known) were used.

The difference in horizontal resolution between the SAR DEMs and the 2x2 km Greenland DEM will result in aliasing explaining some of the discrepancies. 

At Geikie, we have seen that we can get a reasonable VFM with ERS-1/2 tandem-mode data, even in areas where only descending data are available. Nevertheless, the results in slow moving areas would benefit from a longer repeat period, such as three or more days.

The data set from track 39, frame 2133 is rather unique considering all the available images. It would be interesting to exploit it further, for example study the (atmospheric) artifacts more thoroughly. However, this should be done in the original phase measurements rather than the final DEMs in order to prevent geo-referencing errors from muddling the picture.

Currently, no available air- or spaceborne SAR can give the accuracy in elevation required for observing subtle climate related elevation changes of the ice sheets. Nevertheless, in the near future, SAR interferometry could prove to be of immense importance to monitoring of climate related elevation changes. However, it will be necessary to address the following issues:

· The need for more interferometric data over Greenland. Often, if one of the available pairs does not correlate, then there are not enough reasonable pairs to generate double differences, i.e. DEMs.

· The need for atmospheric models in SAR processing. We must be able to eliminate the ionospheric and tropospheric artifacts without averaging of many SAR DEMs. By averaging SAR DEMs from various seasons/years, intra- and inter-annual surface changes are masked as varying atmospheric conditions.

· Sunspot maximum. The ionospheric noise is expected to be high in SAR data acquired around the sunspot maximum in 2000. 

· The need for identification of scattering mechanisms dominating SAR returns in various snow zones. Here, polarimetric SAR provides promising means of differentiating between direct backscattering and volume scattering. The only spaceborne polarimetric SAR so far is flow onboard the space shuttle, but unfortunately, the shuttle flies in orbits with inclinations too small to collect data from Greenland.

· The need for identification of the penetration depth of the SAR signal in various snow zones. Since the incidence angle in most cases are greater than zero (following that the view angle is greater than zero), the penetration depth will be significantly less than that of a GPR operating at the same frequency. 

The penetration depth is highly dependent on the stratification. Ice lenses, melt layers, etc. will act as boundary layers where the incoming signal will be scattered back.

It would be interesting to deploy corner reflectors (directed towards the ERS1-/2 AMI antennas) at a multitude of sites in Greenland (within various snow facies) to learn something about the penetration of SAR signals from space. Unfortunately, they would have to be very large for them to create a bright enough return signal in order to appear in the SAR images from the percolation zone.

· The need for longer repeat periods of spaceborne SAR platforms. The 1-day repeat of the ERS-1/2 tandem-mode is too short to detect slow surface movements. Unfortunately, the early ERS-1 ice-mode data (3-day repeat) are plagued by high ionospheric activity (sunspot maximum) and data collection problems.

Additionally, the monitoring of receding/advancing snow facies by observation of changes in SAR backscatter intensity can be a useful supplement to other sorts of data.
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8. Acronyms

AMI XE "AMI\: Active Microwave Instrument" :

Active Microwave Instrument

DCRS XE "DCRS\: Danish Center for Remote Sensing" :

Danish Center for Remote 


Sensing (TUD)
DESCW:

Display Earth remote sensing 


Swath Coverage for Windows 


(ESA)
DEM XE "DEM\: Digital Elevation Model" :

Digital Elevation Model

ECOGIS:

Elevation Changes Of the 


Greenland Ice Sheet
EMI:

ElectroMagnetic Institute 


(TUD)
EMISAR XE "SAR\: Synthetic Aperture Radar:flybåren:EMISAR" :

ElectroMagnetic 




Institute Synthetic 




Aperture Radar (TUD)
ERS-1 XE "ERS-1" /2 XE "ERS-2" :

European Remote Sensing satellite no. 1 & 2 (ESA)
ESA XE "ESA\: European Space Agency" :

European Space Agency
GRIP:

GReenland Ice core drilling Project

GPR XE "GPS\: Global Positioning System" :

Ground Penetrating Radar

GPS XE "GPS\: Global Positioning System" :

Global Positioning System

h/w XE "SNR\: Signal to Noise Ratio" :
hardware XE "Signal/Støjforhold " \t "Se SNR\: Signal to Noise Ratio" 
IMU XE "INS\: Inertial Navigation System" :

Inertial Measuring Unit

InSAR XE "InSAR\: Interferometric Synthetic Aperture Radar" :

Interferometric Synthetic 


Aperture Radar

KMS:

Kort &  Matrikelstyrelsen (National Survey and Cadastre – Denmark)
LOS:

Line-Of-Sight
NASA/JPL XE "NASA\: National Aeronautics and Space Administation:JPL\: Jet Propulsion Laboratory" : 
National Aeronautics and Space Administration / Jet Propulsion Laboratory (USA)
NGRIP:

North GReenland Ice core drilling Project

Radar XE "Radar" :

Radio detection and ranging

RADARSAT XE "RADARSAT" : 
RADAR SATellite (Canada)
RMS:
Root Mean Square

RTI:
Repeat Track Interferometry
SAR XE "SAR\: Synthetic Aperture Radar" :
Synthetic Aperture Radar

SNR XE "SNR\: Signal to Noise Ratio" :
Signal to Noise Ratio XE "Signal/Støjforhold " \t "Se SNR\: Signal to Noise Ratio" 
s/w XE "SNR\: Signal to Noise Ratio" :
software XE "Signal/Støjforhold " \t "Se SNR\: Signal to Noise Ratio" 
TUD:
Technical University of Denmark
UTC:
Universal Time - Coordinated
UTM:
Universal Transverse Mercator
VFM:
Velocity Field Model
WGS84:
World Geodetic System of 1984

XTI:
Across (X) Track Interferometry
















� All acronyms are listed in Chapter � REF _Ref436448746 \r \h ��8�.


� The physical properties of the ice vary with altitude and temperature and this will be reflected in the return signal, which in turn will exhibit different characteristics at various locations. 


� The dielectric properties (wetness and conductivity) and variations in geometric properties (roughness, grain size and internal structure). [� REF Fahnestock_Bindschadler_Kwok_Jezek1993 \h ��Fahnestock, M., �]


� Balance flow: The depth averaged velocity necessary to maintain the steady-state shape of an ice sheet. [� REF Paterson1994 \h ��Paterson, W.S.B., 1994�]


� Tandem mode (phase G: 9503-9607) features one-day repeat between ERS-1 and 2. Ice-mode (phase A: 9107-9112, B: 9112-9203, D: 9312-9404) features three-day repeat between two passes of ERS-1.


� With the use of a DEM (either from InSAR or from other sources) it is possible to project this vector down onto the surface.


� ESA has provided at least two ascending and descending interferometric pairs for the entire coast of Greenland. But, this is not the case as soon as the selected area is a little bit away from the coast.


� Altitude of ambiguity: The elevation change that corresponds to one fringe (a phase change of 2(). A rule of thumb says that the following relation is valid: � EMBED Equation.3  ���


� These data is described in [� REF Nielsen2000 \h ��Nielsen, C.S., 2000�].


� The prevailing winds (catabatic fall winds) on the ice sheet are coming from the Summit direction.


� The across track resolution is far lower than that.


� The maps covering some coastal regions of Greenland are very inaccurate.
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