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ABSTRACT:

Ice flow velocity over long time series in East Antarctica plays a vital role in estimating and predicting the mass balance of Antarctic
Ice Sheet and its contribution to global sea level rise. However, there is no Antarctic ice velocity product with large space scale available
showing the East Antarctic ice flow velocity pattern before the 1990s. We proposed three methods including parallax decomposition,
grid-based NCC image matching, feature and gird-based image matching with constraints for estimation of surface velocity in East
Antarctica based on ARGON KH-5 and LANDSAT imagery, showing the feasibility of using historical optical imagery to obtain
Antarctic ice motion. Based on these previous studies, we presented a set of systematic method for developing ice surface velocity
product for the entire East Antarctica from the 1960s to the 1980s in this paper.

1. INTRODUCTION

The mass balance change of Antarctic ice sheet as a response to
climate change is of great significance in estimating its
contribution to the global sea level rise. However, there are a
number factors that affect the quantitative precision of the
estimation and thus causes uncertainty of the sea level change
computation. Large part of the ice and sediments loss of the
Antarctic ice sheet is through the ice flow discharge into the
ocean (Bennett, 2003). Consequently, ice flow velocity is an
essential parameter in calculating ice flux and then assessing the
mass balance of Antarctic ice sheet.

Early Antarctic ice flow velocity measurements began in the
1950s, using theodolites or other ranging instruments to measure
displacements and moving speed of reference markers on the
glacial surface (Dorrer et al., 1969). Since the 1980s, GNSS
techniques have largely replaced traditional survey
measurements to derive the ice surface motion (Frezzotti et al.,
1998; Manson et al., 2000; Urbini et al., 2008) and the accuracy
and efficiency of the measurements have been greatly improved.
However, these in-situ measurements require considerable time
and efforts, and only small-scale measurements can be
accomplished due to the limitations of observation stations and
harsh environment.

The development of satellite remote sensing-based observations
using Interferometric Synthetic Aperture Radar (InSAR)
technology (Goldstcin et al., 1993) and optical images based
feature tracking technique (Scambos et al., 1992) has largely
overcome these limitations, making it possible to monitor the ice
sheet wide ice motion.

Goldstein et al. (1993) firstly used D-InSAR technology based
ERS-1 images to detect the velocity in Rutford glacier and
achieve a high level of accuracy. The first surface velocity map
of the entire Antarctic ice sheet from 1996 to 2009 also used a
combination of multiple SAR images from different satellites
(Rignot et al., 2011), showing the spatial pattern of modern ice
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flow distribution across the Antarctic continent. Tong et al. (2017)
analyzed the ice motion of Amery Ice Shelf based on differential
and multiple-aperture INSAR. Compared with the measurement
using optical images, InSAR is of high accuracy and spatial
resolution, but the available data in Antarctic area is mainly
limited to after 1990s.

The main idea of ice flow measurement based on optical images
is using feature tracking technique and correlation calculation
principle to obtain the corresponding points in two satellite
images acquired at different times. Early studies used
visualization to manually track glacier surface features to obtain
ice displacements (Lucchitta et al., 1986). Since the 1990s, with
the introduction of image matching algorithms, the accuracy and
efficiency of ice flow velocity measurements using automated
feature tracking techniques have been greatly enhanced. The
research on this method mainly focuses on the image matching
method (Scambos et al., 1992; Whillans et al., 1995; Leprince et
al., 2007; Liu et al., 2012). Heid et al. (2011) reviewed six of the
most commonly used matching methods and set the evaluation
criteria to assess the reliability of these matching methods and the
adaptability to different images. The use of optical remote
sensing images for measurement has the advantages of low cost,
rich historical data and large coverage. Although its measurement
accuracy is inferior to INSAR to some extent, some methods can
be used to reduce the errors and improve the measurement
accuracy.

