UNIVERSITY OF COPENHAGEN
FACULTY OF SCIENCE

Master thesis
Dina Rapp

lce Flow and Machine Learning
A Seasonal Analysis of the PROMICE Velocity Mosaics

Advisors: Professor Christine Schgtt Hvidberg (UCPH NBI) and Anne Munck Solgaard (GEUS)

Handed in: Nov 16, 2021






Abstract

From the IPPC reports there is a clear difference between the projected ice melt and the actual ice melt.
The current models do not capture the ice dynamics that explain this extra melt. This project aims to
explore seasonal patterns across the Greenland Ice-Sheet in a quantitative K-Means clustering, as well
as by qualitatively investigating selected glaciers. Seasonal features of the whole grid are calculated and
used in combination with the clustering results. The project is heavily based on the articles/Moon et al.
(2014), |Vijay| (2019) and |Vijay| (2021)), where three distinct seasonal velocity patterns are identified. Two
of them are linked so runoff and one to changes in the terminus. The two patterns related to runoff are
also identified in the clustering performed in this project. The same interaction with runoff is observed.
The spatial and temporal distribution of the clusters is investigated and compared to the results from the
mentioned articles. Similarities are found, and further insights are gained. Some patterns not identified
by the mentioned articles are observed in this study.
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1 Introduction

This chapter contains an introduction to the thesis. Firstly the motivation and background for the project
is discussed. Then an overview of the thesis is presented.

1.1 Background

From the IPPC reports it is clear that more ice is melting than the worst case scenario predicted by the
current models (T. Slater (2020)). This means there must be mechanisms in the ice behavior that are still
poorly understood, and thus not included properly in the models. Ice velocity is necessary to estimate
mass ux as well as the ice discharge of accumulation zone to the ocean. These parameters are part of
the calculations of the sea level rise as well as estimates of the mass balance of the whole ice-sheet. Thus
the ice velocity is a key parameter to understand and investigate the dynamics of the GrIS (Greenland
Ice-Sheet) and its glaciers.

The Greenland glaciers have widely different ice velocities at spatio-temporal scale. This is due to factors
like local topographical conditions, glacier geometry, melt-water availability, oceanic and atmospheric
differences in different glacier environments (Vijay (2019)).

By investigating the PROMICE velocity mosaics, this project aims to explore some of the seasonal
mechanisms that might help to further map and explain seasonal variations in ice velocities. This project
work will be heavily based on three articles (Moon (2014), Vijay (2019), Vijay (2021)) that propose
three characteristic seasonal patterns dominating the GrIS. In the rst article the data used has a very low
temporal resolution. The two following articles also use the PROMICE velocity mosaics. Vijay (2019)
uses visual inspection to investigate and classify the patterns, while Vijay (2021) uses a semi-automatic
approach. This project aims to perform a fully automatic clustering of velocity time-series from the
PROMICE velocity mosaics. In addition seasonal features of the gridded data will be calculated to use
in combination with the clustering, and selected glaciers will be investigated in depth.

1.2 Overview

This report documents the work during the master thesis project. The data-sets will rst be introduced,
as the PROMCIE velocity mosaics is the main focus this will be introduced in detail while the other
data-sets will brie y introduced only. Following an introduction to the data there will be a section on
the relevant theory. This includes an overview of the general ow regime of the Greenland Ice-Sheet
and some glacial hydrology. The three articles mentioned will also be summarised. Finally the K-Means
algorithm used for clustering of the time-series will be explained.

The methods section is split to three main parts; the tracking of owlines for selected glaciers, analyses
made on the whole grid and analyses connected to the K-Means clustering. The results are presented in
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a similar division. The discussion aims to compare the results found in this project to the results found
in the discussed articles. FInally, the report ends with a conclusion and an outlook to list some ideas for
a further work.



2 Data

This chapter will go though the different data sets used in this thesis

The function of this chapter is to introduce the data used in this thesis. The analyses performed in
this thesis are mainly based on the PROMICE (Program for Monitoring of the Greenland Ice Sheet)
velocity mosaics made at GEUS (Solgaard et al. (2021)). The PROMICE program has collected data
since September 2016, so there are now more than 5 years of data available. This presents the opportunity
to perform some statistical analyses that has not been possible before.

The PROMICE velocity mosaics, and processed versions of it, are correlated and compared to other
datasets. Zwally and Mougnot basins are used to search for spatial distributions of different seasonal
patterns detected in the the velocity mosaics. Freshwater runoff is compared to the mean timeseries
in each cluster to compare the ndings in this project to those of Vijay and Moon mentioned in the
background section.