There is no velocity product covering the entire Antarctica before
the 1990s. Li et al. (2017a and b, Ye et al. 2017) presented three
methods including parallax decomposition, grid-based NCC
image matching, feature and gird-based image matching with
constraints for estimation of surface velocity of some glaciers in
East Antarctica from the 1960s to the 1980s based on ARGON
KH-5 and LANDSAT imagery, showing the feasibility of using
historical optical imagery to obtain Antarctic ice motion. Based
on these previous studies, this paper presents a set of systematic
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map compiling methods of developing ice surface velocity
products for the entire East Antarctica area based on historical
optical images from the 1960s to the 1980s.

2. MAPPING PROCESS
2.1 Coordinate system and projection

Selection of appropriate coordinate system and projection for
visualization is the basis of mapping. In this paper, we selected
polar stereographic (south) projection with 71<5 as the standard
latitude and WGS-84 ellipsoid which are mostly used in
Antarctic regions. This projection can represent local shapes with
less distortions in Antarctica, so it is ideal for drawing
hemispherical, continental and mid-scale maps (such as the entire
Antarctic map).

2.2 Selection of image pairs

The cloud coverage, time interval and resolution of image pairs
should be taken into account when using surface features of
optical images to match the corresponding points and track the
ice mass displacement. In order to ensure the quality of the result,
we select the images with less cloud and no occlusion. We select
the image pair with a proper time interval t according to the
following equation:

v xt
d=— ®
d = ice displacement (pixel)
v = predicted velocity
t = time interval of the image pair
r = image resolution

where

Generally, it is optimal to control ice displacement within 5-15
pixels according to the previous experiments. For example, for
the areas with fast ice flow (such as more than 600 m/yr), image
pairs with a time interval of around 1 year can be used if the
resolution is 60 m. For areas with a slower ice flow speed, a
longer interval may be needed.

2.3 Pre-processing and orthorectification

Early satellite images are usually of poor quality and contain
geometric distortions so that they cannot be used directly in
image matching. Consequently, various image enhancement
techniques, such as histogram equalization, are used to improve
feature extraction and matching. In addition, we used the obvious
feature points in the bare rock area as basic controls and the
Toutin’s model (Toutin, 2004) in the commercial software PCI
to ortho—rectify remote sensing images, using the Landsat Image
Mosaic of Antarctic (LIMA) and the RADARSAT Antarctic
Mapping Project (RAMP) digital elevation model as reference
points.

2.4 Image matching

Image matching is the key step in the ice velocity estimation
based on optical images. In this paper, we used three methods of
image matching proposed by Li et al. (2017a and b) including
parallax-decomposition-based hierarchically image matching for
ARGON image pairs in the 1960s, grid-based NCC image
matching for LANDSAT 4/5 image pairs in the 1970s and 1980s,
and feature and grid-based image matching with constraints for
ARGON & LANDSAT MSS image pairs and LANDSAT MSS
& TM image pairs over a long time period.

2.5 Quality inspection

We have identified some indicators for the quality check of ice
flow matching results. The first is the location of ice flow, which
tends to occupy topographic lows. Moreover, whether the speed
and direction of ice flow are in line with the ice moving features
in the images can also be used for quality inspection. The ice flow
in each major drainage basin is limited within the basin and
mainly flow in and out its main and tributary glaciers, and further
into the ocean. Therefore, the mapped speed and direction data
have to be consistent with these patterns.

2.6 Precision analysis

The accuracy of the ice flow velocity measurements varies with
the sensor, geographical location, and time period of the image
pair used. The main sources of errors are ortho-rectification error
and image matching error. According to the statistical results of
manual inspection based on obvious surface features on the ice
sheet, the accuracy of the estimated ice displacement from
different data sources is shown as Table 1 where image pairs are
combined ARGON, MSS and TM LANDSAT images, and KIM
(mosaic assembled from ARGON images by Kim, 2007). The
error of the estimated ice flow velocity is the total error divided
by the time interval of the image pairs.

Table 1. Estimated Error for each type of image pair

Type of Image pair  |Rectification| Matching | Total
Error Error Error
m m m
ARGON & ARGON 61.30
ARGON & MSS 102.00 65.01 120.95
KIM & MSS 44.00 36.04 56.88
LANDSAT MSS 41.59 40.72 58.20
LANDSAT MSS & T™M 33.13 39.99 51.93
LANDSAT TM 21.58 22.60 31.25

2.7 Interpolation

Because the matching points cannot completely cover every
location in the study area, it is necessary to create a continuous
surface of ice flow field by interpolation. There are a variety of
ways referring to different models for interpolation. We chose
Kriging and Natural Neighbour Interpolation in ArcGIS to
produce an ice flow velocity map. Kriging is an advanced
geostatistical procedure which uses a fitting function for a
specified number of points or all points within a specified radius,
to determine the predicted value. Natural Neighbour interpolates
a value according to the values with weights of the closest subsets
of existing points. The advantage of Kriging algorithm is that it
takes spatial statistics as its solid theoretical basis, but its
calculation is time-consuming with high total number of input
points and the function sometimes needs to be selected based on
experience. Consequently, for different areas with different
points amount and ice flow distribution, we chose the more
suitable one of these two methods to interpolate.

In addition to the interpolation method, we also used point
density that is defined as the average ratio of the number of
matched points over the occupied area to determine the proper
resolution of the entire raster map. Due to the various accuracies
of results from different satellite imagery, we calculated five
point densities for different data source categories and
determined two resolutions of 650 m and 1000 m respectively.
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2.8 Mosaicking

The results and accuracy of the ice velocity measurement are
affected by the sensor, resolution, cloudiness, noise and the time
interval of the image pair. Therefore, it needs some
considerations to mosaic the results of ice velocity map from
different data sources. In this research, we choose images with
the similar time period to establish image pairs for mapping
regions with a certain ice flow speed. Furthermore, the matched
points obtained from the same data source can be interpolated
together. Areas with matched points from different data sources
are required to overlap margins between areas. The areas can be
mosaicked into the overall map only when the inconsistencies in
the margins are sufficiently small to ensure a high quality of the
map.

3. DATA AND EXPERIMENTS

Based on the above procedure, we obtained an initial result of a
map of ice flow velocity with a defined reference frame and
resolution. Our study area is the entire East Antarctica covered
by early images from the 1960s to the 1980s.

Here, we take Amery Ice Shelf, Rayner Glacier, and Shackleton
Ice Shelf as examples shown in Figure 1.

The process mentioned above was performed for ice flow
velocity mapping based on five type of images pairs including:
(1) ARGON images pairs in 1963, (2) ARGON and LANDSAT
(MSS) image pairs from the 1960s to the 1970s, (3) LANDSAT
(MSS) images pairs in the 1970s, (4) LANDSAT (MSS & TM)
image pairs from the 1970s to the 1980s, (5) LANDSAT (TM)
image pairs in the 1980s. Compared with existing ice flow
velocity map from 1996 to 2009 in the entire Antarctica by
Rignot et al. (2011), we found that the ice flow velocity in the
main ice flow area of the Amery Ice Shelf did not change
significantly over the two periods. The ice flow velocity in the
front of the Shackleton Ice Shelf was 100-200 m/yr slower than
the results measured by Rignot et al. (2011).

Velocity magnitude [m/yr]
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Figure 1. Ice velocity mapping results of selected glaciers from
1960s to the 1980s. (a) Amery Ice Shelf, (b) Rayner Glacier, and
(c) Shackleton Ice Shelf.

4. DISCUSSIONS AND FUTURE WORK

In this paper, a set of systematic map compiling techniques is
proposed for generating an ice flow velocity map of 1960s-1980s
in East Antarctica based on early ARGON and LANDSAT
imagery. The developed methods can be used for large scale
Antarctic ice flow mapping using heterogeneous satellite data
acquired at various resolutions, time periods, and accuracies The
choice of remote sensing imagery is extremely important and the
suitable interpolation method should be selected according to the

quality and density of different matching points. Our goal is to
produce an ice flow map of the entire East Antarctica from 1960s
to 1980s. We are in the final stage of the product generation.
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