2.1 PROMICE Velocity mosaics

The velocity mosaics used in the this project comes from the Programme for Monitoring the Greenland
Ice Sheet (PROMICE). The program is part af a large coordination to monitor and measure the climate,
ice movement and melting in Greenland. The data comes from 25 weather stations and measurements
taken by satelites and planes.

The data is collected by two satellites, Sentinel-1A and -1B, deployed by ESA (Solgaard et al. (2021)).
They use SAR imaging to collect data of the Earths surface. This data-set is of the Greenland Ice
Sheet (GrlS). Offset tracking is used to compare consecutive SAR images of the ice, and thus calculate
velocities. A velocity mosaic of the Greenland ice-sheet is produced by combining the satellite tracks.
The Sentinel satellites, SAR and the offset tracking used in the PROMICE project is explained in further
detail in the coming subsections.

2.1.1 SAR

Sentinel-1A and -1B collect data by using SAR (synthetic aperture radar) imaging. Radar (radio detection
and ranging) works by emitting radio waves and recording the waves re ected back from the surface of
interest Lied (2020). The distance to the surface in each point is measured by taking the temporal
difference between the source and echo. The direction of the echo is determined by use of a directive
antenna. For radar imaging, the spatial resolution is directly linked to the ratio of the wavelength to the
length of the antenna (Herndon et al. (2020)). To go around this restriction SAR uses the movement of
the antenna to combine a sequence of echos and simulate a larger antenna.
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2.1.2 Sentinel-1

The Sentinel missions purpose is to regularly and systematically collect SAR images with high geograph-
ical coverage ESA (2021a). There are two satellites; Sentinel-1A and -1B, which each has a 12-day return
cycle with 175 orbits per cycle ESA (2021b). The two-satellite con guration have a 6-day return cycle.

The SAR instrument operates in the C-band ( 6¢cm), and IW (interferometric wide swath) mode is used
over Greenland. Good for collecting data during both day and night time, as well as in cloudy weather
ESA (2021c).

2.1.3 Offset-tracking and outlier removal

The data is processed using the IPP processor developed by DTU Space Kusk et al. (2018). The offset
tracking estimates the ice velocities by comparing the geometry of two consecutive SAR images (Sol-
gaard et al. (2021)). The 2-D shift between the two images is calculated as well as the peak normalized
cross-correlation (NCC) and the signal-to-noise-ratio (SNR). The technical particulars of the calculation
is out of scope for this project. Even if there is no correlation between the compared images the 2-D shift
estimate will be calculated. The NCC and SNR are used to remove some of these values, followed by
using local median values to remove further outliers. The shift maps and corresponding standard devia-
tions are re sampled to the output grid (500 m Polar Stereographic Greenland-wide grid in EPSG:3413
projection) in map projection by geocoding. The shift maps and standard deviations are then converted
to velocities (Solgaard et al. (2021)). Next, the geocoded offset-tracking results are combined to cover
the whole GrIS, by calculating a weighted average in each point on the grid by usihg #vailable

velocity measurements not removed in the outlier detection process. The inverse of the variances of each
velocity measurement is used as weights in the following manner:

0=" Sw (D! (2.1)

where¥ is the weighted average velocity, is the velocity measurement from pairand | is the
corresponding standard deviation. The corresponding standard deviations are estimated as follows:

\
u
X!
=BT ) 22
n=0 N

Following the mosaic generation, another outlier removal is performed by comparing each velocity to
the average velocity in the respective pixel of all the previously recorded velocities.

2.1.4 Error sources and missing data

There are several error sources mentioned (Solgaard et al. (2021)), but only temporal decorrelation will
be introduced here as it's the most relevant error for this project. This is caused by variations in the
backscatter between the acquired SAR images, which compromises the offset-trackings ability to calcu-
late the ice velocities. These variations can be caused by things like precipitation, surface melt or rapid
ice ow (Solgaard et al. (2021)).

As shown in gure 2.1, there is a dedicated winter campaign where the whole GrIS is covered. During
the summer on the other hand, there is a large area in the middle of the ice sheet where there are no
tracks. This means that there are some areas where the seasonal patterns can't be properly investigated
as information is only available every year for the same limited part of the year.

4



CHAPTER 2. DATA 2.1. PROMICE VELOCITY MOSAICS

Figure 2.1: a) Shows a representative example of track coverage during the summer season. b) Shows a
representative example of track coverage during the dedicated winter campaign.

Temporal resolution 24 days
Spatial resolution | 500 m

Table 2.1: Resolutions of the PROMICE dataset Solgaard et al. (2021).

2.1.5 Speci cations of the data-set

Table 2.1 states that the temporal resolution of the velocity mosaic is 24 days. This is because the velocity
mosaic is calculated by taking the weighted average of all possible 6 and 12 day pairs from both Sentinel
satellites within two Sentinel-1A orbit cycles to reduce noise. As explained in the Sentinel-1 subsection,
the revisit time is 12 days for each satellite and 6 days for the two satellites combined.

The data is stored in a netcdf le of three dimensions: time, x- and y-coordinates. Start and stop values
as well as the size of these dimensions are given in table 2.3.The features in the le, with data type and
units are given in table 2.2.

The northing and easting velocities are not pointing to the geographical north and east, but is northward
and wastward within the reference system ESPG:3413

A map of the average velocities from 2017-2020 is displayed in gure 2.2. In gure 2.3 a histogram of

Features Units Data Type
crs Information on coordinates IS1
time_bnds date datetime64[ns]
land_ice_easting velocity m/day oat32
land_ice_northing _velocity m/day oat32
land_ice_vertical velocity m/day oat32
land_ice_velocity_magnitude m/day oat32
land_ice_easting velocity_std m/day oat32
land_ice_northing _velocity_std m/day oat32
land_ice_velocity_magnitude_std m/day oat32

Table 2.2: Features of the PROMICE dataset with corresponding units and data types.
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Dimension Dimension size Startvalue| Final value
X 3000 -650000 -335000
y 5400 -650000 849500
time 135 25.09.2016/ 02.03.2021
Total data points 2187 000 000

Table 2.3: Dimensions of the PROMICE dataset. x and y are given in EPSG:3413. The total number of
data points is also given.

the displayed average velocities is plotted. The plot to the left displays the histogram for the values under
0.5 meday, where most of the velocities are concentrated. The plot to the left displays the histogram of
the remaining values, and ranges from 0.5 to about Z8ay.

Figure 2.2: The background image for both plots is the mask from bedmachine. The plot on the left
coloured data show the logarithm of the mean velocities in the period 2017-2019. The plot on the right
show the standard deviations.

2.2 RACMO runoff

RACMO is a numerical model built upon HIRLAM which is a Limited area model (LAM) developed by

a group a European countries. RACMO is build by KNMI and DMI and developed in several versions
(Utrecht-University (2021)). The dataset used in this project is from RACMO2.3p2 at 5.5 km statistically
downscaled to 1 kilometer. It contains daily runoff from Jan 2017 to Sep 2020 covering the whole
Greenland Ice-Sheet. The daily runoff output estimates the liquid runoff produced by melted inland
surface ice, rain, and condensation and is givek‘ginmz.

Several modi cations have been made to improve the model during the different versions of RACMO.
Snow albedo, initialization of the temperature in the snow, the robustness length, the characterization of
snow have been changed and 7 meters above the surface and extra vertical snow levels has been added.
RACMO has gone from four to up to 100 levels of snow in the model. All level calculate meltwater,
runoff, refreezing, melt and percolation.

6
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Figure 2.3: The histogram to the left show the distribution of the mean velocities under 0.3 m/day for
better visibility of the behavior. The histogram to the right show a histogram of the velocities up to 70
m/day.

Figure 2.4: The left gure is a histogram of the standard deviations of the velocities. The right gure is
a histogram of the std / vel ratio. The highest outlier is 7000+ which is not shown.

2.3 Bedmachine v3

Bedmachine v3 contain several types of topographical data. Only the surface elevation and the mask
features are used in this project. The surface elevation is displayed in gure 2.5, and is compared to
the day of year of max velocity as well as plotted against cluster types within Mouignot basins. The
mask is displayed in gure 2.5, and is used as backdrop for all plots portraying the spatial distribution of
features. In these plots oating ice is plotted in the same color as grounded ice and the non-Greenland
land is plotted in the same color as Greenland.

The data is obtained from NASAs Operation IceBridge. The IceBridge initiative has since the 1970s
own over 580,000 km over Greenland using airborne radar sensors to detect the ice/bed interface at
nadir. NASA has tripled the amount of data through this operation. This data from NASA has been com-
bined with a mass conservation approach to make a better map of Greenland Ice-Sheet with a resolution
of 150 meters (Morlighem et al. (2017)).

2.4 Mouignot and Zwally basins

Figure 2.6 shows two different way to divide Greenland into regions based runoff directions. Zwally
contains more larger basins for general ow of ice while Mouignot 260 basins aiming to make one
basing for each outlet.

The Mouignot basins come from a work done to divide the regions on Greenland into areas that resemble
each other. The basins are collected in similar groups based on region (NE, SW, etc.), ice ow regime,
zone sizes, production of ice per year and climate. Some glaciers are calving into the ocean while others
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